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Abstract 
The presented dissertation addresses the chemical characterization and comprehensive analysis of 

aerosols formed from combustion engine emissions and exposed to photooxidation in an oxidation 

flow reactor. The aerosols composition was determined by applying a high-resolution time of flight 

aerosol mass spectrometer (HR-ToF AMS) allowing for a quantitative chemical characterization.  

Aerosols are widely recognized as a significant threat to public health, with thousands of premature 

deaths attributable to aerosol pollution. Further, aerosols are considered a major factor influencing 

climate change. The chemical composition of the aerosol is crucial for its impact on climate and human 

health.  It is not only dependent on the source of the aerosol or aerosol precursors but also the 

atmospheric photochemical aging that leads to secondary aerosol formation. Overall, this leads to large 

uncertainties in climate models and a lack of understanding on how aerosols impact public health. 

For this work, the kinSim model was used to determine the RO2 fate and the changes in photooxidation 

conditions present in the oxidation flow reactor.  NO emissions were found to be a significant factor in 

terms of secondary aerosol formation from combustion engine exhaust gases, as NO quenched OH 

radical formation resulting in lower simulated atmospheric age and a significant change in RO2 fate. 

To test the impacts of a modern euro 6d compliant car, a Skoda Scala was run on an in lab rototest 

setup at 4 different speeds, 0 km/h (idling), 50 km/h, 80 km/h and 100 km/h. The euro 6d compliant 

car emitted no primary particles regardless of driving speed, however after atmospheric oxidation 

significant secondary aerosol formation was observed at all vehicle speeds. The primary gas phase 

emissions were characterized to determine the processes leading to aerosol formation after 

atmospheric oxidation. Comparing SOA with CO revealed that the majority of SOA at speeds under 80 

km/h is formed from unburned fuel evaporation, which was linked to a few dominating aromatic VOCs: 

Toluene, Xylene and Trimethylbenzene. At over 80 km/h however the aerosol becomes less organic 

dominated in terms of mass and the primary source shifts from unburned fuel to incomplete 

combustion. 

Furthermore, an auxiliary ship engine was run on two different fuels, low sulfur heavy fuel oil (LS-HFO) 

and marine gas oil (MGO). The resulting emissions were exposed to varying levels of ∙OH radicals in an 

oxidation flow reactor to assess the impact of atmospheric aging on ship traffic emissions, and the 

impacts of fuel sulfur content regulations on aerosol formation. It was found that whilst LS-HFO has 

significantly higher primary aerosol emissions and form more secondary aerosols as a result of higher 

sulfate aerosol formation, the amount of SOA formed per kg fuel consumed for MGO was equivalent 

to that of the LS-HFO. Furthermore, the oxidation pathway of the SOA formation was found to be 

similar between the two fuel sources. 
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Zusammenfassung  
Die vorliegende Dissertation befasst sich mit der chemischen Charakterisierung und umfassenden Analyse 

von Aerosolen, die sich aus Emissionen von Verbrennungsmotoren bilden und in einem 

Oxidationsströmungsreaktor einer Photooxidation ausgesetzt werden. Die Zusammensetzung der 

Aerosole wurde mit einem hochauflösenden Flugzeit-Aerosol-Massenspektrometer (HR-ToF AMS) 

bestimmt, das eine quantitative chemische Charakterisierung ermöglicht.  

Aerosole sind weithin als erhebliche Bedrohung für die öffentliche Gesundheit anerkannt, da Tausende 

von vorzeitigen Todesfällen auf die Aerosolverschmutzung zurückzuführen sind. Darüber hinaus gelten 

Aerosole als ein wichtiger Faktor, der den Klimawandel beeinflusst. Die chemische Zusammensetzung des 

Aerosols ist entscheidend für seine Auswirkungen auf das Klima und die menschliche Gesundheit.  Sie 

hängt nicht nur von der Quelle des Aerosols oder den Aerosolvorläufern ab, sondern auch von der 

photochemischen Alterung der Atmosphäre, die zur Bildung von Sekundäraerosolen führt. Insgesamt führt 

dies zu großen Unsicherheiten in den Klimamodellen und zu einem mangelnden Verständnis darüber, wie 

sich Aerosole auf die öffentliche Gesundheit auswirken. 

Für diese Arbeit wurde das Modell kinSim verwendet, um den Verbleib von RO2 und die Veränderungen 

der Photooxidationsbedingungen im Oxidationsflussreaktor zu bestimmen.  Es wurde festgestellt, dass 

NO-Emissionen ein bedeutender Faktor für die Bildung sekundärer Aerosole aus Abgasen von 

Verbrennungsmotoren sind, da NO die Bildung von OH-Radikalen unterdrückt, was zu einem niedrigeren 

simulierten atmosphärischen Alter und einer signifikanten Veränderung des RO2-Verhaltens führt. 

Um die Auswirkungen eines modernen, die Euro 6d-Norm erfüllenden Fahrzeugs zu testen, wurde ein 

Skoda Scala in einem Labor-Rototestaufbau bei vier verschiedenen Geschwindigkeiten gefahren: 0 km/h 

(Leerlauf), 50 km/h, 80 km/h und 100 km/h. Das Euro 6d-konforme Auto emittierte unabhängig von der 

Fahrgeschwindigkeit keine Primärpartikel, jedoch wurde nach der atmosphärischen Oxidation bei allen 

Fahrzeuggeschwindigkeiten eine signifikante sekundäre Aerosolbildung beobachtet. Die primären 

Gasphasenemissionen wurden charakterisiert, um die Prozesse zu bestimmen, die zur Aerosolbildung 

nach der atmosphärischen Oxidation führen. Der Vergleich von SOA mit CO ergab, dass der größte Teil der 

SOA bei Geschwindigkeiten unter 80 km/h aus der Verdampfung von unverbranntem Kraftstoff gebildet 

wird, was mit einigen dominierenden aromatischen VOC in Verbindung gebracht wurde: Toluol, Xylol und 

Trimethylbenzol. Bei Geschwindigkeiten über 80 km/h wird das Aerosol jedoch weniger organisch 

dominiert, und die Hauptquelle verlagert sich von unverbranntem Kraftstoff zu unvollständiger 

Verbrennung. 

Außerdem wurde ein Schiffshilfsmotor mit zwei verschiedenen Kraftstoffen betrieben, schwefelarmem 

Schweröl (LS-HFO) und Marinegasöl (MGO). Die daraus resultierenden Emissionen wurden in einem 

Oxidationsflussreaktor unterschiedlichen Mengen an ∙OH-Radikalen ausgesetzt, um die Auswirkungen der 

atmosphärischen Alterung auf die Emissionen des Schiffsverkehrs und die Auswirkungen der Vorschriften 

für den Schwefelgehalt im Kraftstoff auf die Aerosolbildung zu bewerten. Es wurde festgestellt, dass LS-

HFO zwar deutlich höhere primäre Aerosolemissionen aufweist und infolge der höheren 

Sulfataerosolbildung mehr sekundäre Aerosole bildet, die Menge an SOA, die pro verbrauchtem 

Kilogramm Treibstoff gebildet wird, bei MGO jedoch derjenigen von LS-HFO entspricht. Außerdem wurde 

festgestellt, dass der Oxidationsweg der SOA-Bildung bei den beiden Brennstoffquellen ähnlich ist. 
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enhancement factor (EROA). The left set of the graph represents the LS-HFO results and the right the MGO aerosol emissions, 
both with a photochemical age displayed in atmospheric equivalent days at the bottom. (adopted from Paul et al 2024b) 

Figure 22 22A and 22B show a triangle plot as first published by Ng et al 2010,  illustrating the f43 and f44 of the organic 
aerosol (OA). Figure 22A shows the impact of aging on these two fractions for LS-HFO and figure 22B shows the same for 
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1. Motivation 
Combustion engines are 

widely used in modern 

society from energy 

production to air, sea and 

land transportation. These 

processes emit a multitude 

of inorganic and organic 

gases as well as particulate 

matter (PM) into the 

atmosphere. PM is 

considered a significant 

factor influencing climate 

change but is additionally known to have adverse health effects on public health.1-3 The organic gases 

emitted can further react in the atmosphere leading to additional PM in the form of secondary organic 

aerosols (SOA). The majority of aerosols lead to a cooling effect due to reflections, backscattering and 

an increase in albedo due to increased cloud formation.4-6 However, especially the impact of black 

carbon aerosols, often in the form of soot, increases global temperatures through absorption and 

reduction of artic albedo.7  

 Many studies have shown that inhalation of PM impacts the respiratory system with prolonged 

exposure resulting in development of cancer, cardiovascular disease and chronic respiratory diseases 

which all can lead to premature death. This has placed atmospheric aerosols in the top 5 of public 

health issues in terms of disability adjusted life years (DALYs) along with smoking and malnutrition.3 

Additionally, due to the high density of vehicles in urban areas PM from transport related combustion 

engines is especially important in areas with large concentrations of people. Different transport sectors 

are thus restricted in their emissions by either global or regional regulations. Regulations on emissions, 

engines or required exhaust aftertreatment can significantly impact the composition of the emissions. 

As recently as 2020 there were significant changes to regulations on shipping as the total permitted 

fuel sulfur content (FSC) was reduced from 2.5% to 0.5% on a global scale.8, 9 Prior to these regulations 

the shipping industry accounted for 4% of global anthropogenic non-methane hydrocarbon (NMHC) 

emissions, and an estimated 400 thousand premature deaths per year globally due to aerosol 

emissions10-15. Therefore, understanding the impacts of such a change is paramount. Further, light duty 

vehicles such as personal cars have been regulated since 1992 within the EU.16 As of 2015, the car fleet 

has been imposed to the EURO-6 regulations which for the first time required gasoline cars to be 

equipped with a gasoline particle filter (GPF) after 2020. 

Chemical characterization of combustion engine aerosols is however difficult, as aerosols are not only 

directly emitted into the atmosphere but also form from gas phase emissions that oxidize during 

atmospheric transport. The aerosols are thus dependent on the emissions and therefore on fuel, 

engine, running conditions, and the atmospheric oxidation process.17-27 This PhD work focused on the 

characterization of these aerosols from modern vehicles following the most up to date regulations. 

Utilizing the aerosol mass spectrometer (AMS), it was possible to observe the difference in aerosol 

composition dependent on driving speed for cars and fuel for ships and how current regulations impact 

Figure 23 simplified graphical illustration of the experiments performed for this thesis  
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the chemical composition of the aerosol. Through such research, it is possible to get insight into how 

future regulations can be adjusted in order to further improve air quality and thus public health.

2. Introduction

2.1. Atmospheric oxidation

The primary oxidants in the 

atmosphere during the day 

are OH radicals, accounting 

for 90 ± 25% of the 

atmospheric oxidation 

capacity and NO3 radicals 

during the night, accounting 

for 72±9%.28 Whilst NO3 is 

formed in the atmosphere 

through reaction between 

ozone and NO2, it is rapidly 

removed during the day 

though photodissociation

to NO2. Thus, the impact of 

NO3 during the day is low assuming the presence of sunlight. In special cases such as thick plumes with 

low light penetration, NO3 oxidation can additionally be observed during the day.29 NO3 oxidation runs 

with NO3 donating an oxygen atom to a given organic compound returning to NO2. Additionally, NO3

can react further to form N2O5, another impactful atmospheric compound.30 However, nighttime NO3

oxidation whilst important for atmospheric aging is beyond the scope of this work. 

Daytime OH radicals are formed primarily through photolysis of ozone at wavelengths below 300nm, 

forming the excited oxygen O(1D) radical (eq. 1) or the ground state oxygen O(3P) (eq.2). The O(1D) 

radical can then react with water and form the OH radical (eq.3). Alternatively, O(1D) can transfer its 

energy to a molecule M and return to the O(3P) ground state (eq. 4). O(3P) can also recombine with O2

to form ozone (eq. 5) or react with ozone to form 2 O2 (eq.6). 31, 32The formation of OH radical for 

atmospheric oxidation is a complex equilibrium shown in a simplified way in figure 2. The tropospheric 

ozone required to start this reaction path primarily formed through photolysis of NO2 by UV (<397nm) 

and subsequent reaction of the 3P oxygen with O2 forming ozone and NO. The NO can then react with 

either organic peroxy radicals (RO2, where “R” is an organic moiety) or hydroperoxyl radicals (HO2)

forming either RO or OH radicals and NO2 completing the NOx cycle. The pathway of NO with HO2

accounts for 68±4% of all ozone production during the day. The RO2 and HO2 required for the NOx cycle 

forms through the ROx cycle. The ROx cycle is the cycle where OH radicals react with volatile organic 

compounds (VOCs) forming the radicals RO2 or HO2, the RO2 is then degraded to RO through 

equilibrium with the reactions described in the NOx cycle. The RO further reacts with O2 resulting in 

HO2 formation, which then again through the NOx cycle can return to HO completing the ROx cycle. 

Further, oxidations of VOCs can occur without reaction with OH radicals through ozonolysis, the direct 

reaction between ozone and VOCs. Ozone reacts predominantly directly with C-C double bond 

containing VOCs to form ozonides that further react to form aldehyde, carboxyl and peroxide functional 

Figure 24. A simplified illustration of the daytime chemistry leading to the primary 
oxidants with the interaction between the ROx and NOx cycle.
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groups. Average daytime concentrations of the OH radical are dependent on the location but range 

between 1.3-1.6 ∙ 106 molecules cm-3. The average daily exposure to ∙OH used in this dissertation is 

1.5 ∙ 106 molecules cm-3. 33, 34 

 𝜆(254𝑛𝑚) + 𝑂3 → 𝑂( 𝐷1 ) + 𝑂2 
 

Eq. (1) 

 𝜆(254𝑛𝑚) + 𝑂3 → 𝑂( 𝑃3 ) + 𝑂2 
 

Eq. (2) 

 𝑂( 𝐷1 ) + 𝐻2𝑂 → 2 ∙ 𝑂𝐻 
 

Eq. (3) 

 𝑂( 𝐷1 ) + 𝑀 → 𝑂( 𝑃3 ) + 𝑀∗ 

 

Eq. (4) 

 𝑂( 𝑃3 ) + 𝑂2 → 𝑂3 
 

Eq. (5) 

 𝑂( 𝑃3 ) + 𝑂3 → 2𝑂2 
 

Eq. (6) 

 

2.2. Atmospheric aerosols 

Aerosols are defined as a solid or liquid suspended in the gas phase, ranging in size from a few 

nanometers to hundreds of micrometers.35 Within the definition of aerosols there are two main 

distinctions, primary and secondary aerosols. Aerosols emitted directly into the atmosphere are known 

as primary aerosols (PA). Whereas secondary aerosols (SA) are formed in the atmosphere from gas 

phase precursors that are oxidized in the atmosphere and undergo gas to particle reactions. Gas to 

particle conversion occur as a result of functionalization of the precursor gases, lowering volatility until 

the gas phase component can nucleate into new particles or partition by dissolving, adsorbing or 

condensing to existing particles.  Both condensation and nucleation lead to an increase of particle mass 

(PM), but only nucleation leads to an increase in particle number (PN). Condensation is 

thermodynamically favored compared to nucleation. Thus, if a surface, such as preexisting particles, is 

available, it is more energetically favorable to condense onto the available surface than to nucleate 

new particles due to the lower chemical potential of the bulk liquid. This means that in general particle 

growth is favored over new particle formation.36   

2.3. Atmospheric aerosol sources 

Aerosols are ubiquitous in the atmosphere. Aerosol size and chemical composition is directly linked to 

their source and the environment in which they form. In addition to the PA and SA classifications, 

aerosols are divided depending on their source into biogenic, naturally occurring aerosols, and 

anthropogenic aerosols. 

2.3.1 Primary aerosol sources 

 Biogenic PA sources include ocean sea spray and sandstorms emitted as a result of wind, but also 

volcanic activity, ash, soot, char and smoke from combustion processes such as wildfires.37 The largest 

natural emissions of aerosols in terms of aerosol mass is related to sea spray which contains primarily 

inorganics, similar to the emissions associated with mineral dusts often founds in dry landscapes like 

deserts.38  Furthermore, the biosphere releases pollen, plant debris and microorganisms into the 

atmosphere that all are considered biogenic PA, more specifically primary organic aerosols (POA).39 

Combustion related aerosols are largely a mix of POA and inorganic PA, as a result of the complexity of 
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incomplete combustion of organic materials. Anthropogenic PA are largely a result of combustion from 

either fossil fuel burning such as in the energy sector and the transport sector, or from wood burning 

in residential heating. Furthermore, more uncommon fuels such as waste burning as part of waste 

management results in combustion related aerosols as well.40 41 

2.3.2 Secondary aerosol sources 

 Biogenic SA form from aerosol precursors emitted in large quantities by combustion, volcanic activity 

and the biosphere. These precursors can be either inorganic gases or volatile organic compounds 

(VOCs) leading to either inorganic SA or SOA, respectively.42 The most common inorganic precursors 

are SOx, leading to sulphate containing aerosols, NOx, leading to nitrate containing aerosols, and NH3, 

leading to ammonium containing aerosols. Anthropogenic SA are linked primarily to combustion, 

similarly to the anthropogenic PA. However, agricultural emissions such as NH3 associated with large 

scale animal domestication and farming have a significant impact on SA formation.41, 43-45 

2.3.3 Aerosol sources globally and regionally 

Whilst biogenic aerosols globally account for the largest fraction of aerosols, anthropogenic aerosols 

can regionally be the main source of aerosol. Anthropogenic aerosols arise largely from combustion, 

such as from the energy sector, industry and traffic both on land, sea, and in the air (figure 3). Especially 

urban areas thus observe anthropogenic aerosols from these sources, which are linked to air pollution, 

reduced visibility, and smog, whereas rural aeras with heavy agriculture can be dominated by 

agricultural related aerosols. Developing regions typically have large amounts of biomass burning, 

residential and commercial aerosol emitting sources (figure 3), primarily due to the usage of wood 

burning for heat and cooking.46 

 

Figure 25. Illustration of the PM2.5 emission sources, attributed to the major regions in the world (2014. With the fractional 
contribution color coded from anthropogenic sources, with natural sources all combined into one source). Adapted from  Figure 
6.17 in IPCC, 2021: Chapter 6. In: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the 
Sixth Assessment Report of the Intergovernmental Panel on Climate Change 2.3.4 Aerosol lifetime 

All aerosols are relatively short lived as they are removed from the atmosphere both through wet and 

dry deposition. Wet deposition refers to the aerosol raining out either due to water uptake or 
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scavenging, whereas dry depositions refers to the aerosol impacting and sticking to the surface of a 

solid object. These two removal pathways result in aerosols’ lifetime to range between seconds to a 

few weeks, largely dependent on the aerosol size, with larger particles staying suspended in air for 

shorter time than smaller particles.37, 47, 48 The lifetime and thus the aerosol size is hugely important for 

the transport of aerosols. With longer lived aerosols impacting a larger area, and shorter-lived aerosols 

impacting only the regional or local aera of emission.49 Freshly emitted aerosols are often larger and 

precipitate quickly out resulting in a only short range transportation, Sea spray aerosols as an example 

whilst the largest aerosol source in mass are often only suspended in air for seconds to hours and are 

thus only observable in coastal areas or on the sea. Comparably precursors that require oxidation to 

form SA, have an estimated lifetime of 13.1-15.7 days,50 allowing them to undergo long range transport 

and thus impact regions further from the source.49 

   

2.3.5. Atmospheric RO2 fate 

RO2 radicals in the atmosphere are important intermediate compounds, that due to their relatively high 

stability can accumulate to high concentrations. RO2 radicals in the atmosphere terminate through 

various bimolecular pathways and unimolecular transformation. Figure 3 shows the common RO2∙ 

termination pathways. Bimolecular termination partners include NO, NO2, RO2∙, HO2∙ and ∙OH, the RO2∙ 

fate distribution dependent on the availability of the partner molecule.51 

 

 The resulting stable organic compound formed is highly dependent on the chemical pathway of its 

formation. The highly oxygenated organics resulting from the RO2 termination can further condense 

into the particle phase. Thus, understanding the conditions of oxidation is crucial in order to predict 

both gas phase VOCs, but also the chemical composition of SOA. Further unimolecular RO2∙ can 

terminate through HO2 elimination to form alkenes, or after intermolecular hydrogen abstraction by 

the peroxy radical to form a hydroperoxyalkyl radical which through further reactions leads to either 

∙OH or HO2∙ elimination and a stable organic compound. All the possible termination pathways are 

Figure 26. overview of atmospheric RO2 radical chemistry. Common unimolecular transitions (grey) and bimolecular (red) 
reactions of RO2. Adapted from Goldman et al. 2021  
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attainable to some degree in the atmosphere dependent on concentration of RO2 and potential 

reaction partners. Where pristine environments with no pollutants are dominated by RO2-RO2 and 

unimolecular transformation of RO2∙ as primary RO2∙ termination pathways. A heavily NOx polluted 

environment, e.g. typical high density urban areas52, mostly results in RO2∙-NO as the primary RO2 fate. 

Thus, the same VOCs would form significantly different SOA, dependent on the concentrations of NO, 

HO2∙ and ∙OH during oxidation.  

 

2.3.6. Laboratory aerosol aging 

Atmospheric oxidation is extremely complex with various interacting compounds emitted from 

different sources, all interfering through convoluted reaction pathways forming both gas, liquid, and 

solid particles products. Further, environmental effects such as humidity, temperature and UV intensity 

greatly impact the SA formation. Additionally, there are meteorological effects such as wind and 

convection transporting gases and aerosols around the globe. Performing controlled experiments in 

such a complex scenario is unrealistic. The alternative therefore is to reduce the complexity by 

removing all inputs and starting with a pristine environment. There are two common approaches to 

this in the laboratory, the batch reactor also referred to as atmospheric aerosol chamber and the 

oxidation flow reactor (OFR). Both aerosol chambers and OFRs are filled with synthetic air or other 

gases to achieve pristine conditions with background concentrations of particles < 10 cm-3, VOCs (C5-

C10) < 1 ppb, and O3 < 1 ppb.53 Further, this decouples these types of experiments from atmospheric 

trace gases and reduces the complexity of the atmospheric processes. 

Aerosol chambers are typically operated as batch reactors, thus compounds of interest are added 

continuously stirred, typically with a small fan to ensure that all gases are well mixed.  Depending on 

the oxidation process that should be studied, the chamber is then either illuminated with UV lights 

simulating daytime oxidation or kept dark allowing for nighttime oxidations to be simulated. This leads 

to oxidative products forming at similar rates as it would in the atmosphere. This approach allows for 

studies to determine SOA yields and reaction rates accurately as well as to study the processes 

occurring in the atmosphere with concentrations near atmospheric concentrations. As reactions occur 

at similar rates as in the atmosphere, aerosol chamber experiments can last multiple hours or even 

days in order to reach higher ages. However, an upper limit to the time that can be simulated in an 

aerosol chamber is dependent primarily on wall losses and when all input compounds have reacted. In 

general though, aerosol chambers aim to reduce the impact of the chamber walls, as the goal is to 

simulate free atmosphere gas and suspended particles. Low wall interactions are achieved by using a 

non-reactive wall such as polytetrafluoroethylene, glass or steel, and by decreasing the surface to 

volume ratio. Aerosol chambers are therefore widely used for simulating gas phase reactions and can 

range in size and shape dramatically from a few m3 to large chambers of hundreds of m³.53  

OFRs are typically smaller than aerosol chambers, but are operated as a continuous flow reactor, where 

the compounds of interest are continuously added often at concentrations above those typically 

observed in the atmosphere and exposed to high concentrations of ∙OH, depending on the target age 

of the aerosols. As concentrations increase the SOA yield typically increase, meaning the amount of 

SOA formed from a certain compound. The oxidation in an OFR consequently results in an aerosol 

output which has been exposed to ∙OH concentrations equivalent to X days of ∙OH oxidation processes 

in the atmosphere, thus called equivalent age (eqv. age), and a potentially elevated SOA yield. The 

degree of oxidation is primarily dependent on the achieved ∙OH concentration and the residence time 
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in the OFR. The residence time in OFRs varies between seconds to minutes, depending on size and flow 

rate. In total this results in the ability for the OFRs to reach oxidization states equivalent to days or 

weeks in the atmosphere within the time of a few seconds or minutes continuously. This is especially 

practical if the aim of a study is to explore the impacts of a continuously changing emission source such 

as combustion processes. OFRs, similarly to aerosol chambers, aim to reduce wall losses and thus are 

made of similar materials as aerosol chambers and aim to reduce surface to volume (S/V) by adapting 

a cylindrical shape and optimizing internal flow. OFRs can generally be separated into two types, 185 

nm and 254 nm OFRs. The key difference between the two types lies in the formation of ozone, while 

the type is simply a reference to the OFRs lowest wavelength UV light used. 254 nm OFRs use only 254 

nm UV light and the continuous addition of water vapor and ozone to form ∙OH through the reactions 

described in eq.1-2. 185 nm OFRs also use 254 nm light for ∙OH formation, but do not need added 

ozone to the system as 185 nm light allows for photodissociation of O2 into 2 Oxygen atoms(eq. 7) 

which can react with O2 to form O3 (eq. 5). 

𝜆(185𝑛𝑚) + 𝑂2 →  2𝑂( 𝑃3 ) 
 

Eq. (7) 

3. Impacts of atmospheric aerosols 
Atmospheric aerosols impact both the environment and human health. The environmental impact is 

primarily a cooling effect due to enhanced cloud coverage associated with aerosols and particle light 

interactions resulting in backscattering of solar radiation. Health is impacted through inhalation of the 

aerosols leading to cardiovascular diseases and other respiratory issues. However, the impact on 

human health and environment is not even between all aerosols. Large hydroscopic aerosols 

contribute more to cloud formation, whilst smaller aerosols contribute more to direct scattering.40, 54, 

55 Further it has been shown that different SOA impact human health differently, meaning that the 

impact on health is dependent on aerosol source and atmospheric oxidation.2 

3.1. Environmental impact of aerosols 

The environmental impact from aerosols is still a source of major uncertainties in the understanding of 

climate and climate change.4 The main impacts of aerosols on the environment are through aerosol 

radiation interaction, aerosol clod interaction and light absorbing particle deposition on snow and ice.  

Aerosol radiation interaction can be subdivided into a direct scattering effect and light absorption. Both 

direct particle light interactions, and the combination of the two is referred to as the light extinction of 

the particle. All particles scatter light, resulting in a net cooling of the atmosphere and is the direct 

physical effect of small particles in the atmosphere. As interaction between light and particle causes 

light to scatter, the primary direction of the scattered light is dependent on the particle diameter to 

light wavelength. Particles of a diameter larger than the wavelength of the light primarily scatter light 

forwards, thus having a low cooling impact. And Particles with a diameter 10 times smaller than that 

of the wavelength of the light scatter equally in all directions, which is referred to as Rayleigh scattering. 

The wavelength of sunlight that reaches the earth’s troposphere is primarily above 300 nm.56 Thus, 

particles smaller than 30 nm do Rayleigh scattering, which results in significant backscattering of 

sunlight and thus a cooling effect. For particles of diameter size 𝜆 > 𝐷 >
1

10
𝜆  the scattering is best 

described by Mie theory, but simplified as the particle size increases so does the percentage of light 

that scatters forwards.57 However, a large particle, whilst it scatters a larger fraction of light forward, 
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still backscatters, and due to its volume the total backscattering effect is likely larger than that of a 

smaller particle. However, small particles with a total volume equal to that of a large particle would 

result in a larger backscattering effect. Light absorption in particles result in a heating of the particle, 

leading to an overall heating of the atmosphere. The primary attributes resulting in light absorption are 

related to the particle size and the particle composition. The largest contributor to particle light 

absorption is BC aerosols, typically emitted from combustion processes, both anthropogenic and 

biogenic. In terms of anthropogenic radiative forcing aerosol radiation interaction is estimated to be -

0,22 [-0,47 to 0,04] W m-2. 

In addition to BCs light absorption ability in its airborne aerosol phase, it can also deposit on high 

albedo surfaces such as snow and ice in the arctic regions. Deposition of BC on such surfaces result in 

a net increase in effective radiative forcing by 0.08 [0.00 to 0.18] W m-2, as the black carbon lowers the 

albedo through absorption and shading of reflective surface. 

Cloud formation is an indirect effect of aerosols which results in a net cooling of the atmosphere, 

estimated to be -0,84 [-1,45 to -0,25] W m-2. Aerosols contribute to cloud formation as they function 

as cloud condensation nuclei (CCN). The ability of aerosols to be effective CCN is described by the 

Köhler equation which shows that large particles or particles with a high water activity, thus hydrophilic 

compounds, require a lower supersaturation to initiate cloud condensation. Thus, the most effective 

CCN are large hydrophilic aerosols such as those emitted from sea spray, or sulphate containing 

aerosols such as those formed from SOx emissions from high sulfur fuel combustion.  

Figure 27. The effective radiative forcing in W m-2 for all major groupings of climate forcers. Adapted from  figure 7.6 in 
chapter 7 of the IPCC Working Group I Sixth Assessment Report. 
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3.2. Health 

Aerosols are well known to pose a significant risk to 

human health, as they enter the body through the 

lungs, but can translocate to essentially all organs. 

The toxicity of aerosols is dependent on a multitude 

of factors, with toxicity increasing with smaller 

particle size, larger surface area, adsorbed surface 

material and the physical characteristics of the 

particle. Particles size impacts the depth of 

penetration into the lungs. Particles in the size range 

of PM2.5 (2.5 µm and below) penetrate the bronchi 

and ultrafine particles even penetrate the alveoli 

(figure 6).58 Particles larger than 10 µm are generally 

considered significantly less toxic as these particles do not penetrate the lungs and get stopped at the 

nasal passages.59  Further, the chemical composition of aerosols significantly impacts the toxicity, with 

aerosols formed from aromatic VOCs showing higher short- and long-term toxicity.2 Ultrafine particles 

of diameters less than 0.1 µm (PM0.1) have the ability to penetrate the alveoli and thus compounds 

such as condensed VOCs are transported into the alveoli and with that into the bloodstream. Toxins on 

PM0.1 can thus greatly impact cardiovascular health, and in some instances impact the nervous system. 

The health concerns of high quantities of aerosol exposures can be divided into short-term and long-

term consequences.60 Short-term effects are those that can be felt directly due to raised aerosol 

concentrations in the environment and can range from lung and heart issues to headaches and nausea. 

Long-term contact with elevated levels of aerosol air pollution can lead to damage of nervous, 

reproductive and respiratory processes, potentially leading to cancer and cardiac arrest.61 Recently, air 

pollution was found to be the 4th leading course of disability adjusted life years (DALYs)  globally with 

more than 8% of all DALYs lost globally.3 The majority of DALYs attributable to air pollution came from 

cardiovascular and respiratory diseases.   

Children are generally more vulnerable to health effects of air pollution and can have both acute and 

lifelong consequences such as the development of asthma or other respiratory deasese.62 It has been 

suggested that the influence of local sources of air pollution such as traffic emission are a more 

important factor than long distance sources on development of chronic respiratory diseases.  In 

particular 5 groups have been found to especially impact the development of asthma in kids under 6 

years of age: elemental carbon, NOx, PM2.5, PM10 and ammonium.63, 64  

 

4. Combustion processes as aerosol source 
Combustion processes are a major source of aerosol, comprising 30% of global organic aerosol mass.49 

Combustions processes include both biogenic sources such as forest fires, and anthropogenic sources 

such as combustion engines from the transport sector, biomass burning, waste burning, and fossil fuel 

burning for energy including both coal and oil. Aerosols from combustion processes range in size from 

millimeter-sized cinders and soot aggregates to ultrafine particles (PM0.1). The largest of these 

particles deposit rapidly as ash but smaller particles travel with the exhaust gas and contribute 

significantly to ambient air pollution. The composition of combustion aerosols is a mixture of 

Figure 28 the penetration of lungs by aerosols dependent 
diameter. Adapted from Klinger-strobel M. Et al 2014 
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inorganics, soot and organics.65 Inorganic combustion aerosols include metal particles, such as Si, Fe 

and Z. Additionally, secondary inorganic aerosol precursors are emitted like SOx and NOx which can 

form H2SO4 and ammonium sulfate amongst other inorganic salts and acids upon oxidation. Further, 

polyaromatic hydrocarbons (PAHs) are often found in combustion exhausts, and due to their low 

volatilities they rapidly enter the particle phase. PAHs are additionally of interest due to their 

carcinogenic nature.66, 67 Additionally, organic aerosols can be emitted directly or be formed from the 

VOCs emitted as a result of incomplete combustion. 

4.1. Light duty vehicle emissions 

Light duty vehicles (LDV) represent a large fraction of the transport sector’s aerosol emissions in highly 

populated areas, with 5% to 61% of aerosols in urban cities originating from on-road traffic.68 To combat 

the health risks associated with LDVs, governing bodies around the world have introduced a range of 

regulations on the permitted emissions per kilometer driven. The first of such regulations in Europe 

were the Euro 1 regulations introduced in 1992 limiting CO, HC and NOx to, 2.72 g/km, 0.97 g/km and 

0.97 g/km, respectively.16 Further, PM was limited, but for diesel vehicles only. Regulations have been 

updated regularly, and car manufacturers have had to adapt and innovate to meet regulations. Initial 

adaptation came with optimization of the engine. However, with the introduction of the Euro 4 in 2005 

came the diesel particle filter to meet the PM limit of 0.025g/km for diesel vehicles.69 Further, to 

improve fuel economy for gasoline vehicles the common car changed from port fuel injection (PFI) 

engines to gasoline direct injection (GDI) engines. With the introduction of the Euro 5 regulations in 

2009, PM was limited to 0.005 g/km for all vehicles and NOx was limited to 0.06 g/km for petrol and 

to 0.18 g/km for diesel vehicles. Additionally, it mandated the addition of a three-way catalyst (TWC) 

as exhaust after treatment to reduce NOx, hydrocarbon (HC) and CO emissions through the catalytic 

reactions eq.8-9.  

TWCs use precious metals, typically palladium (Pd) or platinum (Pt) for oxidation, of CO and HC, and Rh 

for the reduction of NOx in most modern vehicles. The precious metals are dispersed on a mixed oxide 

support material, such as AL2O3, CeO2 or ZrO2.70   The conversion efficiency of the TWC depends greatly 

on the Air to Fuel ratio and the operational temperature.71 In general, all TWCs require temperatures 

above 200°C to operate, allowing for higher conversion efficiency. The heat required to operate is 

supplied by the engine exhaust. CO generally requires lower temperatures than HC and NOx for similar 

conversion efficiencies. 

2𝐶𝑂 + 2𝑁𝑂 →   𝑁2 + 2𝐶𝑂2 
 

Eq. (8) 

𝐶𝑥𝐻𝑦 + 𝑂2  →   𝐻2𝑂 +  𝐶𝑂2 

 

Eq. (9) 

 

The newest European regulations are the Euro 6d regulations that limit NOx further, but, importantly, 

the emissions of PA in terms of particle number (PN) emitted to 6x1011/km. It further mandated that 

this reduction come from the addition of a gasoline particle filter (GPF) as of 2020 for GDI vehicles.72 

Most commercial GPFs are ceramic cellular devices, where incoming gas is forced to flow across the 

porous ceramic walls capturing soot. GPF efficiencies have been reported to filter between 60 and 99% 

of PM dependent primarily on the size, diameter and length of the GPF. However, an important factor 

for optimization other than the size of the GPF is the pressure drop through the filter.73  
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4.1.1 LDV emission composition 

Gasoline fuel is composed of low molecular weight HC compounds in the C4-C10 range, and commonly 

mixed with an ethanol share such as E10 fuel, containing 10% ethanol. The primary components of 

gasoline fuel are thus alkanes, cycloalkanes and aromatics as seen in figure 7, with alkanes C5-C8 

branched and unbranched comprising above 40% of the total mass, and aromatics primarily in the C6-

C10 range as the second biggest component of gasoline. These emissions however are expected to lead 

to SOA formation exclusively from the aromatic component, due to the low SOA formation potential of 

the short <C10 alkanes. Nordin et al 201374 and  Liu et al 201575 both found that for GDI vehicles 60-

90% of SOA formation could be assigned to C6-C10 aromatics. However, gasoline vehicular SOA is 

additionally formed from evaporative gasoline due to the low molar weight and thus high volatility of 

the fuel. The evaporative components are primarily the alkanes and ethanol, with a small aromatic 

component. However, SOA yield is expected only from the small aromatic component.76 

Recent studies have highlighted that modern cars emit NH3. NH3 emissions from modern cars are 

almost completely due to the TWC as shown by Liu et al 2020,27 where retrofitting TWCs to Euro 5 

compliant LDVs showed a 72-fold increase in NH3 emissions. The formation of NH3 in the TWC is a result 

of the water vapor emissions causing the reaction between NO, CO and H2 (eq.10) to occur in the TWC. 

The H2 formed from this reaction then results in NH3 formation (eq.11) instead of the intended TWC 

reaction (eq.8). 

𝐶𝑂 + 𝐻2𝑂 →   𝐻2 + 𝐶𝑂2 
 

Eq. (10) 

2𝑁𝑂 + 2𝐶𝑂 + 3𝐻2 →   2𝐶𝑂2 + 2𝑁𝐻3 
 

Eq. (11) 

 

Figure 29 illustrates the mass distribution (A) and expected SOA yield(B) from gasoline fuel; adapted from Gentner et al. 2017.  

A recent study have attempted to retrofit Euro 5 cars with GPFs, and found that 96.7% of gas phase 

emission aromatics were within the C6 to C10 spectrum with only 3.3% of the emissions being C11 or 

larger.22 Whilst retrofitting GPFs to Euro 5 cars has shown that the primary PM is significantly reduced, 

SOA formation from VOCs remains largely unchanged.  
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4.2. Shipping emissions 

 Ship emissions come primarily from the 

goods transport sector as 90% of 

international trades is done through 

shipping, accounting for 80% by volume 

and 70% by value goods globally.77 Further, 

trade by shipping is expected to triple from 

2019 to 2050.78  in 2018, shipping 

accounted for 17% NOx, 9% of SOx, 4% of 

PM 2.5 and 4% of non-methane volatile 

organic compounds (NMVOCs) of 

anthropogenic emissions,8, 10-12 with 70% 

of shipping emissions being emitted within 

400 km of the coast.79 These emissions 

account for 11-19% of coastal particle 

number (PN) concentration, impacting health significantly with an estimate of 400.000 premature 

deaths per year prior to 2020.18 As of 2020, the international marine organization (IMO) have 

implemented regulations on the allowed fuel sulfur content (FSC) reducing it from 3.5% to 0.5% (m/m) 

globally.9 Prior to 2020, some sulfur emission controlled areas (SECAs) had been established lowering 

FSC to below 0.1% in select areas such as the Baltic and US coastline, and previous regulations on FSC 

had been made globally in 2012 as seen in figure 8. With the new regulations on global FSC in 2020, 

premature deaths from shipping emissions are expected to drop by about 30% as SOx emissions from 

shipping drop by 77%.9, 18 

The two most commonly adapted methods of dealing with new regulations have been adding exhaust 

aftertreatment methods or changing fuel type from high sulfur heavy fuel oil (HFO) with an FSC of 3.5% 

to either low sulfur HFO (FSC<0.5%) or marine gas oil (MGO) with an FSC of less than 0.1%. The addition 

of a scrubber has been studied in previous literature and showed significant reduction in emissions 

both in terms of SA and PA.21, 80 A few studied have examined the impact of changing fuel. Direct 

emissions of MGO was studied in comparison to HFO in terms of fresh emissions by Karjalainen et al 

2023, but was not subjected to atmospheric aging.21 The fresh emissions were found to be reduced for 

MGO in terms of both POA and black carbon. However, significant amounts of SOA (38%) in harbor 

cities have been reported originating from shipping  after 2020 regulations suggesting that the SOA was 

not impacted by the change from HFO to MGO.81  

The search for alternative fuel sources within the maritime shipping industry has led to a multitude of 

innovative ideas, with suggested alternative fuels for the future including NH3, methanol, liquid natural 

gas and hydrogen.77 However, whilst all these ideas are promising and could significantly change the 

magnitude and composition of ship emissions, they all currently lack the infrastructure for rapid 

implementation. Therefore, currently the transition from a heavy sulfur fuel to a lower sulfur diesel like 

fuel remains the most common adaptation.10, 82 Nevertheless, in the future these alternative fuels will 

likely increase in importance. 

4.2.1 Shipping fuel composition 

The traditional fossil fuels used in ships are complex mixtures of hydrocarbons. The main differences 

between fuels are the processing level, sulfur content and the source of the fuel. In general, liquid fuels 

Figure 30 the FSC regulation changes from 2008 to 2025 for both 
Global FSC limits and SECA specific limitations. 
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can be divided into two main types: residual and distillate fuels. Residual fuels are made of the residue 

from distillation of refined crude oil. Residual fuels are viscous and aromatic. Distillate fuels are 

paraffinic and are thus much lighter and cleaner than residual fuels. Residual fuels are often mixed with 

distillate fuels in so called mixed fuels. The average demand for shipping fuels is 640000 tons per day, 

with a need for 250000 tons of distillate fuels per day.82, 83 Traditionally the most common residual fuel 

is heavy fuel oil (HFO) with a sulfur content above 0.5%, as this sulfur content is no longer permitted, 

HFO can be mixed with lighter fuel resulting in low sulfur HFO (LS-HFO) with sulfur content below 0.5%. 

Marine gas oil (MGO) is the most commonly used distillate fuel with a sulfur content below 0.1%. MGO 

specifically is used in SECA areas to comply with the sulfur requirements of these regions. Further fuels 

are required to limit the amount of non-combustible inorganics by the 0.2% ash requirement to fuels. 

Residual fuels intrinsically contain more inorganics such as nickel, vanadium and zinc compared to 

distillate fuels.17, 84  

5. Methods & instrumentation 

Figure 9 illustrates the general setup for the experiments with a focus on the analytical instruments 

used I this work. The dilution level reached with the porous tube diluter and ejector diluter prior to 

the OFR is dependent on the aerosol source. Further the ejector dilutor between the OFR and the 

aerosol measurement devices, Aethalometer, SMPS and HR-ToF AMS was 1:10 diluted with synthetic 

air. 

Figure 31 experimental setup overview, where dashed lines represent heated tubing and was used for 
the combustion engine experiments. The porous tube diluter and the ejector dilutor diluted the 
emissions prior to mixing with O3 and H2O before entrance to the OFR. Only the REMPI measured both 
before and after the OFR. 
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5.1. Aerosol phase instrumentation 

Aerosol phase instrumentation can be separated into two groups, the instruments focused on the 

physical properties of the aerosol such as SMPS and APM, and the instruments focused on the 

chemical composition of the aerosol such as the HR-ToF-AMS, DIP-HR-ToF-MS, and the TD-GCxGC-

ToF-MS. The three mass spectrometry methods HR-ToF-AMS, DIP-HR-TOF-MS, and the TD-GCxGC-

TOF-MS are compared in table 1. All Time of flight (TOF) mass spectrometers use the speed of ions to 

determine the mass of the ions. A longer time of flight thus longer pathway results in greater 

separation and higher mass resolution. 

Table 5 shows an overview over the properties of three different electron ionisation method; HR-ToF-AMS, DIP-HR-ToF-MS 
and TD-GCxGC-ToF-MSs. 

 
HR–TOF–AMS DIP–HR-TOF-MS TD–GC × GC–TOF-MS 

analyses time online (4 min/cycle) atline (10 min) offline (3 h) 

thermal sample 

introduction 

flash 

vaporization/pyrolysis 

(isotherm at 600°C); 

vacuum condition (10–

9 to 10–6 mbar) 

vaporization and 

pyrolysis by ramped 

heating 

(gradient 2 K s–1); 

vacuum condition 

(10–6 to 10–3 mbar) 

gradual TD (gradient 2 K s–1); >1 bar 

overpressure; inert helium 

atmosphere 

vaporization 

temperature 

(accessible 

content) 

600°C (non-

refractory aerosols) 

40–400°C (non-

refractory aerosols) 

40–300°C 

(volatile/semivolatile compounds) 

mass resolution 2.1 × 103* (m/z 200) 2.5 × 104 

(m/z 218.99) 

1.3 × 103 (m/z 218.99) 

mass accuracy <28 ppm* (m/z 10–

200) 

<2 ppm 

(m/z 218.99) 

45 ppm (m/z 218.99) 

mass range 9–459 Da 

(analyzed range: 10–

200 Da) 

15–600 Da 20–700 Da 

chemical/physical 

information 

superimposed spectra; 

fragment ion peaks 

(thermal & EI 

fragments); size 

segregation of PM 

superimposed 

spectra; fragment 

ion peaks (EI & 

thermal fragments); 

thermal pre-

separation according 

to volatility 

individual spectra for each 

compound; fragment ion peaks 

(mostly EI fragments); separation 

of individual compounds by 

chromatography 
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5.1.1. Scanning mobility particle sizer (SMPS) 

 The scanning mobility particle sizer (SMPS) is comprised of the combination of a condensation 

particle counter (CPC) and a differential mobility analyzer (DMA). The CPC functions by leading the 

aerosol stream through a super saturated chamber, typically with either butanol or water vapor. This 

super saturated chamber causes submicron particles to grow sufficiently large enough to be optically 

detectable, thereby an optical sensor can count the number of particles. The DMA functions by first 

charging the aerosols beam, establish a known equilibrium charge distribution, with either X-rays or 

radiation-based neutralizers using 85Kr, 210Po or 241Am. After the aerosols have been charged, the 

aerosol stream is led into a long cylindrical chamber with an electrically charged core. At the bottom of 

the charge core is a slit through which the aerosol flow exists the instrument. By changing the flow rate 

and the charge of the core, the diameter of the aerosol that reaches the output flow can be inferred 

from the set of parameters assuming spherical single charge particles. The DMA therefore filters 

particles with a certain size and charge to pass through based on their electrical mobility diameter. 

Combining the DMA and CPC to form a SMPS allows for the DMA to scan through a size range of 

diameters, and the CPC to count the number of particles in each bin giving a size distribution of the 

aerosol. This size distribution can thus be used to determine the particle volume by assuming spherical 

particles. Further aerosol mass can be estimated by assuming particle density. For experiments 

presented in this work an SMPS was used scanning a size range of 10-700 nm or 10-300 nm depending 

on the experiment. Further, the SMPS system used 85Kr for particle charge and a water-based CPC, to 

avoid potential flow back of butanol into the experiment chamber. Particle density is dependent on the 

composition of the aerosol, common density values include 1.7 g/cm3 for ammonium sulphate and 1,4 

g/cm3 for purely organic compounds.85 In one experiment presented here the availability of an aerosol 

particle mass analyzer (APM) allowed for the determination of particle density. However, when this 

was not available, a density of 1.5±0,2 g/cm3 was assumed in order to cover both the upper and lower 

limit of common particle densities. 

5.1.2. Aerosol particle mass analyzer (APM) 

The APM analyzer was used along with the SMPS system to determine the density of the particles. The 

APM itself classifies particles according to their mass to charge ratio, where the SMPS uses charge 

neutralization to determine the volume of the aerosol. The effective particle density (Peff) can thus be 

determined with the electrical mobility diameter (dem) determined by the SMPS and the single particle 

mass (mp) determined by the APM using Eq. 12. 

𝑝𝑒𝑓𝑓 =
6𝑚𝑝

𝜋𝑑𝑒𝑚
3  

 

Eq. (12) 
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5.1.3. High-resolution time of flight aerosol mass spectrometer(HR-ToF AMS) 

The High-resolution time of flight aerosol mass 

spectrometer (HR-ToF AMS) is an instrument 

for quantitative determination of the aerosol 

composition, mass and size. The AMS is 

designed to measure the chemical 

composition of aerosols in a size range 

depending on the critical orifice located at the 

inlet of the instrument (figure 10). In these 

experiments the critical orifice allowed for 

particles in the size of 42 nm to 645 nm to be 

measured. The aerodynamic lens system then 

focuses the aerosol into a beam which passes 

through the low vacuum (10–9 to 10–6 mbar) 

directly to the ionization site adjacent to the 

heated tungsten (600°C), resulting in flash vaporization of the non-refractory aerosol and subsequent 

electron ionization of the resulting ions at 70 eV. The ions then travel through the HR-ToF segment 

operated in V-mode for all experiments, allowing for a high mass resolution of 2.1 × 103 (m/z 200). 

Further mass spectrum specific values can be found in table 1 and Hartner et al 2022. 86 

The HR-ToF AMS is further capable of determining aerosol diameter size based on the particle time of 

flight mode (PToF). This method uses the aerodynamic drag assuming spherical particles and a known 

distance from a chopper to the ionization site. The chopper rotates at a known speed either blocking 

the aerosol allowing only gas phase to reach the ionization site or not blocking the aerosol allowing 

both aerosol and gas phase to reach the ionization site. The distance from the chopper to the ionization 

site can thus be used to determine the particle size. Additionally, the gas phase only measurements are 

used as background measurement and are subtracted from the combined measurements to give the 

aerosol mass spectrum. 

All data was treated in the ToF-AMS analysis toolkit 1.65(squirrel), and high-resolution analysis was 

performed with ToF-AMS HR analysis 1.25 (PIKA). CO2 and air beam corrections were done during each 

experiment, by running the sample flow through a particle HEPA filter. Ionization efficiency calibrations 

were done weekly using ammonium nitrate according to the calibration protocol. Additionally, the 

relative ionization efficiency was determined by using ammonium sulphate.87 

As the HR-ToF-AMS is expected to lose information outside its particle diameter range, the SMPS was 

used to determine total mass and the AMS to determine the ratios of organic, NO3, NH4, Chl and SO4 

aerosols. The total amount of aerosol containing x is then calculated as seen in eq. 13, 

𝑚𝑥 = (𝑚𝑠𝑚𝑝𝑠 − 𝑒𝐵𝐶) ∗
𝑥

𝑚𝑜𝑟𝑔 + 𝑚𝑆𝑂4 + 𝑚𝑁𝐻4 + 𝑚𝑐ℎ𝑙 + 𝑚𝑆𝑂4
 

 

Eq. (13) 

where mx is the total aerosol mass of x, msmps is the total aerosol mass measured in the SMPS, and eBC 

the effective black carbon mass as determined by aethalometer (see equation X). x is the AMS 

measured mass of the aerosol type of interest. Where morg is the mass of organic aerosol, mSO4 is the 

mass of SO4 containing aerosols, MNH4 the mass of NH4 containing aerosols, Mchl the mass of chloride 

containing aerosols and MNO3 the mass of NO3 containing aerosols determined by AMS, respectively. 

Figure 32 Schematic of HR-ToF-AMS showing both ion time of 
flight modes. adapted from P.F. Decarlo et al 2006 
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5.1.4. Direct insertion probe (DIP) 

The Direct insertion probe high resolution time of flight mass spectrometer, DIP-HRTOFMS (referred to 

as DIP), was performed on a Pegasus GC-HRT 4D (leco,USA) equipped with a direct inlet probe (SIM 

GmbH, Germany). 

A pushrod was used to transfer a 2 mm diameter filter sample into the ion source where a temperature 

gradient was applied from 40 to 400°C ramping with 2K S-1. Background signals from PFTBA, O2, N2, H2O 

and the internal standard were removed and accurate m/z values assigned to elemental composition 

within a mass window of 5 ppm. The mass resolution and further specification can be found in table 1 

or in Uwe Käfers et al 2019.88 

5.1.5. Gas chromatography (GC) 

Gas chromatography (GC) is a method of separating compounds based on polarity and size. The GCxGC 

employed a Pegasus BT 4D GCxGC TOFMS, with an OPTIC-4 GC inlet and helium was applied as the 

carrier gas. Analyte compounds were initially cryogenically trapped at -100°C at the head of the collum 

through the CryoFocus-4 system. Analytes were then released from the cryotrap with a heating ramp 

of 2K s-1 from -100 to 300°C. Specifics on the MS can be found in table 1. 

 GCxGC has the benefit of having almost no fragmentation due to its controlled temperature ramping. 

and separation based on polarity and size, allowing for complete molecules to be resolved in the 

aerosol phase. Additionally, it has the ability to separate these molecules based on polarity even if the 

m/z is identical, allowing for isomeric separation. Though for all its benefits, GCxGC has a major 

disadvantage in terms of its time resolution, as it relies on filter measurements and off-line analysis. 

This means that whilst the GCxGC can find valuable information about which compounds have 

condensed into the particle phase, it does so for an average over a certain period depending on the 

filter loading time.  

5.1.6. Aethalometer 

An aethalometer (AE33-7, Aerosol Magee Scientific) was used to measure optically defined black 

carbon. The Aethalometer attenuates light through a filter tape with wavelengths between 370 nm and 

950 nm. Absorption at 880 nm is generally assumed to be caused only by (BC), which allows for 

absorption to be converted to equivalent black carbon (eBC).  eBC is than calculated based on equation 

14, 

𝑒𝐵𝐶(880 𝑛𝑚) =
𝐴 ∙ (

∆𝐴𝑇𝑁(880 𝑛𝑚)
100 ) 

𝐹𝑚𝑒𝑎𝑠 ∙ (1 − 𝜁) ∙ (1 − 𝑘 ∙ 𝐴𝑇𝑁(880 𝑛𝑚)𝑡) ∙ ∆𝑡 ∙ 𝐶 ∙ 𝑀𝐴𝐶(880 𝑛𝑚)
 

 

 
Eq. 
(14) 

 

where 𝐴 is the surface area of the filter spot, ∆𝐴𝑇𝑁 the change of attenuation during a time interval 

∆𝑡, 𝐹𝑚𝑒𝑎𝑠 the measured flow rate, 𝜁 the leakage factor (default value 0.01), 𝑘 the real-time loading 

compensation parameter,89 𝐴𝑇𝑁𝑡 the attenuation at time 𝑡, 𝐶 the multiple-scattering coefficient (here 

𝐶 = 2.80 based on reference absorption measurement by PAX-870 during the campaign), and 𝑀𝐴𝐶 the 

mass absorption coefficient (here 𝑀𝐴𝐶(880 𝑛𝑚) = 5.47 m2/g, based on reference refractory black 

carbon (rBC) measurement by LII 300 and elemental carbon (EC) measurement by DRI 2015 during the 

campaign). 
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5.2. Gas phase instrumentation 

5.2.1. Resonance enhanced multiphoton ionization (REMPI) 

Resonance enhanced multiphoton ionization (REMPI) is a method used in this work to measure 

aromatic gas phase components, for which it was calibrated. Specifically compound quantity is 

determined based on the REMPI cross-section at 266 nm relative to toluene. (REF REMPI paper) 

However, due to this the sensitivity to benzene is low. Thus, benzene measurements from the REMPI 

have not been included in this work. Nevertheless, the information gained from the REMPI on all other 

aromatics is very beneficial. Additionally, measurements were conducted directly before and after the 

PEAR, allowing for online loss determination of gas phase aromatics. 90  

5.2.2. Fourier transformed infrared (FTIR) 

Fourier transformed infrared (FTIR) was used to measure exhaust gases prior to any dilution. The FTIR 

operates by collecting high-resolution information of absorption and emission in the infrared spectrum 

between 4000-400 cm-1. As all molecules have a unique “fingerprint”, it is possible to rapidly monitor 

molecules, even small gas phase molecules such as CO and NOx that have significant impact on 

oxidation.90, 91  The FTIR measured both organic and inorganic gas phase components directly at exhaust 

using continuous sampling. The FTIR was operated at time resolution of seconds allowing for the 

characterizing of rapid changes in exhaust. 

5.2.3. Proton transfer reaction mass spectrometer (PTR-MS) 

Proton transfer reaction mass spectrometer (PTR-MS) is used to measure online VOCs with high 

sensitivity and a fast responds rate. The PTR-MS method is a chemical ionization method using H3O+ 

for proton-transfer onto VOCs, which results in a soft ionization causing little fragmentation. However, 

the PTR-MS method is limited to compounds with a higher proton affinity than H2O (691.0 kJ mol-1).  

This includes atmospherically relevant VOCs such as aromatics and most hydrocarbons with the 

exception of alkanes smaller than C5. Further, oxygenated compounds or compounds containing 

nitrogen or sulfur are all measurable by the PTR-MS instrument. Internal mass calibration was 

performed with 1,3-Diiodobenzene.  

 

5.3. Laboratory aerosol sources 

Laboratory aerosol sources vary greatly from experiment to experiment depending on the aim of the 

experiment. The simplest laboratory aerosol sources are aerosol generators, such as commercial ones 

used for producing aerosols for calibration of the HR-ToF AMS. These aerosol generators use spray 

impact of an aerosol compound of interest dissolved in water such as ammonium nitrate or other 

salts. These create a poly disperse aerosol in the size range of <10 nm-200 µm in diameter (TSI). 

These aerosol generators produce only primary aerosol which can be used for measurements on their 

own54 or used as seed particles for VOCs to condense onto.92 Combining a seed particle with a VOC is 

a common method of producing SOA when the mixture is exposed to oxidation. VOCs are typically 

diffused through evaporation into the chamber along with the seed particles. An alternative seed 

particle such as soot can be produced through controlled combustion such as propane burners (see 

section 5.3.1: propane burners and naphthalene). For more realistic emissions, engines or fireplaces 

can be used as source for both VOCs and primary aerosols. 
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5.3.1. Propane burner and naphthalene 

The simplest combustion method used in these experiments was a combustion aerosol standard (CAST) 

propane burner used for soot generation. The soot particle was then used as a seed particle, an initial 

particle where secondary aerosol can condense onto. Gas phase naphthalene was mixed with the seed 

and exposed to atmospheric aging allowing for the formation of SOA which condensed on to the soot 

particles. 

5.3.2. Light duty vehicle 

The exhaust from a car, a Skoda scala model year 2021, driven on a Rototest VPA-RX3 2WD chassis 

dynamometer and fueled with standard European E10 gasoline was observed. Further model 

specifications can be found in the supplementary material published in Paul et al 2024.90 The car was 

driven over a 4 hour driving cycle, which could be broken into four 1 hour driving cycles. Each one hour 

driving cycle started with 5 minutes of idling, followed by 15 min at 50 km/h, 100 km/h and 80 km/h. 

The 4 cycles have further been separated in two sections with the first cycle considered a cold start 

cycle and the later 3 cycles considered hot start. Driving conditions for cold and warm cycles differ on 

a few key parameters. A cold start has a starting exhaust temperature of room temperature which rises 

rapidly to around 400°C during initial idling, whereas the exhaust temperature during hot cycles does 

not have this rise as the exhaust temperature is already at 400°C as shown in figure 12. Further, the 

coolant and engine oil temperature both increase from below 40°C to 100°C during the first 35 min of 

the driving cycle, corresponding to the last minute of driving at 100 km/h. This is in contrast with the 

hot start where the increase from idling temperature to maximum temperature goes from 90 – 100°C.  

The driving conditions found after 35 min of driving is equivalent to those found during the hot start 

and thus the cold starting conditions primarily impact the start. This could be used to determine what 

is  a hot start for future tests. Further, a potentially important factor is the ambient temperature in the 

lab as this could impact the aerosol formation in the PEAR. Operating the car in the laboratory increased 

the ambient temperature from 16°C to 24°C from cold start to peak temperature, during hot starts the 

ambient temperature never dropped below 20°C. However as indicated by the PEAR temperature there 

were no significant changes to the internal temperature of the oxidation flow reactor. 

The driving cycle features long periods of driving at constant speeds in order to study the impact of 

consistent driving as most previous literature use shorter driving cycles featuring short accelerations 

and highly variable speed. In order to eliminate all impacts of acceleration or deceleration on the 

emissions and resulting aerosol formation, the steady state speed is defined as the last 10 minutes at 

a specific speed, thus removing the first 5 minutes. 

5.3.3. Research Ship engine 

In order to simulate an anthropogenic marine aerosol source, a single cylinder research engine capable 

of producing 80 kWh was operated for two set of experiments. The first experiment set featured a 

“driving” cycle spanning 4 hours and testing 4 sets of engine loads, 25%, 50%, 75% and 100%. The 

second set of experiments focused on the impact of atmospheric ageing of the emissions during 

docking and harbor maneuvers with engine load of 20 kWh or 25% of the total engine output, as these 

are expected to have a higher impact on populations due to their emission proximity. The experiments 

intended to map the impact of the SECA regulations compared to the global FSC regulations, and the 

impact of aging on the formation on aerosols in harbor areas. Two fuels were tested HFO with a FSC= 

0.5% and the MGO with a FSC =0.01% as seen in table 2.  
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Table 6 Main fuel components from MGO and HFO: carbon, hydrogen, and sulfur mass percentages. 

Fuel C (w%) H (w%) S (w%) 

MGO 87.80 13.10 0.01 

HFO 86.30 11.10 0.5 

Additionally, the HFO contained more metals as evident in table 2, where it is clear that the fraction of 

metals in MGO all are <1 mg/kgfuel, with the HFO fuel containing 12 mg/kg of both V and Fe in addition 

to other metals. 

 

5.3.4 Emissions factors 

In order to have data intercomparable between different vehicles, fuel types and vehicles speeds, it is 

customary to convert emission results to emission factors (EF). An EF represents the emission in 

comparison to the amount of fuel consumed, typically in mg or gram per kg fuel consumed. This EF is 

useful to compare engine combustion efficiency. An alternative EF is emissions per km driven, which 

is more relevant for fuel efficiency. Due to the difference in functionality between these two emission 

factors, emissions per kg fuel are often used whereas most regulations for LDVs are based on 

emissions per km driven. 

5.4. Oxidation Flow reactors 

The two most common methods for in laboratory simulation of atmospheric aging are batch chamber 

simulations and oxidation flow reactors (OFRs). Both methods use ultraviolet light to start the 

photodissociation process, which can be predominantly achieved either by UV(254nm), H2O and O3 

(eq.1-2), or H2O and UV (185nm ), or H2O and UV(254nm) (eq.5 & 7). However, photodissociation of 

other compounds such as H2O2 and HONO can also be used. 

Batch chamber experiments are operated in batches with well defined starting conditions. This allows 

for the study of aerosol formation with high time resolution with respect to the oxidation. Batch 

chamber experiments thus typically operate at concentrations comparable to the atmosphere allowing 

for a atmospheric simulations at the timescale of hours or days. OFRs are operated as steady state 

reactors this allows for a constant photochemical age with a changing input. As a result, OFRs are 

typically operated at high concentrations of OH to reach a photochemical age of multiple days in 

seconds or minutes. However, it is possible to operate a OFR at lower concentrations equally as it is 

possible to operate a batch chamber with an accelerated photochemical age. The high operation speed 

of the OFR thus allows for  

the continuous aging of rapidly changing systems, such as vehicle exhausts or ship emissions. 

5.4.1. Potential aerosol mass oxidation flow reactor (PAM) 

The Potential aerosol mass (PAM) OFR93, 94 was used to simulate the atmospheric aging for the soot 

naphthalene experiments. The atmospheric age in the PAM was controlled with VUV-lamps and H2O 

maintaining Ozone and ∙OH concentrations as described in eq.1-2. The PAM simulated an atmospheric 

age equivalent of 2-9 days determined by the PTR-MS method. The PAM operates at a flow rate of 5 to 

20 L min-1. 
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5.4.2. Photochemical emissions ageing flow tube reactor (PEAR) 

The photochemical emissions ageing flow tube reactor (PEAR) was used in order to study combustion 

engines. The PEAR was operated with a flow rate of 120 lpm or 100 lpm depending on the experiment, 

giving an average residence time in the PEAR of 64 s or 70 s, respectively. The PEAR is operated with 4 

UV lights and the UV intensity in terms of photon flux was determined with the formular of eq.15., 

where UVtot is the total voltage of the UV light. 

𝑃ℎ𝑜𝑡𝑜𝑛𝑓𝑙𝑢𝑥 = −1.34𝑒13 +  2.95𝑒14 ∗ (𝑈𝑉𝑡𝑜𝑡) Eq. (15) 
The aging was adjusted by the voltage and thus intensity of the four UV lamps from 4x0V through 2x3V 

to 4x10V, resulting in a photonflux from 0 through 1.8 ∙ 1015 to 9.4 ∙ 1015 With such a photon flux, the 

age determined by the PTR-MS is between 0 and 10 days. At the operating flow rate (above 100 lpm) 

the wall losses are expected to be below 30% for particles with a 20 nm diameter and below 10% for 

particles larger than 50nm. Further wall losses of low volatile organic carbon (LVOC) is estimated to 

below 2.1%.95 At the input of the PEAR the unaged exhaust is mixed with ozone in concentrations of 

either 7 or 10 ppm depending on the experiment. Thus, any ozone quenching compounds will lower 

the potential age, such as NO reacting with ozone to form NO2, this is especially an issue when working 

with combustion engines, which are a significant source of NO.96-98 

5.4.3. Simulating oxidation flow reactor chemistry 

When working with highly complex gas mixtures, it can be beneficial to simulate the oxidation occurring 

in the OFR.  This can be done with models such as the KinSim model, a kinetic simulation model giving 

insight into the chemistry and concentrations in the OFR.99 This gives valuable information in order to 

verify atmospheric relevance for the aging scheme.  

Here, the KinSim version 3.73 was used in combination with the RO2 fate estimator version 1.0 to 

determine the effects on RO2 radical fate. Due to the complex nature of the exhaust emissions, some 

assumptions had to be made to simulate the reactions in the PEAR. For one, it was assumed that SO2 

could be used as a surrogate for non-methane hydrocarbons (NMHC), as described in Peng et al 2015-

2018.100-104 This reaction leads to a realistic ∙OH – HO2∙ ratio for exposure (eq. 16-17) and RO2∙ fate 

without including the reaction scheme of every organic component to the model. This assumption is 

thus necessary for validating the atmospheric relevance of the oxidation. Further, it is assumed that 

once a compound leaves the gas phase and enters the liquid or particle phase, it does not react any 

further or otherwise impact the chemistry in the PEAR neither through repartitioning nor evaporation. 

The full reaction pathway of compounds simulated can be found in the supplement and is further 

described in Paul et al 2024. 90 

 ∙ 𝑂𝐻 + 𝑆𝑂2 →   𝐻𝑂𝑆𝑂2 
 

Eq. (16) 

 𝐻𝑂𝑆𝑂2 + 𝑂2 → 𝐻𝑂2 · +𝑆𝑂3 
 

Eq. (17) 

Additionally, as O3 is mixed with the exhaust flow directly before the PEAR, we assume rapid reaction 

between O3 and NO (K=1.96∙10-14 cm3 molecule−1 s−1) before competition with light for 

photodissociation, resulting in a complete consumption of NO and loss of O3 (eq. 18). 

 𝑁𝑂 + 𝑂3 → 𝑁𝑂2 + 𝑂2 
 

Eq. (18) 

This assumption is crucial as the decrease in initial O3 impacts the formation of ∙OH as shown in eq. 1-

2.  Without this assumption, the atmospheric age in the KinSim model would thus be overestimated. 
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However, with this assumption the atmospheric age could be underestimated as a 100% consumption 

of O3 is unlikely, but it is nevertheless the best assumption possible. 

5.4.4. Determination of atmospheric age 

The atmospheric age in a given experiment is determined by adding isotope labelled N-buthanol (d9-

BuOH 98%, Cambridge Isotope Laboratories) at a known concentration and measuring the decay of d9-

BuOH with the PTR-MS (Barmet et al. 2012).105 The ∙OH concentration is then determined based on the 

buthanol decay and the known reaction rate (kbutanol-d9 = 3.4(±0.88) × 10−12 cm3 molecule−1 s−1) between 

d9-BuOH and OH radical. The atmospheric age is typically given in days for OFRs, where it is assumed 

that the average ∙OH exposure per days in the atmosphere is 1.5e+6 cm³.  

 

6. Results 

6.1 Aim and vision 

Studying the impacts of aging and operational conditions of aerosols from combustion engines 

requires instruments with high time resolution in order to track changes associated with operations 

such as accelerations. But it also requires instruments that can differentiate between aerosol types 

such as nitrate, sulfate and organic containing aerosols. Therefore, my PhD work revolves around the 

HR-ToF-AMS for determination of aerosol composition, in combination with the SMPS for total 

aerosol mass. Further, to gain good insight into the fresh emissions such as VOCs and inorganic gas 

phase emissions such as CO, SO2 and NO, the HR-ToF AMS was supported by FTIR, PTR-MS and 

REMPI. All instruments capable of operating online with time resolutions below 5 minutes, which 

allowed for online determination of aged aerosol and determining the causes and effects of the aging 

of combustion engine emissions.  

The initial hypothesis in regards to Euro 6d car emissions was that there should be a reduction in 

primary aerosols as a result of the GPF in comparison with literature about previous emission 

standards. Further, it was expected that accelerations would cause a short term rapid increase in 

emissions and thus in the aerosol formation. As single events of high emissions  could cause 

unwanted damage on biological cell experiments that were conducted adjacent to the chemical and 

physical characterization experiments, the driving cycle was designed to feature few accelerations 

and instead maintain cruising speeds for 15 minutes at a time. This coupled with the 4-hour total 

driving time for the experiment allowed for testing of cold versus hot started runs as well as to study 

the impacts of the cruising speeds.  

To represent ship engine exhaust, a four-stroke single cylinder diesel engine, commonly operated as 

an auxiliary engine, was used.  The experimental design revolved around studying the impact of 

photochemical age on different fuels with the aim to access the potential impacts on human health 

predominantly in urban areas close to coastal aeras with high shipping traffic. testing the impacts of 

using cleaner fuels near human settlements as it was expected that distilled fuels with less FSC such 

as MGO would significantly reduce all aerosol formation compared to residual fuels such as LS-HFO.9, 

83 The experimental matrix was simple with two testing fuels and the ability to test various 

photochemical ages in order to understand not only the impact on fresh emission but also on the 

secondary aerosol formation. Further, for the first time to my knowledge ship emissions were 
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characterized with an AMS from fresh to 9 days of age with small enough photochemical changes 

between each measurement point that it has been possible to gain information about the oxidation 

pathway. 

A significant amount of time was dedicated to the modelling of the chemistry within oxidation flow 

reactors such as the PEAR using the KinSim model. It became apparent that the fresh emissions, 

especially the NO emissions, from the combustion engines varied to such a degree that it would 

significantly impact the attainable photochemical age due to quenching of ozone. Further, the varying 

emissions impacted the RO2 fate and thus the oxidation pathways leading to secondary aerosol 

formation.  

6.2. Naphthalene SOA formation 

 To access the complex 

chemical reactions of 

emissions upon aging of real 

engine exhaust a simplified 

study was conducted focusing 

on the oxidation of 

naphtalene, typically 

asscociated with fuel 

combustion. Soot was added 

as a seed particle and would 

typically take the function of 

the PA and naphthalene that 

of the complex mixture of 

VOCs are emitted during 

combustions. With this 

approach it is possible to 

simplify the system and gain 

insight into the methodology. 

Furthermore, this system was 

used to test the impacts of SOA on lung cells through  exposure2, 106, 107 The methodology study was 

focused on aerosol analysis with HR-ToF AMS, DIP and GCxGC, an on-line (measuring continuously), at-

line (rapid analysis of filter samples) and off-line (long term analysis of filters) instrument, respectively. 

HR-ToF AMS is used for quantitative analysis of the aerosol composition in high time resolution. 

However, aerosols with a diameter smaller than the transmission efficiency of the critical orifice of the 

AMS cannot be measured. With regard to chemical composition it features high thermal and   ionization 

fragmentation. Therefore, the AMS is not well suited for determining the molecular composition in the 

aerosol phase as large compounds will fragment and be analyzed as its smaller fragment thus providing 

information on the chemical composition in terms of elemental ratios. Therefore, complementary data 

to the HR-ToF AMS can be gained, with the additional use of off-line GCxGC analysis generating quality 

data due to its low thermal fragmentation. Alternatively, one can use the direct insert probe. Both 

options require filters and thus these methods are subjected to potential filter artefacts such as losses 

of highly volatile compounds due to evaporating from the filters.  

Figure 33 is adapted from Hartner et al 2022 and illustrates the mass spectrum of an 
aerosol formed through the combination of soot and naphthalene exposed to 
atmospheric OH aging equivalent to 4 days at 40% RH. Figure A illustrates the mass 
spectrum observed in the HR-ToF-AMS, figure B the DIP-HR-TOF-MS and figure C the 
TD-GCxGC-TOF-MS. 
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Figure 11 highlights the differences in a mass spectrum of the same aerosol measured with AMS (figure 

11A), DIP (figure 11B) and GCxGC (figure 11C). Here it can be demonstrated that the majority of mass 

observed in the AMS is found below 100 m/z, whereas all the GCxGC find significant mass above 100 

m/z. GCxGC additionally is able to resolve isomeric composition and thus allows for the determination 

of “fingerprints” and molecular details. However, a limit to the analysis by GCxGC is that it is unable to 

resolve highly oxidized compounds and thus was unable to observe significant changes as the aerosol 

was aged. DIP was found to be an excellent at-line instrument, with its lower thermal fragmentation 

compared to the AMS and its high resolution was able to derive structural information such as major 

structural building blocks in terms of functional groups of the analytes. Such information could benefit 

the AMS analysis significantly as it could reduce some of the ambiguity for compound identification in 

the AMS analysis. Overall, no single technique is capable of providing all the desired information of a 

complex aerosol and the impacts of aging on such a system. However, in combination the three 

methods capture a significant range of chemical properties such as elemental composition, functional 

groups, molecular aerosol composition of initial oxidation steps, product formation, and isomeric 

information. With these three methods determining aerosol sources, fate and chemical oxidation 

pathways could be greatly enhanced. 

6.3. LDV-emissions 

The emissions of Euro 6d compliant GDI engine light duty vehicles are subject to two key exhaust 

aftertreatment methods, the three-way catalyst intended to reduce NOx to N2 and oxidize HC and CO 

to CO2 and H2O, and the GPF intended to reduce fresh PM emissions. In order to understand the impact 

Figure 34 shows the time resolved average of varies factors related to the car performance and temperatures. A) coolant 
temperature, engine oil temperature and RH in the PEAR for cold starts and B) similar as in A) but for warm starts. C) outside 
temperature of the laboratory, the temperature of the PEAR and the exhaust temperature for cold start D) same parameters 
for warm starts. E) and F) illustrate the engine tourque and rounds per minute (RPM) for cold and warm starts respectively. 
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of these aftertreatment methods, the chemical composition of the exhaust was characterized and 

compared to literature. Further, the impact of driving speed on emissions and SOA formation was 

studied during steady state driving in order to remove any impacts of acceleration on the emissions.  

Due to the 4-hour driving cycle a clear difference in engine and ambient temperatures was observed 

during the first 1500s (25 min) of the experiment, see figure 12. During the first 1500s of the 

experiment laboratory temperature (outside temperature), engine oil temperature and coolant 

temperature all increased significantly from a cold start. The coolant temperature and engine oil 

temperature increased from 37°C to above 100°C and the ambient temperature from 16°C to 23°C, 

whereas relatively stable temperatures were observed for the warm start runs, where temperature 

varies depending on vehicle speed for ambient temperature between 21°C and 24°C, coolant 

temperature between 97°C and 101°C, and the engine oil temperature between 95°C and 105°C. After 

1500s maximum temperatures were reached and there were no significant differences between cold 

and warm start after this point. It should be noted that due to the design of the experiment there were 

3 times as many experiments with warm start (n=12) compared to cold starts (n=4). 

 

6.3.1 Fresh emissions 

Fresh PM emitted from Euro 5 

cars with no GPF has been 

observed in multiple studies,22, 

108, 109 with one study finding 

fresh emissions during hot starts, 

comprised of POA between 1-10 

mg/kg and eBC between 10 - 100 

mg/kg.22 Retrofitting GPF has 

proven successful with studies 

reporting between a 84-98% 

reduction in fresh aerosol.22, 110 

These papers highlighted that 

the addition of the GPF was more 

effective at lowering eBC than POA 

which was only reduced by 54-

64%.22 The factory installed GPF in an Euro 6d compliant car was not observed to emit any fresh PM.90 

This shows an improvement in comparison to previous studies where regardless of the type of car and 

retrofitted GPF fresh PM in the size range 10-700 nm was always observable. A paper from 2019 by 

Simonen et al. has however highlighted that ultra small particles between 3-23 nm could be significant 

especially for PN emissions, but due to their small size for the impact concerning their contribution to 

the overal particle mass is limited.25 

Figure 13 shows the emissions factors measured by FTIR data of NMHC, CO, NO2 NO and NH3, as mg 

fresh emissions per kg fuel consumed. The emission profile changes drastically depending on vehicle 

speed (illustrated with the black dashed line). The NMHC emissions are at a maximum at the end of 

idling and acceleration to 50 km/h from idling, and otherwise remain at a level between 150 and 400 

mg/kg throughout the driving cycle. These results suggest that driving within the speed of 50-100 km/h 

does not significantly change the NHMC emission factor. However, it has been shown that THC for a 

Figure 35 the fresh emision factors as mg per kg fuel consumed of all major 
emissions groups determined by FTIR-MS for warm start runs. 
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China VI compliant car only significantly increases when vehicle speed increases beyond 100 km/h.111 

Thus, there is likely a maximum efficiency for modern cars around 100 km/h where emissions are at a 

minimum. However, this maximum efficiency could be variable from vehicle to vehicle, thus requiring 

further research. CO emissions correlate with vehicle speed, reaching the highest emissions during 100 

km/h and with no emissions during extended idling. However, the first 10 minutes of idling CO is still 

emitted at significant levels. NO2 was observed at below 10 mg/kg during driving and is thus 

insignificant. However, during idling and acceleration to 50 km/h emissions vary between 110 and 283 

mg/kg. Figure 13 further shows that NO emissions are only detected at significant levels (350+-26 

mg/kg) during 50 km/h, coinciding with the highest concentrations of NH3 emissions. NO should be 

converted to N2 in the TWC (eq.8), thus the high concentrations during 50 km/h could suggest 

suboptimal operational conditions for the TWC. However, the engine oil temperature and exhaust 

temperature do not drop below 95°C and 300°C, respectively. Further, all temperature measurements 

suggest that the 50km/h operational temperature is reached within 2 minutes. Thus, the TWC is not 

impacted purely by temperature. Additionally the high NH3 emissions suggest that the TWC does 

convert significant NO.  

Therefore, we can assume that the TWC was operational during this stage. However, emissions of NO 

during this stage (50 km/h) are simply too high for the TWC to completely convert NO, resulting in a 

breakthrough of NO and high NH3 emissions. The significant difference in the NO emissions during 50 

km/h and 80 km/h, suggests a nonlinear trend correlation between vehicular speed and the TWCs 

efficiency at removing NO.  NH3, as can be seen in figure 13, is constantly above 140mg/kg and reaches 

a minimum during 100 km/h, likely due to more efficient combustion. This additionally means the 

largest single gas phase emissions from a modern car disregarding CO and CO2 are NH3.  

Figure 36 Figure A, B and E illustrate values measured by PTR-MS in terms of concentrations at tailpipe as ppb. Figure A and 
B highlight the main organic groupings of gas phase compounds. Figure E highlights the two main compounds of the 
aliphatic group shown in A. D shows naphthalene measured by REMPI (dotted line) and PTR-MS (solid line). Figure D and H 
both show the vehicle speed as reference for the other graphs. Figure F, G and H all show data measured by FTIR in ppm at 
the tailpipe. Figure F shows the main non-benzene NMHC. G shows the CO concentration and H the methane concentration 
both in ppm as measured by FTIR. A,B,C and D were presented in figure 3 in Paul et al 2024. 
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Figure 14A highlights the largest VOC groups measured by the PTR-MS. Benzene as the main 

component of the exhaust is found to reach its highest concentration at 8000 ppb, however, unlike the 

NMHC in figure 14B or the FTIR measured compounds in figure 14D, the benzene concentration is 

lowest during 50 km/h and highest during 100 km/h, excluding idling, suggesting that benzene 

emissions increase with vehicle speed. Non-Benzene aromatics and aliphatic HC follow the same trend 

as the NMHC, with a maximum during idling and acceleration from idle to 50 km/h. Both groups are 

between 30 ppb and 700 ppb throughout the driving speeds of 50-100 km/h. The non-benzene 

aromatics consist of Toluene, o-/m-/p- Xylene or ethylbenzene, C3-benzenes, C4-benzenes, 

naphthalene, styrene and methyl styrene primarily, this is similar to the composition found in previous 

papers that reported these compounds plus benzene as 96.7% of total aromatic hydrocarbon and 

69.5% of total non-methane organic carbon.22 Figure 14E shows the largest contributors to the aliphatic 

HC group measured by PTR-MS, showing contributions primarily from Butene and Propyne. The sharp 

rise of aliphatic HC and aromatic HC stands in sharp contrast to the NMHC’s (figure 13) more gradual 

increase in concentration after idling is initiated. This could indicate that smaller non-polar compounds 

such as alkanes which are not detectable with the PTR-MS are emitted earlier during idling than larger 

compounds, potentially as a result of the cooling of the engine. 

 Figure 14B highlights O and N containing VOCs. These groupings both peak at acceleration to 50 km/h, 

but otherwise are at a consistent concentrations of 334±14 ppb and 105±10 ppb for O-Containing VOCs 

and N-Containing VOCs, respectively. Both PTR-MS and REMPI observed naphthalene and methyl-

naphthalene (figure 14C), however no 3-ring PAHs were observed. The study by Roth et al 2019 

identified 3 ring PAHs in the gas phase of Euro6 car emissions, however measured with offline 

instrumentation not available in this study.110, 112However, the impact on total SOA emission factors are 

likely low due to the concentrations of the PAHs compared to TXTMB. 

Figure 14F-H highlight FTIR measurements of the raw exhaust in ppm. Figure 14F shows the 4 main 

contributors to NMHC, with Hexane, Propane, Pentane and Butane, with emission concentrations is 

from highest to lowest.  Butane was only observed during idling and reached a maximum concentration 

of 9 ppm. Propane and pentane similarly were primarily observed during idling, both reaching 30±1 

ppm as maximum concentration. Both propane and pentane concentrations consistently below 3.0±0.3 

ppm during driving. Hexane, however, was observed throughout the driving cycle and followed the 

same trend as the general NMHC measurements. Figure 14G shows the emissions of CO which increase 

with vehicle speed. Figure 14H shows the driving cycle for reference and the methane emissions 

measured by FTIR. Methane was found to be significantly higher during idling reaching 82 ppm 

compared to the average emission of 12±3 ppm during driving. Further it was observed that whilst all 

emissions decrease rapidly when idling is initialized, methane only decreased to 2 ppm after 10 seconds 

after which methane emissions started to rise again.  
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6.3.2 Aged emissions 

The emissions were oxidized in the PEAR with an addition of 7 ppm of ozone and a photon flux of 9.4 ∙

1015𝑐𝑚−2𝑠−1. However, as the emission profile changes, the atmospheric age of the aerosol after the 

PEAR is dependent on the operational condition of the vehicle. PTR-MS determined the age based on 

a single experiment where buthanol was added as described in Barmet et al 2012.105 Further, the 

impacts of the changing emissions on both radical exposureand in PEAR chemistry with resulting RO2 

fate was estimated with the KinSim model. Additionally, the atmospheric equivalent age was 

determined by the KinSim in addition to the PTR-MS. The RO2 fate and atmospheric age dependent on 

driving speed is shown in figure 15. The lowest atmospheric age was observed during 50 km/h as a 

result of the high NO emissions, reacting with O3 as shown in eq. 18. The loss of O3 prior to photolysis 

results in lower ∙OH exposures, 7.46∙1010 molc.cm-3s-1 (0.6 days) during 50 km/h compared to 3.27∙1011 

molc.cm-3s-1 ( 2.5days) and 2.44∙1011 molc.cm-3s-1  (1.9 days) at 80 and 100 km/h. Figure 15 highlights 

that HO2 exposure and RO2-HO2 fate is the predominant termination pathway of RO2 radicals. The 

source of HO2 changes throughout the driving phase. During idling, the primary source of HO2 is the 

oxidation of Methane and other NMHCs. However, during driving as vehicle speed increases, CO 

emissions increase, and become an increasingly large source of HO2. The change in photochemical age 

is thus best measured with the PTR-MS. However in combination with the KinSim model it is possible 

to explain the changes in age and the transferability with regards to the atmospheric relevance of the 

experiments.  

Figure 37 shows the age as measured by PTR-MS(PTR age) and the age calculated through the KinSim model 
(KinSIm Age) shown on the left axis. The RO2 fate is shown with the bar plot indicating expected RO2 fate in 
percentage on the right axis. Graphical illustration of data provided in Paul et al 2024 figure table S7 & S9 
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Substantial SA was formed throughout the driving cycle within all oxidation conditions ranging from 0.5 

to 5.7 days of age. The SA had an electrical mobility diameter less than 100 nm, with a volumetric 

Geometric mean diameter (GMD) of 36 ± 3 nm and a Mass GMD of 88 ± 9 nm (figure 16a). The mass 

concentration of the aerosols was calculated with a density of 1.6 g/cm3 as determined by the APM. 

The largest size mode of aerosols was observed at acceleration from idle to 50 and throughout 50km/h. 

This coincides with the peak SA mass formation. The age of the aerosol during 50 km/h is the lowest 

measured at 2 days (figure 15). However, the SA concentration at 21.5±0.7 mg/m3 is in large due to the 

AN formation displayed by the NO3 and NH4 (figure 16b). NH4 and NO3 reach mass concentrations of 

2.4 and 7.1 mg/m3 respectively, with an average ratio of 2.5±0.3, similar to the expected AN ratio of 

3.4 based on molecular mass. The formation of AN through oxidation of NO2 is expected as described 

in eq. 19-20. 

𝑂𝐻 + 𝑁𝑂2 →   𝐻𝑁𝑂3 
 

Eq. (19) 

𝑁𝐻3 + 𝐻𝑁𝑂3 → 𝑁𝐻4𝑁𝑂3 
 

Eq. (20) 

 AN or ammonium sulphate is commonly added in experiments as a seed particle to too increase 

surface area to enhance condensation of VOCs, increasing SOA yield.93 It is likely that the formation of 

AN during the driving cycle functions in a similar way, thus elevating SOA formation compared to a 

scenario where SOA was forced to nucleate. During 100 and 80 km/h the SA concentration remained 

stable, however the composition changed as AN formation was 3.5±0.0 mg/m3 at 80 km/h and 4.8±0.8 

mg/m3 at 100 km/h, meaning that there is a shift towards more organic formation during 80 km/h. This 

leads to an OM to NO3 ratio of 1.85 ± 0.7 at 100 km/h to a ratio of 3.38 ± 0.06 at 80 km/h, signifying 

Figure 38 A shows the SMPS particle number distribution with the vehicle speed indicated on the left throughout the 1-
hour driving cycle, with a warm engine start. B shows the same dirving cycle but in terms of mass concentration, 
observed with SMPS and the composition determined by HR-ToF AMS. 



30 
 

a significant shift towards a more organic dominated SA (Fig 16B). During 50 km/h, the maximum NO3 

concentration is observed and an OM:NO3 ratio of 1.8±0.2. The aerosol during idling however is almost 

completely organic with an OM:NO3 of 22.0±1.4, except the short period at the onset of idling after 80 

km/h where the composition changes from organic rich (OM:NO3 3.38 ± 0.06) to a nitrate-rich 

aerosols (OM:NO3 0.23 ± 0.03). This period coinces with the low NMHC emissions (<10 ppm) shown 

in figure 13, which lasts for approximatly 3 minutes. Thus, assuming that the observed emissions are 

typical for a Euro 6d vehicle, short term idling e.g., at red lights or during heavy traffic, will fall within 

this low organic aerosol formation period.  However, if idling proceeds for more than 5 minutes, the 

aerosol composition returns to be organic-rich (OM:NO3 > 10). 

6.3.3 Steady state driving emission factors 

 The steady state emissions factors 

were determined with no 

influence of acceleration on the 

emission factors. This method 

allows for determining the impact 

of specific vehicular speeds. The 

maximum total aerosol mass 

formed per kg fuel was 131± 5 

mg/kg at 50 km/h, as illustrated in 

figure 17.  The emissions factors 

were lower at higher driving speeds 

with total aerosol mass formed of 68± 1 

mg/kg and 72 ± 2 mg/kg for 100 and 80 

km/h, respectively.  The trend of decreasing total aerosol mass with vehicular speed in the range 

between 50-100 km/h is driven by the decrease in SOA mass formed. However, the fraction of SOA 

mass contributing to the total mass is not linear with vehicle speed, with a higher SOA contribution to 

total aerosol mass being 69% at a speed of 80 km/h and the lowest 54% at 100 km/h.  The remaining 

contribution to total aerosol mass is found in AN formation from gas phase NH3 and NO. These gas 

phase emissions were the highest during 50 km/h and lowest at 100 km/h, with a general trend of 

these inorganic gases to follow the emission pattern of organics during driving (excluding idling). The 

inorganic gases as well as the VOCs are intended to be removed through the TWC. This suggests that 

the TWC increases in efficiency with increasing temperature and vehicular speed. It is well known 

that idling results in high emissions of organics, which could lead to high SOA mass formed. However, 

in this study it was found that emission factors for SOA were higher during 50km/h than during idling. 

This, however, could be due to the increased formation of AN particles during 50 km/h driving which 

increased the SOA formation during this driving speed by functioning as seed particles for the VOCs 

to condense on to. 

Figure 39 steady state driving emission factors in mg per kg fuel. Each 
point is the average value for the given speed measured for 10 min of 
each driving cycle (n=12) with standard deviation as error bars. 
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6.3.4 SOA precursors 

A key indicator for predicting SOA sources is CO emissions. As CO is a product of incomplete 

combustion, SOA/CO can give an indication of whether a particular SOA is the result of incomplete 

combustion, which correlates with a low SOA/CO ratio as the CO emissions would be high, or 

alternatively a result of evaporated unburned fuel, which correlates with high SOA/CO as CO emissions 

are low. The formation of secondary organic carbon (SOC) aligns well with the SOA/CO, with a 

decreasing SOA/CO as vehicle speed increases (figure 18). Suggesting unburned fuels as the primary 

SOA source during idling and 50km/h with SOA/CO consistently above 100 µg/ppm and reaching a 

maximum of 729 µg/ppm. This aligns well with observation from other experiments published in recent 

years.111  

The REMPI-MS was used to measure aromatics entering and exiting the PEAR to get an online 

understanding of the losses of individual aromatic species in the gas phase. It had been hypothesized 

that SOA from driving primarily was attributable to a few aromatics such as toluene and trimethyl 

benzene, based on experiments with GPF retrofitted Euro 5 cars.22  In order to compare directly 

between the concentrations of individual aromatic compounds of the exhaust in the gas phase and the 

emission factor of the SOA, the SOA was converted to secondary organic carbon emission factors and 

equally the loss of aromatics were converted to the loss of carbon related to the different aromatic 

species in terms of lost mg of carbon from the gas phase. Thereby, if the SOA yield would have been 

equal to 1 it would be expected that the total toluene, xylene and trimethyl benzene (TXTMB) should 

be equal to SOC. However, SOA yields are likely elevated compared to normal atmospheric conditions 

due to the presence of NH3 and AN.113 The potential SOC from aromatics thus represent the highest 

possible SOC that could have been formed based on the total conversion of carbon from the gas phase 

to the particle phase. It was found that 99% of aromatic VOCs that contributed to potential SOC was 

only from TXTMB. Comparing SOA/CO with the TXTMB shows clearly that the two correlate. This 

Figure 40 Secondary organic carbon (SOC) determined from AMS and SMPS data, compared to the lost carbon 
from aromatic determined by REMPI-MS. SOA/CO as determined by AMS+SMPS and FTIR-MS, note the log scale 
axis of SOA/CO. Vehicle speed is shown with a dashed line. 
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implies that TXTMB is a result of unburned fuel and are the dominant SOA precursors during driving 

conditions below 80 km/h. However, at 100 km/h the SOC cannot be described by the loss of TXTMB 

in the gas phase, and with the low SOA/CO ratio the incomplete combustion must be the source of this 

SOA. This shows that whilst TXTMB is the primary source for SOA during driving below 80 km/h, it is 

not always the primary source of SOA. On highway driving with vehicle speeds consistently above 80 

km/h incomplete combustion thus dominates as the SOA precursor.  Further, the specific aromatic 

components do not attribute equally throughout the driving cycle. TMB and xylene account for a 

significant share of the potential SOC from TXTMB during idling and 50 km/h at for 19-30% and 45-50% 

for TMB and xylenes, respectively. However, this value drops to 4-10% for TMB and 15-40% for xylenes 

during vehicles speeds above 50 km/h. At vehicle speeds above 50 km/h, toluene thus accounts for up 

to 80% of the SOC that could potentially be derived from TXTMB. Whilst the primary aromatic 

compound of fuel is benzene and as it thus would be expected that benzene is be a significant source 

considering its high correlation in emissions with unburned fuel, benzene was not associated with any 

loss because of oxidation likely due to benzene’s slow reaction rate with ∙OH. Thus, the simulated 

atmospheric aging was too short to allow for benzene to undergo significant oxidation. 

6.3.5 Cold vs Hot start 

As discussed in segment 6.2 and figure 12, the key difference between hot and cold start can be 

attributed to the operational temperature of the vehicle. Whilst the impact of this was not discussed 

in Paul et al 2024, it is still relevant to discuss the results of the full data set collected. The impact of 

the operational temperature on the aerosol formation is illustrated in figure 19 and highlights the 

major differences in the two runs during the acceleration to 100 km/h from 50 km/h. The cold starts 

emit significant amounts of NO and thus form NO3 containing aerosol with NH4 aerosol increasing 

simultaneously, which likely happens as AN particle formation in the PEAR. This could be relevant for 

high NOx emissions on highway ramps as vehicles recently started to be able to accelerate more 

rapidly to 100 km/h. However, it should be kept in mind that this result is based on one vehicle with 

an N=4. 

Literature shows repeatedly significant organic aerosol concentrations formed with cold start.22, 25, 74, 

114, 115 In this study however, cold start idling and long term (over 10 min) idling from warm start 

shows similar results despite significant differences in engine oil, ambient and coolant temperatures. 

Additionally, cold started gas phase concentrations during initial idling of xylenes at 18.2 ppm 

maximum and toluene at 22.9 ppm maximum are significantly higher than the comparable values 

during warm start where toluene is at 2.4 ppm and xylenes are at 1.2 ppm maximum concentration. 

However, the amount of SOA formed was similar in the two cases potentially due to the high NO 

emissions associated with cold startNO emissions during the first 300s of the cold start were 

measured to be 19±28 ppm with a maximum NO peak emission of 156 ppm within the first 9 s of 

ignition. Omitting the first 25s where NO emissions were consistently above 25 ppm, the average NO 

concentrations are at 12±9 ppm. During warm start runs, the NO emissions were 5±3 ppm, the 

primary impact of increased NO emissions during this period was the quenching of ozone prior to 

entering the PEAR. Any emissions above 78.66 ppm of NO resulting in a concentration of 4.37 ppm of 

NO after dilution would result in complete quenching of all ozone and thus no photochemistry would 

be possible. The increase in NO concentration emitted during cold start (12 ppm) from that of a warm 

start (5 ppm) would amount to a reduction of ozone available in the PEAR of 0.63 ppm of ozone 

about a 10% reduction from the 6.56 ppm available during initial idling to 5.94 ppm ozone available 

during cold starts. Along with higher CO and THC emissions, the resulting simulated age decreases 
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from 6.8 days of age to 1.5 days of age due to a significant reduction in available ∙OH. Further, the 

resulting RO2 fate changes from 83% HO2 to 95% HO2 as the primary RO2 fate. As a result of the 

significant age differences between cold and warm idling runs, they cannot be compared even though 

they yield similar aerosol concentrations despite the higher concentrations of THC associated with 

cold start. In a non-laboratory setting thus the impact of a cold start would be greater as reported in 

literature .22, 110, 111, 116 

6.4. Ship emissions 

The air pollution associated with shipping aerosol has been estimated to have caused 266 thousand 

premature deaths globally prior to 2020 with up to 5.5 yearly premature deaths per 100.000 

inhabitants in coastal cities.14, 18, 117 Therefore, regulations in 2020 reduced the fuel sulfur content 

allowed in fuels to 0.5% such as in the LS-HFO which was used in these experiments to simulate the 

emissions of ships in non SECA. SECA further restrict the FSC below 0.1% such as the 0.01% FSC MGO 

fuel used to simulate SECA ship emissions.  

Figure 41 overview of cold and warm start emissions. The vehicle speed for both collumns A,C &E and B,D & F is shown in 
figure C and D for cold start and warm start respectivly. A,C and E show the cold start data for inorganic emissions, aromatic 
emissions and SOA formation respectivly. figure B,D and F show the equivalent data for warm start runs. All values are 
determined at tailpipe concentration. 
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With the single cylinder research engine capable of running at 80 kWh it was possible to operate at 4 

different engine loads 25% (20kWh), 50% (40kWh), 75% (60kWh), and 100% (100kWh). However, as 

the atmospheric aging occurred in the PEAR with ozone addition and UV light, a key factor in the 

maximum possible aging achievable is the NOx emissions from the engine. NOx depletes the ozone at 

the entrance of the PEAR, thus reducing the OH radicals that can be formed from photolysis in the 

reaction chamber.  Further, as the highest impact on human health is observed closest to the shore, 

the 25% engine load similar to that used in docking and near shore maneuvering was chosen as the 

operational engine load for aging experiments. Additional engine loads were tested but due to the 

increasing NOx emissions at higher engine loads with 20kWh at 25% and 60 kWh at 75% and above, 

the higher engine loads’ emissions could not be aged and thus were only used for 4-hour 

measurements for cell exposures.  

To increase aging, the options were to increase initial ozone concentration or increase UV light 

voltages as both ozonolysis and photodissociation of VOCs are possible and can alter the gas phase 

emissions. It was chosen to keep ozone concentrations at maximum (10 ppm) and alter the UV light 

intensity to obtain a photon flux up to 9.4E+15 (see section 5.4.2 for further information. Additionally, 

in order to determine the impact of ozonolysis, experiments were also performed with no UV light 

but with ozone addition, as well as fresh emissions where no ozone or UV light was added to the 

PEAR. Further, the conditions in the PEAR were stable at a relative humidity of 50% at 27°C with a 

residency time of 70 s. As the engine was in an isolated room there was no impact from the engine 

on the PEAR temperature. 

Table 7. The photochemical age based on PTR-MS measurements and the KinSim age based on the UV voltage for both LS-
HFO and MGO. All values are in ·OH equivalent days of age assuming ·OH concentration of 1.5*106  molecules cm-3 in the 
atmosphere. 

Finally, the main objective is to understand the difference in aerosol formed from the two different 

fuel types LS-HFO and MGO. Each fuel type was thus tested at 25% engine load with 10 ppm ozone 

and tested through the UV light intensities seen in table 3. The table further highlights the age 

determined by PTR-MS and the modelled age through the KinSim model. 

 

6.4.1 Fresh emissions 

The fresh emissions, thus not exposed to atmospheric aging, are the baseline for the aging 

experiments and thus determine the composition introduced into the PEAR. It is therefore important 

to have a good understanding of the composition of fresh emissions to further analyze the impact of 

aging.  

LS_HFO  MGO 

UV Voltage PTR-MS KinSim  UV Voltage PTR-MS KinSim 

0V 0 0  0V 0 0 

2x3V 1.5±0.1 0.8  2x3V 1.5±0.2 0.9 

4x3V 3.3±0.1 2.16  4x3.8V 4.7±0.3 3.7 

4x3.8V 6.0±0.2 2.9  4x5V 6.1±0.3 5.3 

4x6V 7.4±0.3 5.1  4x6V 6.8±0.4 6.6 

4x8.8V 8.7±0.3 7.9  4x7.5V 7.6±0.4 8.8 

4x10V 8.5±0.3 9.0  4x8.8V 8.2±0.4 10.6 

    4x10V 8.9±0.7 12.3 
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The gas phase composition of key inorganic components such as NOx, COx, THC and SO2 was 

observed with FTIR-MS for both LS-HFO and MGO. The fresh aerosol emissions for both MGO and 

HFO were composed of organics, POA and black carbon as seen in figure 21. The LS-HFO aerosol 

consisted of 47% organic matter and 53% black carbon with a total aerosol emission of 2.1±0.5 g/kg. 

In comparison, the fresh aerosol emitted using MGO was composed of 34% organics and 66% black 

carbon of a total aerosol emission of 0.8±0.1 g/kg. Therefore, the total POA emitted through the 

consumption of 1 kg LS-HFO is more than 5 times higher than the emissions associated with an 

equivalent consumption of MGO. The GMD shows that the fresh LS-HFO particles were about 20 nm 

larger than those emitted from MGO. Additionally, LS-HFO emitted 80% more particles in terms of 

number than MGO which combined with the larger GMD results in the larger particle mass emitted.  

6.4.1.1 Ozonolysis 

The ozonolysis of fresh emissions was performed by directing the exhaust through the PEAR with 10 

ppm ozone added with no UV lights switched on. This resulted in no significant change in the aerosol 

composition, size or GMD for either MGO or LS-HFO. However, an increase in particle number 

concentrations was observed in the ozonolysis experiment with MGO increasing particle count by 

67% (see table 4). This, along with a minor increase in organics of 1.2 enhancement factor is 

illustrated in figure 21. The results suggest that ozonolysis has a minor impact on the formation of the 

SOA. 

Table 8 the impact of photochemical age on particle diamter shown as GMD and particle number for both LS-HFO and MGO. 

 

6.4.3. Engine load dependent emissions 

 

The fresh emissions can be compared between the different engine loads that were tested as part of 

a larger experimental setup. However, a comparison after photochemical aging is limited as the NO 

emissions observed during engine loads of at 75% (60kWh) and above effectively quenched radical 

production. Further, whilst the NO emissions during the 25% engine load (20kWh) were 398 ppm and 

426 ppm, the increase to 50% engine load (40KWH) increased the NO emission to 506 ppm and 518 

ppm for MGO and LS-HFO, respectively, which equates a roughly 25% increase. With a dilution prior 

to the PEAR of 1:100 this resulted in a decrease of ozone from 3.6 ppm to 1.9 ppm for MGO and from 

3.1 ppm to 1.7 ppm for LS-HFO in the PEAR and thus the KinSim estimated age decreases from 12 

hours to 3 hours of atmospheric equivalent days of photochemical aging for MGO and decreased the 

LS-HFO  MGO 

age(days) GMD(nm) PN(cm-3)  age(days) GMD(nm) PN(cm-3) 

0 94,4±2,8 3,30E+06  0 75,1±6,1 1,83E+06 

ozone 91,4±5,5 3,62E+06  ozone 77,1±9,9 3,07E+06 

1,5 32,4±2,2 4,00E+07  1,5 33,1±5,3 2,68E+07 

3,3 37,1±0,7 8,10E+07  4,7 36,3±1,0 7,82E+07 

6 44,3±0,9 1,02E+08  6,1 36,0±0,4 8,81E+07 

7,4 42,8±2,1 1,35E+08  6,8 35,4±1,4 9,59E+07 

8,5 46,5±0,5 1,24E+08  7,6 36,0±0,7 9,77E+07 

8,7 46,6±0,8 1,22E+08  8,2 35,6±0,4 1,04E+08 

    8,9 35,3±0,6 1,14E+08 
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estimated atmospheric age from 9 hours to 3 hours for LS-HFO. Therefore, with the laboratory setup 

and restrictions associated therewith only the fresh emissions are compared.  

As seen in figure 20, low engine loads are characterized by high CO (16 g/kg for MGO and 20 g/kg for 

LS-HFO) and relatively low NO (17 g/kg for MGO and 15 g/kg for LS-HFO) emissions. As engine load 

increases the emissions of CO decrease whilst the NO and SO2 emissions increase. This suggests a 

high degree of incomplete combustion during low engine loads. Whilst SO2 emissions are higher for 

LS-HFO at all engine loads, the relative increase in SO2 emissions from 20 kWh to 80 kWh are only 

1.75 times higher for LS-HFO whereas the same increase in engine load leads to 3 times increase in 

SO2 emissions per kg fuel consumed for MGO. The relative difference between the two fuels in terms 

of SO2 emissions is thus larger at lower engine loads. 

6.4.2 Secondary aerosol formation 

As ∙OH exposure increases, the total aerosol mass increases for both fuels. BC as expected is only 

associated with fresh emissions and thus does not significantly change with age and remains at 1.1±0.2 

g/kg for LS-HFO and 0.4±0.1 g/kg for MGO. The increase in total aerosol mass per kg fuel is thus a result 

of SOA formation from VOCs and SO4 aerosol formation from SOx emissions. The total aerosol mass 

formed from the consumption of a kg LS-HFO was consistently more than twice that of the aerosol 

formed from the consumption of a kg MGO.  

Figure 42 The inorganic gas phase emissions for both fuels, MGO in dashed bars and LS-HFO in solid 
bars for the engine loads 20, 40, 60 and 80kWh. 
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The chemical composition of the aerosol changes significantly as aging increases. At an atmospheric 

equivalent age of 1.5 days, LS-HFO is comprised of 60% OM with 0.94 g/kg POA and 0.97 g/kg SOA, an 

organic enhancement factor of 2.03. As the atmospheric equivalent age increases to 3.3 days, the 

organic mass fraction accounts for 59% with 1.5 ± 0.4 g/kg SOA formed. Thus, the highest organic 

fraction is observed at 1.5 days of age, whilst the highest SOA formation is observed at 3.3 days of age. 

This is a result of the SO4 formation, at 1.5 days of age SO4 aerosol comprised 0.38 g/kg for a 16% of 

the total aerosol and at 3.3 days of age this increases to 1.67g/kg SO4 aerosol and 39%. As the 

atmospheric equivalent age increases, the fraction of SO4 aerosol increases and at 8.7 days 73% of the 

aerosol is sulphate related mass for LS-HFO with 6.28g/kg. In comparison, the composition of the 

aerosol associated to MGO fuel was composed of 1.17 g/kg OM, 0.75g/kg SOA, with only 6% SO4 at 1.5 

days. Thus, for MGO the SOA comprised 74% of the total mass at 1.5 days and the total OM had 

increased 2.77 times as illustrated by the organic enhancement factor. At 4.7 days of atmospheric 

equivalent age, 1.8 ± 0.4 g/kg SOA was formed from emissions of 1 kg MGO consumed by the engine. 

This shows that whilst the total aerosol formed at a similar age from LS-HFO is higher than the total 

aerosol formed from MGO, the SOA mass formed associated with MGO is at least equivalent if not 

higher than the SOA mass formed from LS-HFO. Further, SO4 aerosol comprised 25% of the aerosol at 

0.76±0.01 g/kg at 4.7 days of age, increasing up to 39% and 1.49 g/kg at 8.9 days. The clear result 

associated with the change from LS-HFO would thus be a significant reduction in POA, BC and SO4 

aerosol, with the SO4 aerosol reduction as a direct result of the lower FSC in MGO. However, SOA 

formation would likely remain similar regardless of the fuel type used. 

6.4.2.1 Elemental composition 

The elemental composition of the aerosol changes significantly from emission as VOCs oxidize and 

condense resulting in a more oxidized aerosol. Compositionally, the fresh organic aerosol of MGO and 

LS-HFO contained similar amounts of oxygen atoms per carbon atom with an O/C ratio of 0.05±0.01, 

Figure 43 The left axis indicates the emission factor in grams of PM1 measured per kg fuel consumed and the organic 
enhancement factor (EROA). The left set of the graph represents the LS-HFO results and the right the MGO aerosol 
emissions, both with a photochemical age displayed in atmospheric equivalent days at the bottom. (adopted from Paul et 
al 2024b) 
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see figure 22 C and D. Additionally, the fraction of m/z=44 (f44) value was similar at 0.020±0.005 for 

both MGO and LS-HFO, see figure 22 A and B. Both compositional values are common for non-

oxidized organic aerosols. However, the MGO contained more hydrogen per carbon atom with an H/C 

ratio of 1.79 ± 0.05 in comparison to the H/C of 1.67 ± 0.03 for the LS-HFO. Further, the fraction of 

m/z=43 (f43; (typically dominated by the C2H3O+ fragment and C3H7)) value for MGO was slightly 

higher than the f43 value of LS-HFO at 0.070±0.006 for MGO compared to 0.060±0.007 for LS-HFO. 

The lower f43 and H/C could suggest a higher degree of aromaticity in the LS-HFO aerosol. Aromatic 

compounds typically have H/C values nearing 1 and low f43 values when emitted. Naphthalene 

aerosol regardless of age is found to have an f43 of below 0.03. LS-HFO has been shown to contain 

larger aromatics, with low volatility, which potentially could condense into the particle phase during 

the transport time from exhaust to HR-ToF AMS. 

The elemental composition at the highest photochemical age was similar for both fuel types, with 

both MGO and HFO reaching O/C ratios of 0.73±0.05, H/C ratios of 1.22±0.03, f43 of 0.06±0.01 and 

the fraction of 0.19±0.01 for m/z=44 (f44; (typically dominated by the CO2+ fragment)). The 

elemental composition throughout all aging points was similar between the two fuels, suggesting that 

the only major differences for the elemental composition of the organic aerosol is found in the fresh 

emissions, which could be linked to low volatile aromatics. 

6.4.2.2 Oxidation pathways 

The oxidation pathway of an aerosol describes how the VOCs oxidize prior to entering the particle 

phase. Common Van Krevelen graphs such as illustrated in figure 22C and 22D are used to describe 

oxidation pathways as the slope of the graph gives information on how much oxygen is added for each 

lost hydrogen.118 A slope of 0 would suggest the addition of alcohol or peroxides as a hydrogen is lost 

but replaced with an ∙OH group, thus there would be 0 hydrogen net loss but the gain of one oxygen. 

A slope of -1 thus would be equivalent to carboxylic acid formation, as two hydrogens are lost but 1 

regained along with two oxygen atoms resulting in a net gain of 2 oxygen and 1 hydrogen per carbon 

atom. Finally, a slope of -2 in the Van Krevelen plot would be equivalent to the addition of ketones or 

aldehydes where 2 hydrogens are lost and replaced with one oxygen atom. In figure 22C and 22D, a 

slope of -0.97±0.08 (r2=0.97) for fresh aerosol to 4.7 days of equivalent photochemical aging and a 

slope of -0.89±0.04 (r2=0.98) for fresh aerosol to 3.3 days of age of for MGO and LS-HFO are observed, 

respectively. However, the slope for both MGO and LS-HFO at ages above 4.7 days of equivalent 

photochemical age was -0.54±0.02 (r2=0.99).  The oxidation pathway thus changes after 4.7 days of 

photochemical age from being equivalent to carboxylic acid formation without fragmentation to that 
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of carboxylic acid formation with fragmentation. This is further supported as there is no increase in 

SOA mass after the change in oxidation pathway as observed in figure 21. Additionally, figure 22A and 

22B show that as photochemical age increases, initially both f43 and f44 increase. This suggests a 

general increase in oxidized organics, both with carbons with a single or no oxygen atoms associated 

with the f43 value  and carbon with two oxygen atoms associated with f44.119 This, along with the Van 

Krevelen slope of close to -1, suggests carboxylic acid formation with no or limited fragmentation until 

maximum SOA formation is reached. After the maximum SOA formation point when the photochemical 

age is further increased, f44 continues to rise, the f43 decreases however to values lower than the 

initial fresh f43 value. This shows a transition in the structure of the organic aerosol getting saturated 

with CO2+ molecules, but likely including fragmentation as the Van Krevelen slope decreases to close 

to -0.5. The fragmentation additionally explains how oxygen can be added to the aerosol, but total SOA 

mass stagnates, as fragmented CO or CO2+ would return to the gas phase and thus not contribute to 

SOA mass. Further, the oxidation pathway is not significantly impacted by a change in RO2 fate as seen 

in figure 20. The primary RO2 fate accounting for more than 50% of lost RO2 are RO2-HO2 reactions, 

whilst the secondary RO2 loss pathway are RO2-HO reactions, accounting for more than 25% of lost RO2. 

Thus, we find that once oxidized for more than 4.7 the oxidation of VOCs from a ship diesel generator 

engine follow a similar oxidation pathways regardless of fuel used. 

 

Figure 44 22A and 22B show a triangle plot as first published by Ng et al 2010,  illustrating the f43 and f44 of the organic 
aerosol (OA). Figure 22A shows the impact of aging on these two fractions for LS-HFO and figure 22B shows the same for 
MGO. The photochemical age of the aerosol is illustrated by color as seen on the right. Figure 22C and 22D illustrate a 
Van Krevelen plot.36,38 with hydrogen to carbon ratio on the y axis and oxygen to carbon ratio on the x axis, showing the 
chemical composition of the OA: the OA regression line is shown with dotted lines, and the dashed lines highlight the area 
where ambient aerosol typically fall within. Adapted from paul et al 2024 
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7. Summary & Outlook 
The dissertation presents an in-depth analysis of PM emitted from complex real world emission 

sources: a EURO 6d compliant combustion engine running on gasoline, and a ship combustion engine 

running on LS-HFO and MGO, with and FSC of 0.5% and 0.01%, respectively. A major focus here is the 

impact of atmospheric aging on those combustion emissions for which OFRs were used in combination 

with multiple high resolution mass spectrometry methods to map both particle and gas phase.  

A comparison of multiple electron ionization-based mass spectrometry methods, HR-ToF AMS, DIP, and 

GCxGC showed while using the same ionization methods, the three instruments can be used 

complementary to each other. The HR-ToF AMS retains more complete information about the aerosol 

composition quantitatively and is thus significantly better suited in following changes related to 

increased oxidation of the aerosol. The DIPs high resolution and lower thermal fragmentation was 

found to be useful in determining the structure of larger molecules at-line. The GCxGC can resolve the 

molecular structure of aerosols and of determining the isomeric composition, which gives valuable 

qualitative information to combine with the quantitative data found by the HR-ToF AMS. 

Further it was found that due to the extreme NO emissions by the combustion engines, it is necessary 

to consider the quenching effects these gases can have on the oxidation potential in laboratory 

oxidation flow reactors (eq. 18). Additionally, the modeling using KinSim highlighted the potential to 

determine RO2 reaction pathways dependent on emissions, allowing for good indication on the 

atmospheric relevance of OFR measurement. 

Through the observation of SOA formation from a modern Euro 6d compliant light duty vehicle, the 

initial hypothesis that modern vehicles with a GPF should have low primary emissions were confirmed 

for both cold and warm start. Further it could be determined that during warm start experiments, the 

main precursors of aerosols are aromatics, primarily toluene, xylene and trimethyl benzene. 

Additionally, the aromatics were found to be a result of unburned fuel which is the main source of SOA 

during vehicle driving speeds below 100 km/h. Additionally, it was shown that there are significant 

differences in the SOA formation depending on the operational conditions of the car. Cold starts 

compared to warm starts had significant impact on NO emissions as well as toluene and xylene. 

Furthermore, idling and driving at 50 km/h was shown to have higher SOA mass formation, likely as a 

result of unburned fuel, whereas the lower SOA mass formed during 80 -100 km/h is governed by 

incomplete combustion where aromatics play a less dominant role as SOA precursor.  

In this dissertation it was shown as well that changing from LS-HFO, a low sulfur residual fuel, to a 

distilled fuel with a significantly lower FSC such as MGO not only impacts the sulfate aerosol formation 

occurring in the atmosphere as a result of atmospheric oxidation, but additionally. impacts the fresh 

emissions where LS-HFO emits 3 times the black carbon and 2 times the POA compared to MGO. 

However, there was no significant difference in the SOA mass formed between the two fuels. Further, 

the SOA composition was similar throughout the aging, showing that the SOA precursors were similar 

between the two fuels. This explains similar oxidation pathways, which until an atmospheric age of 4.7 

days increase both SOA mass, f44 and f43 and show a -0.9 slope in the VK plot, indicating  carboxylic 

acid formation or equivalent reactions. After 4.7 days however, SOA mass no longer increases with 

atmospheric aging and whilst f44 increases, the f43 decreases after this age. This, along with the 

change in slope to -0.5 suggests a change in oxidative pathway where carboxylic acid groups are formed 

but with fragmentation. 
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The most recent European regulation, the Euro 6d emission standard, requires all gasoline direct injection

(GDI) vehicles to use both a three-way catalyst (TWC) and a gasoline particle filter (GPF) as exhaust

aftertreatment. These aftertreatment methods are aimed at reducing NOx and primary particle emissions.

However, the formation of secondary organic aerosols (SOAs) from the volatile organic compound

(VOC) emissions of a Euro 6d compliant GDI vehicle, factory equipped with a GPF is not yet investigated.

Therefore, to explore the SOA formation and effects of the GPF, the exhaust of a Euro 6d compliant GDI

vehicle was characterized at 4 different steady state speeds, idling (0 km h−1), 50, 80 and 100 km h−1.

The exhaust was oxidised in a photochemical emission aging flow tube reactor (PEAR) by reactions with

OH radicals equivalent of 2.2 days of atmospheric day time oxidation. It was found that the GPF

completely removes primary particles larger than 10 nm, at all investigated vehicle speeds. However,

significant SOA was formed after oxidation, with the highest SOA formation potential per kg fuel

consumed at 50 km h−1. The main SOA precursors were determined to be toluene, xylene and

trimethyl-benzene which were found to account for at least 50% of SOA formed at all driving speeds.

Furthermore, high emissions of ammonia (NH3) could be observed in the exhaust under all driving

conditions which resulted in the subsequent formation of ammonium nitrate (NH4NO3) after aging. The

formation of NH4NO3 additionally facilitated the co-condensation of organic gas phase products after

OH oxidation enhancing SOA mass even further.
Environmental signicance

Particulate matter (PM) from gasoline vehicles' exhaust impacts health and urban air quality. Recent studies of PM formation from Euro 6 compliant cars did not
include a Gasoline Particle Filter (GPF). As the GPF has become mandatory to remove PM it is critical to understand the fate of the remaining gas phase
emissions aer atmospheric oxidation. In this study, emissions of a GPF equipped Euro 6 car were aged in an oxidation ow reactor simulating atmospheric
photochemistry processing. While primary PM emissions are below the detection limit, emission factors of secondary aerosols formed from organics, NH3 and
NOx can reach 124 ± 5 mg kg−1 fuel. Furthermore, analysis of major organic precursors highlights the importance of the remaining vehicular emissions
regarding their aerosol formation potential.
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Introduction

Atmospheric aerosol has been ranked as the top global envi-
ronmental health risk1 having an estimated impact on life
expectancy of up to 2.9 years lost on a global scale.2,3 A clear link
between secondary organic aerosol (SOA) and cardiovascular
and respiratory diseases has shown that secondary aerosols may
be more impactful on human health than primary aerosols.4

Furthermore, it has been shown that typical anthropogenic
SOAs formed from aromatic precursors have a more adverse
impact on lung cells.5 Among others, combustion processes and
traffic-related aerosol emissions have been identied as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The setup includes all instruments on the primary emission run
without the PEAR, and aged emissions run with the PEAR.
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particularly health-relevant sources of atmospheric aerosol.6,7

Regulations for vehicle emissions are regularly updated based
on new evidence for human health effects and climate impact.
With the introduction of the Euro 6 emission standards by the
European Union, the total particle number (PN) emitted per km
(# km−1) driven from a gasoline direct injection (GDI) vehicle
has been limited to 6 × 1011 # km−1. In contrast, the older Euro
5 regulations did not limit the PN per km but placed only an
overall limit on the particle mass emitted (up to 4.5 mg km−1),
a regulation which still applies to the Euro 6d emission stan-
dard. To comply with new regulations, the gasoline particle
lter (GPF) has been implemented as a standard exhaust aer-
treatment technology for GDI vehicles. The GPF has proven to
be efficient at reducing primary aerosol (PA), oen achieving
a lter efficiency of >90%.8 Regulations on CO (1000 mg km−1)
and NOx (60 mg km−1) emissions resulted in the introduction of
the three-way catalyst (TWC), intended to convert NOx to N2,
and CO and non-methane hydrocarbons (NMHCs) to CO2.
Furthermore, current standards limit the emission of the total
concentration of NMHCs to 68 mg km−1 and the total hydro-
carbon (THC) emissions to 100 mg km−1.

However, it has been shown that volatile organic compounds
(VOCs), particularly single ring aromatics, emitted during
driving or idling with a GDI vehicle form signicant SOA when
oxidized in the atmosphere.9–12 Nordin et al. 2013 and Liu et al.
2015 found that 60–90% of SOA formation could be assigned to
C6–C10 aromatics for Euro 1–Euro 4 compliant gasoline
cars.13,14 Whilst these are likely Port Fuel Injection (PFI) engines
the composition of the gasoline is still comparable. Measure-
ments of the exhaust from Euro 5 cars retrotted with GPF
showed similar results that 96.7% of the gas phase aromatics
were composed of C6–C10 aromatics.11 Roth et al. 2019 showed
that retrotting a GPF to a Euro 5 compliant car resulted in
signicantly reduced primary aerosol, however signicant SOA
formation was still an important contribution to the total
particle mass measured. The GPF has additionally been found
to reduce some SOA precursors and thus also SOA
formation.15–17 Furthermore, most studies have focused on
dynamic driving cycles such as the L92 or the worldwide
harmonized light vehicle test cycle (WLTC) and batch experi-
ments to assess average emissions of a full cycle or cold start
emissions. Additionally, emission of NH3 is particularly
important as it is known to enhance new particle formation and
increase SOA yields, promoting further nucleation and growth
of aerosol from vehicle exhaust.18–23 Both SOA and NH3 are
currently unregulated although the proposed Euro 7 emission
standards24 aim to limit NH3 emissions from gasoline vehicles
to 20 mg km−1.

Therefore, dedicated experiments are necessary to evaluate
the fate of vehicle emissions of modern cars aer release into
the atmosphere and upon timescale of typical atmospheric
aging processes. Various simulation chamber and oxidation
ow reactor studies have investigated SOA formation by the
oxidation of vehicle emission from older car models via reac-
tions with hydroxyl radicals (OH) being the major chemical
reaction in the troposphere.11–16,23,25–29 However, the primary
emissions and secondary aerosol formation potential from
© 2024 The Author(s). Published by the Royal Society of Chemistry
a Euro 6d personal GDI vehicle with both TWC and GPF as part
of the original factory setup are not well known. Additionally,
there are only a few experiments conducted on steady state
driving from a warm engine start.25 Therefore, it remains rele-
vant to understand the emissions at different vehicle speeds
and the impacts of atmospheric aging on these emissions.
Materials and methods

Emissions of a Euro 6d emission standard compliant Skoda
Scala passenger vehicle (model year 2021, factory equipped with
a GDI engine, a GPF, and a TWC) were measured. All detailed
vehicle specications are shown in Table S1.† The vehicle was
fuelled with 95 E10 gasoline, consisting of 10% ethanol as the
biofuel component and connected to a Rototest VPA-RX3 2WD
chassis dynamometer, which enabled its operation under
steady-state conditions. The duration of the test cycle was set to
be in total 60minutes, comprising of four 15min long segments
evenly distributed to idling, 50 km h−1, 100 km h−1 and 80 km
h−1. The test cycle was repeated 16 times in 4 experiments, each
experiment consisting of 4 uninterrupted consecutive test
cycles. The initial test cycle in each experiment is not consid-
ered in the analysis of this paper as it represents a cold start of
the engine. The remaining 12 warm test cycles have thus been
analysed and subsequently averaged (n = 12). A detailed over-
view of the driving cycle is summarized in the supplement
(Fig. S1, 2 and Table S2†). All vehicle speeds are equivalent to
at surface driving (Table S3†). For analysis of steady state
driving conditions, the initial 5 minutes of driving time for each
test cycle segment is excluded to ensure that there are no effects
of (de-) accelerations on the steady state measurements.

The experimental setup is illustrated in Fig. 1. The vehicle
exhaust pipe was connected to the diluters via a heated tubing,
consistently heated to 120 °C. A portion of the exhaust ow was
sampled and subsequently diluted using a combination of
a porous tube diluter and an ejector diluter (DAS; Venacontra,
Finland). The dilution process was carefully regulated by
Environ. Sci.: Atmos., 2024, 4, 802–812 | 803
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adjusting the ow rate of the porous tube diluter, while main-
taining a constant ow rate in the ejector diluter, to achieve
a controlled dilution factor of 17. The dilution factor was
dened based on the measured CO2 concentrations before and
aer the dilution process. Primary gas phase emissions were
measured directly at the exhaust with Fourier transform
Infrared (FTIR) spectroscopy. The diluted exhaust was drawn
into the Photochemical Emission Aging ow tube Reactor
(PEAR), operated at a constant ow of 120 l min−1. Based on this
ow rate the transmission efficiency of aerosols is estimated to
be above 70% for 20 nm aerosols and above 90% above 40 nm.30

Furthermore, the total dilution in the PEAR was 1 : 18 in relation
to the exhaust. Aerosols were measured before (primary emis-
sions) and aer the PEAR (aged emissions). Background
measurements were preformed prior to each experiment
ensuring that no signicant aerosol formation (<0.5 mg m−3)
occurred in the PEAR. At the entrance of the PEAR, water vapor
was added to reach a minimum relative humidity of 40%, which
varied between 40% and approximately 65% depending on the
driving conditions. OH-radicals were generated inside the PEAR
by ozone (7 ppm) and photolysis at 254 nm. The formed singlet
oxygen (O(1D)) reacts with water vapor, producing OH radicals
which initiates oxidation in the PEAR. Furthermore, some
ozonolysis occurs in the PEAR due to the ozone concentration. A
proton-transfer-reaction mass spectrometer (PTR-MS-8000;
Ionicon, Austria) was used to measure VOCs from the outlet
of the PEAR with time resolution of 10 s. The PTR-MS operated
in H3O

+ mode, and an E/N ratio of 137 was reached. 1,3-Diio-
dobenzene was used as an internal standard for mass calibra-
tion, and the mass resolution was ∼5000 at m/z 59. The
equivalent photochemical age was determined to be on average
3.3 days based on the principle of the “photochemical clock”.31

About 65 ppb of isotope-labelled N-butanol (d9-BuOH, 98%,
Cambridge Isotope Laboratories) was added to the primary
emissions. The decay of d9-BuOH measured by PTR-MS was
used to calculate the photochemical age. This calculation is
based on a known rate constant of d9-BuOH with OH (kbutanol-d9
= 3.4(±0.88) × 10−12 cm3 per molecule per s),32 assuming an
ambient concentration of OH radicals of 1.5 × 106 cm−3.33 To
evaluate the relevance of the aging process in the PEAR
compared to typical ambient conditions, the oxidation condi-
tions in the OFR were modelled following the approach by Peng
et al. 2019.34–38 Due to high concentrations of VOCs, NO and
other trace gases in the exhaust, the total external OH reactivity
(OHRext =

P
kxcx where cx is the concentration of an OH-

consuming species, x, and kx the rate constant between x and
OH) is high compared to the photolysis rate. This results in
conditions in the PEAR that are still reasonably close to ambient
oxidation processes but might have contributions from
photolysis at 254 nm that are signicant (>15%) during idling
and 50 km h−1 (Table S8†). These conditions are classied as
“risky” for typical OFR oxidation processes (details, ESI Tables
S4–7†). SO2 was used as a surrogate for NMHC.38 Additionally
during driving CO emissions cause additional formation of
HO2. Thus, the RO2 fate pathway during idling, 80 km h−1 and
100 km h−1 was primarily the HO2–RO2 reaction (>80%). Only
during the 50 km h−1 segment due to high NO emissions did
804 | Environ. Sci.: Atmos., 2024, 4, 802–812
the RO2 fate pathway change as a signicant fraction of the RO2

reacted with NO (18.1%) with RO2–OH (68.5%) and RO2–HO2

(12.6%) (Table S7†).
Furthermore, the age of the experiment was modelled

assuming an OH exposure of 1.5 × 106 cm−3,33 the harmonic
mean age of the experiment is found to be 1.5 days in
comparison to the measured age of 2.2 days, thus the model is
a reasonable comparison to the measured age. The idling phase
is overestimated in terms of OH exposure, however, calculating
an average age of the idling segment is not ideal due to the large
dynamic changes that occur during this period, and the
measured age varies from 0.5 days (last 5 min) to 5.7 days (rst
10 min). Additionally, the model consistently underestimates
the exposure at all other driving speeds. Notably, the modelled
age is calculated on an n = 12 basis and the measured age from
an n = 1 experiment thus some deviation should be expected
(Table S9†).

A resonance-enhanced multi-photon ionization mass spec-
trometer (REMPI-MS)39 was alternatingly measuring before and
aer the PEAR using an 8-port-2-way-valve (VICI; Switzerland) to
monitor the changes in aromatic concentrations aer aging
with 1 minute time resolution. Isotopically labelled toluene (d3-
toluene, isotopic purity of 98%; Cambridge Isotope Inc.) was
added as an internal standard for quantication.40 Quantica-
tion of aromatic VOC was based on photoionization cross-
sections determined by Gehm et al. 2018.41 The aerosol size
distributions were measured with a scanning mobility particle
sizer (SMPS). Aerosol effective densities were determined using
an Aerosol Particle Mass analyser (APM) combined with an
SMPS as described by Leskinen et al. (2014).42 The aerosol
composition was determined using a High-Resolution Time of
Flight Aerosol Mass Spectrometer (HR-ToF AMS). The AMS was
operated on an additional 1 : 10 dilution using a similar dilu-
tion method to that described above. The AMS gas phase CO2

was corrected according to CO2 measurements using a Vaisala
CO2 sensor, measuring directly at the AMS inlet. The PM1
aerosol mass concentrations were separated into organics (org),
NH4, NO3 and SO4 using the AMS. Additionally, the AMS was
used to determine the elemental composition in terms of the
ratio of oxygen to carbon (O : C) and hydrogen to carbon (H : C).
The HR-TOF-AMS is limited in aerosol size range,
∼50–∼600 nm as a result of the aerodynamic lens,43 the
composition of the aerosols is assumed to remain the same
regardless of size and the total compositional mass is thus
determined using eqn (1)

mx ¼ m� x

orgþNO3 þNH4 þ SO4

(1)

where mx is the total aerosol mass of species x. Org, NO3, NH4,
and SO4 are the mass of the respective species determined by
the AMS, x is equal to one of four species. m is the total aerosol
mass determined by the SMPS, assuming a density of 1.6 g cm−3

determined by APM.
Secondary Organic Carbon (SOC) was calculated based onmx

and the organic matter to organic carbon ratio (OM/OC).

SOC ¼ morg

OM=OC
(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The potential SOC mass of compound x (SOCPx) is calculated
based on the losses of aromatic gas phase compounds
measured by REMPI-MS.

SOCPx ¼ DX� Cx

Mx

(3)

where DX is the difference in concentration in mg m−3 of
compound X before and aer aging in the PEAR and Cx is the
ratio of carbon weight to the molecular weightMx of compound
X.
Emission factor calculation

The emission factor (EF) is calculated to represent the PM
emitted and SOA formed as mg per distance driven (mg km−1)
or mg per kg fuel consumed (mg kg−1). The fuel consumption
and distance driven were tracked online by the vehicle on-board
diagnostics and the dynamometer, respectively. Emission
factors were then calculated as in eqn (4).

EF ¼ C �Qdry

F
(4)

where EF is the emission factor, C is the concentration in
milligrams per cubic meter, Qdry is the volume of the dry
exhaust from the car in cubic meters per second and F is either
the fuel consumption in kg per second or the distance driven in
kilometres per second (S1.1†).
Results and discussion

In the primary emissions, aerosol number concentrations
(electrical mobility diameter >10 nm) appeared close to the limit
of detection throughout the driving cycle, an expected effect
from the GPF (Fig. 2A). Therefore, there is a distinct improve-
ment in primary aerosol emission reduction compared to
previous studies on Euro 6 cars44 and especially an improve-
ment compared to Euro 5 primary emissions11,25,45 without GPF.
One other study has reported comparable reductions by retro-
tting a modern GPF to a Euro 5 compliant GDI vehicle.16
Fig. 2 Time resolved fresh emissions of number concentration
measured by SMPS (A), and gas phase emissions measured by FTIR
in ppm (B). Concentrations are provided at tailpipe levels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
However, it has been shown that GDI vehicles with no GPF emit
primary aerosols in the 3–10 nm diameter range,44 such nano-
particles are however outside the accessible measurement range
of the used SMPS. In contrast to the reduction of aerosols,
inorganic and organic gases were detected with dynamic
concentrations throughout the driving cycle (Fig. 2B). During
warm idling, emissions are dominated by NMHC, and these
emissions reach maximum at the initial acceleration from
idling to 50 km h−1. This coincides with a sharp rise of NH3,
which had a concentration of 4.1 ± 0.6 ppm during idling.
Emissions of NMHC remained relatively stable during the
driving phase and varied only between 10 and 25 ppm upon
acceleration or deceleration. Throughout the driving phase NH3

remains the largest emission, disregarding CO and CO2. High
NH3 emissions are a direct result of the TWC, and forms due to
the H2 produced in the CO to CO2 reaction. The higher H2

concentration thus interferes in the catalytic reaction intended
to convert NOx to N2 and instead forms NH3. This increase in
NH3 was reported to be up to 72 times the NH3 emissions
without the TWC.19 At speeds of 100 km h−1 and 80 km h−1 only
low amounts of NO (5.3 ± 1.2 ppm) were detected indicating
efficient removal of NO during these speeds. However, at
a speed of 50 km h−1, a signicant amount of NO (47.1 ± 3.1
ppm) is not converted to N2 or NH3. Particularly at speed 50 km
h−1 the NO concentrations exceed the level of NMHC, changing
the oxidation pathways and composition of the aerosol
signicantly.

Fig. 3A illustrates the 3 largest VOC groups as measured by
PTR-MS, with benzene emitted at comparable levels to all other
Fig. 3 VOC concentrations measured with PTR (solid lines) over the
average driving cycle (N = 9) for primary emissions at tail pipe
concentrations. (A) shows benzene, non-benzene aromatic and the
combined aliphatic hydrocarbon. (B) shows both oxygen containing
VOCs and nitrogen containing VOCs. (C) shows the time series of the
aromatic compound naphthalene as measured with both, PTR and
REMPI (n = 12).

Environ. Sci.: Atmos., 2024, 4, 802–812 | 805
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aromatics combined. However, during 100 and 80 km h−1 the
benzene emissions are the highest contribution to the total
VOC. Aliphatic hydrocarbon (HC) is at a similar level to the non-
benzene aromatic, throughout the driving cycle. The non-
benzene aromatics consist of toluene, o-/m-/p-xylene or ethyl-
benzene, C3-benzenes, C4-benzenes, naphthalene, styrene and
methyl styrene primarily, this is similar to the composition
found in previous papers that reported these compounds plus
benzene as 96.7% of total aromatic hydrocarbon and 69.5% of
total non-methane organic carbon.11 Previous papers have re-
ported signicant gas phase poly aromatic hydrocarbons (PAHs)
with offline instrumentation, however no 3+ ringed PAHs were
observed in this study with online instrumentation.15,29 The
main peak for all major groups is found during acceleration to
50 km h−1 aer 15 min of idling. As idling starts aer driving
a drop in all VOCs occurs for 5 minutes aer which there is
a rapid increase in all major components. The same trends are
signicant for oxygen containing and nitrogen containing VOCs
(Fig. 3B). The sudden and sharp rise in aromatic and aliphatic
HC stands in contrast to the more gradual increase of NMHCs
starting aer only 2 minutes. This could indicate that some
smaller non-polar compounds which are not detectable by the
PTR-MS are emitted from the car earlier than the larger
compounds potentially because of the cooling of the engine.
Independent measurements of VOCs with aromatic function-
alities by REMPI-ToF-MS and PTR-ToF-MS showed similar
trends (exemplarily shown for naphthalene in Fig. 3C); REMPI-
TOFMS consistently measured higher concentration than the
PTR-MS, which may be related to the uncertainty of the
photoionization cross-section.41 Furthermore, analysis of
aromatics was performed with the REMPI-MS as it alternated
between measuring fresh emissions and aged emissions.
Formation of secondary aerosol

Substantial aerosol formation was observed aer oxidation by
OH of the exhaust emission equivalent to 2.2 days, assuming an
ambient OH concentration of 106 cm−3 (Fig. 4A). The secondary
aerosol had an electrical mobility diameter below 100 nm, with
a geometric mean diameter of 36 ± 3 nm, a mass geometric
mean of 88 ± 9 nm, and a driving condition-dependent size
distribution, which showed the largest size mode during
acceleration from idling to 50 km h−1. The mass concentration
for aerosols below 100 nm was determined by incorporating the
aerosol density of 1.6 ± 0.1 g cm−3 derived from APM
measurements (Fig. 4B). The highest short-term concentrations
occur during accelerations and the highest stable concentra-
tions are observed at 50 km h−1. The total concentrations of
secondary aerosol formed during 80 and 100 km h−1 remain
stable. In order to predict if SOA is formed from unburned fuel
or incomplete combustion the SOA/CO ratio can be used, as CO
is only formed in incomplete combustion. Thus a high SOA/CO
ratio would indicate that SOA formation occurs as a result of
unburned fuel, whereas a low SOA/CO indicates that the SOA
formed is associated with incomplete combustion. The SOA/CO
ratio (Fig. 4B) shows a signicant change throughout all driving
speeds, with idling SOA/CO reaching 729 mg ppm−1, indicating
806 | Environ. Sci.: Atmos., 2024, 4, 802–812
that the SOA is formed primarily from unburned fuel. At
increasing speed the SOA/CO ratio decreases suggesting a tran-
sition to incomplete combustion away from unburned fuel. This
aligns well with the observations made in the literature.17

Throughout the driving phase the O : C and H : C remained
stable between 0.93–1.03 ± 0.02 and 0.99–1.08 ± 0.01 respec-
tively. The highest O : C ratio was found during 100 km h−1 and
the lowest during 50 km h−1, inverse for H : C (Table S10†).
These changes suggest a stable oxidation process during the
steady state driving. However, the composition of the aerosol
changes between 100 km h−1 and 80 km h−1 as the OM to NO3

ratio changes from 1.85± 0.7 to 3.38± 0.06 (Fig. 4B). Maximum
concentrations of organic aerosol and nitrate can be measured
during accelerations, particularly going from idling to 50 km
h−1, resulting in a primarily large increase in the organic
aerosol concentration, tting to gas phase analysis previously
discussed regarding the primary emissions. At the onset of
warm idling aer driving 80 km h−1, the aerosol concentration
decreases, and the composition changes from organic-rich
(Org : NO3 3.38 ± 0.06) to nitrate-rich aerosol (Org : NO3 0.23
± 0.03). This period of low SOA formation coincided with low
NHMC emissions of less than 10 ppm for approximately 3
minutes (Fig. 2B). Thus, idling at, e.g., red lights or short idling
in general traffic are typical periods with low organic aerosol
formation. However, inorganic SA formation is increased
during warm idling. For idling times longer than 3 minutes,
however, NMHC emissions signicantly increased resulting in
enhanced SOA formation which may be a consequence of the
enhanced release of alkanes from lubrication oil.46,47 Aer 5 to 6
minutes of idling, the aerosol composition turns organic-rich
(org : NO3 > 10), which agrees with higher HC emissions than
NO emissions in a previous study on idling emissions from
gasoline cars.48 The nitrate concentration throughout the
driving cycle follows the trend of NH4 with an average ratio of
2.5± 0.3, suggesting that nucleation of ammonium nitrate (AN)
is limited by the concentration of NO3, and therefore that most
aerosol phase NO3 is AN bound. The relatively high concentra-
tions of NH3 remain unaffected aer exposure to OH and O3,
while the concentration of aerosol phase nitrate increased by
the oxidation of NO and NO2. This follows the expected reaction
pathway of NO2 + OH/HNO3 which reacts rapidly with NH3 to
form NH4NO3(s). As NH3 is available in large quantities the
conversion of NOx to HNO3 is the limiting factor in this exper-
iment. The secondary production of AN during driving
enhances aerosol formation, observed in this experiment as it
provides a condensation sink and overcomes the nucleation
boundary for oxidized organic vapours, allowing for condens-
able gas phase oxidation products to partition to the aerosol
phase.
Secondary aerosol precursors

SOC was calculated using eqn (2) and compared with potential
SOC formed from aromatics measured by REMPI according to
eqn (3) (Fig. 5). Determination of SOC was used alternatively to
SOA as calculating SOA formation from the initial VOCs
requires accurate knowledge of the individual SOA yields, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The vehicle speed is shown on the right axis and illustrates the driving conditions. (A) Average (n = 12) aerosol number concentration at
the tailpipe. (B) Average (n = 12) aerosol mass concentration at the tailpipe derived from SMPS assuming a density of 1.6 g cm−3 and the
secondary organic aerosol measured by AMS.

Fig. 5 Secondary organic carbon (SOC) as calculated in eqn (2) and
converted to mg aerosol per kg fuel, compared with potential SOC
mass derived from measured aromatics by REMPI and eqn (3).
Toluene, xylene and trimethyl-benzene (TXTMB) are the most
important sources of SOC covering 99% of the total aromatic SOC
potential (n = 12).
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each precursor and mixtures thereof. Due to the high VOC
concentrations in the PEAR and high NH3 conditions, which
potentially increases the SOA yield, literature SOA yields would
© 2024 The Author(s). Published by the Royal Society of Chemistry
likely underestimate the SOA mass formed.11,20,49,50 The SOC
potential indicates the highest possible SOC that could be
formed based on the total conversion of lost aromatic carbon
mass from the gas phase to the aerosol phase. Among all
aromatic VOCs 99% of the total aromatic SOC potential results
only from toluene, xylene and trimethyl-benzene (TXTMB).
TXTMB follows the SOA/CO ratio displayed in Fig. 4B. This
implies that unburned fuel dominates SOA formation at lower
vehicle speeds, however at 100 km h−1 the SOA formation is
driven by incomplete combustion. It should be noted that
during incomplete combustion aromatic formation can occur
in the engine as a result of pyrosynthesis.51 PTR-MS was ana-
lysed, and the main components were found to be propyne and
butene (Table S12†). However, with emissions <9 mg kg−1, and
low SOA yields, these compounds' expected SOA formation
contribution are considered low. FTIR measured emissions of
hexane and pentane above 490 mg kg−1 during idling (Table
S13†). The highest emission of a single aliphatic NMHC was
hexane, regardless of vehicular speed. Due to the concentra-
tions in the PEAR, hexane could be a signicant SOA precursor.
Previous papers have reported similarly that TXTMB account for
the majority of reacted aromatics.11 During idling the SOC
potential from TXTMB was found to be much higher than the
SOC formed. This loss of carbon is expected as the potential
Environ. Sci.: Atmos., 2024, 4, 802–812 | 807
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Fig. 6 Emission factors in mg per kg fuel. Squares illustrate the particle
phase, circles the gas phase constituents. Each point is the average
value for each speedmeasured for 10min of each driving cycle (n= 12)
and error bars are the standard deviation.
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assumes a conversion of unity from the gas phase to the aerosol,
whilst the SOA yield likely is higher in the PEAR than would be
expected in the atmosphere due to higher concentrations of
organics and AN particle formation during driving. Addition-
ally, there are losses by photolysis at 254 nm (Table S8†), further
there is no AN formation during idling which likely decreases
the amount of VOCs that partition to the particle phase through
oxidation. During 50 and 80 km h−1, the levels of potential SOC
from TXTMB and the measured SOC are comparable. However,
there are likely other sources that contribute to the SOC
formation. This is evident in the 100 km h−1 driving phase
where the TXTMB SOC potential is only sufficient to explain
50% of the formed SOC. Other notable aromatics that may
affect SOC formation can be naphthalene and benzene. Whilst
naphthalene concentration was reduced aer aging as would be
expected from its high SOA yield52 the concentrations are too
low to have signicant impact on the potential SOC formation.
In contrast, benzene was the most abundant aromatic
compound in the exhaust. However, there is no observed
reduction in benzene concentration as a result of aging in the
PEAR, due to its slow reaction rate with OH (k(298 K) = 1.22 ×

10−12 cm3 per molecule per s).53 Similarly very low reduction in
benzene at a low atmospheric age was observed by Pieber et al.
2018.11 TMB was observed to impact the potential SOC primarily
during idling and 50 km h−1 where it accounts for 19–30%,
whereas during the 80 and 100 km h−1 driving conditions the
contribution was between 4 and 10% of the potential TXTMB
SOC. This trend is comparable to that of xylene which is the
main source of potential aromatic SOC during idling and 50 km
h−1 accounting for 45–50% of the potential SOC from TXTMB.
This decreased to 15–40% during 80 and 100 km h−1, at these
driving speeds toluene accounts for up to 80% of the total
aromatic potential SOC. These results indicate that as driving
speeds increase the share of aromatic SOC from toluene
increases, as well. However, the importance of aromatics on
SOC decreases as driving speed increases, suggesting that SOC
formed from other sources such as long chained alkanes or
polyaromatic hydrocarbons is more important at higher driving
speeds. Yang et al. 2018 suggested that there should still be
signicant PAHs in the gas-phase though it was found that the
GPF reduced the PAH emissions.15

However, with the online instrumentation used in this
experiment, it was not possible to observe any signicant
concentration of long chained alkanes or PAHs.
Emission factors

To compare the emissions observed with previous studies and
emission standard limits, emission factors (EFs) are calculated
based on eqn (4). The average aerosol EFs (Fig. 6) refer to steady
state driving dened as the condition reached aer cruising at
a speed for more than 5 minutes, which was chosen to avoid the
inuence of accelerations (Fig. 4B). Secondary organic aerosol
mass per kilogram fuel decreased with increasing vehicle speed
(Fig. 6), which suggests an increased engine combustion or
TWC conversion efficiency at higher driving speeds within the
range of 50 to 100 km h−1. Under faster steady state driving
808 | Environ. Sci.: Atmos., 2024, 4, 802–812
conditions, which are more relevant for highway cruising
emissions, the observed trend between speed and EFs may
change. Furthermore, slower driving conditions such as resi-
dential zone driving should not be directly compared with
steady state driving. The total aerosol mass formed is highest at
50 km h−1 reaching 131 ± 5 mg kg−1, compared to 68 ± 1 mg
kg−1 and 72 ± 2 mg kg−1 for speeds of 100 and 80 km h−1,
respectively. However, at a speed of 100 km h−1, SOA formation
accounted for 36 ± 1 mg kg−1, that is, 54% of the total aerosol
mass, in comparison to 50 ± 1 mg kg−1, that is, 69% of the total
aerosol mass, at a speed of 80 km h−1. Moreover, gas phase NH3

and NO emissions are the highest at 50 km h−1, but lowest when
driving 100 km h−1. For EFs of secondary nitrate, the trend with
speed differs from SOA as it slightly increases at 100 km h−1. It
is worth noting that the formation of AN aerosol might function
as an effective seed particle for the organics to condense on
increasing the SOA yield when AN is high.

Roth et al. 2019 found a similar composition of the aerosol
with a Euro 5 retrotted with a GPF, with SOA forming roughly
50% of the secondary aerosol mass and ammonium nitrate
forming the remaining 50% of the total secondary aerosol.16

Pieber et al. 2018 (ref. 11) with retrotted GPF on Euro 5 found
that in SOA and nitrate SA was similar in concentrations and
thus that SOA accounted for less than 50% of total SOA when
operating in a smog chamber. However, in an OFR similar levels
were observed at low atmospheric ages with SOA accounting for
roughly 50% of total SA, with the share of SOA increasing with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing atmospheric age.11 Zhang et al. 2023 reported lower
SOA formation from China VI cars at cruising speeds between
30 and 60 km h−1, however they saw a signicant increase in
SOA as speeds increased beyond 60 km h−1. Additionally, the
idling SOA formation is comparable between China VI and Euro
6d.17

These results are comparable despite the clear differences in
driving cycle with cold started LA92 and WLTC used by Roth
et al. 2019 16 and Pieber et al. 2018 11 respectively compared to
the hot start steady state driving presented in this study and
Zhang et al. 2023.17

Emission standards for cars, such as the Euro 6, are given
in mg per km driven. The Euro 6 limits particulate matter to
4.5 mg km−1. With the introduction of the GPF emission of
primary aerosols is well below this limit. However, there is still
signicant aerosol formation aer aging, during 50 km h−1

secondary aerosols reach 5.1 mg km−1 during the steady state
(Table S4†).

Generally, more dynamic driving in the real world and more
dynamic driving cycles, such as WLTP, may lead to higher
emissions of SOA precursors,44 hence the results denote a lower
limit. Furthermore, NH3 enhances SOA yields and new particle
formation under high concentrations,20,25 and thus introducing
cars with increased NH3 emissions to urban centres would
enhance particle nucleation and thus the formation of
secondary ultrane particles, although the high surface area of
condensation sinks in an urban environment.54 Moreover, NH3

can further react with additional species nucleating into the
aerosol for SOA from other sources as well.55 It is well known
that idling conditions have large emissions of organics,25 which
may form large amounts of SOA. In this study, the mass of SOA
formed was lower during idling than at a speed of 50 km h−1.
This is likely linked to the NO emissions, during 50 km h−1

forming AN particles. The AN particles function as seed parti-
cles for organic compounds allowing condensation of organic
matter. Thus, the SOA from idlingmight be underestimated due
to low AN formation during this phase.

Conclusions

The results demonstrate the efficiency of the GPF, reducing
primary aerosol mass to close to zero. However, the removal of
primary aerosol does not limit the formation of secondary
aerosol from the remaining VOCs in the exhaust of gasoline
cars. Particularly, aromatic VOCs, TXTMB, originating either
from unburned fuel or pyro synthesis via radical reactions, and
NOx are potent precursors of secondary aerosols. Once released
to the atmosphere, oxidative gas-to-particle photochemical
conversion leads to SOA and secondary nitrate formation. The
observed SOA formation cannot be completely explained by the
TXTMB and thus an additional VOC precursor must exist.
However, PTR-MS and FTIR-MS were unable to identify species
that would give closure to the SOA formation. Only during idling
could the TXTMB account for the total observed SOA, this
further suggests that these compounds are linked to unburned
fuel. Moreover, gasoline cars equipped with a TWC may be
a signicant source of NH3. Furthermore, with the incomplete
© 2024 The Author(s). Published by the Royal Society of Chemistry
conversion of NOx emissions in the TWC along with the high
NH3 emissions, the TWC equipped cars also become a source of
secondary inorganic aerosol due to the production of ammo-
nium nitrates in the atmosphere. Therefore, attempts to reduce
aromatic VOC, NOx and NH3 are most promising to further
reduce tailpipe emissions from gasoline cars which lead to
signicant secondary aerosol formation.

Current regulation standards in the European union, Euro
6d, have no restrictions for aromatic VOCs or NH3. Even though
the aromatic VOCs are indirectly restricted through total
NMHCs, it could be possible to reduce NMHC without affecting
the SOA formation as the composition of the NMHC has
a signicant impact on SOA formation. The proposed Euro 7
would restrict NH3 emissions, and thus the implementation of
such legislation would likely improve air quality.
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V. Makhmutov, G. Marie, S. Mathot, R. L. Mauldin,
B. Mentler, T. Müller, A. Onnela, E. Partoll, T. Petäjä,
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AbstractAbstract
Ship tra�c is known as one important contributor to air pollution. Recent regulations aimed at reducing
sulfur oxide (SOx) pollution by limiting the fuel sulfur content (FSC) may also decrease fresh particulate
matter (PM) emitted from ships. However, there is a knowledge gap regarding how the FSC affects
secondary aerosol formation. Aerosol particle emissions from a research ship engine operated with
either low sulfur heavy fuel oil (LS-HFO) (FSC=0.5%) or marine gas oil (MGO) (FSC=0.01%), were studied.
The emissions were photochemically processed in the oxidation �ow reactor “PEAR” to equivalent
photochemical aging between 0-9 days in the atmosphere. It was found that FSC had no signi�cant
impact on secondary organic aerosol (SOA) formation after 3 days of aging, at 1.8±0.4g/kg and
1.5±0.4g/kg for MGO and LS-HFO, respectively. Furthermore, the composition and oxidative pathways
remained similar regardless of FSC. However, as a result of the higher secondary SO4 formation and
fresh aerosol emissions, LS-HFO had signi�cantly higher total PM1 than MGO. Black carbon (BC)
speci�cally was found to be 3 times higher for HFO than MGO. While the fuel with the lower sulfur
content produces signi�cantly less PM, the SOA formation remains similar regardless of FSC.

SynopsisSynopsis
Atmospheric oxidation of ship engine exhaust, reveals signi�cant impact of new regulations but
highlights secondary organic aerosols as key pollutant.

IntroductionIntroduction
International trade is dominated by the shipping industry, accounting for approximately 80% by volume1

and is expected to triple from 2019 to 20502. Currently, international shipping is responsible for about 3%

of global anthropogenic greenhouse gas emissions2, 3 approximately 9% SOx, 17% NOx, 4% PM2.5 and

4% non-methane volatile organic compounds (NMVOCs) of global anthropogenic emissions.4–6

Up to 7% of global premature mortalities are attributable to air pollution.7–10 As 70% of marine tra�c
occurs within 400 km from the coastline, ship emissions are relevant for public health.11 Air pollution
from shipping prior 2020 was estimated to attribute above 400 thousand premature deaths per year
globally.12 In 2020 the International maritime organisation (IMO) introduced global regulations limiting
the maximum fuel sulfur content (FSC) from 3.5 to 0.5w%. These regulations aimed to directly reduce
SOx emissions from shipping by 77%,13 but indirectly also lower emissions of PM by the implied ban of

most heavy fuel oils (HFO).14 These new regulations are expected to reduce premature deaths due to air
pollution from ships by about 30%.12 Furthermore, in 2015 sulfur emission control areas (SECA) were
de�ned, including the North Sea, Baltic Sea, and North American coastal waters, with a maximum
allowed FSC of 0.1%. From July 2024, HFO de�ned as fuels with a kinematic viscosity greater than 180
mm s-1 at 50°C and a density larger than 900 kg m-3 at 15°C are banned in Arctic waters.15
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Introducing lower global FSC limit led to an increase in the use of marine gas oil (MGO), low-sulfur HFO
(LS-HFO) and hybrid fuels with boiling ranges and impurities between MGO and LS-HFO. The boiling
fraction of MGO, being a diesel-like fuel, has an intrinsically lower FSC than LS-HFO and is available with
FSC ≤ 0.1%. Nevertheless, MGO has a signi�cantly higher FSC than diesel used for road tra�c, which
has FSC < 0.001%.16

Beyond SOx, substantial amounts of PM, BC, NOx and NMVOCs are emitted at high levels from marine

diesel engines, which are not equipped with exhaust aftertreatment technology, such as diesel oxidation
catalysts (DOC) which reduces NMHC emissions. NMVOCs participate in oxidative gas-to-particle
conversion, forming secondary organic aerosol (SOA). Observational studies have found that the highest
contributor to SOA formation in coastal urban areas is shipping emissions with about 38%.17 The highest
emission factors for hydrocarbons, black carbon (BC) and particulate mass (PM) were found during the
lowest engine loads, such as near shore maneuvering conditions.16, 18, 19 Potential SOA precursors such
as light poly aromatic hydrocarbons (PAHs) and other IVOCs have been reported from different fuel
types with heavier fuels containing more PAHs than lighter diesel fuels20. Furthermore, a signi�cant

increase in PAH and oxy-PAH was observed during low engine load.21

SOA from IVOCs, such as naphthalene representative for combustion-derived IVOC, have been shown to
have adverse effect on human health.22 Even with a change from HFO to LS-HFO or MGO it has been
predicted that shipping will remain a signi�cant source of anthropogenic aerosol.23 A recent study
explored the impact of aging on HFO emissions at 65% engine load. The ship was equipped with a
sulphur scrubber and a DOC as exhaust aftertreatment, and showed no signi�cant SOA formation.24

Therefore, in order to explore the SOA formation potential for other engine conditions and better
understand the impacts of new IMO regulations on SOA formation, our study investigates the impacts of
aging on low sulphur fuels such as LS-HFO and MGO fuel at low engine load.

Results and discussionResults and discussion

SOA formation from LS-HFO and MGO photooxidationSOA formation from LS-HFO and MGO photooxidation
Figure 1 illustrates the chemical composition of aerosols for both LS-HFO and MGO. At 0 days of
equivalent photochemical aging the fresh aerosol has an OM/PM of 0.47 for LS-HFO and 0.34 for MGO,
respectively. The MGO thus contains relatively less organic and more soot, however the total aerosol
emitted is much lower for MGO than for LS-HFO. The LS-HFO emissions of POA were more than 5 times
higher than those of the MGO, while BC emissions were approximately 3 times higher in LS-HFO than in
MGO. Other non-refractory PM components including SO4 and NO3 were negligible for the total PM.

The fresh particles have a geometric mean diameter of 75 ± 6 nm for MGO and 94 ± 3 nm for LS-HFO
(supplementary table S12), which is comparable to fresh particles emitted from HFO published by
Karjalainen et al. 2022.24 The most notable change from previous studies is that there is no SO4
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contribution to the fresh aerosol emissions due to the fuel used in this study LS-HFO(FSC = 0.5%) in
comparison to Karjalainen et al 2022 with an FSC of 1.9%. HFO with a FSC of 0.12% has previously been
found to emit 2.57 ± 0.41g/kg total PM at 25% engine load,19 this is a lower FSC content than in the LS-
HFO of this study, but the emissions factors are nevertheless similar.

Ozonolysis had the lowest impact on the aerosol in the PEAR in terms of chemical composition, particle
size and PM. The total aerosol mass per kg fuel consumed for LS-HFO is consistently from fresh to 9
days of equivalent photochemical age more than twice that of MGO. As the emissions were
photochemically processed in the PEAR, also the aerosol composition changed. At 1.5 days the aerosol
composition is dominated by organics with an OM/PM of 0.60 for LS-HFO and 0.69 for MGO. BC is
comparatively not affected by photochemical aging and the total BC mass remains constant at 1.1 ± 
0.2g/kg for LS-HFO and 0.4 ± 0.1g/kg for MGO for all oxidation experiments. The increase in total mass
can be attributed to SO4 and particularly SOA formation (Fig. 1). The SOA emission factor for both MGO
and LS-HFO is similar and reaches a maximum of 1.5 ± 0.4 g/kg LS-HFO and 1.8 ± 0.4 g/kg MGO after 3.3
and 4.7 days of equivalent photochemical aging respectively, though smaller aging steps would be
required to determine the speci�c maximum. However, the majority of SOA is formed within the �rst 1.5
days of equivalent photochemical aging. Some results from recent studies have suggested the majority
of secondary aerosol (SA) from shipping is even formed within the �rst 3 hours after emission.34 While
photochemical aging increases SOA formation equally for the two fuels, SO4 aerosol formation is greatly
enhanced in the LS-HFO emissions due to the higher FSC and thus emission of SO2 compared to MGO.

Figure 1 shows that photochemical aging beyond 4.7 days does not yield additional SOA formation, and
a further increase in total aerosol results from SO4 formation. After 9 days of equivalent photochemical
aging, the LS-HFO aerosol is in a SO4 dominated state where OM/PM decreased to 0.23. For MGO,
however, the aerosol remains organic-dominated with OM/PM > 0.5. This is further highlighted by the
organic aerosol enhancement ratio, which indicates the 5-fold increase in organics for the MGO, whereas
LS-HFO only increases 2-fold compared to POA. Therefore, the low FSC in the MGO signi�cantly
decreases the total aerosol mass concentration as secondary SO4 aerosol mass is reduced. But a
change from LS-HFO to MGO does not signi�cantly reduce SOA formation, resulting in an organic
dominated aerosol.

Elemental composition and oxidation pathwayElemental composition and oxidation pathway
While more than 4.7 days of equivalent photochemical aging does not increase OA mass for either MGO
or LS-HFO, the composition of the OA changes signi�cantly. Initial photochemical aging from 0 to 4.7
days increases both f43 (the fraction of 43 m/z of total mass spectrum, mostly ) and f44 (the
fraction of 44 m/z mostly ) fraction, consistent with the increase in OA mass (Fig. 2A-B).35, 36

However, an equivalent age higher than 4.7 days results in a decrease of f43 and an increase of f44,
similar to observations from EURO2 diesel vehicles .37 This coincides with the plateau in SOA formation
that was observed, suggesting a change in the oxidative pathway. This observation is valid for both MGO
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and LS-HFO. All aged aerosols fall within the triangular space, representing the occurrence of ambient
aerosol .35

The similarity between MGO and LS-HFO is further supported by the elemental ratios depicted as a Van
Krevelen diagram (Fig. 2C-D).36, 38 The main difference in the elemental composition was found in the
fresh aerosol, with the H/C ratio of (  for MGO and ( ) for LS-HFO aerosol,
resulting in a slope from fresh aerosol to 3 days of equivalent photochemical aging of -0.97±0.08
(r2=0.97) and − 0.89±0.04 (r2 = 0.98) for MGO and LS-HFO, respectively. This result suggests that the
initial photochemical aging from fresh to maximum SOA formation is equivalent to carboxylic acid
formation with no fragmentation or carbonyl and hydroxyl addition on different carbons.36 Further after
just 3–4 days of photochemical aging there is no signi�cant difference in the elemental ratios between
two fuels. The slope of both MGO and LS-HFO after 3 days of age is -0.54±0.02 (r2 = 0.99).
Photochemical aging beyond the maximum SOA formation point thus suggests carboxylic acid
formation with fragmentation. This is �tting with decrease in f43 but continued increase in f44
suggesting acid formation.36 The fragmentation effectively results in a lower SOA yield which leads to a
net zero mass change in SOA at higher photochemical age. Based on KinSim simulation the difference in
oxidation is not a result of the difference in RO2 fate as HO2-RO2 reactions accounted for the > 50% of
lost RO2 and HO accounting for > 25% at all ages for both fuels (supplementary table S8-9).

DiscussionDiscussion
Implementing a global FSC limit to the current SECA level could incentivize the use of cleaner shipping
fuels instead of residual fuel oils, potentially lowering emissions of total PM, BC, POA and sulphate.
However, this may not impact the SOA mass formed after atmospheric aging. As both POA and BC are
reduced, the fresh PM at emission point is signi�cantly reduced by changing from current global FSC
regulations to SECA compliant FSC fuels. The use of MGO over LS-HFO in harbor areas would thus
decrease PM.

The majority of SOA was formed after only 1.5 days of equivalent photochemical aging while maximum
SOA formation was reached at 3.3 days of equivalent photochemical age. Thus, SOA will presumably
form close to the emission point, i.e. harbors and nearby populated areas, considering the emission
scenario of low engine load. Since most of the population is located along coastlines, shipping
emissions could have large public health effects. Notably the SOA levels would not be expected to
decrease in these areas with a change from LS-HFO to MGO. Secondary sulfate formation proceeded
much slower but continued to increase in mass during photochemical aging to the maximum of almost 9
days of equivalent photochemical age. The reduction in sulfate aerosol associated with changing from
LS-HFO to MGO would thus have an environmental and air quality impact further from the emission point
than the OA.

Regarding the composition of SOA, a high similarity was found for H/C, O/C, f43 and f44 for the LS-HFO
and MGO. This suggests that the precursor for the SOA is similar between the two fuels, which are likely
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alkylated aromatic mono- to tricyclic structures.39 Reducing aromatic VOC emissions would improve air
quality and lessen the health burden associated with ship emissions during harbour maneuvers .

MethodsMethods
A four-stroke single-cylinder research diesel engine (80kW nominal power) was operated on either MGO
(FSC = 0.01 S w%) or LS-HFO (FSC = 0.5 S w%) at low engine load (20kW, 25% of nominal power),
representing docking maneuvers. Raw exhaust emissions were connected to diluters via heated tubing
(constant at 350°C), see Fig. 3. A series con�guration of a porous tube diluter and an ejector diluter was
employed to achieve a dilution ratio of 1:250. The dilution ratio was determined by measuring the CO�
concentrations in the raw exhaust, the diluted exhaust, and the dilution air. The dilution ratio was
regulated by automatically adjusting the �ow rate of the porous tube diluter, while maintaining a constant
�ow rate for the ejector diluter.

The diluted (1:250) exhaust sample passed through the oxidation �ow reactor “Photochemical Emission
Aging �ow tube Reactor” (PEAR), which was operated at a �ow rate of 100 lpm. 25 At these �ow
conditions, the mean residence time in the PEAR is 70 s. At the entrance to the PEAR 10ppm of ozone
was added in addition to water vapor keeping the relative humidity (RH) at approximately 50%. The
photochemical aging was controlled through UV-lamp(254nm) intensity, water vapour supply for 50%
relative humidity and constant ozone (10ppm) addition in order to obtain atmospheric aging equivalent
to 0 to 9 days (supplementary table S7). The photochemical age was determined with d9-butanol decay
measured by a Proton-transfer-reaction mass spectrometry (PTR-MS) based on the principle of the
“photochemical clock”.26 The Kinsim27–31 model was used to verify the atmospheric relevancy by
simulating the chemistry within the PEAR, by determining the RO2 fate to remove speculations on non-
tropospheric chemistry occurring in the OFR. (supplementary table S7-9)

An additional ejector diluter was added after the PEAR for a further 10-fold dilution before online
instruments, resulting in a total dilution ratio of 1:2500 for aerosol instruments presented here. Aerosol
phase measurement were done with High-Resolution Time of Flight Aerosol Mass Spectrometer (HR-
ToF-AMS)32 for obtaining the chemical composition of the non-refractory aerosol, aethalometer for BC
and a scanning mobility particle sizer (SMPS) for particle number concentration and size distribution.
SMPS data was treated with the AIM V. 10.3.1.0 software.

Optically de�ned black carbon (BC), “equivalent black carbon" (eBC), was quanti�ed by the Aethalometer
(AE33-7, Aerosol Magee Scienti�c), which measures light attenuation through a �lter tape at 7
wavelengths (UV–IR, 370–950 nm). Using different corrections, such as multiple-scattering correction
and loading compensation, attenuation coe�cients were converted to absorption coe�cients, and
further to black carbon concentrations. A mass absorption coe�cient (MAC) was used to quantify light
absorption as a mass concentration. Absorption at 880 nm is generally assumed to be only caused by
BC. Thus, the equivalent black carbon mass concentrations ( ) was calculated (Eq. 1)
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where  is the surface area of the filter spot,  the change of attenuation at 880nm during a
time interval ,  the measured flow rate,  the leakage factor (default value 0.01),  the real-
time loading compensation parameter3  the attenuation at time  for 880nm,  the multiple-
scattering coefficient (here  = 2.80 based on reference absorption measurement by PAX-870 during
the campaign), and  the mass absorption coefficient (here  = 5.47 m2/g, based
on reference refractory black carbon (rBC) measurement by LII 300 and elemental carbon (EC)
measurement by DRI 2015 during the campaign).

AMS data was treated in Tof-AMS Analysis Toolkit 1.65 (squirrel), and HR analysis was performed with
ToF-AMS HR Analysis 1.25 (PIKA). Elemental analysis was performed by the Aiken method (aiken et al.
2007) The AMS was equipped to handle particles with an aerodynamic diameter between 42nm and
645nm. With small aerosol diameters, (supplementary table S12), falling outside the size range of the
AMS.

Moreover, to the best of our knowledge no information is available on the density of aged aerosol
emissions from ships but aging of aerosol emissions from solid fuel combustion demonstrate a particle
size dependent increases in effective density with differences between fuels.33 Therefor the mass of the
aerosol is determined by the SMPS, with an assumed density of 1,5+-0,2 g/cm3. Composition of the
aerosol is then calculated based on AMS and aethalometer as in Eq. 2.

Where  is the emission factor of an aerosol group,  is the concentration of the aerosol
group measured by the AMS,  is the total concentration of aerosols measured by the AMS.

 is the emission factor determined by the SMPS and  is the emission factor of eBC
determined by aethalometer. Primary organic aerosol (POA) was determined as the organic fraction with
no photochemical aging. The SOA fraction was calculated by subtracting the POA from the total OA
mass at a given simulated ageeq.3. Organic enhancement factor was calculated as the fractional
increase of organics, see supplement equation Eq. 4.

Where POA is the total organic mass at 0 days of atmospheric aging and OMx is the total organic mass
at X days of atmospheric aging.

eBC = , (eq.1)
A ∙ ( )Δ ATN

100

Fmeas ∙ (1 − ζ ) ∙ (1 − k ∙ ATNt) ∗Δ t ∙ C ∙ MAC

A ΔATN

Δ t Fmeas ζ k

ATNt t C

C

MAC MAC (880 nm)

EFx = (EFSMPS − EF eBC) * , (eq.2)
Concx

Concams

EFX Concx
ConcAMS

EFSMPS EFeBC

SOAx = OMx − POA, (eq.3)

Orgenh,x = , (eq.4)
OMx

POA
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FiguresFigures

Figure 1Figure 1

Chemical composition emission factors for both LS-HFO and MGO.Chemical composition emission factors for both LS-HFO and MGO.

 The left axis indicates the emission factor in grams of PM1 measured per kg fuel consumed and the
organic enhancement factor (EROA) The left set of the graph represents the LS-HFO results and the right
the MGO aerosol emissions, both with a photochemical age displayed in atmospheric equivalent days at
the bottom.
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Figure 2Figure 2

Elemental composition of LS-HFO and MGO and its dependency of photElemental composition of LS-HFO and MGO and its dependency of photochemical age.ochemical age.

2A and 2B show a triangle plot as �rst published by Ng et al 201035 illustrating the f43 and f44 of the
organic aerosol (OA). Figure 2A shows the impact of aging on these two fractions for LS-HFO and �gure
2B shows the same for MGO. The photochemical age of the aerosol is illustrated by colour as seen on
the right. Figure 2C and 2D illustrate a Van Krevelen plot.36,38 with hydrogen to carbon ratio on the y axis
and oxygen to carbon ratio on the x axis, showing the chemical composition of the OA: the OA regression
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line is shown with dotted lines, and the dashed lines highlight the area where ambient aerosol typically
fall within.

Figure 3Figure 3

experimental setup.experimental setup.

The dotted line signi�es heated tubing(350°C). Only Either HFO or MGO was added to the engine.
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ABSTRACT: The atmospheric aging of volatile organic compounds
leads to the formation of complex mixtures of highly oxidized secondary
organic aerosols (SOAs). State-of-the-art mass spectrometry (MS) has
become a pivotal tool for their chemical characterization. In this study,
we characterized the chemical complexity of naphthalene-derived SOA
by three different time-of-flight (TOF) mass spectrometric techniques
applying electron ionization: high-resolution−TOF−aerosol MS
(AMS), direct inlet probe (DIP)−high-resolution TOFMS, and thermal
desorptioncomprehensive two-dimensional gas chromatography
TOFMS (GC × GC). We discuss AMS as an online, DIP as an atline,
and GC × GC as an offline technique to compare their informative
value for studying the oxidation state, volatility, and molecular
composition of laboratory-generated SOA. For GC × GC, the accessible
organic content was limited to (semi-)volatile compounds and
supported a reliable assignment of the molecular composition. DIP and AMS were used to derive secondary parameters such as
O/C and H/C ratios, the general functionality of the compound classes and their abundance upon photochemical aging. Thereby,
while the induced pyrolysis in the AMS extended the accessibility range to polar, high-molecular-weight compounds, thermal
fragmentation also led to limited molecular information. For DIP, low-volatility compounds could be volatilized and the high mass
resolution was useful to resolve isobaric mass fragments and assign reliable sum formulas of fragments and molecular ions. Although
no single technique can provide information to describe the full chemical complexity of the SOA, AMS, DIP, and GC × GC in their
complementarity are well suited to investigate the impact of SOA on health and environment.

KEYWORDS: secondary organic aerosols, comprehensive two-dimensional gas chromatography, aerosol mass spectrometry,
direct inlet probe, high-resolution mass spectrometry, thermal fragmentation, particulate matter, electron ionization

1. INTRODUCTION

Atmospheric aerosol is a suspension of liquid or solid particles
in air. These mixtures of solid, liquid, and volatile gaseous
organic and inorganic components can undergo chemical
reactions and physical alteration. A major source of organic
aerosol is the atmospheric oxidation of volatile organic
compounds (VOCs) by atmospheric oxidants, such as
hydroxyl (OH•) and nitrate (NO3

•) radicals as well as ozone
(O3), generating secondary organic aerosols (SOAs).1,2

Throughout the atmospheric lifetime of aerosols (up to ∼2
weeks), continuous chemical aging leads to the generation of
highly complex organic mixtures and the introduction of
hetero atoms, such as oxygen and nitrogen.3 As a result,
atmospheric aging can rapidly alter the physicochemical

composition of aerosols, thus affecting their impact on
human health, climate, and environment.4

To understand the impact of this transformation process on
health and environment, a comprehensive characterization of
SOA in terms of its chemical and physical properties is
required. In practice, this can be done by both online and
offline techniques. Mass spectrometry (MS) has established
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itself as a key technique for the investigation of such complex
mixtures of organic compounds.5 Although all mass spectro-
metric techniques in general are based on the ionization of
molecules and their characterization as ions by mass and
charge, they differ in their informative value and fields of
application. Electron ionization (EI), also known as “electron
impact ionization”, is a very commonly used ionization method
in MS due to its high sensitivity and molecular specificity
toward complex organic mixtures. During EI, the energy of
accelerated electrons is transferred to molecules in the gas
phase, which leads to ionization and fragmentation of the
parent molecule. The standardized application of 70 eV for EI
has a high ionization efficiency and is almost universal for
organic compounds and results in reproducible fragmentation,
which is beneficial for the identification of organic compounds
due to the availability of large spectral libraries for EI−MS
spectra. This is typically done with gas chromatography MS
(GC−MS) approaches. However, compared to “soft” ioniza-
tion techniques (e.g., chemical ionization, photo ionization,
and electrospray ionization), which result in a limited degree of
analyte fragmentation, EI is a “hard” ionization technique;
thus, as a result of the induced fragmentation, the molecular
ion is often not detected. This makes data interpretation more
challenging for superimposed spectra or compound spectra not
found in spectral libraries.6 Nonetheless, interpretation rules
for mass spectral fragmentation are well-developed for EI−MS
and fragmentation pathways are well described due to the
consistent and fragment-rich mass spectra.7

At present, the most common MS system for online in-situ
aerosol analyses in real time is the aerosol MS (AMS).8 The
working principle of the AMS is based on an aerodynamic lens
system to sample sub-micron aerosols into vacuum. Particulate
matter (PM) is aerodynamically sized by determining the
terminal velocity measured in a particle-sizing chamber. After
rapid thermal vaporization/pyrolysis on a heated surface of 600
°C, the detection occurs by 70 eV EI−MS. Herein, the high
resolution time-of-flight AMS (HR−TOF−AMS) has some
advantages over the quadrupole configuration of the MS such
as improved sensitivity, time resolution, and mass resolu-
tion.9,10 This enables the determination of the elemental
composition and oxidation states of organic aerosol,9,11,12

whereas molecular information is limited due to the
fragmentation induced by pyrolysis and ionization processes.13

Thermal desorption (TD)−GC−MS is the state-of-the-art
technique for the offline analysis of collected aerosol and
allows the separation and identification of VOC and
semivolatile organic compounds. However, especially for the
analysis of highly complex environmental samples, the
separation of the multitude of compounds by one-dimensional
GC is limited due to its peak capacity. Therefore, for the
chemical characterization of complex matrices on a molecular
level, comprehensive two-dimensional gas chromatography
(GC × GC) has gained attention as a powerful separation
technique since the early 2000s.5 Since then, GC × GC has
been used in numerous studies14−18 to resolve a large number
of compounds present in atmospheric aerosols. In GC × GC,
two capillary columns with different physicochemical charac-
teristics are coupled by a modulator. The mixture of
evaporated analytes is successively chromatographically sepa-
rated by two independent orthogonal separation mechanisms,
resulting in a two-dimensional separation. The increased peak
resolution is a significant advantage for EI−MS library
searching, leading to more confident peak identification.

Also, for the great number of compounds commonly present
in environmental samples, covering a wide range of
concentrations, the increased separation power has been
shown to be most useful, especially when GC × GC is
coupled to a TOFMS, which acquires complete mass spectra in
fractions of a second.5 Offline chromatographic separation
prolongs analysis time and requires previously collected sample
material, which comes along with a low temporal resolution.
A further experimental approach for the chemical character-

ization of aerosol particles is direct inlet probe (DIP)−MS.
DIP is one of the oldest introduction techniques for MS19 and
has been applied for high-boiling petroleum samples,20,21

polymers,22 or biomass.23,24 Despite this, DIP has only rarely
been used for aerosol characterization.25 In DIP, the sample is
thermally ramped and vaporized under vacuum conditions
directly in the MS ion source. Moreover, the application of
direct inlet probeHR and accurate mass TOF MS (DIP−
HRTOFMS) through usage of a multireflection MS with
resulting high mass resolution is particularly useful to assign
the elemental composition of superimposing mass fragments
sharing the same unit masses. Nevertheless, as a direct mass
spectrometric technique, the separation of compounds is
limited to their volatility profile. Furthermore, DIP measure-
ments require high amounts of sample material.
This study was designed to investigate the complementarity

of these three different EI mass spectrometric techniques for
the determination of SOA components. Hereby, both HR−
TOF−AMS as an online technique and TD−GC × GC−
TOFMS as an offline technique account for two established
methods in the field of atmospheric aerosol chemical
characterization. As a new emerging technique for the chemical
characterization of complex environmental matrices, we further
applied DIP−HRTOFMS measurements. From here on, the
techniques will be abbreviated as AMS, GC × GC, and DIP.
Although AMS, DIP, and GC × GC share certain similarities
regarding sample introduction by thermal vaporization and
detection by EI−TOFMS, they greatly differ in their general
working principle. Thus, by applying these three techniques,
we target different fractions of the organic aerosol. For GC ×
GC, the application range is limited to volatile and semivolatile
compounds, which are thermally desorbed from filters and
evaporated in a protective helium atmosphere. Thermal
fragmentation during the sample introduction of organic
aerosols can be expected for AMS and DIP, but is not as
pronounced for GC × GC, which preserves the chemical
structure of the molecules. Conversely, the AMS can vaporize
and detect polar compounds of high molecular weight as
thermal fragments due to the applied flash-vaporization process
under vacuum conditions. During this process in the vaporizer,
particles are either flash-vaporized very rapidly within a few
tens of microseconds, slowly vaporized or thermally decom-
posed.26 DIP enables the vaporization of thermally labile
compounds under controlled heating due to the reduced
pressure, increasing the range of high-molecular weight
compounds which are volatilized before thermal decomposi-
tion.
These three techniques were applied for the chemical

characterization of SOA generated by the OH-dominated
photochemical aging of naphthalene (NAP) mixed with flame-
generated propane soot particles (SPs) as condensation nuclei
from a combustion aerosol standard (CAST) burner. Photo-
chemical aging was performed by means of a potential aerosol
mass (PAM) oxidation flow reactor (OFR). The PAM
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OFR27,28 was used to experimentally simulate different aging
conditions by maintaining defined concentrations of OH• and
O3 by regulating the intensity of the VUV-lamps and the
relative humidity. In this simulation, the generated SP
represented air pollution by primary combustion emissions.29

NAP, which is mainly formed during combustion processes
(e.g., fossil fuel combustion, biomass burning, chemical, and
metal industries)30 with potential for SOA formation,31 served
as a typical anthropogenic precursor model compound for
generating anthropogenic SOA proxy (SOANAP-SP) by
atmospheric processing.
This study was designed to evaluate both state-of-the-art and

emerging techniques in the field of aerosol science, covering
on-, at-, and off-line approaches, in the context of their
informative value for studying the complex chemistry of SOA
(oxidation state, volatility, and molecular composition). The
objective of this study is to evaluate the analytical tool set for
investigations on the chemical complexity of atmospheric
processes. Furthermore, we aim to demonstrate the com-
plementarity, but also the differences of HR−TOF−AMS,
DIP−HRTOFMS, and TD−GC × GC−TOFMS on the basis
of a matrix, which is of high relevance for atmospheric
chemistry. These findings could help understand the possible
limitations of the applied techniques and contribute to a better
interpretation and assessment of the results with possible
implications for human health, climate, and environment.

2. MATERIALS AND METHODS
2.1. Experimental Setup for Aerosol Generation,

Online Characterization, and Filter Sampling. The
experimental setup has been previously described in detail by
Offer et al.32 and Zhang et al.33 and is only briefly presented
here. Elemental carbon (EC)-rich SPs with a geometric mean
diameter of about 100 nm were produced by means of a
miniature CAST soot generator (model 5201C, Jing Ltd.,
Switzerland). The SPs, serving as a condensation sink for SOA,
were mixed with the vapor from pure NAP (Sigma-Aldrich,
147141-25G, 99%), serving as an anthropogenic precursor
model compound for the subsequent OFR experiments.
This mixture of SPs and NAP was then diluted with

humidified air (moistened by a PermaPure humidifier FC125-
240, Perma Pure, USA) in an ejector diluter (model VKL 10,
Palas GmbH, Germany) before entering the OFR (PAM
reactor27,28) for the experimental simulation of atmospheric
photooxidation (SOA formation and aging) by OH radicals.
During aging, the low volatile SOA condensed onto the SP,
resulting in predominantly internally mixed particles with
organic coatings and SP cores (SOANAP-SP) as was shown by
transmission electron microscopy images in Offer et al.32 As we
investigated 4 times lower concentrations in this study, some
smaller particles (<50 nm) were produced, indicating the
simultaneous occurrence of externally mixed particles. Differ-
ences in aged aerosol composition were experimentally
assessed by varying the aging conditions in the PAM reactor,
such as variations in relative humidity of either 40% or 70%
and varying OH equivalent aging times (2−9 days). The OH-
radical and ozone concentrations were adjusted and regulated
by setting the light intensity of two VUV lamps with emission
lines at 185 and 254 nm (BHK Inc., CA, USA) in the PAM
reactor. The atmospheric OH aging equivalent time was
estimated by monitoring the decay of added deuterated
butanol (D9-butanol, 98% isotopic purity; Sigma-Aldrich,
Germany) with a proton-transfer reaction MS (Ionicon,

Austria),34 under the assumption of an average ambient OH
concentration of 106 molecules cm−3 and a rate constant of 3.4
× 10−12 cm3 s−1 for D9-butanol.

34,35 For each 1 h experiment of
constant conditions, 0.25 mg m−3 SP and 1 mg m−3 NAP, as
well as 80 ppbV D9-butanol were introduced into the PAM.
The aging of NAP under the described conditions was strongly
dominated by OH• photooxidation.36 Calculations accounting
for the different rate constants of NAP toward OH radicals
[kNAP(OH) = 23 × 10−12 cm3 molecules s−1] and O3
[kNAP(O3) < 0.02 × 10−17 cm3 molecules s−1]37,38 as well as
the concentration of the respective oxidant in the PAM show
that NAP has a much higher reactivity toward OH• compared
to O3 by a factor of 1000 or greater (Table S1). The table also
contains the respective aging conditions (OH atmospheric
aging equivalent and relative humidity) for the 11 conducted
OFR experiments (Exp1−Exp11).
The produced aged SOA was characterized in terms of its

physicochemical properties, which comprised both online and
offline analyses. For the characterization of the organic
constituents in the particulate phase, HR−TOF−AMS
(Aerodyne Inc., Billerica, MA, USA) was applied and will be
described in more detail in the following section.
PM was sampled on pre-baked (5 h at 500 °C) quartz fiber

(QF) filters (T293, Ahlstrom-Munksjö, Finland) over 1 h
using a pre-impactor to remove particles larger than 2.5 μm
(PM2.5). For analyses by TD−GC × GC−TOFMS, 10-fold
diluted PM was sampled on 47 mm QF filters with a total
sampling volume of 600 L at a flow rate of 10 L min−1.
Furthermore, EC and organic carbon (OC) were determined
from the same QF filters (0.503 cm3 punch) using a thermal−
optical carbon analyzer (Desert Research Institute model
2001A, Atmoslytic Inc., Calabasas, CA, USA) following the
IMPROVE_A protocol.39 For analyses by DIP−HRTOFMS,
QF filters with an effective diameter of 18 mm were collected
directly from a non-diluted auxiliary flow at the outlet of the
PAM. This flow was used to maintain a constant total PAM
flow of 8 L min−1, independently of other instrumentation
connected to the PAM outlet. This resulted in a total sampling
volume between 100 and 200 L at flow rates between 1.7 and
3.3 L min−1 (60 min collection time). The collected filters
were individually stored at −20 °C before offline analysis by
TD−GC × GC−TOFMS and DIP−HRTOFMS, respectively.
No unexpected or unusually high safety hazards were
encountered during this study.

2.2. Instrumental Descriptions of the AMS, DIP, and
GC × GC. For a general overview, the key parameters and
features of HR−TOF−AMS, DIP−HRTOFMS, and TD−GC
× GC−TOFMS are given in Table 1. Further operating
conditions of the MS are given in Table S2 for all three
techniques. Schematic diagrams of each technique are shown
in Figure S1.
AMS. A detailed description of the HR−TOF−AMS

(Aerodyne Research, Inc.) can be found elsewhere.9 In brief,
the AMS was developed to measure non-refractory aerosols in
the size range between 50 and 1000 nm in diameter in real
time.13 This was technically realized by an aerodynamic lens
system and a vaporizer directly at the ionization site made of
tungsten and heated to 600 °C.40 The AMS has a few distinct
modes of operation. First, the AMS can operate in the particle-
TOF (PTOF)-mode and the MS-mode. The MS-mode is used
to measure the mass spectrum of the aerosol stream, whereas
the PTOF-mode is used to calculate the particles’ aerodynamic
diameter.9,41 The MS-mode works by repeatedly measuring the
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mass spectrum of the aerosol stream and air beam together,
which is defined as MS-O (mass spectrum open). Then, the air
beam alone is measured by blocking the aerosol stream with
the chopper, which is defined as MS-C (mass spectrum
closed). By doing this, the air beam can be subtracted from the
combined aerosol and air beam and the aerosol composition
itself can be determined. We applied the AMS with a mass
resolution of 2.1 × 103 (specification for m/z 200).9 The
PTOF-mode uses the chopper to interrupt the aerosol stream
repeatedly, thereby determining the aerosol TOF to specify the
particle size. Throughout all the experiments, the AMS was
operated in V-mode and PTOF-mode alternating with 15 s
MS-C, 15 s MS-O, and 30 s PTOF, which was repeated four
times for each measurement cycle. This results in a time
resolution of 4 min, which was chosen due to the stable nature
of the aerosol generation and aging, with little to no changes in
aerosol composition within each experiment. An ionization
efficiency calibration was regularly performed before and after
a set of experiments using a set of ammonium nitrate
particles.13,41,42 Furthermore, after each set of three or four
experiments, a filter measurement was taken as a blank run,
which was used for flow and background correction of the
AMS.
All analysis of the AMS data was done in the PIKA software9

and assuming that for SOANAP-SP there was only significant
contribution of carbon, oxygen, and hydrogen, for elemental
analysis, the values were calculated based on Aiken et al.43 The
output from the AMS is a sum mass spectrum, which displays
the linear superposition of the mass spectra of individual
organic species based on their concentrations.
DIP. The general setup for the DIP−HRTOFMS measure-

ments, which were performed on a Pegasus GC-HRT 4D
(LECO, USA) equipped with direct inlet probe (SIM GmbH,
Germany), was previously described.21 For the measurements
of SOANAP-SP, 1 μL toluene containing 15 ng fully deuterated
benzo[ghi]perylene (D12, 98%) (Cambridge Isotope Labo-
ratories, Inc.) as internal standard was applied on filter punches
with a diameter of 2 mm, which were transferred to single-use
sample containers placed in the vessel-holder of the push rod.
After an equilibration time of 2 min, the push rod transferred
the sample into the ion source, where a temperature gradient
was applied from 40 to 400 °C (ramping with 2 K s−1).
Instrumental parameters for the MS are presented in the
Supporting Information (Table S2). Filter samples were
measured in a randomized sequence for a total of four
replicates per filter. Every fifth measurement was a blank QF
filter with internal standard to determine the background
signal. Perfluorotributylamine (PFTBA) was continuously
introduced to the ion source for internal mass calibration.
Data processing was performed by home-built MATLAB

(The MathWorks Inc., MA, USA) scripts. The raw data were
normalized to the total ion count of m/z 288.1687 (internal
deuterated benzo[ghi]perylene standard, C22D12), background
signals from PFTBA, O2, N2, H2O, and the internal standard
were removed and found accurate m/z values were assigned to
elemental compositions within a mass window of 5 ppm
according to the smallest error. Finally, obtained data were
corrected by considering the average of at least two
background measurements before and after the position within
the sequence. Alternatively to the summed spectrum, each DIP
measurement can output temperature resolved mass spectra,
which are aligned by the exact masses of assigned sum formula.
This results in an m by n matrix with m corresponding to theT
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number of elemental composition assignments and n
corresponding to the DIP desorption temperature.
GC × GC. For analyses by TD−GC × GC−TOFMS we

employed a Pegasus BT 4D GC × GC TOF mass
spectrometer (LECO, USA) in combination with an OPTIC-
4 GC inlet system (GL Sciences, Netherlands). Helium was
applied as the carrier gas. A circular filter punch (diameter d =
6 mm) was introduced to the OPTIC-4 inlet system. For the
removal of oxygen, the inlet purge time was set to 100 s at a
column flow of 1 mL min−1 and a split flow of 100 mL min−1.
In order to thermally desorb the analytes from the filter, we
applied a gradual TD gradient of 2 K s−1 from 40 to 300 °C at
a desorption flow rate of 2.6 mL min−1 in the splitless mode.
The compounds were cryogenically focused at −100 °C at the
head of the column via the cryogenic trapping system
CryoFocus-4 (GL Sciences, Eindhoven Netherlands). After
TD, the column flow and the split flow were reduced to 1 and
100 mL min−1, respectively, and the analytes were released
from the cryotrap using a heating rate of 2 K s−1 from −100 to
300 °C to introduce them onto the GC column.
A 60 m long SGE BPX5 capillary column (5% phenyl

polysilphenylene-siloxane, 60 m, 0.25 mm i.d., 0.25 μm df,
SGE, Australia) was used to separate analytes based on
volatility in the first dimension and combined with a 1.5 m
long SGE BPX50 capillary column (50% phenyl polysilpheny-
lene-siloxane, 1.5 m, 0.1 mm i.d., 0.1 μm df, SGE, Australia),
allowing separation based on polarity in the second dimension.
The initial primary oven temperature of 40 °C was held for 10
min and then ramped at 2 K min−1 to 250 °C, followed by a
faster gradient of 5 °C min−1 to 350 °C which was held for 10
min. The secondary oven temperature offset was +20 °C to the
primary oven and the modulator temperature offset was +15
°C to the secondary oven temperature. The modulation period
was 5 s with a hot pulse time of 1.5 s. The MS transfer line
temperature was 300 °C. Mass acquisition was from 20 to 700
Da at 100 spectra s−1. The electron energy was 70 eV and the
ion source temperature was 250 °C. Data acquisition and
processing was carried out using the ChromaTOF software
version 5.5 (LECO, USA). A first tentative identification of the
compounds was done by comparing the deconvoluted (peak
true) mass spectra with the US National Institute of Standards
and Technology (NIST) library (NIST MS Search 2.3, 2017).
For GC × GC, the output matrix consists of multiple mass

spectra that are a series of m/z and intensity pairs for each

chromatographic data point. Compounds are separated along
the chromatographic dimensions and are assigned to peaks.
The data are typically displayed in a peak list and contour plot.

3. RESULTS AND DISCUSSION

In the first section, we will describe the information derived
from the three different EI−MS techniques in order to evaluate
their individual analytical performances for the characterization
of SOANAP-SP (Sections 3.1−3.3). For this, we show results
from one exemplary experiment/sample (Exp1) with an
atmospheric OH aging equivalent of ≈4 d at 40% relative
humidity. In the second part (see Section 3.4), we will evaluate
and compare the spectral data from AMS, DIP, and GC × GC,
as well as the obtained information on atmospheric aging/
oxidation state and molecular composition of the SOA across
different aging steps for the complete data set (see Table S1).

3.1. Characterization of SOANAP-SP by HR−TOF−AMS.
HR−TOF−AMS was utilized for the online characterization of
SOANAP-SP and to determine the total organic aerosol along
with its bulk composition and integral properties. The AMS
determines the signals of specific ions by fitting a Gaussian-like
function, which contains mathematical expressions for the
average peak shape, to the background-subtracted mass
spectral data and integrating the fitted peaks.9,44 The
distinction of ions from the peak at a specific unit mass is
done through single area integration, where a list of possible
ions is selected by the user to give the best possible peak shape
fit to each unit mass. The mass resolution of the AMS is about
2.1 × 103 and determines the accuracy of the attributed
composition of the measured ions. Based on the determined
ion list, the mass spectrum is subsequently separated into
organic families. An example for a stacked bar graph for
different organic families based on an AMS spectrum is shown
in Figure 1a. The most common organic families in the case of
SOANAP-SP were organic molecules with z number of oxygen
atoms, as well as hydrocarbons.
Most commonly, the AMS is used for quantitative

measurements of the bulk chemical composition of organic
aerosols and to determine the elemental ratios as an indicator
of aerosol age and volatility, such as the oxygen to carbon ratio
(O/C) and the hydrogen to carbon ratio (H/C).11,45 The
elemental analysis can be calculated as the weighted average of
the organic ion signals throughout the mass spectrum11,43 and

Figure 1. HR−TOF−AMS mass spectra for SOANAP-SP (Exp1, atmospheric OH aging equivalent ≈ 4 d; 40% rH) with the signal divided into (a)
organic categories of CxHy

+, CxHyO1
+, and CxHyOz>1

+ and (b) elemental signals (C, H, O). The mass spectra are given in μg m−3 based on the
nitrate equivalent mass. Ammonium nitrate is used for the calibration of the AMS which allows the determination of the ion mass as nitrate
equivalent mass.
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is plotted as an elemental mass spectrum (Figure 1b). The
resulting elemental compositions by mass for SOANAP-SP at an
atmospheric OH aging equivalent time of ≈4 d and 40% rH
were 51 ± 1% C, 4 ± 1% H, and 45 ± 1% O for m/z 10−200
(errors associated with average values are the standard
deviations from all data points from the 1 h experiment).
The largest contribution to the oxygen signal is represented by
the CO2

+ ion, which makes up approximately 22% of the total
oxygen signal.
Another method to assess the composition of the organic

aerosol is based on the sum of the total signal at m/z 43 and
m/z 44, which is normalized to the total organic aerosol and
referred to as f43 and f44, respectively. Specifically, f43 is
mainly attributed to C2H3O

+ in oxidized organic aerosols and
to C3H7

+ in hydrocarbon such as organic aerosols, whereas f44
is dominated by the CO2

+ contribution. A major difference
between these two compounds is their origin. CO2

+ (f44) as a
thermal fragment usually stems from acids and other highly
oxidized functional groups. This means, that as the equivalent
photochemical age of the aerosol increases and more highly
oxidized compounds are formed, the f44 fraction will increase.
In comparison, f43 (C2H3O

+ and C3H7
+) indicates a lower

degree of oxidized functional groups and thus decreases with
the increase in aerosol age.
3.2. Characterization of SOANAP-SP by DIP−

HRTOFMS. As a second technique for the characterization
of SOANAP-SP, we used DIP−HRTOFMS. In contrast to the
AMS, SOA is not analyzed in real-time; instead, the particles
have to be collected on filters, which could be analyzed atline
at a later time point. In order to ensure the necessary high filter
loading for DIP measurements, the filter samples for analyses
were collected from the nondiluted flow directly after the PAM
reactor. A small piece of a loaded filter is placed in an
aluminum crucible, which is directly introduced in the ion
source. By heating the sample to 400 °C at 2 K s−1,
semivolatile organic constituents are volatilized and conducted
to gas phase EI and mass spectrometric analysis. Additional
information about the volatility of the analytes can be obtained
by applying a defined thermal gradient, which leads to

progressive volatilization of the sample constituents. Moreover,
in the ion source vacuum, molecules are vaporized at much
lower temperatures compared to their atmospheric boiling
points according to the Clausius−Clapeyron relationship.
Therefore, DIP was used as thermal analysis technique in
previous studies for the characterization of high boiling point
complex matrices such as petroleum samples.20,21 After EI, the
generated ions are separated and detected in a multi-reflectron
TOF mass spectrometer, which combines fast data acquisition
and complete mass spectra information over a wide mass range
with high mass resolution. In contrast to other high-resolution
mass spectrometric techniques, such as Fourier-transform ion
cyclotron MS instruments, this makes HRTOFMS attractive
for coupling to fast analytical approaches46,47 such as
chromatographic or other highly time-dynamic processes.
Compared to the AMS with one reflection in V-mode and
three reflections in W-mode, the high-resolution TOFMS
platform used for the DIP measurements allows up to 64
reflections. For this study, we operated the system in the most
commonly used 32 reflection mode, achieving a mass
resolution of >2.5 × 104 and a mass accuracy of <2 ppm
(instrumental specification for m/z 219).
In the context of aerosol chemistry and in particular for the

study of SOAs, especially the oxidation and nitration of
SVOCs, aromatization and the reaction pathways are of major
interest. Therefore, the CH4/O (0.0364 Da) and CH2/N
(0.0126 Da) mass splits46 are critical for the differentiation of
isobaric species in this research field. The multi-reflectron
TOFMS platform enables reliable elemental composition
assignments in these complex mixtures at m/z up to 300.
However, for this study on photooxidation of NAP mixed with
SPs, no nitrogen can be expected. Thus, we limited the
potential elemental compositions to C0−50H0−100O0−5. The
DIP−HRTOFMS mass spectrum with the signal divided into
different organic categories is shown in Figure S2 and shows
similar elemental composition assignments as the AMS (Figure
1).
A drawback from the direct insertion of the push rod from

ambient conditions is the introduction of background signals.

Figure 2. DIP−HRTOFMS thermogram of SOANAP-SP (Exp1, atmospheric OH aging equivalent ≈ 4 d; 40% rH): (a) m/z signals of detected ions
are represented as a function of the temperature of the DIP. The color code depicts the abundance of found ions. The summed mass spectrum (b)
and the total ion chromatogram (TIC) for the whole temperature range (c) are shown next to the respective axes. Figure 2b will be used in Section
3.4 to compare the spectra of the applied techniques.
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Therefore, samples from the non-diluted auxiliary flow had to
be used to improve spectral quality by maximizing the relative
abundance of the analytes compared to the background signal.
Moreover, each filter sample was measured four times and the
spectra were corrected by measurements of blank QF filters.
Figure 2a depicts detected ions as a function of the

temperature and m/z. Typically for mixtures of organic
compounds, larger molecules are detected with the increase
in temperatures, which is reflected by an increase of m/z
during the thermal ramping of the DIP. Although there is a
clear trend to increasing masses, also smaller ions from EI
fragmentation reactions are observed in high abundances
during the whole run (Figure 2b). In the lower temperature
range, between 50 and 200 °C, the major contribution of
SVOC from SOANAP-SP (at an atmospheric OH aging
equivalent time of ≈4 d and 40% rH) is detected (Figure 2c).
For an estimation of boiling points under normal conditions,

the reduced pressure in the ion source has to be considered. In
a previous study,21 it was determined that the atmospheric
equivalent boiling point is approximately 300−350 °C higher
compared to the detection temperature with DIP−
HRTOFMS. This was also confirmed within this study by

comparing the atmospheric boiling point of the internal
standard (deuterated benzo[ghi]perylene) to its DIP-detection
temperature (Figure S3). Because of this boiling point
reduction, most of the organic matrix detected at around
140 °C (Figure 2c) would transfer to boiling point
temperatures of approximately 450−500 °C under atmos-
pheric conditions. Nevertheless, this direct comparison
between ambient and reduced pressure thermal analysis
techniques is limited because decomposition and pyrolysis
are not reflected in the same manner.
A DIP analysis could be considered similar to an evolved gas

analysis (e.g., thermogravimetric analysis−MS), for which two
distinct phases are generally distinguished; a TD phase
(roughly <300 °C) and a thermal degradation or pyrolysis
phase (roughly >320 °C) for organic matter.48 Although for
DIP these phases are not distinct, the transition desorption
(mainly EI fragments) and thermal degradation (thermal
fragments are further ionized) become evident when having a
look at the spectra obtained at certain temperatures (40, 200,
400 °C) throughout the DIP run (Figure S4). With the
increase in temperature, a shift toward the thermal fragment
ions CO+ (m/z 28) and CO2

+ (m/z 44) is observed in the

Figure 3. TD−GC × GC−TOFMS contour plot of SOANAP-SP (Exp1, atmospheric OH aging equivalent ≈ 4 d; 40% rH) (a). Tentative
assignment of representative peaks to their molecular structure based on comparison with NIST mass spectral library (match quality ≥ 70%) and
retention indices. Deconvoluted spectra (peak true) and NIST library hit spectra are shown for 1,2-benzenedicarboxaldehyde (b), benzoic acid, 2-
(hydroxymethyl)- (c), 1,4-naphthalenedione (d), 1H-2-benzopyran-1,4(3H)-dione (e), 1-napthalenol (f), and 2-naphthalenol (g). Assignment of
the two isomers, 1-naphthalenol (f) and 2-naphthalenol (g), could additionally be confirmed via retention times.
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mass spectra. However, although thermal decomposition of
highly oxidized species can be observed already at temper-
atures below 100 °C, a certain part of the non-volatile sample
matrix, such as extremely low volatility organic compounds
(ELVOCs), can only be targeted by thermal decomposition at
temperatures higher than 400 °C.49 Because the maximum
temperature of DIP−HRTOFMS is capped at 400 °C,
complete pyrolysis cannot be guaranteed.
3.3. Characterization of SOANAP-SP by TD−GC × GC−

TOFMS. The application of TD−GC × GC−TOFMS enables
the interpretation of the results on a molecular level due to the
separation and identification of individual compounds. Thus, it
allows a selective analysis of the vaporizable aerosol
compounds. In GC × GC, two capillary columns with different
physicochemical characteristics are coupled by a modulator.
The analytes are chromatographically separated by two
independent orthogonal separations in the first and second
dimension. This leads to greatly enhanced resolution
capabilities and a high peak capacity compared to one-
dimensional GC50 or thermal separation techniques (e.g., DIP)
and has been shown to be most useful (especially when GC ×
GC is coupled to a TOFMS) for the analyses of environmental
samples for which a great number of compounds commonly
are present at low concentrations.14−18

Figure 3a shows a GC × GC−TOFMS contour plot for
SOANAP-SP with the assignment of exemplary peaks to their
molecular structure (Figure 3b−g). The measurement was
done with a nonpolar column in the first dimension and a mid-
polar column in the second dimension, from which follows that
compounds were first separated according to their vapor
pressures, corresponding to the respective carbon number of a
homologues row and boiling point on the x-axis, and by
polarity on the y-axis. The separation capabilities of GC × GC
with 200,000 and 9000 theoretical plates for the 60 m first- and
1.5 m second-dimension column, respectively, far exceed the
separation capabilities of thermal analysis techniques for pre-
separation (e.g., DIP) with one theoretical plate.51 The more
polar secondary dimension column incorporates a higher
content of phenyl functional groups bound to the siloxane
backbone which leads to π−π interactions between the
stationary phase and π-active compounds such as polycyclic
aromatic hydrocarbons.52 Thus, the second dimension
separation of aging products from NAP oxidation which are
characterized by their aromatic nature proved very effective.
This special selectivity allows additional classification/evalua-
tion of the eluting compounds based on their location in the
2D plot.
Due to the application of a standardized ionization energy of

70 eV, the identification of unknown peaks is possible by
performing a mass spectral library search, for example, with the
NIST library. Thereby, peaks are assigned to chemical
compounds based on the similarity of the respective
deconvoluted (peak true) mass spectrum with the reference
library mass spectrum by comparison of the relative intensities
of the matching m/z values. The increased peak capacity and
well-resolved peaks in GC × GC, generally help to obtain high-
quality library matches with high similarity and probability
scores. Both are numbers defined by the NIST search
algorithm. The similarity score expresses how closely two
spectra match with a number between 0 and 1000, whereas the
probability score expresses the relative likelihood that a
matching compound has been assigned correctly, which also
takes compounds with similar spectral fragmentation patterns

into account. The representative peaks highlighted in Figure 3
all have been assigned library hits with similarity values above
900. Additional validation of the assigned library hits is
possible via retention indices, which is especially useful for the
identification of (stereo)isomers, for which the mass spectrum
alone may not be a sufficient criteria. Due to the applied
chromatography, compounds such as 1-naphthalenol (Figure
3f) and 2-naphthalenol (Figure 3g) could be chromato-
graphically separated up to its isomeric composition, which
supports a reliable assignment of the elemental composition of
NAP SOA and therefore allows an investigation of the
(dominating) reaction pathway.
Because GC × GC can identify single compounds, it enables

the tracing of possible reaction pathways of the photochemical
degradation of NAP or allows a first estimate of the
toxicological relevance of an aerosol based on its individual
constituents. In the exemplary case of the formation of
naphthalenol, the first step is the addition of an OH radical at
the C1 or C2 position of NAP, forming a pre-reactive molecular
complex (hydroxyhexadienyl-type radical), from which the
first-generation product naphthalenol is formed.53 1-Naph-
thalenol and 2-naphthalenol, were both generated in significant
yields, although the GC × GC analyses revealed that the
abundance of 1-naphthalenol exceed that of 2-naphthalenol by
a factor of 2.5. This is in line with results from Bernstein and
co-workers who found the production of 1-naphthalenol to be
favored over 2-naphthalenol by a ratio of 2:1 (personal
communication to Ricca and Bauschlicher).53,71 Naphthalenol
may be further oxidized by other oxidants, such as hydro-
peroxides, and O2 to naphthalenediones54 for which cytotoxic
effects are well known. 1,4-Naphthalenedione (Figure 3d) may
cause oxidative stress in cells and affect redox signaling.55

Similar products as we present in this study from the gas-phase
reaction of NAP with the OH radical were identified by Lee
and Lane56 by GC × GC−TOFMS. In summary, GC × GC
allows the analyses of individual compounds, which is of great
relevance for an assessment of the effects of aerosols on health
and environment.
Because the application range of GC is limited to volatile

and semivolatile compounds due to the maximum applied TD
temperature of 300 °C to avoid excessive thermal stress for the
analytes in the inlet, higher-molecular-weight compounds
preferably need to be investigated by DIP or AMS.
Nevertheless, it further should be noted that pyrolysis (Py)
could also be applied in combination with GC × GC. First
investigations of a two-step TD/pyrolysis (TD/Py−GC ×
GC−TOFMS) approach for aerosol filter samples showed
promising results for ambient aerosol characterization.57 In the
first TD step, (semi-)volatile compounds were detected
without the formation of thermal degradation products,
whereas in the second pyrolysis step, which was applied to
the same filter, thermal fragmentation products of higher
molecular weight compounds were detected. In this context,
not only the maximum applied temperature for sample
introduction could play an important role but also the applied
heating gradient could influence the extent of thermal
degradation products.
Apart from TOFMS also various other detectors such as

quadrupole MS,58 flame ionization detection,58,59 and nitrogen
chemiluminescence detection60 have been coupled to GC ×
GC for analyses of atmospheric organic aerosols. It also has to
be noted that GC × GC could also be used in combination
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with a high-resolution platform or even integrated into a DIP/
GC × GC−HR−TOF hybrid system.21

3.4. Comparison. Although the three techniques are based
on the thermal vaporization of aerosol particle constituents and
detection by EI−MS (ionization energy of 70 eV), they differ
in their application ranges. Furthermore, the applied
techniques cover online to offline approaches and therefore,
vary essentially in time resolution, which may be particularly
important for specific analytes. In the case of, for example,
highly reactive oxygen species (ROS), which are produced
during the photochemical aging of NAP, their concentration
may greatly be underestimated by offline methods due to their
fast degradation.33 In addition, sampling artifacts, as well as the
storage and handling of QF filters, could affect the partitioning
of the gas and particle phases compared to online methods.
On the other hand, also the different sample introduction

systems play an important role for the accessibility of the
different techniques. Because one of the major differences
between analyses by AMS, DIP, and GC × GC is the
maximum temperature, which is applied for the vaporization of
the analytes, a closer look at the different OC fractions from
thermal−optical carbon analyzer measurements could give a
rough approximation of the accessible organic content.
Following the Improve_A Protocol for EC/OC analysis,39

the different temperature ranges for the OC fractions measured
in 100% helium (OC1: 140 °C; OC2: 280 °C; OC3: 480 °C;
OC4: 580 °C) can roughly be assigned to the temperature
ranges of the three techniques, corresponding to OC1−OC2
for GC × GC (300 °C, inert helium atmosphere) and OC1−
OC4 (with some restrictions described below) for DIP (400
°C, vacuum). While the AMS (600 °C, vacuum) also includes
all four OC fractions, it cannot resolve them due to the flash
vaporization process. Instead, the AMS determines the total
organics along with their integral properties. Some restrictions
to this comparison with the OC fractions also have to be noted
for DIP. Due to the time delay of approximately 2 s needed to
acquire one mass spectrum after sample introduction directly

in the ion source under vacuum conditions, VOCs in the OC1
range cannot be completely gathered by DIP. On the other
side, for OC4, despite the low pressure in the ion source, the
DIP cannot reach temperatures for complete volatilization or
pyrolysis of ELVOCs. Complete pyrolysis and capture of total
organics can thus not be entirely assured.
In the case of SOANAP-SP, we observed decreasing

concentrations of OC at aging times >4 days, whereas EC
remains very stable across the different aging steps. Details on
the EC/OC measurements across the different aging stages are
shown in the Supporting Information (Figure S5). Upon
photooxidation, fresh SOA is produced from gas-to-particle
conversion. For such oxidized organic species, it has been
shown that with photochemical aging, fragmentation reactions
become increasingly important compared to functionalization,
which leads to the production of small, volatile compounds
which transition into the gas phase.12,61,62 Hence, the OC
content of the particle is decreased, which could explain the
observed decrease of OC with aging. Simultaneously,
functionalization reactions lead to the addition of oxygen-
containing functional groups which subsequently leads to an
increase of the absolute oxygen content in the particle.61

3.4.1. Summed Mass Spectra. The comparison of the
summed mass spectra of the exemplary experiment/sample
Exp1 (Figure 4) reveals major differences regarding sample
introduction and working principle before detection by EI−
MS (ionization energy of 70 eV) and gives an indication of
whether the spectrum of the respective method is determined
more by thermal or EI fragments.
The AMS mass spectrum is shifted to smaller m/z compared

to both DIP and GC × GC and shows extensive thermal
fragmentation due to the flash vaporization and pyrolysis
process at 600 °C. This has the effect that the majority of the
signal intensity can be attributed to lower m/z values,
specifically to f44 (CO2

+) and f28 (CO+). CO2
+ increases

due to thermal decarboxylation, leading to limited chemical
information. CO+ is a likely thermal decomposition fragment

Figure 4. HR−TOF−AMS (a), DIP−HRTOFMS, (b) and TD−GC × GC−TOFMS (c) sum mass spectra of SOANAP-SP (Exp1, atmospheric OH
aging equivalent ≈4 d; 40% rH).
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of oxygenated organic species (e.g., carbonyls). In this regard,
it has to be noted that for the AMS, it is difficult to accurately
determine the CO+ signal due to the significant interference
from the gas phase N2

+ background signal, which can
overwhelm the spectrum at m/z 28.11 Consequently, in the
standard analysis the CO+ signal is estimated from the CO2

+

signal (Org28 = Org44 × 1) and may be overestimated when
using this fragmentation assumption.63

In the DIP spectra, despite the high peak intensity from
background air and probe carryover (which was corrected for
with blank measurements) and the associated uncertainty of
the result (Figure S6), there is a high CO2

+ peak, which can be
attributed to thermal fragmentation, although the CO+ signal is
much lower than for the AMS. Compared to the AMS spectra
which shows mainly small fragments due to the extensive
thermal decomposition of the compounds at 600 °C, the DIP
spectra showed a higher abundance of larger masses. This is
due to the direct introduction of the sample into the ionization
region of the mass spectrometer without any discrimination of
certain compounds. Additionally, high boiling compounds are
evaporated at lower temperatures, as previously discussed,
which leads to less thermal decomposition processes. On the
other hand, the vaporization under reduced pressure leads to
the discrimination of small and volatile compounds due to
losses during the introduction phase of the analysis. When the
sample is transferred from the gate valve to the ion source in
the first few seconds of the analyses, some (semi-)volatile
substances could evaporate outside of the ionization region
and may thus not be detected.
As demonstrated in Figure 3, the strength of GC × GC with

a mass spectrometric detector is its ability to generate highly
selective mass spectral information due to peak deconvolution
and reviewing of individual peak spectra. Nonetheless, it is

possible to plot the GC × GC sum spectra for comparison to
AMS and DIP (Figure 4c). For GC × GC, TD occurred with a
gradual temperature gradient of 2 K s−1 (just as for DIP).
However, instead of under vacuum conditions, in GC × GC,
the sample vaporization takes place in a helium atmosphere
under overpressure. Due to this moderately gentle thermal
treatment, EI fragments dominate the spectrum, although
thermal fragmentation can also be expected for GC × GC to
some extent.64 Thus, signals at m/z 28 (CO+) and m/z 44
(CO2

+) could also be expected for GC × GC and could
provide information about the degree of thermal decom-
position in the GC injector. However, CO+ and CO2

+ were not
detected due to the applied acquisition delay. Furthermore,
while cyrotrapping of CO2 at −100 °C would be possible, its
modulation with liquid nitrogen is difficult.

3.4.2. Oxidative State. Functionalization associated with the
atmospheric aging of organic aerosols generally goes along with
changes of O/C. Figure 5 shows increasing O/C value as an
indication for increasing oxidation along with the increase in
age for both AMS (Figure 5a) and DIP (Figure 5b). However,
there is a major difference in the O/C ratio measured by the
two instruments, the AMS measures a much higher O/C ratio
between 0.5 and 1.1 compared to DIP with an O/C ratio in the
range of 0.15−0.3. Furthermore, the relative abundance of
different classes of hydrocarbons (CxHy

+) and oxygen-
containing compounds (CxHyOz

+) is shown. Thereby, the
classes of CxHyO

+ and CxHyO2
+ include the fragment ions

CO+ and CO2
+. For AMS (Figure 5c), a clear reduction in the

pure hydrocarbon fragments (CxHy
+) from above 30% to less

than 20% could be seen with the increase in atmospheric aging.
Reversely, the abundance of single oxygen (CxHyO

+) and
double oxygen (CxHyO2

+) compounds increased with
atmospheric aging. Notably, there was no major change

Figure 5. Influence of OH atmospheric aging equivalent on O/C for HR−TOF−AMS (a) and DIP−HRTOFMS (b) with standard deviation
values from triplicate measurements (DIP) and all data points from the 1 h experiments (AMS). Relative abundance (ion counts) of organic
families in % of total OC in respect to different OH atmospheric aging equivalent values for HR−TOF−AMS (c) and DIP−HRTOFMS (d).
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found in compounds containing three to five oxygen
molecules. For DIP (Figure 5d), not much change was
observable except for the abundance of the CxHy

+ and
CxHyO2

+ compound classes, which were decreasing and
increasing with atmospheric aging, respectively.
Accordingly, the difference between the O/C values of the

two instruments can be primarily attributed to the higher
abundance of CxHyO

+ in the AMS compared to DIP. This is
largely due to the higher CO+ signal for the AMS (Figure 4)
which, as already mentioned above, is estimated from the CO2

+

signal. It has to be noted, that in contrast to the AMS, no such
fragmentation assumption or other factor corrections were
applied to the DIP data. Especially in the case of more artificial
aerosols generated from laboratory studies, the use of empirical
correction factors for AMS data, such as the method applied
here by Aiken et al.,11 can affect the accuracy of the calculated
elemental ratios.45 In the case of the AMS, calibration factors
are commonly applied to take differences between the
elemental ratios of the detected fragment ions and their parent
molecule into consideration. For instance, during the
fragmentation process of polar oxygenated compounds such
as, for example, alcohols or carboxylic acids, the loss of neutral
fragments (e.g., CO2, CO, and H2O) could lead to the
formation of ions, which add up to different elemental
compositions than their parent molecules.45 Furthermore,
molecules containing a charge-stabilizing heteroatom typically
yield relatively abundant molecular ions in EI−MS because the
electron can be supplied from one of the free electron pairs of
the heteroatom. This could potentially favor the abundance of
heteroaromatic moieties. In principle, the DIP−HRTOFMS
could be used in a similar fashion as the AMS and would offer
additional benefits from its exact sum formula estimation due
to its high mass resolution. For future studies, we will therefore
measure several standard and reference aerosols for compar-
ison. Furthermore, the lower abundance of CxHyO

+ for DIP
could be due to the loss of volatile compounds during the

sample introduction directly into the ion source or from QF
filter handling and storage. Another reason for the higher O/C
values in the AMS compared to DIP could be that neutral
losses of CO or CO2 during EI may be reduced in the AMS
because the compounds are pyrolyzed to CO and CO2 before
ionization and detection as positive ions.
The increase in fragments pertaining to the double and or

single oxygen classes in the AMS could potentially be
attributed to the larger size of ELVOCs (e.g., highly oxidized
oligomers), which in turn causes them to be more susceptible
to thermal fragmentation. In contrast to the AMS, the DIP
cannot target the whole range of volatility of compounds
because the complete pyrolysis and thermal fragmentation of
extremely low volatile compounds to CO and CO2 cannot be
guaranteed at a maximum temperature of 400 °C. Still, the
relative abundance of the CxHyO3

+ class for DIP is
approximately twice that for AMS, which is due to the more
gentle thermal treatment that results in fewer thermal
fragments in DIP. Another commonly applied method to
characterize aerosol aging is with a van-Krevelen diagram,
which cross plots the H/C and O/C ratio and is depicted in
the supplement for AMS and DIP data (Figure S7).
While first-generation products, which are continuously

generated in the PAM reactor, are easily detected by GC ×
GC, (extremely) low-volatile and highly oxidized species,
which are produced with increased photochemical age, cannot
be detected as they exceed the accessibility of GC or are
thermally degenerated during injection. The presence of such
compounds in SOANAP-SP could be confirmed by Pardo et
al.65 by ultra-HR MS with electrospray ionization (ESI) in
both positive (+ESI) and negative modes (−ESI) to investigate
the molecular composition of the high-molecular-weight
fraction. The +ESI mass spectra revealed oligomers around
multiples of 10 carbon atoms up to tetramers with 40 carbon
atoms and an average carbon oxidation state of −0.18.65
Hence, observing aging trends up to an atmospheric age of 9

Figure 6. Example m/z 132 of SOANAP-SP (Exp1, atmospheric OH aging equivalent ≈ 4 d; 40% rH): GC × GC XIC with assignment of peaks to
molecular formula and peak true spectrum (a); DIP high-resolution mass spectrum (b) and AMS “difference” spectra with sub-fitting of peaks (c).
The AMS “difference” spectrum is calculated as the difference between the average aerosol (open chopper position) and average gas-phase (closed
chopper position) mass spectrum by subtracting the gas phase from the aerosol phase. Thereby, the measured signal (black dotted line), fitted
signal (blue line), as well as the fitted signals from the different compounds making up the total signal at m/z 132 (red lines) are depicted. The
vertical, colored lines indicate the different fitted compounds.
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days is limited by GC × GC. Generally, only few differences in
peak intensity were observed for samples of different aging
conditions. The species with the highest peak intensities found
by GC × GC showed a decreasing trend with photochemical
age (Figure S8), as these early-generation products degrade
and form highly oxidized species not detectable by GC × GC.
In order to detect these polar constituents of organic PM, the
in situ derivatization and TD of these compounds directly from
the filter in the GC injector has been shown to be useful for
aerosol aging studies.66 Although it would be the standard
practice for the analytes at hand, we did not apply
derivatization in this study for reasons of comparability to
AMS and DIP.
3.4.3. Structural Information. Structural information, which

is of great importance for, for example, a toxicological
assessment of aerosols or to elucidate reaction pathways, can
be obtained by the three techniques in different analytical
depths. In this regard, GC × GC is very well suited to separate
individual compounds for further investigation of the
molecular characterization up to their isomeric profiles.
Primarily, this can be attributed to the high chromatographic
resolution and peak capacity of two-dimensional chromatog-
raphy, which, coupled with EI−MS, enables the spectral
comparison of individual compounds with mass spectral
libraries. Nonetheless, the identity of individual compounds
should be further confirmed by retention indices and authentic
standards, which often proves challenging because these are
not always available for SOA constituents. In such cases,
analytes can be identified using adequate surrogate standards
with similar chemical moieties, for example, similar chromato-
graphic properties and EI−MS fragmentation characteristics.66

The mass accuracy of the TD−GC × GC−TOFMS
platform used here enabled the discrimination of compounds
due to their exact masses despite the lower mass resolution
compared to the other two techniques. However, also without
a HR mass analyzer as detector valuable information on
aerosol particle composition may be obtained. How GC × GC
is able to resolve different peaks is illustrated in Figure 6a by
the extracted ion chromatogram (XIC) of m/z 132. At this
mass, multiple single analytes with the molecular formula of
either C9H8O

+ or C8H4O3
+ could be separated. A look to the

mass spectra of these compounds illustrates the importance of
differentiating fragment ions from molecular ions. For
compounds with the sum formula C9H8O

+, the peak at m/z
132.04 is the molecular ion peak, whereas for C8H4O3

+, the
peak at m/z 132.00 is the C8H4O2

+ fragment from 1H-2-
benzopyran-1,4(3H)-dione (C9H6O3

+) with the molecular ion
at m/z 162.02. This differentiation and thus the assignment of
the chemical structure is only possible due to chromatography.
Besides the chromatographic separation in two dimensions,
also the measured accurate masses of the peaks for C9H8O

+

(132.04) and C8H4O2
+ (132.00), resulting in a mass difference

of 40 mDa was sufficient to resolve the O versus CH4 mass
split (36.4 mDa). In order to resolve this mass split of 36.4
mDa at m/z 132 by MS only (without chromatographic
separation) a mass resolution >3.0 × 103 would be necessary.
Hence, in contrast to techniques that integrate the mass
spectral raw data, such as the AMS or DIP, the masses could be
resolved due to the separation in the chromatographic domain
because the mass spectra are summed over a chromatographic
peak. Consequently, in GC × GC the differentiation of certain
isobaric masses is possible despite the theoretical limit of the
MS.46

Neither AMS nor DIP allows molecular information to be
acquired at the same level of detail, which in addition to the
associated thermal degradation of the analytes, primarily is due
to the accumulation of ions from different compounds in the
same spectra. Therefore, only the elemental compositions in
the sample can be determined. For both AMS and DIP, the
various isomeric compounds separated by GC × GC such as 2-
methylbenzofuran (1), 3-phenylacrylaldehyde (2), 1H-indenol
(3), indan epoxide (4), and 2,3-dihydro-1H-inden-1-one (5)
are summarized in one peak at m/z 132.06 (C9H8O

+) (Figure
6b,c). Thereby, a sharp, clear signal can be seen at the exact
mass 132.0569 for DIP. For the AMS, a broad peak is seen at
m/z 132.04, which is sub-fitted into peaks at several m/z.
Hence, compared to GC × GC, neither the differentiation of
structural nor stereo isomers is possible. Although for DIP with
its high mass resolution, in some cases with specific
fragmentation patterns, it may be possible to distinguish
between structural or functional isomeric core structures, for
example, if a heteroatom is located within versus if it is located
outside the ring structure. In contrast to the AMS, the DIP
spectra show less thermal fragments and mostly comprise well-
characterized EI fragments. The aromatic backbone of NAP
ring-retaining early oxidation products is relatively stable and
show strong molecular ions in EI. With the high mass
resolution of the DIP platform of >2.5 × 104, exact masses can
be used to resolve isobaric mass fragments and assign reliable
sum formulas up to high mass ranges. The obtained elemental
compositions of ions enable calculations of the hydrogen
deficiency or double bond equivalents, which gives additional
information about structural features of organic molecules,
such as the degree of aromaticity. In addition, the degree of
oxidation can be directly derived from the number of oxygen
atoms.
Although the AMS assigns elemental compositions based on

the mass signals, this information is most commonly used to
determine the elemental ratio. In order to extract information
about the organic composition, the most plausible sub-peaks
are fitted based on a peak list, which is selected by the user. For
each peak, a number of compounds are fitted in order to get
the best possible Gaussian fit to the measured exact mass in the
spectrum. However, due to the limited mass resolution of the
AMS, this approach becomes more and more difficult in the
higher mass range because the number of possible formulas
increases dramatically. In that regard, also the concentration
ratio between two mass fragments to be resolved plays an
important role for techniques without pre-separation because
the necessary mass resolving power of peaks of unequal height
with, for example, a peak height ratio of 100:1 is about 10
times higher than for peaks whose peak height is equal.67 Thus,
the AMS does not, by default, fit and assign elemental formulas
in the mass range above m/z 100. As a result, the default peak
list for ambient aerosols is prone to errors regarding the correct
assignment of the molecular formulas, but the user may
optimize the peak list in order to get more accurate fits.
However, due to the strong fragmentation, typically the small
ions account by far for the largest portion of the signal, which
allows the determination of the elemental ratio without
assigning larger ions. For structural assessment, this naturally
requires the AMS user to have some general chemical
understanding or pre-knowledge on the sample or underlying
chemical processes. In this regard, DIP, which can use its
higher mass resolution to determine each compound
accurately, could assist as input for chemical information of

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.2c00039
ACS Earth Space Chem. 2022, 6, 1358−1374

1369

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.2c00039/suppl_file/sp2c00039_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.2c00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


occurring ions. In the case of SOANAP-SP, with an improved
peak list, the AMS assigned peaks quite accurately (Figure 6c)
and the assigned formulas could often be confirmed with DIP.
Thus, for well understood systems, such as the photooxidation
of NAP in a PAM-OFR, the AMS achieves reasonable good fits
even at higher m/z. However, with the increase in complexity,
such as the addition of further oxidants (e.g., NOx) or multiple
VOCs, the accuracy of the AMS fit would likely decrease.
The example in (Figure 6) shows the separation of structural

isomers (peaks 1−5) by GC × GC, which all share the same
mass fragment (m/z = 132). AMS as well as DIP were unable
to access the individual chemical species, even when applying
accurate HR MS. For some of these components, specific
toxicological studies are available in the literature. For example,
cinnamaldehyde (2) was found to be a specific activator of the
TRPA-1 receptor and elicited respiratory tenderness and
cough.68 On the other hand, 1-indanone (5) has been shown
to exhibit antiangiogenic activity and may act as a moderately
active anticancer agent.69 Besides the specific effects, also the
general functionality might exhibit different toxicological
responses. Liu et al.70 showed that organic compounds with
different functionalities on the surface of SPs may have a
decisive impact on the toxicological effect, which makes it
important to be able to differentiate between furans (1),
aldehydes (2), alcohols (3), epoxides (4), and ketones (5).
Especially epoxide-containing compounds are associated with
health risks in regards to oxidation potential. Additionally, both
hydroxy and epoxide functional groups can be linked to an
increased metabolic activity.70

4. CONCLUSIONS
In this study, we presented data from the analyses of NAP-
derived SOA to assess how and to which extent the three
different EI−MS instruments can determine organic chemical
components in SOAs. The generation of SOANAP-SP was
directly investigated by HR−TOF−AMS and in parallel PM
was collected on QF filters for the analyses on a DIP−
HRTOFMS platform and on a TD−GC × GC−TOFMS
system with unit mass resolution. In each case, we consider the
up-to-date design of the technique, preferring a TOF
configuration of the mass spectrometric detector to a
quadrupole in the case of the AMS, using a high-resolution
mass spectrometer in the case of DIP and applying two-
dimensional GC instead of one-dimensional GC. Detailed
information on the chemical composition, as well as bulk
parameters, such as the O/C and H/C ratio obtained from the
different methods, were evaluated and compared.
The AMS, as an online instrument, was the only instrument

that enabled the real-time quantitative analyses of the total
organic aerosol. The rising O/C ratios with atmospheric OH
aging equivalent indicated an increase in the average carbon
oxidation state with the increase in photochemical age.
Moreover, the AMS is a well-established and well-approved
technique, but the resulting mass spectra are dominated by
thermal fragments and the derived integral properties are often
based on preliminary assumptions and correction factors that
depend on the matrix in question. DIP could be applied atline
and vaporizes the collected PM on QF filters under reduced
pressure conditions, which also enables the volatilization of
low-volatile compounds. The mild evaporation, compared to
standard AMS operation, reduces thermal decomposition and,
in combination with the applied EI, allows the derivation of
some structural information such as major structural building

blocks (functionalities) of the analytes. Additionally, the high
mass resolution allows the discrimination of isobaric species
and supports a reliable assignment to elemental compositions.
These could be used as input data for the AMS data evaluation
and could be confirmed by GC×GC. However, DIP is a direct
infusion mass spectrometric technique such as the AMS,
resulting in limited information on individual compounds with
the separation of isomers restricted to their volatility profiles.
For GC × GC, changes in composition of SOANAP-SP were
difficult to determine at higher aging conditions due to its
limited accessibility toward polar and higher-molecular-weight
compounds without derivatization or pyrolyzing injection.
However, the application of GC × GC allowed the
fingerprinting and comprehensive analysis of the molecular
composition of SOANAP-SP. As a major advantage, semivolatile
organic constituents of PM can be chromatographically
resolved up to their isomeric composition, which possibly
allows the assignment of distinct health effects to individual
constituents of the SOA.
We showed an assessment of the current strengths and

limitations associated with both state-of-the-art and emerging
instrumentation in the field of chemical aerosol character-
ization. Although no single technique is capable of providing
all the desired information, in their complementarity, HR−
TOF−AMS, DIP−HRTOFMS, and TD−GC × GC−TOFMS
capture a great range of chemical properties. Due to the
complexity of organic atmospheric aerosol, for future
investigations on health effects, sources, fate, or pathways of
atmospheric pollutants, the combination of mass spectrometric
techniques could greatly enhance our chemical picture of the
underlying processes.
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