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Abstract

Abstract
The impact of soot emissions on global climate is a topic of ongoing discussions. On one
side, atmospheric soot particles have a warming effect since they absorb solar radiation
(direct aerosol effect). On the other side, there are indications that soot particles could contribute to the formation of clouds, which would have a cooling effect and might offset their
warming effect (indirect aerosol effect). However, there is no consensus on the scale of the
cloud formation potential of soot particles. The reasons for this situation are various aging
processes soot particles can undergo once they are emitted into the atmosphere. Some of
these aging processes can convert initially hydrophobic particles into efficient cloud condensation nuclei (CCN). Investigating these aging processes in a laboratory environment is
a challenging task since soot particle have an atmospheric lifetime of approximately one
week. In an ideal setting, this period should be covered in the experiments.
The heterogeneous oxidation with ozone is one of these aging processes. An experimental
approach, that is not that prominent in atmospheric sciences yet, was applied to investigate
this process by operating a comparatively small (< 3 m3) aerosol chamber as continuousflow stirred tank reactor (CSTR). This approach allows to age soot particles for up to 16 h
at atmospheric ozone concentration levels (0 – 200 ppb), and particle number concentrations below 1500 cm-3. Therefore, this approach allows for size resolved aging experiments.
Results obtained from experimental studies within such a CSTR setup show that initially
CCN inactive soot particles rich in organic carbon (OC; 30 – 60 %) show CCN activity at
0.3 % super saturation (SS) after 10 h of aging at 200 ppb ozone. Soot particles with a lower
OC content (10 %) required an approximately four times longer aging time to become CCN
activity at the same SS. No influence of a relative humidity below 75 % on the CCN activity
was detected. In view of the potential global impact, simulations with the global circulation
model (GCM) ECHAM6.3-HAM2.3 were conducted in which the new experimental results
were implemented by a new parameterization. It was found that the oxidation of soot particles with ozone can significantly increase the CCN burden and cloud droplet number concentration (CDNC) especially in northern mid-latitudes (> 60 °N).
Experiments conducted at different O3-concentration levels (0 – 200 ppb) show that the reaction rate that leads to the increase in CCN activity is not directly proportional to the O3concentration. Instead the reaction kinetic can be described best with a Langmuir-type
mechanism. The initial step is the fast (several minutes) adsorption of ozone on the particle
surface, which was detected experimentally by an increase in the particle diameter by up to
3.7 nm. The second step is a slow reaction (several hours) of the adsorbed ozone with the
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particle itself, which led to an increase in CCN activity. During this slow chemical modification no further change in the particle diameter was detected. A Langmuir-sorption constant (Keq) of 0.0357 ppb-1 was calculated from the CCN activation data. The evolution of
the ozone surface coverage (Langmuir-isotherm) based on this Keq agreed well with the
change in particle diameter. Further, it was observed that a temperature increase by 30 K
(from 5 °C to 35 °C) increases the reaction rate by a factor of 5, which corresponds to an
activation energy (EA) of 38.5 ± 1 kJ·mol-1. These results allow for the conclusion that the
temperature is as important as the ozone concentration for the CCN activation of soot particles at atmospheric conditions.
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Zusammenfassung

Zusammenfassung
Der Beitrag von Russemissionen zum Klimawandel ist Thema andauernder Debatten. Auf
der einen Seite absorbieren Russpartikel Sonnenlicht und heizen ihre Umgebung auf und
tragen zum Klimwandel bei (direkter Aerosoleffekt). Auf der anderen Seite gibt es Hinweise darauf, dass Russpartikel zur Wolkenbildung beitragen können, somit einen Kühleffekt haben und einer globalen Erwärmung entgegenwirken können (indirekter Aerosoleffekt). Bisher gibt es allerdings keinen Konsens darüber zu welchem Grad Russpartikel zur
Bildung vom Wolken beitragen können. Ein Grund dafür sind verschiedene Alterungsprozesse, die die Eigenschaften der Russpartikel verändern, sobald diesie in die Atmosphäre
emittiert werden und damit auch deren Fähigkeit als Wolkentropfenkondesationskeim
(CCN) zu fungieren verändern können. Die Untersuchung dieser Alterungsprozess in Laborstudien ist eine herausfordernde Aufgabe, da Russpartikel eine mittlere atmosphärische
Lebensdauer von ca. einer Woche haben, was in den Experimenten berücksichtig werden
sollte.
Die heterogene Oxidation von Russpartikeln mit Ozon ist einer dieser Alterungsprozesse.
Um diesen Prozess zu untersuchen wurde ein experimenteller Ansatz gewählt, der bisher
selten in der Atmosphärenforschung Anwendung findet. Dieser Ansatz basiert darauf, eine
verhältnismässig kleine Aerosolkammer (< 3m3) als kontinuierlichen Rührkessel (kRk) zu
betreiben. Dieser Ansatz ermöglicht es Russpartikel bis zu 16 Stunden altern zu lassen,
damit die Ozonkonzentration auf atmosphärisch relevante Konzentrationen zu senken
(0 – 200 ppb) und die Partikelanzahlkonzentration unter 1500 cm-3 zu halten. Damit wird
es möglich, die Alterung grössenselektierter Partikel zu untersuchen.
Ergebnisse, die mit einem solchen experimentellem Ansatz durchgeführt wurden, zeigen
dass Russpartikel mit einem hohen Gehalt an organischem Kohlenstoff (30 – 40 %), die
ursprünglich keine CCN-Aktivität aufweisen, nach 10-stündiger Alterung bei Übersättigungen von 0.3 % CCN-aktiv sind. Russpartikel, mit niedrigem Gehalt an organischem
Kohlenstoff, benötigen ca. die vierfache Alterungszeit, um bei gleichen Bedingungen
CCN-aktiv zu werden. Dies ist unabhängig der relativen Luftfeuchte im Bereich unterhalb
von 75 %. In Anbetracht des potentiellen globalen Einflusses, wurden Simulationen mit
dem globalen Zirkulationsmodell ECHAM6.3-HAM2.3 durchgeführt. Dafür wurden die
experimentellen Ergebnisse über eine neue Parameterisierung implementiert. Es konnte gezeigt werden, dass die Oxidation von Russpartikeln mit Ozone eine relevante Quelle von
Wolkentropfenkondesationskeimen ist und dass dies zu einer erhöhten Wolkentropfenanzahlkonzentration insbesondere in den nördlichen mittleren Breitengraden (> 60 °N) führt.
In Experimenten, die bei unterschiedlichen Ozonkonzentrationen (0 – 200 ppb) durchgeführt wurden, wurde beobachte, dass die Geschwindigkeit der Reaktion nicht direkt pro-
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portional zu Ozonkonzentration ist. Stattdessen kann die Reaktionskinetik über eine Langmuir-Adsorption erklärt werden. Der initiale Reaktionsschritt ist eine schnelle (einige Minuten) Adsorption von Ozonmolekülen auf der Partikeloberfläche, was über eine Vergrösserung des Partikeldurchmessers um bis zu 3.7 nm nachgewiesen werden kann. Der zweite
Reaktionsschritt ist eine langsame Reaktion (einige Stunden) des adsorbiertem Ozons mit
dem Partikel selbst, was zu einem Anstieg der CCN-Aktivität führt. Während dieser langsameren chemischen Modifikation wurde kein weiter Anstieg des Partikeldurchmessers beobachtet. Aus diesen Daten konnte eine Langmuirsorptionskonstante (Keq) von 0.0357 ppb1
ermittelt werden. Die Änderung des Bedeckungsgrades mit Ozone (Langmuir-Isotherme),
berechnet mit diesem Keq, stimmt mit der Änderung des Partikeldurchmessers überein. Desweiteren wurde beobachtet, dass ein Anstieg der Reaktionstemperatur um 30 K (von 5 auf
35°C) zu einer Erhöhung der Reaktionsgeschwindigkeit um Faktor 5 führt. Dies entspricht
einer Aktivierungsenergie von 38.5 ± 1 kJ·mol-1. Diese Ergebnisse führen zu der Erkenntnis, dass unter atmosphärischen Bedingungen der Einfluss der Temperatur ebenso wichtig
ist wie der Einfluss der Ozonkonzentrationen auf die CCN-Aktivierung von Russpartikeln.
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1

Introduction

1.1

Climate change and the anthropogenic greenhouse effect.

Since the last 250 years the global average temperature rose by 0.6 to 1.0°C (Hawkins et
al., 2017). This is a result of the increasing potential of the atmosphere to retain heat due to
a change in its chemical composition. The most prominent component in this context is
carbon dioxide. Besides this, there are natural greenhouse gases (e.g. water vapour) that are
responsible for the temperature conditions that allow for life on Earth. The increase in CO2
emissions due to fossil fuel combustion led to an increase in the atmospheric CO2 concentration from 280 ppm in 1750 to 390 ppm in 2011 (Myhre et al., 2013). While CO2 only
absorbs a small fraction of the incoming shortwave radiation, it can absorb a larger fraction
of the outgoing longwave radiation. Therefore, the amount of outgoing radiation that can
leave the Earth’s atmosphere is reduced and the equilibrium temperature is shifted towards
higher values. The fraction of the greenhouse effect that exceeds the natural greenhouse
effect is called anthropogenic greenhouse effect. Currently this is equal an incoming radiation of +2.3 W·m-2 (5 - 95 % confidence range: +1.1 to +3.3 W·m-2) which is referred to
as effective radiative forcing (EFR). The contribution of CO2 is +1.82 W·m-2 (1.63 to
2.01 W·m-2; Myhre et al., 2013). While being the most important one, CO2 is not the only
contributor to the EFR. There is a range of additional contributors. Some of these are negative (e.g. surface albedo) and therefore counteract the warming aspect of climate change.
An overview over all contributions is given in Figure 1. As can be seen, other greenhouse
gases (e.g. methane) increase the total ERF as well. In contrast to that, the interaction of
aerosols with radiation as well as the interaction of aerosols with clouds reduce the ERF by
0.45 W·m-2 (-0.95 to +0.05 W·m-2) and 0.45 W·m-2 (-1.2 to 0.0 W·m-2). Further, it can be
seen that the interaction of aerosols with radiation and clouds is the largest source of uncertainties in the assessment of total anthropogenic EF as indicated by the large error bars.
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1.2 Atmospheric aerosols

Figure 1: Bar chart for radiative forcing (hatched) and ERF (solid) for the period 1750–
2011, Uncertainties (5 to 95 % confidence range) are given for radiative forcing (dotted
lines) and ERF (solid lines). Figure extracted from (Myhre et al., 2013).

1.2

Atmospheric aerosols

An aerosol is a heterogeneous mixture of different compounds, where solid or liquid compounds are dispersed in a gas. Therefore, an aerosol consists of an particulate phase (liquid
or solid) and a continuous phase (gas). This definition includes various different systems
that are not considered as atmospheric aerosol e.g. technical processes like flame-spray
pyrolysis or a flock of birds. In the atmospheric context, the continuous phase is always air
and the particulate matter can be characterized by a varying composition. Nevertheless, the
particulate phase has to match certain requirements so that the mixture with a gas is considered as atmospheric aerosol. The main parameter for this is the size range of the particles.
At the lower end, the particles have to be large enough to be considered as a condensed
compound, which excludes single molecules. At the higher end particles have to be small
enough to not be immediately removed from the gas phase via settling. Typically, the diameter of the particles ranges from a few nm to ~100 µm. Frequently the term “aerosol” is
used to refer to the particulate phase only excluding the surrounding gas phase. However,
since some properties of the particulate phase dependent on the surrounding gas phase (e.g.
gas phase partitioning) this definition will not be executed in this thesis. Instead, the particulate phase will be called “aerosol particle”. Solid or liquid particles that mostly consist
of water like cloud droplets and ice crystals could be defined as aerosol particles as well,
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but are usually treated separately. Clouds will therefore not be considered an aerosol.
Aerosol particles are produced by various different sources and vary in their chemical composition and morphology. The most abundant aerosol particles are in terms of mass sea salt,
mineral dust, sulphate, particulate organic matter (POM), and black carbon (BC) (Dentener
et al., 2006).

1.3

Aerosol particles and climate

The effect of anthropogenic greenhouse gases like carbon dioxide or methane on the Earth’s
radiation balance is reasonably well understood, which can be deduced from the comparatively small error bars in Figure 1. These gases are small molecules and their interaction
with radiation can be easily investigated in a laboratory environment. Their atmospheric
lifetime of several years up to centuries leads to a rather homogenous distribution around
the whole globe. This allows for a precise estimate how much radiation at which wavelength is either transmitted or absorbed and converted into heat on a global scale.
In contrast to that, the interaction of aerosol particles with radiation is far more complex
and less well understood. In addition, the direct and the indirect impact of aerosol particle
on the Earth’s radiation budget, are distinguished.
1.3.1 Direct aerosol effect
The impact of aerosol particles on climate by interaction with radiation (reflection, refraction, scattering and absorption) is called direct aerosol effect. Many aerosol particles such
as mineral dust, sea salt or sulphate reflect shortwave solar radiation, but interact little with
longwave radiation emitted by the Earth. This is opposite to the effect of greenhouse gases
and, therefore, counteracts their warming effect. Other aerosol particles like black carbon
absorb shortwave radiation due to their dark color, which converts solar radiation into heat.
This either warms the surrounding air, or reduces the surface albedo if the particles are
deposited on bright surfaces.
1.3.2 Indirect aerosol effect
The indirect aerosol effect results from the potential of aerosol particles to act as cloud
condensation nuclei (CCN) or ice nucleating particles (INPs). CCN and INPs impact the
formation of clouds, the lifetime of clouds, and change the clouds’ optical and microphysical properties. The subsequent changes in the clouds’ properties can have a net cooling or
warming effect.
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1.4

Soot as atmospheric aerosol particle

Soot is the dark and solid by-product of incomplete combustion of carbonaceous materials.
Its chemical composition and morphology varies between particles from different sources
but even within single particles. Soot is therefore an inherently complex material (Glassman
and Yetter, 2014).
A soot particle is a fractal-like aggregate consisting of primary particles. A schematic of
the particle structure and transmission electron microscopy (TEM) images are shown in
Figure 2. The diameter of an aggregate can vary within the whole range of atmospheric
aerosol particles (from a few nm to ~100 µm; Karjalainen et al., 2014; Kearney and Pierce,
2012; Rau, 1989), However, the majority of soot particles have diameters of 60 to 100 nm
(Burtscher, 2005). The primary particles of soot are spherules with diameters of 5 to 50 nm,
but can also be larger e.g. in industrially produced soot (Mahrt et al., 2018). Each primary
particle can be described by a core-shell structure. The core consist of graphitic microcrystalline material which mostly comprises of elemental carbon (EC). These micro-crystalline layers are embedded in a matrix of carbon-containing material with a higher fraction
of hydrogen and oxygen also referred to as organic carbon (OC). Due to the higher concentration of different functional groups, this matrix material is not crystalline anymore. The
fraction of OC increases from the inside to the outside of a primary particle. Different polycyclic aromatic hydrocarbons (PAHs) can be found on the surface of the primary particles,
which condensed onto the particles after the core was formed.
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Figure 2: Structure of soot particles composed of carbonaceous graphite-like nanocrystallites that are surrounded by carbonaceous material with different structural and chemical
properties at the outer part. Courtesy of D.Ferry and Ph. Parent, CINaM, CNRS, France.
Depending on the combustible material and the combustion conditions, the contribution of
elemental carbon (EC), organic carbon (OC) and condensed compounds varies. Generally,
combustion at higher temperatures with sufficient oxygen, i.e. a fuel-to-air ratio (FAR) below 1, leads to a more graphitic soot with a high EC content. Vice versa, an excess of fuel
and lower temperatures result in particles with a higher OC content (Atiku et al., 2016;
Mansurov, 2005). However, EC and OC represent the start and end of a range of compounds with different properties. The extremes can be identified easily, but no sharp distinctions can be made in-between. This has led to a situation where different classifications
of soot particles are in use (Petzold et al., 2013).
Particles rich in EC have a dark black appearance due to the uniform absorption of visible
light over a broad range of wavelengths. Therefore, they are also labelled as “black carbon
(BC)”. However, BC is also used frequently to refer only to the black light absorbing part
or to the refractory part of particles neglecting the contribution of less absorbing material
(e.g. OC) or semi-volatile compounds (e.g. PAHs). Particles with a high OC content do not
absorb all wavelengths of visible light uniformly and therefore they have a rather brown
appearance. These kind of particles are called “brown carbon (BrC)”. However, the category BrC also includes substances that are not directly produced by combustion processes
e.g. humic-like substances (HULIS) (Graber and Rudich, 2006; Petzold et al., 2013).
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1.4.1 Climate relevance of soot
Each year 8 Tg of BC and 35 Tg of OC are emitted into the atmosphere (Dentener et al.,
2006), which sum up to 43 Tg of soot. As mentioned previously, these emissions have a
substantial warming effect via the direct aerosol effect. At the same time, aerosol particles
that contribute to the formation of clouds have a cooling effect (indirect aerosol effect).
However, the cloud formation potential of soot particles is unknown. Therefore, it is unknown if the emission of soot particles into the atmosphere causes cooling, warming or
effectively has no effect on climate.
1.4.2 Atmospheric aging
Regardless of their source, freshly produced soot particle are considered to be poor Cloud
Condensation Nuclei (CCN) (Koehler et al., 2009). However, once emitted into the atmosphere soot particles can undergo various different aging process that can change the particle’s properties significantly and can make them efficient CCN. In Figure 3, three aging
mechanisms are shown: coating with water-soluble compounds like sulphuric acid (1), incloud cycling (immersion in water and subsequent drying; 2) and heterogeneous oxidation
with ozone, OH-radicals or nitrogen oxides (3).

(2)
(1)
(3)

Figure 3: Illustration of the life cycle of soot particles emitted into the atmosphere. Three
different aging processes (1 coating, 2 in-cloud cycling and 3 heterogeneous oxidation) are
shown.
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Laboratory studies can help to understand the relevance of these aging processes and can
support a better understanding on which role soot particles play in cloud formation processes. However, the investigation of these processes in a laboratory environment is an
experimentally challenging task. Besides the challenge of executing the experiments at atmospherically relevant conditions (e.g. oxidant concentration), the atmospheric lifetime of
up to one week (Textor et al., 2006) should be approximated by the experimental approaches.

1.5

Outline

The main part of this thesis consists of three publication manuscripts. One of these has been
accepted for publication in Atmospheric Measurement Techniques (Friebel and Mensah,
2019). The other two manuscripts are about to be submitted to ACPD and AMTD shortly
after submission of this thesis. The content of this thesis focusses on the heterogeneous
ozone oxidation of soot particles. This is an atmospheric aging process that might be a
relevant source of CCN in the atmosphere. There are four main research questions, that will
be addressed:
a)
How can long aging durations at atmospheric conditions be achieve in a laboratory experiment?
b)
What influence does the composition of the soot particles have on their CCN activity?
c)
Is the aging process sensitive to the relative humidity?
d)
What is the underlying mathematical function to allow for the extrapolation of experimental data from standard laboratory setups to atmospheric conditions?
In chapter 2, the continuous-flow stirred tank reactor (CSTR), an experimental setup not
that common in atmospheric aerosol research so far, will be introduced. Furthermore, a new
theoretical concept will be developed that allows for the analysis of time dependent changes
in binary systems (e.g. CCN activity of soot particles). Its validity across different reactor
concepts will be shown. Though applicable to all non-gradual transitions, this new theoretical concept will be used predominantly for the analysis of changes in the CCN activity of
soot particles due to heterogeneous ozone oxidation in a CSTR in this thesis.
In chapter 3, this concept will be applied to investigate how the CCN activity of two soot
types changes upon exposure to ozone. These results are implemented in a climate model
(ECHAM6.3-HAM2.3) to assess the atmospheric relevance of the change in CCN activity
on a global scale.
In chapter 4, the underlying reaction mechanism of the processes that convert soot particles
into CCN active particles will be investigated and discussed. This will be achieved by in-
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vestigating the impact of the ozone concentration and temperature, respectively, on the reaction kinetic leading to the CCN activity of soot particles. Based on these results, a framework will be created that allows to extrapolate experimental results of aging processes obtained at elevated oxidant concentration levels to atmospheric conditions.
In chapters 5, 6 and 7 the findings will be summarized. In addition, a summary of additional
scientific findings will be given as the main part of this thesis consists of three manuscripts
for publication. Though presented at peer-reviewed conferences, these results have not been
processed into manuscripts prior to the submission of this thesis.
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Aging aerosol in a well-mixed continuous-flow tank
reactor: An introduction of the activation time
distribution

Franz Friebel, Amewu A. Mensah
Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, 8092, Switzerland
Correspondence to: Franz Friebel (franz.friebel@env.ethz.ch) and Amewu A. Mensah (amewu.mensah@env.ethz.ch)1

Abstract. Two approaches are commonly used to simulate atmospheric aging processes in
the laboratory. The experiments are either performed in large aerosol chambers (several
m3) in order to achieve extended observation times or in small chambers (< 1 m3), compensating the short observation times by elevated reactant concentrations. We present an experimental approach that enables long observation times at atmospherically relevant reactant concentrations in small chamber volumes by operating the aerosol chamber as a continuous-flow stirred tank reactor (CSTR). We developed a mathematical framework that
allows the retrieval of data beyond calculating mean values such as O3-exposure or equivalent atmospheric aging time, using the new metric: activation time (tact). This concept was
developed and successfully tested to characterize the change in cloud condensation nuclei
(CCN) activity of soot particles due to heterogeneous ozone oxidation. We found very good
agreement between the experimental results to the theoretical predictions. This experimental approach and data analysis concept can be applied for the investigation of any transition in aerosol particles properties that can be considered a binary system. Furthermore,
we show how tact can be applied to the analysis of data originating from other reactor types
such as oxidation flow reactors (OFRs), which are widely used in atmospheric sciences.
The new tact concept significantly supports the understanding of data acquired in OFRs,
especially those from deviating experimental results in intercomparison campaigns.

2.1

Motivation

Atmospheric aerosols undergo various chemical reactions and physical modification processes once they are emitted into the atmosphere. The timescale for such reactions and

Citation:
Friebel, F. and Mensah, A. A.: Aging aerosol in a well-mixed continuous flow tank reactor: An introduction
of the activation time distribution, Atmos. Meas. Tech., 12, 2647–2663, doi:10.5194/amt-2018-378, 2019.
This chapter is a reproduction of the article mentioned above. The formatting has been changed for consistency with this document.
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2.1 Motivation

processes depends on the atmospheric lifetime of the individual aerosol species. For example sea salt particles have a lifetime of approximately 0.4 days whereas soot particles can
have a lifetime of more than a week (Textor et al., 2006). Simulating atmospheric aging as
realistically as possible is essential to understanding the real impact of different pathways
of ambient particle processing. This includes the potential of aerosol particles to form
clouds, an important process affecting climate and weather. Mimicking extended aging
times is one of the most challenging tasks for the investigation of aerosols under laboratory
conditions (Burkholder et al., 2017). There are two common approaches to solve this problem. One is to store the aerosol of interest in large chambers to achieve long observation
times. Here aging durations of up to 16 hours and beyond at atmospherically relevant reactant concentrations can be achieved, which has been shown e.g. for the SAPHIR chamber
of FZ Jülich with a volume of 270 m3 (Rohrer et al., 2005; Rollins et al., 2009). Extending
the observation time by increasing the chamber volume is often technically and economically not feasible. The second option is to increase the concentration of the reactive compounds such as oxidants and aerosol particles, in order to trigger higher reaction rates and
thereby reduce the reaction time (George et al., 2007; Huang et al., 2017; Ihalainen et al.,
2019; Kang et al., 2007; Keller and Burtscher, 2012; Simonen et al., 2017). This allows the
volume of the aerosol chamber to be significantly reduced. However, in this case the reactant concentrations can be elevated by several orders of magnitude in comparison to the
atmosphere. Thus, the results of such experiments can be misleading with respect to their
atmospheric relevance because the aerosols aging rates are not always directly proportional
to the concentration of the oxidants. Further, the aging pathways can differ significantly in
addition to the perturbed partitioning of reactive species and products (Donahue et al.,
2006; McNeill et al., 2007; Renbaum and Smith, 2011).
Here we present an experimental approach that can be used to achieve long aerosol aging
times with the need for neither large chamber volumes nor high reactant concentrations by
operating an aerosol chamber in the continuous-flow stirred tank reactor (CSTR) mode. In
a setup at ETH Zurich, aging times of more than 12 h were achieved in a stainless-steel
chamber of 2.78 m3. This greatly exceeds the typical exposure times of several minutes that
can be reached within oxidation flow reactors (OFRs; Simonen et al., 2017) while compared to large environmental chambers, e.g. with volumes 270 m3 the chamber used here
can be considered rather small (Cocker et al., 2001; Leskinen et al., 2015; Nordin et al.,
2013; Paulsen et al., 2005; Platt et al., 2013; Presto et al., 2005; Rohrer et al., 2005). Furthermore, this experimental approach requires an aerosol particle concentration that is low
enough to allow for size selection of the aerosol prior to the injection into the reaction
chamber.
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The CSTR approach describes an aerosol chamber, which is continuously filled with an
aerosol flow constant in composition over time. The volume of the aerosol chamber is actively stirred in order to achieve a homogenous aerosol mixture. Due to the mixing, the
aerosol that is continuously extracted for analysis consists of a well-defined mixture of
aerosols at different aging stages. From this perspective, the CSTR approach is closer to
atmospheric processes than other reactor types as in the real atmosphere except for individual plume emissions aerosols are rather continuously emitted, mixed and removed. This
results in a mixture of aerosols at different aging stages, but of course the atmospheric
mixture is less well defined compared to an aerosol in a CSTR.
The CSTR concept has been applied in chemical engineering for a long time, e.g., (Cholette
and Cloutier, 1959). One of the reasons for its limited application in atmospheric science
might be the increased complexity in data analysis in comparison to batch experiments.
While changes in particle properties that can be considered continuous (e.g. particle concentration or particle growth) can be well described by different theoretical concepts e.g.
(Crump and Seinfeld, 1980; Kuwata and Martin, 2012; Levenspiel, 1999), limited theoretical descriptions seem to exist for changes in particle properties that can be considered as
transitions within a binary system. Such transitions in binary systems are stepwise, also
referred to as nongradual changes in a particle property, such as:
a)
Freezing of a water droplet: Step-wise and therefore nongradual change in the particle density; the water is either in liquid or solid state.
b)

Deliquescence of soluble aerosol particles: The particles show a stepwise i.e. nongradual increase in diameter.

Binary particle properties are not necessarily intrinsic particle properties but can also be
defined by the measurement protocol.
c)
CCN-activity: The chemical and physical properties of an aerosol particle can vary,
but the particle is either CCN-inactive or CCN-active at a defined super saturation
(SS).
d)

Growth beyond a threshold: Condensational growth of an aerosol particle leads to
a continuous and gradual increase in the particle diameter. A binary system can be
defined by introducing a threshold diameter that can be arbitrarily chosen. The aerosol particle is either smaller or larger than this defined threshold diameter. The
same holds true when particles are separated, e.g., in aerosol impactors.

Therefore, the concept of non-gradual transitions/transitions within binary systems can be
used to describe a multitude of changes in particle properties.
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In the following, we discuss a theoretical basis for the analysis of time-dependent changes
in binary systems within well-mixed continuous-flow aerosol aging chambers (CSTR approach). We developed a mathematical framework which allows the retrieval of characteristic parameters from the system of interest (e.g. CCN activity) and which allows for the
calculation of the parameter of interest throughout the entire duration. A key element in
this framework is the activation time (tact) which marks the time after which the individual
aerosol particle undergoes a transition within a binary system. We start by introducing an
idealized system in which tact can be described by a single number and proceed to a more
realistic setting in which we incorporate a distribution of particles with different individual
tact (activation time distribution, P(tact)). Further, we test the tact concept on real experimental data and finally apply it to other types of continuous-flow aging chambers such as
OFRs. We show that application of the tact-concept is capable of giving new insights into
OFR data and further significantly improves the understanding of discrepancies in experimental results obtained in intercomparison studies Lambe et al., (2011) with different reactors such as the Potential Aerosol Mass chamber (PAM; Kang et al., 2007) and the
Toronto Photo-Oxidation Tube (TPOT; George et al., 2007). (George et al., 2007)(George
et al., 2007)(George et al., 2007)(George et al., 2007)(George et al., 2007)(George et al.,
2007)(George et al., 2007)(George et al., 2007)(George et al., 2007)(George et al.,
2007)(George et al., 2007)

2.2

Introduction of the CSTR

The combination of results obtained from laboratory experiments, field measurements and
modeling studies promotes the understanding of atmospheric aging of aerosols. Designing
experiments in the laboratory involves the aim to mimic atmospheric processes to be as
close as possible to realistic atmospheric conditions. The benefit of laboratory experiments
is that the investigation of reactions is not dependent on various uncontrolled parameters
such as meteorological conditions (e.g. wind direction). Further process variables, such as
reactant concentrations, can be actively and therefore systematically modified to allow for
a detailed investigation of their impacts. These types of experiments are typically performed by creating an artificial atmosphere within the reactors. From a technical perspective, three types of reactors are generally distinguished: the batch reactor, the plug flow
reactor (PFR), and the continuous-flow stirred tank reactor (CSTR).
In an aerosol chamber operated in batch mode, the reaction volume is first filled with the
sample aerosol as fast as possible to achieve high homogeneity of the sample. After the
desired start concentration is reached further addition of the sample aerosol is stopped and
the aging is initiated e.g. by addition of the oxidant. This point in time is generally defined
as the start of the experiment and referred to as t = 0. Data acquisition of the aging sample
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takes place while the reaction volume is flushed with sample-free gas. The composition
throughout the chamber is homogeneous but evolves in time, therefore no steady-state conditions are ever achieved. This concept is used to operate many large scale environmental
chambers (Cocker et al., 2001; Leskinen et al., 2015; Nordin et al., 2013; Paulsen et al.,
2005; Platt et al., 2013; Presto et al., 2005; Rohrer et al., 2005).
A PFR is a steady-state reactor in which no mixing along the flow path (axial mixing) but
perfect mixing perpendicular to the flow (radial mixing) takes place. Further, a continuous
feed-in of reactants and withdrawal of samples take place at equal flow rates simultaneously. This results in a constant composition of the output solely depending on the residence
time within the reactor. This ideal system is approximated by many OFRs e.g. PAM chamber (Kang et al., 2007), TPOT chamber (George et al., 2007), Micro Smog Chamber (MSC;
Keller and Burtscher, 2012), the TUT Secondary Aerosol Reactor (TSAR; Simonen et al.,
2017) or the Photochemical Emission Aging flow tube Reactor (PEAR; Ihalainen et al.,
2019) . The main difference between an ideal PFR and real OFRs is that in OFRs significant
but unintentional mixing of the aerosol along the flow path takes place (Mitroo et al., 2018).
Therefore, OFRs show a significant residence distribution.
The CSTR is a steady-state reactor with a constant reactant feed-in and sample withdrawal.
In contrast to OFRs, the volume is actively stirred to achieve a homogeneous composition
throughout the reactor volume. Due to the active mixing, sample stream composition and
conditions are the same as within the entire chamber volume. The concept of the CSTR
requires perfect internal mixing, which cannot be achieved in real systems. However, due
to the good miscibility and low viscosity of gases and the aerosol particles being homogenously dispersed, it is possible to achieve a degree of mixing which is very close to a perfectly mixed system. Especially in the case of mimicking atmospheric processes, residence
times of several hours are achieved. Compared to that, the time needed for dissipating all
gradients, which is in the order of seconds to minutes, can be considered small. The operation procedure we introduce here starts with feeding aerosol into an initially reactant-free
gas phase within the CSTR, referred to as filling regime. After a certain time of filling, the
composition within the CSTR does not change any more and a dynamic equilibrium is
reached, referred to as steady state. The time required to reach this state depends on the
characteristics of the CSTR and flow rates. During a subsequent flushing regime, the aerosol is flushed out with reactant free gas. Each of these regimes can be used independently
for data analysis.
The key parameter for the description of reactions within a CSTR is the hydrodynamic
residence time (τCSTR ) which is also the mean residence time. It can be obtained from the
reactor volume (VCSTR ) and the volumetric flow through the CSTR (V̇ ) as shown in eq. ((1);
Levenspiel, 1999).
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τCSTR =

V

(1)

V̇

2.2.1 Filling regime
As the CSTR volume is initially sample-free, the aerosol particle concentration in the CSTR
increases continuously during the filling regime until it reaches a stable concentration. The
aerosol particle concentration ([ACSTR(t)]) can be calculated at any point in time as a function of the experimental duration (t) by eq. (2), where ([Afeed-in]) is the aerosol concentration
in the feed-in flow.
[ACSTR (t)]=[Afeed-in ]· 1-e

-t
τCSTR

(2)

We define the CSTR reaching steady-state conditions as when the difference between
[ACSTR (t)] and [Afeed-in ] is smaller than the resolution of the analytical instruments deployed. To standardize the time period, we chose the fourfold mean residence time (4τ
criterion) as a reference point for the start of the steady state in this publication. At this
point the difference between [ACSTR(t)] and [Afeed-in ] is less than 2 % which is lower than
the resolution of most aerosol particle counters (Mordas et al., 2008).
2.2.2 Steady state
The steady state is in fact the part of the filling regime where the CSTR is in a dynamic
equilibrium. All processes and reactions continue but the concentrations of all compounds
remain constant over time. In theory, this operation point can be maintained for an infinite
experimental duration. Be aware that this does not mean that an infinite degree of aerosol
aging can be achieved. At steady state the experimental duration is decoupled from the
particle age, which is in contrast to experiments in batch chambers but similar to OFR
experiments. As a result of the continuous feed-in and flush-out flow, different aerosol
fractions that enter the CSTR at different times are present simultaneously, resulting in a
residence time distribution (RTD). In CSTRs the RTD can be described by eq. (3) and is
plotted in Figure 4 (solid black line – labeled with “steady state”). With an increasing individual residence time the fraction of aerosol particles declines exponentially. The individual residence time of a specific particle fraction is indicated by the color-coding in Figure
4. The actual number of particles within an individual particle fraction at a specific residence time can be calculated by integrating RTD over time (eq. (4)). This leads to the residence time sum distribution RTDsum represented by the colored area under the curve. Note,
while we choose RTD(t) and RTDsum(t) for a more intuitive denotation, generally E(t) and
F(t), are the official formula symbols especially in the engineering community (Levenspiel,
1999).
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τCSTR

(3)

RTD t = e

t

-t

RTDsum t = ∫0 RTD t dt =1-eτCSTR

(4)

2.2.3 Flushing regime
From the point in time at wich no fresh aerosol but only particle-free air is added the CSTR
is operated in the flushing regime. This operation mode can be considered similar to the
operation of batch-aerosol chambers as in both cases the aerosol is flushed out continuously.
The initial RTD at this switching point (tswitch) and therefore the ratio of young to old aerosol
fractions is preserved throughout the entire flushing duration. Nevertheless, the individual
residence time of every single aerosol fraction rises with flushing duration. In other words,
all particles age simultaneously. Figure 4 illustrates how the RTD changes in the flushing
regime. Note, the time on the x-axis is plotted as dimensionless time in multiples of τ. Each
color in the area represents an individual aerosol fraction with a corresponding residence
time. Blue stands for the lowest residence time and red for the highest. The solid black
curve labeled “steady state” represents the RTD in steady state while the other curves show
the RTDs for additional time increments after the flushing regime has been initiated (tswitch).
For example, the area und the grey curve labeled “+1 τ ” represent the RTD 1 τ after initiation of the flushing regime. The grey dashed line stands for the activation time tact, a
threshold that will be introduced later. Here it marks a threshold time. With increasing
flushing time, the fraction of aerosol particles that have an individual residence time higher
than this threshold time increases. From some point in time on all particles have crossed
this threshold time as is the case for the particles under the light-grey curve at “+2 τ ” after
tswitch.
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Figure 4: RTD inside the CSTR within steady state (black line) and for different time
steps after the CSTR operation was switched to the flushing regime. The area below the
curve is proportional to the fraction of aerosol particles at a specific residence time. The
individual residence time of a specific particle fraction is indicated by the color coding.
The time on the x axis is plotted as dimensionless time in multiples of the hydrodynamic
residence time τ

.

While the initial RTD is preserved, the total aerosol concentration ([ACSTR(t)]) is declining
exponentially due to flushing with reactant free gas. [ACSTR(t)] can be calculated at any
point in time using eq. (5) by taking the aerosol concentration in the CSTR into account at
the switching point ([A(t=tswitch)]).
[�

] = [�

=

ℎ

]·

−

−

(5)

2.2.4 Comparison with aerosol aging experiments in batch mode
The use of a CSTR provides additional opportunities in performing aerosol aging experiments, but comes with a more complex experimental setup compared to aerosol chambers
that are run in batch mode. An ideal batch-aerosol chamber has to be filled instantly, but in
reality this ideal filling procedure is almost impossible to achieve. If the filling time is short
compared to the total aging time, the initial RTD can be ignored in the data analysis. In
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contrast to that, the filling of the chamber is already part of the CSTR experiments and a
data analysis can be performed on the partially aged aerosol. The flushing regime in both
reactor types is similar, but at the start of flushing the aerosol inside the CSTR is already
partly aged as defined by the RTD. Therefore, operating an aerosol chamber of defined
volume in CSTR mode allows higher aging times to be achieved than in the batch mode
operation at the same sample extraction flow rate.

2.3

Introduction of the activation time (tact) for transitions in
binary systems

Due to the residence time distribution, data acquired from CSTR experiments require a
different analysis approach than data from batch mode experiments. While there are analysis concepts to describe continuous changes on the level of single particles in CSTR experiments (e.g. condensational growth; Kuwata and Martin, 2012), so far there is no concept that describes transitions in binary systems (in atmospheric sciences) to the best of the
knowledge of the authors.
Binary systems can be considered as systems that show a stepwise change in a particle
property as a function of an external parameter. Since this is opposite to a continuous/gradual change in a particle property, it can be also described as a nongradual transition. As
mentioned in the introduction, soluble aerosol particles such as ammonium nitrate exhibit
a significant change in diameter with increasing relative humidity (RH) due to deliquescence. Similarly, the change from cloud condensation nuclei (CCN) to activated droplets
due to exposure to a super-critical super saturation (SS) results in a fast increase of the
particle diameter from the nanometer to the micrometer scale that is hard to be continuously
tracked by standard measurement instrumentation. A defined diameter threshold is hereby
used to distinguish between an aerosol particle and a solute droplet in the case of deliquescence. This is the same between non-activated CCN and cloud droplets. In both examples
the relative humidity (RH) in the surrounding gas phase can be considered the external
parameter that controls if an aerosol particle is in either of the two states of the binary
system (effloresced vs. deliquesced/CCN vs. cloud droplet).
We may assume a system in which all external parameters stay constant but the particle
itself undergoes a continuous transformation, e.g. due to oxidation. After a certain period
of time, this continuous transformation, in this specific case oxidation, can lead to a change
in a binary property, e.g. CCN activity. Ultimately, the stepwise or nongradual transition is
a function of time. We define the required time span (e.g. necessary aging time) that leads
to a change in a specific particle property, resulting in a transition in a binary system in
another particle property as the activation time (tact). This concept is generally valid and
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can be applied to any kind of transition in a system defined as binary either by intrinsic or
operational parameters.
Nevertheless, in the effort to increase the comprehensibleness of the following introduction
of tact, we focus on the example of an aerosol particle aging process resulting in an increased
CCN activity. The aging process is a continuous and irreversible process that changes how
a single particle can accumulate water at super saturated (SS) conditions. Once a particle
reaches the necessary aging time tact it is considered to be CCN active at a respective SS.
In reality, no time-dependent transition can be found that truly follows a step-function or
that is truly nongradual. If at all, some transitions can rather be described by a steep sigmoidal function. However, some transitions occur on a time scale that is so short compared
to e.g. the time resolution of the measurement that they appear to be nongradual. Thus, we
consider it a valid simplification to treat these transitions as stepwise and nongradual and
to define them as transitions in a binary system.
2.3.1 Aerosol particle activation and activation time in a CSTR
The fraction of particles acting as CCN (activated fraction; AF) is defined as the ratio of
activated particles divided by the total number of particles in the sample volume. The measured AF can be used to obtain the activation time tact. Vice versa, if tact is know the theoretical AF can be calculated throughout the entire experiment. Here, the three different regimes (filling, steady state, flushing) have to be treated individually.
2.3.1.1

Particle activation during the filling regime

Assuming that only aerosol particles are CCN active which have an individual residence
time in the aerosol chamber that is above tact, the theoretical AF can be calculated according
to eq. (6). Two different time ranges within the experimental durations need to be considered. If the experimental duration t is below tact, AF is 0 as even the particles that entered
the aerosol chamber at the very beginning have an individual residence time shorter than
tact and therefore cannot be CCN active yet (eq. (6a)). If the experimental duration t is above
tact, AF is greater than 0 as a subset of the particles will have an individual residence time
longer than tact and therefore can be CCN active (6b). Application of eq. (3), which describes RTD and rearrangement of eq. 6 allows for the calculation of the activation time tact
based on an experimentally determined AF as shown in eq. (7). This equation is valid
throughout the entire filling regime including steady state.
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t≤tact :

t>tact :

AF(t)= 0
AF(t)=

tact = ln 12.3.1.2

(6a)
t
∫t=

RTD t
activated particles
=
t
all particles
∫0 RTD t
RTDsum (t)-RTDsum (t=tact )
=
RTDsum (t)
-t

1-AF(t) · 1-e τCSTR

(6b)

·

(7)

Particle activation during steady state

After the conditions in the aerosol chamber reached steady state, the measured AF does not
change anymore. This is due to the fundamental concept of a CSTR which entails a continuous addition of fresh particles and simultaneous withdrawal of sample at equal flow rates
resulting in a dynamic equilibrium and a constant RTD.
To simplify matters, the reason for the constant AF within this dynamic equilibrium can be
visualized when focusing on three distinct time periods within the continuum of the RTD
and thereby on three specific particle fractions. Fraction one is within the right tail of the
RTD and consists of particles with a residence time that is above tact. They are only a few
compared to the total number of particles and a fraction of these is constantly flushed out
with the sample stream. This would lead to a hypothetical reduction of AF if not simultaneously the second particle fraction of interest was in the situation to have an individual
residence time that is just about to exceed tact. The particles within fraction two are thereby
transitioning from the CCN inactive particle fraction within the aerosol chamber to the
CCN active particle fraction. The hypothetical loss of CCN inactive particles would lead
to an increase in AF if not again simultaneously the third particle fraction of interest consisting of fresh and CCN inactive particles was about to be added to the chamber volume.
Due to this dynamic equilibrium, eq. (7) can be simplified to eq. (8) assuming that the
experimental duration t approaches infinity lim
→

tact = - ln AF · τCSTR

. 7 =

. 8
(8)

While the experiment can run theoretically for an infinite time, each individual particle
fraction has in fact a limited lifetime within the aerosol chamber. Metaphorically speaking
the particle fraction travels along the RTD curve from the left (residence time = 0 min) to
the right in Fig 2 within its lifetime. Since the RTD is an exponential curve asymptotically
approaching zero, in theory there should always be at least an infinitesimal small fraction
of particles with a residence time equal to the experimental duration. In reality though, the
maximal residence time of an individual particle fraction is defined by the characteristic
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parameters of the CSTR τCSTR and the detection limit of the measurement instrument. Once
the particle concentration is below the detection limit of the measurement instrument, there
are de facto no particles with a higher residence time than the one corresponding to this
detection limit.
Another important aspect is the non-linear, but exponential correlation between AF and tact
as can be seen in eq. (8) and Fig 2. In Figure 5 a RTD (black curve) inside a CSTR with
τCSTR =120 min in steady state is shown. The area under the curve represents the total particle population inside the CSTR and is equal to 1. By definition, AF is the ratio of activated
particles to the total number of particles in the respective volume. According to the tactconcept, only particles with a residence time beyond tact (grey dashed vertical line in Figure
5) are CCN active. The activation time tact therefore separates CCN inactive (t ≤ tact ) from
CCN active (tact > t) particles.
In case tact is known, AF can be obtained by integrating the RTD from t = tact to t = ∞, which
is shown in eq. (6b). Vice versa, the fraction of CCN inactive particles can be obtained by
integrating the RTD from t = 0 min to t = tact.
Supposed, an AF of 0.368 is experimentally determined. This corresponds to 0.368 of the
area under the RTD curve. In accordance with the discussion above, we can imagine to start
the integration from the right (t = ∞) till a value of 0.368 is achieved which is equal to the
area under the blue curve and the lower limit of the residence time (vertical blue bar) then
corresponds to tact. In a second step, we examine the case of an experimentally determined
AF of 0.134. Following the procedure outlined for the first case (AF = 0.368), the integration results in the entire area under the turquois curve and a tact of 240 min (turquoise vertical bar). In the third case with an experimentally determined AF of 0.049, which corresponds to the area under the green curve, we determine a tact of 120 min (vertical green
bar). Ultimately, AF declines exponentially with increasing tact and vice versa.
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Figure 5: Residence time distribution (RTD; black curve) for particles in a CSTR with
τ

= 120 min in steady state. The area under the black curve represents the total particle

number concentration. Three subsets of this area are highlighted corresponding to the fraction of CCN active particles in dependence of the respective activation time tact.
2.3.1.3

Particle activation during flushing regime

At the beginning of the flushing regime (tswitch), the afflux of fresh particles is stopped and
replaced by a particle free gas stream. As the sample extraction is maintained the total particle number (concentration) within the aerosol chamber depletes with time. Nevertheless,
the particles that entered the aerosol chamber before tswitch continue to age during their increasing individual residence time. This causes a transformation of the RTD along the xaxis/residence time but no transformation of the shape of the RTD as the ratio of particles
of different residence time stays constant. This process is indicated by the multiple curves
in Figure 4. The RTD of the particles in steady state is represented by the solid black line.
As no fresh particles are added anymore, but the aging of the present particles continues
the RTD curve is shifted along the x-axis towards the right.
For example, after a time period equaling the hydrodynamic residence time of the CSTR
(+1 ) the particle RTD is represented by the dark grey solid line. As only the fraction of
particles with an individual residence time above tact is CCN active, AF at +1 is significantly higher than during steady state. This is indicated by a larger area under the curve
that crossed tact (grey dashed vertical line in Figure 4). Throughout additional flushing time
the RTD is shifted further towards longer residence times. At some point all particles have
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a residence time beyond tact. This means that all particles are CCN active resulting in an AF
of 1 which is for example the case for the particles in the area underneath the light grey
curve in Figure 5 (+2 ). In reality this is not a stepwise process with time increments of
1 , but a continuous process that involves an exponential increase of AF inside the CSTR
until AF = 1.
This change in AF can be mathematically captured. The first step is to derive an equation
that describes what fraction of the RTD has crossed the point tswitch after flushing has been
initiated. Since this not equal to the AF, a second step is needed where an offset-parameter
is introduced that converts the “fraction of particles older than tswitch” into the AF (=fraction
of particles older than tact).
The first step can be achieved by integrating the RTD backwards starting from t = tswitch.
This is an unfavorable approach since it is not compatible with a constantly increasing experimental duration t. This can be avoided, by flipping the RTD horizontally at t = tswitch
and integrating forward in time from t = tswitch to t, which is done in eq. (9). For a simpler
integration the experimental duration t, was normalized by dividing it by the hydrodynamic
residence time

CSTR

t/

AF t

flushing =

e

t-2·tswitch

d

t

(9)

tswitch /

As mentioned before, eq. (9) only describes the fraction of particles that are older than
tswitch. Since we defined AF as the fraction of particles with an age above the threshold time
tact, eq. (9) describes AF only if tact = tswitch holds true. To determine AF for conditions when
tact < tswitch (AF(t=tswitch) > 0) or for a delayed activation, tact > tswitch (AF(t=tswitch) = 0), an
additional parameter has to be introduced. This parameter is an offset of the AF-curve along
the time-axis and is therefore called toffset. Taking toffset into account, eq. (10) can be obtained
after integrating eq. (9).
AF t

flushing = e

t + toffset - 2·tswitch
τCSTR

−tswitch

-e τCSTR

(10)

The parameter toffset is initially unknown and has to be calculated. For this we need to differentiate between two cases. First, if tact is larger than tswitch and therefore AF is 0 at the
switching point, toffset can be obtained by subtracting tact from tswitch (eq. (11). Second, if AF
at t = tswitch is above 0, toffset has to be calculated by solving eq. (10) for toffset. For this
AF t
(12).
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has to be set to AF t=tswitch and eq. (10) has to be rearranged as shown in eq.
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AF t=tswitch =0
AF t=tswitch >0
2.3.1.4

toffset = tswitch

tact

−tswitch

toffset = ln AF t=tswitch +e τCSTR

·τCSTR + tswitch

(11)
(12)

Particle activation throughout an entire CSTR experiment

Figure 6: Calculated change of the activated fraction (AF; blue line, right axis) and particle number concentration (black line, left axis) throughout filling regime, steady state,
and flushing regime based on a CSTR experiment with τCSTR = 120 min, tact = 180 min,
tswitch = 720 min, and an input particle number concentration of 1000 cm-3. The different
operation regimes are indicated on the top of the figure.
The particle number concentration inside the CSTR can be calculated throughout all operation regimes using equations (2) and (5). AF can be calculated using equations (6a) and
(10). Figure 6 shows how the particle number concentration (black line, left axis) and AF
(blue line, right axis) change during an experiment with τCSTR = 120 min, tact = 180 min,
tswitch = 720 min, and [Afeed-in] = 1000 cm-3. A summary is presented in Table 1.
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Table 1: Evolution of the aerosol particle number concentration and the AF in different
CSTR-regimes.
experimental

AF inside CSTR

duration
Filling
regime

0 min (start) to AF = 0 from start till tact.

Steady
state

480 min (4τ-cri- Stable AF at 0.221.
terion)
to
720 min (tswitch)

480 min (4τ-cri- Increasing AF (asymptotterion)
ically approaches a constant value) after tact.

Flushing 720 min (tswitch) Exponentially increasing
to
1440 min AF until 1
regime
(end)

aerosol particle number
concentration
Increasing particle number
concentration, that asymptotically approaches a constant value.
Stable aerosol particle number concentration
(changes below detection
limit)
Exponentially declining aerosol particle concentration.

2.3.2 Introducing the activation time distribution P(tact)
The approach discussed so far is based on the assumption that all aerosol particles are identical and therefore a specific property of the whole aerosol population can be described
with a single parameter. In other words, all particles have the same tact in case of CCN
activity being the specific property. However, this is not the case for many parameters. In
case of the particle diameter, for example, every aerosol particle has its individual diameter
and the total population can be described by a distribution of particle diameters around a
mean diameter. An eventual size-selection does impact the mean diameter and the width of
the distribution. Still, the size selected particles will not have the identical diameter. Furthermore the aerosol population might be mono-modal and narrowly-distributed with respect to one parameter such as the aerosol particles electrical mobility diameter, but it can
be multi-modal or broader distributed with respect to another parameter e.g. the aerodynamic diameter.. Therefore, it has to be expected that the activation time (tact) is also characterized by a distribution. For this we introduce the activation time distribution P(tact) and
discuss its theoretical impact on transitions within binary systems in CSTR-experiments.
In contrast to a uniform tact valid for all particles the activation time distribution P(tact) is
more realistic as it takes the individual tact of the individual particles within the population
into account. Nevertheless, only one value for AF can be determined experimentally. This
single value, from now on referred to as global AF, represents the average AF over all AFs
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of the individual sub-fractions within the population as will be explained in more detail in
the upcoming sections.
2.3.3 Impact of the activation time distribution on the individual AF
In section 3.1.4 we showed how AF evolves throughout a whole CSTR-experiment (blue
curve in Figure 6). This curve was calculated based on the assumption of uniformity, i.e.
every aerosol particle that is older than tact = 180 min is CCN active. While, this assumption
can be valid for some conditions it surely cannot be representative for all real-world conditions. To discuss the impact of an activation time distribution P(tact) on the evolution of
AF in a CSTR we consider a model system with P(tact) representing a Gaussian distribution
with an exemplary mean (µ) of 180 min and an exemplary standard deviation (σ) of 30 min
(eq. (13)).
tact =

1
√2πσ2

-

e

tact -μ 2
2 2

(13)

For simplicity we discuss the impact of the activation time distribution (P(tact)) in steady
state first but the concept is the same throughout the entire experiment including the filling
as well as the flushing regime. In a CSTR particles with different individual residence times
are present at the same time due to the continuous feed in of fresh particles and the active
mixing. For a better understanding the “individual residence time of a particle” will be
referred to “particle age” from here on. With an increasing particle age the number of particles (=area under the curve) declines in a CSTR during steady state (Graph A, Figure 7).
Nevertheless, the activation time distribution P(tact) is the same for all particles (Graph B,
C, D in Figure 7), regardless of their age. The fraction of activated particles inside the
CSTR (global AF) therefore has to be described as an overlap of the residence time distribution (RTD; black curve in Figure 7.A) and the activation time distribution (P(tact); red
curves in Figure 7 B, C, and D).
In Figure 7 A, three individual sub-populations are indicated by red vertical bars. The first
sub-population at t = 60 min = 0.5 τ consists of rather young and fresh particles. Their corresponding activation time distribution P(tact) is shown in sub-panel B. While there are a
lot of particles (indicated by the large area under the red curve) only a small fraction of
these particles is CCN active. The active fraction is indicated by the red colored area and
corresponds to the particles with a very low individual tact. The contribution of this subpopulation to the global AF is therefore small. In sub-panel D, a sub-population at
t = 360 min = 2.0 τ of old and well-aged particles is shown. Due to their high age, litterally
all particle in this sub-population are CCN active as their individual particle age is more
than 6 sigma beyond the mean value of the exemplarily discussed Gaussian activation time
distribution P(tact). Since the overall fraction of these old particles is low as indicated by
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the significantly reduced area underneath the red curve compared to the first sub-population
(panel B), they contribute only little to the global AF. In sub-panel C, a medium aged subpopulation at t = 180 min = 1.5 τ is shown. On the one hand, there are significantly less
particles than in the first sub-population (panel B), which is indicated by the reduced area
underneath the red curve. On the other hand, the fraction of CCN active particles within
this sub-population is significantly larger than in the first one. In fact, the fraction is 0.5 as
this sub-population has an individual residence time that is equal to the mean ( ) of P(tact).

Figure 7: (A): The RTD in steady state is shown (black line). The grey shaded area underneath the curve represents the increasing fraction of activated particles with increasing
particle age. (B-D): Activation time distribution at different particle ages. The total area
under the activation time distribution curve (red line) represents the relative abundance of
particles at their specific age, which is equal to the area covered by the respective red bar
in panel A. The red-colored area represents the fraction of activated particles within the
population of this particular particle age.
2.3.4 Calculation of the total activated fraction (global AF)
The global AF at any point in time can be calculated by multiplication of AF(tact,t) for each
individual tact with the relative abundance of particles (obtained from P(tact)) with this respective tact and integration over the whole range of possible tact’s. (lower limit: tact = 0 min;
upper limit: tact = t)
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=

AF tact ,t · P tact dtact

(14)

tact = 0

In Fig 5 the differing evolutions of the global AF in the case of two different P(tact) within
a CSTR (τCSTR = 120 min) is presented. The blue curve is the same as in Figure 6 postulating all particles activate uniformly at tact = 180 min (AFstep(t), Pstep(tact)). The red curve
shows the global AF for a Gaussian shaped activation time distribution as discussed in the
previous section and displayed in Figure 7 with µ = 180 min and σ = 30 min (AFgaussian(t),
Pgaussian(tact)). While the uniform scenario shows no activity before reaching tact, the Gaussian distribution scenario shows an earlier activation onset. This is because there are some
particles in the population that activate earlier than the mean activation time. These are all
particles within the red area left of µ = 180 in Figure 7 B to D. Both curves reach a constant
global AF during steady state, but in the Gaussian distribution scenario the AF is higher
(AFgaussian = 0.242 vs AFstep = 0.221). In our specific case AFgaussian is higher than AFstep, but
the actual difference between these two values is dependent on the specific values of CSTR ,
tact, µ and σ. In the flushing regime the global AF grows exponentially in both scenarios.
Within the Gaussian activation time distribution (Pgaussian) there are particles activating later
than the average tact of 180 min. These particles are represented by the area right of µ under
the red curve as shown in Fig 4.B to D. Therefore, in the Gaussian distribution scenario
(red curve in Fig 5) full activation is reached later than in the uniform scenario (blue curve
in Fig 5). Generally speaking, a broader Pgaussian(tact) leads to an earlier onset of AF while
full activation is reached later because the broader distribution extends over a wider range
of individual tact’s on the single particle level.
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Figure 8: Global AF response functions inside a CSTR for a uniform aerosol population
(blue line) and an aerosol population with an activation time distribution P(tact) represented
by a Gaussian distribution (red line).
2.3.5 Equivalent parameters tact – onset and tact0.5 vs tact
In literature, different parameters are used to describe the CCN activity of particles. Results
from batch chamber experiments as well as from oxidation flow reactor experiments are
often presented in terms of SS-onset or critical SS. While the SS-onset is defined by a
minimum threshold (e.g. 0.01 AF) the critical SS is reached when 0.5 of the particles activate (Friedman et al., 2011; Koehler et al., 2009; Rose et al., 2008). From this perspective,
tact is a third parameter. Further we present the parameters tact-onset and tact0.5. Following
the aforementioned nomenclature in the CCN community, we define tact-onset as the time
when the global AF inside the CSTR crosses a defined value, here AF = 0.01. Opposite to
this tact0.5 does not refer to the global AF that can be determined experimentally but we
define it as the time after which 0.5 of the particle within the activation time distribution is
activated (Figure 7C). In Table 2 the three parameters are compared for the two scenarios
of a uniform tact (Pstep) and an activation time distribution (Pgaussian), respectively.
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Table 2: Influence of the tact-distribution on tact -onset, tact, and tact0.5.
Parameter

Reference population

Pstep(tact)

Pgaussian(tact)

tact-onset

global AF = 1 %

185 min

87 min

tact

global AF in steady state 180 min
(Figure 8; eq. (8));
AFstep = 0.221

170 min

Obtained from P(tact)

180 min

tact0.5

180 min

AFgaussian = 0.242

As can be seen in Table 2, the individual values deviate with the biggest deviation in the
case of tact -onset. However, the presented deviations are solely caused by the underlying
distributions of the activation time. In addition, tact-onset, tact, and tact0.5 are determined at
different experimental times. While tact-onset is directly determined by measuring the entire
particle population within the CSTR (global AF), tact is calculated from the global AF in
steady state and tact0.5 is obtained from the activation time distribution itself. In the case of
tact-onset, there is a significant share of particles activating significantly earlier than the
nominal activation time (µ = 180) in the case of a Gaussian distribution. Therefore, a fraction of 0.01 of CCN active particles within the entire particle population is already present
after 87 min. Opposite to this, the threshold value of 0.01 is crossed later than the nominal
activation time in the case of the step distribution. This is because even though every single
particle activates after exactly 180 min of individual aging time, it takes some additional
time before a fraction of 0.01 of the entire particle population within the CSTR is older
than 180 min leading to a tact-onset of 185 min. The difference of 10 min in tact between the
two P(tact)-approaches is due to the application of eq. (8) which allows for the calculation
of tact from the global AF in steady state. Strictly speaking, this equation is defined for the
ideal step function (Pstep(tact)) only. Therefore the higher global AF value for Pgaussian(tact) in
steady state has to lead to a lower tact value compared to Pstep(tact). Note, tact0.5 is referring
to the particle activation distribution P(tact) only leading to a concordant value of 180 min
in both cases. This can be seen in Graph C of Figure 7, where 0.5 of the particles with a
residence time equal to the nominal activation time are activated in the case of a Gaussian
distribution corresponding to tact0.5. In the case of a step function, all particles are activated
once the respective particle population is older than tact. In the following we will show how
the actual activation time distribution P(tact) can be retrieved from real CSTR experimental
data.
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2.4

Application of the new tact-concept to experimental data
from CSTR-aging experiments

In the laboratories at ETH Zurich we performed aging experiments in a 2.78 m3 stainless
steel aerosol chamber operated in CSTR mode. A detailed description of the chamber can
be found in Kanji et al., (2013). The chamber was actively mixed with a fan, but had no
further features to enhance mixing e.g. baffles. All instruments were connected to the chamber with stainless steel tubing with 4 mm inner diameter. Since the maximal tubing length
from the aerosol chamber to the analysis instruments was 3 m at flow rates were between
2 and 5 lpm the impact on the overall residence time (0.45 to 1.13 s) is negligible compared
to an average residence time on the order of hours within the chamber.
We investigated the change in CCN activity of soot particles rich in organic carbon due to
heterogeneous ozone oxidation. The soot particles were generated with the miniature Combustion Aerosol STandard (miniCAST, Model 4200, Jing Ltd., Zollikofen, Switzerland)
which is propelled with propane and operates with a laminar diffusion flame. The miniCAST was operated under fuel-rich conditions (set point 6 according to the manual) in
order to generate a soot which was rich in organic compounds (fuel-to-air ration: 1.03).
The particles were size selected at 100 nm by a Differential Mobility Analyzer (DMA).
These size selected aerosol particles were diluted with particle-free and VOC-filtered air
in order to achieve a constant aerosol flow of 25 lpm with a particle concentration of
~1200 cm-3. The aerosol flow was fed into the aerosol chamber, where a constant ozone
background concentration of 100 and 50 ppb, respectively, was maintained throughout
the entire experiment. Downstream of the aerosol chamber the CCN activity was measured with a Cloud Condensation Nuclei Counter (CCNC; Roberts and Nenes, 2005) and
the size distribution data was acquired by a Scanning Mobility Particle Sizer (SMPS) system from which the total particle number concentration was derived. In Figure 9 data for
two experiments conducted on two different days are shown. While there is no difference
in the experimental instrumentation, the two data sets differ by the SS conditions set in
the CCNC and the ozone background concentration (A: 1.0 %, 100 ppb; B: 1.4 %,
50 ppb). The data was analyzed focusing on the three following aspects:
a)
Can the aerosol chamber be operated in CSTR-mode throughout an entire day,
which requires a constant aerosol feed-in flow and a good internal mixing?
b)
Can the change in CCN activity of soot particles due to oxidation with ozone be
investigated with CSTR-mode aging experiments?
c)
Can tact and its distribution (P(tact)) be retrieved from experimental data?
The graphs A1 and B1 in Figure 9 show the particle concentration (black crosses; left axis),
the measured global AF (red crosses) and the fitted global AF (blue dashed line, both right
axis). The particle number concentration curves (black crosses) follow the theoretical fill-

40

Aging aerosol in a well-mixed continuous-flow tank reactor: An introduction of the activation time
distribution

ing and flushing curves as expected in a CSTR (Figure 6). The slight decline in the concentration in steady state in graph A1 is due to a slight reduction in the particle input concentration that was experienced during the experiment. Vice versa the slight increase in the
number concentration in graph B1 is due to a slight increase in the particle input concentration over time.
In the flushing regime the particle number concentration declines exponentially in both
experiments. Eq. (5) describes the ideal/theoretical evolution of the particle number concentration in the flushing regime when taking the hydrodynamic residence time τCSTR according to eq. (1) into account. In the ideal case the decay is solely caused by the flushing
process. In reality, the decay is a combination of flushing as well as additional particle
losses e.g. wall losses or coagulation. Therefore, the real residence time can be obtained by
fitting equation (5) to the experimental data after rearrangement for τ, to which we refer to
as τflush from now on (Kulkarni et al., 2011). In both experiments τflush coincides at 104 min,
which is lower than the hydrodynamic residence time τCSTR of 111 min. In other words, the
particle concentration declines faster than expected. This difference is caused by particle
losses to the chamber wall, which acts as an additional particle sink parallel to flushing and
reduces the particle lifetime. Nevertheless, statistical analysis of the experimental data results in purely statistical noise centered on the fitting curve used to determine τflush . This
indicates that in terms of mixing no difference between an ideal CSTR and the aerosol
chamber used here can be detected with the applied instrumentation.
When dividing the real particle life time (τflush ) into its individual components, a particle
life time upon wall losses (τwall-loss ) of 1600 min can be determined in accordance with first
order wall loss kinetic (Crump et al., 1982; Wang et al., 2018). The influence of particle
coagulation can be considered negligible due to the low coagulation rate of 100 nm particle
at concentrations of maximum 1500 cm-3 (Kulkarni et al., 2011).
Based on the discussion above, the measured AFs (red crosses) show the expected change
throughout the entire experiment in Fig 6 A1 and B1. In the beginning of both experiments
AF is 0. After a minimum aging time each AF starts to increase until it reaches a constant
level (A1: AF = 0.091, 1.0 % SS; B1: AF = 0.233, 1.4 % SS). The gaps in the curves during
steady state are due to changes in the operation of the CCNC form running on a constant
SS (1.0% and 1.4%, respectively) to scanning over a range of SS. In the flushing regime,
each measured AF increases exponentially. CCN data could be acquired successfully
throughout the entire experiment until the global AF reached ~1.0 (> 1000 min) in the first
experiment presented in graph A1. In the second experiment presented in graph B1, instrumental issues caused the acquisition of the global AF to end prematurely after approx.
800 min of experimental duration.
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The graphs A2 and B2 in Figure 9 show the activation time distribution P(tact) (blue solid
line) retrieved from the measured global AFs. The P(tact)’s presented were obtained from
curve fitting the measured AF-curves using eq. (14), which describes the evolution of AF
taking the activation time distribution into account. For this, assumptions concerning the
type of distribution had to be made. Here, we assumed that P(tact) can be described by a
mono-modal Gaussian distribution as presented in eq. (13). A brute-force algorithm was
used that optimized the characteristic parameters µ (=mean) and σ (=standard deviation) in
order to achieve the best fit to the measured global AF using the least-square method. The
results of this fitting procedure are presented in
Table 3 as well as in A2 and B2 of Figure 9. In the first experiment with the experimental
settings at 1.0 % SS and 100 ppb O3 µ as well as σ of P(tact) are larger (253.7 min and
35.5 min) compared to the results obtained for the second experiment at 1.4 % SS and
50 ppb O3 (153.6 min and 24.6 min). From a theoretical perspective, there are two competing aspects. On the one hand, due to the higher ozone concentration the threshold of chemical transformation leading to CCN activity of the particles should be reached earlier. On
the other hand, the threshold of chemical transformation should be lower at higher SS. Our
results presented here could indicate that the difference in SS in this specific range might
be more important than the difference in ozone background concentration within the considered range. At the current stage we cannot draw any final conclusions on how these two
competing aspects actually interplay but additional experiments are planned to resolve this
issue.
In addition, we list tact obtained from AF during steady state following eq. (8) as described
in section 3.1.2 in
Table 3. Based on error propagation calculation, the instrumental uncertainty for obtaining
tact from steady state is ± 11.6 min. In our experimental setup the differences between tact
and µ are 3.9 min and 2.1 min, respectively, and therefore below the instrumental uncertainties. This is a very beneficial aspect when considering a broad application of the CSTRconcept in atmospheric science experiments. In general, an accurate determination of P(tact)
requires a sufficiently high time resolution throughout the whole experiment. This can be
difficult to achieve depending on the general experimental conditions such as the type of
instrument, since running SS-scans with a CCNC can be time consuming. However, if a
characterization of the aged aerosol during steady state is sufficiently precise, a potentially
time consuming acquisition of a large number of data points for the determination of P(tact)
does not provide additional benefits.
As a cross check, we implemented the activation time distributions determined from the
experimental data into eq. (14), which allows for the determination of AF throughout the
entire experiment. The results are presented in Figure 9 panel A1 and B1, respectively.
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While the calculated AF (blue dashed line) and the measured AF (red crosses) superimpose
in the early filling regime, the steady state, and in the flushing regime, some deviation can
be recognizes in the period when AF increases. This deviation is caused by the slight
changes in particle number concentration during stead state, which reflects a change in the
particle input concentration. Therefore, this cross check represents an addition way to inspect the experimental conditions throughout the experiment revealing potential deviations
from ideality. Overall this section demonstrates the applicability of the CSTR concept for
aerosol experiments that require long experimental durations.
Table 3: Comparison of tact and tact0.5 for both experiments.
Parameter

A: 1.0 % SS / 100 ppb O3 B: 1.4 % SS / 50 ppb O3

tact

249.8 min

151.5 min

tact0.5 / µ

253.7 min

153.6 min

σ

35.5 min

24.6 min

Figure 9: Particle number concentration (black crosses, left axis), measured global AF
(red crosses, right axis), and fitted global AF (blue dotted line, right axis) are presented in
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panel A1 and B1, respectively. The experimentally determined activation time distributions P(tact) are shown in panel A2and B2, respectively.

2.5

Application of tact to other continuous flow aerosol
chambers

The application of oxidation flow reactors (OFRs) in atmospheric science became increasingly popular. These chamber types are designed to generate an aged aerosol that is as
homogenous as possible. The ideal OFR would be an ideal plug flow reactor (PFR) with a
RTD being a Dirac-Delta-function, often referred to as impulse-function. However, all
OFRs have a RTD that lies between an ideal CSTR and an ideal PFR and is further dependent on the individual design of the OFR (George et al., 2007; Huang et al., 2017; Ihalainen
et al., 2019; Kang et al., 2007; Simonen et al., 2017). Lambe et al., (2011) already suggested
that the RTD reduces the comparability of results from different OFR-types. In the following we discuss the applicability of the tact-concept introduced here to real continuous flow
aerosol chambers like OFRs which entail partial mixing.
Besides various home-build OFRs (e.g., (Ezell et al., 2010; Huang et al., 2017; Keller and
Burtscher, 2012), the commercially available Potential Aerosol Mass Chamber (PAM, Aerodyne; Kang et al., 2007) is an instrument widely used for the investigation of aerosol aging
within the atmospheric science community. All these chambers have in common that an
aerosol flow is exposed to OH-radicals. OH-radicals are typically produced by UV irradiation of ozone causing the production of excited oxygen atoms [O(D1)] which react with
water vapor. In OFRs the OH-concentration tends to be significantly higher than the average atmospheric concentration in order to mimic several days of atmospheric aging within
a few minutes of experimental duration. For intercomparison amongst chambers and for
extrapolation to atmospheric conditions the total OH-exposure is used as a metric, which
is often calculated by multiplying the OH-concentration with the exposure time. The exposure time is hereby equal to the residence time within the OFR which can be calculated the
same way as in the CSTR-concept following eq. (1).
In the case of an intercomparison of the Toronto Photo-Oxidation Tube (TPOT; George et
al., 2007) and the PAM chamber presented by Lambe et al., (2011), the OH-exposure was
determined from SO2-oxidation experiments following eq. A1 therein. Amongst other parameters, they investigated the secondary organic aerosol (SOA) formation from volatile
organic compounds (VOCs) as well as the impact of heterogeneous oxidation on the CCN
activity of bis(2-ethylhexyl)sebacate (BES) particles. They found very good agreement
concerning the average H/C and O/C ratios of the SOA particles produced insitu and the
BES-particles. This indicates that the reaction with OH-radicals follows the same kinetic
in both chambers. However, the CCN activity of BES-particles aged in the PAM chamber
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is reported to be significantly higher than in the TPOT chamber at low OH-exposure levels
and vice versa at high OH-exposure levels as can be seen in Fig A2(a) in the respective
publication (Lambe et al., 2011). The authors identify differing residence time distributions
between the two chambers and suggest this to results in a difference in chemical composition that is not captured by the average H/C and O/C ratios but to result in the deviation in
CCN activity. In addition to major improvements in terms of operating the PAM chamber
as well as in terms of analysis of PAM chamber data within the last couple of years, a range
of modeling and experimental studies have been published investigating this specific aspect
(e.g. Mitroo et al., 2018). In the following we show that the application of tact can contribute
significantly to the explanation of the aforementioned discrepancies in terms of CCN activity of the BES particles.
In Figure 10 we show the RTDs for 145 nm BES particles using the parameters for the
bimodal Taylor-dispersion model given by Lambe et al., (2011) in Appendix A4 (Fig A3).
We normalize the area under the curve to be one causing the area under each curve to be
directly proportional to the AFs for a better visual comparison. Here, PAM chamber data
is indicated by the dotted line/green area and TPOT chamber data is indicated by the dashed
line/blue area. As can be seen, the two curves are not perfectly superimposed with the peak
of the PAM chamber RTD being earlier than in the TPOT chamber RTD followed by a
steep decline causing the two curves to cross at approximately 40 s. Overall the PAM chamber RTD (dotted line) shows a stronger dispersion causing the two lines to cross again at
approximately 180 s.
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Figure 10: Global AF in the PAM and TPOT chamber for tact of 40 and 180 s, respectively.
Assuming a high OH-concentration leads to a higher reaction speed and therefore shorter
tact we present two scenarios. Scenario A representing a high OH-concentration is based on
a tact of 40 s (Figure 10 A). Scenario B representing a low OH-concentration is based on a
tact of 180 s (Figure 10 B). In both cases the BES-particles show CCN activity, but the
global AF differs significantly between both chamber types. In the high-OH scenario A, the
TPOT chamber is more efficient in producing CCN active BES-particle (AFTPOT = 0.892;
blue area) than the PAM chamber (AFPAM = 0.655; green area) as can be perceived by the
blue area being larger than the green area in the left panel. Opposite to this, the PAM chamber is more efficient (AFPAM = 0.082) than the TPOT chamber (AFTPOT = 0.047) in case of
the low-OH scenario B, as can be seen in the right panel. These calculations indicate how
the new tact concept can contribute to the understanding and interpretation of experimental
data that has been acquired in non-CSTR reaction chambers. At the same average OHexposure, aging in different OFRs causes the same global AF only if the RTDs are the same.
Since the RTDs of the PAM chamber and the TPOT chamber are not the same, the same
global AF can only be obtained if the tact’s differ. Three examples of how tact has to deviate
between the PAM chamber and TPOT chamber to lead to the same global AF are given in
the supplement.
While some parameters such as AF can differ between two OFR chambers, other parameters can still agree very well. Such parameters could be the average H/C and O/C-ratios
measured with an aerosol mass spectrometer (AMS). The chemical modification of an aerosol particle is a continuous process and the CCN activity is a function of this continuous
chemical modification as discussed in section 3. However, once a certain modification
threshold is reached no further increase in the CCN activity of a single aerosol particle can
be achieved at a constant SS, even if the chemical aging proceeds. Therefore, AF does not
correlate linearly with the average OH-exposure and the individual aging degree of a single
particle, but with the fraction of particles older than a certain tact. However, if the H/C and
O/C-ratio would be measured on a single particle level, a distribution of chemical properties
would be recorded similar to the RTD of the respective chamber.
Up to now, the discussion did not include many important processes that are relevant in
aging chambers e.g. particle wall-interaction, gas-phase-partitioning, fluctuating input concentrations while field measurements, or inhomogeneities inside the OFR. These aspects
are important for many processes such as the formation of SOA and can be incorporated to
the tact-concept by modifying eq. (14). As the actual calculation requires a multidimensional
data array and detailed knowledge about the chamber of interest, this subject matter is beyond the scope of this publication and will not be discussed further. Nevertheless, the overall conclusion is that application of the original/non-adjusted tact-concept can explain why
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measurements within different OFR chambers agree in parameters, which dependent on the
bulk properties of the aerosol particle population (e.g. average O:C ratio) and at the same
time disagree in parameters, which are dependent on the condition/status of the individual
particle (e.g. CCN activity). Therefore, we suggest to apply the concept of the activation
time tact or the activation time distribution P(tact) as metric in addition to calculating average
values, such as the global AF and OH-exposure if following conditions are met. One, the
system or parameter of interest can be described as a binary system and undergoes stepwise
/ nongradual transitions such as CCN activity. Two, the OFR used has a RTD broad enough
to influence the outcome. Three, the conditions inside the reactor are either homogeneous
or a correction for inhomogeneities (e.g. different oxidants concentrations inside the reactor) is implemented.

2.6

Conclusion

This work investigates the potential of aerosol chambers to be operated in Continuous flow
Stirred Tank Reactor (CSTR) mode for simulating atmospheric aging processes of aerosol
particles and retrieve data that is comparable to other methods. This approach was motivated by the possibility to achieve longer aging times if the same chamber was operated in
CSTR-mode instead of in batch mode while at the same time a significantly lower aerosol
number concentration was required enabling the use of e.g. size selected aerosol particles.
One of the main obstacles to implement the CSTR concept in atmospheric science has been
hitherto consideration of the residence time distribution in data analysis. Inside a CSTR
chamber the particle population consists of particles at different aging stages. In order to
address this, we introduced the activation time tact as a new parameter to disentangle the
non-uniform aerosol population and generate data that is comparable to that acquired in
other experimental setups. This concept was developed based on the assumption that continuous aging processes on the level of single particles can lead to a stepwise change in
individual particle properties referred to as nongradual transitions. The new parameter tact
describes the time needed to reach this transition. On a more fundamental level, tact only
requires a time-dependent change of a single particle property that can be used to distinguish between two states, below and above a defined threshold in a binary system. Since
particle properties are typically distributed around a mean value, we also introduced the
activation time distribution P(tact). The impact of tact and P(tact) on the parameters measured
downstream a CSTR aerosol chamber was simulated with the newly developed mathematical framework and compared to experimental data. Data presented herein was acquired
from experiments on soot particles transitioning from initial CCN-inactivity to CCN activity over the course of several hours due to ozone exposure. We show that our theoretical
concept describes the observed changes in the CCN activity very well. Additionally, we
show that the discrepancy between tact and tact0.5 is lower than the instrumental error in the
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model system in CSTR mode. Therefore, the data acquired during steady state is representative for the whole particle population. Finally, we generalize this concept and apply it
to data of two OFR aging chambers (Lambe et al., 2011) that are operated in steady state
as well but are characterized by none ideal internal mixing. Through the application of our
new tact-concept we can explain qualitatively why the results from the PAM chamber and
TPOT chamber agree for some parameters (bulk O/C and H/C-ratio) but show significant
differences for other parameters (CCN activity). We recommend re-analysis of other OFR
data to gain further insight to nongradual transformation processes.
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Abstract. The largest contributors to the uncertainty in global climate projections are the
direct and indirect effects of aerosol particles on the Earth’s radiative budget. Soot particles
are of special interest since their properties can change significantly due to aging processes
once they are emitted to the atmosphere. Probably the largest obstacle for the investigation
of these processes in the laboratory is the long atmospheric lifetime of one week, demanding tailored experiments that cover this time span. This work presents on the ability of two
types of soot to act as cloud condensation nuclei (CCN) after exposure to atmospherically
relevant levels of ozone and humidity. Aging times of up to 12 h were achieved by successful application of the continuous-flow stirred tank reactor (CSTR) concept while allowing for size-selection of particles prior to the aging step. 100 nm particles rich in organic
carbon (OC) and initially CCN-inactive showed significant CCN-activity at super saturations (SS) down to 0.3 % after 10 h of exposure to 200 ppb of ozone. While this process
was not affected by different levels of relative humidity in the range from of 5 to 75 %, a
high sensitivity towards the ambient/reaction temperature was observed. Soot particles with
a lower OC-content demanded an approximately/about four-fold longer aging duration to
show CCN-activity at the same SS. Prior to the slow change in the CCN-activity, a rapid
increase in the particle diameter was detected that occurred within several minutes in contrast to the change in CCN activity. This study highlights the applicability of the CSTRapproach for the simulation of atmospheric aging process, as aging times of beyond 12 h
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can be achieved in comparably small aerosol chamber volumes (<3 m3). Implementation
of our measurement results on the CCN-activity of soot particles retrieved from measurements at atmospherically relevant conditions into Global aerosol-climate models show a
statistically significant impact on the global and regional scale in terms of CCN burden and
cloud droplet number concentration (CDNC).

3.1

Introduction

Aerosols are defined as fine solid particles or liquid droplets suspended in a gas phase.
Aerosol particles impact the Earth’s radiative budget both directly (e.g. through scattering
of shortwave and absorption of shortwave and longwave radiation) (Haywood and
Boucher, 2000) and indirectly (e.g. by changing the properties of clouds) (Ackerman et al.,
2000; Lohmann and Feichter, 2005; Seinfeld et al., 2016; Twomey, 1977). Furthermore,
they demonstrate significant impacts on air quality and human health (Anenberg et al.,
2012; Janssen et al., 2011). The chemical and physical properties of atmospheric aerosol
particles are highly variable depending on e.g. surface (land vs. ocean), region (urban vs.
remote), source (anthropogenic vs. biogenic), and many more aspects. Additionally, ambient aerosol particles undergo physicochemical modification processes throughout their atmospheric lifetime (Monks et al., 2009). Condensation of coatings material or heterogeneous oxidation are general examples of these processes that are referred to as aging. An
example of the multiple ways these processes modify the physicochemical properties of the
particles is the change in the water affinity of an initially hydrophobic particle. Accumulation of hygroscopic material on the surface can cause such a particle to become hydrophilic
(Dalirian et al., 2018; Henning et al., 2012; Khalizov et al., 2009). Depending on the surrounding conditions, the particle can accumulate water vapor and form a droplet as in a
cloud or in fog.
The process of forming a cloud droplet is called cloud droplet activation and the respective
particles are called Cloud Condensation Nuclei (CCN). The particles’ ability to act as CCN
depends on its properties, such as size, morphology, and chemical composition (Köhler,
1936; Sorjamaa and Laaksonen, 2007). While particles consisting of hygroscopic compounds such as sea salt have a high CCN activity, other particles such as soot (also referred
to as black carbon, BC) show extremely low CCN-activity (Petzold et al., 2013). Nevertheless, BC particles have been found in cloud droplet and ice crystal residuals in ambient
measurements, indicating that within their atmospheric lifetime these particles are incorporated into hydrometeors (Cozic et al., 2008; Hiranuma et al., 2013).
Soot is a by-product of incomplete combustion. Depending upon its origin, soot varies
greatly in chemical composition, size, and co-emitted substances. Soot particles have a
comparatively long atmospheric lifetime of up to one week (Textor et al., 2006). Currently
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the impact of soot particles on human health, environment, and climate is of scientific and
economic interest. Understanding their carcinogenic nature (WHO, 2016) or their impact
on crops (Burney and Ramanathan, 2014) are only some examples for the increased interest
in soot particles during the last few decades. Regarding their atmospheric impact, a good
understanding has been gained with respect to their direct effect on visibility and air quality
but their indirect climate impact, i.e. on clouds and cloud formation, remains highly uncertain (IPCC, 2013).
The pathway of how soot particles end up in hydrometeor residuals remains a major topic
of discussion. On the one hand, these hydrophobic particles show little interaction with
water and are reported to be poor CCN or ice nucleating particles (INPs; Friedman et al.,
2011; Koehler et al., 2009; Kulkarni et al., 2016). On the other hand, field measurements
show that soot particles are enriched in cloud droplets and ice crystals compared to interstitial particles (Cozic et al., 2008; Hiranuma et al., 2013). This indicates that soot particles
can become incorporated into hydrometeors due to impaction scavenging or a sufficient
increase in hygroscopicity upon atmospheric aging. The details and relevance of atmospheric ageing processes potentially causing such a significant change in CCN activity of
soot particles are not well understood yet. Besides the complexity of aerosol particles, one
of the challenges lies in investigating these processes in the laboratory at atmospheric conditions. Furthermore, modelling studies show that even though soot particles are poor INPs
compared to dust particles (Kanji et al., 2017) they are still relevant INPs in the atmosphere
due to their high abundance (Hoose et al., 2010; Savre and Ekman, 2015).
While there is a broad consensus that coating with hygroscopic substances e.g. sulfuric acid
(Dalirian et al., 2018; Henning et al., 2012; Khalizov et al., 2009) increases the particle
water interaction of soot particles, the influence of oxidation processes is less well understood. The impact of oxidation processes can be investigated by simulating atmospheric
aging under controlled laboratory conditions. One of the experimental challenges is achieving extended ageing time periods since the average atmospheric lifetime of soot particles
is approximately one week (Textor et al., 2006). A common approach is the application of
(photo-)Oxidation Flow Reactors (OFR) like the Potential Aerosol Mass (PAM) chamber
(Kang et al., 2007), Toronto Photo-Oxidation Tube (TPOT; George et al., 2007), Micro
Smog Chamber (MSC; Keller and Burtscher, 2012), the TUT Secondary Aerosol Reactor
(TSAR; Simonen et al., 2017) or the Photochemical Emission Aging flow tube Reactor
(PEAR; Ihalainen et al., 2019). Within these devices, the residence time ranges from 3 to
170 s and the OH-radical concentration ranges from 4.9 × 108 to 130 × 108 molec·cm-3,
while the average atmospheric OH-radical concentration is orders of magnitude less with
1.5 × 106 molec·cm-3 (Mao et al., 2009). The exposure conditions are recalculated to an
equivalent atmospheric aging time of 0.4 to 10 days (Lambe et al., 2015). This approach
implies that the oxidation speed is linearly dependent on the concentration of OH-radicals
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which is supported by the findings of (Bedjanian et al., 2010). Deploying larger aerosol
chambers operating in batch mode with several cubic meters of volume allows for longer
experimental durations at more atmospherically relevant oxidant concentration levels. For
example, Wittbom et al., (2014) achieved aging durations of up to 5 h in a 6 m3 aerosol
chamber at OH-radical concentrations ranging from 1 × 106 to 2 × 106 molec·cm-3 which is
approximately equal to one day of atmospheric aging. Both, the OFRs and the batch-aerosol
chamber methods show that equivalent atmospheric aging time spans of several hours to
days are required to make soot particles CCN-active at atmospherically relevant super saturations (SS) of below 0.8 % (Pruppacher and Klett, 2010)
Another very important atmospheric oxidant is ozone. The effect of ozone oxidation on the
CCN-activity of soot particles has been investigated intensively in various laboratory studies. Despite these efforts, no CCN activation at atmospheric ozone concentration and atmospherically relevant SS has been reported to the authors’ knowledge. However, in the
range from 1200 ppb to 20,000 ppb ozone a significant increase in CCN activity of soot
particles was reported for SS above 0.8 % for exposure times between 100 s and- 2 h, which
should correspond to atmospheric aging times of up to 3.5 days (Friedman et al., 2011;
Grimonprez et al., 2018; Lambe et al., 2015). Contrary to the agreement regarding the linearity of aging and OH-exposure within the scientific community (Renbaum and Smith,
2011), there is no such consensus concerning ageing and ozone exposure. While the results
of the studies mentioned above are interpreted on the assumption that the oxidation speed
is directly proportional to the O3-concentration, Kotzick et al., (1997) reported that no impact of concentration could be detected in the range from 25 ppb to 1000 ppb O3.
Studies focusing on the uptake of ozone by soot particles suggest that the reaction might
not follow first-order kinetics with respect to the ozone gas phase concentration e.g.
(Ammann et al., 2003; Kamm et al., 1999; Lelievre et al., 2004; McCabe and Abbatt, 2009;
Zelenay et al., 2011). The similar results have been found for the decomposition of Polycyclic Aromatic Hydrocarbon (PAHs) and other organic compounds condensed on aerosol
particle surfaces (Bedjanian and Nguyen, 2009; McNeill et al., 2007; Pöschl et al., 2001;
Shiraiwa et al., 2011). These findings combined with soot particles found in hydrometeor
residuals question the validity of extrapolations from non-atmospheric reaction conditions
being used as the basis to infer atmospheric implications. To evaluate the atmospheric relevance of ozone oxidation on the CCN activity of soot particles and the impact of the ozone
concentration in the atmospherically relevant range, laboratory experiments should preferably be performed at atmospherically relevant conditions with respect to oxidant concentration, relative humidity (RH), particle number concentration as well as reaction time.
Different experimental setups provide different benefits with respect to mimicking atmospheric aging processes. OFRs have the benefit of operating at particle number concentra-
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tions prevalent in the atmosphere. Therefore, the aerosol particles can be size-selected before entering the chamber, and changes in the CCN activity can be investigated excluding
artefacts from potential size-related effects. However, since those chambers are operated at
oxidant conditions that are 3 to 4 orders of magnitude higher than in the atmosphere (Bruns
et al., 2015), they might trigger atmospherically irrelevant chemical reactions and follow
atmospherically non-relevant reaction pathways (McNeill et al., 2007). In contrast to the
OFR, there are large aerosol chambers with several m3 of volume in which aerosols can be
exposed to atmospherically relevant concentrations of oxidants and trace gases (Cocker et
al., 2001; Leskinen et al., 2015; Nordin et al., 2013; Paulsen et al., 2005; Platt et al., 2013;
Presto et al., 2005; Rohrer et al., 2005). Since those chambers are typically operated in
batch-mode, they require elevated particle number concentrations in the feed-in flow in
order to reach the desired aerosol concentration inside the chamber within a reasonable
time. Therefore, these types of chambers are often filled with non-size selected aerosol
particles, hampering the separation of CCN activation due to chemical transformation from
potential particle size effects.
In this paper, we present the results from a study investigating the effect of heterogeneous
ozone oxidation at atmospherically relevant conditions on the CCN activity of soot particles
derived from a propane flame. The experiments were performed within a ~3 m3 stainless
steel aerosol chamber operated in continuous-flow stirred tank reactor (CSTR) mode. This
allowed us to: 1) achieve aging durations of up to 12 h, 2) utilize atmospherically relevant
ozone concentrations of up to 200 ppb and varying levels of humidity, and 3) execute the
experiments with 100 nm size-selected soot particles. The experimental results were then
implemented in the global climate model ECHAM6.3-HAM2.3 (Neubauer et al., 2019;
Tegen et al., 2019). Based on this, we discuss the impact of aging processes on the change
in CCN burden and cloud droplet number concentration (CDNC) on global and regional
scales.
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Figure 11: Schematic of the experimental setup
3.2.1 Overview
Multiple sets of experiments were performed in the laboratory using a 2.78 m3 stainless
steel aerosol chamber at ETH Zurich, Switzerland during summer 2016 and summer 2018.
To allow for extended aging durations of up to 12 h, the aerosol chamber was operated
following the concept of the Continuous flow Stirred Tank Reactor (CSTR) (Levenspiel,
1999). In accordance with this concept, soot particles were continuously added to the aerosol chamber inlet, simultaneous to the continuous withdrawal of aerosol sample from the
chamber outlet for analysis. All sample lines used within the set-up consisted of stainless
steel with an inner diameter of 4 mm. The sample lines were configured such that the soot
aerosol could be sampled either directly upstream, i.e. bypassing, or downstream of the
aerosol chamber. Friebel and Mensah, (2019) introduced a new analysis technique that allows for the retrieval of CCN activation data from experiments executed in aerosol chambers operated in CSTR-mode. In addition to the investigation of the CCN activity, data was
recorded for the investigation of a broad range of physical and chemical parameters. This
included the size and mass distribution of the particles, the INP potential, the chemical
composition, and the lung deposited surface area (LDSA). Further details on the experimental set-up, instrumentation, and specific settings beyond the information given in the
following section can be found in the appendix.
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Soot particles were produced by a propane fueled Jing Ltd., miniature Combustion Aerosol
STandard (miniCAST 4200) generator. Such type of burners and specifically the miniCAST burner have been used widely for the production of soot particles in laboratory
studies e.g. (Durdina et al., 2016; Kim et al., 2015; Malmborg et al., 2018; Mamakos et al.,
2013; Maricq, 2014; Mueller et al., 2015; Török et al., 2018). The miniCAST was operated
in two different settings for the production of soot samples with different organic carbon
(OC) contents. The first sample, herein referred to as CAST brown (CBW), with a fuel-air
ratio (FAR; φ) of 1.03 was generated at set-point 6 and characterized by the highest OC
content within the range of the burner settings. The second sample, hereafter referred to as
CAST black (CBK), with φ = 0.95 was generated at set-point 1 and characterized by the
lowest OC content within the range of the burner settings. Further details on the miniCAST
set-points used during the study are listed in Appendix Table 11.
The gases used were nitrogen (N2) of grade 6.0 for mixing and quenching, and in-house
filtered and compressed air for oxidation and dilution. The compressed air was purified by
passing through a particle filter resulting in a particle concentration below the detection
limit of the particle counting instrumentation. The air was further passed through a charcoal
filter for the removal of volatile organic compounds (VOC). The remaining VOC content
was tested by mixing the filtered air with 200 ppb of ozone. As no new particle formation
could be detected we consider the filtered air particle and VOC free with respect to our
instrumentation.
After starting the burner, it was run for at least 2 h before the operating conditions were
considered stable and the exhaust ready to be sampled. The output of the miniCAST burner
was diluted by a factor of 10 using a Palas VKL 10 diluter. 6 L·min-1 of the diluted sample
was introduced into a pre-mix chamber of 0.125 m3 volume. The stainless steel pre-mix
chamber was air-tight and equipped with a continuously stirring fan. To allow for the selection of 100 nm particles of sufficient concentration, the particles were allowed to agglomerate within the pre-mix chamber. After an average residence time of 21 min, the
mode diameter for CBW particles was 90 nm, and 150 nm for CBK particles.
3.2.2 Aerosol chamber
A 2.78 m3 stainless steel aerosol chamber was used as reaction vessel. As a detailed description of the stainless steel aerosol chamber has been previously presented by Kanji et
al., (2013), only a brief description follows. The aerosol chamber is equipped with a pitched
blade fan of 30 cm diameter at its bottom. The fan was run at 1000 rpm to ensure a homogenous distribution of the aerosol throughout the aerosol chamber. Based on the experiences
acquired in the campaign in summer 2016, the aluminum fan was gold plated prior to the
campaign in summer 2018. The purpose was to increase its conductivity and thereby reduce
particle loss on its surface. Temperature, pressure, and RH inside the aerosol chamber were
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monitored by sensors mounted on a diagonally oriented taut wire. While pressure and RH
were controlled by the conditions of the feed-in flow, the double wall design of the aerosol
chamber allowed for direct temperature control, which was utilized in some of the experiments. Soot aerosol and ozone were introduced through individual ports. Another port was
used for the withdrawal of sample aerosol which then was distributed to various measurement instruments.
In general, the total volumetric flow through the aerosol chamber while filling and steady
state was set to 23 L·min-1. In some experiments, a reduced flow rate of 13 L·min-1 was
applied during the flushing regime overnight to maximize the duration of particle concentration above detection limit. The experimental conditions allowed the exposure time of the
soot aerosol during oxidation and humidification experiments to be extended up to 12 h.
3.2.3 Sample selection and conditioning
The soot aerosol was conditioned in multiple ways prior to entering as well as within the
aerosol chamber. Following the pre-mix chamber, a home-built charcoal denuder was
placed in-line for the removal of remaining gas phase VOCs from the combustion process
within the miniCAST burner. The denuder consisted of a glass tube of 40 cm in length and
10 cm in diameter filled with approximately 0.7 kg of activated charcoal (SigmaAldrich).
A metal mesh of 1.5 cm diameter connecting the inlet and outlet of the denuder allowed
the aerosol stream to pass through the center of the denuder without direct exposure to the
charcoal. It was taken out of line (i.e. the sample was not denuded) for some of the experiments to evaluate the potential impact of the remaining VOCs on the CCN activity of the
particles. A TSI 3081L Differential Mobility Analyzer (DMA) was used downstream of
the denuder for the selection of 100 nm soot particles. The DMA was operated with a sample air flow rate of 1.7 to 1.9 L·min-1 and a sheath air flow rate of 10 L·min-1. After diluting
the sample air flow with 21 L·min-1 of particle and VOC free compressed air a particle
concentration of ~1200 cm-3 was achieved. A TSI 3772 Condensation Particle Counter
(CPC) was used to monitor the concentration of the soot aerosol particles entering the aerosol chamber. The concentration remained stable for the entire duration of an experimental
run.
Conditioning of the soot particles with ozone or elevated humidity took place within the
aerosol chamber. Gas streams containing ozone and humiditywere fed into the aerosol
chamber through individual ports. Ozone was produced by a continuously running corona
discharge ozone tube operating on high purity 5.6 synthetic air. The output of the ozone
generator was diluted by a factor of 100 using a Palas VKL 100 diluter with particle and
VOC free in-house compressed air. The flowrate of the ozone stream into the stainless steel
aerosol chamber was maintained at 0.040 - 0.070 L·min-1. The ozone concentration within
the aerosol chamber was monitored by an Aeroqual series 940 transmitter (0 - 0.5 ppm)
56

Impact of isolated atmospheric aging processes on the Cloud Condensation Nuclei-activation of soot
particles

mounted on an additional port. For sample humidification, particle and VOC free compressed air was split into multiple streams. One stream was passed through a silica gel
diffusion dryer resulting in a RH of less than 5 %. The second stream was split and led
through two Nafion-humidifier coil tubes surrounded by thermostated water resulting in a
RH of up to 95 %. The temperature of the water was controlled by using an Ecoline Immersion thermostat E300 with Stainless Steel bath 006. The flow rates of the dry and the
humidified air streams were regulated by individual mass flow controllers (MKS,
0 - 20 L·min-1) and mixed within a 5 L glass volume. This set-up allowed for the stable
production of air at a pre-set RH level and a flow rate of 20 L·min-1. In addition to the
sensors monitoring the humidity within the aerosol chamber, a Vaisala HMT337 humidity
sensor was used to monitor the humidification air before entering the aerosol chamber.
3.2.4 Sample characterization
A suite of instruments was deployed for the characterization of the soot particle samples.
Besides stationary centerpieces for the determination of the particle size distribution and
CCN activity, the specific configuration of instruments varied depending on availability.
Data on the chemical composition, the INP activity, and the single particle mass distribution was acquired in many but not all experiments.
A TSI Scanning Mobility Particle Sizer (SMPS) consisting of a TSI 3081L DMA and a TSI
3772 CPC was used to record the particle size distributions in the range 8 – 280 nm at a
scanning frequency of 135 s. The DMA was operated with a sample flow rate of 1 L·min-1
and a sheath air flow rate of 10 L·min-1. The CCN activity of the soot particles was determined using a continuous flow Cloud Condensation Nuclei Counter (CCNC) from Droplet
Measurement Technologies (DMT; Roberts and Nenes, 2005). As size selected particles
were investigated, the CCN activity was investigated by exclusively modulating the SS in
the range from 0.2 % to 1.4 %. An additional data point at a SS of 1.6 % was acquired in
CBK experiments. With an acquisition duration of 6 - 10 min at each set-point, the sampling interval for a full scan was approximately 66 min.
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3.2.5 Experimental procedure and experimental conditions

Figure 12: Example of data of the CCN activity (colored crosses, right bottom axis), particle
number concentration (black line, left bottom axis), ozone concentration (blue line, left top
axis), and RH (red line, right top axis) as a function of experimental duration (bottom axis).
The crosses presenting the CCN activity are color coded by the supersaturation as indicated
in the color scale on the right. The labels: A (bypass), B (filling), C (bypass), and D
(flushing) indicate specific periods within the experiment.
The experimental procedure and therefore the data that can be acquired differs from experiments conducted in smog chambers and batch reactors. As an example of typical experimental data acquired on 05.08.2016 is displayed in Figure 12. The CCN activity is presented as colored crosses (right bottom axis), the particle number concentration as a black
line (left bottom axis), the ozone concentration as a blue line (left top axis), and RH as a
red line (right top axis), all as a function of experimental duration (bottom axis).
While the experiment lasted about 18 h in total, individual time frames can be distinguished
and are indicated by the capital letters A to D – the four modes of operation - in Figure 12.
Before the start of each experiment it was ensured that the aerosol chamber was particle
free, i.e. a particle count of < 1 cm-3 at the CPC downstream of the aerosol chamber. Then
the aerosol chamber was filled with the size selected particles at a flow rate of 23 L·min-1.
During the first hour a subset of the aerosol stream (approx. 4 L·min-1) bypassed the aerosol
chamber to determine the baseline characteristics of the aerosol. This period is indicated by
the letter A (bypass). Data acquisition from the bypass was completed after one full SS
scan was executed in the CCNC. From then on, the sample was extracted from the aerosol
chamber, while filling of the aerosol chamber continued. This period is indicated by the
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letter B (filling). Due to running the aerosol chamber in CSTR mode, a dynamic equilibrium was established within the aerosol chamber after a certain time. Once sufficient data
of the aerosol in that stage was acquired (at least 3 full scans with the CCNC) another
bypass sampling period was started. This period is indicated by the letter C (bypass) in
Figure 12. Data of this period was used to ensure that no changes in the particle production
caused changes in the particle properties since the start of the experiment. Similar to the
procedure in period A, one full SS scan in the CCNC was executed before this sampling
period was completed by returning to sampling from behind the aerosol chamber. Simultaneous to changing the sampling extraction location at this point in time, the supply of fresh
soot particles into the aerosol chamber was stopped. The particle containing inlet flow was
replaced by particle and VOC free compressed air. This period is indicated by the letter D
(flushing).
The experimental procedure is reflected by the change in particle number concentration
(black line, left bottom axis) presented in Figure 12. The values present the concentration
within the sampling line just in front of the measurement instruments. Values recorded
within the bypass periods A and C therefore present the particle number concentration from
the bypass section. At the beginning of period B, an increase in particle number concentration is recorded asymptotically approaching a plateau in the dynamic equilibrium. The particle loss rate within the aerosol chamber is significantly higher compared to the bypass
section, therefore, the particle number concentration within the plateau is lower compared
to the periods A and C. Throughout the flushing period D, an exponential decay of the
particle number concentration is recorded in accordance with theoretical expectations as no
fresh particles are supplied to the aerosol chamber. The experimental conditions within this
period can be considered similar to standard batch experiments. Monitoring and active control of the particle number concentration, RH, and temperature within the feed-in flow as
well as ozone concentration, RH, and pressure within the aerosol chamber ensured consistent experimental conditions within the aerosol chamber. This is illustrated by the stable
ozone concentration (blue line) as well as RH (red line) within the aerosol chamber throughout the duration of the entire experiment (top panel in Figure 12).
The experimental conditions investigated within this study span a multidimensional space
as ozone (0 or 200 ppb), RH (5 or 75 %), and gas phase VOC content (sample denuded or
undenuded) were varied. A summary of the experimental conditions is shown in Table 4.
While the experiments conducted in summer 2016 were executed at room temperature,
which varied from day to day, the experimental procedure was improved in summer 2018
by implementing active temperature control of the aerosol chamber itself. Each setting of
experimental conditions was repeated at least twice.
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3.3

Data Analysis

3.3.1 Activated Fraction
The CCN activity of the soot particles is presented as activated fraction (AF; crosses) in
Figure 12. The activated fraction AF is calculated by dividing the number of activated soot
particles detected by the CCNC by the total number of particles entering the CCNC. The
total number of particles is calculated by integrating the size distribution data of the SMPS
downstream of the aerosol chamber. This is shown in Figure 12 for the experiment on the
05.08.2016 with 100 nm CBW particles size selected at 100 nm and exposed to 200 ppb
ozone and a RH of 5 % within the aerosol chamber. Independent of SS, AF (crosses) is 0
in both bypass periods A and C, indicating no CCN activity of the unaged soot particles.
This finding is consistent throughout all of the experiments performed.
In the beginning of phase B, AF is still 0 even though the sample is taken from the aerosol
chamber volume. Only after a certain time threshold does the measured AF increase and
reach a constant level similar to the evolution of the particle number concentration (black
line). The plateau phase indicates that the conditions within the aerosol chamber have
reached steady state. The point in time that AF deviates from 0 as well as the AF value in
the plateau phase is dependent on the SS. The time it takes for AF to deviate from 0 is
shorter and AF reaches higher values with increasing SS.
When the experimental settings are switched to flushing (phase D), i.e. no fresh particles
are supplied to the aerosol chamber any longer, a steep increase in AF can be observed
while the particle number concentration decreases exponentially. In theory, a maximum AF
of 1 should be reached at all SS levels if sufficient experimental aging time was permitted.
In the case of the experimental run shown in Figure 12, the experimental duration is sufficient to allow for an AF of 1 at SS of 1.4 % and 1.2 % only.
3.3.2 Activation time tact
The activation time concept is presented in detail in Friebel and Mensah, (2019) therefore
it will be introduced only briefly here. As can be seen in Figure 12, the transformation of
fresh soot particles at an atmospherically relevant ozone concentration demands multiple
hours of reaction time before CCN activity of the particles can be detected. In batch mode
operation, a reaction volume is first filled with the sample aerosol as fast as possible to
achieve high homogeneity of the sample. After the desired starting concentration is
achieved, further addition of the sample aerosol is stopped and the aging is initiated e.g. by
addition of the oxidant. This point in time is generally referred to as t = 0 in such experiments. Analysis of the sample takes place while the reaction volume is flushed with sample61
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free gas. The aerosol chamber available at ETH Zurich has a volume of ~3 m3. Therefore,
it was not possible to achieve sampling times of up to 12 h at the flow rates demanded by
the suite of instruments deployed if the aerosol chamber was operated in batch mode. With
the aim to perform aging experiments at atmospherically relevant oxidant concentrations
and to allow for atmospherically representative aging durations, the aerosol chamber was
operated in CSTR mode. As mentioned previously, this mode of operation is characterized
by a continuous addition of fresh aerosol simultaneous to a continuous extraction of sample
while the reaction conditions (e.g. oxidant concentration) are kept constant in the reaction
volume.
While the entire aerosol is uniformly aged in batch experiments, the aerosol within a CSTR
setup consists of a homogeneous mixture of differently aged aerosol particles. The continuous extraction of particle sample taking place concurrently to the addition of fresh particles causes fresh and old particles of varying residence times to be present simultaneously.
Supported by the active mixing of the fan, the extracted sample consists of a homogeneous
mixture of the particles in the aerosol chamber. The distribution of the particles in terms of
their residence time within the aerosol chamber is well defined as it solely depends on the
characteristics (e.g. volume) and operating conditions (e.g. flow rates) of the aerosol chamber operated in CSTR mode. It is referred to as Residence Time Distribution (RTD) under
ideal conditions and Particle Age Distribution (PAD) at real conditions as will be discussed
in the following section.
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Figure 13: RTD inside the aerosol chamber run in CSTR mode within steady state (black
line). The area below the curve is proportional to the fraction of aerosol particles at a specific residence time. The individual residence time of a specific particle fraction is indicated
by the color-coding. The time on the x-axis is plotted as dimensionless time in multiples of
the hydrodynamic residence time τ

. (Figure taken from Friebel and Mensah, (2019))

The evolution of the RTD/PAD from filling to flushing of the aerosol chamber is reflected
in the evolution of AF in Figure 12 in periods B and D, respectively. At the very beginning
of the filling process, only fresh particles are present in the aerosol chamber and therefore
only fresh and non-CCN active particles are extracted. With increasing filling time, the
particle number concentration within the aerosol chamber increases and therefore the fraction of particles with extended residence time. With increasing residence time, the transformation of the particles proceeds. Once a certain threshold of transformation has been
crossed, the respective particle is CCN active and AF starts to increase from 0. As the
RTD/PAD declines exponentially with time, only a subset of the particles has crossed this
threshold. The increase in this specific fraction of particles can be detected by an increase
in AF. After a certain experimental duration, a dynamic equilibrium, also referred to as
steady state, is reached within the aerosol chamber, i.e. the RTD does not change any
longer. This is reflected in the constant AF towards the end of period B in Figure 12. The
steady state can be maintained for an infinite time. Its RTD (solid black) is characterized

63

3.3 Data Analysis

by an exponentially declining contribution of particles with increasing residence time as
shown in Figure 13. Once the flushing period is initiated no fresh particles are added but
the particles that are already in the aerosol chamber continue to age. This is indicated in
Figure 13 by the two grey curves and the colored area underneath. Each curve represent the
steady state RTD-curve that is shifted towards longer residence times. This leads to an
increase in the area to the right of the threshold time tact (grey dash line). Therefore, the
fraction of particles that crosses the transformation threshold time tact increases, which is
reflected in the increase in AF in period D.
Generally, the critical supersaturation (SScrit) is reported from batch experiments to present
the CCN activity of the particles. The SScrit is defined as the supersaturation where an AF
of 0.5 is reached at a specific time after the start of the experiment. This parameter cannot
be extracted directly from CSTR data as presented herein. Instead, the new parameter the
activation time (tact) will be used as a reference parameter as has been introduced by Friebel
and Mensah, (2019). Although tact and its corresponding SSact are not identical to the SScrit,
after a defined aging time, both data sets are comparable. A detailed description of this
concept can be found in Friebel and Mensah, (2019).
While the transformation caused by the ozone oxidation can be considered a continuous
process, the change in CCN-activity of an individual soot particle at a defined SS is discontinuous and can be referred to as a non-gradual transition or a transition within a binary
system as a particle is either inactive or active. In this context, the activation time (tact)
represents the minimum aging time a single soot particle requires to cross a certain transformation threshold. The tact-concept is valid for any transformation process involving a
threshold. In the specific case presented herein this process corresponds to a change in
CCN-activity. As can be seen in Table1, tact is dependent on the SS. The higher SS, the
lower tact. In other words, the higher SS, the less transformation and therefore the less time
is needed to cause CCN activation of a particle. The activation time tact is also the time that
separates inactive from active particles within the reaction volume at a specific SS (vertical
grey dashed line inFigure 4 Figure 13). AF can therefore be defined as the fraction of particles that is older than tact. Assuming ideal conditions, tact in steady state can be calculated
following eq. (15), with

being the hydrodynamic residence time which is defined as
the ratio of the volume of the CSTR (VCSTR) to the total flow rate through the volume (V̇ ).
CSTR

tact = - ln AF · τCSTR
τCSTR =
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3.3.3 Particle losses
Knowledge of the particle age distribution (PAD) inside the aerosol chamber is required
for the extraction of tact. In case particle losses are negligible, the PAD within the aerosol
chamber is identical to the residence time distribution (RTD) of the particles as shown in
the equation below (eq. (17)).
-t

(17)

RTD t = eτCSTR

If particle losses occur, the PAD deviates from the RTD. As apparent by the reduced particle number concentration within the aerosol chamber in steady state compared to the bypass
measurements, significant particle losses occurred in the aerosol chamber. In fact, there
were two processes occurring simultaneously which cause a reduction in particle number
concentration. First, the particle loss to any surface within the aerosol chamber e.g. the
aerosol chamber walls. Since this loss process can be described by a first order loss kinetic,
the loss rate (kloss) is directly proportional to the particle number concentration. Second, the
particle removal due to sample extraction (kCSTR), which can be considered a loss process
as well. Since both processes follow the same kinetic they can be combined by introducing
the effective particle loss rate kage and its reciprocal, the particle lifetime τage . To obtain kage
for the two first-order particle loss processes the individual loss rate constants have to be
summed up as shown in eq. (18) below.
kage = kCSTR + kloss =

1
τCSTR

+

1
τloss

-t

PAD t = eτage

=

1
τage

(18)
(19)

Here the particle wall loss rate constant is kloss. The particle flush rate constant (kCSTR) is
the inverse of the hydrodynamic residence time

CSTR.

The particle age distribution (PAD)

can finally be calculated by substituting τCSTR in eq. (17) by the real particle life time (τage)
from eq. (18) leading to eq. (19) as shown above. The individual loss rates were determined
in every single experiment according to the following procedure. The decay in particle
number concentration recorded during flushing (period D) was defined as the total loss rate
kage. Assuming ideality of the set-up, the experimental flush rate is expected to be equal to
the theoretical flush rate (kCSTR), which can be calculated based on the flow rates (eq. (16)).
Therefore, the difference between the experimental value and the theoretical value corresponds to the wall loss rate kloss.
During the first campaign (Summer 2016) when the majority of CBW experiments were
performed, τage ranged from 96 to 102 min and τloss from 500 to 800 min. During the second
campaign (Summmer 2018) when the CBK experiments were performed, τage ranged from
100 to 108 min. This was a result of a reduced wall loss rate and therefore an increased τloss
65

3.4 Results

ranging from 1000 to 2000 min. We attribute this pronounced change in wall loss rate
within the aerosol chamber to the fact that the aluminum fan was gold-plated prior to the
second campaign.

3.4

Results

3.4.1 CCN-activity
Following the discussion in the previous section, the real tact can be calculated by replacing
the ideal hydrodynamic residence time (τCSTR) in eq. (15) with the real particle life time
(τage) from eq. (18) leading to eq. (20) shown below.
tact = - ln AF · τage

(20)

Table 4 provides an overview of all experiments performed, including the various experimental conditions employed. Significant CCN-activation was observed only in experiments
with an ozone background concentration of ~200 ppb. Contrary to the impact of ozone,
neither elevated humidity conditions nor VOC denuding had an effect detectable with the
instrumentation deployed.

Figure 14: tact (left axis) and O3-exposure (right axis) vs. theoretical (blue cross) and experimental (red markers) activation supersaturation SSact for the experiment from 05.08.2016
with CBW and ozone (200 ppb). The vertical bars represent the total error for tact of ±
12 min, which originates from the instrumental errors of the CPC and CCNC. The horizontal bars show the 5 % uncertainty in the SS of the CCNC (Rose et al., 2008).
In Figure 14 the activation time (tact, left axis) as a function of the activation supersaturations (SSact, bottom axis) is presented for the experiment from 05.08.2016 (line 3 in Table
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4; 100 nm CBW, 200 ppb ozone, RH 5 %, no denuding). The right axis shows the cumulative O3-exposure in molec·s·cm-3, which is the product of the ozone concentration and the
exposure time. In our case this corresponds to tact. While an activation time of 152 min was
determined at an SSact of 1.4 %, the activation time was more than three times higher at an
atmospherically relevant SSact of 0.3 % (524 min). An activation time of 617 min (>10 h)
was determined at an SSact of 0.2 % highlighting the capability of achieving atmospherically
relevant aging durations within an aerosol chamber run in CSTR mode. The activation
times are calculated from the activated fraction in steady state according to eq. (20). The
vertical error bars represent an instrumental uncertainty of ± 12 min calculated by error
propagation from the instrumental uncertainties of the CCNC and CPC. The horizontal
error bars represent a 5 % uncertainty in the SS inside the CCNC following the recommendations of Rose et al. (2007). Details on the error calculation are presented in Friebel and
Mensah, (2019).
As can be seen in Figure 12, increase of AF from zero appears later with decreasing SS.
Similarly, lower AFs are determined for lower SS in steady state. Both aspects correspond
to an increase in activation time with decreasing SS. In other words, the modification
caused by ozone oxidation needs a longer time to allow for CCN activation at lower supersaturations.
As mentioned previously, no CCN activation could be determined without exposure to
ozone at 200 ppm. Nevertheless, the activation supersaturation SSact and activation time tact
for CBW particles without ozone exposure can be estimated using kappa-Köhler theory
(Petters and Kreidenweis, 2007). A spherical particle with a radius of 100 nm that is nonhygroscopic (kappa = 0), but fully wettable (contact angle = 0°) should activate at a SS of
2.1 % (blue cross in Figure 14). As can be seen, this theoretical data point aligns well with
the experimental results. Overall, an almost linear decrease in activation time was determined with increasing activation supersaturation as can be seen in Figure 14. However, this
is a very theoretical approach as there is no scientific evidence that would support a linear
correlation between oxidation with ozone and SS. Furthermore, it is unclear if the soot used
here is fully wettable or only partially wettable (contact angle > 0°) which would demand
a higher activation supersaturation at tact = 0 min.
In all experiments with an ozone background concentration of 200 ppb, the same trend of
decreasing tact with increasing SSact is determined independent of soot type, RH and VOC
conditions. Despite the similarity in the trend, the individual values of tact at the same SSact
change by up to a factor of 2 between experiments of the same soot type and at the same
experimental conditions in terms of ozone concentration, RH and VOC concentration. For
example, looking at tact for CBW particles at 200 ppb ozone, 5 % RH, without denuding,
and at a SSact of 1.4 % leads to a value of 152 min on 05.08.2019 (line 3 in Table 4) and
267 min on 21.08.2016 (line 5 in Table 4). These two values differ by a factor of 1.8. This
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deviation is significantly higher than the instrumental uncertainty discussed above. Further
analysis of the experimental conditions in summer 2016 and additional test experiments
indicate that the average reaction temperature inside the aerosol chamber had a significant
impact on the activation time. With increasing reaction temperature shorter tact were determined. Since controlling the room temperature by air conditioning was not sufficient to
keep the reaction temperature stable, the temperature of the aerosol chamber itself was actively controlled in the experiments performed in summer 2018.
3.4.2 CAST-Black
During a second measurement campaign in summer 2018 a second soot type (CAST black;
CBK) was investigated. These particles are characterized by a significantly reduced OC
content compared to CBW as presented in Table 11. CBK particles were exposed to
200 ppb ozone at RH of 5 % with a charcoal denuder in line. As no impact of RH and VOC
could be determined in the campaign in summer 2016, these parameters were kept constant
in all CBK experiments in summer 2018. Nevertheless, the experimental setup was improved based on the experiences from the previous campaign. First, the reaction temperature within the aerosol chamber was actively controlled and held at 25 °C in addition to the
room temperature being controlled and maintained at 23 °C. This way the chamber temperature ensured constant reaction condition and the room temperature ensured constant
operating conditions of the measurement instruments. This was of significance for the maximum SS achievable within the CCNC. Second, the particle wall-loss rate was significantly
reduced by gold-plating the mixing fan inside the aerosol chamber leading to a significant
increase of the maximum aging time as discussed in section 3.3.3 “Particle losses”.
A significant difference in CCN activity upon ozone exposure was determined between the
two soot types CBW and CBK. As can be seen in Table 4, CBK particles show much lower
CCN activity than CBW particles. CBK particles had be oxidized for
725 to 742 min in order to show CCN-activity at an SSact of 1.4 % (lines 20 and 21 vs lines
1 and 2 in Table 4). This corresponds to an increase in tact by a factor of 2 to 4 times compared to CBW particles Considering similar minimum ageing durations/tact’s, CBW particles activate at a SSact of 0.4 % after 552 and 523 min (line 1 and 2) while CBK particles
demand a SSact of 1.6 % for activation after 552 and 584 min (line 20 and 21), respectively.
Overall, no CCN-activity of CBK particles could be detected at atmospherically relevant
SS (0.3 to 0.8 %; Pruppacher and Klett, 2010) within the maximum aging time of up to
12 h of our experimental setup.
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3.4.3 Ozone Spike Experiments
For the experiments of 18th and 19th of August 2016 (line 17 and 19 in Table 4) soot particles were not exposed to ozone while the aerosol chamber was filled. Only after switching
to the flushing mode the ozone concentration was ramped to 200 ppb within approximately
30 min. Once this concentration was reached no further ozone was added. The ozone concentration decayed exponentially reaching a value of 50 ppb within 120 min after the ozone
supply to the aerosol chamber was switched off. Despite the temporary exposure to ozone
no CCN activity at any SS could be detected within the remaining experimental duration
of 6 hours. However, an increase in the particle diameter of 3 nm was detected while the
ozone was added to the chamber.

3.5

Discussion

In an attempt to attribute the change in CCN activity to the heterogeneous oxidation with
ozone we investigated various parameters. These parameters include particle size, reaction
temperature, relative humidity, and VOC content of the sample. The particle size was determined by DMA measurements. Size distribution measurements of the particles before
and after aging in the aerosol chamber revealed no substantial restructuring such as compaction of the particles. To the contrary, a slight growth upon ozone exposure was detected
in the range of 3 nm. Such growth of particles has already been reported by Fendel et al.,
(1995) for metal and spark discharge graphite particles and by Kotzick et al., (1997) for
spark discharge graphite particles. Detailed analysis of this aspect is beyond the scope of
this paper.
Experiments performed during the measurement campaign in summer 2016 were executed
at room temperature without an active temperature control of the aerosol chamber. Despite
an air conditioning unit being installed, the difference between the coldest and the warmest
average daily temperature measured throughout the campaign was greater than 5 K. Referring to the results for CBW at 200 ppb ozone, 5 % RH, and without denuder as presented
in Table 4 in lines 3 to 5, it can be seen that a decrease in the average chamber temperature
is associated with an increase in activation time. This is in accordance with expected impact
of temperature on the reaction speed following the van’t Hoff rule. From model simulations
and experimental studies it is known that the ozone oxidation of polycyclic aromatic hydrocarbons (PAH) and organic molecules with C=C double bonds require an activation
energy of 40 to 80 kJ·mol-1 (Berkemeier et al., 2016; Lee et al., 2009; Pöschl et al., 2001;
Stephens et al., 1989). Even though many different compounds can be found on soot surfaces, PAH are considered to be a good reference compound (Slowik et al., 2004). A temperature change by 5 K would change the reaction speed and therefore tact by a factor of 2.
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The deviations in tact presented herein are within the same order of magnitude as the theoretical calculations supporting the presumed impact of reaction temperature.
Investigation of the RH conditions revealed neither a short-term nor a long-term effect
within the range from 5 to 75 %. Changes in the particle morphology could be considered
as a short-term effect. Contrary to the impact of ozone, no significant change of the particle
diameter could be detected upon exposure of the particles to elevated RH conditions. Overall, our findings are supported by Mahrt et al., (2018) who showed that the water uptake on
CBW and CBK particles does not exceed the adsorption of one monolayer at RH below
90 %. Long-term exposure of the particles to elevated RH conditions showed no impact on
the CCN activity even after up to 12 h. This finding is independent of the soot type investigated within this study.
Homogeneous ozone oxidation of VOCs can lead to semi-volatile reaction products which
in turn can condense onto pre-existing particles and thereby modify the particle’s CCN
activity (Wittbom et al., 2014). Since the VOC concentration within the aerosol chamber
could not be determined directly, the impact of VOCs emitted by the miniCAST was evaluated by implementing a charcoal denuder into the experimental setup. No impact on CCNactivity or particle size could be determined for experiments with and without the denuder
in line
3.5.1 CCN-activity
In Figure 14 the activation time (tact) as a function of activation supersaturation (SSact) is
presented. As can be seen, increasing activation supersaturations are associated with decreasing activation times. The uncertainty in the determination of tact is ± 12 min and originates from the instrumental errors of the CPC and CCNC according to Friebel and Mensah,
(2019). Therefore, relative uncertainties in tact and the calculated O3-exposure are below
10 %. This is significantly smaller than the uncertainties reported for the OH-exposure from
different OFRs which are on the order of a factor of 5 (Lambe et al., 2011; Simonen et al.,
2017).
While the distinct mechanism that leads to the significant CCN activity of oxidized soot
(e.g. inverse Kelvin effect, formation of soluble or surface active compounds) cannot be
identified, it can be ruled out that the CCN-activity is due to a growth of the particle diameter, since the average diameter increase (CBW : + 3 nm; CBK: + 1.5 nm) is too small to
have a decisive impact on the CCN activity. Furthermore, the growth of the diameter occurs
on a time scale of max. 30 min and is therefore much faster than the CCN activation which
changes over a time scale of approx. 12 h.
In general, the soot particles show more pronounced CCN-activation after exposure to O3
than it has been described previously in the literature. It should be mentioned that this is a
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qualitative assertion, since a quantitative comparison to previous studies cannot be made
due to different experimental approaches. In addition, particle diameters and particle compositions vary across studies. If the cumulative O3-exposure, the product of the O3-concentration and the exposure time, is taken as a metric for comparison, 100 nm diameter CBK
particles in our study (SSact = 1.6 % after 4.9 × 1016 molec·s·cm-3 O3-exposure) show CCNactivity within the same order of magnitude as 150 nm kerosene diffusion flame soot particles investigated by Grimonprez et al., (2018) (SScrit = 1.4 % after 10 × 1016 molec·s·cm-3
O3-exposure) and as 222 nm ethylene premix flame soot particle (SScrit = 1.5 % after 5 ×
1016 molec·s·cm-3 O3-exposure; Lambe et al., 2015).
The differences can be attributed to the different chemical compositions of the soot particles as well as the different experimental setups. Experiments by Lambe et al., (2015) were
performed at an ozone concentration of up to 20 ppm and exposure times of 100 s. In contrast to that, the approach presented herein allows for atmospherically relevant oxidant concentrations (200 ppb) and exposure times (up to 12 h). Note, the comparison approach in
terms of the cumulative O3-exposure performed here is valid only if the reaction speed is
directly proportional to the ozone concentration i.e. follows a first-order reaction kinetic.
However, different studies suggest that the linear proportionality might not be valid in the
case of ozone oxidation as discussed in the introduction. Insights to the specific dependency
of reaction speed and gas phase ozone concentration can be achieved by execution of a
tailored kinetic study, which is beyond the scope of this publication.
The differing activation times of CBW and CBK particles investigated in the same experimental setup indicate an impact of the chemical composition. 2 to 4 times higher O3-exposures values are required to cause the same level of activation for CBK particles compared
to CBW particles of the same size and experimental conditions. In view of the abundance
of soot particles in the atmosphere, the increase in CCN activity of CBW and CBK particles
indicates that heterogeneous oxidation of soot particles can be an atmospherically relevant
process. A linear extrapolation to atmospheric ozone background concentration levels of
20 to 45 ppb (Hough and Derwent, 1990; Vingarzan, 2004) shows that CBW and CBK
particles would become CCN active at 0.3 % super saturation after 2 to 4 days and 4 to 16
days, respectively. These values lie within the range of the average atmospheric lifetime of
one week (Textor et al., 2006) and indicate that this aging pathway could be a significant
source of CCN active soot particles within the atmosphere.

3.6

Atmospheric relevance

Similar to a CSTR aerosol chamber, particles are constantly emitted into the atmosphere as
well as constantly removed from the atmosphere except in case of plume events. As a result,
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a mixture of particles at different aging stages is present in the atmosphere. From this perspective, the atmosphere can be approximated to be a CSTR in steady state. This fact illustrates, that CSTR-data is very well suitable for parameterizations in global climate models.
We performed three experiments with the global aerosol-climate model ECHAM6.3HAM2.3 (Neubauer et al., 2019; Tegen et al., 2019) to evaluate if the change in CCN activity of soot particles due to heterogeneous ozone oxidation has an impact on the cloud
droplet number concentration (CDNC) and therefore on cloud properties from a global perspective. The size distribution of atmospheric aerosol particles in ECHAM6.3-HAM2.3 is
described by seven log-normal modes (four internally mixed and three externally mixed
modes), the number concentration, and the mass mixing ratio of up to five aerosol components (sulfate, BC, particulate organic matter (POM), sea salt, mineral dust). While the
structure of the size distribution is prescribed, the number concentration and the mixing
ratio of each component are computed prognostically for each mode (for details see Tegen
et al., (2019)). All BC emissions (fossil fuel, bio-fuel, biomass burning) and the POM emissions from fossil fuel are emitted into the externally mixed Aitken mode. 65 % of POM
emissions from bio-fuel, biomass burning and biogenic secondary organic aerosols are
emitted into the internally mixed modes and 35 % of these emissions are considered insoluble and emitted into the externally mixed Aitken mode (Zhang et al., 2012). In the standard
setting of ECHAM6.3-HAM2.3, which was used for the reference (REF) experiment, only
aerosol particles in the internally mixed modes can serve as CCN. Their activation is further
dependent on their size and hygroscopicity. The activation of aerosol particles to cloud
droplets occurs following a Köhler-theory based parameterization of Abdul-Razzak and
Ghan, (2000) (for details see Stier, 2016). Our REF-experiment is almost identical to the
E63H23-10CC-experiment presented in Neubauer et al., (2019) with the exception of three
differences. 1) While the experiment simulates a period of 20 years, the aerosol emissions
are based on the year 2008 for all years within our simulation., 2) 31 hybrid-sigma vertical
levels were used in our simulations vs. 47 in Neubauer et al., (2019) as our focus is on the
troposphere (Sigma-hybrid means that the levels close to the surface follow the topography
(sigma) while the levels at higher altitude follow the pressure evolution.)., and 3) The activation parameterization was updated as in the standard version the calculation of the average solubility of the individual modes yielded artificially low values. Two sensitivity experiments were performed, which were identical to the REF experiment except that BC and
POM particles in the externally mixed Aitken mode were allowed to activate to cloud droplets using a parameterization developed based on the experiments presented in this publication. Details of this parameterization will be described briefly in the next section and
further details can be found in the appendix (section 9.1). In both sensitivity experiments
individual reference activation times (tact,ref) representative of CBW and CBK particles
were chosen for BC and POM particles in the externally mixed Aitken mode. tact,ref is defined as the minimum aging time after which the particles show CCN activity at 0.3 % SS
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at an O3-concentration of 200 pbb. In the first case tact,ref is equal to 10 h, which is derived
from the experimentally determined tact for CBW. In the second case tact,ref is equal to 50 h,
which is set based on an extrapolation from experimentally determined tact values for CBK.
3.6.1 Parameterization of experimental results
Following the scheme of Abdul-Razzak et al., (1998), the parameter B in eq. (29) and (31)
therein, specifically the product of the van’t Hoff factor

and the osmotic coefficient

entails the solubility of the aerosol particles in the model.
As these parameters are not directly available from our measurements, the product of ν and
φ can be calculated taking the particle diameter (d = 100 nm) and its activation supersaturation (SSact = 0.3 %) into account. The product of

and

is kept constant at all time steps

and grid boxes for the particles of interest, namely BC and POM particles in the externally
mixed Aitken mode. At the same time, the fraction of CCN-active BC and POM particles
in the externally mixed Aitken mode per grid box (XCCN) is calculated for each grid box
and time step individually. XCCN is equal to the fraction of these specific particles that are
older than tact. The effective tact is calculated from tact,ref and the O3-concentration in the grid
box at each time step assuming a first-order reaction kinetic with respect to ozone in accordance with Friedman et al., (2011), Lambe et al., (2015) and Grimonprez et al., (2018)
as shown below in eq. (21). More information can be found in the appendix.
tact = tact,ref ·

200 ppb
[O3 ]

(21)

Adapting eq. (3), which describes the residence time distribution in a CSTR, allows for the
estimation of the particle age distribution in the atmosphere as presented in eq. (22). The
ideal mean particle lifetime (
) is replaced by the average atmospheric life time (
of soot particles, i.e. 7 days according to Textor et al., (2006).
-t

)

(22)

PADatm t =eτatm

Integration of the atmospheric particle age distribution PADatm(t) from t = tact to t = infinity
(eq. (23)) yields XCCN, the fraction of CCN-active BC and POM particles in the externally
mixed Aitken mode. XCCN is used to determine the aerosol number concentration of CCNactive particles of this type in ECHAM6.3-HAM2.3.
t=∞

XCCN =

- tact

PADatm t dt = e τatm

(23)

t=tact
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3.6.2 Results – modeling

Figure 15: 20-year mean vertically integrated cloud condensation nuclei (CCN; left column
figures a,c,e) and cloud droplet number concentration (CDNC; right column; figures b,d,f)
burden of the reference simulation (REF; top row; figures a,b) and the change due to heterogeneous ozone oxidation of soot particles for two activation times tact,ref = 10 h (middle
row; c,d) and tact,ref = 50 h (bottom row; e,f). Blue colors indicate a reduction and red colors
indicate an increase in the respective parameter. Note, for better perceptibility of the important features, hatching indicates statistical none-significance (< 95 %).
The results of the REF experiment and the sensitivity experiments are presented in Figure
15. While the top row presents the 20-year mean vertically integrated cloud condensation
nuclei (CCN burden; left, a) and cloud droplet number concentration (CDNC burden; right,
b) in the REF experiment, the two other rows present the change in these parameters taking
the effect of the heterogeneous ozone oxidation of soot particles into account. The middle
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row (Figure 15 c,d) presents changes in the CCN burden and CDNC burden assuming a
reference activation time of 10 h, which can be considered representative for the activation
behavior of brown carbon particles. Changes due to the contribution of black carbon particles are presented in the bottom row (Figure 15 e,f) with tact,ref = 50 h as a representative
value. To allow for a better perceptibility of the important features within the figures, hatching indicates statistically not significant differences at the 95 % significance level. The false
discovery rate of the statistical significance is controlled following Wilks, (2016).

Table 5: CCN mean burden of the three modelling runs on a global scale and for different
regions in the Northern Hemisphere as well as the change due to consideration of CCN
active BC and POM particles in the externally mixed Aitken mode after heterogeneous
ozone oxidation.
Region

CCN burden / (1010 m-2)

ΔCCN burden / %

REF tact,ref = 10 h tact,ref = 50 h tact,ref = 10 h tact,ref = 50 h

global

22.4

25.3

24.6

12.7

9.7

>= 60 °N

5.3

9.1

7.2

71.5

36.0

>= 50 °N

9.4

14.3

12.0

52.4

27.9

>= 40 °N

15.5

20.6

18.6

33.1

19.9

Figure 15 panels c) and e) present the change in CCN burden due to consideration of BC
and POM particles in the externally mixed Aitken mode after heterogeneous ozone oxidation. Independent of tact,ref, the strongest increase in CCN burden can be seen in the Northern
Latitudes as well as in the tropics, namely over the sub-Saharan African continent. Overall
the increase is more pronounced in the case of tact,ref = 10 h, which is representative for the
transition behavior of brown carbon as determined within our experiments with CBW particles. Taking this type of particles into account, the global mean CCN burden increases
from 22.4 × 1010 m-2 in REF to 25.3 × 1010 m-2 (Table 5). This corresponds to a statistically
significant increase of 12.7 %. At this tact,ref , the maximal regional increase can be determined in the latitudes north of 60 ° with a relative increase of more than 70 %. Taking the
transition behavior of black carbon particles into account (tact,ref = 50 h), which has been
determined by the investigation of CBK particles, the global mean CCN burden is determined to be 24.6 × 1010 m-2. This corresponds to a statistically significant increase of 9.7 %,
but 3 percentage points less than in the case of tact,ref = 10 h. Investigating the regional impact, the relative increase still maximizes in the latitudes north of 60 ° but is about half as
strong as in the case of tact,ref = 10 h. Regional changes in CCN burden occur where either
the emissions and atmospheric burden of BC and POM are large (e.g. tropics) or where
CCN concentrations are relatively low (e.g. central to northern Europe and Asia). We hypothesize that in regions where many CCN are available in the internally mixed modes, the
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additional CCN in the externally mixed Aitken mode compete with the CCN from the internally mixed modes for the available water vapor. This competition is also considered in
the parameterization of Abdul-Razzak and Ghan, (2000). As a result of this competition
the annual mean values of CCN show the largest differences to the REF experiment in
regions where the emissions of BC and POM are large (not shown) and CCN concentrations
are relatively low in the REF simulation (see Figure 15 and Figure 32 in the supplement).

Table 6: CDNC mean burden of the three modelling runs on a global scale and for different
regions in the Northern Hemisphere as well as the change due to consideration of CCN
active BC and POM particles in the externally mixed Aitken mode after heterogeneous
ozone oxidation.
Region

CDNC burden/(1010 m-2)
REF tact,ref = 10 h

tact,ref = 50 h

ΔCDNC burden / %
tact,ref = 10 h

tact,ref = 50 h

global

3.2

3.8

3.5

17.8

8.9

>= 60 °N

1.5

3.0

2.0

93.0

30.3

>= 50 °N

2.8

4.8

3.6

73.3

27.1

>= 40 °N

3.7

5.6

4.4

52.8

21.0

The changes in CDNC burden by oxidation of soot are weaker in magnitude in the tropics
than in the mid and high latitudes in the Northern Hemisphere. Similar to the changes in
CCN burden, the strongest increases in CDNC can be found over land in the Northern
Hemisphere with lower values in the tropics. Likewise, the area where CDNC changes
occur is smaller in the tropics than at higher latitudes in the Northern Hemisphere. This is
because stratiform liquid clouds occur more often in mid latitudes than in the tropics, which
is indicated by the higher CDNC burden in mid latitudes (Figure 15b). Again, the impact
at tact,ref = 10 h is much more pronounced than at tact,ref = 50 h with a global mean CDNC
burden of 3.8 × 1010 m-2 (+ 17.8 % compared to REF) and 3.5 × 1010 m-2 (+ 8.9 % compared to REF), respectively. The largest increases in liquid cloud droplets occur around
60 °N over Europe, Asia and North America causing almost a doubling (+ 93.0 %) in the
case of tact,ref = 10 h and an increase by more than 30 % in the case of tact,ref = 50 h.

3.7

Conclusion

We successfully applied the CSTR approach for the investigation of the change in CCNactivity of two soot types which were exposed to 200 ppb ozone and elevated levels of
humidity for up to 12 h. The CSTR approach allowed us to work with a low particle input
concentration (1000 to 1500 cm-3) and therefore size selected (100 nm) particles.
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We show that the heterogeneous ozone oxidation is a process that can make soot particles
CCN-active at atmospherically relevant supersaturations of 0.3 to 0.8 %. The general finding agrees with literature results underlining the applicability of the CSTR-approach. Nevertheless, the activation supersaturation in our experiments is significantly lower at the
same O3-exposures compared to results obtained in other experimental setups (Grimonprez
et al., 2018; Lambe et al., 2015). The soot rich in OC (CBW) demanded 2 to 4 times less
aging time (tact = 3 – 6 h at 1.4 % SSact) than soot lean in OC (CBK, tact = 12 h at 1.4 %
SSact). In contrast to ozone, no effect of RH (up to 75 %) or denuding of the gas phase was
observed. Instead, it was found that temperature fluctuations of 5 K inside the aerosol
chamber have a strong impact on the activation time tact and were the largest single contributor to the experimental uncertainties.
Both, the discrepancy in activation levels between studies using different experimental approaches and the initial ozone adsorption detected by a particle diameter increase within
minutes suggest that the underlying reaction mechanism might not be sufficiently well described by assuming first-order kinetics. Therefore, we suggest that tailored experiments
with focus on the effect of different ozone concentrations as well as different temperatures
be performed. This would give further insight into the reaction kinetics and would allow
for accurate extrapolation to atmospheric conditions. An extension of the aging time up to
20 h by increasing the time resolution of the CCN-measurements during the flushing regime would be beneficial for these experiments and would increase the applicability of the
CSTR-approach even further.
A test with a global aerosol-climate model, where a first-order kinetic was assumed,
showed that the change in CCN-activity of soot particles that are not taken into account in
the standard configuration, can lead to statistically significant increases in CCN burden and
CDNC burden. The strongest increases can be found where the soot burden is large, and/or
the initial CCN concentration is rather low for both reference activation times investigated.
In the case of the CDNC burden it is additionally beneficial if CCN do not have to compete
for water vapor and stratiform liquid clouds are frequent.
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Abstract: The oxidation of soot particles with ozone (O3) increases the particles’ ability to
act as cloud condensation nuclei (CCN). To asses if this process is a relevant source for
CCN in the atmosphere the reaction rate at atmospheric conditions has to be known. Here
we investigate the increase in CCN activity of soot particles rich in organic carbon at O 3
concentrations ranging from 0 – 200 ppb and between 5 and 35 °C. We operated a ~3 m3
aerosol chamber as continuous-flow stirred tank reactor which allows for aging times of up
to 12 h and beyond and of size-selecting 100 nm particles prior to the aging step. We applied the activation time (tact) concept to retrieve kinetic data. It was found that 100 nm soot
particles can be CCN active down to supersaturations of 0.3 % after 12 h of exposure to
200 ppb O3 at 35 °C. The reaction rate was found to be not directly proportional to the O3
concentration. Instead, a Langmuir-type reaction kinetic was found to be the best fit to
parameterize the reaction rates. The initial reaction step is therefore the adsorption of O3
molecules, which could be detected by an increase in the particle diameter of up to 3.7 nm
within several minutes after exposure. The increase in particle diameter agrees well with
the calculated change in the O3 surface coverage, which was obtained from CCN activation
data under the assumption of a Langmuir-sorption isotherm. Further, we found that a temperature increase from 5 to 35 °C increases the reaction rate by a factor of 5 which corresponds to an activation energy of 38.5 kJ·mol-1. Extrapolation to atmospheric conditions
allows for the conclusion that the temperature is as important as the O3 concentration for
the CCN activation of soot particles within the atmospheric range.

4.1

Introduction

The largest source of uncertainties in global climate predictions are the direct and indirect
interactions of aerosol particles with radiation (IPCC, 2013). Depending on the aerosol
particle type they can absorb radiation (e.g. soot) and heat the surrounding air or back scatter solar radiation (e.g. sea salt) which has a net cooling effect. Aerosol particles can sup-
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press or promote cloud formation and change the cloud radiative properties, which indirectly affects the earth radiation balance (Lohmann et al., 2016). Amongst all aerosol particles, the contribution of soot particles to the Earth’s radiation balance is the most controversially discussed.
Soot particles are the product of incomplete combustion of carbonaceous material. In total
8 Tg of soot are emitted into the atmosphere annually. The majority of it is of anthropogenic
origin produced in any combustion process such as fossil fuel combustion (Dentener et al.,
2006; Ramanathan and Carmichael, 2008).Various natural sources namely different types
of wild fires exist as well (Bond et al., 2013). Depending on the source the physicochemical
properties of soot particle can vary over a broad range. However, all soot types have in
common that they absorb radiation due to their dark color and that they are poorly wettable
and non-hygroscopic when they are freshly produced (Koehler et al., 2009; Kulkarni et al.,
2016). Therefore, they cannot act as cloud condensation nuclei (CCN) or ice nucleating
particles (INPs). Nevertheless, from atmospheric measurements it has been deduced that
some soot particles are CCN or INP active, since they were found in residuals of ice crystal
or cloud droplets (Cozic et al., 2008; Hiranuma et al., 2013). Further, it was shown that the
number of black carbon containing particles correlates with the number of CCN in biomass
burning plumes (Pöhlker et al., 2018). The difference between freshly emitted soot particles
and soot particles found in the atmosphere can be caused by atmospheric aging processes
which can change the particles’ properties. Such processes can be for example coating with
soluble compounds, coagulation with other aerosol particles or oxidation with OH-radicals
or O3. There is a broad consensus that coating of soot particles with soluble compounds or
coagulation with soluble particles increases the hygroscopicity and CCN activity at atmospheric conditions (e.g. Dalirian et al., 2018; Friedman et al., 2011; Henning et al., 2010;
Khalizov et al., 2009; Möhler et al., 2005; Shonija et al., 2007).
The effect of heterogeneous oxidation of soot particles is less confined. There is some evidence that soot particles which were exposed to OH-radicals or O3 are more susceptible to
interact with water (Grimonprez et al., 2018; Li et al., 2018; Liu et al., 2010; Tritscher et
al., 2011; Wittbom et al., 2014). However, there is no consensus if the oxidation is fast
enough to convert significant amounts of fresh and CCN inactive soot particles into CCN
at atmospheric conditions. Reasons for the differing conclusions can be the broad range of
soot types which were investigated as well as different experimental approaches used in
different laboratory studies (e.g. Friedman et al., 2011; Grimonprez et al., 2018; Lambe et
al., 2015). While freshly produced soot particles can be investigated easily, mimicking the
processes within the atmospheric lifetime of approximately 1 week (Textor et al., 2006) is
rather challenging.

80

Ozone concentration versus Temperature: Atmospheric aging of soot particles

Studies with global circulation models can help to understand if the heterogeneous oxidation of soot particles with O3 is a significant source of CCN on a global scale. The implementation of aging processes requires a framework that describes the conversion of soot
particles into CCN. Friebel et al., (2019) show that oxidation of soot particles with O3 can
significantly increase the number of CCN in the atmosphere and lead to a higher cloud
droplet number concentration (CDNC). However, these results are based on a first-order
reaction kinetic and do not consider any influence of the temperature.
Atmospheric aging processes are also studied with focus on air pollution and its impact on
human health. Due to the large surface area and the generation process, high amounts of
hazardous compounds e.g. polycyclic aromatic hydrocarbons (PAH) are condensed on the
soot particles’ surface (Mueller et al., 2015). It was shown that these PAHs can be oxidized
by O3 and OH-radicals (Bedjanian and Nguyen, 2009; Nordin et al., 2015; Perraudin et al.,
2007; Pöschl et al., 2001). However, this does not necessarily reduce the toxicity of soot
particle since reactive oxygen species (ROS) are formed, which can be even more toxic
than the initial substances (Künzi et al., 2013, 2015; Nordin et al., 2015; Shiraiwa et al.,
2011).
To assess the atmospheric relevance of oxidative aging of soot particles, the reaction mechanism has to be known. This allows to estimate how fast chemical reactions proceed and
which degree of oxidation is reached before soot particles are removed from the atmosphere. Generally, the reaction rate is dependent on the concentration of the reactants as well
as on the temperature. In case of OH-radicals and reaction rate is directly proportional to
concentration (Bedjanian et al., 2010; Renbaum and Smith, 2011). In contrast, the correlation is not ascertained for the oxidation with O3, yet. In concordance with the reaction kinetic of OH, it is frequently assumed that the oxidation rate of soot with O3 and a subsequent increase of CCN activity is directly proportional to the gas phase O3 concentration
(Browne et al., 2015; Friedman et al., 2011; Grimonprez et al., 2018; Lambe et al., 2015).
Opposite to this, studies found that the decomposition of PAHs on the soot surface and the
removal of O3 from the gas phase follows a Langmuir-Hinshelwood mechanism (e.g.
Ammann et al., 2003; Bedjanian and Nguyen, 2009; Kamm et al., 1999; Lelievre et al.,
2004; McCabe and Abbatt, 2009; Pöschl et al., 2001; Zelenay et al., 2011). The LangmuirHinshelwood mechanism implies that the reaction rate approximates a maximum level with
increasing O3-concentration, which is in contrast to first order kinetic. However, it is unclear how the oxidation of PAHs and the removal of O3 from the gas phase correlates with
the CCN activation of soot particles.
To investigate the reaction mechanism that converts initially hydrophobic soot particles
into CCN-active particle we exposed soot particles rich in organic carbon for up to 12 h to
different O3-concentration levels and different temperatures. To ensure atmospheric rele-
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vance, all experiments were conducted within a range of atmospherically relevant conditions (O3: 0 – 200 ppb; temperature: 5 – 35 °C, particle diameter: 100 nm; particle number
concentration < 1500 cm-3). Based on the impact of the O3-concentration on the CCN activity and the change in particle diameter we discuss the applicability of a Langmuir-type
kinetic. We show that for a more realistic estimate of the atmospheric relevance of the O3
oxidation the temperature has to be considered as well.
Two main approaches are used to mimic the long atmospheric lifetime of soot in laboratory
experiments with OH-radicals or O3. One approach is to expose soot particles to oxidant
concentration levels that are multiple orders of magnitude above atmospheric levels. This
leads to higher reaction rates and allows for the simulation of several days of atmospheric
aging within seconds to minutes. This concept is realized within oxidation flow reactors
(OFRs; e.g. Ihalainen et al., 2019; Kang et al., 2007; Keller and Burtscher, 2012; Lambe et
al., 2011; Simonen et al., 2017). These chambers are operated in continuous-flow mode at
steady state conditions and require typically low particle number concentrations, which
allows for an investigation of initially size-selected particles. Assuming a first-order kinetic
with respect to the gas phase oxidant concentration enables to extrapolate linearly to atmospheric conditions. As mentioned previously, this is a reasonable assumption for OHradicals, but might not be valid for O3.
The second approach is to expose soot particles to oxidant concentration levels found in
the atmosphere. This requires long (> several hours) residence times in the aerosol chamber, which demands large chamber volumes (> several m3) if they are operated in batchmode. A critical aspect is the filling procedure with aerosols. Due to the high particle concentration which is needed in the chamber and therefore in the input flow particle size selection prior to the feed-in is challenging to be implemented. Instead, polydisperse aerosol
particles are generally used. Examples for such experimental setups are the chambers introduced by Cocker et al., (2001), Paulsen et al., (2005), Presto et al., (2005), Rohrer et al.,
(2005), Nordin et al., (2013) Platt et al., (2013) and Leskinen et al., (2015)
In the study presented herein, a 2.78 m3 aerosol chamber is operated in continuous-flow
stirred tank reactor mode (CSTR) which is a third experimental approach. With the CSTRapproach long aging times can be achieved, which allows to conduct experiments at atmospheric oxidant concentration levels (e.g. < 200 ppb of O3). Further, low particle number
concentrations (< 1000 #/cm3) are sufficient, which allows for size selection of the particles
prior to the aging step. Though not as popular as the OFR or batch reactors, this concept
has been used previously in atmospheric sciences for the investigation of e.g. SOA formation (Pereira et al., 2019; Zhang et al., 2018) and gas phase chemistry (Shilling et al.,
2008), but was only recently adopted for the investigation of CCN activation (Friebel and
Mensah, 2019).
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4.2

Experiment

Figure 16: Schematic of the experimental setup showing the soot particle production and
modification (left), the aerosol chamber (center), and the suit of analysis instruments (right,
CCNC; Cloud condensation nuclei counter, SMPS; Scanning mobility particle sizer, AMS;
Aerosol mass spectrometer, CPMA; Centrifugal particle mass analyzer, HINC; Horizontal
ice nucleation chamber).
4.2.1 Setup and standard operation procedure
The experimental setup and the standard operation procedure were described in detail in
Friebel and Mensah, (2019) and Friebel et al., (2019), therefore it is described only briefly.
In Figure 16 a schematic of the setup is shown. The soot particles were produced with a
miniature Combustion Aerosol STandard burner (miniCAST, model 4200; Jing, Ltd.) that
was fueled with propane and operated under fuel-rich conditions, see appendix Table 13
for details). A subset (approx. 1 Lvol·min-1) of the aerosol produced was diluted by 1 to 10
using a Pallas VKL and fed into a coagulation chamber (0.125 m3) to allow the particles to
coagulate as well as to dampen eventual fluctuations in the miniCAST output. From this
coagulation chamber, an aerosol flow of 1.5 to 1.8 Lvol·min-1 was led through an unheated
charcoal denuder to remove volatile organic compounds (VOCs) from the gas phase. Thereafter, particles with 100 nm diameter were size selected with a differential mobility analyzer (DMA, Model 3080L, TSI Inc., St. Paul, MN) and further diluted with 22 Lvol·min-1
VOC-filtered and particle-free compressed air. The resulting airflow had a particle number
concentration of 1200 to 1500 cm-3 and was continuously fed into the aerosol chamber.
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Simultaneous to the feed-in, a sample of the aged aerosol was continuously withdrawn
downstream of the chamber at an equal flow rate. The aerosol chamber was a double-walled
stainless-steel tank with 2.78 m3 volume and was actively stirred with a gold-plated
pitched-blade fan (30 cm diameter). The temperature inside the chamber was actively controlled by heating or cooling the chamber walls. To maintain a stable O3-background concentration an ozonized airflow of up to 60 mLvol·min-1 was continuously fed into the chamber through an individual port. Downstream of the aerosol chamber a set of instruments
was attached to characterize the aged aerosol. To characterize the fresh aerosol, all instruments could be switched to a bypass line to measure the aerosol properties upstream of the
chamber. A full list of instruments deployed can be found in Friebel et al., (2019). In the
following we focus on the CCN activity measured with a cloud condensation nuclei counter
(CCNC; Droplet Measurement Technologies) and on the particle diameter measured with
a scanning mobility particle sizer (SMPS, Model 3936, TSI Inc.).
Two sets of experiments were performed. In the first set the experimental reaction
temperature was held conctant at 25 °C while the O3 concentration was varied between 0
and 200 ppb to investigate the impact of O3 concentration on the CCN activity of soot
particles. In the second set of experiments the O3 concentration was held conctant at
200 ppb while the temperature was varied between 5 and 35 °C to investigate the impact
of reaction temperature on the CCN activity of soot particles.
4.2.2 The activation time (tact)-concept
After the start of an experiment, several hours are needed to reach stable operating conditions within the aerosol chamber run in CSTR mode. This state is referred to as steady state
and is defined by a dynamic equilibrium of all processes that are taking place inside the
chamber. Though fresh and unaged soot particles are continuously fed into the chamber,
the particle number concentration inside the chamber stays constant since simultaneously
particles are removed from the chamber at an equal flow rate. The sample investigated by
the instruments downstream of the chamber does not consist of homogenously aged aerosol
particles, but of a well-defined mix of particles at different individual aging stages. The
ratio between young, medium-aged and old particles is defined by the particle age distribution (PAD; Friebel and Mensah, 2019). The PAD can be obtained from the residence time
distribution (RTD; Levenspiel, 1999) taking particle losses into account (see Friebel et al.
(2019) for more details).
Since the aerosol chamber was run in CSTR mode, we applied the activation time (tact)
concept for the retrieval of information concerning the chemical and physical properties of
the particles due to the aging processes taking place. The tact is an analysis concept developed by Friebel and Mensah, (2019) that can be used to parameterize the change in a binary
property e.g. change in CCN-activity of soot particle due to oxidative aging. This concept
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is based on the fact that a single particle is either CCN inactive or CCN active at a defined
supersaturation (SS). By this the CCN activity can be simplified and interpreted as a particle property that consists of 2 distinct states, CCN inactive vs. CCN active. In the context
of oxidative aging, this means that an initially un-oxidized soot particle is CCN-inactive at
a defined SS. While the soot particle is exposed to O3, the degree of oxidation changes
continuously. At some point in time, the degree of oxidation crosses a threshold value beyond which the soot particle is CCN active. Therefore, the CCN activity of a single particle
at one defined SS changes step-wise with time while the degree of oxidation changes continuously in time. The minimum aging time an individual soot particle needs to be converted from a CCN-inactive to a CCN-active particle is called activation time (tact).
The activation time (tact) cannot be measured directly with the setup used here, but can be
obtained from the activated fraction (AF). The AF is defined as the number of CCN active
particles divided by the total number of particles which can be measured with a CCNC and
SMPS, respectively. When the aerosol chamber is in steady state, the AF is constant and
can be measured for different supersaturations, referred to as activation supersaturations
(SSact). The measured AF is an averaged value over the whole aerosol population inside the
chamber. Therefore, it consists of the individual contributions of particles at different aging
stages. The tact-concept implies that only particles with an individual residence time above
tact can be CCN active. The AF is therefore equal to the fraction of particles with an individual residence time above tact (= the oldest fraction) inside the aerosol chamber. In Figure
17 the RTD during steady state within a CSTR with a hydrodynamic residence time τCSTR
of 120 min is shown (black line). τCSTR is the chamber volume divided by the volumetric
flow rate which were 2.78 m3 and 23 Lvol/min, respectively. The area below the RTD curve
is 1 and represents the total aerosol particle population. In a hypothetical scenario where
the AF is 0.368, tact can be obtained by integrating the area below the RTD curve starting
from t = ∞ until 36.8 % of the area is filled, which is indicated by the blue curve and the
area below. The time on the x-axis that separates the CCN inactive particles (white area)
from the CCN active particle (blue area) is tact. The turquoise and green areas represent two
more sets of AFs and tact’s, which for example can represent different SSact set in the CCNC.
tact can be calculated directly from the measured AF during steady state using equation (24).
A full derivation of equation (24) and how AF and tact correlate if the aerosol chamber is
not in steady state can be found in Friebel and Mensah (2019).
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Figure 17: Residence time distribution (RTD; black curve) for particles in the aerosol chamber in steady state with

= 120 min. The area under the black curve represents the

total particle number concentration. Three subsets of this area are highlighted corresponding to the fraction of CCN active particles in dependence of tact (Figure taken from Friebel
and Mensah (2019).
tact = - ln AF · τCSTR

(24)

Previous studies investigating oxidative aging of soot and other particle types like SOA in
OFRs or batch reactors reported the critical supersaturation (SScrit) as a function of the aging
time t, and the O3-exposure or OH-exposure. SScrit is defined as the SS at which 50 % of
the aerosol particles within a given population are CCN-active (AF = 0.5). The parameter
sets “tact - SSact” and ”exposure - SScrit” were developed for the respective experimental
approaches and are not identical, but can be converted mathematically into each other.
However, the difference between tact - SSact and exposure - SScrit tends to be smaller than
the errors determined based on the experimental uncertainties as discussed in more detail
in Friebel and Mensah (2019) .In the following SSact and SScrit and the corresponding aging
times are treated as equivalent.
4.2.3 Application of tact in kinetic studies
The activation time tact is dependent on parameters such as degree of oxidation, particle
diameter and aging conditions e.g. O3-concentration and temperature, but is also dependent
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on the SS set in the CCNC. Here we focus on particles of one soot type size selected at a
diameter of 100 nm. Therefore, in this study tact is dependent only on the external aging
conditions namely O3-concentration and temperature as listed above. A central aspect is the
assumption that identical soot particles are CCN-active at the same SSact when they have
the same degree of oxidation. Based on this, CCN-activity can be used as sensor reflecting
the particles’ degree of oxidation without detailed insights to the chemical composition
(e.g. O/C-ratio). The reaction rate can be considered equal to the inverse activation time
(tact-1). The higher the reaction rate, the faster a specific degree of oxidation is reached and
therefore the shorter tact. Generally, longer aging times lead to higher degrees of oxidation
and lower SSact. Therefore, a specific SSact-value reflects a specific degree of oxidation that
is reached at the time of activation. In the following we apply the tact concept to analyze the
impact of different O3-concentrations as well as the impact of different temperatures on the
aging of soot particles under atmospheric conditions.

4.3

Impact of O3-concentration at constant temperature

We investigated the impact of the O3-concentration on the CCN-activity of soot particles.
100 nm size selected soot particle were exposed to O3-concentrations of 0, 25, 50, 100 and
200 ppb. These concentration levels correspond to the O3 background concentration as
found in the northern hemisphere of 20 to 45 ppb (Vingarzan, 2004) or in highly polluted
cities like Beijing (China) with peak O3 concentrations of approx. 200 ppb (Wang et al.,
2017). Temperature and RH in the aerosol chamber were kept constant at 25 °C and below
5 %, respectively. Additionally, an experiment was conducted in which the O3-concentration exceeded the detection range of the O3 monitor (> 10.000 ppb). The exact O3-concentrations for these experiments are therefore unknown. In Figure 18 tact as the minimum time
till activation takes place is plotted as a function of the O3-concentration inside the chamber.
The different SSact are indicated by different colors. The error bars indicate the 90 % interpercentile range (IPR) of the O3-concentration (x-axis) throughout the entire experiment
and the uncertainty resulting from the calculation of tact (y-axis), respectively. The latter is
a constant value originating from the accuracy of the CCNC and the SMPS, according to
Friebel and Mensah, (2019). The main graph shows the full data set. The sub-panel shows
the same data, but highlights the data below 230 ppb.
With increasing O3-concentration tact decreases at a constant SSact. An increase from 25 to
200 ppb causes tact to decrease from 659 to 340 min at 0.8 % SSact and from 187 to 125 min
at 1.4 % SSact, respectively. Within this O3-concentration range, an increase by a factor of
8 leads to a reduction in tact by a factor of ~1.7 averaged over all SSact. In contrast to this, a
further increase in O3-concentration by a factor of more than 50 (from 200 to > 10.000 ppb)
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results in a significantly smaller absolute change in tact which is equal to a reduction of a
factor of ~2.
Investigating the impact of SSact it can be seen that tact increases with decreasing SSact at a
given O3-concentration. This is due to the higher degree of oxidation and therefore longer
time span needed to cause sufficient (chemical) transformation to make the particles CCN
active. For example at 25 ppb O3, soot particles are CCN active at 0.8 % SSact after 659 min
while they are CCN-active after 187 min at 1.4 % SSact already.

Figure 18: Impact of O3-concentration (bottom axis) on the activation time (tact; left axis)
of 100 nm organic-rich soot particles (CastBrown; CBW) at 25 °C and RH below 5 %. The
atmospherically relevant range is highlighted in the inset. Different supersaturations are
indicated by color. The horizontal error bars represent the 90 % IPR of the measured O3concentration. The vertical error bars represent the instrumental uncertainty in t act of
±12 min.
4.3.1 CCN-activation as a function of O3-exposure
The effect of O3 on the CCN-activity of soot particle has already been investigated in a
couple of studies. In addition to varying soot-types and particle diameters, these studies
where conducted with different experimenttal setups, i.e. different aerosol chamber
designs. The chamber design defines how long soot particles reside in the chamber and
therefore how long particles are exposed to O3. These residence times tend to range from
100 s to 2 h (Friedman et al., 2011; Grimonprez et al., 2018; Lambe et al., 2015), while O3concentration levels range from 20.000 to 1.200 ppb, respectively. For intercomparison,
the cumulative O3-exposure can be calculated and related to the parameter of interest e.g.
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CCN-activity or C/O-ratio. The total O3-exposure is defined as the product of the O3concentration and the residence time inside the chamber and is reported in molec.·s·cm-3.
The O3-exposure can be expressed as equivalent atmospheric age in days as well by dividing the O3-exposure by an average atmospheric O3-concentration. This approach is based
on the assumption that the modification of soot particles with O3 follows a first-order reaction kinetic. This means that exposing soot particles for 10 min to 1 ppm O3 leads to the
same degree of oxidation via the same pathway as if the particles were exposed for 1 min
to 10 ppm.
To allow for a better comparison of our data to previously published results on the CCNactivity of soot particles after O3 exposure, we present SSact (left axis) as function of O3exposure (bottom axis) and atmospheric age (top axis), respectively, in Figure 19. Since
our data was acquired utilizing the CSTR-approach, we use tact instead of the residence time
for the calculation of the O3-exposure and atmospheric age, respectively. The top axis
shows the equivalent atmospheric age in days, which is calculated based on an average
atmospheric O3-concentration of 35 ppb (Vingarzan, 2004) which equals a concentration
of 8.2 × 1011 molec.·cm-3 at a temperature of 25 °C and a pressure of 965 mbar. The color
indicates the diameter of the investigated particles.
The data from this work is located at the bottom of the graph at SSact ranging from 0.8
to1.4 %. The experimental O3-concentration is indicated by the shape of the symbols (increasing from the left curve to the right): 25 ppb: spheres; 50 ppb: diamonds; 100 ppb:
squares; 200 ppb: pentagons. For each experiment conducted at a different O3 concentration a separate curve was obtained which evolves from an upper left data point (high SSact)
to a lower right data point (low SSact). Since SSact is linked to the degree of oxidation (see
section 4.2.3), soot particles that activate at the same SSact are expected to be oxidized to
the same degree. As can be seen in the figure, the same type of soot particles aged at identical experimental conditions (e.g. reaction temperature) demand different levels of O3-exposure to activate at the same supersaturation. For example, CBW particles exposed to
25 ppb of O3 for 271 min (light blue circle), to 50 ppb for 246 min (light blue rhomb), to
100 ppb for 191 min (light blue square) and to 200 ppb for 160 min (light blue pentagon)
all activate at a SSact of 1.2 % while their O3 exposure is 1.0 × 1016, 1.7 × 1016, 2.7 × 1016
and 4.7 × 1016 molec.·s·cm-3, respectively. Vice versa, when taking a closer look at one
equivalent atmospheric age of e.g. 0.5 days (grey dashed vertical line) SSact varies from
0.8 % to 1.4 % for CBW particles. The full list of values is presented in Table 7. These
findings are in contrast to the theoretical expectation if the reaction followed a first-order
reaction kinetic with respect to O3. In that case soot particles identical in size and chemical
composition had to show the same CCN-activity after the same O3-exposure/atmospheric
age, i.e. they should all fall on top of each other. As a first order reaction kinetic does not
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explain why our data of CBW particles unfold into four individual curves for the experiments conducted at four different O3-concentrations it can be assumed that a different reaction kinetic controls the CCN activation of soot particles.
The light blue diagonal crosses to the very right show CAST black (CBK) particles. These
particles have a lower OC-content than CBW. Alike the CBW particles they were sizeselected at 100 nm and exposed to 200 ppb of O3 in the same CSTR setup (Friebel et al.,
2019). Based on our measurements CBK particles demand a 5 times higher O3-exposure
than CBW particles to become CCN-active at the same SSact. As discussed in detail in
Friebel et al. (2019), this is due to the significantly lower OC content compared to CBW
particles. Though only two data points are presented, it can be seen that the data evolves
similarly to the CBW results. To put our results into perspective with the current state of
knowledge, we incorporate additional experimental results of CCN activation of soot particles after O3 exposure. Friedman et al., (2011; orange cross to the bottom right) report no
CCN activity below 1.0 % SS for CBK soot particles produced at the same burner conditions as in our experiments. These particles were of 200 nm diameter and exposed to
2.000 ppb of O3 for 1 h. Grimonprez et al., (2018) exposed kerosene flame soot particles
(green triangles) with 150 nm diameter to an O3-concentration of up to 1200 ppb for 2 h.
Due to their experimental approach, the O3-concentration was constantly declining during
the experiment. Nevertheless, their data evolves similarly to our results in terms of SScrit
and O3-exposure. The red star shows data from Lambe et al., (2015) who exposed ethylene
soot particles of 222 nm to 20.000 ppb of O3 for 100 s in a OFR. Kotzick and Niessner,
(1999; upper part of the figure) exposed graphite spark generated (GfG) soot (multicolored
upright hourglasses) and GfG soot that was initially coated with benzo[a]pyrenene (BaP)
(multicolored lying hourglasses) to an initial O3-concentration of 250 ppb for up to 20 h
and 5 h, respectively. In these experiments non size selected soot particles were investigated. The high initial particle number concentration (5 × 104 cm-3) caused the mean particle diameter to grow from 50 to 142 nm due to coagulation which is reflected in the change
in color of the symbols. During the reaction, the O3-concentration was not kept constant
but declined to 40 ppb. The cumulative O3-exposure was calculated assuming an exponential decline of the O3-concentration.
As can be seen from the large spread in the data, there is little agreement within the results
from different studies. Within individual data sets, the SScrit declines with increasing O3exposure in general. However, in the case of the GfG soot and BaP-coated GfG soot no
continuous decrease in the SScrit was observed after a rapid initial decrease of the SSact from
> 20 % down to 5 % and 3.5 %, respectively. No clear correlation between the SScrit and
particle diameter can be deduced form the data presented in the figure. Instead the chemical
composition of the fresh and the aged soot particles appears to be of higher relevance. E.g.
the SScrit of BaP-coated GfG soot is significantly lower than of uncoated GfG soot at the
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same O3-exposure and diameter. Similarly, much higher O3-exposure levels have to be
reached to activate particles low in OC, i.e. CBK compared to particles rich in OC (CBW).
We conclude that the heterogeneous O3 oxidation of neither the soot particles investigated
here (CBW, OC-rich, 100 nm diameter) nor soot particles of different composition investigated in other studies can be described by a first-order kinetic with respect to O3. Hence,
the reaction rate is not directly proportional to the O3-concentration.

Figure 19: Presentation of CCN activity of soot particles from different sources. SSact and
SScrit, respectively, is plotted as a function of O3-exposure (bottom axis). The top axis shows
the equivalent atmospheric age for an average atmospheric O3-concentration of 35 ppb. The
color indicates the particle diameter according to the color bar (right top). Experimental
results obtained from the work presented herein are presented separately for each experiment conducted at a specific O3-concentration (25 ppb: circle à 200 ppb: pentagon;
100 nm; full dataset presented in Table 7). Diagonal crosses: CBK particles (100 nm, 200
ppb O3, 0 – 12 h; Friebel et al., 2019). Star: ethylene soot particles (222 nm, 20.000 ppb
O3, 100 s; Lambe et al., 2015). Vertical cross: CBK particles (same as Friebel et al. (2019)),
200 nm, 1 h, 2.000 ppb O3, no CCN-activity between 0.2 and 1.0%; Friedman et al., 2011).
Hourglass: GfG particles (increasing diameter (50 à 142 nm), 250 to 40 ppb O3, 0 to 20 h;
Kotzick et al., 1999). Bowtie: GfG soot coated with BaP particles (increasing diameter (50
à 77 nm), 250 to 40 ppb O3, 0 to 5 h; Kotzick et al., 1999). Triangle: kerosene soot particles
(150 nm, 1200 to 0 ppb O3, 0 to 2 h; Grimonprez et al., 2018).
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4.3.2 Langmuir-type reaction kinetic
Evaluation of the results presented in the previous section revealed that a Langmuir-type
reaction kinetic can be used to describe the oxidation of soot with O3. This kinetic model
is a 2-step mechanism. The first step is the adsorption of reactive molecules on a solid
surface, in our case O3 on soot particles. This can be described with a Langmuir-isotherm
as presented in (eq. (25)). The second step is the reaction of the adsorbed O3 molecules
with the soot particle’s surface. Within this model the reaction rate is directly proportional
to the amount of adsorbed O3 molecule on the particle surface (surface coverage; ) but not
to the O3-concentration in the gas phase ([O3]). The surface coverage can be calculated
using eq. (25). Keq is the Langmuir-sorption constant which indicates how well O3 molecules adsorb on the surface.
=

·[

3]

·[

1+
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3]

Note, this model differs from the Langmuir-Hinshelwood (LH) mechanism, which is often
used to describe the heterogeneous reactions of chemical compounds. The LH-mechanism
describes a multi-step process where different adsorbed species react with each other on
the surface of the adsorbent followed by desorption of the reaction product. The solid surface is not altered but acts as a catalyst. However, in case of soot and O3 the solid surface
undergoes chemical modification during the reaction as it is one of the reaction partners.
This modification becomes apparent by an increase in the CCN-activity over time.
The surface coverage is defined as the fraction of so called “active sites” on the particle
surface which are occupied by O3 molecules. These active sites can be for example functional groups like C=C- double bonds or surface defects (Stephens et al., 1986). At an O3concentration of 0 ppb

is 0. With increasing O3-concentration

approximates a value of

1. Since the reaction rate r is directly proportional to , r can be calculated by multiplying
with a proportionality constant. This factor is the reaction rate constant k and is equal to
the highest possible reaction rate (at

= 1). As has been discussed in detail in section 4.2.3

“Application of tact in kinetic studies” the reaction rate r can be expressed as the inverse
activation time (tact-1) which leads to the following eq (26).
1

=

=
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·

The full law to describe the change in CCN-activity of soot due to oxidation with O3 can
then be described by eq. (27).
1
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In Figure 20, the reaction rate (tact-1) is plotted as a function of the O3-concentration for
CBW particles. Different SSact are indicated by individual colors. As can be seen, the reaction rate increases with increasing O3-concentrations. However, this increase is not directly
proportional to the O3-concentration, i.e. not linear, but approximates a constant level at
higher O3-concentrations. The solid lines represent curve fitting results of the data according to eq. (27) aiming for an optimization of the reaction rate constant k and the Langmuirsorption constant Keq. The fit was performed for every SSact individually and was forced
through 0. The reaction rate constant k, the Langmuir-sorption constant Keq, and the tact
values used for the analysis are given in Table 7 for each individual SSact -data set. The
reaction rate constant k decreases with decreasing SSact, since a higher degree of chemical
modification and therefore longer reaction time is needed. The Keq shows the same trend
and decreases with decreasing SSact. This trend might indicate that the ability of O3 to absorb on the particle surface declines with increasing chemical modification within this specific range. Since this is a surface reactions on solid particles the progressing chemical
modification might not change the number of active sites by their activity, e.g. adsorption
to keto groups resulting from the oxidation might be slower than to initially existing C=Cdouble bonds. Additional experiments tailored to this specific question would be needed to
resolve the underlying mechanisms. Nevertheless, it should be noted, that the spread within
the reported values is significantly lower than the difference to Keq values presented in the
literature as will be discussed in the upcoming section 4.3.5.

Table 7: Reaction rate constant (k) and sorption constant (Keq) determined for individual
SSact at O3-concentrations ranging up to 200 ppb are presented for the O3-concentration
sensitivity experiments as well as the activation times determined in the individual experiments.

SSact / %

tact (25 °C)

O3-concentration
sensitivity
k / min-1

CBW

Keq / ppb-1 25 ppb

CBK

50 ppb

100 ppb

200 ppb

200 ppb

1.6

-

-

-

-

-

-

568

1.4

0.00856

0.0509

187

179

140

125

733

1.2

0.00688

0.0357

271

246

191

160

-

1.0

0.00505

0.0291

423

355

266

228

-

0.8

0.00338

0.0272

659

533

418

340

-

-

0.0357

-

-

-

-

-

average
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Figure 20: Reaction rate (r, left axis) as a function of O3-concentration (bottom axis in ppb,
top axis in molec·cm-3) for different SSact (crosses; color-coded). The solid lines are curve
fits obtained by applying the Langmuir-type reaction kinetic. (eq.(27)).
4.3.3 Particle diameter increase
In addition to changes in chemical properties as discussed in the previous section, changes
in physical properties can be evaluated to retrieve insights to the kinetics of a reaction. As
already shown by Fendel et al., (1995), the adsorption of O3 on particles causes an increase
in the particle diameter. Therefore, changes in the particle diameter can be used as an independent measure for the validity of the Langmuir-type kinetic in addition to the CCNactivity. The particle size distribution of the aerosol particles was measured downstream of
the aerosol chamber with an SMPS system. Due to the size selection of particles with a
DMA upstream of the CSTR aerosol chamber, the particle population is dominated by singly and doubly charged particles corresponding to diameters of 100 nm and 150 nm, respectively. The particle mode diameters were obtained by applying a bimodal lognormal
fit to every individual SMPS scan. Scans were taken every 135 s resulting in 300 to 400
scans in each experiment. The actual diameter of the size selected unaged soot particles
was determined to be 99.4 ± 0.2 nm by measurements downstream of the aerosol chamber
when no O3 was added as well as by bypassing the aerosol chamber.
The CSTR-approach enabled the investigation of changes in the particle diameter during
the course of several hours of exposure to O3. However, only a fast (< 135 s) initial increase
in diameter of up to 3.7 nm could be detected, after which the diameter remained constant
throughout the remaining experiment duration of multiple hours. This indicates that the
increase in particle diameter does not correlate with the increase in CCN-activity, as this
changes over the course of several hours. Furthermore, a diameter increase of up to 3.7 nm
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or 3.7 %, respectively, is too small to be the dominant cause of the change in the CCNactivity of the particles. Additionally, the magnitude of the change in diameter indicates
that no substantial restructuring of the soot particles occurred due to O3 exposure.
4.3.4 Langmuir adsorption
In Figure 21 the surface coverage (blue solid line; left- axis) as a function of O3 concentration (bottom axis) is presented. The surface coverage was calculated using eq. (25) and
the average of the Langmuir-sorption coefficients (Keq = 0.0357 ppb-1) given in Table 8.
The grey shaded area represents the absolute spread of

based on the highest and lowest

Keq determined from the CCN activity as discussed in section 4.3.2 and presented in Figure
20. In addition to the surface coverage

the particle diameter (turquoise-data, right axis)

is presented. The error bars represent the 90 % IPR of the peak diameter position (generated
from 300 to 400 scans) and the 90 % IPR of the O3-concentration (determined every minute).
At 0 ppb the particles have a diameter of 99.4 nm (90 % IPR: 99.2 to 99.6 nm) and no active
site on the particle surface is occupied with O3 ( = 0). At an O3-concentration of 50 ppb
the diameter grows by 2.9 nm to 102.4 nm (90 % IPR: 102.1 to 102.7 nm) while a fraction
of

= 0.64 of the maximum available active sites are occupied with O3 molecules. An

increase of the O3-concentration by a factor of 4 (à 200 ppb) leads to an additional particle
growth by 0.9 nm only to 103.3 nm (90 % IPR: 103.1 to 104.0 nm). The fraction of occupied active sites increases to

= 0.88. The good agreement of the particle diameter with

the evolution of surface coverage

obtained from CCN-activation data supports that the

Langmuir-type reaction kinetic is a valid concept to parameterize the heterogeneous O3
oxidation of soot particles.
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Figure 21: Surface coverage (left axis) and particle diameter (right axis) as a function of
O3-concentration. The Langmuir-isotherm (solid blue line, left axis) obtained from CCNmeasurements is overlaid by the evolution of the particle diameter (turquoise data, right
axis) due to adsorption of O3. The error bars represent the 90 % IPR of the measured particle
diameter and O3-concentration, respectively.
4.3.5 Discussion of reaction mechanism
The adsorption of O3 molecules on the surface of soot particles was determined through
two independent techniques. Each technique is based on an independent effect occurring
on different time scales. While the increase in particle diameter is the result of a fast (several
minutes) adsorption of O3, the change in CCN-activity is the result of a slow (several hours)
reaction of the adsorbed O3 with the particle itself. Nevertheless, they both lead to the same
result showing that the reaction kinetic of heterogeneous O3 oxidation of soot particles is
not linearly dependent on the gas phase O3 concentration but follows a Langmuir-type kinetic with the amount of surface adsorbed O3 molecules being the rate limiting step.
While these results are the first to show a Langmuir-type kinetic for the CCN-activation of
soot particles due to heterogeneous O3 oxidation to the authors’ knowledge, this is not the
first time that a Langmuir-type kinetic or a LH kinetic was suggested for the reaction of
soot with O3. Frequently, the removal of O3 from the gas phase in the presence of soot or
soot surrogates, e.g. particles coated with PAH, was parameterized with an LH-kinetic (e.g.
Ammann et al., 2003; Kamm et al., 1999; Lelievre et al., 2004; McCabe and Abbatt, 2009;
McNeill et al., 2007; Pöschl et al., 2001; Stephens et al., 1986; Zelenay et al., 2011). The
same applies to the decomposition of PAHs and other organic surface compounds by O3
(e.g. Bedjanian and Nguyen, 2009; McNeill et al., 2007; Pöschl et al., 2001; Shiraiwa et
al., 2011).
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Similar to the results presented herein, we presented an increase in diameter of 100 nm soot
particles after exposure to 200 ppb of O3 in Friebel et al., (2019). OC-rich soot, which was
the same as the CBW particles in this study, showed a growth of + 3.5 nm and a soot with
a lower fraction of OC (CBK) showed a growth of + 1.5 nm. In accordance with our findings, Fendel et al., (1995) showed that the adsorption of O3 on soot aerosol particles causes
an increase in the particle diameter of + 0.3 nm and Kotzick et al., (1997) also reported an
increase in particle diameter of up to 1 nm after O3-treatment. Similar to our findings within
the atmospherically relevant range of up to 200 ppb, Kotzick et al., (1997) showed that
while SScrit for soot particles decreases upon reaction with O3 there was no detectable sensitivity on the gas phase O3-concentration within the range of two orders of magnitude
(25 ppb to 2000 ppb).
Despite these findings from the 1990ies supporting the proposed Langmuir-type kinetic
there are more recent publications, proposing a first-order reaction kinetic. For example,
Perraudin et al., (2007) present that the decomposition rate constant of various PAHs condensed on graphite and silica particles is directly proportional to the O3 gas phase concentration in the entire range from 0 to 14.000 ppb. Similarly, Grimonprez et al., (2018) present
that with increasing O3-exposure (from 3.2·10-16 to 12.4·10-16 molec.·s·cm-3) the SScrit of
kerosene soot decreases from 2.1 % to 1.3 %. Within these experiments soot particles
where exposed to O3 for up to 105 min. The reaction was initiated by injecting particles
into a chamber filled with O3 (0 to 1200 ppb). After that the O3-concentration was constantly declining during the experiment. The CCN-activity could be sufficiently well described by the O3-exposure, No dependence on the initial O3-concentration was reported
by Grimonprez et al., (2018) indicating that the reaction rate was directly proportional to
the O3-concentration.

Table 8: Sorption constant (Keq) determined by different research groups and the individual
mechanisms of study as well as the O3-concentration range.

Our results

Keq · 10-2 /

Keq · 10-12 /

ppb-1

cm3·molec.-1

3.57 ±1.5

(Pöschl et al., 2001) 0.66 ±0.09

(Han et al., 2016)

Mechanism of study

O3 / ppb

1.52 ±0.64

CCN activation of CBW

≤ 200

0.28 ±0.04

Degradation of benzo[a]py≤ 1000
rene on spark discharge soot

0.035 ±0.007 0.015 ±0.003

Degradation of aromatic com≤ 4000
pounds on hexane soot
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A possible cause for the differing results and hence conclusions could be the difference in
chemical composition of the particles investigated. This can, for example, affect how easily
O3 adsorbs on the soot or PAH surfaces. For example the Langmuir constant Keq determined
in our study is significantly higher than the ones reported in other studies. While we investigated the CCN-activation of soot particles due to heterogeneous O3, Pöschl et al. (2001)
investigated the degradation of benzo[a]pyrene on spark discharge soot at O3-concentrations of up to 1000 ppb. They determined a sorption constant Keq of (6.6 ± 0.9) × 10-3 ppb1
. Han et al. (2016) investigated the reduction of aromatic compounds on hexane soot upon
exposure to up to 4000 ppb of O3. They determined a Keq of (3.5 ± 0.7) × 10-4 ppb-1. Both
values are orders of magnitude below our value of 0.0357 ± 0.015 ppb-1 as presented in
Table 8. The difference might be caused by the different study foci. While the two studies
mentioned focus on the degradation of specific compounds which can be considered representative for chemical substances found on soot particle surfaces, we investigated the
CCN activation behavior of soot particles themselves. The increase in CCN activity is most
likely due to the chemical modification of a range of chemical substances on the surface of
the particles.
In Figure 22 the surface coverage is plotted as a function of the gas phase O3-concentration
between 0 and 500 ppb for the three Keq values determined by Han et al. (2016; dotted line),
Pöschl et al. (2001; dashed line), and us (solid line). The higher the Keq value the earlier the
maximum surface coverage is reached. This can be seen when comparing the solid curve
in Figure 22 calculated with Keq of 3.57 × 10-2 ppb-1 determined from the CCN data of our
soot aging experiments with the dashed and dotted curve calculated with Keq of 3.5 × 10ppb-1 to 6.6 × 10-3 ppb-1, respectively. At low O3-concentration levels the surface coverage is approximately directly proportional to the O3-concentration. The lower Keq the larger
the O3-concentration range of this putative linearity as can be seen in the dotted curve in
Figure 22. The reaction rate appears to be directly proportional to the O3 surface coverage
in the range of up to 500 ppb. Therefore it can be approximated by a first-order kinetic with
respect to the O3-concentration in the gas phase but within this specific range only.

4
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Figure 22: Surface coverage (left) vs O3 concentration (top in molec.cm-3, bottom in ppb)
for different Keq values taken from Han et al. (2016; dotted line), Pöschl et al. (2001; dashed
line) and the study presented herein (solid line).

4.4

Impact of the reaction temperature on tact.

In the previous section, a significant fraction of the tropospheric O3 concentration range
was covered within the experiments executed at 25 °C. Furthermore, it was confirmed that
a Langmuir-type reaction kinetic can be applied to the O3 aging of soot and its increase in
the ability to act as CCN. However, the rate of chemical reactions is not only dependent on
the concentration of the reactants but also on the reaction temperature. Therefore, it is necessary to investigate the influence of the reaction temperature on the reaction rate. This
knowledge is essential to estimate the atmospheric relevance of the CCN-activation of soot
particles due to O3 aging.
The impact of the reaction temperature on tact was investigated at four different temperatures ranging from 5 to 35 °C. In accordance with the experiments for the investigation of
the impact of O3-concentration 100 nm OC-rich soot particles (CBW) at 200 ppb O3 and
RH below 5 % were used. The results of the experiments are presented in Table 14 and
Figure 23 where tact is plotted as a function of temperature. The color-coding indicates the
SSact ranging from 1.4 % (red) to 0.3 % (blue). The horizontal error bars indicate the 90 %
IPR of the temperature. The vertical error bars indicate the cumulative uncertainty in tact
which is equal to a constant value of ± 12 min originating from the uncertainties in the
CCNC and SMPS. As is shown in Figure 23, tact decreases with increasing reaction temperature at a constant SSact. For example, at 5°C the particles become CCN active after
621 min at 0.8 % SSact (green data) but a temperature increase to 35°C reduces tact to
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118 min at the same SSact. Therefore, a temperature increase by 30 K within the atmospherically relevant range reduces tact by more than a factor of 5. At a constant temperature tact
correlates inversely with the SSact. Looking at 5°C again, it can be seen that the particles
become CCN active after 216 min at 1.4 % SSact but need 621 min at 0.8 % SSact. Full data
sets across the entire temperature range could be acquired only for SSact of 0.8 % and higher.
Additional data points at SSact down to 0.3 % could be acquired at elevated reaction temperatures only. This indicates that at low SSact and reduced temperatures the reaction rate
of the chemical transformation causing a soot particle to become CCN-active was so low
that tact exceeded the maximum aging duration achievable in our experimental set-up. The
tact values as determined in the individual temperature sensitivity experiments are presented
in Table 14 in the appendix.

Figure 23: tact (left axis) as a function of reaction temperature (bottom axis °C; top axis K)
and SSact (indicated by color). The horizontal error bars represent the 90 % IPR of the temperature measured inside the aerosol chamber. The vertical error bars represent the instrumental uncertainty in tact of ±12 min.
The activation energy EA of the reaction leading to the CCN-activation of CBW particles
can be calculated by application of the Arrhenius law to the data presented in Figure 23.
This law relates the reaction rate constant k to the reaction temperature T (in Kelvin; K) as
presented in (eq. (28)). Within this equation A is a pre-exponential factor and R is the universal gas constant (8.314 J·mol-1·K-1).
=
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Using k and T retrieved from the experimental data, EA and A can be obtained from an
Arrhenius plot as shown in Figure 24. Within an Arrhenius plot the logarithm of k (ln(k))
is plotted as a function of the inverse temperature (T-1). The data points can then be fitted
using a linear regression. The y-intercept of the fitting curve obtained is equal to the logarithm of A and the slope is equal to –EA·R-1. Based on the discussion presented in section
4.2.3 ”Application of tact in kinetic studies”, the inverse of tact (tact-1) can be considered as
the reaction rate constant k. In Figure 24 the Arrhenius plot is shown for the four SSact where
full data sets across the entire temperature range are available. The data from different SSact
is color-coded analog as in Figure 23. As can be seen, the data points align on linear curves
with R2-values of 0.9971 to 0.9989 (Table 9). These high R2-values support the applicability of the tact-concept for the calculation of kinetic data.

Figure 24: Arrhenius plot for the CCN-activation data at four different SSact ranging from
1.4 % (red) to 0.8 % (green). The logarithm of k (ln(k)) is plotted as a function of the inverse temperature (T-1). The fit parameters of the linear regressions are presented in Table
9.
The activation energy EA and the pre-exponential factor A as well as the fitting parameters
are listed in Table 9. The pre-exponential factor A decreases with decreasing SSact due to
the longer reaction time needed to make the soot particle CCN active. The average EA of
38.5 ± 1 kJ·mol-1 is in the range of values presented in the literature. Kamm et al. (1999)
report an EA of 46 ± 10 kJ·mol-1 for the regeneration of the surface of graphite soot by either
reactive uptake of O3 or decomposition of O3. Stephens et al. (1989) report a value of
44 ± 4.6 kJ·mol-1 for the gasification of candle soot with O3. Lee et al. (2009) applied an ab
initio density functional theory method to determine EA for the conversion of physi-sorbed
O3 to chemi-sorbed O3 on graphite surfaces to be 66 kJ·mol-1. The EA for physisorption of
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O3 is typically lower than the one determined in our experiment. For example, Kamm et al.
(1999) reported an EA of 6 ± 0.6 kJ·mol-1 for the fast initial uptake of O3 on soot. Lee et al.
(2009) calculated an EA of 24.2 kJ·mol-1 for the physisorption of O3 on graphite layers. This
indicates that the rate limiting step that leads to the increase in CCN activity of soot is not
the adsorption of O3, but a following reaction step. For an easier comparison all values for
EA are listed in

Table 15 in the appendix.

Table 9: Activation energy EA, its standard deviation (SD) and the pre-exponential factor
A as well as the Arrhenius fit parameters for four different activation supersaturations
(SSact).
SSact / %

EA / kJ·mol-1 (SD)

A / min-1

m

n

R2

1.4

39.0 (1.2)

98647

-4685.4

11.499

0.9989

1.2

38.0 (1.4)

48991

-4572.9

10.799

0.9987

1.0

38.5 (0.9)

41898

-4625.2

10.643

0.9971

0.8

38.4 (0.9)

26450

-4614.1

10.183

0.9981

Average

38.5 (1.0)

4.5

Atmospheric relevance

The oxidation of soot particles with O3 is often considered negligible for the formation of
CCN at atmospheric conditions. For example, Friedman et al. (2011) and Lambe et
al.(2015) had to expose soot particles to non-atmospheric aging conditions (> 2000 ppb) to
achieve CCN activation in oxidation flow reactor experiments. The results of our work
show that CCN activation of soot particles rich in OC can be substantial if the experiments
are executed at atmospherically relevant conditions suggesting that this formation pathway
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should be considered in future studies. A broader range of experiments resulting in the same
conclusion has already been reported by Friebel et al. (2019). Grimonprez et al. (2018)
conducted their experiments at 0 to 1.200 ppb and room temperature. On the one hand they
assume a first-order dependence of the reaction rate on the O3-concentration. On the other
hand they report CCN activity at rather low O3 concentration. In addition to the very limited
number of publications presenting the CCN activation of soot particles upon O3-oxidation
it needs to be taken into account that results from different studies are not directly comparable. This is due to different origins of soot particles and therefore different chemical compositions. Further, experiments were performed on different particle diameters hampering
the extraction of the size effect from the overall results. Nevertheless, based on our results
we propose that the differences in the soot particles’ chemical and physical properties are
not the sole source of the fundamentally different conclusions. Instead, these differences
could arise from the utilization of different experimental approaches as most of the experimental studies have been executed at O3-concentrations exceeding the atmospheric concentration range by multiple factors or even orders of magnitude (e.g. OFR experiments).
Further, postulation of different reaction kinetics (first-order vs. Langmuir) enhances the
discrepancies upon extrapolation beyond the experimental range.
We showed in a previous publication that an increase in the number of CCN due to O3
aging of soot can lead to an increase of the CCN burden on a global scale (+ 12.7 %) and a
significant enhancement of the cloud droplet number concentration (CDNC) in northern
mid-latitudes ( up to + 30.3 %; Friebel et al., 2019). In the respective publication, the experimental results were extrapolated assuming a first-order reaction kinetic in accordance
with the state of scientific knowledge at the time of publication. In view of the experimental
results presented herein, it has to be assumed that the application of the Langmuir-type
kinetic will lead to an even more pronounced effect.
Further, we show that the CCN-activation of soot particles is significantly impacted by the
reaction temperature as well. Within the range of O3-concentrations prevalent in the lower
troposphere (10 to 45 ppb; Vingarzan, 2004) the reaction rate changes by a factor of 2.3
based the Langmuir sorption constant retrieved from our experimental results. The reaction
rate changes by the same magnitude if the reaction temperature is changed by 15 K within
the atmospherically relevant temperature range between 5 and 35°C. This is within the diurnal temperature range that can be experienced predominantly in spring and fall seasons
in the northern mid-latitudes. On a global scale, the differences in the average temperatures
of different climate zones like the tropics and the arctic are typically larger by far. Therefore, the regional temperature has to be taken into account when the CCN activation of soot
particles is determined for a specific location. The same applies to the vertical temperature
gradient in the troposphere. A difference of 70 K (ground level: 15 °C; top of troposphere: -55 °C) affects the reaction rate by a factor of 175. This indicates that at atmospheric
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conditions within the full range of the troposphere, the temperature is at least as important
as the O3-concentration for the CCN-activation of soot particles due to O3-aging. We are
currently working on the development of a parameterization scheme that will allow for the
implementation of both effects into a global climate model. The results will support an even
more realistic representation of this specific aging process as well as a more realistic evaluation of its regional and global impact than presented in Friebel et al. (2019).

4.6

Summary

We investigated the impact of the gas phase O3-concentration and the reaction temperature
at atmospherically relevant conditions on the CCN-activation of soot particles. The soot
particles were produced by a miniCAST burner at fuel-rich conditions. Experiments were
executed in a 2.78 m3 stainless steel aerosol chamber operated as a continuous-flow stirred
tank reactor (CSTR). This approach enabled the investigation of size-selected particles for
up to 12 h at a particle number concentration of max. 1500 cm-3. For data analysis we applied the activation time (tact) concept recently introduced by Friebel and Mensah (2019).
We show that tact can be used as a metric to retrieve kinetic data from the CCN-activation
of soot particles. Our results show that the reaction rate is not linearly dependent on the gas
phase O3-concentration. Instead, the reaction rate can be best described by a Langmuir-type
kinetic. Reevaluation of results presented in the literature shows that the total O3-exposure
cannot be considered a valid metric for the interpretation of laboratory results. This is of
special importance when conclusions shall be drawn based on data obtained at O3-concentration levels orders of magnitude higher than found in the atmosphere but extrapolated to
atmospherically relevant O3-concentrations.
Based on our experimental results, we conclude that the CCN-activation of soot due to
oxidation with O3 follows a 2-step mechanism. In an initial fast step (several minutes) O3
molecules adsorb on the particle’s surface followed by a significantly slower (several
hours) reaction of the adsorbed O3 molecules with the particle itself. With increasing activation time (tact) the activation supersaturation (SSact) decreases. Using CCN-activity data
acquired at a constant reaction temperature of 25 °C but a varying O3 concentration (0 to
200 ppb) we calculate a Langmuir sorption constant (Keq) of 0.0357 ± 0.015 ppb-1 / (1.52 ±
0.64) × 10-12 cm3·molec.-1.This finding allows for the calculation of the O3 surface coverage
( ; Langmuir sorption curve) as a function of O3-concentration. The fast initial surface
adsorption process was confirmed by the change in the particle diameter as a function of
the O3 concentration. An increase in particle diameter of up to 3.7 nm when the gas phase
O3 concentration is increased from 0 to 200 ppb can be considered as an independent measure for the confirmation of the Langmuir-type kinetic. The data aligns well with the Langmuir sorption curve as shown in Figure 21. Further, we conducted experiments at a constant
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O3 concentration of 200 ppb but at different temperatures. The results of these experiments
allow for the determination of the activation energy (EA) of the reaction that causes soot
particle to become CCN-active upon O3 exposure to be 38.5 ± 1 kJ·mol-1.
Finally, we conclude that at average atmospheric conditions the reaction temperature has
to be considered as equally important as the O3 concentration to estimate the atmospheric
relevance of the CCN-activation of soot particles due to oxidation with O3. We 1) strongly
encourage the execution of more kinetic studies to promote the scientific understanding of
atmospheric aging processes and 2) suggest the execution of more experimental studies at
atmospherically relevant conditions. Our results highlight the need of both to allow for
realistic conclusions.
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Summary

In this thesis an experimental approach was utilized that is not that commonly applied in
atmospheric aerosol sciences. This approach enables the investigation of particle aging processes for up to 16 h in a comparably small chamber volume (< 3 m3). This was achieved
by operating an aerosol chamber as a continuous-flow stirred tank reactor (CSTR). Here,
the CSTR-approach was applied for the investigation of heterogeneous ozone oxidation of
soot particles. Due to long aging time the concentration of ozone could be set to atmospherically relevant levels (< 200 ppb). Further, the CSTR approach requires only low particle number concentrations, which enabled the investigation of size selected particles.
This experimental concept requires a data analysis scheme different to that applied to standard batch or flow tube experiments. Key features of the CSTR-approach are the continuous
addition of fresh particles to the aging chamber simultaneous to the continuous extraction
of samples at equal flow rates as well as an active mixing of the chamber volume. This
results in a mixture that consists of aerosol fractions at different individual aging stages
downstream of the aging chamber. To disentangle the contribution of the differently aged
aerosol fractions, the activation time (tact) concept was developed. This concept can be applied to analyze any time-dependent transitions within binary systems. In the particular case
presented here, it can be applied to calculate the necessary aging time a single soot particle
demands to be converted from a CCN inactive particle into a CCN active particle. This
analytical concept is not limited to the CSTR-approach, but can be applied to any other
experimental approach such as flow tube and batch experiments as well. It was shown that
the discrepancies in CCN activity of different particle types found in an intercomparison of
two different oxidation flow reactors can explained by the tact concept.
The CSTR-approach as well as the new tact concept were applied to investigate the change
in CCN activity of two types of soot particles at different levels of humidity, ozone concentration and temperature. It was found that the soot rich in organic carbon (CBW; OCcontent 30 to 60 %) is more prone to an oxidation with ozone than the soot type lean in
organic carbon (CBK; OC-content ~10 %). Initially both soot types were CCN inactive at
super saturations up to 1.4 %. After 10 h of exposure to 200 ppb ozone CBW particles
showed CCN activity down to 0.3 % SS, while CBK particle showed CCN activity not
below 1.4 % SS. This difference in response to an oxidation with ozone is most likely
caused by the difference in the organic carbon content.
The use of size selected soot particles and the long aging times enabled the investigation of
the reaction mechanism that lead to the increase in CCN activity of the soot particles. It
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was observed that within several minutes of exposure to ozone, the particle diameter increased by up to 3.7 nm and 1.5 nm for CBW and CBK, respectively. An additional exposure to ozone for several hours did not lead to any additional significant change in the
particle diameter, but to a significant change in the CCN activity. Therefore, the change in
CCN activity was attributed to a slow chemical modification of the particles. Opposite to
the impact of ozone on the chemical and physical properties of soot particles no impact on
any of these parameters was detected for different humidity levels within a range of 5 to
75 % with the set of analysis instrumentation deployed. The new experimental results were
implemented in the global circulation model ECHAM6.3-HAM2.3. It was found that the
oxidation of soot particles with ozone can significantly increase the CCN burden and cloud
droplet number concentration (CDNC) especially in northern mid-latitudes (> 60 °N).
Experiments, where CBW particles were exposed to different ozone levels (25, 50, 100 200
and 10.000 ppb), revealed that the reaction follows a Langmuir-type mechanism. This is a
two-step reaction mechanism where the first step is a fast adsorption of ozone followed by
a slower reaction of the adsorbed ozone molecules with the particle itself. Both reaction
steps occur on different time scales and could be confirmed by the analysis of independent
sets of experimental data. The fast adsorption of ozone leads to an increase in the particle
diameter, which could be detected with a scanning mobility particle sizer (SMPS). The
slow reaction could be detected by a change in the particles’ CCN activity. To retrieve
kinetic data, tact was taken as measure for the change in the oxidation state of the particles.
This allowed to determine the Langmuir-sorption constant (Keq = 0.0357 ppb-1) and to calculate the ozone surface coverage as a function of the ozone concentration. It was found
that the evolution of ozone surface coverage agrees well with the measured increase in
particle diameter at different ozone concentrations. Further, it was shown that an increase
in the reaction temperature of 30 K (5 °C to 35 °C) leads to a change in the reaction rate by
a factor of 5, which is equal to an activation energy (EA) of 38.5 ± 1 kJ mol-1.
Based on these findings, it was conclude that at average atmospheric conditions the reaction
temperature has to be considered as equally important as the ozone concentration to estimate the atmospheric relevance of the CCN-activation of soot particles due to oxidation
with ozone.
In short, the answer to the research questions raised in the outline (section 1.5) are:
a)
Long aging durations at atmospheric conditions can be achieved by operating an
aerosol chamber as CSTR.
b)
A higher OC-content makes the soot particle more susceptible to an oxidation
with ozone.
c)
The ozone aging of soot particle is not affected the RH levels between 5 and 75 %.
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d)
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The reaction rate dependency on the ozone concentration can be best described
with a Langmuir-type reaction kinetic and the temperature dependency follows the
Arrhenius law.

Additional results

6

Additional results

The result presented in this thesis so far focus on the heterogeneous ozone oxidation of soot
particles. As mentioned in section 1.4.2, heterogeneous oxidation is only one aging processes atmospheric aerosol particles can undergo within their lifetime as indicated in Figure
3. In addition to the experiments and results presented in chapters 2 to 4 a range of other
aging processes as well as analysis techniques were applied to investigate the impact of
atmospheric aging on the chemical and physical properties of soot particles. In the following, a subset of these additional results will be briefly presented. Besides the investigation
of the impact of coating with VOC oxidation products and sulphuric acid, respectively, on
the CCN activity of soot particles, this includes the investigation of the impact of the individual aging processes on 1) the single particle mass by CPMA measurements, 2) the morphology of the particles by TEM imaging and 3) the chemical composition of the particles
by DRIFT spectroscopy. These results have been presented at peer-reviewed conferences
but have not yet been processed into a manuscript for a scientific publication. Further, aircraft engine emission have been characterized and additional climate model simulations
have been conducted, but have not been fully analyzed yet.

6.1

Coating as atmospheric aging process

In addition to the heterogeneous ozone oxidation of soot particles presented so far, the impact of organic and inorganic coating on the CCN activity of soot particles was investigated.
A coating apparatus with 3 individually controlled heating and cooling stages was constructed to allow for controlled coating of the particles prior to the aging process within the
CSTR chamber. This apparatus was designed and built to ensure homogeneous and controlled coating of aerosol particles at sample flow rates of up to 20 L·min-1 and particle
number concentrations of > 1000 cm-3 throughout several hours of operation.
So far the impact of sulfuric acid coating as well as with α-pinene ozone oxidation products
was investigated. These results have been already presented at two peer-reviewed conferences (ICCPA 2019, Vienna; EGU 2019, Vienna) and are planned to be published shortly
after submission of this thesis.
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6.1.1 Coating with α-pinene
α-pinene is the most abundant volatile organic compound (VOC) in the atmosphere that is
emitted from natural sources. It is known to be a precursor for secondary organic aerosol
(SOA) particles that can be efficient CCN.

Figure 25: Graphical illustration of the aging process of a soot particle (black sphere) with
A) α-pinene and ozone (left) and B) ozone only (right). Green dots symbolize α-pinene
molecules and blue dots symbolize ozone molecules. Turquoise dots and areas symbolize
various potential oxidation products. The evolution of the CCN activity due to the individual aging processes is indicated below.
Soot particles have a large specific surface areas on which different compounds like αpinene can be adsorbed. In Figure 25 the aging mechanisms and the change in CCN activity
of soot particles that were exposed to α-pinene and 200 ppb of ozone (A, green frame) and
soot particles that were solely exposed to 200 ppb ozone (B, blue frame) are presented. The
initial reaction step of the heterogeneous oxidation of soot particles (black sphere) with
ozone (blue dots) is the adsorption of ozone on the particles surface. The following chemical reaction on the surface of the particles leads a slow increase in CCN activity. The increasing amount of oxidized material is depicted by the turquoise area. Soot particles that
were coated with α-pinene (green dots; left of the grey vertical lines) showed a much faster
increase in CCN activity after being exposed to ozone. However, these particles showed an
increase in the diameter by up to 20 % and an increase in the mass by a factor of 2 after
several hours of aging, which is depicted by the increase in the size of the sphere (Figure
25 A). The coating scheme deployed ensured the α-pinene gas phase concentration in the
aging chamber to be below a level that could cause homogeneous new particle formation
upon exposure to ozone. Nevertheless, the significant mass and size increase of the particles
indicates that there must have been a significant contribution of condensed semi-volatile
organic compounds (SVOCs). These SVOCs, which condensed onto the particle surface
(right of the grey vertical lines), most likely consist of oxidation products (turquoise dots)

110

Additional results

originating from the homogenous ozone oxidation of α-pinene remaining in the gas phase.
The individual contributions of the two processes indicated in Figure 25 A cannot be ascertained undoubtedly on the basis of the existing data.
Transmission electron microscopy (TEM) imaging was performed as an additional measure
for the analysis of the impact of coating on the morphology of the soot particles. In Figure
26 TEM images of CBW soot particles are shown. Image (A) shows a freshly produced
particle, where the aggregate structure and the primary particles are visible. Image (B)
shows the same particle type after being exposed to α-pinene and ozone. As can be seen,
the cavities in the aggregate structure are partially filled. Further, the primary particles can
no longer be distinguished individually supporting the conclusion that some α-pinene oxidation products condensed on the particles’ surface.

Figure 26: TEM image of 100 nm CBW soot particles at 80.000x magnification. (A) freshly
produced and non-oxidized soot particle, (B) particle aged with α-pinene and 200 ppb
ozone after approx. 16 h.
tact values for CBW and CBK particles for aging at 25 °C and 200 ppb ozone as well as for
the aging with α-pinene and ozone are presented in Table 10. As discussed in chapter 3,
CBK particles demand 5 times longer aging times than CBW particles to show CCN activity at the same SSact due to pure heterogeneous ozone oxidation. After exposure to ozone
and α-pinene both soot types show CCN activity after much shorter aging durations and
additionally, no significant difference between CBW particles and CBK particles can be
detected any longer.
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Table 10: tact for CBW particles and CBK particles, respectively, for aging experiments at
25 °C and 200 ppb ozone with and without α-pinene.
activation time tact / min
CBW

CBK

SSact

O3

O3 + α-pinene

O3

O3 + α-pinene

0.4 %

---

567

---

420

0.6 %

497

257

---

208

0.8 %

313

139

---

116

1.0 %

212

90

---

79

1.2 %

151

68

---

46

1.4 %

116

30

733

32

1.6 %

---

---

568

---

6.1.2 Coating with sulfuric acid
In the atmosphere sulphuric acid is the oxidation product mainly of sulphur dioxide but
also of other sulphur-containing compounds (e.g. DMSO) that are emitted into the atmosphere. Due its low volatility, it readily nucleates forming sulphuric acid droplets or condenses onto preexisting aerosol particles. Condensation onto hydrophobic particles can increase the CCN activity of these particles significantly.

Figure 27: Graphical illustration of the coating of a soot particle (black sphere) by sulphuric acid (orange dots) and change in CCN activity of the particle due to the coating.
In Figure 27, coating of a soot particle (black sphere) with sulphuric acid (orange dots) is
shown. In contrast to aging with ozone and α-pinene, coating with as little as 5 % of the
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initial particle mass causes an immediate increased in CCN. According to the experimental
data, full activation is achieved instantaneously indicating that there is no effect of aging
duration in the case of sulfuric acid coating.

6.2

Single particle mass

Besides the particle diameter the single particle mass was measured with a CPMA (centrifugal particle mass analyzer). This data aligns well with the measurements of the particle
diameter and supports the proposed Langmuir-type mechanism for the reaction of ozone
with soot. Further, the increase in the single particle mass scan be used to determine the
amount of sulfuric acid, α-pinene, or α-pinene oxidation products, condensed onto the soot
particles. However, this data will not be presented in this thesis. On the basis of these measurements a new concept was developed. This concept is the topic of an invention disclosure
submitted to ETH transfer on 23.04.2019. Therefore, the data and the according results will
not be presented until the review process and subsequent measures have been finalized.

6.3

Chemical characterization and health effects

As mentioned in section 3.1 aerosol particles and soot particles in particular can have negative effects on the human body. A major cause of these effects are surface-bound chemical
compounds like polycyclic aromatic hydrocarbons (PAH) and reactive oxygen species
(ROS) (Finkel and Holbrook, 2000; Uski et al., 2014). While ROS cause oxidative stress
and some ROS species are even strong enough to break DNA strands (Kennedy, 2007),
degradation products of PAHs can be considered even more mutagenic and carcinogenic
than the PAHs themselves (Howard et al., 1995; Misaki et al., 2016). Therefore, the aging
mechanisms presented herein can be expected to change not only the chemical composition
of the particles but their toxicity as well.
In collaboration with the Joint Mass Spectrometry Center at the Helmholtz Zentrum Munich, Germany, several filter samples of soot particles at different degrees of aging were
collected. These samples were be tested and quantified for more than 200 compounds like
PAHs, n-Alkanes and hopane that are known for their adverse health effects. The technique
used is the direct thermal desorption two-dimensional gas chromatography coupled to time
of flight mass spectrometry (DTD-GC×GC- TOF MS). Results of these analyses showed
that PAHs are converted into oxy-PAHs. Further was found that the concentration of oxyPAHs increased with increasing reaction temperature.
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In addition to the GC-analysis, samples were collected for diffuse reflectance infrared Fourier transform spectroscopy analysis (DRIFTS). These samples are analyzed in collaboration with Reza Kholghy, member of the Particle Technology Laboratory (PTL) at ETH
Zurich, Switzerland. First analysis results are presented in Figure 28.

Figure 28: DRIFTS result of fresh CBW particles (black line) and particles aged at 200 ppb
ozone but at three different temperatures (green line 15 °C, light blue line 25 °C, dark blue
line 35 °C). In addition, the spectrum of the clean filter is shown (grey line).
Supporting the conclusions drawn based on the change in CCN activity of the particles the
impact of heterogeneous ozone oxidation on the chemical composition can be deduced
from the change in signal features presented in Figure 28. The most dominant changes in
the spectra in comparison into the unaged particles (black line) can be found in the three
regions highlighted by the red boxes. With increasing reaction temperature the difference
becomes more pronounced. Further analysis is needed to allocate the changes to individual
functional groups. This will give further insights to the underlying aging processes causing
the change in CCN activity of the soot particles. A joined publication of these results with
the members of PTL is expected for late summer this year.
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6.4

Aircraft engine soot measurements

In July 2018, I participated in an international measurement campaign at the airport of Zurich, Switzerland. The goal of the “EMPAIREX 2” campaign was to characterize the emissions of the commercial CFM56 aircraft engine. All experiments were conducted in an
engine test center supervised by SR Technics. Preliminary data shows that with increasing
engine thrust the CCN activity of the emitted particles decreases. The experimental data
indicates that this was due to a combination of decreasing particle diameter and decreasing
fraction of semi-volatile compounds condensing on the particles.

6.5

Application in climate models

In Friebel et al., (2019) (chapter 3) it was shown that the oxidation of soot particles with
ozone can be a relevant source of CCN in the atmosphere. These calculations were conducted under the assumption that the reaction rate is directly proportional to the ozone concentration. The influence of the ambient temperature was not considered either. In chapter
4 “Ozone concentration versus Temperature: Atmospheric aging of soot particles” it was
shown that the reaction rate is not proportional to the ozone concentration and that the
temperature has a strong influence on the reaction rate. Based on the Langmuir-sorption
constant and on the activation energy that was obtained the parameterization of the CCN
activity of soot particles in ECHAM6.3-HAM2.3 (the model used in chapter 3) was adjusted. A publication presenting the results of this new parameterization is expected to be
published in fall 2019.
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The experiments presented herein were conducted with two different soot types and with
particles of 100 nm diameter. In the atmosphere, soot particles with different diameters and
chemical compositions can be found. Therefore, it is necessary to conduct additional experiments with soot types different in composition and diameter in order to estimate how
many particles can be CCN active in the atmosphere upon aging with ozone. This will also
elucidate which particle property is the cause for the enhanced CCN activity after aging.
The experimental concept utilized is capable of achieving long aging times. This allows for
running experiments at atmospheric conditions. However, such experiments are inherently
time consuming, which limits the number of parameters (e.g. diameter, chemical composition, ozone concentration) that can be investigated in a given time span. As was shown, it
is not possible to increase the reaction rate and therefore reduce the minimum aging time
below a certain threshold by increasing the ozone concentration. An alternative would be
to conduct experiments at elevated temperatures (> 25 °C) in order to trigger higher reaction rates and therefore reduce the minimum aging time. The experimental results could be
then extrapolated to atmospheric conditions based on the activation energy, which can be
determined by a set of dedicated experiments.
The CSTR approach was designed to investigate a change in CCN activity, which is a
change in a binary property (i.e., non-gradual). The CSTR approach is less suitable to investigate gradual changes of single particles e.g. condensational growth. Inside a CSTR,
particles at different aging stages are present. If, for example, the particle diameter or mass
increases continuously with increasing aging time, the measured value is a mixture between
small/light particles and large/heavy particles. Disentangling the individual contributions
of particles at different aging stages requires data sets with a comparatively high resolution,
which is not always available. Instead of using a single aerosol chamber, a cascade of multiple aerosol chambers that are connected in series can be used to investigate gradual
changes, like the condensational growth of a particle.
A CSTR cascade resembles the residence time distribution of flow tube reactors causing
the individual residence times of different aerosol particle to be distributed around a mean
value. This reactor type is therefore more suitable for the investigation of gradual changes
of single particle e.g. condensational growth. The aging time and residence time distribution and ultimately the aging conditions can be freely adjusted by the number of single
chambers in a cascade, by the chamber volume and the aerosol flow rate. A prototype of
such a CSTR cascade was already tested successfully. This setup consists of ten chambers
with a total volume of 20 liter. At a flow rate of 1.5 L·min-1 an aging time of 13 min was
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achieved. This allowed for investigating the fast adsorption of ozone on soot particles. Further, it is a starting point for the construction of larger CSTR cascades that can reach longer
aging times.
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Appendices

9.1

Appendix to chapter 3 “Impact of isolated atmospheric
aging processes on the Cloud Condensation Nucleiactivation of soot particles”

9.1.1 Experimental Setup.

Table 11: miniCAST 4200 burner set points used to generate soot aerosol.
Setting

Soot
type

Propane N2 mifuel
xing
(L·min) (L·min)

Oxidation Air
(L·min)

N2
quench
(L·min)

Dilution
Air
(L·min)

FAR
Eq ratio

C:O
ratio

High CBW
OC

0.06

0.25

1.42

7.5

20

1.03

0.31

CBK

0.06

0.00

1.55

7.5

20

0.95

0.28

Low
OC

9.1.2 CCN-activity of soot in ECHAM6.3-HAM2.3
Within ECHAM6.3-HAM2.3 seven log-normal modes for the aerosol particle size distribution are defined. The CCN-activity of each mode is characterized by component specific parameters as well as the particle size distribution within each mode according to
Abdul-Razzakand Ghan (2000). However, the model does not contain “soot particle” as
a category but contains BC and POM as separate categories. The two categories BC and
POM together represent the properties of soot with a lesser or higher amount of organic
material. Therefore, they are modified together to represent the change in CCN activity
of soot particles due to heterogeneous ozone oxidation.
So far BC and POM particles are considered to be not CCN-active within ECHAM6.3HAM2.3, unless they are internally mixed with soluble components such as sulfate. The
product of the van’t Hoff factor and the osmotic coefficient describes the solubility
of the particles in water. Since BC and POM particles are considered to be not CCNactive

·

is set to 0. Based on the experimental results we presented, it is possible to

calculate a value of
experiments.
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·

for BC and POM particles, which is then used in the model
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With the eqs. (29),(30) and (31) taken from Abdul-Razzak et al. (1998) the product ·
can be calculated from a defined particle diameter and its activation supersaturation SSact.
The molar mass (MBC/POM) as well as the density (

B / OM )

of BC and POM are the same

as in our model experiments and are given along with other constants in Table 12. We
choose a SSact of 0.3 % and a diameter of 100 nm diameter as reference values (the corresponding tact,ref values are used in the computation of

in the model). To calculate

· , the fraction of CCN-active particle is set to 1, since only CCN-active particles from
our experimental results are considered. The values for

·

are then 0.050 and 0.753

for BC and POM, respectively. Note, within the actual model experiments is not set to
1 but it represents the mass fraction of BC/POM in the externally mixed Aitken mode in
order to calculate the average supersaturation in the externally mixed Aitken mode.
2

A
SSact =
·
√B 3·d

(29)

4·σa/w ·Mw
R·T·ρw

(30)

ν·φ·ϵ·Mw ·ρBC/POM
MBC/POM ·ρw

(31)

A=
B=

3/2

Table 12: parameter and constant for calculation of the CCN-activity of POM and BCparticles
0.072 J·m-2 surface tension of water at 25°C

/

0.018 kg·mol-1 molar mass water

Mw

1000 kg·m-3 density water
R

8.314 J-1·mol·K-1 universal gas constant

T
d
SSact

298.15 K temperature
100 nm reference particle diameter
0.3 % reference SS
1 mass fraction of soluble material

black carbon (BC)
MBC

0.012 kg·mol-1 molar mass of black carbon
2000 kg·m-3 density of black carbon

particulate organic matter (POM)
MPOM

0.180 kg·mol-1 molar mass of particulate organic matter
2000 kg·m-3 density of particulate organic matter
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9.2

Appendix to chapter 4 “Ozone concentration versus
Temperature: Atmospheric aging of soot particles”

Table 13 miniCAST 4200 burner settings used to generated soot aerosol
Set
point

Propane
(mL/min)

N2 mixing
(mL/min)

Oxidation Air
(L/min)

N2
quench
(L/min)

60

250

1.42

7.5

High OC

DiluFueltion Air air ra(L/min)
tio
20

1.03

C:O
ratio

0.31

Table 14: Activation times determined in the individual temperature sensitivity experiments.
CBW tact (200 ppb)
SSact/%
5 / °C

15 / °C

20 / °C

35 / °C

1.4

216

114

89

40

1.2

291

155

123

56

1.0

413

214

173

78

0.8

621

330

266

118

0.6

-

531

435

211

0.4

-

-

757

439

0.3

-

-

-

732
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Table 15 List of activation energies determined through various mechanisms of study as
presented in the literature.
EA / kJ·mol-1 (SD)

Mechanism of study

Our data

38.5 (1.0)

CCN activation of CBW

(Kamm et al., 1999)

46 (10)

regeneration of soot surface by reactive O3-uptake or decomposition of O3

(Stephens et al., 1986) 44 (4.6)

gasification of candle soot with O3

(Lee et al., 2009)

66

conversion of physisorbed to chemisorbed O3
on graphite surfaces by ab initio density functional theory

(Kamm et al., 1999)

6 (0.6)

fast initial uptake of O3 on soot

(Lee et al., 2009)

24.2

physisorption of O3 - on graphite layers
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Supplementary material

10.1 Supplement to chapter 2 “Aging aerosol in a well-mixed
continuous-flow tank reactor: An introduction of the
activation time distribution”
Equation (32) shows the 2-modal Taylor dispersion model for the calculation of the RTD
in the PAM and TPOT chamber taken from Lambe et al. (2011).

1

=
2·

·

−

−

·

4·

·

(

)

·
(32)

1

+
2·

·

−

−

·

4·

·

(

)

·

Table 16: Fitting parameter for the RTD of BES-particles in a PAM chamber and TPOT
chamber. The effective dispersion coefficient is a dimensionless number that consist of
the axial diffusion coefficient DL , the flow velocity u and chamber length L

PAMChamber

0.04

29.4 s

0.26

66.6 s

TPOTChamber

0.02

43.9 s

0.11

84.6 s
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Figure 29: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.9

Figure 30: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.5
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Figure 31: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.1.
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10.2 Supplement to chapter 3 “Impact of isolated atmospheric
aging processes on the Cloud Condensation Nucleiactivation of soot particles”

Figure 32: 20-year zonal mean of CCN (left) and CDNC (right) of the reference simulation (REF) (top row) and the change by oxidation of soot particles for two activation times
tact,ref = 10 h (middle row) and tact,ref = 50 h (right row). Hatching indicates statistically not
significant differences at the 95 % significance level.
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List of Figures
Figure 1: Bar chart for radiative forcing (hatched) and ERF (solid) for the period 1750–2011,
Uncertainties (5 to 95 % confidence range) are given for radiative forcing (dotted lines) and ERF
(solid lines). Figure extracted from (Myhre et al., 2013).
12
Figure 2: Structure of soot particles composed of carbonaceous graphite-like nanocrystallites that are
surrounded by carbonaceous material with different structural and chemical properties at the
outer part. Courtesy of D.Ferry and Ph. Parent, CINaM, CNRS, France.

15

Figure 3: Illustration of the life cycle of soot particles emitted into the atmosphere. Three different aging
processes (1 coating, 2 in-cloud cycling and 3 heterogeneous oxidation) are shown.
16
Figure 4: RTD inside the CSTR within steady state (black line) and for different time steps after the
CSTR operation was switched to the flushing regime. The area below the curve is proportional to
the fraction of aerosol particles at a specific residence time. The individual residence time of a
specific particle fraction is indicated by the color coding. The time on the x axis is plotted as
dimensionless time in multiples of the hydrodynamic residence time τCSTR.

26

Figure 5: Residence time distribution (RTD; black curve) for particles in a CSTR with τCSTR = 120 min
in steady state. The area under the black curve represents the total particle number concentration.
Three subsets of this area are highlighted corresponding to the fraction of CCN active particles in
dependence of the respective activation time tact.
31
Figure 6: Calculated change of the activated fraction (AF; blue line, right axis) and particle number
concentration (black line, left axis) throughout filling regime, steady state, and flushing regime
based on a CSTR experiment with τCSTR = 120 min, tact = 180 min, tswitch = 720 min, and an
input particle number concentration of 1000 cm-3. The different operation regimes are indicated
on the top of the figure.
33
Figure 7: (A): The RTD in steady state is shown (black line). The grey shaded area underneath the curve
represents the increasing fraction of activated particles with increasing particle age. (B-D):
Activation time distribution at different particle ages. The total area under the activation time
distribution curve (red line) represents the relative abundance of particles at their specific age,
which is equal to the area covered by the respective red bar in panel A. The red-colored area
represents the fraction of activated particles within the population of this particular particle
age.

36

Figure 8: Global AF response functions inside a CSTR for a uniform aerosol population (blue line) and an
aerosol population with an activation time distribution P(tact) represented by a Gaussian
distribution (red line).

38

Figure 9: Particle number concentration (black crosses, left axis), measured global AF (red crosses, right
axis), and fitted global AF (blue dotted line, right axis) are presented in panel A1 and B1,
respectively. The experimentally determined activation time distributions P(tact) are shown in
panel A2and B2, respectively.
43
Figure 10: Global AF in the PAM and TPOT chamber for tact of 40 and 180 s, respectively.

46

Figure 11: Schematic of the experimental setup
Figure 12: Example of data of the CCN activity (colored crosses, right bottom axis), particle number

54

concentration (black line, left bottom axis), ozone concentration (blue line, left top axis), and RH
(red line, right top axis) as a function of experimental duration (bottom axis). The crosses
presenting the CCN activity are color coded by the supersaturation as indicated in the color scale
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on the right. The labels: A (bypass), B (filling), C (bypass), and D (flushing) indicate specific
periods within the experiment.
58
Figure 13: RTD inside the aerosol chamber run in CSTR mode within steady state (black line). The area
below the curve is proportional to the fraction of aerosol particles at a specific residence time.
The individual residence time of a specific particle fraction is indicated by the color-coding. The
time on the x-axis is plotted as dimensionless time in multiples of the hydrodynamic residence
time τCSTR. (Figure taken from Friebel and Mensah, (2019))

63

Figure 14: tact (left axis) and O3-exposure (right axis) vs. theoretical (blue cross) and experimental (red
markers) activation supersaturation SSact for the experiment from 05.08.2016 with CBW and
ozone (200 ppb). The vertical bars represent the total error for tact of ± 12 min, which originates
from the instrumental errors of the CPC and CCNC. The horizontal bars show the 5 %
uncertainty in the SS of the CCNC (Rose et al., 2008).
66
Figure 15: 20-year mean vertically integrated cloud condensation nuclei (CCN; left column figures a,c,e)
and cloud droplet number concentration (CDNC; right column; figures b,d,f) burden of the
reference simulation (REF; top row; figures a,b) and the change due to heterogeneous ozone
oxidation of soot particles for two activation times tact,ref = 10 h (middle row; c,d) and
tact,ref = 50 h (bottom row; e,f). Blue colors indicate a reduction and red colors indicate an
increase in the respective parameter. Note, for better perceptibility of the important features,
hatching indicates statistical none-significance (< 95 %).
74
Figure 16: Schematic of the experimental setup showing the soot particle production and modification
(left), the aerosol chamber (center), and the suit of analysis instruments (right, CCNC; Cloud
condensation nuclei counter, SMPS; Scanning mobility particle sizer, AMS; Aerosol mass
spectrometer, CPMA; Centrifugal particle mass analyzer, HINC; Horizontal ice nucleation
chamber).
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Figure 17: Residence time distribution (RTD; black curve) for particles in the aerosol chamber in steady
state with

= 120 min. The area under the black curve represents the total particle number

concentration. Three subsets of this area are highlighted corresponding to the fraction of CCN
active particles in dependence of tact (Figure taken from Friebel and Mensah (2019).
86
Figure 18: Impact of O3-concentration (bottom axis) on the activation time (t act; left axis) of 100 nm
organic-rich soot particles (CastBrown; CBW) at 25 °C and RH below 5 %. The atmospherically
relevant range is highlighted in the inset. Different supersaturations are indicated by color. The
horizontal error bars represent the 90 % IPR of the measured O3-concentration. The vertical error
bars represent the instrumental uncertainty in tact of ±12 min.
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Figure 19: Presentation of CCN activity of soot particles from different sources. SSact and SScrit,
respectively, is plotted as a function of O 3-exposure (bottom axis). The top axis shows the
equivalent atmospheric age for an average atmospheric O3-concentration of 35 ppb. The color
indicates the particle diameter according to the color bar (right top). Experimental results
obtained from the work presented herein are presented separately for each experiment conducted
at a specific O3-concentration (25 ppb: circle à 200 ppb: pentagon; 100 nm; full dataset
presented in Table 7). Diagonal crosses: CBK particles (100 nm, 200 ppb O3, 0 – 12 h; Friebel et
al., 2019). Star: ethylene soot particles (222 nm, 20.000 ppb O3, 100 s; Lambe et al., 2015).
Vertical cross: CBK particles (same as Friebel et al. (2019)), 200 nm, 1 h, 2.000 ppb O3, no
CCN-activity between 0.2 and 1.0%; Friedman et al., 2011). Hourglass: GfG particles
(increasing diameter (50 à 142 nm), 250 to 40 ppb O3, 0 to 20 h; Kotzick et al., 1999). Bowtie:
GfG soot coated with BaP particles (increasing diameter (50 à 77 nm), 250 to 40 ppb O3, 0 to
5 h; Kotzick et al., 1999). Triangle: kerosene soot particles (150 nm, 1200 to 0 ppb O3, 0 to 2 h;
Grimonprez et al., 2018).
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Figure 20: Reaction rate (r, left axis) as a function of O3-concentration (bottom axis in ppb, top axis in
molec·cm-3) for different SSact (crosses; color-coded). The solid lines are curve fits obtained by
applying the Langmuir-type reaction kinetic. (eq.(27)).
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Figure 21: Surface coverage (left axis) and particle diameter (right axis) as a function of O 3concentration. The Langmuir-isotherm (solid blue line, left axis) obtained from CCNmeasurements is overlaid by the evolution of the particle diameter (turquoise data, right axis) due
to adsorption of O3. The error bars represent the 90 % IPR of the measured particle diameter and
O3-concentration, respectively.
96
Figure 22: Surface coverage (left) vs O3 concentration (top in molec.cm-3, bottom in ppb) for different Keq
values taken from Han et al. (2016; dotted line), Pöschl et al. (2001; dashed line) and the study
presented herein (solid line).
Figure 23: tact (left axis) as a function of reaction temperature (bottom axis °C; top axis K) and SSact
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(indicated by color). The horizontal error bars represent the 90 % IPR of the temperature
measured inside the aerosol chamber. The vertical error bars represent the instrumental
uncertainty in tact of ±12 min.
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Figure 24: Arrhenius plot for the CCN-activation data at four different SSact ranging from 1.4 % (red) to
0.8 % (green). The logarithm of k (ln(k)) is plotted as a function of the inverse temperature (T -1).
The fit parameters of the linear regressions are presented in Table 9.
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Figure 25: Graphical illustration of the aging process of a soot particle (black sphere) with A) α-pinene
and ozone (left) and B) ozone only (right). Green dots symbolize α-pinene molecules and blue
dots symbolize ozone molecules. Turquoise dots and areas symbolize various potential oxidation
products. The evolution of the CCN activity due to the individual aging processes is indicated
below.
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Figure 26: TEM image of 100 nm CBW soot particles at 80.000x magnification. (A) freshly produced and
non-oxidized soot particle, (B) particle aged with α-pinene and 200 ppb ozone after approx.
16 h.
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Figure 27: Graphical illustration of the coating of a soot particle (black sphere) by sulphuric acid (orange
dots) and change in CCN activity of the particle due to the coating.
112
Figure 28: DRIFTS result of fresh CBW particles (black line) and particles aged at 200 ppb ozone but at
three different temperatures (green line 15 °C, light blue line 25 °C, dark blue line 35 °C). In
addition, the spectrum of the clean filter is shown (grey line).
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Figure 29: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.9

135

Figure 30: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.5
Figure 31: Calculation of tact inside the PAM and TPOT chamber for a global AF = 0.1.
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Figure 32: 20-year zonal mean of CCN (left) and CDNC (right) of the reference simulation (REF) (top
row) and the change by oxidation of soot particles for two activation times tact,ref = 10 h (middle
row) and tact,ref = 50 h (right row). Hatching indicates statistically not significant differences at
the 95 % significance level.
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