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Zusammenfassung

Atmosphärische Aerosole spielen in vielen Umweltprozessen eine wichtige Rolle
und beeinflussen dabei die menschliche Gesundheit und das Klima. In vie-
len Gebieten ist der organische Anteil des atmosphärischen Aerosols sehr hoch
und beeinflusst dadurch die Eigenschaften der Aerosole. Auf Grund der großen
Vielfalt von unterschiedlichen organischen Verbindungen, die in atmosphärischen
Aerosolen enthalten sind, ist eine detailliert chemische Charakterisierung von
Umgebungsaerosol entscheidend um Bildungsprozesse, Zusammensetzung und
Eigenschaften der atmosphärischen Aerosole verstehen zu können. Jedoch sind
derzeitige Analysemethoden noch unzureichend um eine vollständige Speziation
von organischen Aerosolen zu ermöglichen und weisen zudem meistens lange
Probennahmezeiten auf. Während der Probennahme und der Lagerung von
Aerosolproben sind offline Probenahmemethoden Artefakteinflüssen unterworfen.
In der vorliegenden Arbeit wurde eine neue Methode zur substanzspezifischen
online Messung mit hoher Zeitauflösung entwickelt. Das Aerosol Collection Mod-
ule (ACM) ist ein neues wissenschaftliches Messinstrument, mit welchem atmo-
sphärische Aerosole gesammelt und transferiert werden können. Das System ist
mit einer aerodynamischen Linse ausgestattet, welches Partikel in einen Strahl
fokussiert. Dieser Partikelstrahl wird auf eine gekühlte Sammeloberfläche geleitet.
Nach der Probennahme werden die Aerosole von der Sammeloberfläche mittels
Erhitzen verdampft und in einen Detektor geleitet.
Für die Charakterisierung im Labor wurde der ACM mit einem System aus einem
Gaschromatographen und einem Massenspektrometer (GC-MS) gekoppelt. Die
Sammeleffizienz, die Gastransfereffizienz und die Linearität des ACM-GC-MS
Systems wurden mittels im Labor erzeugten Octadecanaerosolen bestimmt. Es
konnte gezeigt werden, dass das ACM-GC-MS System linear über einen Massen-
bereich von 2 bis 100 ng ist und das die Wiederfindungsrate für Octadecanaerosole
100% betrug.
Der Schwerpunkt eines Experiments, welches an der Jülicher Aerosolkammer
durchgeführt wurde, lag auf der Charakterisierung von sekundärem organischem
Aerosol (SOA) welches durch die Oxidation von β-Pinen gebildet wurde. Das
durch die β-Pinen Ozonolyse gebildete SOA wurde erfolgreich mit dem ACM-
GC-MS System gemessen. Nopinon, Myrtanal, Myrtenol, 1-Hydroxynopinon, 3-
Oxonopinon, 3,7-Dihydroxynopinon, und Bicyclo[3,1,1]hept-3-ene-2-one konnten
als Produkte der β-Pinen Ozonolyse identifiziert werden. Für Nopinon, welches
eines der Hauptprodukte der β-Pinen Oxidation ist, wurde der Verteilungskoef-
fizient bestimmt. Der Verteilungskoeffizient wurde im Mittel bestimmt zu 7.75×
10−5 ± 1.9 × 10−5 m3 g−1, was zwischen den Erwartungswerten von 2.4 × 10−7

m3 g−1 und 7.6 × 10−4 m3 g−1 von Modelstudien liegt.
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In weiterführenden Untersuchungen sollte der ACM zum Messen von Umge-
bungsaerosol eingesetzt werden und es sollten die weiteren analytischen Möglichkeiten
des ACM durch Kopplung an verschiedene Gasphasendetektoren untersucht wer-
den.
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Abstract

Atmospheric aerosols play an important role in many environmental processes,
affecting human health and global climate. In many environments organic matter
significantly contributes to the composition of atmospheric aerosols influencing its
properties. Due to the huge variety of organic compounds present in atmospheric
aerosol detailed chemical characterization of ambient aerosols is critical in order
to understand the formation process, composition, and properties of aerosols in
the atmosphere. However, current analytical methods are far from full speciation
of organic aerosols and often require long sampling times. Offline methods are
also subjected to artifacts during aerosol collection and storage.
In the present work a new technique for online compound specific measurements
with a high time resolution was developed. The Aerosol Collection Module
(ACM) is a new scientific instrument designed to sample and transfer atmospheric
aerosols. The system consists of an aerodynamic lens system which focuses par-
ticles into a beam. The beam is directed to a cooled sampling surface. After
collection the aerosol sample is evaporated from the collection surface through
heating and transferred to a detector.
For laboratory characterization the ACM was interfaced with a Gas Chromato-
graph Mass Spectrometer system (GC-MS). The particle collection efficiency, gas
phase transfer efficiency, and linearity of the ACM-GC-MS was determined using
laboratory generated octadecane aerosols. It could be proven that the ACM-GC-
MS is linear over a mass range of 2 to 100 ng and that the ACM-GC-MS had a
recovery rate of 100% for octadecane aerosols.
An experiment carried out at the Jülich aerosol chamber focused on the char-
acterization of secondary organic aerosols (SOA) formed from β-pinene oxida-
tion. SOA formed by the ozone oxidation of β-pinene was successfully measured
with the ACM-GC-MS. Nopinone, myrtanal, myrtenol, 1-hydroxynopinone, 3-
oxonopinone, 3,7-dihydroxynopinone, and bicyclo[3,1,1]hept-3-ene-2-one could be
identified as products of the β-pinene ozonolysis. For nopinone, one of the major
oxidation products, the partitioning coefficient was determined. It was found to
be on average 7.75× 10−5 ± 1.9× 10−5 m3 g−1 which is between model estimates
of 2.4 × 10−7 m3 g−1 and 7.6 × 10−4 m3 g−1.
In future studies the ACM should be applied to measure ambient aerosol and to
further explore the analytical potential of the ACM by coupling it to different
gas phase detectors.
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1. Introduction

1.1 Organic Compounds in the Atmosphere

Organic compounds enter the atmosphere through a variety of processes such

as combustion processes, biomass burning and the use of fossil fuel. Also bio-

genic sources, mainly vegetation in marine and terrestrial environments, emit

large quantities of non-methane organic compounds into the atmosphere. These

biologically emitted volatile organic compounds (VOC) include isoprene (C5H8),

monoterpenes (C10H16) (e.g. α-pinene,β-pinene, limonene, cis-ocimene,3-carene),

sesquiterpenes (e.g. β-caryophyllene, longifolene, α-humulene), oxygenated VOC

(e.g. acetone, camphor, linalool), reactive VOC and other VOC (Guenther et al.,

1995). The global emission of biogenic non-methane VOC is estimated to be 1150

Tg C/yr (Guenther et al., 1995) which is an order of magnitude larger than the

estimated emission of anthropogenic VOC of 109 Tg C/yr (Penner et al., 2001).

However large uncertainties exist for these estimates.

The number of organic compounds actually present in the atmosphere is unknown.

Goldstein and Galbally (2007) estimated that 1× 104 to 1× 105 different organic

compounds have been measured until now in the atmosphere. They also esti-

mated for alkanes with 10 carbon atoms that there are over 100 possible isomers

increasing the C10 organic species to over 1× 106 individual organic compounds

which can occur in the atmosphere covering a wide range of polarities, volatilities

and masses.

Biogenic VOC are important for the tropospheric chemistry due to their high re-

activity with atmospheric oxidants such as ozone (O3), hydroxyl (OH) and nitrate

(NO3) radicals. Their oxidation lead to a variety of oxidation products of differ-

ent volatilities and reactivities. In the presence of NO oxidation of VOC can also

lead to formation of ozone (Atkinson and Arey, 2003). Due to a typically high

vapor pressures most organic compounds emitted to the atmosphere are gaseous.

As oxidation proceeds the vapor pressure of the oxidation products decreases

with increasing polarity. The oxidation products can condense on existing atmo-

spheric aerosols or lead to the formation of new particles. Partitioning between
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CHAPTER 1. INTRODUCTION

the gas phase and the aerosol phases in the atmosphere depends on the liquid-

or solid-phase vapor pressure of the compounds. In general, compounds with a

vapor pressure of > 0.1 hPa at ambient temperature are in the gas phase. If their

vapor pressure is between 0.1 hPa and 1×10−7 hPa they will be semivolatile and

for vapor pressures below this liquid or solid particles (Goldstein and Galbally,

2007).

1.2 Atmospheric Aerosols

Aerosols are defined as a suspension of solid or liquid particles suspended in a gas.

Therefore the term aerosol or aerosol component usually refers to both the aerosol

particles phase and the aerosol gas phase. However in atmospheric research the

term aerosol is often used in describing the particulate phase (the condensed

phase) only. On this note the terms aerosol and particle are interchangeable.

Only when gas-particle interactions are considered it is explicitly distinguished

between the particle components and the gas phase components. In this work

both terms aerosol and particle will be used referring to the particulate phase

when gas-particle phase interactions are not considered.

Aerosol sizes typically range from 10−9 m to 10−4 m. The formation of aerosols is

a complex process. It includes direct emission of primary particles and the forma-

tion of secondary particles from gas phase oxidation of aerosol precursors and gas-

particle partitioning. Primary aerosols are directly emitted into the atmosphere

by combustion processes such as biomass burning, and vehicle emissions or by

wind-driven processes such as the resuspension of dust and sea salt. Secondary

aerosols are formed from oxidation products of gas phase compounds that are

directly emitted into the atmosphere. The resulting oxidized compounds, which

are less volatile, can form new particles or condense of existing particle surfaces.

A common example is the oxidation of gas phase organic compounds resulting

in less volatile organic products which can form the so called secondary organic

aerosols (SOA) (Seinfeld and Pandis, 1998).

Atmospheric aerosols are subjected to a variety of chemical and physical pro-

cesses. They are normally separated into different classes according to their size

related to their formation process. Ambient particles normally occupy one of four

modes. Figure 1.1 shows the relevant processes affecting atmospheric aerosols in-

cluding the main loss processes for aerosols. Aerosols in the coarse mode (> 2 m)

are usually produced by mechanical processes such as grinding, sea spray, dust

and eroded material suspended in the air by wind. As these particles are large

sedimentation is the main loss process. The accumulation mode includes particles
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Figure 1.1: Aerosol size distribution. Taken from Finlayson-Pitts and Pitts
(2000). Shown is the typical four mode size distribution with the formation and
loss processes for each mode. The solid lines represents the original hypothesis
of Whitby and Sverdrup (1980). The dashed lines include the ultra fine particle
mode in the aerosol size distribution.

of diameters between 0.1 and 1 m. These particles are mainly from condensa-

tion of vapors with low volatility and from coagulation of smaller particles. The

Aitken mode includes particles of diameters between 0.01 and 0.1 m. These

particles arise from the growth or coagulation of smaller particles and are also

produced in combustion sources such as vehicle exhausts. Particles smaller than

0.01 m are known as ultrafine particles. These are formed through nucleation

processes directly from gas phase species such as sulphuric acid (Kulmala et al.,

2004). Loss processes for all aerosols are the dry and wet deposition. Dry depo-

sition occurs after transport of the aerosols due to impaction or diffusion of the

aerosols onto surfaces. Wet deposition describes the process of the aerosol loss
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Figure 1.2: Composition of PM1 aerosol determined from AMS measurements.
Type of sampling location is indicated as following: urban areas (blue), <100
miles downwind of major cities (black), rural/remote areas >100 miles downwind
(pink). Pie charts show the average mass concentration and chemical composi-
tion: organics (green), sulfate (red), nitrate (blue), ammonium (orange), chloride
(purple). Taken from Zhang et al. (2007).

through rain or other forms of precipitation.

The chemical composition of atmospheric aerosols significantly varies depend-

ing on their sources. In Figure 1.2 composition of non-refractory submicron

particle (PM1) mass measured with the Aerosol Mass Spectrometer (AMS) is

shown (Zhang et al., 2007). Organic matter is a major constituent of atmo-

spheric aerosols, comprising 18-70% of the PM1. The rest of the organic aerosols

consists of sulfate (10-67%), nitrate (1.2-28%), ammonium (6.9-19%), and chlo-

ride (<detection limit-4.8%). This shows that most of the atmospheric aerosols

are a mixture of organic compounds and sulfate. However the actual chemical

composition of the organic fraction in aerosols is complex, and largely unknown.

In Figure 1.3 chemical speciation of organic aerosol in California by Rogge et al.

(1993) is shown. Only about 15% of the organic fraction could be identified in this

study. However the knowledge of the chemical composition in organic aerosols is

important. Both the size of the aerosols and also the chemical composition of the

aerosols determines its properties and impact regarding global climate, aerosol

chemistry and human health.

Aerosols in the atmosphere can directly influence the climate by scattering and

absorbing solar and terrestrial radiation, the so called aerosol direct radiative

forcing. In the current IPCC report the total direct climate forcing from aerosol
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Figure 1.3: Speciation results for organic aerosol in Southern California. Taken
from NARSTO Assessment report 2003, originally by Rogge et al. (1993).

is estimated to be 0.50±0.40 Wm2 (Forster et al., 2007).

Aerosols also indirectly effect earths radiative energy budget by acting as cloud

condensation nuclei (CCN) and/or ice nulei (IC). Their chemical composition,

size, and mixing state have an impact on formation, lifetime and optical prop-

erties (albedo) of the clouds. The cloud albedo radiative forcing estimate lies in

the range of 0.3 to 1.8 Wm2 (Forster et al., 2007).

Aerosol particulate matter, especially the fine particulate matter smaller than

100 nm, can deposit in the human respiratory system and directly enter the

blood stream. Fine particulate matter has been implicated in heart and lung dis-

eases, allergies, and increased mortality (Pöschl, 2005; Pope, 2007). The health

effects are dependent on both exposure concentrations and length of exposure

(Pope, 2007).

1.3 Formation of Secondary Organic Aerosols

Recent studies indicated that SOA is a major fraction of total organic aerosol

in the atmosphere. SOA can be more than 50% of the total organic aerosol and

regionally up to 90% (Kanakidou et al., 2005). However current model under-

21



CHAPTER 1. INTRODUCTION

Figure 1.4: Schematic of SOA formation from VOC oxidation. Taken from Sein-
feld and Pankow (2003).

estimate the abundance of organic aerosols by factor of 10 to 100 in the free

troposphere (Heald et al., 2005; Volkamer et al., 2006; Goldstein and Galbally,

2007). Goldstein and Galbally (2007) suggested that this deviations are either due

to higher SOA yields than expected from previous studies or due to unmeasured

precursors which are more important for the SOA formation than the measured

compounds. This indicates that the chemistry of atmospheric SOA formation is

incompletely understood till now.

SOA is formed by the oxidation of both anthropogenic and biogenic volatile

organic compounds (VOC) through ozone, hydroxyl radicals, or nitrate radicals.

The relevant processes for SOA formation are schematically shown in Figure 1.4.

The oxidation products formed have a lower volatility than the precursor com-

pound due to the addition of oxygen and/or nitrogen to the organic molecules

(Odum et al., 1996; Seinfeld and Pankow, 2003). Condensation will occur when

the gas phase pressure of the compound exceeds its vapor saturation pressure.

The condensation yield of this compound increases proportional to further in-

crease in its production. The compound concentration in the gas phase will be

constant and is equal to its saturation vapor pressure. The total concentration

of a the product i can be calculated considering the precursor concentration as
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follows (Seinfeld and Pandis, 1998):

ct,i = ai
Mi

MROG

ΔROG (1.1)

ct,i = total concentration of product i [μgm−3]

ai = molar yield of product i [1]

Mi = molecular weight of product i [gmol−1]

MROG = molecular weight of parent compound [gmol−1]

ΔROG = reacted precursor concentration [μgm−3]

This calculation is valid if this system describes only one compound/product and

if no pre existing organic aerosols are present because most particles can adsorb

vapor molecules on their surfaces. The partitioning of a compound between the

gas and the aerosol phase is described by a partitioning coefficient (Pankow,

1994a):

Kp,i =
Fi

AiTSP
(1.2)

Kp,i = equilibrium partitioning coefficient [m3

μg
]

Fi = concentration in the aerosol phase [μgm−3]

Ai = concentration in the gas phase of species i [μgm−3]

TSP = total suspended particulate matter concentration [μgm−3]

This equation shows that the amount of the compound adsorbed onto the particle

(or absorbed into the particle) depends on the total amount of particulate matter

present. If the total aerosol mass increase more of the organic compound will be

in the particulate phase due to the fact that a greater surface and volume of the

particulate matter is available.

1.4 Measurement of Chemical Composition of

Organic Aerosols

Numerous techniques for the analysis of the chemical composition of organic

aerosols (OA) exist. The complexity of OA and SOA due to the sheer number

of individual compounds present (Goldstein and Galbally, 2007) is a major ob-

stacle in the complete speciation of OA. The following chapter will give a brief

overview over the most common analytical techniques for OA speciation. For a

23



CHAPTER 1. INTRODUCTION

complete overview it is revered to a number of reviews published in the last years

(McMurry, 2000; Rudich et al., 2007)

The most common methods of chemical speciation are filter-based techniques

where particles are collected on quartz fiber filters or teflon filter. After sampling

the filter content is analyzed in the laboratory using standard analytical proce-

dures. This include solvent extraction, supercritical fluid extraction or thermal

desorption of the filter samples. Pre-treatment of the filters, such as derivatiza-

tion, can be used to increase the range of measurable compounds. Subsequent

analysis with analytical techniques, such as gas chromatography coupled to mass

spectrometry (GC-MS, most widely used) and liquid chromatography coupled to

MS (LC-MS) (especially for polar compounds) will lead to the molecular char-

acterization of the OA. Recent studies showed improvements of the resolution

of such techniques by using two-dimensional GC coupled to time-of-flight (TOF)

MS (Hamilton et al., 2004). The high quantities needed for laboratory analysis of

filter samples often require sampling for several hours or days. In a recent study

an improved system with 1 h time resolution with subsequent GC-MS analysis

has been presented by Williams et al. (2006).

Off-line time integrating bulk measurements are often subjected to positive and

negative sampling artifacts, such as loss of compounds due to volatilization, gas

phase adsorption and reactions during collection that can alter the sample (Turpin

et al., 2000). Thus, uncertainties exist as to how representative these samples are

for the atmospheric aerosol composition.

The type of sampling described before have limitations regarding the spatial and

temporal sampling densities. Therefore an important focus lies today on the

on-line measurements of aerosol chemistry in real time with a high time resolu-

tion. Two main type of online techniques are used, the aerosol mass spectrometry

(AMS) and the particle-into-liquid sampling (PILS). Aerosol particles which are

introduced into the PILS instrument are grown to large sizes in a supersaturated

environment. They impact onto a surface which is continuously flooded with wa-

ter. The water is then periodically analyzed using Ion Chromatography with a

time resolution of several minutes. The general principle of the AMS involves that

airborne aerosols are introduced into the instrument with subsequently vaporiza-

tion and ionization of the aerosol components followed by MS detection. The

AMS technique has has proven to be most useful in the investigation of organic

aerosol in real time. Further details on the AMS will be presented in chapter 2.6.
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1.5 Objectives of this work

Within the present work a new technique for online compound specific measure-

ments with a high time resolution was developed: the Aerosol Collection Module

(ACM). The ACM is designed to sample and transfer atmospheric aerosol to a gas

phase detector through thermal desorption. This technique was applied during an

aerosol chamber simulation experiment which focused on studying the formation

of SOA from the β-pinene ozonolysis.

The first part of this work comprises the technical description and the laboratory

characterization of the ACM. The aim was to determine the particle collection

efficiency, gas phase transfer efficiency, and linearity of the ACM interfaces with

a GC-MS system. This characterization requires the simultaneous measurement

of the test aerosol with an independent measurement which was realized using a

Scanning Mobility Particle Sizer (SMPS).

The second part of this work comprises the analysis of SOA from the ozone oxida-

tion of β-pinene. The focus of this study was on the analysis of the aerosol phase

and the partitioning of nopinone between the gas and particulate phase using the

new technique of the ACM-GC-MS and additional measurements of PTR-ToF-

MS, AMS and SMPS and filter samples. The ACM-GC-MS measurements of

nopinone were compared to the results of the filter measurements thereby com-

paring the new online technique with the common offline technique. The further

analysis of the aerosol phase included the identification of β-pinene ozonolysis

products and their temporal evolution during the experiment.
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2. Instrument Descriptions

This chapter contains the technical description of the Aerosol Collection Module

set up (ACM), and of the detectors coupled to the ACM. In the first part the

measuring principle and the overall setup of the ACM will be presented. Each

part of the ACM will be described in detail. In the second part two types of

detectors for gas phase VOC will be briefly described and the coupling with the

ACM is presented. In the last part of this chapter filter sampling, the aerosol

mass spectrometer (AMS) and the scanning mobility particle sizer (SMPS) are

presented. These instruments measure particles with different approaches and

were used for simultaneous measurement of organic aerosol in the aerosol chamber

experiment in parallel with the ACM.

2.1 The Aerosol Collection Module

2.1.1 Overview and Measuring Principle

The ACM is designed to sample atmospheric aerosol and transfer the preconcen-

trated aerosol to a detector. In practice, sampling is achieved in an evacuated

environment on a small collection surface. Aerosols are thermally desorbed by

heating the surface. The evaporated aerosols are transferred by a carrier gas

through a transfer section and injected into a gas phase detector. A schematic of

the ACM is shown in Figure 2.1.

The ACM consists of three main sections: an aerosol focusing and sampling sec-

tion, a particle collection section and a transfer section. In the first section an

atmospheric air sample is drawn into the ACM through the particle inlet. The

aerosol particles are focused into a narrow beam inside the aerodynamic lens and

pass through the vacuum chamber. The particle beam is directed to the cooled

collector where the aerosols impact onto a small sampling surface. After the

sampling is completed the sampling valve closes and the collector is heated. The

aerosols are desorbed from the collection surface. At the same time the carrier gas
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Figure 2.1: Schematic of the ACM instrument. The ACM is composed of three
main sections: the aerosol sampling section consisting of the aerodynamic lens and
the vacuum system, the aerosol collection section including the collector and the
cooling/heating system and the aerosol transfer section which contains the valve
system and the transfer line.

is introduced into the collector flushing the evaporated aerosols into the transfer

section. The sample passes through the adjacent valve system and the transfer

line. A gas phase detector for analysis of the vapors is connected to the transfer

line. A detailed description of each of the sections is presented in the following.

2.1.2 Aerosol Sampling

The aerosol sampling section consists of two parts, an aerodynamic lens sys-

tem (Liu et al., 1995a,b) which is coupled to the vacuum system. A particle

beam is produced by the expansion of aerosol through a nozzle at the exit of the

aerodynamic lens into the vacuum system. The aerosols are accelerated by this

expansion. Behind the nozzle the gas phase of the aerosol expands rapidly while

the particles continue in their motion due to their inertia. Thus the gas phase

can be pumped off and the particles are concentrated relative to the gas phase

by a factor of ∼ 107.
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Aerodynamic lens

The aerodynamic lens system consists of six orifice lenses ranging from 5 mm

diameter at the entrance of the lens to 3 mm diameter at the exit (Jayne et al.,

2000). The lenses are mounted inside a stainless steel tubing of 12.7 mm outer

diameter and a length of 178 mm. The pressure inside the lens is approximately

2.6 hPa. When the particle laden gas passes through one of this lenses the

particle trajectories are forced closer to the centerline. After passing all lenses

the particles are confined very close to the axis at the entrance of the nozzle.

Particles close to the axis experience small radial drag forces and stay close to

the centerline after passing the nozzle. A narrow particle beam is formed which

passes through the vacuum system. However due to the Brownian motion of

the particles the narrowness of the beam is limited. Additionally non-spherical

particles can experience lateral forces after the nozzle expansion. The lens focus

the particle into a narrow beam which is smaller than 1 mm in diameter.

The pressure is held constant by the use of a critical orifice with a diameter of

100 m at the entrance to the aerodynamic lens inlet. Due to the orifice the

sampling flow is kept constant at 80 ml/min. The particle transmission efficiency

for particles in the size range between 70 and 500 nm in diameter is 100% (Liu

et al., 2007).

Vacuum system

The vacuum system consists of two differentially pumped vacuum chambers which

are separated by a skimmer. A turbomolecular pump (Varian Turbo-V 301 Nav-

igator Pump) with a pumping speed of 250 l/min is used to evacuate the first

vacuum chamber. The pressure in this chamber is maintained below 10-3 hPa

which ensures a constant flow through the aerodynamic lens. The second vac-

uum chamber is pumped with two Varian Turbo-V 81 Pumps with a pumping

speed of 50 l/min. The chamber is maintained at a pressure below 10-5 hPa.

In a differentially pumped vacuum system an additional orifice, known as the

skimmer cone, is necessary. Use of this additional orifice between the vacuum

chambers allow the particle beam to be free from boundary layer or shock wave

interferences. The skimmer cone has a diameter of 2 mm. The turbo pumps of

the vacuum system are backed by a 60 l/min diaphragm pump. It is connected to

the particle inlet and the vacuum chambers and operates such that the particle

inlet pressure is approximately 1.6 hPa. The vacuum system can be separated

from the collector with an automated controlled vacuum isolation valve.
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Figure 2.2: Schematic of ACM collector.

2.1.3 Aerosol Collection

The aerosol collection system of the ACM consists of a collector and a cool-

ing/heating system. A schematic of the collector is shown in Figure 2.2. The

collector is a 316 stainless steel tubing with an inner diameter of 5.3 mm and a

length of 80.8 mm. The tubing is separated into two parts, the collection section

and the heating section, which are completely separated from each other. The

collection section is connected to the vacuum isolation valve and is 50 mm long.

After 43 mm the tubing tapers for 7 mm and ends at the collection surface which

is approximately 3.4 mm in diameter. The aerosol sampling system is aligned in

such a way that the focused particle beam passing the vacuum isolation valve is

directed to the center of the sampling surface. The collector is chemically pas-

sivated with an Inertium� coating (Advanced Materials Components Express,

Lemont, PA). Two additional 1/16" tubings are connected to the collection sec-

tion. Both tubings have an outer diameter of 1.6 mm and an inner diameter

of 1 mm and are chemically passivated with Silcosteel� (SilcoTek, Bellefonte,

PA). The first tube is located between the vacuum isolation valve and the col-

lection surface. It introduces a carrier gas into the collector. The second tube

is located directly below the sampling surface and connects the collector with

the transfer section. This connection is additionally heated using a heat tape

which is wrapped around the tubing. The temperature of the heat tape is con-

trolled through a electrical power controller and measured with a thermocouple
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connected outside of the tubing.

During sampling the collector can be cooled with liquid nitrogen. A liquid nitro-

gen container is connected to the stainless steel tubing which ends closely under

the collector. The amount of liquid nitrogen which is sprayed towards the collec-

tor is controlled through automated opening and closing of a solenoid valve. The

temperature achieved by this cooling mechanism is approximately -60 ◦C.

On the back of the collector is a bore hole which can hold a cartridge heater.

The bore hole has an inner diameter of 5.3 mm. The cartridge heater can be

completely inserted into the hole so that the tip of the heater is centered 6.6 mm

behind the collection surface. It can heat the collector to a preset temperature,

and due to its position rapid heating of the collected sample is assured. To con-

trol the cooling and heating procedure a thermocouple is connected outside the

collector at the junction of the collector with the tubing which leads to the trans-

fer section. The thermocouple readout is used by the ACM controller board to

operate the cartridge heater voltage and the opening and closing of the solenoid

valve during the sampling and transfer process. The complete measurement cycle

of the collector and transfer system is presented in chapter 2.1.4.

2.1.4 Aerosol Transfer

In this section the transfer of the desorbed particles through the valve array and

the transfer line is described. Also the different stages of the measurement cycle

regarding the sequence of the valve switching and the temperatures applied to

the system is presented.

Valve system & Transfer Line

The valve system consist of two 4 port valves with 1/16" fittings and 0.75 mm

ports (Valco Instruments Company Inc., Houston, TX) which are controlled by

an microelectric actuator. The valves are connected with the collector and among

each other with 1/16" stainless steel tubings. The length of the tubings for the

different connections vary between 3 cm to 20 cm. The transfer line is also a

60 cm 1/16" tubing which is connected to the valve system at port 4 of valve

2. The valve system is installed inside a thermally isolated box which can be

heated. The temperature of the valve box is controlled via a thermocouple. The

transfer line is constantly heated through a heat tape wrapped around the tubing.

The temperatur of the heat tape is controlled through the ACM controller. Both

valves and the transfer line are chemically passivated with an Inertium� coating.
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The 1/16" tubings are passivated with Silcosteel�. A schematic of the valve

system is shown in Figure 2.3.

The valves have two possible settings: load and inject. When the valves are set

to load port 1 is connected to port 4 and port 2 is connected to port 3. When

the valves switch to inject the connections are between port 1 & 2 and 3 & 4,

respectively. The carrier gas flow through the collector and to the detector is

controlled by the different load/inject status of the valves. In every experiment

and set up presented here the carrier gas is helium 6.0. The helium flow is pressure

regulated at the entrance to the ACM and held constant at 2400 hPa.

Measurement Cycle

The measurement cycle of the ACM consists of three parts: the standby/backflush

mode, the sampling mode, and the desorption/inject mode.

The valve settings for standby/backflush mode are shown in Figure 2.3(a). The

carrier gas enters the ACM and is splitted into two streams. In standby mode

stream one flows through valve 1 to the detector. Independent of the valve set-

tings it is ensured that the detector will be constantly provided with helium which

is a necessity for certain analytic gas detectors such as a gas chromatograph. The

second stream flows through valve 2 into the collector, flushes over the collection

surface, leaves the collector, passes through the two valves and is lead out a vent.

In standby the collector is not actively heated. Due to the surrounding heating

of the valve box and the connection of the collector to the valve system the tem-

perature of the collector in standby mode is approximately 80 ◦C.

A measurement cycle is started by opening of the solenoid valve until the collec-

tor is cooled down by the liquid nitrogen to the desired temperature. As soon

as the collector reaches the programmed temperature valve 2 is switched to the

inject mode. Thereby the collector is separated from the carrier gas. The en-

trance and the exit of the 1/16" tubing of the collector are now connected into

a loop (Figure 2.3(b)). The vacuum isolation valve opens and the collector and

the loop are evacuated. The particle beam is directed to the collection surface

where the aerosol impact upon. The solenoid valve opens and closes as necessary

to ensure a constant cooling of the collector with liquid nitrogen and to maintain

the collection temperature. The transfer valve system and the transfer line are

heated during the whole measurement cycle.

After the sampling is completed the vacuum isolation valve closes and valve 1

is switched to inject. The carrier gas is introduced again into the collector. A

voltage is applied to the cartridge heater and the collector starts to heat up. The

aerosol sample is desorbed from the collection surface. The carrier gas flushes the
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(a) Standby/backflush mode

(b) Sampling mode (c) Desorption/Inject mode

Figure 2.3: Schematic of the transfer valve system. (a) In standby/backflush mode
valve 1 and 2 are set to load and the collector and detector are supplied with the
carrier gas. For cleaning purpose the collector can be heated (backflush mode).
(b) With valve 1 set to load and valve 2 to inject, the ACM is in sampling mode.
The collector is separated from the carrier gas supply and the particle beam is
directed to the collection surface where the aerosol sample is accumulated. During
sampling the collector is cooled with liquid nitrogen. (c) For the desorption/inject
mode both valves are set to inject. The vacuum isolation valve is closed and the
collector heated. The aerosol sample is desorbed from the collection surface and
transferred with the carrier gas stream to the detector.

evaporated aerosols through valve 1 into the transfer line and to the detector. It

is ensured that the path of the desorbed sample through the valve system is as

short as possible to minimize losses during the transfer process. The desorption

mode period lasts at least several minutes to insure that the aerosol sample is

completely transferred to the detector. Test measurements with the ACM cou-

33



CHAPTER 2. INSTRUMENT DESCRIPTIONS

pled to a PTR-MS showed that a test aerosol (heptadecanone) was desorbed at

250 ◦C from the collector and transferred to the detector in approximately 2 min-

utes.

After the desorption is completed valve 1 and 2 are switched back to load. The

ACM enters the cleaning mode called backflush mode. The cartridge heater re-

mains active and as a general rule is set in this stage to a higher temperature than

the desorption temperature previously applied. Due to the higher temperature of

the collector and therefore of the collection surface any residuals of the sampling

are now desorbed and flushed out of the system through the vent passing both

valves. This cleaning of the collector is always performed after each measurement.

The duration of the backflush mode can be set to meet the actual requirements

regarding possible remaining contaminations. After the cleaning is completed the

cartridge heater is powered down and the ACM is again in standby and ready for

the next cycle.

2.2 Detectors

The ACM is coupled to a detector where a direct online analysis of the collected

aerosol samples can be conducted. It is possible to couple the ACM with different

types of analytic gas detectors and thereby address different scientific questions

without changing the type of sampling and further on using the advantage of

online and in-situ analysis of the sample. The type of detector can be chosen in

regard to the specific analytical abilities of the detectors, for example the chem-

ical speciation of a sample using a gas chromatograph (GC) couple with a mass

spectrometer (MS) or the high time resolution of a proton transfer reaction mass

spectrometer (PTR-MS). The first prerequisites is that the detector is capable

of establishing a leak free connection with the ACM transfer line. The second

prerequisites is that the detector depends on the carrier gas feed or at least is

undisturbed in its analytical performance by the carrier gas with which the sample

is introduced into the detector.

2.2.1 Gas Chromatograph - Mass Spectrometer

At first the coupling of the ACM with a combination of a gas chromatograph

(Fisions GC8060) and a quadrupole mass spectrometer (Fisions MD800) (from

now on abbreviated as GC-MS) is presented.

Gas chromatographs are used to separate compounds of mixtures, in this case

the compounds of the vaporized aerosol sample. In general a GC system consist
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Figure 2.4: Schematic of the GC-MS detector. The GC-MS system consists of a
cryo-focusing module and an additional flame ionization detector.

of an injector, a gas chromatographic column which is installed inside a oven,

and a detector. The sample is injected for example by means of a syringe or a

sample loop into a heated injection port where the sample is vaporized into a

flowing gas stream. The inert carrier gas, called the mobile phase, transports the

sample through the column. In case of a capillary column, the column is a tubing

made of fused silica coated with a thin film of liquid, called the stationary phase,

onto the inside of the tubing wall. Separation of the injected mixture occurs

by partitioning between the gas stream and the stationary phase. The chemical

properties of the sample molecules of importance now is their difference in ability

to dissolve in the stationary phase, i.e. their difference in partition between the

mobile and the stationary phase. Those compounds which are more soluble in

the stationary phase are retained the longest. Therefore, a mixture of compounds

can be separated due to differences in the partitioning of each compound between

the two phases. The gas stream which contains the separated compounds is then

passed through a detector. The detector signal is monitored continuously and

measures subsequently the compounds which are eluted from the column.

A schematic of the GC-MS set up used for the experiments described in this

work is shown in Figure 2.4. The GC-MS system consists of a cryofocusing mod-

ule (Tekmar 3000) and an additional flame ionization detector (FID). An Agilent

J&W DB-5ms capillary column with 0.25 mm inner diameter, a film thickness of
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0.25 m and a length of 60 m is installed in the gas chromatograph.

The coupling of the GC to the transfer line of the ACM was accomplished using a

1/16" Swagelok connector. The transfer line was connected with a stainless steel

ferrule on one side of the connector. On the other side the DB-5ms column was

connected to the connector using a graphite ferrule.

The column was pushed through the connector and approximately 5 mm further

into the transfer line. The introduction of the column into the transfer line en-

sures that the possibility of a dead volume between the transfer line and the GC

column is reduced to a minimum.

The connection between the transfer line and the GC column is installed inside

the cryofocusing module (CFM). The cool down of the module is started and

reaches its final temperature during the ACM sampling. The aerosols samples

desorbed from the ACM is refocused at the beginning of the GC column. One

minute after the desorption is completed the CFM is rapidly heated and the sam-

ple is injected into the GC for chromatographic separation.

The electronic signal which starts the injection of the sample into the GC also

starts the data acquisition of the GC-MS system. Compounds eluted from the col-

umn are splitted with a Y-splitter with a constant split ratio of 1:1 to be detected

simultaneously with a Flame Ionization Detector (FID) and a mass selective de-

tector (MS). Thus, a quantitative analysis with FID and an identification with

the MS can be provided for each compound detected with the GC-MS system.

The columns after the split are 30 cm of passivated fused silica columns without

a stationary phase which have no chromatographic separation capabilities. One

split-column is installed into the FID. The FID is a gas chromatographic detector

for volatile hydrocarbons and many carbon containing compounds with a limit

of detection in the picogram range. The FID is used for quantification due to

its wide linear dynamic range that extends over 6 to 7 orders of magnitude (e.g.,

Jorgensen et al., 1990; Goldstein et al., 1995).

The other split-column and the mass spectrometer are connected with a open

split. The open split assures that the two exits of the split-columns are kept at

ambient pressure. Thus the split ratio is constant at 1:1. It also has the benefit

that the retention time of the eluted compounds measured with the FID matches

with the retention time detected in the MS. The quadrupole mass selective de-

tector (MS) is equipped with a 70 eV electron impact (EI) ion source. The MS is

operated in total ion scan mode in the range of 10 to 260 m/z with a scan time

of 1 second for one complete spectrum. The collected full mass spectra are used

for compound identification.

The head pressure of the GC-MS system is predetermined by the constant head

pressure of the ACM which is kept at 2400 hPa (see chapter 2.1.4). The head
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pressure was adjusted with regard to the GC column dimensions and type of

carrier gas. With this adjustment the average linear velocity of the carrier in the

column is ū = 34.3 cm
s

allowing good compound separation conditions. The FID

detector gas flows are 30 mL/min for hydrogen and 300 mL/min for synthetic

air. The open split has a separate gas flow of 2 mL/min of helium.

2.2.2 Proton Transfer Reaction Mass Spectrometer

The ACM can also be coupled to a proton transfer reaction mass spectrometer

(PTR-MS). PTR-MS allows the simultaneous real-time monitoring of volatile or-

ganic compounds (VOC) (Lindinger et al., 1998; de Gouw and Warneke, 2007).

The instrument is divided into three mayor parts: the ion source, the drift tube

and the detector. In the ion source protonated water (H3O
+) is generated from

vapor of distilled water through an electrical discharge. Afterwards the proto-

nated water is injected into the drift tube. Trace gases which enter through the

sample inlet of the drift tube interact with the protonated water. During this

interaction a proton transfers from the hydronium to the trace gas molecule,

which leads to a protonated and therefore ionized molecule and a neutral water

molecule. However, only compounds with a proton affinity that is larger than the

proton affinity of water can be measured with a PTR-MS. Since proton transfer

is a soft ionization method, the fragmentation rates can be kept very low com-

pared to electron impact ionization. The ionized trace gas components are then

detected with a quadrupole mass spectrometer. The PTR-MS is calibrated using

temperature controlled diffusion sources with standard reference compounds.

The coupling of the ACM to the PTR-MS deviates from the GC-MS coupling due

to its special prerequisite for the condition of the the drift tube. The PTR-MS

drift tube requires that inside the drift tube a pressure of 2 to 2.5 hPa is kept

constant. Changes in pressure during the measurement can complicate the in-

terpretation of the PTR-MS data later on. Additionally at high pressure (larger

than 2.5 hPa) the fragmentation rate increases (Tani et al., 2004). Increasing

the pressure in the drift tube significantly in comparison to the optimal opera-

tion conditions can lead to conditions which prevent ionization of the trace gases.

Since we need a high head pressure for the ACM (2400 hPa)to ensure a sufficient

and rapid transfer of the evaporated sample to the detector we need to have a

coupling which reduces the pressure at the entrance of the inlet of the PTR-MS.

This pressure reduction should be as constant as possible.

Under normal operating conditions the drift tube is under the influence of an

electric field (typically 62.5 V cm−1). Therefore it is necessary that the coupling
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Figure 2.5: Schematic of the ACM - PTR-MS coupling.

is electrically insulated from the drift tube.

Also the drift tube can not exceed a certain temperature range. In general the

heated drift tube of the PTR-MS is operated at a maximum temperature of 60 ◦C

however the temperature of the transfer line is about 200 ◦C. One has to make

sure that the temperature drop from the transfer line to the drift tube is large

enough not to overheat the drift tube. On the other hand too large tempera-

ture gradients need to be avoided since they could lead to condensational loss of

semivolatile compounds.

A schematic of the ACM-PTR-MS coupling in shown is Figure 2.5. In contrast

to the ACM-GC-MS coupling, the ACM transfer line can not be linked directly

to the PTR-MS. Due to the limited pressure allowed in the drift tube a stainless

steel capillary with an outer diameter of 1/16" and an inner diameter of 0.005"

was used to couple the transfer line of the ACM with the drift tube inlet. The

transfer line is connected with the capillary through a free dead volume connec-

tor. The other side of the capillary is introduce directly into the L-connector of

the drift tube inlet. A 3 cm long electrically isolating teflon tubing is slipped

over the end of the capillary to separated the electrical potential of the drift tube

from the rest of the system. The length of the capillary (18 cm) was adjusted

such that the pressure in the drift tube is approximately 2 hPa. Fine tuning of

the pressure in the drift tube could be done by changing the ACM carrier gas

head pressure. This will not significantly change the condition for the transfer of

the sample through the ACM. The capillary is encased with an additional copper

tubing to increase the heat conductance. The transfer line and the capillary are

heated by heat tapes and the temperatures are controlled with thermocouples.

The L-connector and the drift tube are heated through a heating system con-

trolled by the PTR-MS system. 2 cm of non heated space between the capillary

and the L-connector is sufficient to achieve a drop in temperature over the length

of the L-connector to ensure not to overheat the drift tube. The temperatures of
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the L-connector and the drift tube are also controlled with thermocouples.

2.3 Instrument Automation and Data Acquisi-

tion

The ACM is a semi-automated system described in the following. The data

acquisition and the data reduction presented are for the GC-MS system. The

characterization and aerosol chamber experiments presented in this work have all

been conducted with the ACM coupled to the GC-MS system.

The measurement cycle of the ACM is completely automated regarding the col-

lection and transfer sections. However, some of the temperatures settings and the

start signal for the cryofocusing module have to be applied manually. The ACM

consists of two control units. The pump controller regulates the speed of turbo

molecular pumps (see details of the vacuum system in chapter 2.1.2). The ACM

controller regulates the temperatures which are applied to the collector (chapter

2.1.3). It also controls the vacuum isolation valve, the solenoid valve and the

different valve positions of the transfer section. The length of the time intervals

for each step of the measurement cycle can be set via the ACM controller. The

temperatures of the valve box and the transfer line (chapter 2.1.4) are controlled

through separated controllers.

The cryofocusing module status is regulated by the Tekmar 6000 control unit. The

cooling of the module and subsequent injection of the sample onto the column

can only be initiated manually. Note that with the start signal for the injection

of the sample into the GC-MS the detectors data acquisitions are started auto-

matically. This guarantees that each run of the GC-MS is comparable to each

other regarding the retention times. The data of the flame ionization detector

is recorded with the APEX data acquisition software and the MS spectra with

MassLab (version 1.4).

2.4 Data Reduction and Compound Identifica-

tion

All chromatograms were baseline corrected. Retention windows were set to re-

gions in the chromatograms which does not contain a chromatographically sepa-

rated peak. Afterwards, a polynomial function was fitted to the baseline of the
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chromatogram:

f(x) = K0 + K1x + K2x2 (2.1)

The fit for the baseline was then subtracted from the chromatogram.

The integration of the chromatograms was done using WaveMetrics Igor Pro (Ver-

sion 6.0.2.4). The peaks in the chromatograms were fitted with a exponentially

modified gaussian function. This function is a convolution of a gaussian peak

with an exponential decay and often used for the deconvolution or smoothing of

chromatographic peaks (Li, 2002). The analytical expression of the function is:

f(c, σ, t) = c · exp(−ct +
σ2c2

2
) · g(

t

σ
− σc) (2.2)

g(t) = Γ(0.5, 0.5t2)

c = exponential decay constant

σ = standard deviation

t = Retention time

It is possible to deconvolute chromatographic peaks which are not baseline sep-

arated. The Igor procedure applies a separate fit function to each peak. The

parameters of each fit function are adjusted such that the the combination of the

calculated fit functions represents the measured data points. Residuals of the fit

results can be plotted to verify the quality of the fitting procedure and the area

under the fit for each chromatographic peak is calculated.

The identification of compounds with the MS was done by matching the mass

spectra of resolved peaks with the content of the NIST (National Institute of

Standards and Technology) Mass Spectral Library and with mass spectra ob-

tained from direct injection of single compounds into the GC-MS system. In the

MassLab program retention time windows can be set for the chromatographically

separated peaks. The mass spectra in the retention time windows are averaged.

These mass spectra are then corrected by subtracting the averaged background

which is adjacent to the retention time windows. These mass spectra are then

used for the comparison to the standard mass spectra mentioned earlier.

2.5 Filter measurements

Filter measurements is a off-line method to sample and analyze aerosol. In this

work filter samples were taken during the aerosol chamber experiment (see chap-

ter 4). Filter samples were always taken with two filter holders connected in
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series, the so called front filter holder and back filter holder. During sampling

both filter holders were equipped with the same type of quartz fiber filters. The

front filter essentially collects 100% of the aerosols while the back filter is only

exposed to the gas phase compounds some of which adsorb onto the back filter

(Turpin et al., 2000). The measurements of the back filter was afterwards used

to correct the amount measured on the front filter for each compound.

For compound specific measurements of the aerosol samples collected on the filters

a gas chromatograph coupled to a isotope ratio mass spectrometer (GC-IRMS)

was used. The instrumentation used in this work was an Agilent 6890 (1530A)

GC coupled to an Isoprime IRMS (GV Instruments, Manchester). The GC was

equipped with two fused silica columns, a Rtx-1 (Restek Corporation, Bad Hom-

burg) and a BP624 (SGE Scientific, Griesheim) and with a Flame Ionization

Detector (FID). Only the first column in the GC, the Rtx-1 (105 m x 0.32 mm

ID, 100% dimethyl polysiloxane, film thickness 3.0 m) was used in this work

for separation of compounds. The GC was also connected to a custom build

cryosampling thermal desorption system (Gerstel GmbH, Mühlheim) with which

the aerosols were desorbed from the filters, preconcentrated and refocused before

they were injected into the GC. The setup is described in detail by Iannone et al.

(2007). For the aerosol sample measurements a circular filter piece (3 mm ± 10%

in diameter) was cut out from the whole filter and placed inside a quartz tube

which could be inserted into the cryosampling thermal desorption system. The

aerosols were evaporated heating the quartz tube and the sample was flushed

into the preconcentration and focusing system using helium as a carrier gas. The

focused sample was then flash injected into the GC. Only the FID detector was

used to measure the chromatographically separated compounds. Compound iden-

tification and quantization was done by calibrating the GC-IRMS using diffusion

sources measurements with standard reference compounds.

2.6 Aerosol Mass Spectrometry

The Aerosol Mass Spectrometer (AMS) (Aerodyne Research Inc, Massachus-

setts) is an instrument for the real-time quantitative measurement of size-resolved

aerosol chemical composition (Jayne et al., 2000). A schematic of the AMS is

shown in Figure 2.6. The AMS consists of three main parts: an aerosol inlet, a

particle sizing chamber, and a particle composition detection section. The AMS

aerosol inlet is identical to the ACM aerosol inlet. The AMS aerosol inlet also con-

sist of a critical orifice and an aerodynamic lens system as previously describe in

chapter 2.1.2. The particles are focused into a narrow particle beam which enters
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Figure 2.6: Schematic of the AMS according to Jayne et al. (2000) (courtesy A.
Kiendler-Scharr).

the particle sizing chamber. The AMS particle sizing chamber is a high vacuum

chamber similar to the ACM vacuum chamber (2.1.2). Additionally particle sizes

can be determined through a particle time-of-flight measurement. Due to the

super sonic expansion of the particles which enters the high vacuum chamber the

particles consist of size dependent velocities. The focused beam is modulated by

a rotating wheel chopper. When the chopper cuts the particle beam the start

signal for the time-of-flight measurement is initiated. The flight time of the parti-

cles after a known flight distance from the chopper to the detection section gives

the particle velocities from which the particle vacuum aerodynamic diameters dva

are determined. The particles are then directed onto a heated surface (approx-

imately 600 ◦C). Upon impaction the volatile and semi-volatile constituents of

the particles are vaporized. afterwards the evaporated constituents are ionized

by an electron impact ionizer at 70 eV and transferred to a quadrupole mass

spectrometer were the molecular fragments are measured.

The chemical composition of the particles is determined by separation of the raw

data into partial mass spectra for distinct chemical compounds. This is achieved

by using a user-definable fragmentation table for each chemical compound or

group of compounds.

The mass concentration of compound s in the aerosol can be calculated by the

following equation (Jimenez et al., 2003; Allan et al., 2004):

Cs =
1012 · MWNO3

RIEs · IENO3QNA

∑
Is,i (2.3)

Cs = mass concentration of compound s [ μg
m3 ]

MWNO3 = molecular weight of NO3 [ g
mol

]
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RIEs = relative ionization efficiency of compound s [1]

IENO3 = ionization efficiency of NO3 [1]

NA = Avagadro’s number [ 1
mol

]

Q = volumetric sample flow [ cm3

s
]∑

Is,i = sum of the ion rate of the partial mass spectrum

due to compound s [Hz]

Values for the relative ionization efficiencies for different compounds can be taken

from the literature. The ionization efficiency of NO3 is measured regularly. For

the calibration a solution of NH4NO3 is sprayed with an aerosol generator and

one particle size is selected with a Differential Mobility Analyzer (DMA) before

the particles are introduced into the AMS. The ratio between the intensity of

the NH4NO3 signal measured by the AMS to the amount of NH4NO3 molecules

which are introduced into the AMS determines the ionization efficiency IENO3 .

The calibration of the particle sizing of the AMS is done using a suspension of

polystyrene latex particles (PSL) with known sizes. The solution is sprayed with

an aerosol generator and the flight times of the PSL particle are measured in the

time-of-flight measuring mode of the AMS. The comparison of the known PSL

particle sizes with the determined aerodynamic particle sizes gives the calibration

parameter.

2.7 Particle Size Distribution

To measure the particle size distribution a Electrostatic Classifier (EC) is coupled

to a Condensation Particle Counter (CPC). The combination of these two instru-

ments is called a Scanning Mobility Particle Sizer (SMPS). For the experiments

in this work a commercially available SMPS system (TSI, model 3934) is used.

A polydispersed aerosol flow enters the Electrostatic Classifier and is introduced

into a neutralizer containing a Kr-85 source. The aerosols are exposed to high con-

centration of bipolar ions. Through interaction between the ions and the aerosols

the particles reach a Boltzmann equilibrium with a known size dependent charge

distribution. Then the particles are directed to a Differential Mobility Analyzer

(DMA). The DMA consist of a metal cylinder and a cylindrical collector rod. The

collector rod is centered inside the metal cylinder. The aerosols and an additional

particle free sheath air are introduced at the top of the DMA and flow laminary

down the annular space between the collector rod and the metal cylinder. The

outer cylinder is electrically grounded and the inner rod is maintained at a neg-
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ative voltage. An electrical field is produced between the rod and the cylinder.

Due to the electrical field positive charged particles are attracted through the

sheath air to the collector rod. The location on the collector where the positively

charged particles impact depends on their electrical mobility. Depending on the

voltage applied to the rod a narrow range of electrical mobilities exists that can

exit the DMA through a small slit at the bottom of the collector rod. These

monodispersed particles are transferred to the CPC where the particle concen-

tration is determined. The particle size associated with this range of electrical

mobility is defined through the following equation for the electrical mobility Zp:

Zp =
neC

3πμdm

(2.4)

n = number of elementary charges on the particle

e = elementary charge

C = Cunningham slip correction

μ = gas viscosity

dm = particle electrical mobility diameter

A particle number distribution (dN versus Dp) is obtained by successive variation

of the electrical field and scanning of the corresponding aerosols size classes. The

particle number distribution can be used to calculated the volume (dV ) of the

particles:

dV =
π

6
D3

mdN (2.5)

An impactor with a cutoff size of 750 nm is installed in front of the SMPS inlet.

Therefore, particles with a diameter between 14 and 750 nm are detected by the

SMPS. The detection efficiency for particles with 750 nm is 50%. The detection

efficiency reaches 100% for particles of 600 nm diameter and smaller.

The calibration of the SMPS was done using a suspension of polystyrene latex

particles (PSL) with known sizes. The solution is atomized with an aerosol gen-

erator and the particles are measured with the SMPS. The SMPS size classes are

adjusted with respected to the reference values of the PSL.

2.8 Particle Density

The density of particles can be estimated for a particle population which is in par-

allel measured with different equivalent diameter measurements. Simultaneous

measurements of the particle mobility diameter dm with the SMPS (chapter 2.7)

and the particle vacuum aerodynamic diameter dva with the AMS (chapter 2.6)
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can be used for placing constraints on the particle density. Under the assumption

of spherical particles particle density ρp can determined from the measurement

of dm and dva using the following equation (DeCarlo et al., 2004):

ρp =
dva

dm

ρ0 (2.6)

ρp = particle density [ g
cm3 ]

dm = particle electrical mobility diameter [nm]

dva = particle vacuum aerodynamic diameter [nm]

ρ0 = standard density (1 g
cm3 ) [ g

cm3 ]

For the β-pinene ozonolysis experiment (for details see chapter 4) the particle

density was determined as follows. The modes of the particle size distributions

dm(nmax) and dva(nmax) measured by the SMPS and AMS, respectively, were

determined. dm(nmax) and dva(nmax) give the particle diameters dm and dva

which are measured for the majority of the particles nmax during one measure-

ment. dm(nmax) and dva(nmax) were then averaged for two time periods of 60 min

(4.77 h to 5.77 h and 25.03 h to 26.03 h after ozone injection) during the chamber

experiment. For both time periods a particle density ρp was determined using

equation 2.6. The two densities were then again averaged to obtain an average

density for the particles formed in the β-pinene ozonolysis experiment.
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3. Instrument Characterization

In this chapter different aspects of the characteristics and performance of the

ACM-GC-MS system are determined. In the following the characterization meth-

ods and their results are presented. In chapter 3.1 the performance of the GC-MS

system will be determined by direct injection of different compounds into the de-

tector. In chapter 3.2 the transfer efficiency of the valve array and the transfer

line of the ACM are analyzed. In the last part (chapter 3.2.3) the collection,

desorption and transfer efficiency of test aerosols of the complete ACM-GC-MS

system is evaluated. Detection limits, reproducibility and recovery rate of the

collected aerosols are determined.

Characterization setup

In Figure 3.1 the general setup for the characterization measurements is shown.

Test aerosols are generated with an aerosol generator and size selected with a

differential mobility analyzer (DMA). Thereafter the aerosol stream is split up

and directed to the ACM particle inlet and a scanning mobility particle sizer

(SMPS). The arrows in the schematic indicate the different regions where the

specific characterization measurements are conducted. In the following chapters

each experiment will be addressed in detail and the specific variations of this

setup will be presented.

3.1 GC-MS Characterization

Prior to the characterization of the ACM the GC-MS detector response is de-

termined. A calibration of the GC-MS is necessary to be able to quantify the

characterization experiments with the ACM and to evaluate the transfer effi-

ciency of the system and the recovery rate. In the following calibration curves for

different compounds will be presented, which will be used to determine linearity,
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Figure 3.1: This schematic shows the general instrumental setup for the charac-
terization experiments. Test aerosols are generated, size selected and distributed
to the ACM and a scanning mobility particle sizer which will provide an inde-
pendent measurement for comparison. Arrows indicate the different stages in the
determination of parameters for the ACM and the GC-MS.

response factors for certain compounds, and detection limits of the FID detec-

tor. Also, the correct identification of the standard compounds with the mass

spectrometer is tested through comparison with NIST mass spectra.

3.1.1 Experimental Setup

For the direct injection of standard compounds the GC-MS setup was altered.

The GC-MS was disconnected from the ACM transfer line and the cryofocusing

module was removed. Instead of the module a split/splittless liquid injection

system was installed. The liquid injection system consists of a carrier gas inlet, a

septum, septum purge, injector insert, heater block, inert glass tube, and column

connection. A schematic of the GC-MS with the liquid injection system is shown

in Figure 3.2. The GC column is installed into the injector so that the beginning

of the column reaches about 3 cm into the glass tube. The carrier gas head

pressure is kept constant at 2400 hPa. The injector is kept at 230◦C. The injector

is a split/splitless injector. For a high concentrated sample the needle valve of

the split can be opened and set to a specific split ratio so that a well defined

amount of the sample is discarded out of the vent and only a small amount enters

the column. Since the concentration of the analytes in the solutions used for

this characterization experiments were small enough and the retention time of

the solvent was small enough compared to the retention time of the analytes all
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Figure 3.2: GC-MS detector schematic with the liquid injection system installed
instead of the cryofocusing module.

measurements were done in the splitless mode. The solutions were injected with

a microliter syringe of a maximum capacity of 5 l. The sample was immediately

vaporized and swept onto the column by the carrier gas. The GC oven was

programmed for an initial hold of 5 min at 40 ◦C , temperature increased with

5 ◦C/min until a temperature of 200 ◦C was reached and held for 12 min.

3.1.2 GC-MS Detector Calibration

For the calibration of the GC-MS system three different solutions were used. The

first solution is a homologous series of alkanes. 5 l of 14 alkanes from n-Heptane

(C7H16) to n-Eicosane (C20H42) are solved in 10 ml n-Hexane (C6H14). For the

second solution 5 l of nopinone (C9H14O, NIST identifier: Bicyclo[3,1,1]heptan-

2-one, 6,6-dimethyl-) is also solved in 10 ml n-Hexane. The third solution consists

of 5 l acetone solved in 10 ml n-Decane. The analytes nopinone and acetone are

chosen as a calibration compound because these are important products in the

aerosol indoor chamber experiments (see chapter 4). Details about the chemical

compounds are listed in Table 3.1.

Multipoint calbiration curves were generated separately using direct injections
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Chemicals Purity [%] Manufacturer
Acetone 99 Aldrich
Ethanol ≥ 99.5 Aldrich
Nopinone 98 Aldrich
Hexane ≥ 96 Merck
Heptane 99.5 Fluka
Octane 99.5 Fluka
Nonane 99.8 Fluka
Decane ≥ 98 Fluka
Undecane ≥ 99 Merck
Dodecane ≥ 99 Fluka
Tridecane 96 Merck
Tetradecane ≥ 99 Fluka
Pentadecane 99 Merck
Hexadecane 99 Merck
Heptadecane 96 WGA
Octadecane ≥ 98 Fluka
Nonadecane 98 WGA
Eicosane ≥ 99 Backer Chemical

Table 3.1: Chemicals used for the calibration measurements.

of the three solutions. As an example three FID chromatograms for the injection

of 0.3 l of the solutions into the GC-MS are shown in Figure 3.3. The very

broad and saturated peaks in each of the chromatograms are the solvents. For the

acetone and nopinone chromatograms the difference in the retention times of the

solvent peak and the analytes are large enough so that they don’t interfere which

each other. For the homologous series of the alkanes it could not be avoided that

the solvent peak (hexane) interferes with the two adjacent alkane peaks (heptane

and octane). All chromatograms are baseline corrected as described in chapter

2.4. In Figure 3.3(a) and 3.3(b) the red curves are shown as an example for the

peak fitting with the exponentially modified gaussian function. For all data ob-

tained the fit results are used to calculate the total area under the peaks.

Note the tailing of the acetone peak due to the fact that an almost non-polar

column is used. In the GC-MS characterization measurements the cryofocusing

module can not be used. Therefore the retention of the acetone is not sufficient

at the beginning of the column prior to the start of the GC run. However note

that the fit function represents the acetone peak very well.

Calibration curves for the acetone, nopinone and octadecane are shown in Figure

3.4. Octadecane is presented as an example for the alkanes because this com-

pound will be used further on in the characterization of the ACM (for details see

chapter 3.2 and 3.2.3). A series of 0.1, 0.3, 0.5 l of each solution were injected.

For nopinone and acetone an additional injection of 1 l is available. In each
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Figure 3.3: Three example chromatograms of the direct injection of 0.3 μ l of
a) nopinone, b) acetone, and c) homologous series of alkanes with a microliter
syringe into the GC-MS. The broad peaks are the solvents. The red curves in
Figure a) and b) are examples of the exponential modified gaussian fit through the
data points.
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Figure 3.4: Calibration curves for standards compounds a) acetone, b) nopinone,
and c) octadecane obtained by direct injections into the GC-MS. For each calibra-
tion curve two linear fits are determined. With the first regression line (dashed
line) the slope and intercept of the linear relationship are calculated. The second
linear fit (dotted line) was calculated where the fit was forced through the point of
origin.
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figure the areas of the peaks are plotted against the mass of the analytes. The

second x-axis gives the amount of solution injected. The mass is calculated using

the mixing ratios of the solutions and the density of the analytes.

The error bars for the x-axis show the uncertainty of the amount injected. With

the 5 l microliter syringe it is possible to draw up the solution to an accuracy

approximately of 0.05 l. For the error bars this value was converted to an uncer-

tainty in mass injected. The error bars for the y-axis represent the uncertainty

of the area determined from the fit of the peaks. The retention time stability for

all GC-MS characterization measurements was 0.1 min. The detection limit for

organic compounds is typically defined as the quantity of standard compounds

needed to obtain a chromatographic peak area that is three times the baseline

noise level (Docherty and Ziemann, 2001; Lamanna and Goldstein, 1999) or em-

pirically by the smallest amount of standard injected. The detection limit was

measured using the measurements of the standard compound series to be 10 ng.

For all compounds excellent linear responses with R2 > 0.95 are obtained. For

each calibration curve two linear fits are determined. With the first regression

line (dashed line) the slope and intercept of the linear relationship are calculated.

Taking the error of the each linear fit of the different substances into account it

is consistent to assume that the intercept of the fits goes through the point of

origin. Hence a second linear fit (dotted line) was calculated where the fit was

forced through the point of origin. The second linear fits (dotted lines) for ace-

tone and nopinone will be used to calibrate the response of these substances in

the aerosol chamber experiment (chapter 4). The results for the fit coefficient are

listed in appendix A. Using for all calibrations the linear fits through the origin,

we have the consistent assumption for all calibrations that a compound mass of

zero nanogram results in a chromatographic peak area of zero.

The direct injection measurements are also used to verify the capability of the

identification of compounds with the quadrupole mass spectrometer. In Fig-

ure 3.5 the mass spectra of nopinone, acetone and octadecane are shown. The

obtained mass spectra are compared with the EI spectra of the NIST library

database. The comparisons achieve good results and the automatic search and

compare algorithm of the MS data acquisition software (Masslab 1.4) identifies

all compounds with a high probability.
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Figure 3.5: Comparison of mass spectra a) acetone, b) nopinone, and c) octade-
cane obtained through direct injection into the GC-MS (blue mass spectra) to mass
spectra of the NIST database (red mass spectra).
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3.2 ACM Characterization

In the following chapters the ACM will be characterized in two stages. First the

transfer efficiency of gaseous compounds from the collector to the detector will

be determined. The aim is to identify and quantify possible losses in terms of

adsorption of the test compound in the transfer path.

In the second stage aerosols of the same compound are introduced into the ACM.

These aerosols will be simultaneously measured by the ACM and a Scanning

Mobility Particle Sizer. Comparisons of these measurements will determine the

collection efficiency and recovery rate of the ACM.

3.2.1 Choice of the Test Compound

In this chapter the choice of octadecane as the test compound will be discussed.

For a consistent characterization of the ACM two requirements regarding the test

compound had to be considered.

The first requirement was that the test compound could be introduced into the

ACM in both forms, as a gas and a particle. Therefore the characterization of

the different parts of the ACM (see chapter 3.2.2 and chapter 3.2.3) could be

done with the same test compound. Thus any possible effects due to the use of

different compounds were avoided in the interpretation of the characterization

results. To introduce the test compound as a gas it had to be possible to heat the

compound so that it could be used in the diffusion source build inside the valve

array of the ACM (chapter 3.2.2). Also it was necessary that the pure compound

or the compound solved in a solution could be generated with an aerosol gener-

ator for the particle phase characterization of the ACM (chapter 3.2.3). These

generated test aerosol needed to be size selectable with a Differential Mobility

Analyzer (DMA) before they were injected into the ACM.

The seconde requirement was that the the test compound was detectable with

the GC-MS and that the chromatographic peaks of the test compound had no

strong tailing.

The compounds tested were oleic acid, stearic acid solved in 2-propanol, triethy-

lene glycol, tetradecane, octadecane solved in 2-propanol, and octadecane solved

in ethanol. The compound which fulfilled all requirements was octadecane. Pure

octadecane was used in the diffusion source for the gas phase transfer efficiency

measurements. For the ACM particle collection, desorption and transfer efficiency

measurement octadecane solved in ethanol was used to generated test aerosols

with the aerosol generator.
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(a) Standby of the diffusion source. A con-
stant flow of carrier gas is enriched with
octadecane from the diffusion source and
flushed out of the vent.

(b) Injection of octadecane into the GC-
MS. In this mode the CFM is cooled down
and octadecane is transported from the dif-
fusion source to the CFM. The time dur-
ing which both valves are set to inject de-
termines the amount of octadecane concen-
trated in the CFM.

Figure 3.6: Schematic of the modified ACM valve array for diffusion source mea-
surements. The two valve settings for standby and injection of the standard gas
for one measurement cycles is shown.

3.2.2 ACM Gas Phase Transfer Efficiency

Using a diffusion source with octadecane the transfer efficiency of a gaseous sub-

stance is determined for the valve array and the transfer line. These measurement

will be compared to the direct injection measurement of octadecane in the GC-MS

to determine recovery rate for the test compound.

Experimental Setup

For the Gas Phase Transfer Efficiency measurement the ACM was reconnected

to the GC-MS detector as shown in Figure 2.4. The liquid injection system was

removed and the cryofocusing module reinstalled into the GC-MS.

For the gas phase measurements a standard gas supply is required. This is

achieved by adding a diffusion/evaporation source into the valve array. The

modified valve array is shown in Figure 3.6. A glass vial filled with octadecane

was installed via a T-fitting between the exit of the particle collector and valve 1.

Thus the flow path of the standard gas from the diffusion source will be similar to

the flow path of desorbed aerosols to the detector. Hence, any losses determined

by the measurement of the standard gas can be used to calculate correction fac-
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tors which can be applied to aerosol measurements with the ACM.

Since octadecane has a vapor pressure of <0.1 hPa at 20 ◦C heating of the glass

vial is necessary to ensure that enough material is evaporated from the diffusion

source. Therefore the glass vial is build inside the heated valve box. The heating

of the valve array is used to heat the diffusion source as well. The temperature of

the glass vial was controlled separately with a thermocouple. The temperature

of the diffusion source was kept constant at 117 ± 2 ◦C which corresponds to a

valve array temperature of 160 ◦C.

Additionally a mass flow controller (Mass-Flo, 500 sccm, MKS Instruments) is

installed after the pressure regulator. The flow of the carrier gas is kept constant

at 100 ml/min. This provides a constant flow of carrier gas over the diffusion

source and a constant loss of octadecane over a certain period of time. The vial

of octadecane is weighted before and after the experiments. The concentration

of octadecane in the helium flow can be calculated as follows:

CC18 =
Δm

fHe · t (3.1)

CC18 = Concentration of octadecane in the helium flow [ng
ml

]

Δm = weight difference of the diffusion source [ng]

fHe = helium flow over the diffusion source [ ml
min

]

t = time the diffusion source is active [min]

The octadecane concentration in the helium flow is calculated to CC18 = 5.32ng
ml

.

Diffusion Source Measurements

The measurement procedure for the diffusion source deviates from the described

procedure in 2.1.4. As shown in Figure 3.6 the desorption step is skipped. In the

standby mode (Fig. 3.6(a)) octadecane is constantly flushed out of the vent. Prior

to each measurement the CFM is cooled down to -120 ◦C. When the measurement

starts both valves switch to the inject position and octadecane is transferred from

the diffusion source to the CFM (Fig. 3.6(b)). The flow of the carrier gas to the

CFM is fCFM = 3 ml
min

. The quantity of octadecane concentrated in the CFM

is controlled by the time span the valves are in the inject position. After the

sampling in the CFM is completed the valves switch back to the standby mode

and the CFM is rapidly heated to 220 ◦C. The optimal GC program for this

measurement was: oven temperature held at 50 ◦C for 5 min; ramped at a rate of

10 ◦C min-1 to 220 ◦C; isothermal hold at 220 ◦C for 8 min. The GC temperature

program is longer than necessary to elute the octadecane. However the long run
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Figure 3.7: Example chromatogram of 10 min sampling of octadecane with the
diffusion source. No significant impurities or artifacts can be seen in the chro-
matogram.

is also used to test if impurities are detected or artifacts occur. The transfer line

is kept at a temperature of 230 ◦C.

The measurements were conducted for different sampling times. An example

chromatogram of these measurements is shown in Figure 3.7. The octadecane

peak is the only peak in the chromatogram which is detectable. No significant

impurities or artifacts were observed. This was true for all chromatograms mea-

sured. The different sampling times are converted into total octadecane mass

using equation 3.1 and the flow to the CFM.

In Figure 3.8 the results of all measurements are summarized. The peak areas

measured by the GC-MS (filled symbols) is plotted against the mass. The rela-

tionship is linear. Again two linear fits are applied to the data, one unrestricted

fit (dashed line) and the other is forced through the origin (dotted line). Consid-

ering the error of the intercept it is valid to assume that zero octadecane sampled

yields a peak area of zero. Therefore the linear fit forced through the point of

origin will be used as the calibration curve for the data obtained for the octade-

cane aerosol measurements (chapter 3.2.3). The results for the fit coefficient are

listed in appendix A.

These results are also compared with the direct injection of octadecane into the

GC-MS (open symbols in Fig. 3.8). The octadecane mass detected by the GC-

MS in both experiments matches within the margin of error. This shows that
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Figure 3.8: Results of the diffusion source measurements and comparison with
the direct injection of octadecane into the GC-MS system. Note that the x-error
bars (± 0.5 ng) for diffusion source measurements (DS) are smaller than the data
points.

there are no significant losses of octadecane in the valve array and the transfer

line. The transfer efficiency is close to 100%.

3.2.3 ACM Particle Collection, Desorption and Transfer

Efficiency

In the next stage octadecane aerosols are introduced into the ACM and simulta-

neously measured by a SMPS system. By comparing these independent measure-

ments of the same particle distributions, the collection and transfer efficiency can

be evaluated. Variations in collector temperatures will determine lower limits for

the capability of desorbing aerosols from the collector.

Experimental Setup

In Figure 3.9 the complete experimental setup for producing and measuring oc-

tadecane aerosols with the ACM is shown. The aerosols are generated with a

TSI constant output aerosol generator (3076). The particles were transferred to

a delay tube. The particle production with a atomizer favors the generation of

smaller aerosol diameters. In the delay tube the particles get time to coagulate.
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Figure 3.9: Schematic of the experimental setup for measuring octadecane aerosols
simultaneously with the ACM and a SMPS. The aerosols are generated with an
aerosol generator, dried, size selected and transferred to the two systems.

Thereby the particle size distribution is shifted to larger diameters. This will

accelerate the measurement since more mass adds up on the ACM collector in a

shorter time span for each sample collected. After the delay tube the octadecane

aerosols can still consist of a significant amount of ethanol. The aerosols are lead

through a activated carbon drier. The drier consist of a cylindrical wire mesh tube

which is surrounded by activated carbon. The wire mesh is covered with a layer

of GOR-TEX�. The wet aerosols pass through the tube and the volatile solvent

penetrates the GOR-TEX� layer and is adsorbed on the carbon. Thereafter the

aerosols are size selected with a DMA. The DMA voltage is kept constant so that

only particles with a particle diameter of 250 nm are selected. Drying the aerosols

before they are size selected is important because the amount of the octadecane

which is collected by the ACM is calculated using the particle diameter of the

aerosols measured by the SMPS. If the aerosol would still consist of large quan-

tities of ethanol after size selection the solvent might evaporate inconsistently

in the vacuum chamber of the ACM compared to the DMA in the SMPS. The

particle diameter which is measured in this case with the SMPS would be larger

compared to a dry aerosol. The total mass of the aerosol calculated from the

SMPS measurements would be to large thus overestimating the aerosol loading
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on the ACM collector. After the size selection the aerosol flow is then split to be

characterized simultaneously with the ACM-GC-MS and the SMPS (TSI 3934,

see chapter 2.7).

Octadecane Aerosol Measurements

Previous to the experiments the DMA was calibrated using a solution of 200 ml

of particle free water (Millipore Mili-Q�) with 0.9 g ammonium sulfate. Ammo-

nium sulfate particles were atomized, dried and size selected with the DMA. A

sequence of voltages was applied to the DMA and the corresponding particle di-

ameter of the ammonium sulfate aerosols were measured with the SMPS system.

Thereafter the DMA was set to a voltage so that particles with a diameter of

250 nm are selected for all octadecane particle measurements.

A series of experiments was conducted with aerosols generated from the solution

of 0.5 g octadecane solved in 100 ml ethanol. After the generation of aerosols

is started the delay tube starts to fill up with the octadecane particles. It takes

about one minute until enough particles are in the delay tube and a well defined

size distribution is measurable. Thereafter the measuring sequence of the ACM

is started and the particle collector is cooled. As soon as the collector reaches

the desired temperature the vacuum isolation valve opens and the sampling onto

the collection surface starts. Simultaneously the data acquisition of the SMPS is

also started. This ensures that the particle size distributions measured with the

SMPS are consistent with the distribution collected with the ACM. The time res-

olution, i.e. one complete scan of the size distribution of the SMPS, is 3 minutes.

The sampling of the ACM is stopped matching the end of a completed scan of

the SMPS. For all experiments the collection temperature of the ACM collector

is −30 ◦C. However the desorption temperature was varied between 150 ◦C and

270 ◦C during these experiments to evaluate the desorption efficiency of aerosols

from the collector. The temperature of the valve array and the transfer line were

always matched with the desorption temperature. The desorption time, i.e. the

time the collector was heated and the valve array was in the inject mode, was

kept constant at 6 minutes. The desorbed aerosols were then concentrated again

in the cryofocusing module at -120 ◦C for one more minute after the desorption

was completed. Then the CFM was heated in 2 minutes to a temperature of

220 ◦C and the sample was injected into the GC-MS for analysis. The tempera-

ture program of the GC oven was the same as described for the diffusion source

measurements (chapter 3.2.2).

The series of experiments consists of different sampling times which results in

different mass loadings on the ACM collector. The collector loading is calculated
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Figure 3.10: Series of size distribution of octadecane particles measured by the
SMPS. The particle diameter is on a logarithmic scale. Note that the mode of
the particles are centered around 250 nm. However also smaller and larger par-
ticles can be measured. Therefore the integrated size distributions will be used for
calculations of the corresponding ACM collector loading.

using the SMPS distribution. Figure 3.10 shows an example of the particle size

distribution from a measurement. The graphs show the particle number con-

centrations (dN) versus the particle diameters (Dp). Note that the mode of the

particles is centered around 250 nm. However due to the SMPS transfer func-

tion the distribution consist also of smaller and larger particles. Particles with a

large diameter contribute significantly to the total mass of the collected aerosols.

Therefore, the complete distribution has to be considered to calculate the aver-

age mass loading which is sampled on the ACM collector. Using equation 2.5 the

number distribution is converted into the volume of the particles. The total vol-

ume distribution is derived by integrating each scan. Figure 3.11 shows the time

series for the integrated total volume concentration for this measurement. The

mass introduced into the ACM is then calculated using the following equation:

MACM = CVSMPS
· 10−21 · ρC18H38 · fACM · ts (3.2)

MACM = ACM collector mass loading [μg]

CVSMPS
= Average total particle volume conentration [nm3

cm3 ]

ρC18H38 = Density of octadecane [ g
cm3 ]
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Figure 3.11: Time series of the calculated total volume concentration of octadecane
particles. The data points represents the integration of the scans in Fig. 3.10
converted to the particle volume using equation 2.5.

ts = Sampling time [s]

fACM = Flow into the ACM [ cm3

s
]

As seen before in the diffusion source measurements no impurities or artifacts

can be observed in the GC-FID chromatogram for all octadecane aerosol mea-

surements. The collection of the aerosol under low temperature conditions and

the desorption from the collector did not lead to a thermal degradation of the

octadecane.

The peaks of all octadecane samples measured with the ACM-GC-MS are in-

tegrated and the peak areas are converted into octadecane mass using the cali-

bration of the diffusion source measurements (Fig. 3.8). Figure 3.12 shows the

calculated mass loading from the SMPS data versus the mass measured with the

GC-FID. The linear fit to the data shows that the slope is one. The recovery rate

for octadecane is 100%. Possible losses of octadecane at all temperatures over the

complete pathway of the ACM system are minimal. Additionally the desorption

temperature was changed between 150 ◦C and 270 ◦C (numbers at each data

point). The temperature of the valve array and the transfer line were changed

accordingly to match the desorption temperature. Within this temperature range

the octadecane is completely desorbed from the collector and transferred without

losses to the GC-MS detector. Additionally no thermal degradation, impurities
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Figure 3.12: Octadecane mass measured with the GC-FID vs. the collector loading
(calculated from SMPS measurements) lie on a line through the origin with slope
one. Numbers show the different desorption temperatures for each measurement.

or artifacts resulting from the sampling or desorption of octadecane could be ob-

served. It could be demonstrated that the ACM-GC-MS is linear over a mass

range of 2 to 100 ng.
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4. Secondary Organic Aerosol

Formation from β-pinene

Ozonolysis

In this chapter the formation of secondary organic aerosol (SOA) from the oxida-

tion of β-pinene with ozone in an atmosphere simulation chamber experiment is

presented and discussed. The experiment was conducted in the aerosol chamber

of the Forschungszentrum Jülich (FZJ). In the following the set up of the cham-

ber and the experiment are described in detail. Results obtained for gas phase

measurements of ozone and VOC are presented. The SOA were measured and

analyzed using different aerosol measurement techniques such as ACM-GC-MS,

SMPS, filter samples, and AMS measurements. Products of the β-pinene ozonol-

ysis in the SOA were identified and the partitioning of nopinone between the

gas and particle particle phase was analyzed. Temporal evolution of the organic

composition of the SOA were determined applying the Positive Matrix Factor

(PMF) Analysis to AMS measurements.

4.1 Aerosol Chamber of the FZJ and Experi-

mental Set Up

4.1.1 Description of the Aerosol Chamber of the FZJ

Atmosphere simulation chambers are used to study atmospheric chemical pro-

cesses. An atmospheric simulation chamber is a closed system. A variety of

different gas mixtures can be studied inside the chamber without influences from

unknown sources and sinks of atmospheric trace gases and without the interfer-

ences due to meteorological processes.

The aerosol chamber of the Forschungszentrum Jülich (FZJ) (Mentel and Wah-
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Figure 4.1: Schematic of the FZJ aerosol chamber and the instrumental set up
for the β-pinene ozonolysis experiment.

ner., 1996) was used for experiments characterizing SOA with the ACM-GC-MS

system. In the following the chamber will be described in detail.

A schematic of the aerosol chamber and the instruments applied in this study is

shown in Figure 4.1. The chamber is designed for studying atmospheric nighttime

chemistry. Additionally, the chamber can be used to study the formation of SOA

from the oxidation of trace gases such as monoterpenes.

The aerosol chamber consists of an aluminium box. The inner walls are lined

with chemically inert FEP (Fluorinated Ethylene Propylene) teflon foil. The

FEP foil is permeable for gas so that the interspace between the aluminium box

and the foil is constantly flushed with pure synthetic air (Linde� 6.0) to avoid

contamination of the chamber. The pressure inside the chamber is slightly higher

than ambient pressure. This inhibits contamination of the aerosol chamber by

diffusion of external air.

The chamber has a volume of 260 m3 and a surface of 250 m2. Thus the chamber

has a surface to volume ratio of 0.96 m2/ m3. A small surface to volume ratio (<

1) minimizes potential wall loss such as deposition of aerosols or trace gases.

Homogenous mixing inside the chamber is achieved by convection. This is pro-

vided by a floor heating system which is set to 30 ◦C ± 4 ◦C. The temperature of

the heating is periodically changed in this temperature range over the duration

of 2 h. Thus the mixing time inside the chamber is less than 10 minutes and the

change of the gas temperature inside the chamber is approximately 0.25 ◦C.
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4.1.2 Instrumentation for the Aerosol Chamber Experi-

ment

Temperature, relative humidity, and pressure inside the aerosol chamber were

permanently monitored during the experiment. Instrumentation for measuring

both the gas phase and the particle phase was available. All instruments can be

connected to the chamber using separate stainless steel or PFA tubing (both have

an inner diameter of 4 mm) which extend approximately between 0.5 and 1.5 m

into the chamber. This ensures that all samples taken are from the homogenously

mixed content of the chamber.

The ozone mixing ratio in the chamber was monitored with an ozone analyzer

(Ansyco, 41M) by UV absorption with a time resolution of 5 minutes.

The monoterpene concentration and the mixing ratios of oxidation products were

measured with a Proton Transfer Time of Flight Mass Spectrometer (Ionicon,

HRS PTR-TOF-MS). The PTR-TOF-MS inlet was connected to the chamber

through a 1 m long PFA tube. The sample flow was 400 ml/min. A teflon filter

(Sartarius, pore size 0.45 m) was installed between the PTR-TOF-MS inlet and

the sampling line to ensure that no particles enter the PTR-TOF-MS. The inlet

and the drift tube of the PTR-TOF-MS were heated at 60 ◦C. The mass spectra

were recorded over a range from 10 to 420 amu.

The particle number concentration was measured with a CPC (TSI, 3687). The

flow of the CPC was 600 ml
min

. The CPC was measuring continuously during the

experiment. The smallest particle diameter the CPC is able to detect is 3 nm.

The CPC was connected with a T-fitting to the sampling line of the AMS.

The particle size distribution was measured with a SMPS system (TSI 3934, see

chapter 2.7). The time resolution of the SMPS system was set to 3 min. The

SMPS was measuring the particle diameters between 14 nm and 750 nm. The

sample flow of the SMPS system was 300 ml
min

. The SMPS was connected to the

ACM with a Y-splitter. The Y-splitter itself was connected to the chamber with

a 1 m stainless steel sampling line. Both instruments were sampling with a total

flow of 380 ml
min

from the chamber. This results in residence time for the particles

in the sample line of approximately 2 s.

The particle composition was measured with the Aerosol Mass Spectrometer

(AMS). The AMS has a sample flow of 80 ml
min

. The time resolution of the AMS

data was set to 10 min. The mass spectra were recorded over a range from 10 to

300 amu. The temperature of the oven for the flash evaporation of the aerosols

was set to 600 ◦C. The sampling lines of the CPC and the AMS were connected

through a T-connector to a 1 m stainless steel tubing which led into the chamber.

Both instruments were sampling over this tubing so that in total the flow through
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this sample line was 680 ml
min

. This results in a residence time for the particles in

the sample line of approximately 1.2 s.

During the experiment aerosol samples were taken regularly with the ACM-GC-

MS system. The collection time for each sample was 60 min. The collection

temperature of the collector was -30 ◦C and the desorption temperature 225 ◦C.

The aerosol sample was desorbed for 6 min from the collector. The temperature

of the valve array and the transfer line were kept constant at 230 ◦C. The aerosols

were focused after desorption in the CFM for 1 min at -120 ◦C and injected into

the GC-MS at 225 ◦C. The temperature program of the GC oven for each sample

was as follows: start oven temperature was held at 40 ◦C for 5 min; ramped at

a rate of 5 ◦C min-1 to 200 ◦C; isothermal hold at 200 ◦C for 12 min. The total

GC run was 54 min. With the desorption time of 6 min the total ACM-GC-MS

measuring cycle was 60 min. Since the GC needed about 30 min to get back to

the start temperature of 40 ◦C a sample could be measured approximately every

90 min. After each desorption the ACM was operated in the backflush mode with

a temperature of 250 ◦C for 10 min.

During the experiments aerosol filter samples were taken regularly. The aerosols

were sampled on quartz fiber filters (Millipore, 47 mm diameter). The filters were

preheated 10 h at 600 ◦C before sampling. The filter holders were connected to

the chamber with a 1 m long stainless steel tubing. The flow through the filter

was 25 l
min

and was regulated with a mass flow controller (MKS Instruments,

Type 579). After sampling the filters were stored in a 55 mm Petri dish, wrapped

in aluminium foil, and stored in a freezer at -18 ◦C for the later analysis.

All sample lines to the instruments were at the same temperature as the temper-

ature in the aerosol chamber. Thus changes in the aerosol composition due to

evaporation or condensation of semivolatile components in the sample lines were

avoided.

4.1.3 Experimental Conditions and Procedure

In the aerosol chamber experiment the formation of secondary organic aerosol

(SOA) from the oxidation of β-pinene with ozone was studied. The experiment

was conducted at ambient pressure and temperature. Prior to the experiment the

chamber was flushed with particle free outside air for 16.5 hours. The air flow

through the chamber during flushing was 25 m3/h. The humidity of the chamber

was determined through the humidity of the outside air used for flushing the

chamber. No additional humidification was applied. The initial conditions in-

side the chamber after flushing were 26.76 % relative humidity, a temperature of
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20 ◦C, and an ozone concentration of approximately 20 ppb. The CPC measure-

ments were used to check if the aerosol chamber was particle free. The particle

concentration was <20 cm-3.

Pure β-pinene (Aldrich, purity of 99%) was introduced into the chamber as a

liquid with a microliter syringe. 1 ml of β-pinene, which is equivalent to 584 ppb,

was injected in 10 steps through an opening in the chamber wall approximately

4 m above the chamber floor. After the content of the chamber was well mixed

1 ppm ozone was injected. The ozone was generated from pure oxygen (Linde,

4.8) through electrical discharges and introduced into the chamber with two in-

lets, one near a wall and the other at the center of the chamber. After the ozone

was added the reaction inside the chamber started immediately.

Note that the initial monoterpene and ozone concentrations are orders of magni-

tude above ambient levels (Guenther et al., 1995; Kesselmeier and Staudt, 1999).

The hydroxyl radical chemistry occurring in the chamber is largely independent

on the concentration regarding the chemical mechanism and the products formed

(Atkinson, 1997). However, the high concentrations do have an influence on the

relative importance of competing reactions of organic species with ozone, OH

and NOx. Hence the observed yields for products formed in this experiment not

necessarily represent ambient yields.

The high concentrations of the gas phase precursors were chosen in order to en-

sure sufficient aerosol mass for the experiment. An excess of ozone was used to

ensure that all of the β-pinene is consumed during the experiment.

Due to the fact that in the oxidation of monoterpenes hydroxy radicals are formed

(Atkinson and Arey, 2003) OH scavengers are often added to the precursor mix-

ture (e.g., Lee et al., 2006; Ma and Marston, 2008). In this experiment no scav-

enger was used so that the oxidation of the precursor and to some extend of the

products was due to ozone and OH radicals.

All instruments were measuring continuously during the experiment. The filter

samples were taken in parallel to the ACM-GC-MS sampling. 16 ACM-GC-MS

measurements with a 60 min sampling interval were taken over a time period of

60 h after starting SOA formation. Details of the ACM-GC-MS and filter mea-

surements are shown in Table 4.1. The time for each sample indicates the time

when the sampling for the ACM-GC-MS and the filters were started.

Prior to the injection of β-pinene a filter and ACM-GC-MS sample were taken

from the empty chamber. ACM-GC-MS blank measurements were conducted

regularly between the chamber samples. For the blank measurement a High Effi-

ciency Particulate Airfilter (HEPA) was installed between the chamber sampling

tubing and the ACM-GC-MS inlet. The same measurement cycle of the ACM-

GC-MS was repeated with the installed filter. The blank measurement were used
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Table 4.1: Overview of the course of the β-pinene experiment and the samples col-
lected with the ACM-GC-MS and filter measurements. The times define the start
of the sampling. S indicates that a chamber sample is collected and B indicates
that a blank measurement was done.

Date and Time Time after
ozone injec-
tion [h]

ACM
sample

Filter
sample

Comment

25.11.08 15:30 - - - Start flushing aerosol
chamber

26.11.08 07:30 - - - Stop flushing aerosol
chamber

26.11.08 08:00 - S1 S1 chamber blank mea-
surement

26.11.08 09:15 - - - injection of 584 ppb β-
pinene

26.11.08 10:00 - - - injection of 1 ppm
ozone

26.11.08 11:18 1.3 S2 S2 -
26.11.08 13:02 3.03 B1 - -
26.11.08 14:46 4.77 S3 S3 -
26.11.08 16:28 6.47 B2 - -
26.11.08 18:03 8.05 S4 S4 -
26.11.08 19:49 9.82 B3 - -
27.11.08 07:58 21.97 S5 S5 -
27.11.08 09:34 23.57 B4 - -
27.11.08 11:02 25.03 S6 S6 -
27.11.08 12:33 26.55 S7 S7 -
27.11.08 14:07 28.12 S8 S8 -
27.11.08 15:43 29.72 S9 S9 -
27.11.08 17:19 31.32 S10 S10 -
27.11.08 18:41 32.68 B5 - -
28.11.08 08:02 46.03 S11 S11 -
28.11.08 09:31 47.52 B6 - -
28.11.08 11:03 49.05 S12 S12 -
28.11.08 12:36 50.60 S13 S13 -
28.11.08 14:07 52.12 S14 S14 -
28.11.08 15:38 53.63 S15 S15 -
28.11.08 17:07 55.12 S16 - -
28.11.08 18:37 56.62 B7 - -
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to check for contaminations or residues inside the ACM-GC-MS and for adsorp-

tions from the gas phase onto the collector.

4.2 Results of the Gas Phase and Particle Phase

Measurements

4.2.1 Results of the PTR-TOF-MS Measurements

During the experiment the gas phase concentration of the precursors VOC and

its oxidation products was measured with a Proton Transfer Reaction Time of

Flight Mass Spectrometer (PTR-ToF-MS) and an ozone analyzer. In Figure 4.2

the evolution of the gas phase concentrations in the chamber during the experi-

ment are shown. Additionally the evolution of the temperature and the relative

humidity (RH) in the chamber are presented. The temperature during the ex-

periment was almost constant and varied only between 20.5 ◦C and 22 ◦C. At the

beginning of the experiment the relative humidity was 27% and slightly decreased

during the experiment to approximately 20% at the end of the experiment. The

temperature and the relative humidity show an oscillating behavior during the

experiment which is due to the periodically change of the floor heating system to

ensure a homogenous mixing inside the chamber.

Figure 4.2: Gas phase measurements of the β-pinene ozonolysis experiment.
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Prior to the start of the experiment the ozone concentration inside the chamber

was approximately 30 ppb. At 10.30 h ozone was injected into the chamber for

6 minutes. The ozone concentration increased rapidly and reached its maximum

of 872 ppb 20 minutes after the ozone injection was started. Afterwards the ozone

concentration decrease again quickly for approximately 6 hours. Thereafter the

ozone loss was significantly smaller. The ozone loss from the end of the first day

till the end of the experiment is mainly due to the chamber wall loss processes

and dilution due to sampling. Note that the steep decrease in the ozone concen-

tration at the end of the experiment is due to the start of flushing the chamber

with clean air.

The β-pinene concentration prior to the injection of ozone was approximately

600 ppb. After the ozone was added to the chamber the β-pinene concentration

decreased steeply. Within 4 hours most of the β-pinene was consumed in the

ozonolysis reaction in the chamber.

Approximately 30 min after the reaction was initiated the nopinone concentra-

tion inside the chamber started to increase. The increase was not as steeply as

the decrease of β-pinene or ozone. 6 hours after the reaction was started the

nopinone concentration reached its maximum of 60 ppb and stayed nearly con-

stant over the whole rest duration of the experiment. Note that the sudden drops

in the nopinone concentration during the experiment were due to problems with

the PTR-ToF-MS drift tube.

4.2.2 Results of the CPC and SMPS Measurements

During the β-pinene experiment the particle concentration inside the chamber

was measured with a Condensation Particle Counter (CPC). Figure 4.3(b) shows

the temporal development of the particle concentration. Prior to the experiment

the chamber was flushed with clean air and the particle concentration was ap-

proximately 20 cm-3 before the precursors were injected into the chamber. After

the β-pinene was injected into the chamber the particle concentration did not

change. At 26.11.08 10:30 h the ozone was injected in the chamber and new par-

ticle formation started almost instantaneously. Within two minutes the maximum

in particle concentration of 2.23 ·105 cm-3 was reached. Then the particle number

concentration decreased continuously until the end of the experiment. The reduc-

tion in the particle number concentration is due to particle losses in the chamber

(wall losses, dilution and sedimentation) and coagulation of the particles. Coag-

ulation of particles became less important with decreasing concentration so that

after several hours the main reason for the reduction in particle concentration
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Figure 4.3: (a) Total volume concentration and (b) particle concentration during
the aerosol chamber experiment. The blue vertical line marks the injection of β-
pinene into the chamber. Note that the sharp bend in both graphs at the end of
the experiment is due to the start of flushing the chamber.

were the other loss processes in the chamber. Note that at 28.11.08 20:00 h the

experiment was concluded and the stronger decrease in particle number concen-

tration is due to the flushing of the chamber with clean particle free outside air.

With the Scanning Mobility Particle Sizer (SMPS) the particle size distribution

of the SOA formed during the reaction was measured. The SMPS measured the

number distribution (dN versus particle diameter Dp) which is used to calculate

the particle volume distribution using equation 2.5. As described in chapter 3.2.3

the total particle volume concentration was calculated by integrating the particle

volume distribution for each sample measured with the SMPS. In Figure 4.3(a)

the time series of the total particle volume concentration obtained with the SMPS
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Figure 4.4: a) Time evolution of the mean particle diameter of the SOA during the
experiment which shows the grow of the SOA due to coagulation of the particles
and condensation of organic vapors. b) Example of two SMPS measurement of the
particle volume distribution. Note that during the experiment the particle mode
moves beyond the upper detection limit of the SMPS.
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is shown. The particle volume concentration increased rapidly after the ozone was

injected into the chamber and reached its maximum approximately 3 h after the

reaction was initiated. Thereafter the concentration decreased due to the particle

loss processes described before.

In Figure 4.4(a) the development of the particle mean diameter is shown. In the

first two minutes, as shown in the CPC data, the majority of the particles are

formed which afterwards grew due to coagulation of the particles and condensa-

tion of semivolatile and low volatile oxidation products onto the particles. In the

first SMPS measurement after the injection of ozone the particle were 100 nm in

diameter. Within 24 h the particle diameter increase to 500 nm and thereafter

stayed nearly constant. Note that the accuracy in the determination of the mean

particle diameter during the last 12 hours of the experiment decreased signifi-

cantly due to the low particle concentration in the chamber which results in the

larger scatter in the graph to the end of the experiment.

In Figure 4.4(b) two examples of the particle volume distributions are shown.

Note that the majority of the particles were centered around a mode. The par-

ticles were growing equally during the experiment and the mode of the particles

constantly moved to larger diameters until the particles mean diameter was ap-

proximately 530 nm. However the particle distribution also consists of larger

particles which exceeds the upper detection limit (750 nm) of the SMPS. After

approximately 12 h the diameter of the particles had increased to over 500 nm

so that the particle mode partly moved beyond the detection limit of the SMPS.

Thus the particle mass determined in the further analysis is an lower limit of the

mass in the chamber.

4.2.3 Results of the ACM-GC-MS Measurements

In the following the results of the ACM-GC-MS system are presented. Figure 4.5

shows the FID chromatogram of sample S1, the empty chamber particle back-

ground. This sample was taken prior to the injection of the β-pinene when the

aerosol chamber was almost particle free. The chromatogram consists of five

peaks. However the origin of these peaks are not due to the content of the

aerosol chamber. The peaks are due to a contaminated valve rotor replacement.

The peaks occurred right after the exchange. A damaged rotor was exchanged

with a previously repaired rotor. Presumably the repaired valve rotor was cleaned

with unknown solvents which continually evaporated from the rotor after instal-

lation into the ACM. The contamination was more pronounced in the morning

after the substances had time to accumulate over night at the beginning of the
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Figure 4.5: ACM-GC-MS FID chromatogram of the empty aerosol chamber. The
measurement was done prior to the injection of the precursors. The peaks in
the chromatogram are due to contamination of a rotor in the valve array of the
ACM-GC-MS.

GC column. During the day with several experiments conducted the contami-

nation were reduced successively and vanished completely. Also before the rotor

needed to be exchanged no artifacts or contamination could be observed. Since

the particle concentration in the aerosol chamber prior to the introduction of the

precursors was very low (chapter 4.1.3) it is unlikely that the amount of aerosol

sample during the blank could result in such high signals. Since the retention

time for those peaks are constant they were omitted from the further analysis of

the chromatograms.

The ACM measurements of the SOA from the chamber was successful for all

samples taken during the experiment. Figure 4.6(a) shows the first sample mea-

sured with the ACM after the reaction in the chamber was started. The sample

was taken 78 minutes after ozone injection. The FID chromatogram shows a

variety of compounds. The majority of peaks are between 3 to 8 min and 15 to

33 min retention time. Two peaks, at 3.44 min and 25.3 min respectively, are

the major products dominating the aerosol composition at this early stage in the

reaction. Note that the contaminations from the rotor are reduced significantly

after three consecutive measurements with the ACM.

Figure 4.6(b) and (c) shows examples of the following samples taken with the

ACM, 22 h and 57 h after the ozone injection, respectively. The intensity of all
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Figure 4.6: Comparision of three ACM-GC-MS FID chromatograms measured
at (a) the beginning, (b) 22 h after the reaction started, and at (c) the end of
the experiment. Note that aerosol mass in the chamber is decreasing over time.
However the reduction of the peak intensity is not equal for all compounds which
indicates changes in the SOA composition.
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peaks was reduced during the experiments due to aerosol losses in the chamber

(see chapter 4.2.2). After 57 h for example the peaks at 16 min, 20 min, and

22.34 min are below the detection limit of the GC-MS system. Note that the

reduction of intensity is not the same for for all compounds which indicates dif-

ferent composition of the sampled aerosols over the duration of the experiment.

This is a good indication that the aging of the SOA could be observed with the

ACM-GC-MS. All 16 FID chromatograms are presented in the appendix B.

For the further analysis of the chromatograms only peaks with a signal height

of 5000 counts, based on the FID measurements, were chosen. All peaks smaller

than 5000 counts could not be fitted well enough with the exponentially modified

gaussian function (equation 2.2). The area under the peaks were calculated as

described in chapter 2.4.

4.2.4 Results of the Filter Sample Measurements

During the chamber experiment filter samples were taken in parallel to the ACM

measurements. All filter samples were taken with the set up using a front and a

back filter as described in chapter 2.5. Afterwards all front and back filter samples

were analyzed using the Gas Chromatograph - Isotopic Ratio Mass Spectrometer

(GC-IRMS) (chapter 2.5). Note that the desorption temperature of the GC-

IRMS system for evaporating the aerosols from the filters was matched with the

desorption temperature of the ACM collector of 225 ◦C. The total amount of

nopinone in the SOA sampled with the filters was determined. The SOA were

sampled onto the filters with an sampling flow of 25 l/min for 60 min (total sam-

pling volume of 1500 l). However the sampling flow of the ACM was 0.08 l/min

for 60 min (total sampling volume of 4.8 l). To be able to compare the filter mea-

surements with the ACM-GC-MS measurements the result for the total nopinone

mass on the filters was calculated for a sampling volume of 4.8 l. That means,

that the nopinone mass of the filters was multiplied with a conversion factor of

CIRMS,ACM = 4.8
1500

= 0.0032. In Figure 4.7 the results of the filter analysis is

shown. Note that the data points shown in Figure 4.7 already included the con-

version factor. The red triangles show the total nopinone mass of the front filters

measured with the GC-IRMS. The blue circles are the total mass of nopinone on

the back filters due to gas phase adsorption. The purple crosses are the nopinone

mass of the front filter corrected for the gas phase adsorption. The error bars

shown in the graph include the standard deviation of the measurement and the

uncertainty of the size of the filter piece that was cut out of the whole filter (chap-

ter 2.5). The nopinone concentration on the filters was highest at the beginning
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Figure 4.7: Total mass of nopinone measured for the front filter sample (red
triangles) taken during the β-pinene ozonolysis experiment. The blue diamonds
is the total nopinone mass on the back filters due to gas phase adsorption. The
purple crosses shows the nopinone mass on the front filter corrected for the gas
phase adsorption.

of the experiment and drops continuously over the course of the experiment due

to aerosol loss in the chamber (chapter 4.2.2). The amount of nopinone due to

gas phase adsorption onto the back filter is over the course of the experiment

almost constant. Note that during the experiment the total amount of nopinone

on the back filter ranged between 3 to 40% of the total nopinone mass sampled

on the front filter. The total nopinone mass measured with the filter samples will

be further compared with the ACM-GC-MS measurements in chapter 4.5.

4.3 Identification and Temporal Evolution of β-

pinene ozonolysis products in the SOA

4.3.1 Identification of β-pinene ozonolysis products

For the identification of the chromatographically separated compounds the aver-

aged mass spectra of the peaks measured with the MS were used. The procedure

to obtain these mass spectra is described in chapter 2.4. Two approaches were

used to identify components in the chromatograms. The first approach is to
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identify the peaks by comparison of the averaged mass spectra measured with

the MS with the content of the NIST database. However the content of the NIST

database (version from 1992) which was available for the identification does not

contain all compounds formed during the β-pinene ozonolysis. Only the two ma-

jor peaks in the chromatogram could be reliably identified as acetone (3.54 min

retention time) and nopinone (25.34 min retention time). The identification of

both peaks was also verified by comparison of the mass spectra with the spectra

obtained for the calibration of the GC-MS detector.

Nopinone had been previously identified as a major product of the β-pinene

ozonolysis (Grosjean et al., 1993; Hakola et al., 1994) in the gas phase (Lee et al.,

2006; Winterhalter et al., 2000) and also in the aerosol phase (Yokouchi and

Ambe, 1985; Jaoui and Kamens, 2003b). Also acetone was found as a major

product formed in the reaction of β-pinene with ozone (Orlando et al., 2000;

Larsen et al., 2001; Wisthaler et al., 2001; Jaoui and Kamens, 2003a). However

the acetone in these studies was only measured in the gas phase not in the aerosol

phase. Acetone is the second major compound in the composition of the SOA

measured with the ACM-GC-MS. However it is unlikely that the acetone par-

titions from the gas phase into the SOA due to its high vapor pressure. The

possible source of the acetone will be further analyzed in chapter 4.3.2.

For the second approach peaks were tentatively identified by comparing the

results with literature. Since one aim of the aerosol chamber experiment was to

determine the performance of the ACM-GC-MS system in measuring the compo-

sition of the SOA the data provided by literature will be used to search for peaks

corresponding to compounds which were previously identified by others in SOA

resulting from the oxidation of β-pinene with ozone and OH (Jaoui and Kamens,

2003b,a; Yu et al., 1999; Larsen et al., 2001). Since the chamber was flushed

with particle free outside air it can be assumed that with the beginning of the

experiment a typical ambient NOx concentration had been established inside the

chamber. As mentioned earlier (chapter 4.1.3) also products from the oxidation

of the precursors with OH radicals were to be expected.

For all major peaks measured with the ACM-GC-MS average background sub-

tracted mass spectra were created and analyzed. Jaoui and Kamens (2003b) work

focused on the characterization of the gas and particle phase reaction products

from the reaction of β-pinene with ozone and β-pinene with OH radicals in the

presence of NOx and natural sunlight. Their findings for the nighttime reaction

products will be compared to the ACM-GC-MS measurements. For the identifica-

tion the three major ion fragments in the EI mass spectra were used. In appendix

C the ACM-GC-MS mass spectra are shown which could be tentatively identi-

fied. Bicyclo[3,1,1]hept-3-ene-2-one, bicyclo[3,1,1]heptane-2-carboxaldehyde (also
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Table 4.2: Retention time, structure, molecular weight, and major ion fragments
of the identified products in the β-pinene ozonolysis experiment listed in the order
of ascending retention time.

Identification Retention
Time

Structure MW
(g mol−1)

m/z (EI)

acetone 3.44 58 43, 15, 58

bicyclo[3,1,1]hept-
3-ene-2-one

24.59 136 93, 121, 77

nopinone 25.34 138 83, 95, 55

myrtanal 26.81 152 69, 82, 41

myrtenol 27.18 152 79, 91, 108

1-hydroxynopinone 28.35 154 83, 95, 136

3-oxonopinone 31.35 152 83, 55, 152

3,7-dihydroxynopinone 33.33 170 83, 111, 55
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Figure 4.8: ACM-GC-MS FID chromatogram of S2. The retention time of the
homologous alkane series are indicated through black vertical lines. The retention
time of pinonic acid, determined through direct injection into the GC-MS, is
indicate through the red vertical line.

known as myrtanal), myrtenol, 1-hydroxinopinone, 3-oxonopinone (also known as

3-oxo-pina ketone) and 3,7-dihydroxynopinone could be assigned to peaks in the

chromatogram.

In addition the EI mass spectra of 1-hydroxinopinone was compared to the mass

spectra presented in Jaoui and Kamens (2003a) which back up the identification

of this compound. In Table 4.2 the structure, molecular weight, the major ion

fragments, and the retention time of these compounds are summarized. Some of

these products were also identified as compounds in the particle phase by Yu et al.

(1999); Larsen et al. (2001). However myrtenol was previously only detected in

the gas phase but not in the aerosol phase.

To strengthen the identification of myrtenol and myrtanal the retention index

(RI) of these compounds were calculated and compared to literature data. The

definition of the linear retention index and calculation of the linear retention index

used in this study are described in appendix D. In Figure 4.8 the retention times

of the homologous series of alkanes (for details see chapter 3.1.2) were added to

the chromatogram of sample S2. The linear retention indices for the identified

compounds were calculated and are summarized in Table 4.3. The linear retention

indices for nopinone and myrtanal calculated in this work are slightly higher than

the reported literature value. The linear retention indices for myrtenol reported
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Table 4.3: Comparison of determined linear retention indices of the identified
products with literature values.

Compound Name RI
This
work

RI Other Studies
(type of column)

Reference

bicyclo[3,1,1]hept-3-
ene-2-one

1138 - -

nopinone 1158 1137 (HP-5MS) Papandreou et al. (2002)
1139 (HP-5MS) Kallio et al. (2006)

myrtanal 1198 1180 (HP-5MS) Papandreou et al. (2002)
myrtenol 1209 1202 (DB-5MS) Kowalski and Wolski (2005)

1214 (DB-5MS) Wang et al. (2005)
1-hydroxynopinone 1158 - -
3-oxonopinone 1342 - -
3,7-
dihydroxynopinone

1408 - -

by Kowalski and Wolski (2005) and Wang et al. (2005) correspond well with the

indices determined. Note that the chromatographic column which is used in the

studies by Papandreou et al. (2002) and Kallio et al. (2006) is a HP-5MS. This

column has an equivalent stationary phase ((5%-Phenyl)-methylpolysiloxane) as

the DB-5ms column which was used with the ACM-GC-MS system, but is from

a different manufacturer which can explain the minor deviation between the re-

tention indices. Unfortunately only retention indices for three compounds could

be found in the literature.

No acids such as pinonic acid or pinic acids which are also important products

of the β-pinene ozonolysis were identified in the ACM-GC-MS measurement. To

proof the absence of these compounds in the SOA sample chromatograms pinonic

acid (purity 98%) was measured with the GC-MS system through direct injec-

tion. In Figure 4.8 the retention time of pinonic acid is indicated. Pinonic acid

eluted from the GC column at 35.35 min. The peak with largest retention time

measured during the SOA experiment was 3,7-dihydroxynopinone which eluted

at 33.33 min. Previous studies analyzed the composition of β-pinene SOA with

respect to polar compounds such as acids by solvent extraction of the filters with

subsequent derivatization of the compounds (Yu et al., 1999; Jaoui and Kamens,

2003b,a). The ACM-GC-MS system measures the compounds directly without

these steps. Presumably the ACM-GC-MS system in this specific set up is not

capable to transfer and/or measure the acids.

Eight products of the β-pinene ozonolysis in the SOA could be identified with
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the ACM-GC-MS system by comparison with literature values of the main m/z

fragments. Myrtanal, myrtenol and nopinone were also identified by determin-

ing their retention indices and comparison with literature values. Acteone and

nopinone were additionally identified using the NIST database.

4.3.2 Source of Acetone in the SOA

As presented previously (chapter 4.3.1) acetone is found to be a major compound

in the SOA measured with the ACM-GC-MS. However it is unlikely that the ace-

tone partitioned from the gas phase into the SOA due to its high vapor pressure.

To further investigate the source of acetone in the ACM-GC-MS experiments,

particles sampled on quartz fiber filters were measured with a thermal desorp-

tion system coupled to a gas chromatograph isotope ration mass spectrometer

(GC-IRMS) (Fisseha et al., 2009). The SOA was analyzed by evaporating the

collected particles from the filters and subsequent analysis of the composition

with the GC-IRMS. The analysis showed also high amount of acetone in SOA

formed in the β-pinene ozonolysis experiment.

Measurements of blank filters and blanks measurements of the GC-IRMS system

were performed to exclude contaminations of the filters and the system as a pos-

sible source. Additionally an experiment in the aerosol chamber was performed

to exclud that the acetone is result of ozone reacting with the chamber wall or

any contaminations in the chamber. The acetone concentration of the filters from

this blank experiment was below the detection limit of the GC-IRMS. This results

shows that the acetone was directly related to the SOA from the β-pinene.

To further characterize the acetone from the SOA one set of analysis was per-

formed in which the filters were heated in a stepwise manner between 30 ◦C and

240 ◦C. It was shown that acetone needed a higher temperature to be desorbed

from the filter than nopinone. Thus we concluded that the acetone measured

during the analysis might be due to a thermal decomposition of a an oligomer or

from a partial decomposition of high molecular compounds which contain a C =

O functional group. Since the samples collected with the ACM were also evap-

orated from the collector at 225 ◦C it is reasonable to assume that the acetone

measured with the ACM-GC-MS is also due to a thermal breakdown of a high

molecular compound.
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Figure 4.9: Time series of the total SOA mass measured by the ACM-GC-MS
system.

4.3.3 Time Series of Aerosol Composition

The peak areas determined for all selected peaks were converted into mass using

the calibration curves derived in chapter 3. For acetone and nopinone the ac-

cording response factors from calibration of the direct injection into the GC-MS

system (chapter 3.1) were applied. For all other compounds the calibration de-

rived for the octadecane (chapter 3.2.2) is used. Note that the response factor of

the FID detector is different for oxidized compounds. Organic compounds with

functional groups such as carbonyl, alcohol, and halogens give a weaker signal

when they enter the FID detector and are underestimated compared to non oxy-

genated species (Komenda et al., 2001, and references therein). Therefore, by

applying the octadecane calibration to the ACM-GC-MS measurements the mass

determined for each individual compound and the total mass of each sample rep-

resents a lower limit.

In Figure 4.9 the variation over time in the total mass collected with each sample

is shown. The total mass was calculated by integrating the areas of all peaks in

the FID chromatograms for each sample. Note that only peaks selected as stated

in chapter 4.1.3 were considered to contribute to the total mass. The time for

each data point corresponds to the middle of the sampling interval. The total

aerosol mass measured by the ACM-GC-MS is at its maximum at the beginning
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Figure 4.10: Time series of the nopinone (circles) and acetone (squares) mass
determined from the ACM-GC-MS FID chromatograms.

of the experiment and afterwards decays over time. Since the collection time of

the ACM-GC-MS was kept constant at 60 min with a sampling flow of 80 ml/min

for all samples the time series shows the reduction of the aerosol mass inside the

aerosol chamber during the experiment. The reduction is due to wall losses, di-

lution and sedimentation of aerosols. Also the continuous sampling reduced the

aerosol concentration in the chamber. In Figures 4.10 and 4.11 the temporal

variation for the single compounds of the SOA is presented. The time series are

presented for the previously identified compounds. For a better overview acetone

and nopinone are displayed separately from the other compounds. The masses of

nopinone, bicyclo[3,1,1]hept-3-ene-2-one, and 3,7-dihydroxynopinone shows the

same variation over time as the total mass. However not all peaks follow the

same trend. The masses of the acetone, myrtanal, 1-hydroxynopinone, and 3-

oxonopinone initially increase for the first 2 samples before they also decrease.

Note that acetone and nopinone together contribute 60% to the total mass de-

tected by the ACM-GC-MS.

The different curve shapes indicate changes in the aerosol composition. This

aspect is discussed in detail in chapters 4.4 and 4.7 in comparison of the ACM-

GC-MS results to the results obtained with the SMPS and AMS.
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Figure 4.11: Time series of the identified peaks determined from the ACM-GC-
MS FID chromatograms. Note that the different curve shapes indicate a change
in the SOA composition.

4.4 Intercomparison of ACM-GC-MS and SMPS

In this chapter the total mass measured with the ACM-GC-MS is compared to

the mass loading of the collector derived from the SMPS measurements. Also the

temporal evolution of the mass fractional abundances of the compounds in the

SOA will be analyzed and discussed.

4.4.1 Total Mass measured by ACM-GC-MS

In Figure 4.12(a) the total mass measured with the ACM-GC-MS for each sample

is compared to the collector mass loading derived from the SMPS measurements.

The collector mass loading was determined using equation 3.2. Instead of us-

ing the density of octadecane in equation 3.2 the average density of the SOA of

1.2 g/cm3 determined as described in chapter 2.8 was used. In general the total

mass measured with the ACM-GC-MS and the collector mass loading have the

same temporal variation except for the first three samples. In Figure 4.12(b)

the total mass measured with the ACM-GC-MS was normalized to the collector

mass loading. The mass fraction measured with the ACM-GC-MS was 11% at
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Figure 4.12: Figure (a) shows the Comparison of the ACM collector mass load-
ing (open diamonds) and the total mass measured with the ACM-GC-MS (filled
circles). Note that scale of the y-axis have one order of magnitude difference.
In Figure (b) the time series of the fraction of the aerosol mass detected by the
ACM-GC-MS is presented.
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the beginning of the experiment and decreased during the first day to 6% and

was nearly constant for the next two days. In part the low (6-11%) recovery of

SOA mass with the ACM-GC-MS can be explained by the compound detection

capabilities of the ACM-GC-MS. In chapter 4.3.1 it was shown that higher oxy-

genated products of the β-pinene ozonolysis such as acids are not measurable

with this specific ACM-GC-MS set up. Additionally the gas phase measurements

(see 4.2) show that during the first hours after the reaction was started the ozone

concentration decreased rapidly. During this period the successive oxidation of

the β-pinene and the products led to an increase in the compounds which are not

measurable with the ACM-GC-MS set up. It can be assumed that this trend is

reflected in the curve shape in Figure 4.12(b) which shows that the mass fraction

measured by the ACM-GC-MS decrease during the first three samples. On the

second and third day the ozone was, except for chamber wall losses, nearly con-

stant as was the ACM-GC-MS detected mass fraction.

Furthermore the GC-MS technique is limited with regard to measuring high

molecular weight compounds. The evidence for oligomer formation in SOA from

the photooxidation and ozonolysis of α-pinene were measured during different

smog chamber studies (Gao et al., 2004; Baltensperger et al., 2005; Müller et al.,

2008). Baltensperger et al. (2005) additionally found increasing abundances of

high molecular weight compounds (up to 1000 Da) with increasing aging time of

the SOA. They also estimated that after 20 h of aging about 50% of the particle

mass consisted of oligomers. Under the assumption that in the β-pinene ozonol-

ysis also oligomerization occurred these high molecular compounds in the SOA

would not have been detected by the GC-MS system.

4.4.2 Temporal evolution of the mass fractional abundances

of SOA compounds

In Figure 4.13 the mass fractional abundance of the identified compounds in the

aerosol is shown. The masses for these compounds determined in chapter 4.3.3

were normalized to the collector mass loading determined from the SMPS mea-

surements. In Figure 4.13(a) the contributions of acetone and nopinone to the

SOA of each sample measured during the experiment are presented. The fraction

of nopinone in the aerosol had its maximum at the beginning of the ozonoly-

sis and continuously decreased over the first two days of the experiment. The

last 6 samples measured with the ACM-GC-MS had a nearly constant nopinone

fraction. The largest change of the nopinone fraction in the aerosol was ob-
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Figure 4.13: Fractional abundances of identified compounds in the SOA. Note
that for overview reasons the two main compounds are presented separately from
the other compounds. a) Fractional abundances for the two main compounds
nopinone and acetone in the ACM-GC-MS chromatograms. b) Fractional abun-
dances for the other identified compounds.
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served in the first four samples with a decrease from 3% to 1% within 24 h.

However the gas phase nopinone concentration stayed quite constant 5 hours

after the reaction was started until the end of the experiment (see Figure 4.2)

which is reasonable since nopinone does not react with ozone (Calogirou et al.,

1999). However during the first 24 hours the large decrease in ozone indicates the

continuous progress of the oxidation of the β-pinene and other products which

results in an increase in other species. Therefore the mass fractional decrease of

nopinone in the SOA can be explained due to the relative change in composition

of the SOA that is more species partitioned into the SOA so that the relative

contribution of the nopinone decreased. The time trend of the acetone fraction

is similar however the total decrease in the acetone fraction of the aerosols is ap-

proximately 1% from 3.5 to 2.5%. In Figure 4.13(b) the time series of the other

identified peaks are shown. Note that these compounds show distinctively differ-

ent time trends. While bicyclo[3,1,1]hept-3-ene-2-one and 3,7-dihydroxynopinone

show similar temporal evolutions as nopinone and acetone, the fractions of myr-

tanal and 3-oxonopinone of the SOA first increase in the first two to three samples

before they decrease. The fraction of 1-hydroxynopinone and myrtenol even in-

crease continuously during the experiment.

For the further analysis also the time series of the mass fraction of the uniden-

tified compounds were analyzed. As described for the identified compounds the

mass determined for the unidentified compounds were normalized to the collector

mass loading. The compounds were grouped according to similar time evolution

of the mass fractional abundance in the SOA. In Figure 4.14 each graph shows a

group of compounds which had the same or similar temporal behavior. The ma-

jority of the peaks could be grouped together according to the three trends previ-

ously described for the identified compounds. Figure 4.14(a) contains unidentified

peaks with a time series comparable to nopinone, acteone, bicyclo[3,1,1]hept-3-

ene-2-one, and 3,7-dihydroxynopinone. These compounds contribute the largest

fractional mass at the beginning of the experiment and decrease over time. In

Figure 4.14(b) the compounds show the same time trend as myrtanal and 3-

oxonopinone. The mass fraction of the aerosol rise during the first samples before

it decreased again. The compounds showing continuous increase over the dura-

tion of the experiments are presented in Figure 4.14(c). Note that for reasons

of clarity only two or three example time series are presented in Figures 4.14(a),

4.14(b), and 4.14(c). In appendix E all measurable peaks are group according to

their time trends. Also peaks which could not clearly be assigned to a group are

presented in appendix E.

Group 1 to 3 will be analyzed further in comparison with the AMS measurements

in chapter 4.7.2. However peaks which could not clearly be assigned to one of the
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Figure 4.14: Fractional abundance of the unidentified peaks group together accord-
ing to their specific temporal evolution. Note that for overview reasons only the
time series for three example peaks in Figure a) and b) and two example peaks for
Figure c) are shown. The graphs with all peaks assigned to the groups is presented
in appendix E.
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groups will be not included in this comparison since no identified peak shows a

similar trend and therefore no further analysis with regard to compound specific

analysis such as O/C ratios can be applied.

4.5 Intercomparison of ACM-GC-MS and Filter

Samples

In Figure 4.15 the total nopinone mass measured with the filter samples is com-

pared to the total nopinone mass measured with the ACM-GC-MS. As described

previously the total nopinone mass measured with the filters (red triangles) was

corrected by subtracting the total amount of nopinone measured on the back

filters (blue diamonds). However an additional correction had to be applied to

the nopinone mass from the filter measurements to be comparable to the ACM-

GC-MS measurements (black circles). The ACM inlet has a particle transmission

efficiency for particles in the size range between 70 and 500 nm in diameter of

100%. Quartz fiber filters have collection efficiency of 100% for particles larger

Figure 4.15: Comparison between the total nopinone mass sampled with filters
(red triangles: uncorrected and green squares: corrected) and the total nopinone
mass measured with the ACM-GC-MS (black circles). Also the total amount of
nopinone on the back filter (blue diamonds) due to nopinone gas phase adsorption
is shown.
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than 100 nm. During the β-pinene ozonolysis experiment the particles grew such

that a significant fraction of the particles had a diameter larger than 500 nm (see

Figure 4.4). Therefore also particles with larger diameter than 500 nm will con-

tribute significantly to the total nopinone mass collected with the filters. For a

better comparison of the filter samples to the ACM-GC-MS samples the nopinone

mass on the filter was corrected using the SMPS measurements. The SMPS par-

ticle volume distributions were fitted with a lognormal function. For each filter

sample the fraction of particles with a larger diameter than 500 nm was deter-

mined. The total nopinone mass measured with the filters was then corrected for

the fraction of nopinone mass which could not be sampled with the ACM-GC-

MS. In Figure 4.15 the total nopinone mass after both corrections, the back filter

correction and the particle volume distribution (PVD) correction, were applied

is represented by the green squares. The amount of nopinone measured with the

both method follow a similar temporal trend. However the corrected nopinone

mass measured with the filter samples was during the first two days more than

two times larger than the nopinone mass measured with the ACM-GC-MS. On

the last day both measurements show a similar nopinone mass. Note that the

amount of nopinone on the back filter is for the second and third day approxi-

mately the same as the amount measured with the ACM-GC-MS. The comparison

show that either the ACM-GC-MS underestimated the nopinone mass or that the

filter samples overestimated the amount of nopinone in the SOA. Since octade-

cane test aerosols were sampled, desorbed and transferred with a recovery rate

of 100% with the ACM-GC-MS it can be assumed that no significant amount of

nopinone is lost in the ACM-GC-MS system. However positive artifacts for filter

samples due to gas phase adsorption is a known complication for filter collection

of organic aerosols (Turpin et al., 2000; Kirchstetter et al., 2001). Positive ar-

tifacts appear to dominate samples taken with quartz filters and are estimated

of over 50% of the particulate organic matter (Turpin et al., 1994; Kirchstetter

et al., 2001). Subramanian et al. (2004) and Kirchstetter et al. (2001) showed

that a quartz backup filter provides a good estimate of the positive artifact on

the sampling (front) quartz filter when the sampling period is long (24 h and

14 h, respectively). However they also showed that sampling for a shorter dura-

tion (2 h,4 h, 6 h, and 8 h) a considerable positive artifact remain on the front

quartz filter. It is assumed that this underestimation of the positive artifact by

the backup quartz filter for short sampling times is due to the fact that it takes

considerably longer for condensable organics to reach equilibrium in the vicinity

of a quartz filter (Turpin et al., 2000; Mader and Pankow, 2001).

It is also important to note that the distribution of the collected aerosol on the

quartz fiber filters of the chamber experiment were not homogenous. It could be
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seen that the concentration of the sampled aerosols was more dense in the center

of the filter and that the concentration decreased from the center outwards. The

filter piece which was cut out from the whole filter for analysis was taken from

the central region of the filter what also could have led to an overestimation of

the nopinone mass sampled with the filters.

The known complication of filter samples described above and the supposedly

large positive artefact of the filter samples measured in β-pinene ozonolysis ex-

periment emphasize the importance of aerosol sampling techniques, such as the

ACM-GC-MS, which are less susceptible for such artifacts.

4.6 SOA Yield and Nopinone Partitioning

In this chapter the measurements of the gas phase and particle phase during the

β-pinene ozonolysis experiment were used to calculated and examine important

properties of the SOA formation. The maximum SOA yield for the ozonolysis of

β-pinene was calculated. Additionally the partitioning of nopinone, the major

product in the β-pinene ozonolysis, was determined.

4.6.1 SOA Yield of the β-pinene ozonolysis

In the following the amount of SOA formed by the oxidation of β-pinene with

ozone is presented. The fractional SOA yield for this experiment was calculated

using the β-pinene concentration and the total SOA mass produced in the cham-

ber. The SOA mass was calculated using the total volume distribution (see Figure

4.3(a)):

MSOA = VSOA ∗ ρSOA ∗ 10−9 (4.1)

MSOA = SOA total mass concentration [ μg
m3 ]

VSOA = SOA total volume concentration [nm3

cm3 ]

ρSOA = SOA density [ g
cm3 ]

The average SOA density of 1.2 g/cm3 was used for this conversion (chapter 2.8).

The fractional SOA yield is defined as the mass of aerosol formed per mass of

hydrocarbon reacted (Odum et al., 1996; Kroll and Seinfeld, 2008) and expressed

as follows:

Y =
ΔM

ΔHC
(4.2)
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Table 4.4: Initial conditions of β-pinene ozonolysis experiment and results of the
measured aerosol yield.

β-pinene (ini) O3 (ini) T Y References
[ppb] [ppb] [◦C] [%]

600 872 20.5-22 31 this work
85.4 271 19.4 32.1 Hoffmann et al. (1997)
1000 1000 12-17 26.2 Jaoui and Kamens (2003a)
2000 1000 20-22 26.4 Jaoui and Kamens (2003a)
600 500 25 28 Fisseha et al. (2009)

Y = fractional SOA yield [1]

ΔM = aerosol mass formed [ μg
m3 ]

ΔHC = SOA density [ μg
m3 ]

The maximum SOA yield for this experiment was calculated to be 31 ± 7.5 %.

The calculated SOA yield is compared to literature values (Table 4.4). Note that

in this comparison only studies which does not use OH scavengers are listed.

Several studies have to some extend examined the effect of OH scavenger on the

aerosol formation from the ozonolysis of terpenes (Keywood et al., 2004; Iinuma

et al., 2005). When not using an OH scavenger more organic material is converted

due to the additional OH reaction with the organic precursor and its products.

Additionally the products formed in an ozonolysis without using an OH scavenger

can consist of additional polar groups and are less volatile (Jonsson et al., 2007)

which can contribute to an increase in the SOA yield. The maximum SOA yield

determined in this work is in good agreement with those reported in the literature

for studies with similar experimental condition (see Table 4.4). The reason that

the aerosol yield in this work is in the upper range compared to literature values

is due to the derived density of 1.2 g/cm3 for the SOA used for this calculation

instead of 1 g/cm3 which is often assumed in other studies.

4.6.2 Nopinone partitioning

The simultaneous measurement of nopinone in the gas phase by the PTR-ToF-

MS and particle phase by the ACM-GC-MS system can be used to determining

the equilibrium partitioning coefficient of nopinone and comparing the result with

calculations done in other studies with the gas-particle partitioning theory based

on the Pankow absorbtion model (Pankow, 1994b). According to the theory the
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partitioning of semi-volatile species between the gas phase and the particulate

phase can be described by an equilibrium partitioning coefficient (Odum et al.,

1996; Donahue et al., 2006; Hallquist et al., 2009):

Cp
i

Cg
i

= Kp,iCOA =
COA

C∗
i

(4.3)

Kp,i = equilibrium partitioning coefficient [m3

μg
]

Cp
i = mass concentration of species i per unit volume

air in the particulate phase [ μg
m3 ]

Cg
i = mass concentration of species i per unit volume

air in the gaseous phase [ μg
m3 ]

COA = mass concentration of species i per unit volume

air of the total absorbing particle phase [ μg
m3 ]

C∗
i = saturation vapor concentration [ μg

m3 ]

Kp can also be derived from theory and is defined as follows (Pankow, 1994b;

Kamens et al., 1999; Jenkin, 2004):

Kp =
7.501 · 10−9RT

MWomζp◦L
(4.4)

Kp = equilibrium partitioning coefficient [m3

μg
]

R = ideal gas constant [ J
Kmol

]

T = temperature [K]

MWom= mean molecular weight of the condensed

organic phase [ g
mol

]

ζ = activity coefficient for the given species

in the condensed organic phase [1]

p◦L = sub-cooled liquid vapor pressure [Torr]

The activity coefficient thermodynamically represents the non ideality of the semi-

volatile organic compound which is solved in the layer of the particle. The activity

coefficient changes with the composition of the organic layer of the particles. In

most studies and models it is assumed that the activity coefficient ζ is unity

for an oxidized product which partitions into an aerosol which is composed of a

mixture of similar compounds (Pankow, 1994b; Kamens et al., 1999). To estimate

Kp also knowledge of the values of p◦L is necessary. Since information of the

vapor pressures are scarce p◦L is often estimated from boiling point and entropy of
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vaporization information using a semi-empirical form of the Clausius-Clapeyron

equation (Kamens et al., 1999; Jenkin, 2004):

ln
p◦L
760

=
−ΔSvap(Tb)

R

[
1.8

(
Tb

T
− 1

)
− 0.8

(
ln

Tb

T

)]
(4.5)

p◦L = sub-cooled liquid vapor pressure [Torr]

ΔSvap(Tb) = vaporization entropy change at Tb [ J
molK

]

Tb = boiling point [K]

T = temperature [K]

R = ideal gas constant [ J
molK

]

The sub-cooled liquid vapor pressures are also often estimated using group con-

tribution methods (Cordes and Rarey, 2002; Pankow and Asher, 2008). In the

group contribution approach the prediction of molecular properties are based on

the hypothesis that the value of a property of interest for a specific compound

can be estimated from the contribution of structural fragments that comprise this

compound.

For the β-pinene ozonolysis experiment the partitioning coefficient for nopinone

was determined from the measured values. Values for Cg
i , COA, and Cp

i were

determined from the measurements with the PTR-ToF-MS, SMPS, and ACM-

GC-MS respectively. The gas phase nopinone concentration shown in Figure 4.2

was averaged over each ACM-GC-MS sampling period of 60 minutes. The to-

tal SOA mass, that is the total absorbing particle phase, in the chamber was

calculated using equation 4.2 and also average over the same time period. The

ACM-GC-MS measurement of the total nopinone mass for each sample was con-

verted to concentration values using the following equation:

Cn =
Mn · 10−6

fACM ts
(4.6)

Cn = nopinone concentration [ μg
m3 ]

Mn = total nopinone mass in the SOA [μg]

fACM = sampling flow of the ACM [ cm3

s
]

ts = sampling time [s]
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Table 4.5: Upper part:Partitioning coefficients and vapor pressures of nopinone at
different time periods in the β-pinene ozonolysis experiment determined from the
gas phase and particle phase measurements. Lower part: Partition coefficients
and vapor pressures of nopinone determined with two model studies.

Time after ozone in-
jection [h]

Kp nopinone [m3

μg
] p◦L nopinone [Torr]

1.3 26.8 · 10−5 ± 6.73 · 10−5 38.4 · 10−3 ± 0.96 · 10−4

4.77 8.65 · 10−5 ± 2.17 · 10−5 1.19 · 10−3 ± 2.99 · 10−4

8.05 6.79 · 10−5 ± 1.70 · 10−5 1.52 · 10−3 ± 3.81 · 10−4

21.97 5.72 · 10−5 ± 1.43 · 10−5 1.80 · 10−3 ± 4.52 · 10−4

25.03 7.04 · 10−5 ± 1.76 · 10−5 1.47 · 10−3 ± 3.68 · 10−4

26.55 6.39 · 10−5 ± 1.60 · 10−5 1.62 · 10−3 ± 4.05 · 10−4

28.12 7.16 · 10−5 ± 1.79 · 10−5 1.44 · 10−3 ± 3.61 · 10−4

29.72 6.66 · 10−5 ± 1.65 · 10−5 1.55 · 10−3 ± 3.88 · 10−4

31.32 6.58 · 10−5 ± 1.65 · 10−5 1.57 · 10−3 ± 3.93 · 10−4

46.03 5.68 · 10−5 ± 1.42 · 10−5 1.82 · 10−3 ± 4.56 · 10−4

49.05 5.93 · 10−5 ± 1.47 · 10−5 1.74 · 10−3 ± 4.36 · 10−4

50.60 5.89 · 10−5 ± 1.48 · 10−5 1.75 · 10−3 ± 4.39 · 10−4

52.12 6.02 · 10−5 ± 1.51 · 10−5 1.71 · 10−3 ± 4.29 · 10−4

53.63 5.50 · 10−5 ± 1.38 · 10−5 1.88 · 10−3 ± 4.70 · 10−4

55.12 5.45 · 10−5 ± 1.37 · 10−5 1.89 · 10−3 ± 4.74 · 10−4

Reference Kp nopinone [m3

μg
] p◦L nopinone [Torr]

Jenkin (2004) 2.4 · 10−7 6.0 · 10−1

Chen (2005) 7.6 · 10−4 -

The partition coefficient Kp for nopinone was calculated using equation 4.3. The

error for the partitioning coefficient was calculated as follows:

σKp,i
=

√(
1

COACg
i

)2

(σCp
i
)2 +

(
− Cp

i

C2
OACg

i

)2

(σCOA
)2 +

(
− Cp

i

COA(Cg
i )2

)2

(σCg
i
)2

(4.7)

The results for Kp for each sample are presented in Table 4.5. The calculated

partitioning coefficients varied between 26.8 · 10−5 μg/m3 and 5.45 · 10−5 μg/m3

during the experiment. It had its maximum at the beginning of the experiment in

the first measurement 1.3 hours after the ozone was injected and was considerably

lower for the second sample measured 4.7 hours after the reaction was started. Af-

terwards the partitioning coefficient for nopinone stayed nearly constant between

7 · 10−5 μg/m3 and 5 · 10−5 μg/m3. That the partitioning coefficient measured

for the first sample was significantly different from the coefficients measured later

in the experiment can be explained due to the changes in the composition in the

SOA and the ongoing reaction in the chamber. During the first 5 hours most of
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the ozone reacted with the compounds in the chamber so that the composition

of the SOA continuously changed during this time period due to the increase of

other low- and semi-volatile oxygenated products from the β-pinene ozonolysis.

Therefore the conditions for the nopinone to partition into the SOA could have

changed which would be reflected by this decrease in the partitioning coefficient.

However the time resolution with which Kp was measured especially at the be-

ginning of the experiment was too low to give any further inside into the time

evolution of the partitioning coefficient during the time period of the highest

ozone consumption in the chamber.

The values for Kp were compared to literature values. However the information of

the partitioning coefficient of nopinone from direct measurements as conducted

in this work are scarce. Therefore the determined values are compared to the

results from two model studies (Jenkin, 2004; Chen and Griffin, 2005) presented

in the lower part of Table 4.5. Jenkin (2004) used the Master Chemical Mech-

anism version 3 (MCM v3) to simulate the formation and detailed composition

of SOA from the gas phase ozonolysis of α- and β-pinene. The optimization of

the model was done using α-pinene data sets. β-pinene data sets were used to

examine the performance of the mechanism for a wider range of reagent con-

centrations and experimental conditions. In the calculations for the partitioning

coefficient of nopinone Jenkin (2004) used a mean molecular weight of 130 g/mol,

an activity coefficient of one, and a temperature of 298 K. The derived Kp was

2.4 · 10−7 m3/μg which is about two orders of magnitudes smaller than the par-

tition coefficient measured in this work.

A possible explanation for the difference might be that the measurements of the

nopinone with ACM-GC-MS are too high due to insufficient removal of the gas

phase in the vacuum chamber of the ACM and therefore adsorption of nopinone

from the gas phase onto the collector during the sampling. However such an

artefact can be excluded by the ACM-GC-MS blank measurements performed

during the experiment. Since the ACM-GC-MS blank measurements were con-

ducted with a particle filter between the chamber and the ACM inlet the gas

phase nevertheless was drawn into the ACM system during the sampling for the

blank measurement. The blank measurements were conducted with the same

measurement cycle as the sampling of the SOA. If there had been any significant

adsorption of nopinone from the gas phase onto the collector during the sampling

it would have been seen in the chromatograms of the blank measurement. The

chromatograms of the blank measurements are presented in appendix B which

show no significant contamination or artefacts.

Chen and Griffin (2005) used the Caltech Atmospheric Chemistry Mechanism

(CACM) coupled to an aerosol module (Model to Predict Multi-phase Partition-
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ing of Organics (MPMPO)) to simulate the gas-particle partitioning of semi-

volatile organic compounds and optimized and tested the model with 15 data

sets of photooxidation, ozonolysis, and NO3 β-pinene experiments. For their

calculations of the nopinone partitioning coefficient a mean molecular weight of

180 g/mol, an activity coefficient of one, and a temperature of 308 K were used.

The comparison of the determined nopinone partitioning coefficient with values

calculated by Chen and Griffin (2005) showed better agreement (see Table 4.5).

However the calculated Kp of Chen and Griffin (2005) is still one order of magni-

tude higher than the Kp measured in the experiment in this work. Note that the

calculations by Chen and Griffin (2005) were done for a higher temperature com-

pared to the conditions in the aerosol chamber. Therefore the comparison of the

partitioning coefficient in this work with the calculated coefficient by Chen and

Griffin (2005) has to be regarded with a higher uncertainty. However note that

the difference between the two model results regarding the partitioning coefficient

of nopinone could not only be explained by the difference in the temperatures

and the mean molecular weight chosen for the two simulation.

Also it is important to note that in both model studies it is stated that the par-

titioning coefficients and/or vapor pressures were adjusted such that the results

of the calculations better matched vapor pressure or partitioning coefficient lit-

erature values, if such values were available. Also the adjustment was applied to

better match the experimental determined values of the studies used for testing

the models. Chen and Griffin (2005) adjusted their determined values typically

by a factor of 0.001, while the temperature dependence of the vapor pressure was

retained. Jenkin (2004) also applied a compound-independent scaling factor to

Kp for all partitioning compounds of approximately 120 in the simulation of the

SOA formation.

The partitioning coefficient measured in the aerosol chamber experiment is in

between the calculated values of the two model studies which indicates that the

result obtained for Kp is reasonable regarding the still large uncertainties in the

prediction of the SOA partitioning.

Additionally the vapor pressure of nopinone was calculated using equation 4.4.

For the calculation the previously derived partitioning coefficient Kp was used.

For the mean molecular weight of the condensed organic phase a value of 180 g/mol

was adopted from Chen and Griffin (2005) since this model studies reflect the re-

sults of this work better. The nopinone partitioned into an aerosol which is

composed of products of β-pinene oxidation. Therefore the activity coefficient ζ

can be assumed to be nearly ideal and is assumed to be unity (Pankow, 1994b;

Kamens et al., 1999). The results for the calculated nopinone vapor pressure are

presented in Table 4.5. The vapor pressure derived from nopinone were com-
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pared to the vapor pressure estimated by Jenkin (2004). The vapor pressure for

nopinone determined by Jenkin (2004) differs from the experimentally determined

vapor pressure in this work significantly by two orders of magnitude. Unfortu-

nately Chen and Griffin (2005) did not provide any results for the nopinone vapor

pressure.

The discrepancies between the model results show that experiments in determin-

ing partitioning coefficients such as presented in this work are needed to gain

further inside into the particle-gasphase reactions and to provide a wider data

base for model studies to rely on. In particular the coupling of the ACM to a

PTR-MS would be suitable for these kind of measurements because the parti-

cle phase and the gas phase could be measured with the same detector during

the experiment. While the ACM is sampling the particle phase the PTR-MS

would measure the gas phase simultaneously. Afterwards the PTR-MS would be

coupled (see cahpter 2.2.2) again with the ACM to measured the content of the

evaporated aerosols. This approach would reduce uncertainties in the compari-

son of the measurements for the gas and particle phase since the measurements

would be obtained with the same method. Also possible artifacts from offline

measurements of SOA such as gas phase adsorption onto filters could be avoided.

4.7 Time evolution of the SOA composition and

corresponding ACM marker compounds

In this chapter the AMS data were analyzed to extract factors dominating the

time evolution of the organic composition using the so called Positive Matrix

Factorization (PMF) analysis. The findings of the PMF analysis were compared

to the time series of the fractional abundances of compounds determined by the

ACM-GC-MS measurements in chapter 4.4. Also oxygen to carbon ratio (O/C)

ratios were determined and compared with the PMF factors and the identified

compounds measured with the ACM-GC-MS.

4.7.1 Time evolution of PMF factors and O/C ratios

To extract factors dominating the time evolution of the organic composition

the Positive Matrix Factorization (PMF) analysis (Paatero and Tapper, 1994;

Paatero, 1997) as implemented by Ulbrich et al. (2008) was applied to the AMS

data. Details of the PMF analysis are presented in appendix F. In the PMF anal-

ysis the number of factors, p, in the real data set is generally unknown and has
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Figure 4.16: Examples for different AMS m/z temporal evolution.

to be estimated. For the estimation of the number of factors for the AMS mea-

surements of the β-pinene experiment trends in different m/z traces are used.

In Figure 4.16 examples for the time evolution of m/z traces are shown. The

time trends of the m/z traces support the assumption that three factors can be

assumed for the PMF analysis. Furthermore the number of factors needed to

describe the data set is determined by the requirement of minimal residuals and

low correlation in the mass spectral and time dependent behavior of the factors.

For example if the number of factors is chosen to large two or more factors might

have similar or equal temporal evolutions or the mass spectral profiles are very

similar and highly correlated. Therefore several PMF analysis of the AMS data

set for the β-pinene ozonolysis experiment were conducted with different values

for the number of factors. These analysis were compared regarding correlations

between the factors and the minima of the residuals. As indicated with the time

evolution of the m/z traces shown in Figure 4.16 three factors were identified with

the PMF analysis. In Figure 4.17 the time series of the three factors derived from

the PMF analysis are shown. The factors are normalized to the total organic

mass measured with the AMS. As can be seen the three time series of the factors

are distinctly different in their temporal behavior. While factor 1 rises steeply

in the initial phase of the experiment it reaches its maximum approximately af-

ter 1.5 hours after the SOA formation started. Thereafter it decreased steadily.

Factor 2 rises not as steep as factor 1 and reaches its maximum after 10.5 hours.
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Figure 4.17: Time dependance of the factors derived from the PMF analysis which
dominate the time evolution of the organic composition of the SOA.

Again factor 2 decreases afterwards steadily. Factor 3 increased even slower and

drops only after more than 24 hours. Compared to the two other factors its de-

crease is significantly lower.

In Figure 4.18 the mass spectra of the individual factors derived for the β-

pinene SOA are shown. The main differences in the mass spectra can be seen

in the relative contributions of ions at m/z 27 to 29, 41 to 44, and 55. The

relative oxygen content in organic aerosol can be estimated using the fraction of

the organic signal at m/z 44. The assumption is that the signal of m/z 44 is

dominated by CO+
2 . Aiken et al. (2008) showed using a high resolution time of

flight AMS (HR-ToF-AMS) that 88% of m/z 44 signal is due to CO2 in ambient

aerosol. Thus it can be considered as a marker for the oxygen to carbon ratio

(O/C). For unit mass resolution data such as available from the AMS used in

this experiment, the following relation was derived:

O/C = 0.0382 · m/z44 + 0.0794 (4.8)

m/z44 = contribution of the organic signal at m/z 44 to

the total organic signal in %

104



4.7. TIME EVOLUTION OF THE SOA COMPOSITION AND
CORRESPONDING ACM MARKER COMPOUNDS

Figure 4.18: Profiles of the factors derived from the PMF analysis.

The O/C ratio of the factors identified in the PMF analysis were determined

using equation 4.8 and are presented in the upper part of Table 4.6. The overall

O/C ratio can be determined from the weighted contributions of the three factors

at each time. Figure 4.19 depicts the PMF factors normalized to the total organic

mass (crosses) and the time evolution of the O/C ratio (dark blue line). Because

the time evolution of the determined factors are different the O/C ratio also varies

Table 4.6: Upper part: O/C ratios of the PMF factors. Lower part: O/C ratios
of the identified components of the ACM-GC-MS measurements.

Factors / Compound Name Chemical Formula OC
PMF factor 1 - 0.403
PMF factor 2 - 0.121
PMF factor 3 - 0.286
bicyclo[3,1,1]hept-3-ene-2-one C9H12O 0.11
nopinone C9H14O 0.11
myrtanal C10H16O 0.1
myrtenol C10H16O 0.1
1-hydroxynopinone C9H14O2 0.22
3-oxonopinone C9H12O2 0.22
3,7-dihydroxynopinone C9H14O3 0.33
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Figure 4.19: Fraction of total mass and oxygen to carbon ratio of the PMF factors.

during the experiment. For comparison the O/C ratio was also calculated from

the measured AMS data (light blue circles) using equation 4.8. As can be seen

both approaches agree very well conveying that the time evolution of m/z 44 is

well represented by the sum of the three factors. The O/C ratios determined for

the PMF factors will be analyzed in comparison to the O/C ratios of the identified

compounds measured by the ACM-GC-MS in the following chapter 4.7.2.

4.7.2 AMS PMF factors and ACM Marker Compounds

The organic components measured and identified with the ACM-GC-MS (chapter

4.3.1) can be correlated with the factors derived from the PMF analysis of the

AMS data. In Figures 4.13 and 4.14 it was shown that also for the ACM-GC-MS

results the majority of the peaks could be associated with three distinct types of

temporal behavior. In Figure 4.20 the time evolution of the derived PMF fac-

tors together with the compounds measured with the ACM-GC-MS which were

found to best reproduce similar temporal behavior are shown. Note that from

here on the ACM-GC-MS groups 1 to 3 will be called ACM factors 1 to 3, respec-

tively, following the notation of the PMF factors. The time series of nopinone,

bicyclo[3,1,1]hept-3-ene-2-one and 3,7-dihydroxynopinone match the evolution of

PMF factor 1 (Figure 4.20(a)) while the time series of 1-hydroxynopinone cor-

responds well with factor 3. For the PMF factor 2 only non identified com-
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Figure 4.20: Comparison of the temporal evolutions of the PMF factors from
AMS data analysis with the temporal evolution of the fractional abundances of
the ACM-GC-MS components. Note that following the PMF analysis notation
the ACM-GC-MS time series of the fractional abundances will be called ACM
factors 1 to 3, respectively. Figure a) shows the comparison of PMF factor 1 to
ACM factor 1. Figure b) shows the comparison of PMF factor 2 to ACM factor
2. Figure c) shows the comparison of PMF factor 3 to ACM factor 3.
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Figure 4.21: Comparison of the PMF factors with the total fractional abundances
of the ACM factors.

pounds were found to represent this temporal behavior. In Table 4.6 the O/C

ratios of the identified compounds are presented. The ACM-GC-MS compounds

have an O/C ratio of 0.11 (nopinone and bicyclo[3,1,1]hept-3-ene-2-one) and 0.33

(3,7-dihydroxynopinone) compared to 0.403 of the PMF factor 1 and 0.22 (1-

hydroxynopinone) compared to 0.286 of PMF factor 2. The result of this com-

parison is ambiguous. While the O/C ratio of 1-hydroxynopinone is within the

scope of the O/C ratio of factor 2 the comparison for factor 1 is inconclusive.

Thus for the results obtained in this β-pinene ozonolysis experiment no unam-

biguous marker compounds which can be correlated with the O/C ratios of the

different time series of the PMF factors could be identified. However some of

the unidentified compounds also correspond well with the time series of the PMF

factors. Further improvements of the ACM-GC-MS detection capability and the

identification especially of polar compounds would supposedly give more insight

if O/C markers can be identified with the ACM-GC-MS. Also this comparison

shows that the speciation data further the high time resolution AMS data anal-

ysis which would provide further insight into the composition of the SOA.

A comparison of PMF factors and ACM factors are shown in Figure 4.21. For

the calculation of the ACM factors all peaks which could be assigned to a specific

time evolutions similar to the PMF factors were used. The ACM factors 1, 2, and

3 were determined by adding up the contributions of all identified and unidenti-
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fied peaks presented in Figures E.1, E.2, and E.3 in appendix E respectively. The

comparison shows that for both, the PMF factors and the ACM factors, factor 1

is the dominant factor. However the drop of the PMF factor 1 is more pronounced

than the ACM factor 1. A significant difference can be seen in the contribution of

the ACM factor 2 and 3 compared to the corresponding PMF factors. While for

example PMF factor 2 contributes up to 50% during the experiment to the mass

the ACM factor 2 only contributes 10%. Moreover 12 hours after the reaction was

started the contribution of the ACM factor 3 is higher than the contribution of

the ACM factor 2 in contrast to the evolution of the corresponding PMF factors.

These differences indicate that, although the ACM and AMS sampled the same

SOA, the detection capability for different compounds or compound classes is

different. As previously discussed for the compound identification and the mass

fractional abundances of the identified compounds measured with the ACM-GC-

MS (see chapter 4.3.1 and 4.4) this might be due to the specific set up of the

GC-MS. Compounds which contributed to increase of the PMF factors 2 and 3

measured by the AMS were not detectable or not significantly good detectable

with the ACM-GC-MS. However according to the results of the PMF analysis

the O/C ratio decreased during the experiment. Therefore it can not be assumed

that it is only due to an increase in the oxidation of the products which are not

detectable with the GC-MS. However it might be possible that the higher molec-

ular weight compounds contributed to the PMF factors 2 and 3 which would not

be measured by the ACM-GC-MS.

Due to the similar temporal evolution of the ACM factors and the PMF factors

it is reasonable to assume that the combination of all compounds representing

ACM factor 1 would results in a similar mass spectrum of the PMF factor 1. This

assumption should also be true for the ACM factor 2 and 3. However, due to

the different measuring technique of the ACM-GC-MS and the AMS the profiles

obtained for the ACM factors would not be comparable to the PMF profiles. In

the AMS the organic compounds are previously flash evaporated at 600 ◦C before

subjected to 70 eV EI. Therefore the mass spectra measured with the AMS (espe-

cially for more complex molecules) can show discrepancies from the mass spectra

of molecules which were only ionized with a 70 eV EI ionization source (Allan

et al., 2004). Also since the ACM-GC-MS did not measure all compounds or com-

pound classes as discussed previously the mass spectra which would be obtained

for the three ACM factors would not include the contribution of these compounds.

However, further studies using a HR-TOF-AMS and the ACM equipped with a

different column or coupled to different detector such as a PTR-MS would provide

further inside into the temporal behavior and contributions to the PMF factors

compared to the ACM factors.
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4.8 Scientific findings of the β-pinene ozonolysis

experiment

An indoor aerosol chamber experiment was performed investigating the forma-

tion of aerosol during the oxidation of β-pinene with elevated ozone concentration.

Using a novel aerosol collection technique with subsequent GC-MS analysis sev-

eral products of the β-pinene ozonolysis could be identified in the aerosol phase.

These compounds are listed in the following:

Identified product Molecular Weight (g mol−1)

bicyclo[3,1,1]hept-3-ene-2-one 136

nopinone 138

myrtanal 152

myrtenol 152

1-hydroxynopinone 154

3-oxonopinone 152

3,7-dihydroxynopinone 170

The presence of myrtenol was in previous studies only detected in the gas phase

but not in the aerosol phase.

Additionally the temporal evolution of the aerosol composition was analyzed.

The relative change in the abundances of all detected compounds in the aerosol

could be attributed to three distinct temporal evolutions for the majority of all

compounds, the so called ACM factors. These temporal evolution of the organic

composition of the aerosols was also found in the analysis of the total organic mass

measured with the AMS. With the Positive Matrix Factorization (PMF) analysis

the temporal evolution of the total organic mass could also be explained by three

distinct, independent PMF mass spectra profiles, the so called PMF factors. The

three PMF factors showed similar temporal behaviors as the three ACM factors.

This analysis showed for the first time that several marker compounds could be

identified and attributed to the statistically derived PMF factors.

The maximum SOA yield of the β-pinene ozonolysis was calculated to 31±7.5 %

which is in good agreement with reported elsewhere from experiments under sim-

ilar conditions.

For nopinone, one of the major oxidation products, the partitioning coefficient

was determined. The partitioning coefficient was calculated during the whole

β-pinene ozonolysis experiment showing its temporal variability. The nopinone

partitioning coefficient ranged from a maximum of 26.8× 10−5 m3 g−1 to 5.45×
10−5 m3 g−1 and was on average 7.75 × 10−5 ± 1.9 × 10−5 m3 g−1. The mea-
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sured partitioning coefficient was found to be between model estimates of 2.4 ×
10−7 m3 g−1 and 7.6× 10−4 m3 g−1. The results obtained for the nopinone par-

titioning coefficient can be used in future modeling efforts to better constrain the

contribution of biogenic compounds to SOA production.
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Summary

Organic matter is a major constituent of atmospheric aerosols, comprising 18-

70% of the submicron particle mass. Its chemical composition is complex, and

largely not understood. Quantitative knowledge of the composition of organic

aerosols is a key to understand its formation and transformation processes.

In the present work a new technique for online compound specific measurements

of organic aerosol with a high time resolution was developed. The Aerosol Col-

lection Module (ACM) is a new scientific instrument which samples, collects and

transfer atmospheric aerosols to a gas phase detector. Aerosols are efficiently

sampled in the 70-500 nm size range by focusing the aerosols in a particle beam

which passes a vacuum chamber and impacts onto a cooled collection surface.

The organic compounds are then efficiently transferred via thermal desorption

into a coupled gas phase detector.

The coupling of the ACM to two types of detectors (GC-MS and PTR-MS) was

developed and presented. The ACM coupled to a GC-MS (ACM-GC-MS) was

used to determine important instrumental characteristics of the ACM. In a first

stage the gas phase transfer efficiency of the ACM valve array and transfer line

were determined using a build in diffusion source with octadecane as test com-

pound. Comparison of the ACM diffusion source measurements with the GC-MS

calibration measurements showed that no significant losses occur in the ACM

valve array and transfer line. The ACM system efficiently transferred the gas

phase octadecane with a recovery rate of 100%.

In the second stage of the ACM characterization the particle collection, desorp-

tion and transfer efficiency of laboratory generated octadecane test aerosols was

determined. The total octadecane mass provided for sampling with the ACM-

GC-MS was simultaneously also determined with a Scanning Mobility Particle

Sizer (SMPS) which was measuring in parallel to the ACM-GC-MS the same

octadecane aerosol flow. The octadecane aerosol was collected, desorbed and
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transferred with an efficiency of 100%. The recovery rate of 100% was confirmed

for an interval of desorption and valve array temperatures ranging from 150 ◦C

to 270 ◦C. For both characterization experiments the ACM-GC-MS was linear in

response to the measured octadecane mass.

The new sampling and characterization technique of the ACM-GC-MS was also

used in its first application in the study of the formation of secondary organic

aerosol (SOA) from the ozone oxidation of β-pinene in the Jülich aerosol chamber.

During the β-pinene ozonolysis experiment 16 SOA samples over the duration of

58 h were successfully taken and measured with the ACM-GC-MS. Between the

collection of the SOA samples blank measurements were taken regularly. The

blank measurements were conducted by installing a filter between the ACM-

GC-MS and the chamber sampling line. The blanks showed no residuals of the

previously collected SOA and also no artifacts such as adsorption of the gas phase

onto the collector.

Using the ACM-GC-MS several products of the β-pinene ozonolysis could be

identified in the aerosol phase. These compounds were bicyclo[3,1,1]hept-3-ene-

2-one, nopinone, myrtanal, myrtenol, 1-hydroxynopinone, 3-oxonopinone, and

3,7-dihydroxynopinone. The presence of myrtenol was detected for the first time

also in the aerosol phase.

Comparison of the total nopinone mass between filter samples and the ACM-GC-

MS showed in average a significantly higher nopinone mass in the filter measure-

ments. Since no obvious reason for a large underestimation of the total amount of

nopinone measured with the ACM-GC-MS could be determined the discrepancy

was assumed to be due to the known positive artifact of quartz filter sampling for

short durations. This result emphasizes the importance for a artifact free, high

time resolution aerosol collection technique.

Using ACM-GC-MS and SMPS measurements the temporal evolution of the

aerosol composition was analyzed. The relative change in the abundances of the

majority of the detected compounds in the SOA could be attributed to three dis-

tinct temporal evolutions. The temporal changes in the constituents of the SOA

was described by three ACM factors. Comparable factors, the PMF factors, were

also found in the analysis of the total organic mass measured independently with

the AMS using the Positive Matrix Factorization (PMF) analysis. These factors

follow similar temporal behaviors as the ACM factors. This analysis showed for

the first time that several marker compounds could be identified and attributed

to the statistically derived PMF factors.

The maximum SOA yield of the aerosol chamber experiment was calculated to

31±7.5 %. This is in good agreement with yields reported in the literature under

similar conditions.
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Using the PTR-ToF-MS gas phase measurements of nopinone and the nopinone

concentration in the aerosol derived from the ACM-GC-MS measurements the

partitioning coefficient for one of the major compounds of the β-pinene ozonol-

ysis was determined. The partitioning coefficient was calculated for all ACM-

GC-MS samples taken which showed its temporal variability during the experi-

ment. The nopinone coefficient ranged from a maximum of 26.8 × 10−5 m3 g−1

to 5.45 × 10−5 m3 g−1 and was on average 7.75 × 10−5 ± 1.9 × 10−5 m3 g−1.

The measured partitioning coefficient was found to be between model estimates

of 2.4 × 10−7 m3 g−1 and 7.6 × 10−4 m3 g−1. The experimental determination

of partitioning coefficients is important for the modeling efforts to better con-

strain the contribution of biogenic compounds to SOA production, to understand

chemical processes and thereby the impact of SOA on the environment.

Outlook

The Aerosol Collection Module provides a new sampling technique which opens

new windows into the study of organic aerosols. Sampling organic aerosols with a

high time resolution and free of artifacts, followed by subsequent online analysis

with a gas phase detector appropriate for the scientific purpose will give a deeper

inside to the chemistry of organic aerosols and their influence on the environment

and human health.

The analytical potential of the ACM can be enhanced by improving the small

sample flow of 80 ml/min. The possible technical improvement which should be

explored are the use of a critical orifice in the lens system with a larger diameter

and the use of a virtual impactor in front of the ACM inlet.

One important advantage of the ACM is that it can be coupled to a variety

of different gas phase detectors. The potential of the ACM should be further

explored by coupling the ACM to different types of detectors such as PTR-MS,

GC-IRMS and a two dimensional GC system. As proposed before, the coupling

of the ACM to a PTR-MS would allow measurement of gas phase and aerosol

phase with a high time resolution and with the same type of detector. This

would give the opportunity of measuring important compound specific properties

such as the partitioning coefficient with high accuracy. The coupling of the ACM

to a GC-IRMS or a two dimensional GC system with deployment in the field

would allow specific studies of individual organic marker compounds in ambient

atmospheric aerosols to determine aerosol sources and transformations.
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A. Fit Coefficients for the
Characterization Measurements

In the following the results of the fit coefficients for the calibration curves of

the GC-MS characterization (in chapter 3.1), for the results of the octadecane

diffusion source measurements (in chapter 3.2) are listed.
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APPENDIX A. FIT COEFFICIENTS FOR THE CHARACTERIZATION
MEASUREMENTS

Table A.1: Upper part: Fit coefficients of the calibration curves of the direct
injection into the GC-MS. Lower part: Fit coefficients of the octadecane diffusion
source measurements.

Coefficients Coefficient Values ± one
standard deviation

Acetone calibration (Figure 3.4(a))
Linear Fit
Intercept 1310.5 ± 4660
Slope 254.26 ± 53.90
R2 0.92904

Linear Fit through the origin
Slope 262.79 ± 19.20
R2 0.95409

Nopinone calibration (Figure 3.4(b))
Linear Fit
Intercept −4353.7 ± 1.05 × 104

Slope 629.29 ± 116.00
R2 0.95541

Linear Fit through the origin
Slope 538.46 ± 48.80
R2 0.95460

Octadecane calibration (Figure 3.4(c))
Linear Fit
Intercept −5116.8 ± 9.76 × 103

Slope 438.75 ± 34.90
R2 0.95194

Linear Fit through the origin
Slope 374.18 ± 34.90
R2 0.98157

Octadecane DS results (Figure 3.8)
Linear Fit
Intercept −1909.6 ± 2030
Slope 378.48 ± 13.80
R2 0.84492

Linear Fit through the origin
Slope 359.69 ± 7.12
R2 0.98401
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B. ACM-GC-MS Chromatograms

of the aerosol chamber

experiment

In the following the FID Chromatograms of the all samples (S1 to S16) and

blank measurements (B1 to B7) measured with ACM-GC-MS during the β-pinene

ozonolysis experiment are presented (for further details see chapter 4.2.3). Note

that the chromatograms are presented in the chronological order of the course of

the experiment (see also Table 4.1).

Figure B.1: ACM-GC-MS FID Chromatogram of sample S1.
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APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.2: ACM-GC-MS FID Chromatogram of sample S2.

Figure B.3: ACM-GC-MS FID Chromatogram of blank B1.
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Figure B.4: ACM-GC-MS FID Chromatogram of sample S3.

Figure B.5: ACM-GC-MS FID Chromatogram of blank B2.
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APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.6: ACM-GC-MS FID Chromatogram of sample S4.

Figure B.7: ACM-GC-MS FID Chromatogram of blank B3.
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Figure B.8: ACM-GC-MS FID Chromatogram of sample S5.

Figure B.9: ACM-GC-MS FID Chromatogram of blank B4.

131



APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.10: ACM-GC-MS FID Chromatogram of sample S6.

Figure B.11: ACM-GC-MS FID Chromatogram of sample S7.
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Figure B.12: ACM-GC-MS FID Chromatogram of sample S8.

Figure B.13: ACM-GC-MS FID Chromatogram of sample S9.
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APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.14: ACM-GC-MS FID Chromatogram of sample S10.

Figure B.15: ACM-GC-MS FID Chromatogram of blank B5.
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Figure B.16: ACM-GC-MS FID Chromatogram of sample S11.

Figure B.17: ACM-GC-MS FID Chromatogram of blank B6.
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APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.18: ACM-GC-MS FID Chromatogram of sample S12.

Figure B.19: ACM-GC-MS FID Chromatogram of sample S13.
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Figure B.20: ACM-GC-MS FID Chromatogram of sample S14.

Figure B.21: ACM-GC-MS FID Chromatogram of sample S15.
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APPENDIX B. ACM-GC-MS CHROMATOGRAMS OF THE AEROSOL
CHAMBER EXPERIMENT

Figure B.22: ACM-GC-MS FID Chromatogram of sample S16.

Figure B.23: ACM-GC-MS FID Chromatogram of blank B7.
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C. Mass Spectra of the identified

β-pinene ozonolysis products

In the following the EI mass spectra (70eV) of the identifed compounds in the

SOA sampled during the β-pinene ozonolysis experiment with the ACM-GC-MS

are presented (see chapter 4.3.1). Details of the identified compounds are also

listed in Table 4.2.

Figure C.1: Mass spectrum of acetone.
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APPENDIX C. MASS SPECTRA OF THE IDENTIFIED β-PINENE
OZONOLYSIS PRODUCTS

Figure C.2: Mass spectrum of bicyclo[3,1,1]hept-3-ene-2-one.

Figure C.3: Mass spectrum of nopinone.
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Figure C.4: Mass spectrum of myrtanal.

Figure C.5: Mass spectrum of myrtenol.
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APPENDIX C. MASS SPECTRA OF THE IDENTIFIED β-PINENE
OZONOLYSIS PRODUCTS

Figure C.6: Mass spectrum of 1-hydroxinopinone.

Figure C.7: Mass spectrum of 3-oxonopinone.
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Figure C.8: Mass spectrum of 3,7-dihydroxynopinone.

143



APPENDIX C. MASS SPECTRA OF THE IDENTIFIED β-PINENE
OZONOLYSIS PRODUCTS
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D. Retention Index Method for

GC-MS Peak Identification

In general the retention index (also known as the Kovats index (Kovats, 1958)) of

a sample component is a number, obtained by logarithmic interpolation, relating

the adjusted retention time to the adjusted retention times of two standards eluted

before and after the peak of the sample component. In the Kovats index used in

gas chromatography alkanes serve as the standards and logarithmic interpolation

is used. The Kovats index is always measured under isothermal conditions. How-

ever the analysis of the SOA samples were done using a temperature-programmed

GC analysis. In the case of temperature-programmed gas chromatography a sim-

ilar value can be calculated using direct numbers instead of their logarithm. This

value is often called the linear retention index (van den Dool and Kratz, 1963)

which is calculated as follows:

IT = 100

(
tTi − tTn

tTn+1 − tTn
+ n

)
(D.1)

IT = linear retention index [1]

tTi = retention time measured for the sample compound

under the condition of temperature programming [min]

tTn = retention time of the alkane eluting

before the sample component [min]

tTn+1 = adjusted retention time of the alkane eluting

after the sample component [min]

n = number of carbon atoms [1]

The linear retention index of the peaks can be compared to literature values if

the gas chromatographic conditions are equal or very similar.
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APPENDIX D. RETENTION INDEX METHOD FOR GC-MS PEAK
IDENTIFICATION
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E. Temporal evolution of the

mass fractional abundances of all

unidentified SOA compounds

In the following the mass fractional abundances of all unidentified compounds

group together according to their specific temporal evolution is shown. These

graphs represent the complete overview of Figure 4.14(a) to (c) in chapter 4.4.2.

In Figure E.1, E.2, and E.3 are the ACM groups 1, 2, and 3, respectively. In

Figure E.4 are all unidentified compounds shown which could not be confidently

assigned to one of the three groups.

Figure E.1: Unidentified compounds in the SOA assigned to group 1.
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APPENDIX E. TEMPORAL EVOLUTION OF THE MASS FRACTIONAL
ABUNDANCES OF ALL UNIDENTIFIED SOA COMPOUNDS

Figure E.2: Unidentified compounds in the SOA assigned to group 2.

Figure E.3: Unidentified compounds in the SOA assigned to group 3.
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Figure E.4: Unidentified compounds in the SOA which goud not be clearly assigned
to group 1, 2 or 3.
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ABUNDANCES OF ALL UNIDENTIFIED SOA COMPOUNDS
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F. Positive Matrix Factorization

(PMF) Analysis

The positive matrix factorization (PMF) analysis is a variant of factor analysis.

Factor analysis in general is a statistical method used to describe the variability

among observed variables in terms of fewer unobserved variables called factors.

In the PMF analysis data is grouped by similarity between variables, for example

variables that are highly correlated are grouped. The factors indicate the best

associations among the variables.

In the PMF analysis it is assumed that the matrix of the measured dataset Xij

conforms to a mass balance equation which can be expressed as:

Xij = GipFpj + Eij (F.1)

Xij = measured data elements to be fit

Gip = score matrix

Fpj = loading matrix

Eij = residual matrix

i = row index of the matrices

j = column index of the matrices

p = number of factors in the solution

In this equation the matrix Xij is decomposed into the product of two smaller

matrices Gip and Fpj, the factor matrices which have to be determined. The

matrix Gip is also called the score matrix and contains a number of constant source

profiles while Fpj is called the loading matrix and consists of the contributions

of varying concentrations to each profile over the time of the dataset. Eip is the

matrix of residuals, the unexplained part of the matrix Xij:

Eij = Xij − GipFpj (F.2)
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APPENDIX F. POSITIVE MATRIX FACTORIZATION (PMF) ANALYSIS

In case of AMS measurements the matrix Xij are the actually measured mass

spectra during the experiment. The rows of the Xij matrix are the averaged

mass spectra of the SOA measured at each averaging time period during the

experiment. The columns of Xij are the time series of each m/z measured. The

columns of the matrix Gip contains the factor time series and the rows of Fpj

matrix consist of the factor profiles, the mass spectra of each factor. The elements

of the Fpj and Gip are iteratively fit to the measured data. The objective of PMF

fitting procedure is to minimize the sum of weighted residuals, that is minimizing

an object function Q defined as

Q(E) =
m∑

i=1

n∑
j=1

(
Eij

σij

)2

(F.3)

where σij is an estimate of the uncertainty (standard deviations) in the ith vari-

able measured in the jth sample thus the PMF weights data points by their actual

analytical uncertainties. Q(E) is minimized with respect to Fpj and Gip with the

constraint that each of the elements of Fpj and Gip has to be non-negative, thus

reflecting positive contributions of each factors and positive signals in each m/z.

In the PMF analysis no a priori information of the values of the Fpj and Gip matri-

ces are needed. However the number of factors, p, in the real data set is unknown

and has to be estimated. For the estimation of the number of factors the number

of factors needed to describe the data set is determined by the requirement of

minimal residuals and low correlation in the mass spectral and time dependent

behavior of the factors. For example if the number of factors is chosen to large

two or more factors might have similar or equal temporal evolutions or the mass

spectral profiles are very similar and highly correlated. Therefore several PMF

analysis of the same data set are conducted with different values for the number

of factors. These analysis will be compared regarding correlations between the

factors and the minima of the residuals to determine the best estimate.
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Abbreviations

ACM Aerosol Collection Module

AMS Aerosol Mass Spectrometer

CFM Cryofocusing Module

CPC Condensation Particle Counter

DMA Differential Mobility Analyzer

EC Electrostatic Classifier

EI Electron Impact

FID Flame Ionization Detector

FZJ Forschungszentrum Jülich

GC Gas Chromatograph

GC-IRMS Gas Chromatograph - Isotope Ratio Mass Spectrometer

HEPA High Efficiency Particulate Airfilter

HR-ToF-AMS High Resolution Time of Flight AMS

MS Mass Spectrometer

NIST National Institute of Standards and Technology

O/C Oxygen to Carbon ratio

OA Organic Aerosols

PMF Positive Matrix Factorization

ppb Parts Per Billion

ppm Parts Per Million

PSL Polystyrene Latex Particles

PTR-MS Proton Transfer Reaction Mass Spectrometer

PTR-ToF-MS Proton Transfer Reaction Time of Flight Mass Spectrometer

RH Relative Humidity

RI Retention Index

SMPS Scanning Mobility Particle Sizer

SOA Secondary Organic Aerosols

VOC Volatile Organic Compounds
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terstützung, die entscheidend zum Gelingen dieser Arbeit beigetragen haben.
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