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Kurzzusammenfassung

Die zunehmende Regulierung von Schiffsemissionen durch die Internationale Mar-
itime Organisation (IMO) hinsichtlich gesundheitlicher, 6kologischer und klimatischer
Aspekte zwingt Reedereien zur Nutzung moderner Treibstoffe. Diese beinhalten
oft keine Ubergangsmetalle wie Nickel, Eisen oder Vanadium, die urspriinglich zur
Quellenidentifizierung von Emissionen des Schiffsverkehrs verwendet wurden. Da
diese Emissionen nicht zwangslaufig durch metallische Marker charakterisiert sind,
wird ihre Quellenzuordnung erheblich erschwert. Moderne Treibstoffe sind oft teurer
und haben trotz der Regulierungsmafinahmen Auswirkungen auf Gesundheit, Umwelt
und Klima. Die vorliegende Dissertation untersucht neuartige organische Marker zur
Quellenzuordnung von Schiffsemissionen moderner Treibstoffe. Die Forschungsarbeit
fokussiert sich auf die Bestimmung charakteristischer Verteilungen polyzyklischer
aromatischer Kohlenwasserstoffe (PAKs) in relevanten Schiffstreibstoffen, insbeson-
dere verschiedener Schweréle (HFOs) und Marine Gasol (MGO). Zudem wird die
Anwendbarkeit von EC/OC-Verhaltnissen als potenzielle Schiffsmarker evaluiert.
Die Analyse erfolgt mittels moderner Einzelpartikelmassenspektrometrie, die eine
simultane Echtzeiterfassung organischer und anorganischer Partikelkomponenten
ermdglicht. Diese Methode kombiniert ein bipolares ToF-System mit verschiedenen
Laser-Ionisationsmethoden. Die Arbeit demonstriert die erfolgreiche Implementierung
dieser Messtechnik in Labor- und Feldexperimenten, identifiziert methodische Limi-
tationen und schldgt Optimierungsansétze fiir zukiinftige Schiffsemissionsmessungen

Vvor.






Abstract

The increasing regulation of ship emissions by the International Maritime Organiza-
tion (IMO) regarding health, environmental, and climatic aspects compels shipping
companies to adopt modern fuels. These often lack transition metals such as nickel,
iron, or vanadium, which were traditionally used to identify the source of marine
emissions. As these emissions are not necessarily characterized by metallic markers,
their source attribution becomes significantly more challenging. Modern fuels are
frequently more expensive and continue to impact health, environment, and climate
despite regulatory measures. This dissertation investigates novel organic markers for
source apportionment of ship emissions from modern fuels. The research focuses on
determining characteristic distributions of polycyclic aromatic hydrocarbons (PAHs)
in relevant marine fuels, particularly various heavy fuel oils (HFOs) and marine gas
oil (MGO). Additionally, the applicability of EC/OC ratios as potential ship markers
is evaluated. The analysis employs state-of-the-art single-particle mass spectrometry,
enabling simultaneous real-time detection of organic and inorganic particle compo-
nents. This method combines a bipolar time-of-flight system with laser ionization
methods. The study demonstrates the successful implementation of this measurement
technology in laboratory and field experiments, identifies methodological limitations,

and proposes optimization approaches for future ship emission measurements.
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Chapter 1.

Introduction

1.1. Airborne Particles

Aerosols are defined as small solid or liquid particles suspended in a gas, typically in air.»? The term
"particulate matter’ (PM) is commonly used to denote particle sizes ranging from 10~? m to several tens
of micrometers.®> PM classification follows size-dependent categories: PMj, (coarse particles), PM, 5
(fine particles), PM; (accumulation mode), and PM ; (ultrafine particles or Aitken mode). Numerical
indices indicate the upper size limit in micrometers (1m).*® An overview of important particle size
ranges and definitions of diverse aerosols is shown in Fig. 1.1.

Aerosol particles are produced by two main processes: direct emission to the atmosphere (primary
aerosols) and condensation of atmospheric gas-phase species (secondary aerosols formed via
gas-to-particle conversion),>” also called ’aerosol precursors’.5 PM is capable of undergoing dynamic
transformations in size and composition through complex physical and chemical processes. In this
context, it is particularly noteworthy that particles can coagulate, vapours can condense on particle
surfaces, photochemical conversion can occur, and various chemical activation reactions can take place,
leading to the formation of cloud- or ice condensation nuclei.”®

Once in the atmosphere, the lifetime of PM is also dependent on its size. PM 1 can remain in the
atmosphere for several hours, but typically coagulates and grows into PM;. These accumulation mode
particles can then persist in the atmosphere for several days to weeks, undergoing various processes
before being partitioned, oxidized or deposited back onto the Earth’s surface.'®!! In contrast, coarse
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Figure 1.1.: Diverse aerosol type definitions and their size range (modified after Ref. [6]).
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mode particles have a relatively short atmospheric lifetime, spanning a period of hours to days before
being removed or deposited.® 2 There is a variety of removal pathways for PM. Among those are
oxidation® 1 and photooxidation,'® 6 hydrolysis!* 17 and removal via atmospheric humidity caused
by evapotranspiration,'® dry deposition and wet deposition evoked by precipitation.!? 2!

Atmospheric particle evolution encompasses complex processes that can vary, including sev-
eral multiphase reactions such as coagulation, diverse aging processes (photochemical aging, oxidation,
photolysis, etc.), the formation of cloud condensation nuclei and ice nuclei (CCN/IN), the removal of
PM or CCN/IN by precipitation, and more.!!:22:23 The sources of particles comprise both natural
and anthropogenic origins?? as illustrated in Fig. 1.2. The most common natural sources of PM
are volcanic particles, algae, pollen, dust, and soil and sea spray.>?® It is noteworthy that the
largest contributor of natural primary aerosols (including sea spray) in the atmosphere comes from
the marine environment.?>2° This emphasizes the importance of marine aerosols, as evidenced by
Chin et al. (2016) and Dulac et al. (2023).512

Sources of anthropogenic aerosols include combustion processes of fossil and non-fossil fuels in industry
and traffic (e.g. aircraft, cars, and ships), domestic heating and cooling, coal-fired power plants,
deforestation, biomass burning, brake and tyre wear, and microplastics among many others.3 30-32
While natural sources often contribute primary aerosols in the coarse mode, anthropogenic aerosols
predominantly occur in the accumulation mode and ’are often of secondary origin’.'? Consequently, the
size range of combustion aerosols is typically smaller than that of non-combustion aerosols, yet they
occur in higher concentrations.??3* In basic combustion systems or insufficient combustion conditions,
the proportion of unburnt particles in the total particle mass can exceed a level of 90 %. Conversely,
under optimal combustion conditions, this proportion can decline to a level of less than 1 %.3*
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Figure 1.2.: Diverse sources of PM and their processes affecting air quality and atmospheric chemistry
(modified after Ref. [35]). Global shipping represents a rapidly expanding and significant source of emissions.36 38
It accounts for approximately 3% of greenhouse gas (GHG) emissions,?* 4% with a tendency to increase.*!
Furthermore, ship emissions contribute a range of pollutants to the environment, including soot, sulfur oxides
(SO,), nitrogen oxides (NO,), and particulate matter (PM).42:43
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Combustion-derived particles emitted by various sources, including traffic with Otto engines or diesel
engines, biomass burning, and wood heating frequently contain a complex mixture of chemicals,
including soot (elemental carbon (EC) and organic carbon (OC)), nitrogen oxides (NO, ), sulfur oxides
(SO,), and polycyclic aromatic hydrocarbons (PAHs).*+4% These chemical compounds can undergo
further reactions in the atmosphere. These reactions influence not only meteorological conditions
(directly and indirectly) but also air quality and, consequently, human health.**46 A more detailed
examination of this topic will be provided in Sections 1.2 and 1.3. In this context, the maritime
environment is of particular concern. It has a significant impact on the Earth’s radiative budget
and climate,'>47 yet a large quantity of natural and combustion-related aerosols are emitted in these
environments.*® ! A considerable portion of anthropogenic aerosols and key pollutants, including
PM, soot, volatile organic compounds (VOCs), carbon dioxide (CO,), NO,, SO, and PAHs originate
from global shipping.4>43 Some compounds of ship emissions arise from the complete combustion
process (e.g. CO, and SO, ). Others are formed through the oxidation of nitrogen in the intake air
(NO, ). However, certain species, such as PAHs, are produced as a result of incomplete combustion
of the fuel.5%%3 Since the 1990s, shipping has been identified as one of the fastest-growing sources of
greenhouse gases (GHGs) and pollutants, along with aviation. This phenomenon can be attributed to
the long-term growth of global shipping.36:37

Nowadays, around 90 % of global trade volume is facilitated by maritime transport® % and trends
point towards an even higher demand of ships in the future.?® 395758 According to a Business As Usual
(BAU) scenario conducted in 2019, the number of ships indexed in 2008 will more than have doubled
by 2030.3® Furthermore, maritime traffic is projected to increase by 240 % to 1,209 % by 2050.5?
This highlights a long-term challenge for governments to reduce greenhouse gas (GHG) emissions,
particularly in the context of the Paris Agreement, which came into effect in 2016. The objective of
the Paris Agreement is to constrain global warming to 2 °C, preferably to 1.5 °C, through measures
aimed at reducing GHG emissions.*" %0 However, global shipping is not unequivocally included,’! even
though ship emissions are known to affect the climate.5%% GHGs not only have an adverse impact
on the environment; PM emitted in large quantities from ships also contributes to direct and indirect
climate effects.62,64,65

Today, about 3 % of global emissions can be attributed to ship emissions.?*4? According to the BAU
scenario this fraction may increase to about 10 % by 2050.3%4! Moreover, in many coastal countries
ship emissions already have a significant influence on particle concentrations. Recent calculations show
that ships are responsible for at least 10 % of controllable fine particles.®> Hereinafter, PM can grow
through the aforementioned physical and chemical processes. Thus PM can be transported by wind
over hundreds of kilometers,%® affecting not only coastal regions but also ecosystems and people inland,
leading to thousands of untimely deaths each year.5”:%% Nowadays, approximately 37 % of the world’s
population resides within 100 km of the coastline,®” highlighting a significant concern regarding the
global impact of increasing ship emissions.

1.2. Health Impacts of Ship Emissions

Ship emissions, when released into the atmosphere, pose significant concerns due to their impact on
human health, ecosystem quality, and climate change.?8:67:70-72 Notably, pollutants such as sulfur
oxides (SO,), nitrogen oxides (NO,), carbon oxides (CO, ), and high concentrations of PM, 5 from ships
contribute to various adverse health effects, including cardiorespiratory diseases.?® ™ It is estimated
that air pollution, in general, is responsible for approximately seven million untimely deaths annually.”
Furthermore, sulfur emissions from ships fuel combustion alone have been linked to between 19,000 to
91,000 deaths per year in coastal regions.” However, the health consequences cannot be attributed
solely to sulfur content. For instance, high sulfur levels in fuels lead to increased PM emissions, which,
in turn, have significant health impacts on humans.6"7®

Depending on its size and surface area, PM from ship emissions, especially PM;, ; from combustion, can
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penetrate deep into the lungs, reaching alveolar cells, and potentially translocate into the bloodstream
(see Fig. 1.3).7%89 Studies have shown that, in terms of health implications, smaller PM generated by
the combustion process tends to have a greater impact than larger PM.8%:82

a.)
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Although the human body has mechanisms to clear PM through the mucociliary escalator and
the actions of resident macrophages,3*86 inhaled PM can still induce oxidative stress and pro-
inflammatory responses leading to a range of inflammatory reactions and chronic diseases.8”?3 In
this context, oxidative stress refers to an imbalance between the production of reactive oxygen
species (ROS) and the body’s ability to detoxify these reactive intermediates or repair the resulting
damage.?? Ship emissions, depending on the type of fuel used, can trigger oxidative stress by
carrying metallic constituents such as nickel, iron, and vanadium. For instance, PM containing iron or
vanadium interacts with airway cells leading to the formation of free radicals such as superoxide anions
(e.g. Oy ) and hydroxyl radicals (+ OH), as well as non-radical molecules like hydrogen peroxide
(Hy0,). These reactive species have the potential to induce oxidative DNA damage, membrane
lipid peroxidation, and various metabolic and molecular adverse effects.”® These effects may differ
from those induced by PAHs or other organic PM, which are well known for their mutagenic and

carcinogenic potential 829798

In mammalian systems, the metabolization of PAHs is primarly regulated by the aryl hydro-
carbon receptor (AhR) signalling pathway, which controls xenobiotic metabolizing enzymes such as
cytochrome P450 (CYP) enzymes, including CYP1A1 and CYP1B1. These enzymes facilitate the
conversion of PAHs into water soluble conjugates for excretion. However, these metabolic processes can
also generate reactive intermediates, such as diolepoxides, quinones, and hydroxyalkyl derivates, which
are not sufficiently polar for excretion. Instead, they can form covalent adducts with proteins and
nucleic acids, leading to oxidative stress, immunotoxicity, genotoxicity, and carcinogenic effects. %100
Additionally, other emissions from ships, such as SO,, pose significant health concerns due to their
toxicity.86: 1917103 Marine fuels like heavy fuel oil (HFO), which contain high concentrations of these
compounds,'? are known to be toxic.!9? However, even supposedly cleaner distillate fuels such as
marine gas oil (MGO), which contains lower levels of organic compounds, also have the potential to
cause acute health effects.!9%105 Tt is important to note that the interactions of individual particles
with the human body vary, leading to different biochemical reactions and a wide range of health
effects.®? Consequently, the resulting damage from PM exposure can result in a range of pathological
conditions, resulting in either acute or chronic diseases.'%1%6 In the case of acute diseases, the rapid
release of inflammatory markers such as cytokines or chemokines leads to an acute inflammatory
reaction that can result in increased blood pressure (hypertension), arrhythmias and thrombogenesis,
or cardiovascular events such as myocardial infarctions.!®” Conversely, long-term reactions caused
by PM result in chronic diseases, including asthma, chronic obstructive pulmonary disease (COPD),
lung cancer, atherosclerosis, and others.!%® It is estimated that over 260 million people worldwide are
affected by asthma.'?® In 2020, ship emissions were responsible for approximately 265,000 untimely
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deaths globally, underscoring the substantial health implications of inhaled PM.M? A reduction in
air pollution, specifically in terms of PM, 5 and PM,,, has been demonstrated to yield significant
benefits, such as increased life expectancy and improved respiratory health.''! According to Sofiev et
al. (2018),% the adoption of cleaner marine fuels, such as low-sulfur fuels, in the shipping industry
would lead to a 34 % and 54 % reduction in premature mortality and morbidity, respectively. Moreover,
cardiovascular and lung cancer deaths would be reduced by a decrease in PM, 5. And last but not
least, there would be an estimated 3.6 % reduction in childhood asthma.%® This clearly underlines how
marine fuels are linked to human health matters.

1.3. Direct and Indirect Climate Effects

In addition to these health effects, PM from global shipping, particularly PM, s and PM,,, exerts
both direct and indirect effects on the climate, as illustrated in Fig. 1.4. They effect the atmosphere,
radiative forcing (RF), and cloud formation, thus altering the climate.”®™ Direct effects through RF
is driven by particles absorbing and scattering solar radiation. For instance, RF influenced by soot
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Figure 1.4.: Diverse direct and indirect climate effects evoked by ship emissions. Direct effects: acidification
and eutrophication of aquatic systems through particulate matter (PM) containing sulfur or nitrogen;!12-113
Furthermore, the absorption of solar radiation by soot results in a warming effect in the atmosphere and a
reduction in the albedo!'* on ice surfaces. Indirect effects: the Twomey effect increases the cloud albedo
(reflectance degree) by reducing droplet size due to higher cloud condensation nuclei (CCN) concentrations, such
as sulfate aerosols. Smaller droplets enhance solar radiation scattering, resulting in a net cooling effect. 12117 A
cooling effect is also induced by the Albrecht effect, wherein reduced coalescence efficiency leads to an extended
cloud lifetime, thereby enhancing prolonged cloud reflectivity.!1®
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particles absorbing solar radiation results in localized warming.''? 12! Emitted sulfur, on the other
hand, scatters solar radiation and has thus been identified as a potential contributor to cooling of the
Earth’s surface.”® As previously stated, PM can act as condensation nuclei, facilitating the formation
of water droplets from water vapour.'?%123 An indirect consequence of anthropogenic aerosols from
global shipping is the Twomey effect:!1% 124 An increase in the aerosol concentrations within the clouds
results in a greater number of condensation nuclei. Consequently, an increase in the number of smaller
water droplets is observed. This results in a delay in the formation of precipitation. Hence clouds reflect
sunlight for longer, increasing the clouds’ albedo (reflectance of the clouds’ surface), which results in a
cooling effect of the Earth’s surface.!'”:125 Furthermore, a multitude of feedback mechanisms exist,
including soil- or surface albedo feedback, black carbon (BC) feedback, albedo-cloud feedback, and so
forth. These feedback mechanisms can both reinforce or counteract the aforementioned effects, thereby
underscoring the intricate manner in which PM exerts its influence on our climate.!2

Ship emissions in the form of SO, and NO, are significant contributors to atmospheric acidity and
influence coastal waters.!12 127 Moreover, sulfurous and nitrogenous compounds possess the capacity to
acidify precipitation, potentially causing extensive ecological damage. The acidification of water bodies
and soil impacts vegetation, which plays a crucial role for regulating the climate,”® 2% and affects
man-made structures.!?® These effects are of high social, health, and environmental concern. Omstedt
et al. (2015)130 demonstrated that the acidification of the Baltic Sea has been decreasing since 1980 by
a magnitude of 102. This is due to the fact that the emissions leading to an acidification have been
reduced in cars and land-based sources. However, the emissions from ships have not been following
this trend.'?® 130 The increased number of ships underlines the necessity to implement regulations
governing ship emissions in order to mitigate the adverse impacts on the environment and human
health in the future.

1.4. New Ordinances and the Establishment of Different Emission
Control Areas

Despite the well-known environmental and health risks associated with elevated levels of metals,
soot, sulfur, and polycyclic aromatic hydrocarbons (PAH) in ship emissions,?* 13! they remain largely
unregulated.'? 133 In order to address this discrepancy, the International Maritime Organization
(IMO) introduced Annex VI to the MARPOL 73/78 Convention.'3? Its objective is to regulate air
pollution by ship emissions, enhancing human health, and aligning with the EU’s aspiration to attain
climate neutrality by the year 2050.13%136 The IMO’s establishment of Emission Control Areas (ECAs)
in proximity to coastal regions is a pivotal aspect of this initiative. These zones impose limitations
on the emissions of NO, for nitrogen emission control areas (NECAs) and SO, for sulfur emission
control areas (SECAs).'3" In contrast, the regulation step Tier III focuses on the total weighted cycle
emission limit (g/kWh). The aim is the reduction of engine emissions, which are dependent on the
engine’s rated speed (revolutions per minute (rpm)). Tier III applies to all marine diesel engines
installed on ships constructed after January 1%, 2016. It mandates an approximately 80 % reduction
of NO, emissions compared to Tier I levels. Emissions are required not to exceed 3.4 g/kWh at low
engine speeds (less than 130rpm) and limits emissions at higher engine speeds.!3%139 Conversely,
sulfur restrictions directly limit the sulfur content in the fuel.'4® These regulations depicted in Fig. 1.5
have been realized gradually over the past decades. As of January 15, 2020, ships are required to
comply with regulations pertaining to the total fuel sulfur content (FSC), which is prohibited to exceed
0.1% (w/w) within SECAs and 0.5% (w/w) outside.'*! Furthermore, Fig. 1.5 depicts the geographical
distribution of existing and debated ECAs across the globe, as well as ECAs with additional regulations,
such as the Chinese and the Vietnamese SECA. In the latter cases, the FSC is limited to 0.5 % (w/w)
and 0.25% (w/w), respectively. However, in contrast to the Chinese SECA, open-loop scrubbers are
permitted within the Vietnamese SECA,'? a technology that will be discussed subsequently.
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Figure 1.5.: a.) World map (modified after Ref. [143]) showing existing emission control areas (ECAs) (blue),
recently approved ECAs (dark red), potential ECAs (orange) and ECAs with additional regulations (dark
blue).142: 1447147 1 ) The diagram demonstrates the development of permissible fuel sulfur content (FSC) in
global and ECA waters (modified after Ref. [137]).

HFO, also known as residual fuel oil, is a cheap and established marine fuel source that has been
commonly in use since the 1920s.14® In order to reach a specific maximum viscosity, 'the vacuum
residue of the crude oil refinery’ is ’blended by lighter refinery products’.'® Nevertheless, HFO
contains a considerable quantity of heavy metals and sulfur, in form of PM, 5, which are released into
the atmosphere by combustion.'*® HFOs commonly exceed the compliance limit of 0.1 % (w/w) FSC
for SECAs. Consequently, they must be eliminated as a pure fuel solution inside SECAs. 50151
Therefore, an increasing number of new marine fuels are entering the market complying the ECA
standards.!5% 153 Alongside low-sulfur bunker fuels, distillates such as marine gas oil (MGO) or marine
diesel oil (MDQO) are compatible with SECA regulations and are thus becoming an increasingly
important fuel in shipping, as evidenced by their increasing use in recent years.!®* A broad market is
emerging for a variety of "cleaner" alternatives to HFO, including very low sulfur fuel oil (VLSFO),
ultra-low sulfur fuel oil (ULSFO), Methane, Ammonia, liquified natural gas (LNG), hydrotreated
vegetable oil (HVO), MGO, and many blends of distillates with bunker fuels such as marine diesel oil
(MDO) and other intermediate fuel oils (IFO).1%2:153 However, more than 95 % of ships are powered by
internal-combustion engines that run on petroleum products (e.g. HFO, MGO, or MDO).!%3

In addition to low-sulfur fuels, technologies that reduce the sulfur content of ship emissions prior to
their release into the atmosphere are also permitted and comply with SECA regulations.!#! Exhaust
gas scrubbers have been demonstrated to be capable of reducing the sulfur content of exhaust gases
in accordance with SECA standards. Moreover, they reduce the particle mass from the exhaust.!?®
However, the effectiveness of particulate emissions reduction is contingent upon fuel, engine and
scrubber parameters. Recent studies indicate modest effects on particle number and mass emission
factors (EF)'®7 but the literature does not show consistent results.!?6 158159

Scrubbers can be operated in two principal modes that are depicted in Fig. 1.6. One is the
open-loop mode, where the scrubbed residue of the fuel is released into the sea with the wash water.
The second is the closed-loop mode, where the contaminated wash water is collected for disposal on
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land. There is also a hybrid mode, where open-loop or closed-loop can be used depending on the
shipping lane.'% 161 The prevailing trend in the field is the utilization of open-loop scrubbers, which
have been demonstrated to be more cost-effective in a range of scenarios compared to closed-loop
systems.'62:163 This implies that there are two potential avenues for regulating ship emissions: either
by utilizing slightly more expensive low-sulfur fuels or by continuing to employ inexpensive bunker
fuels in conjunction with scrubbers.!%9 The implementation of scrubbers can have a profound impact
on the environment. The legal use of HFO generally increases emissions. In open-loop systems, these
pollutants can have a direct impact on the marine environment.04 131,164
used scrubber systems on the market is predicted to increase.

However, the number of

156,165,166
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Figure 1.6.: Depicted possibilities for ships to comply with sulfur emission control area (SECA) restrictions.
One is illustrated in a.), which depicts a simplified overview of a scrubber in hybrid setup as an alternative
solution for low-sulfur fuels. The scrubber can be operated in two modes, either in open-loop (light and dark
blue lines) or in closed-loop (yellow lines) (modified after Ref. [164]). In contrast, b.) highlights diverse fuels
such as marine gas oil (MGO), ultra-low sulfur fuel oil (ULSFO), hydrotreated vegetable oil (HVO), low sulfur
fuel oil (LSFO), marine diesel oil (MDO), e-fuels, liquefied natural gas (LNG), biofuels, and ammonia (NHj).
These fuels can be SECA compliant as a main solution, dependent on the fuels’ sulfur content (FSC).

Nevertheless, the transition to "cleaner' fuels, such as distillates or alternatives, is a gradual process
that is contingent upon the cost reduction factors of the modern fuels:'® The estimated cost of
"cleaner" HVO is within the range of 140-195€/MW h, the global average of MGO is approximately
69€/MW h,'57 while the cost of HFO is around 36 €/MW h.'® With a total of approximately 60,000
merchant ships in the world fleet in 2023,'6? it is conceivable that the transition will be gradual and
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challenging over the next decades.*> This becomes clear when looking at IMO objectives. The reduction
of GHG from shipping should be reduced to 20 % - 30 % by 2030 and 70 % - 80 % by 2040 compared to
2008.10 Despite that, no measures have been adopted to realize these objectives in order to fulfil the
Paris Agreement.*! Nowadays, MGO, compatible with diesel engines,!™ has become the predominant
fuel in SECAs.'™ This shift has led to a reduction in PM emissions; however, it has not resulted in a
substantial decrease in CO, emissions.%% 17217 In order to satisfy IMO’s regulation for ship emissions,
forthcoming SECA-compliant mixture fuels are poised for market entry.'7%174 This will likely happen
at a gradual pace as a result of technical, economic, and social considerations.*?

1.5. New Possibilities for Source Apportionment in Modern Shipping

The expansion of the market for modern fuels is accompanied by a number of challenges, particularly
in measurement technology. Unlike the initially dominant HFOs, compliant distillates differ not only
in terms of FSC, VOCs, or particle mass.!™ They also cannot be identified by metallic markers such
as nickel (Ni) or vanadium (V) that were commonly found in HFO-derived ship emissions.'6:17" As a
consequence, the traditional metal markers are no longer the exclusive means of identifying ships. This
poses challenges in light of the growing number of ECAs worldwide that are recently proposed for the
benefit of human health.'% 146 Fuyels are conventionally characterized based on their physical properties,
whereas their chemical composition is typically analyzed using gas chromatography-mass spectrometry
(GC-MS). Advanced chemical characterization is performed by comprehensive two-dimensional gas
chromatography (GC x GC) or fourier-transform ion cyclotron resonance mass spectrometry (FTICR-
MS).104: 178,179 However, these offline methods are disadvantageous for source apportionment. Offline
methods require time and are therefore impractical for tracing immediately distinct markers to identify
the source. This gives shipping companies the opportunity to take advantage on that. Specially, a
method is required to identify ship emissions, particularly in urban contexts where diverse anthropogenic
sources exist (e.g. domestic heating, biomass burning, power plants, and urban dust, among others).
This is necessary in connection to global air pollution since coastal cities are inhabited by millions of
people.%? Modern analytical online methods are required that do not focus exclusively on metals and
are able to identify the majority of ship emission sources in- and outside the ECAs by new chemical
markers. It is not uncommon to use PAHs diagnostic ratios (DRs) to distinguish emission sources.
Polycyclic aromatic hydrocarbons have previously been analyzed in both the gaseous and particulate
phases using DRs to identify emission sources.'® As illustrated in Fig. 1.7, emission sources can
be distinguished by their gaseous PAHs via resonance-enhanced multiphoton ionization (REMPI).
In 2017, Czech et al. found evidence for marker signatures in gas phase that could distinguish different
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Figure 1.7.: Aromatic emission profiles emphasize the distinguishability of diverse combustion sources (modified
after Ref. [180]).
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fossil fuels by their polycyclic aromatic hydrocarbons!'®® (see Fig. 1.7). However, it should be noted
that REMPI-MS is typically insufficient for DRs. Diagnostic ratios are typically referring to isobaric
substances that can be measured with GC-MS.'8! Consequently, one of the main motivations for this
work was to test whether such emission sources could also be identified using an online method for
individual particles. A method for discriminating marine fuels via single particles would offer several
advantages for source apportionment. Single particles transport a bundle of chemical information from
the exhaust of the ship to a distant analysing system nearly in real-time. Therefore, land-based online
systems could be adapted to control and secure air quality in ECAs. In order to asses if there are
discernible patterns in the PAH composition of different marine fuels, it is necessary to conduct both
laboratory and field experiments. The laboratory experiment should investigate the impact of different
combustion scenarios of a ship engine on its emissions, employing common marine fuels. A field study
should be designed to verify the results of the laboratory experiment and provide further insights into
the development of PAH patterns under real-world conditions. For these experiments, a single-particle
mass spectrometer (SPMS) with a modern ionization technique is used as an online method, enabling
the simultaneous investigation of both the inorganic and organic components of a particle.

1.6. Chemical Conversion of PAHs during and after Combustion
Processes

As PAHs are considered a potential marker for marine fuels, it is essential to gain an understanding
of their main characteristics and how they are formed in the combustion process of marine engines.
In general, PAHs are defined as a class of organic compounds consisting of multiple fused aromatic
rings composed entirely of carbon and hydrogen atoms. These rings can be arranged in a variety
of ways, sharing one or more sites.'®? This ring structure is stable due to conjugated m-electrons.
These electrons are delocalized over several rings.!®3 Key characteristics of the PAHs are the
aromaticity, the fused rings, hydrophobicity, and their environmental persistence.'®? That means,
in more detail, that PAHs contain aromatic rings that adhere to Hiickel’s rule, which defines an
aromatic compound as a planar, cyclically, through-conjugated molecule with (4n + 2) m-electrons
(n € N). However, it should be noted that there are exceptions for large annulenes.'® An odd
number of electron pairs leads to more stable aromatics, while an even number leads to more
unstable aromatics, also known as antiaromatics with (4n)m-electrons.'® The aromatic rings
in PAHs are fused and share common carbon atoms, which distinguishes them from common
aromatics with isolated rings.'®® PAHs are known to be hydrophobic, meaning that they do
not dissolve in water, but in fats and organic solvents. This hydrophobicity allows them to per-
sist in the environment due to their stable structure and can lead to accumulation in living organisms. 186

PAHs are predominantly a product of incomplete combustion, encompassing biomass burn-
ing, domestic heating, industrial processes, and various fuel combustion processes, among others. 87
The growth and formation of PAHs in high-temperature combustion environments is described by the
hydrogen abstraction carbon addition (HACA) process.'3 189 Firstly, Eq. 1.1 describes the 'Hydrogen
Abstraction’. A hydrogen atom is removed from an existing aromatic hydrocarbon molecule. This
could be facilitated for instance by reactive species, such as hydrogen atoms H- or hydroxyl radicals
OH- in the environment.!”® The reaction of hydrogen results in the formation of a reactive radical site
on the aromatic hydrocarbon.!”!

PAH + -OH — [PAH - H} + 1,0 (1.1)
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The radical site on the aromatic hydrocarbon reacts with an acetylene molecule (CyHy). CyH, is a
common species in high-temperature environments due to its stability.?0 192

PAH""CQHQ — PAH—C2H2’ (12)

Finally, a new PAH (PAH—C,H,) is created. This process can be repeated several times to create new
PAHs.'0 In the HACA framework, the formation of pyrene can be initiated by the reaction of a phenyl
radical with acetylene, resulting in the generation of a phenylacetylene intermediate. The corresponding
reaction mechanism is illustrated in Fig. 1.8. This phenylacetylene intermediate subsequently undergoes
a series of transformations, leading to the formation of naphthalene, 1,2-ethynyl-naphthalene, and
finally, phenanthrene. The final step in this process is the formation of pyrene.¥?

benzene ,, CH, oH b CH/.C_H
H, *H NcH M cH NcH °

Hydrogen Abstraction Carbon Addition °H<—J<— CoH,

o ii— ——
" - |C |H CH\}:\ |C|H " ICIH

pyrene

Figure 1.8.: Possible process for PAH growing. Reaction mechanism showing hydrogen abstraction carbon
addition (HACA) from benzene to pyrene (modified after Ref. [193]).

Once in the atmosphere, after the combustion process, PAHs can undergo complex aging processes
prior to their removal, mainly through dry deposition.'®” These transformations significantly influence
their environmental fate and toxicity. The primary aging mechanisms can be categorized into
photochemical, chemical, and physical processes. 87194

Photochemical aging predominantly occurs via UV radiation-induced reactions. In this process
PAHs undergo photooxidation to form various oxygenated derivatives including quinones, ketones,
and aldehydes.'” The reaction kinetics depend on many parameters, including light intensity and
thermodynamic conditions.'871% Keyte et al. (2013)'87 elucidated the atmospheric aging processes
of PAHs, focusing on their reactions of key oxidants, including hydroxyl radicals «OH, ozone (Os),
nitrate radicals (NOs+), and nitrogen dioxide (NOy). Additionally, it is imperative to acknowledge
soot-initiated reactions. In those reactions soot light absorption results in the transfer of energy to an
organic compound. This facilitates the formation of oxidants (e.g. for PAHs).'?6

These reactions of PAHs with oxidants lead to the formation of oxygen-containing functional
groups,'?” ring-opening reactions, and oxygenated and nitrated PAH derivatives, which can alter
their toxicity and environmental behavior. The rate of these reactions varies depending on the
specific PAH structure and environmental conditions. Notably, the partitioning behavior of PAHs be-
tween the gas and particle phases influences their reactivity and long-range transport potential. 87 197,198

To determine the origin of these PAHs, the concentration ratios of pairs of individual PAHs
at receptor and source sites are examined. For this purpose, PAHs with analogous degradation
properties in air are proposed, known as diagnostic ratios (DRs).'8719 The formation and evolution
of DRs during atmospheric aging processes provide crucial insights into PAH source apportionment.
Initial DR values are determined by combustion conditions, including temperature and oxygen
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availability. However, these ratios undergo systematic changes during atmospheric transport due to
differences in reactivity among PAH species.'®! Common DR pairs, such as Pyrene/Fluoranthene and
Anthracene/Phenanthrene, exhibit varying degrees of stability during atmospheric aging, influenced by
species-specific vapor pressures and reactivity with atmospheric oxidants.?’° However, other DRs
associated with aging exist, such as Benzo|a]pyrene/Benzole]pyrene (BaP/BeP).!!

Notably, aging products can exhibit enhanced toxicity compared to their parent PAHs. This
emphasizes the importance of understanding the underlying transformation processes for accurate
environmental and health assessments.'? 29" The complexity of these aging mechanisms necessitates
careful consideration when using PAHs and their distributions as source markers for monitoring ship
emissions. Relevant PAHs are illustrated in Fig. 1.9.

a) number of carbons in alkyl side chains n=0 n=1 n=2 n=3 n=4
PAHs m/z
phenanthrene, anthracene 178 192 206 220 234
(e.g. retene)
pyrene, fluoranthene 202 216 230
benzanthracene(s), benzphenanthrene(s) 228 242
(e.g. chrysene)
benzpyrene(s), benzfluoranthene(s) 252 266
C14H10 C14H10) (C15H‘|2) C16H10) (C16H10)
Phenanthrene Anthracene Methylphenanthrene  Pyrene Fluoranthene
Y of
CH3
CH3
(CyeH1a) (C47H46) (CigH12) (CigH12)
Dimethylphenanthrene Propylphenanthrene Benz[a]lanthracene Chrysene
H3C, CH3
CH O O
(C18H18) (C18H18) C20H12 C20H12)
Tetramethylphenanthrene Retene Benz[a]pyrene Benzo[Kk]fluoranthene

Figure 1.9.: PAHs that play a crucial role in the investigation of ship emissions. Table a) illustrates exemplary
PAHs with corresponding numbers of aliphatic carbons and mass-to-charge ratios. These PAHs can be detected
in individual particles of fuels?Y%:293 and are found in this work. b) Possible structural formulas of PAHs
observed in the subsequent results.



Chapter 2.
Fundamentals of the Applied Techniques

This chapter elucidates the fundamental ionization mechanisms. Subsequently, the methodology
employed in this work is discussed. The experimental setup, which was uniformly utilized for all
experiments, is then described. The chapter closes with an evaluation method that was frequently
utilized throughout this work. It is shown that the method is well-suited for the analysis of large
datasets, such as those obtained from single-particle measurements, that are presented.

2.1. Laser Ionization Processes in Single-Particle Mass Spectrometry

In the domain of single-particle mass spectrometry, Morrical et al. (1998) introduced a method that
became known as laser desorption-resonance-enhanced multiphoton ionization (LD-REMPI). This
method enables the identification of PAHs at the single-particle level. However, soft ionization methods,
such as REMPI, are often insufficient for ionizing the refractory components of a particle.?’* An
ionization method developed in 2019 permits a combined interpretation of both PAHs and inorganics
of the same particle by using spatially and temporally tailored laser pulses.?’> This method is essential
for obtaining the desired chemical information from both single-particles in laboratory and field
experiments. Prior to the detailed discussion of the method, its fundamental basis, the key ionization
processes involving laser desorption/ionization (LDI) and resonance-enhanced multiphoton ionization

(REMPTI) are described.

2.1.1. Laser Desorption/Ionization

Laser desorption/ionization (LDI) represents the most common type of ionization in the field of
single-particle mass spectrometry. This predominance can be attributed to its ability to analyze a wide
range of substances, including refractory materials and metals. It produces a high ion yield, which is
advantageous when dealing with limited sample material in ambient measurement contexts,202,206-208
LDI is frequently generated with pulsed lasers, usually in the ultra-violet (UV) light spectrum. Nd:YAG
lasers with fourth-harmonic generation (FHG) (A =266 nm) or various excimer lasers (KrF: A =248 nm
and ArF: A =193nm) as well as No-lasers (A =337nm) are suitable.207:20%210 " Although LDI is a
well-established ionization method, the precise physical processes involved and the parameters that
affect them remain poorly understood.?”

In general, LDI in single-particle mass spectrometry is characterized by a complex interplay of physical
and chemical processes that occur during laser-particle interaction.?!’ When the laser photons interact
with the particle surface, a cascade is triggered in which energy transfer processes lead to rapid heating
rates of over 1000 Ks™!. This results in near-instantaneous vaporization of the particle material.?!»2!2
The primary physical mechanisms encompass several distinct processes in which photothermal heating
converts absorbed laser energy to thermal energy, and leads to explosive vaporization. Concurrently,
photoelectronic processes facilitate direct ionization through multiphoton absorption.®!»2!3 In this work,
a pulsed KrF-Excimer (248 nm) laser is used, delivering an appropriate pulse energy of 6 mJ.203,214
The energy accumulation within excited molecules promotes desorption and ionization, enhancing
the overall efficiency. Moreover, the rapid removal of electrons can result in particle disintegration
via Coulomb explosion.?’?!® Within the expanding plume, multiple recombination processes occur
simultaneously. This includes electron-ion recombination where free electrons can recombine with
positive ions, reducing ion yield. Vaporized species can aggregate in the gas phase, forming cluster
ions. Ton-molecule reactions in the plume lead to secondary ionization processes.?’:216 The processes
evolve on different timescales, from femtoseconds for initial photon absorption to microseconds for

13
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ion-molecule reactions.212

Matrix effects in single-particle analysis present particular complexity due to competitive ionization in
which different species compete for available charge. Space charge effects in high ion density plumes
have been shown to distort ion trajectories, while the chemical composition of particle surface layers
has been demonstrated to strongly influence ionization probabilities.?!7-218 Supression effects, where
certain species can suppress the ionization of others, combine with phase and morphology influences.
This affects energy coupling and creates a complex analytical environment.?!%220

The optimization of instrumental parameters is highly dependent on laser parameters, including
wavelength, pulse duration, fluence, spatial beam profile, and repetition rate. Particle properties such
as the particle size and chemical composition, among others, also play a role.?216 Consequently, it
is not yet feasible to make quantitative predictions concerning ion production or precise component
quantifications.?0% 207221 However, LDI enables a fast investigation of the qualitative composition of a
single particle. LDI of atmospheric particles leads to the generation of distinctive positive and negative
ion signatures. While its anions often reveal organic fragments, electronegative elements such as Cl ™,
carbon clusters, and complex ions (e.g. NO, , NO3 ), cations in positive mass spectra often include
electropositive elements (eg. K*, Ca™ or Fe') and organic fragments (e.g. (])<Hy+).2()5’207

In comparison to utilizing a solitary UV laser pulse for LDI, a two-step approach is used in this work.
Initially, an IR laser pulse (10.6 pm) vaporizes the organic matter from the particle. Then, a second
pulse from the excimer laser is directed towards the resulting plume, ionizing the molecules in the gas
phase.?%® The separation of LD and ionization in this procedure is advantageous for multiple reasons.
Firstly, the vaporization of molecules at high temperatures, which is a complex process in LD, can
be avoided. Secondly, the laser intensities and photon energies can be reduced, thereby minimizing
fragmentation.??? Thirdly, since ionization takes place in the gas phase, matrix effects are decreased,
which is advantageous for quantifying approaches.??3 However, it should be noted that the degree of
fragmentation can increase with the intensity of the IR laser pulse that desorbs the molecule.?0”

LDI is applicable to the analysis of both organic and inorganic salts, as well as polycyclic aromatic
hydrocarbons (PAHs) carried by single particles.??422> However, the efficacy of LDI is restricted for
organics, leading to higher fragmentation. LDI is rather applicable for particles that are dominated by
soot or parent PAHs.2%® Thus, LDI is an ideal tool for the investigation of emissions from the marine
environment; however, for a good detection of the organics it is useful to add resonance-enhanced
multiphoton ionization using UV wavelengths.?26

2.1.2. Resonance-Enhanced Multiphoton Ionization

Resonance-enhanced multiphoton ionization (REMPI) is a soft ionization method, typically applied
to molecules in gas phase. Consequently, a particle needs to be desorbed before using REMPI.?%7 In
this process a single photon is not sufficient to exceed the ionization potential of a molecule. Instead,
(n+m) photons ionize the molecule. The ionization probability P is proportional to the laser intensity.
This allows the photon energy to be selected to minimize fragmentation.?%> In the majority of cases, UV-
or vacuum UV photons are utilized.??® This work employs a KrF*-laser with a wavelength of 248 nm
and an energy density of 10° to 108 Wem ™2, which shows a high selectivity for aromatic compounds.
Thus, the laser is suitable for the study of PAHs.?03,226,:229 REMPI exhibits high ionization efficiency
for a number of compounds. The (1+ 1) photon combination is sufficient to ionize a wide range of
aromatics, with ionization potentials ranging from about 6 eV to 9.48 eV.?30 This renders it a suitable
tool for use in analytical chemistry, investigating aromatic compounds in ship emissions and ambient
air experiments.??%231-234 A simplified scheme of a possible REMPI process is shown in Fig. 2.1. In
REMPI, either monochromatic light or light of multiple wavelengths A can be used. For instance, in
(14+1) REMPI, a first photon can excite a molecule and the second photon of the same wavelength
causes its ionization. In the latter case, two different wavelengths are used for the excitation of the
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molecule and its ionization. This method has the advantage over monochromatic REMPI that it allows
for greater flexibility in its application.23% 235

Ea A"+ e
(i) 4 (ii) 4

Figure 2.1: Scheme of resonance-enhanced multiphoton ion-
)\1 )\1 ization ((n+m)REMPI) mechanisms: (i) monochromatic (14 1)
REMPT uses two photons of the same wavelength (A;). The
S* first photon excites the molecule from the ground state Sy to
A an excited state S*, while the second photon leads to an energy

)\2 above the ionization potential Ey. In constrast, (ii) illustrates
81 a (24 1) multi-colour REMPI, where two different wavelengths
(A1 and Ag) are used to exceed the ionization potential Ey of the

)\1 )\2 molecule. REMPI is a soft ionization technique that exhibits

high sensitivity towards organic molecules, including aromatic
231

energy

S 0 compounds.

2.2. Improvement of Mass Resolution by Delayed Extraction

As previously indicated, LDI in SPMS is a complex ionization process in which the resulting ions can
possess a range of kinetic energies distributed over many angles.?3¢ According to Li et al. (2018),236
velocities can vary between 50 and 300ms~! in SPMS, depending on particle size.?36 The distribution
of the kinetic energy of the ions depends on several parameters such as the properties of the matrix and
the laser fluence.?3” This limits the precision of the mass resolution of the SPMS. It is restricted by
two factors: spatial and energy dispersion.?6 The spatial dispersion is proportional to the particle size,
which is negligible for the applications in this work.?*6 However, the time-of-flight-mass analyzer is not
able to compensate the total energy dispersion of all ions.??¢ To address this challenge and enhance
the mass resolution, the concept of delayed extraction is employed here.?16:236:238 This approach aims
to mitigate the adverse impact of energy dispersion on the m/z resolution of ions. After the ions
are formed in the ion source, they are not immediately extracted and accelerated by the electrodes.
Instead the extraction process is delayed. The optimal delay time depends on the mass range of the
ions of interest. However, it should be noted here that suboptimal choices of delay time can also
degrade resolution. Ideally, the slower ions have sufficient kinetic energy during their drift to match
the speed of the faster ions. Thus energy dispersion of the ion packet is reduced, resulting in a higher
mass resolution of the SPMS.236 In this study all ions are extracted with a delay time between 0.4 jis
and 0.6 ps. Experiments have shown that this setting improves the resolution of the SPMS for the
applications in this work.205 238

2.3. Time-of-Flight Mass Spectrometry

In the field of mass spectrometry, time-of-flight (ToF) systems represent a well-established technique. It
facilitates the dispersion of ions with different m/z ratios over time during their flight in a field-free drift
path of a known length. The system has two main advantages. Firstly, the m/z range of a ToF-system
is nearly unlimited; secondly, the spectral mass acquisition rate is very high, potentially reaching rates
of over 1000 Hz. Thus, a complete mass spectrum can be obtained from a single ionization event. The
technique can be combined with other mass spectrometric techniques, making it ideal for both the
investigation of samples in a laboratory setting and the analysis of ambient particles in real-time.??4
The principle of separating the individual m/z ratios of an ionized molecule is as follows. After
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ionization, the positive ions reach a negative voltage and the negative ions reach a positive voltage
(bipolar ToF-system). The ions with the charge ¢ = ze (z € N\ {0}) move towards the applied voltage
U and thus carry the kinetic energy:

va

Ekin == T =zeU = Eel. (21)

If Eq. 2.1 is now converted according to the velocity v, the result is:

2zeU
= ) 2.2
v m (2.2)

Assuming that all ions start at the same time %y, the applied voltage is U = const. we obtain the
time-of-flight t1op by inserting Eq. 2.2 into the ansatz s = v-¢:2%4

s m
tToF = —— -4/ —. 2.3
or V2eU z (2.3)

Incorporating of a reflectron (see Fig. 2.2) within the flight tube can enhance the resolution in a
time-of-flight system. Reflectrons are typically comprised of ring electrodes angled in the direction
of ion flight. The detector, typically a microchannel plate (MCP), is positioned on the opposite
side, adjacent to the ion source. lons of varying mass and, consequently, different Fy;,, are initially
accelerated by a voltage U,.??* Tons of higher Eij, traverse the field-free space at a higher velocity
than ions with lower Ey;,. Upon reaching the ring electrodes, which are subject to a counter voltage of
approximately 1.05 —1.1U,, the ions undergo a deceleration and acceleration process in the opposite
direction. Ions of higher FEy;, are drawn deeper into the electric field of the electrodes, resulting in a
longer dwell time within the reflectron for larger Fji,. Consequently, a correction in the time-of-flight
is achieved, thereby enhancing the resolution of the ToF-system. Although the ions must now traverse
a greater distance to reach the MCP, the enhanced resolution achieved by the reflectron outweighs this
disadvantage. As an alternative, the reflectron can be operated in linear mode by setting the reflectron
voltage to zero, enabling the ions to be detected by the linear detector.??* Reflectrons are standard in

m; > mj

ion 1.\fleld-free flight path R reflectron

I C——
source el
lower E, o .
S ———
U, higher E,;,
reflector ,
detector drift path linear detector

Figure 2.2.: Schematic structure of a reflectron: The reflectron employs a countervoltage to compensate for
the differences in the kinetic energies of particles within the same mass range, enhancing the mass resolution
(modified after Ref. [224]). Principle: Ions of different kinetic energy traverse the reflector to different extents
before coming to rest and being ejected in the opposite direction. As a result, ions with higher kinetic energies
are capable of traversing greater distances than those with lower kinetic energies, achieving a time focus at some
point along the return trajectory. At this location, the detector receives ions of identical mass at approximately
the same time. The placement of the detector beside the ion source is facilitated by a small angle between the
axis of the flight path and the reflector.??4
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TOF-systems because of their ability to compensate for most of the spread energy of the ions.?? This
work uses reflectrons in SPMS.

2.3.1. Modern Ionization Technique for Single-Particle Mass Spectrometry

A single-particle mass spectrometer (SPMS) is suitable for detecting the chemical signature of
individual particles.?0%:297:240 This method enables the qualitative identification of the organic and
inorganic nature of a free, isolated particle.?0%207:240 The use of SPMS is particularly advantageous for
characterizing the aerosols mixing state.?97:241 The mixing state of aerosols refers to the distribution
of chemical species across an ensemble of particles within an aerosol, thereby distinguishing internally
and externally mixed states. In an internally mixed state, different aerosol components coexist within
the same particle. This typically occurs due the aforementioned processes in the atmosphere. In
contrast, an external mixture consists of compositionally distinct particles.?07:242

The setup shown in Fig. 2.3 is the configuration of a bipolar single-particle mass spectrome-
ter. Particles are transported to the instrument with a sample flow of 1 Lmin~!. Using an enrichment
unit, the particles in this flow are concentrated into a flow of 0.1 Lmin~! and enter the inlet system of
the SPMS. Subsequently, particles are focused into a narrow beam using an aerodynamic lens, which
concentrates the particle beam before it passes through a sizing unit.?*3 In this unit, each particle is
subjected to two pulses of Nd:YAG lasers with a wavelength of 532 nm. The scattered light emitted by
the particle is detected by photomultipliers, which amplify the resulting electrical signal with each
impact. The two electrical signals are used to calculate the speed of the particle and determine the
trigger times of the subsequent laser systems. Initially, a pulsed COy-laser (25 mJ, 10.6 pm) desorbs
the particles, creating an organic plume around the inorganic particle core. Both are then ionized by a
KrF-excimer laser (6 mJ, 248.3nm). Initially, the plume is ionized with a rectangular laser profile
via REMPI. Almost simultaneously, the inorganics are ionized via LDI by focusing the beam on
the particle core using a spherical mirror. Further information regarding the lasers utilized in this
configuration is provided in the appendix.

The use of both resonance-enhanced multiphoton ionization (REMPI) and laser desorption/ionization
(LDI) enables the simultaneous resolution of organic PAH signatures (REMPI) and the inorganics
(LDI) of a particle. The excimer laser creates an unfocused beam profile with the advantage that the
particle and its plume are hit in a precise manner, resulting in REMPI (see Fig. 2.1) without the
occurrence of LDI. In a second step, the beam is focused with a spherical mirror to the refractory
residue of the particle (LDI). The beam focus, described by the Rayleigh length, clearly shows a higher
energy density than the unfocused beam profile. The energy density in the beam focus reaches values
of over 2GW cm ™2, sufficient to ionize resistant particles.?%:214

This process can be executed in two different modes: The initial mode is the sizing mode. The
detectable particle size is constrained by the limitations of the scattering cross-section for Mie
scattering.?%” The second mode is the so-called ’free-running mode’. The sizing lasers remain
deactivated, and particles are hit at random by the CO,- and the excimer laser, which are operated at
a constant rate of 100 Hz. The advantage of the free-running mode is that it allows for the detection of
smaller particles, although this comes with the loss of size information.

Once the particles have been ionized in a point ion source of high energy density, the extrac-
tion of all ions is executed with a delay ranging from 0.4 ps to 0.6 ps after the ionization pulse. This
delay is implemented to enhance the quality of the mass spectra.?3% 236,238 Subsequently, cations from
LDI and PAHs from REMPI are recorded together in the positive flight tube of the SPMS, while
anions are recorded in the negative flight tube. To ensure optimal resolution of the mass spectra, the
SPMS utilizes reflectrons in both tubes. Additionally, the transmission of cations from the LDI process
is attenuated by a factor of approximately 50 to ensure sufficient dynamic range for measuring both



18 Fundamentals of the Applied Techniques

Inlet
LDI- LDI* REMPI
Aerodynamic lens

i LIl

“m/z

particle-time-of-flight
(ptof)

7\—>: Photomultipliers
: ! ‘\) ‘\/\ .‘ ~10¢ mbar
b ] N_/_\ ‘:/ "z {Nd:YA

@)

(sizing)

@)

7=532
I nm {NA:YA

Optical fibers

I = Co, O A=10.6 ym
Trigger system| Laser
= | Excimer (KrF) \\ =248 nm

Reflectron

Reflectron

Time-of-flight system

Figure 2.3.: The concept of the single-particle mass spectrometer utilizing a modern ionization technique. A
single particle enters the instrument through the inlet. Subsequently, an aerodynamic lens converges the particle
beam to a sizing unit, where the particle is hit twice by Nd:YAG lasers with a wavelength of 532 nm to determine
its velocity. The scattered light of each hit particle is directed to a photomultiplier. The resulting electrical
signal is used to trigger diverse laser systems with the appropriate timing. The initial laser system, a carbon
dioxide laser (10.6 nm), strikes the particle, creating an organic plume by laser desorption (LD). Subsequently,
this plume-covered particle is struck twice by an excimer laser (248 nm) with a flat-top profile. Therefore, the
unfocused beam ionizes the plume (resonance-enhanced multiphoton ionization (REMPI)), although the energy
density is insufficient to ionize the particle core. Consequently, the unfocused beam is reflected by a spherical
mirror that focuses the beam on the inorganic core to ionize it (laser desorption/ionization (LDI). Following
ionization, electrodes extract the ions with a delay of 0.6 ps. The ions then drift through reflectrons to enhance
the resolution of the detected mass spectra. The mass-to-charge ratios of each particle are subsequently detected
and computed with a customized LabVIEW program.

the strong ion flux from LDI and the weak ion flux from REMPI on the same detector (MCP).23® The
SPMS achieves a mass resolution R~ 800-1000 using these mechanisms.?3® Finally, utilizing these
methods, the SPMS is capable of elucidating the distribution of important pollutants, including PAHs,
soot and metals in single particles, providing insight into their mixing state.202:205,229,244 Ay example
for an accumulated mass spectrum of 88,000 single particles is illustrated in Fig. 2.4 showing ship
emissions from MGO (more examples are found in the Appendix A.2). It is notable that the method
using a wavelength of 248 nm for ionization is resonant to iron, which makes it sensitive to it and other

metallic species such as nickel and vanadium.?3*
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Figure 2.4.: Sum mass spectra of 88,000 single particles from ship emissions obtained via single-particle mass
spectrometry (SPMS). The SPMS was employed to analyze particles emitted from a 1-cylinder, 4-stroke research
ship engine operating on marine gas oil at a load of 60 kW. The resulting data reveal both m/z from anionic
(yellow) and cationic (blue) species detected via laser desorption/ionization (LDI), as well as various polycyclic
aromatic hydrocarbons (PAHs) identified via resonance-enhanced multiphoton ionization (REMPI) (red).

2.4. Clustering of Mass Spectral Signatures

The data for the mass spectra are recorded with a customized LabVIEW program. In this case, the
typical hit rate (ratio of recorded single-particle mass spectra to optically detected and sized particles)
is approximately 50 % as reported in similar studies.?%2!* The measured raw data are transformed
into nominal data and subsequently evaluated using a series of Matlab programs. One such program
employs a neural clustering algorithm designed for continuous-valued input data designated Adaptive
Resonance Theory 2-A (ART 2-A), extracted from the open-source toolkit FATES (Flexible Analysis
Toolkit for the Exploration of SPMS data).?4> Tt is commonly used for online clustering and pattern
recognition tasks and has been demonstrated to be effective for the evaluation of extensive data
pertaining to individual particles.?46 Key steps of the algorithm are shown in Fig. 2.5. At the outset,
the input vectors (nominal data of all particles) are normalized. Subsequently, the cosine similarity
between an input vector (particle,~1) and the prototype (particle;) of each cluster is calculated.
In case the similarity exceeds the predefined resonance threshold p (which can be interpreted as
the Euclidean distance) the input is assigned to the cluster in question. Otherwise, a new cluster
center is created for the input. Upon assignment of an input to a cluster, the cluster prototype is
adjusted incrementally through a weighted update. The strength of the adjustment depends on the
predefined learning rate, denoted as 7. This process can undergo various predefined iterations. Detailed
information regarding the full algorithm can be found in Frank et al. (1998).%4” Finally, all particles
are assigned to their respective clusters. This process can be repeated iteratively as required.?*7-248
Consequently, this and other algorithms have been instrumental in analyzing the obtained SPMS data.
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Figure 2.5.: a) Simplified ART-2-A algorithm showing the net activity between two neurons N; and Ng with
an input I and different bottom-up or top-down vectors (T,S,U,V) resulting from the comparison of input and
the prototypes W; ;. b) Similarity test between Input I and prototype W; ;. If cos(y) > cos(a) = p — assign
input I to cluster (modified after Ref. [247]).



Chapter 3.

Results

This chapter presents the findings of investigations regarding the potential of SPMS for the detection
of tracer elements in source apportionment. The research mainly focuses on PAHs as a possible marker
for ship emissions. The experimental setup used to obtain these results can be found in the relevant
publications and in the method section of this work.

3.1. Detection of Ship Emissions from Distillate Fuel Operation via
Single-Particle Profiling of Polycyclic Aromatic Hydrocarbons

As previously motivated, shipping is a significant contributor to air pollution due to the combustion of
both heavy fuel oils and distillate fuels. Released pollutants such as sulfur oxides (SO, ), nitrogen oxides
(NO, ), particulate matter (PM), and PAHs*? are of concern due to their well-documented carcinogenic
and mutagenic properties.”” 100 While emissions from heavy fuel oils have been extensively studied,
less attention has been given to those arising from the use of distillate fuels, which are often perceived
as "cleaner" alternatives.'%249 However, HFOs without supplementary technical support are no longer
permitted in ECAs. The role of distillate fuels will become more important in the future.'” In
2017, Czech et al. identified a distinct PAH pattern for different sources in the gas phase, prompting
further investigation into its potential application in the particulate phase for ship emissions.'®® This
study represents the first investigation of organic PAH patterns as novel ship markers utilizing a
contemporary ionization technique for the analysis of fresh emissions at single-particle level.
Moreover, this study examines the potential of PAHs as a novel marker for ship emissions, given that
established metals such as iron, vanadium, and nickel are ineffective markers for distillate fuels. Both
a realistic ship engine in a laboratory setting and a field study in Sweden with passing ships were
examined.

This publication?? focuses on MGO because it is permitted in ECAs and is becoming increasingly
prevalent in the maritime sector.!” In the laboratory study, the particles emitted by a running
one-cylinder four-stroke 80 kW research ship engine were measured under various load conditions (for
further details see Streibel et al. (2017)'94). The size distribution of the particles were recorded using
a scanning mobility particle sizer. The objective was to measure the chemical signature of the PAHs
and to investigate if it remains consistent in different load conditions and with varying particle sizes.
Laboratory results were compared with those of the field measurements.

Fig. 3.1 presents the eight main clusters for around 50 % of all laboratory MGO particles, a
common hit rate with this method.?!* The figure was produced using an ART 2-A cluster algorithm
with manual post-processing. The results of recent studies demonstrate that unsupervised cluster
algorithms (e.g. ART 2-A, K-means and their derivatives) are reliable and appropriate for the chemical
apportionment of single particles.?4¢ Furthermore, Wang et al. (2024)%46 have demonstrated that
these cluster algorithms can be used as a method to support real-time measurements, including single
particles. Neural network-based methods are particularly effective for processing large amounts of
data, such as complex SPMS spectra, at high speeds. Neural networks like ART 2-A and others
will undoubtedly help by processing big data in the future rapidly, identifying complex patterns and
enabling real-time measurements of single particles, even in the marine environment.?46

The use of ART-2-A as a suitable tool clearly demonstrates the differences in the LDI spectra of
Fig. 3.1. This provides qualitative features of the fuel particles. In combination with an ionization
wavelength of 248 nm, resonant to iron and effective for other metal markers (e.g. vanadium) that
commonly arise with HFO,?°® ART-2-A provides a clear advantage for interpreting the given spectra.

21
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Figure 3.1.: Eight normalized mass spectra show the main clusters from the ART 2-A-clustering algorithm of
bipolar LDI mass spectra (blue) for an engine load of 60 kW (75 %) of the research engine. Most clusters show
distinct particle classes in the inorganics of the LDI signal, including soot classes represented by the carbon
clusters C,,, which are present in both polarities. It is notable that the PAH pattern regarding the alkylated
phenanthrenes in the REMPI signal (red) remains consistent. The most significant fragments in the PAH pattern
are m/z = 165 and m/z =189 (modified after Ref. [229)]).

LDI spectra of each cluster can be used as a counter sample to REMPI spectra, which present a nearly
consistent PAH pattern over all clusters. Moreover, a comparison of the results presented in Fig. 2.4
and Fig. 3.1 reveals that this method is capable of discerning the mixing state of aerosols. While
metals and salts can be distinguished from each other in the LDI (external mixture), the characteristic
PAH pattern remains consistent across all clusters (internal mixture). This pattern is dominated by
m/z =178, which could be anthracene or phenantrene. The SPMS is unable to distinguish between
these isobaric m/z values. The combustion pathways of anthracene are less well understood than
those of phenanthrene. However, the higher thermal stability of phenanthrene,?*'"2%3 along with
recent predictions indicating a greater production of anthracene during the oxidation and pyrolysis of
toluene?® (common in commercial fuels) provides strong evidence that anthracene is the predominant
product of the combustion process.??%:259,256

Furthermore, the impact of particle size and engine load on the PAH pattern was investigated, in
addition to the distinguishability and similarity between the clusters. Figure 3.2 compares spectra of
3,500 particles from the free-running mode and 3,500 particles from the sizing mode for each of the four
distinct load conditions of the engine. The particle size distribution for 60 kW illustrates the range of
particle sizes that can be obtained with the free-running and the sizing mode. It should be noted that
the free-running mode is also capable of detecting significantly smaller particles than the sizing mode.
However, the SPMS is unable to retain the particle size information due to the nature of this mode.
The sizing mode is able to map the largest mass range of the particles, despite the smaller measuring
range. This range includes PM, 5, which is of particular importance from a health and environmental
perspective.® 25" From the comparison in Fig. 3.2 it becomes evident that more soot is observed in
the free-running mode than in the corresponding sizing mode at 60 kW. This is to be expected. Soot
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occurs more frequently as smaller particles?5® 2% that are not fully detected in sizing mode. Compared
to the sizing mode, the free-running mode exhibits a reduced contribution of parent PAHs, though the
underlying causes of this phenomenon remain unclear. Moreover, there are no substantial disparities
in the PAH pattern between the free-running and the sizing mode at 60 kW.2?9 The individual load
conditions (red areas) in the LDI and the REMPI also show a similar picture. Comparing the results
for different load conditions reveals a slight shift to lighter PAHs as the load state increases. However,
a consistent PAH pattern could be observed over the whole detectable size range as well as over all
loads.
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Figure 3.2.: (a) Particle size distribution of the research engine running on MGO at 60kW load with
representative size areas of the free-running mode (blue), where particles are detected at random without size
information, and the sizing mode (red) of the SPMS. The size data was obtained using a scanning mobility
particle sizer (model 3082, TSI, U.S.). A direct comparison of each n =3,500 free-running data set (b) (which
includes a greater proportion of smaller particles) with the common sizing data set (¢) demonstrates that soot
particles are dominant in free-running mode, while the sizing data set exhibits higher signals of phosphate and
nitrate. However, the characteristic series of the alkylated phenanthrenes can be observed for all sizes. The
analysis of n=3,500 for each of four different loads indicates that both the inorganic pattern and the characteristic
PAH signature of the fuel exhibit minimal variation with increasing engine load. Only a subtle shift in the
average PAH mass spectra towards lighter PAHs is visible (modified after Ref. [229]).

The violin diagram in Fig. 3.3 demonstrates a clear distinguishability between LDI and REMPI spectra
underlining the potential of this work. It is likely that the distinctive PAH pattern in the REMPI signal
originates from unburned fuel'® and therefore primarily accounts for the dissimilarity between the
two data sets. Under consideration of the aforementioned factors, the SPMS data obtained from the
field study in Sweden?3® (see (i) in Fig. 3.4) underwent a comprehensive reanalysis. The measurement
site is situated in close proximity to one of the primary maritime transportation routes leading to the
Baltic Sea. A total of 292,242 particles were measured, of which 3,746 exhibited PAH signals.??? The
corresponding measurement results are presented in Fig. 3.4. Gray dots in Fig. 3.4 ¢) represent particles
carrying PAHs, while red particles represent those carrying identified patterns of ship emissions, which
are dominated by alkylated phenanthrenes. The latter are emphasized by a plume event (inside the
black ellipse). By correlating these results with time and wind data, it is possible to deduce the origin
of a particle. Hence it is possible to distinguish particles originating from land and particles originating
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from the nearby ship track. The analysis demonstrates that the PAH pattern is predominantly present
in low wind conditions and originates from the ship track. In contrast, these PAH patterns are rarely
observed in particles originating from land. It is noteworthy that these particles are rarely observed at
high wind speeds and distances exceeding 100 km.?%*

The data indicates a predominant contribution from maritime vessel emissions, with terrestrial sources
playing a subordinate role in the observed particle composition. The experiment was conducted within a
SECA, which requires ships to either run on distillate fuel or use a wet scrubber. The utilization of wind
and cruising data facilitated the measurement of single particles carrying PAHs, which demonstrated
that a ferry without scrubber technology was likely operating on MGO and crossing the measurement
site 45 minutes before the plume event.???
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D REMPI the REMPI data (modified after Ref. [229]).

The PAHs of this plume could be attributed to the pattern observed in the laboratory experiment,
which reinforced the assumption that the plume originated from the ship. This underlines the potential
of PAHs as a ship marker. However, despite the collection of measurements over the course of several
days, Fig. 3.4 displays only a single, well-defined ship plume. The underlying cause can be attributed
to the constrained detection and sizing capabilities of the method. These limitations complicate the
detection of particles that fall below the sizing threshold?%° and those originating from vessels that
have operated at a large distance over 20km from the SPMS.??? At such distances, particles can
undergo diverse photochemical, chemical, and physical reactions that can lead to alterations in their
chemical structure.8-10

The findings underline the possibility of tracing PAH patterns inside SECAs, even for ships
operating on distillate fuels, which are often presumed to have a lower environmental impact.
Remarkably, the majority of single particles from the laboratory experiment contained PAHs, whereas
only a minority of PAHs are associated with ambient aerosols from the field study. This observation,
combined with the comparison of Fig. 2.4 with the results presented in Fig. 3.1 and Fig. 3.4,
underscores the capability of the SPMS to resolve the external mixing state of PAHs in ambient
aerosols. This finding reinforces the potential of the employed method for source apportionment.
Moreover, this study highlights the need for more comprehensive policies that address PAH emissions
in addition to other regulated pollutants, such as SO, and NO,. However, a rapid switch to cleaner
and healthier fuels is expensive and unrealistic in the near future.'®® Consequently, this study opens
up the possibility of using PAHs as a new tracer for source apportionment, including distillate fuels
that are established on the market, such as MGO.
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Figure 3.4.: (i) (a) Measurement site in Sweden near a main shipping lane within a SECA (map modified after
Ref. [143]). (b) Shipping lane and location of the SPMS in Sweden measuring single particles from the ferry
(map modified after Ref.261). (ii) Distance since intersection with main ship lane (a), wind speed data (b) and
the particle size (c) of the measured events (gray, red dots) over the detection time (modified after Ref. [229]).

3.2. Polycyclic Aromatic Hydrocarbons as Fuel-Dependent Markers
in Ship Engine Emissions using Single-Particle Mass Spectrometry

Following the discovery of a consistent PAH pattern in the initial study of MGO-powered ships
on a single-particle basis, the objective of this study is to extend the knowledge gained to other
marine fuels. Four different fuels were analyzed for the presence of PAH patterns in the REMPI,
using the same methodology. In addition, the consistency and distinguishability of the patterns
observed were evaluated. The fuels selected for this study are: MGO, HVO, and HFO 0.5 % (w/w)
FSC, which are compliant with SECA’s standard, and the non-compliant HFO 2.4 % (w/w) FSC, a
fuel that is still widely used outside of ECAs.'%* Hence, this investigation covers the most common
contemporary fuels and those that will account for a substantial proportion of maritime transport in
the future. 45 154,155,171

All fuels were tested in the laboratory setting with the single-cylinder, four-stroke, 80 kW research ship
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engine, which allows for the analysis of the various fuels under different load conditions.'?* The results
presented here focus on the load conditions of 20 kW and 60 kW. With this simulation we can study
the chemical structure of emitted particles under conditions mimicking harbour entries and shallow
water traverses (20 kW) and normal cruising speeds (60 kW).

Figure 3.5 illustrates the sum spectra of all fuels under a load of 60kW. Each spectrum is
the result of summing 10,000 individual particle measurements. Examination of the spectra exhibit
discernible patterns in the REMPI spectrum. MGO exhibits the characteristic PAH pattern, with a
predominant signal at m/z =178, accompanied by a series of alkylated derivatives confirming the
results of the first study. The mass spacing between the alkylated derivates remains constant at 14 Da.
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Figure 3.5.: Mass spectra (n =10,000) obtained through dual-ionization techniques - laser desorption/ionization
(LDI, blue) and resonance-enhanced multiphoton ionization (REMPI, red) - reveal distinct compositional profiles
for four marine fuels at 75% engine load. The inorganic fraction analysis of residual fuels demonstrates
characteristic signatures of transition metals and sulfur. Marine gas oil (MGO) and hydrotreated vegetable
oil (HVO) exhibit similar PAH distribution patterns, although HVO generates substantially lower absolute
PAH signals (a normalization was made for comparison). Heavy fuel oils (HFO) display a distinctive profile
characterized by higher molecular weight PAHs and enhanced alkylation, evidenced by a shift in signal maximum
toward Cy-phenanthrene species (modified after Ref. [203]).

In the case of the remaining three fuels, a distinct and discernible progression is evident. Although
minor differences are found between the two HFOs, a disparate pattern was observed in comparison to
MGO. The pattern for HFO commences at higher masses, with a predominant C,y-phenanthrene peak at
m/z=206. Additionally, HVO exhibits a distinct PAH pattern that is different from other fuels. Given
that HVO is a PAH-free fuel and that only 3 % of the particles in the sum spectra show any signals
for PAHs, it can be assumed that these signals predominantly originate from lube oil and spillage of
other particles rather than from the combustion process. Supplementary information regarding metal
signals obtained from LDI is also beneficial in distinguishing between the fuels. However, the primary
apportionment features can be attributed to the PAH pattern observed in the REMPI spectra.
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To measure similarity between emission signatures of the four fuels, the congruence coefficient r. is
computed for 5,000 particles for each fuel.

2 .9
Zk,z Lil Yk,

\/(Zk,l x%,l)(Zk,l yl%,l) '

The respective distribution of congruence coefficients from Eq.3.1 is presented in Fig. 3.6. The plot
displays the similarity of the single REMPI data sets to each other. It shows a comparison to the LDI
data set of MGO presenting a higher degree of similarity of the REMPI data compared to the LDI
data. This high degree of similarity is evident when considering the narrow interquartile range of the
REMPI data.

(3.1)

Te =

Figure 3.6: Distribution of congruence coef-
ficients r. for four marine fuels: MGO, HVO,
HFO 0.5% FSC, and HFO 2.4% FSC (each
n =>5,000). On the left hand, the first violin plot
symbolizes the heterogeneity of the inorganic
part. The adjacent violin plots demonstrate the
higher homogeneity of the REMPI data dom-
| inated by PAHs, underlining the potential of
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An essential goal of the work in this thesis is to determine the differentiability of PAH residues on
particles as new ship emission markers. To assess the degree of distinguishability between the detectable
particles, 1670 particles were analysed for each of the four fuels using a PCA method. Figure 3.7
shows the relationship between the load and fuel parameters in a PCA biplot and the relationship
between these data and the particle size distribution. This provides definitive information about the
variables responsible for the grouping of the loadings. The data covers over 57 % of the variance.
The mass-to-charge ratio is represented by the plotted eigenvectors which have a strong influence on
the distribution of the data. Each data set is enveloped by an ellipse representing a 95 % confidence
interval.

The fuels can be visually separated due to the higher proportion of longer alkylated alkyl chains present
in the homologue series of phenanthrene. This is the primary factor allowing fuel separation, as the
proportion of unburned fuel exerts a dominant influence on the aromatic component of the single
particles.'® In this context, the prevalent peaks for HFO are the Cy- to C,-alkylated phenanthrenes
(m/z = 206, 220, and 234). Conversely, common fragments like m/z = 189 show a higher degree of
alkylation. With the exception of MGO and HVO, the latter being regarded as the benchmark for the
"cleanest’ hydrocarbon fuel, the 95 % confidence intervals of the remaining ellipses do not overlap. This
suggests that the variances within fuel types is lower than among each other, reinforcing the potential
of PAHs as ship markers.

With regard to the load effect (vertical direction) on the data, it is apparent that lower loads are more
separated than higher loads. This is a result of higher contribution of unburned fuel. Nevertheless,
the higher loads remain discernible, exhibiting a higher proportion of aromatics derived from high-
temperature pyrosynthesis within the combustion chamber. Furthermore, the m/z ratios of 178 and 192
indicate a pulling effect of the fuels in the direction of PC2, particularly for MGO. These phenanthrenes
exhibit minimal or no alkylation, which can be attributed to a pyrosynthesis process with reduced
unburned fuel. Although the PCA biplot also indicates the contributions of the alkylized phenanthrenes
(m/z =206, 220, and 234) in the negative PC2 direction, it can be concluded that the variance of the
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Figure 3.7.: (a) Size distribution of particles from different fuels: marine gas oil (MGO), hydrotreated vegetable
oil (HVO), heavy fuel oil (HFO) (0.5% FSC) and HFO (2.4 % FSC). The fuels are examined under two load
conditions: 20 kW and 60 kW. Additionally, the blue and red areas represent the regions of free-running mode
(in which size information from SPMS is absent) and sizing mode, respectively. (b) Corresponding principal
component analysis of single particles from REMPI of all fuels that fall within the sizing mode area delineated
in (a). The length of the eigenvectors represents the contribution of signals at different mass-to-charge ratios to
the mass spectral differences. Ellipses depict the 95 % confidence interval for the principal component scores
of each cluster. While the clusters are well separated for the low load conditions (light colours), the mass
spectral signatures approach each other at higher load (dark colours), but remain distinguishable. The number
of observations is n = 1670 for each of the fuels and loads (modified after Ref. [203]).

load effect is smaller than that of the fuel effect. Consequently, fuel particle emissions of 200 nm and
larger can be differentiated via PCA despite a changing load.

In summary, the extension of the approach of using PAHs as marine fuel marker towards more fuel types
has provided significant insight into the potential of the presented analysis method in differentiating
marine fuel types. Commercially significant fuels (HFO, MGQ)1%5:262 were compared with one of the
‘cleanest’ hydrocarbon fuels currently available (HVO).23 It was also demonstrated that the engine
load and particle size have limited influence on the distinct PAH pattern. Distinguishable PAH patterns
can be observed under different scenarios. The findings can also provide valuable insights for health
assessments of ship emission exposure. Preliminary results of the first two studies have demonstrated
the potential of PAHs as ship markers for relevant ship fuels in both a field study and a laboratory
study. However, the increasing use of wet scrubbers in ECAs requires investigations to evaluate their
impact on alkylated PAHs and improve PAH assessment as novel ship markers.

3.3. Limited Impact of Wet Scrubber Exhaust Treatment on the
Chemical Composition of Individual Ship Emission Particles

Preliminary assessments suggest that PAHs may serve as novel markers for ship emissions. Nevertheless,
a more accurate assessment requires consideration of the impact of scrubbers on fuels, particularly
those not compliant with ECA regulations. The impact of scrubbers on the gas phase unequivocally
demonstrates that wet exhaust systems are highly effective in reducing the sulfur content in the
gas phase. In particular, the removal of SO, can be achieved with remarkable efficacy through this
method.?64:265 However, there is a lack of knowledge regarding the impact of scrubbers on the particle
phase. Preliminary findings suggest that the efficiency of scrubbers in removing PM, 5 in the particle
phase may be limited.'®® Therefore, it is evident that the health impacts of the emitted ship particles
remain. Moreover, it has been demonstrated that the utilization of open-loop scrubbers has a profound
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detrimental impact on the environment.!3% 156,266 This motivates a study to assess whether the particles
still exhibit the fuel-specific PAH patterns following the scrubber. The influence of an open-loop wet
scrubber on the particle phase of the emitted HFO and the effect on potential PAH patterns is tested
under varying load conditions. As in the two preceding studies, the experiments were conducted on an
appropriate ship engine (for further details, see Streibel et al., 2017!%). Furthermore, a downscaled
open-loop wet scrubber (SAACKE, Germany) was installed downstream of the main apparatus, with
water of a salinity of 10.5+ 3.6 PSU at a pH value of approximately 8. Further details regarding
the scrubber can be found in the work of Bendl et al. (2024).267 The aerosol was measured at two
temperatures: 200 °C before the scrubber (upstream) and 60 °C after (downstream). As in previous
laboratory studies, the dilution factor was set to 1:25.

Figure 3.8 presents the accumulated sum spectra for upstream and downstream operation of the
wet scrubber in open-loop mode at two different load conditions, 20 kW and 60 kW. Moreover, the
signal contribution of PAHs at single-particle level is depicted on the right-hand side of Fig. 3.8. The
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Figure 3.8.: Accumulated mass spectra of heavy fuel oil 2.4% S (HFO) emissions with each n = 2000 particles
for the upstream operation (top) and the downstream operation (bottom) of the scrubber at different load
conditions — (a) 20kW and (c¢) 60kW. (b,d) Distinct particle distribution of the PAH signals before and after
the scrubber, with minimal discernible variation. (c-d) At elevated load conditions, soot represents a significant
proportion of the particles. The wet scrubber reduces the EC and PAH fraction of the particles. However, the
typical PAH pattern of the fuel remains unaltered (modified after Ref. [159]).
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accumulated mass spectra of HFO, the LDI (blue), demonstrate the presence of typical components,
including metals, sulfur, soot, organic carbon fragments, and the classic ship markers vanadium and
iron. They can be measured using the current method.?3* In addition to the typical metals, the REMPI
(red) also displays the typical PAH patterns that have been linked to HFO previously in the second
study of this work.2% These are dominated by Cy-phenanthrene with m/z =206. A comparison of the
20kW and 60 kW data sets indicates that the proportion of OC and PAHs is higher under low load,
while the accumulated mass spectra are dominated by soot due to the more efficient combustion of the
fuel at higher load (higher temperatures).?%® Additionally, a slight increase in the sulfur content is
observed in the form of HSO,  (m/z = —97), although this may be attributed to saturation effects
at this channel. Therefore, SO;~ at m/z = —80 is more representative of the sulfur reduction of the
scrubber and is apparently reduced for both load conditions.

The experiment did not yield any evidence of the presence of water-soluble organic acids, which the
SPMS is capable of monitoring in negative mode.?%Y Conversely, the proportion of water-insoluble
OC can be estimated through the PAHs, which are also insoluble in water.'8%186 The histogram on
the right-hand side shows the PAH mixing state based on the distribution of the accumulated PAH
signals across the particles. The distribution and PAH pattern for HFO remain largely unaffected by
the scrubber, allowing for a clear recognition of the PAH pattern previously evaluated (see Section 3.2).
The typical metallic markers (Fe, V, etc.) can be identified in the cation spectra of the LDI. It is
noteworthy that the chemical signature within the particle phase remains largely unaltered downstream
the scrubber, exhibiting only minor fluctuations, such as a reduction in EC content at high load
conditions (60 kW). This finding was previously documented by Jeong et al. (2023)'®7 in a separate
study on the same scrubber, along with an increase in sulfate.!®” Elevated sulfate concentrations result
from SO, dissolution in scrubber wash water, leading to sulfurous acid formation and subsequent
secondary sulfate generation in the particulate phase.?** The observed EC reduction stems from
enhanced removal of smaller particles, particularly soot,20327%:271 through diffusion-driven coagulation
processes. 7272 While the aggregated mass spectra suggest modest overall wet scrubber effects, a more
detailed understanding of particle component alterations necessitated additional principal component
analysis. The analysis examined compositional variance at the single-particle level for both LDI and
REMPI and results are shown in Fig. 3.9.

Figure 3.9 accounts for nearly 70 % of the explained variance for HFO at 20 kW and 60kW load
condition (upstream and downstream). The study includes a comparison between MGO at 20 kW and
60 kW loads and a SECA-compliant fuel to emphasize the clear distinguishability between the fuels.
Despite the operation of the wet scrubber, the principal component analysis (PCA) reveals a distinct
separation between MGO and HFO across all conditions. The differentiation is a consequence of the
disparate signatures of sulfate, iron, vanadium, calcium, and sodium. The effect of the scrubber is
more pronounced than that of the load within the PCA. However, the typical PAH marker in the
REMPI continues to exert a dominant influence on the fuel print, both with and without scrubber
operation, and remains largely unaffected. The disparity primarily comes from the elevated sulfate
signal at m/z = —97, which is attributed to the gas-to-particle conversion of SO,. This underscores
the capability of the method to analyze ship emissions utilizing a wavelength of 248 nm, as well as the
potential of PAHs as a novel marker for modern ship emissions. Finally, the study demonstrates that
the impact of wet scrubbers on the chemical composition of individual particles is minimal.'®® Due to
the negligible chemical alterations in the particles induced by the scrubber, the correlation between
emitted particles and removal efficiency can be utilised in future research to estimate environmental
impacts. Furthermore, this finding can be employed to enhance the investigation of health implications
associated with the utilisation of wet scrubbers.

Concluding the series of studies, PAHs are demonstrated to possess a tracer potential for
source apportionment in the gas phase. PAHs also exhibited the potential to act as a novel marker for
ship emissions at the single-particle level. This was achieved by taking advantage of well-resolved
online data on single particles. The data leading to this conclusions was obtained using a modern
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ionization method that is spatially flexible and can be deployed in a variety of settings. Multiple
analytical methods were employed to examine a range of potential influencing factors on ship emissions.
Despite the use of different fuels, loads, sizes, or technical devices (wet scrubber), the SPMS method
was able to consistently measure PAH patterns for individual ship emissions and distinguish them.
Furthermore, findings on the influence of wet scrubbers on the chemical composition of individual
particles were collected, which could help investigate further health and environmental influences of
scrubbers in the future.
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Figure 3.9.: The PCAs clearly show two different fuels: one heavy fuel oil (HFO) (blue, red) with an fuel
sulfur content (FSC) of 2.4 %, and the SECA-compliant marine gas oil (MGO) (grey), each at a load of 20 kW
and 60kW, each with n = 2000. Furthermore, the PCA differentiates between the HFO in upstream (lighter
blue/red) and downstream (darker blue/red) modes of an open-loop wet scrubber. The confidence interval for
both PCAs is 68 %, with an explained variance of approximately 70 %. The upper PCA illustrates the LDI
spectrum of individual particles. A clear distinction between the propellants can be observed, which is mainly
evoked by the sulphur content (m/z = —97) of the HFO. A slight loading effect is discernible, but it is of no
consequence for both fuels. Despite the influence of the scrubber being more pronounced than that of the fuel,
all common HFO-derived metals remain. Similarly, in the second PCA, which presents the REMPI data for the
same states, the load and scrubber effect do not impact the pattern of the important alkylated phenanthrenes.
Here, too, the fuel effect, likely due to unburned fuel, is evidently higher (modified after Ref. [159]).
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3.3.1. Potential of the Application Method

The preceding studies suggest the feasibility of PAHs as novel markers of ship emissions. Further
investigations and field studies are recommended to investigate the respective PAH patterns
under varying weather conditions and distances to the ships. This would facilitate a more robust
determination of the signatures of PAHs, as these studies have not taken into account factors such
as the complex aging processes of PAHs and other environmental influences. Even though a first
field study on the Swedish coast measured individual particles at a shorter distance of 15— 20 km.???
Long range capabilities have yet to be demonstrated. The present measurement method is still
size-limited in sizing mode and does not yet detect ship emissions, which can often be smaller than
200 nm. However, the presented results show that field studies and laboratory measurements of PAH
patterns are possible with the described methodology. It has been shown that certain PAH patterns
can be consistently assigned to the respective fuels.'??203:229 Consequently, it is recommended that
more measurements are taken in the future to refine our understanding of PAHs as markers for ship
emissions. This would enhance progress in source apportionment which is of particular importance in
light of the expanding number of vessels using open-loop wet scrubbers, 859,161,162 anq the gradual
introduction of "cleaner" marine fuels.4 15

In the next section the method is extended to illustrate the broader potential of single-particle
measurements as an online method. Its optimization and extension to other potential tracer elements
is discussed.

3.4. Impact of Fuel Sulfur Regulations on Carbonaceous Particle
Emission from a Marine Engine

In light of the growing body of evidence PAHs are suitable as novel ship markers, this recently
published study explores the possibility of utilizing alternative tracers by utilizing emission factors (EF)
of EC/OC. The relationship between fuel composition and the specific characteristics of soot in the
microstructure was elucidated through multi-wavelength thermal-optical carbon analysis (MW-TOCA).
This finding may be utilized in online monitoring by SPMS as an extension to transition metals and
PAHs as markers of marine traffic.2”3

To evaluate the potential of EF of EC/OC ratios for source apportionment in the maritime
sector, a series of filter samples of PM, 5 from diverse shipping fuels were subjected to MW-TOCA
analysis. To encompass a comprehensive range of commercial fuels currently available on the market, a
variety of fuels with distinct FSC were analyzed. These include modern SECA-compliant fuels (HVO,
MGO), globally compliant fuels (LS-HFO), and non-compliant fuels (HFOgy,, HFO) as of January
15%, 2020. It should be noted, however, that HFOgy, and HFO fuels are still in use in conjunction
with exhaust-cleaning systems, such as scrubbers. The analysis of filter samples by MW-TOCA
(combining established quantities of EC and OC with their optical properties?™) was complemented
by an investigation of changes in physicochemical properties of the particulate phase to compare the
resulting emission factors (EFs). The same marine engine and scrubber were used as in the previous
studies (for further details see Streibel et al. (2017)194).

It should be noted first that regulating the sulfur content of fuel alone does not significantly impact
the EC/OC ratio. Instead, SECA-compliant fuels are produced through diverse production processes,
resulting in varying EC/OC ratios. The study addresses the disparate behavior of the fuels during
combustion at varying load conditions. It reveals that the emission factor of distillate fuels tends
to remain constant with increasing engine load, whereas the EF of crude oil (HFO) decreases.?™ In
general, the implementation of the upper sulfur limit of 0.5 % FSC (w/w) only has minor impact on
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the carbonaceous emissions in case of the commonly used HFOs (LS-HFO and HS-HFO). The emission
reduction in relation to the IMO engine test cycle E2 (see Fig. 3.10) when switching from HFO to
distillate fuels can be explained by the lower emissions at 25 % engine load. The investigations in
Fig. 3.10 demonstrate the applicability of MW-TOCA for the characterization of carbonaceous aerosol
emissions from marine engines. In accordance with the approach proposed by Han et al. (2007),2"
EC and OC are separated into distinct fractions. EC is divided into char-EC (EC;, and soot-EC
(referring to the sum of EC, and ECy)). OC is divided into four fractions (OC; - OC,) as well as
pyrolytic OC (Oprm), which accounts for differences in thermal refractiveness and, consequently, in
soot microstructure.?’®
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The differentiation of EC into char- and soot-EC provides insights into the distinct combustion pathways
associated with various marine fuel types. The formation of char-EC is favoured by highly viscous,
more dense fuels with low volatility. An example is HFO with a kinematic viscosity of 380 mm?s~*
at 50°C and a density of 0.990 gcm™ at 15°C which undergoes pyrolysis of incompletely vaporized
fuel droplets. In the ImproveA temperature protocol in TOCA, the addition of oxygen to a helium
atmosphere results in the immediate oxidation of the graphite layers of EC,, along with OC,,, due
to the porous morphology and increased surface area of the EC;.27>27 Conversely, the formation
of soot-EC is more dominant for the diesel-like fuels such as HVO or MGO, showing a kinematic
viscosity of 2mm?s~! and a density of 0.835gcm™3. Droplets of diesel-like fuels evaporate quickly.
Consequently, the decomposition of hydrocarbons into radicals results in the generation of primarily
soot-EC through radical-driven flame synthesis.?"

Blends of SECA-compliant ULS-HFO exhibit properties that lie in between those of HFO and diesel-like
fuels. These blends have a density that is comparable to that of HFO and a viscosity that is similar
to that of diesel-like fuels. The resulting char- and soot-EC fractions lie between the HFOs and the
diesel-like fuels. The intermediate behavior of hybrid fuels like ULS-HFO,; demonstrate the impact
of fuel properties, including aromatic content, viscosity and density, on the relative contribution of
char- and soot-EC. Moreover, the impact of a wet scrubber operating on HS-HFO and HS-HFOgy,
was tested.!®” However, the scrubber seems to have limited impact on the formation of the different
EC-OC fractions as illustrated in Fig. 3.11.

In addition to the emission factors, the Simple Forcing Efficiency (SFE) study also addresses the
optical properties of marine fuels, which gives insight into their impact on the climate. However,
this topic will not be elaborated in depth here (for detailed information see Bauer et al. (2024)%73).
Furthermore, the findings demonstrate the influence of engine operation factors such as engine type
or fuel switch protocols on the carbonaceous composition of ship emissions. Slow-speed, two-stroke
engines predominantly emit char-EC, whereas medium-speed, four-stroke engines operating on distillate
fuels exhibit higher soot-EC fractions. During transitional periods of fuel switching (e.g. when entering
SECAs), residual metals and sulfur from HFOs modulate EC oxidation and soot formation.
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Figure 3.11: Distributions of OC, char-EC, and
soot-EC. The fractions of OC, char-EC (EC1), and
soot-EC (EC2 + EC3) for all 24 fuel/engine load
combinations are as follows: Two distinct branches
of diesel-like fuels are evident: HVO and MGO with
a low char to EC ratio on one end and LS-HFO, HS-
HFOgyn, and HS-HFO with a high char to EC ratio
on the other. ULS-HFO,, occupies a unique position
in between. The dashed lines show the relative OC
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o o
)
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® MGO < HS-HFO,, <HS-HFO,, scrubber range of 42.5 % to 75 %, which encompasses 90 % of
the experiments. The filled red triangles represent

ULS-HFO,, P HS-HFO  »HS-HFO, scrubber HS-HFOsyn and HS-HFO emissions after open-loop

+ HVO B LS-HFO wet scrubber treatment, as reported by Jeong et al.

(2023)157 (modified after Ref. [273]).

The analysis of the carbonaceous properties of different marine fuels with TOCA provides the motivation
for further investigation of these species with SPMS. The observed differences in EC structure, influenced
by fuel properties, were further linked to the distribution of carbon clusters. These clusters were
generated by the ART-2-A algorithm produced by LDI in SPMS. As previously stated, a combined
approach of LD-REMPI/LDI offers a promising pathway for identifying ship particulate emissions
by distinct signatures of PAHs and transition metal traces.203229:277,278 Cluster analysis of carbon
fragment ions revealed distinct patterns for compliant fuels, such as MGO, LS-HFO, and ULS-HFO,;.
Variations in the contributions of small, medium, and large carbon clusters are observed for different
fuel types. The results from Fig. 3.12 suggest that char-EC particles from HFO emissions decompose
into smaller carbon ions due to their porous morphology. More compact soot particles from diesel-like
fuels such as MGO produce distinct cluster distributions. Notably, ULS-HFO,, emissions exhibit
clusters dominated by large carbon fragments, likely reflecting enhanced soot inception due to higher
soot precursor availability.

Overall, the cluster analysis confirms the assumption that different EC fractions on individual particles
could be suitable for source apportionment of ship emissions. However, further laboratory studies on
two-stroke ship engines and field studies inside SECAs are necessary for a better understanding and
assessment of this approach.

To summarize, this study examines the effect of sulfur content in marine fuels on the emission of
carbonaceous particles from ship engines employing a wet scrubber system. The analysis is centered
on the transition to low-sulfur fuels, driven by international regulations from the IMO for a sulfur
limit inside SECAs. The findings indicate that the change to different fuels with their specific fuel and
combustion properties can influence other particle emissions, including the ratio of EC;, EC,, EC;,
and OC. This research elucidates the trade-offs associated with fuel sulfur regulations. It emphasizes
the importance of understanding the interactions between fuel composition, combustion processes, and
particle characteristics. It enhances the understanding of how fuel composition impacts PM, particularly
in the maritime sector. It underscores the complex chemistry of carbonaceous particles, including their
role in RF and air quality. Ultimately, the study demonstrates the potential of employing modern
ionization techniques for single particles to qualitatively assess carbon with its different fractions of
EC as a tracer element for marine traffic. Thus, in addition to transition metals and PAHs, another
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possibility for source apportionment of ship emissions has been shown to be feasible using SPMS.
Future investigations should focus on field studies under different weather circumstances. Additional
laboratory experiments on larger and more prevalent two-stroke engines (employed in tankers and large
vessels), which exhibit distinct combustion characteristics compared to four-stroke engines,?7% 2% would
complement the data obtained in this study and allow a better assessment of this marker approach.
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Figure 3.12.: Eight clusters from ART-2-A of C,, species with n =2, 3, ..., 9 in negative LDI with the overall
contribution of compliant or SECA-compliant fuels LS-HFO (dark red), MGO (dark blue), and ULS-HFO,,
(light blue), presented in a pie chart. The cluster names are derived from the cluster-dominating fuel, and the
percentages denote the contribution to the total cluster weights (modified after Ref. [273]).
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3.5. A solid-state IR Laser for two-step Desorption/Ionization
Processes in Single-Particle Mass Spectrometry

This study investigates the applicability of a prototype erbium solid-state laser (Er:YAG 1000 FQ,
InnoLas Laser GmbH, Germany?%®) for laser desorption of particles in SPMS. The CO, laser, which
has been used in all preceding studies of this work, has been demonstrated to be an effective method
for the desorption of organics on individual particles. However, compared to ionization with Er:YAG
lasers, the method is more cost-intensive and can result in a higher degree of fragmentation of the
organics on single particles.?0%281

To ascertain whether a solid-state laser is also suitable for the desorption of organic material onto single
particles (e.g. PAHs) and thus for the measurement of organic tracer elements, the study presents a
detailed comparison between a 250 ns pulsed CO, laser and an erbium solid-state laser. The properties
of these laser systems are listed in Tab. 3.1. The experimental setup is illustrated in Fig. 3.13.

Laser desorption LDI REMPI
Laser type, medium Gas, CO, Solid-state, Er:YAG Gas-Excimer, KrF Gas-Excimer, KrF
X (nm) 10600 2940 248 248
Beam diameter (mm) 1x1 5x5 0.2x0.4 5x 10

(Gaussian) (Flat top) (Gaussian x Flat top) | (Gaussian x Flat top)

Pulse energy (mJ) 15 160 4 4
Pulse duration (ns) 250 200000 5 5
Peak irradiance (Wem~=2) | 1.5 x 107 3.2 x 102 1.0 x 10° 1.6 x 106

Table 3.1.:

(a) Schematic setup for the single-particle LD-REMPI approach

Overview of the laser properties (modified after Ref. [208]).

(b) Schematic setup for the single-particle LDI approach
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Figure 3.13.: The experimental setup for single-particle ionization employs two approaches: LD-REMPI and
LDI. In the former, no backreflection occurs, while in the latter, a backreflected beam is directed towards the
particle core. Additionally, to ensure a valid comparison, both the CO, laser and the Er:YAG laser are alternated
on the single particles (modified after Ref. [208]).
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As the two-step approach demonstrated efficacy in the context of ambient aerosols (see Sec-
tion 3.1),205:229 the configuration in Fig. 3.13 underwent a minor alteration. Rather than employing
the CO, laser solely for desorption, the experiment compares the performance of the CO, laser with
the Er:YAG laser. Particles entering the inlet are subjected to alternating irradiation by the CO,
laser and the Er:YAG laser for LD before being subjected to excimer laser irradiation ionization. The
experimental sequence is the following: The first particle is desorbed by the CO, laser, the second by
the Er:YAG laser, and the third particle is not desorbed at all, but only hit by the excimer laser for
LDI.208

In a series of experiments, a variety of samples, including wood ash, tar balls, and diesel,
were examined. The results demonstrated that both the CO, laser and the Er:YAG laser yielded
favorable outcomes when used with the REMPI. For additional classification, this study employs the
neural network ART-2-A algorithm. Figure 3.14 shows the spectra obtained with both lasers. From
the comparison of the results it becomes evident that the Er:YAG laser is well suited for the analysis
of ambient particles.?08
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Figure 3.14.: a) ART-2-A clusters of the PAH mass spectra from ambient air particles with n =500 particles
were each exposed to two lasers: a COq laser (i) and an Er:YAG laser (ii) for laser desorption (LD) before
resonance-enhanced multiphoton ionization (REMPI). The mass spectral signatures and the number of particles
in the upper three clusters are similar, comprising >80 % of the particles. In contrast, the fourth cluster,
which constitutes less than 14 % of the particles, exhibited substantial disparities attributable to the enhanced
fragmentation triggered by the CO, laser. These disparities can be attributed to the distinct characteristics of
the laser beam profile and peak intensity. The findings demonstrate that the Er:YAG laser can substitute for
the more prevalent CO, laser in single-particle LD, including in ambient air studies.

b) Direct comparison of LDI only, and with Er:YAG or CO, laser, shows the higher efficiency in the mass
spectra of the LD-REMPI/LDI scheme compared to LDI only. The CO, laser shows lower fragmentation than
the Er:YAG mass spectra. However, the Er:YAG is a prototype with intensity instabilities. The study expects a
similar PAH detection efficiency with a more stable version of the Er:YAG laser (modified after Ref. [208]).

However, the prototype of the Er:YAG laser still exhibits intensity fluctuations during the measurements,
indicating that further improvements can be made. Erbium:YAG lasers have the advantage of
fragmenting organics less due to their wavelength and longer pulse duration.?’® Furthermore, solid-
state lasers tend to operate more stably on average and are more readily commercially available,
thus offering better maintenance reliability.?8%283 Despite the instabilities of the Er:YAG laser a
comparison of the mass spectra of diesel particles and ambient aerosols subjected to both laser systems
yielded comparable results in the mass spectra (see Fig. 3.15). This demonstrates that reliable results
can be obtained with the Er:YAG laser. The LD-REMPI/LDI scheme, when used in conjunction
with the Er:YAG laser, provides accurate and reliable PAH spectra, allowing the identification of
important alkylated phenanthrenes, including the C, to C, phenanthrenes of higher mass-to-charge
ratio. Consequently, this experiment successfully highlights the potential of the Er:YAG laser for the
application in SPMS source apportionment of modern ship emission.
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Figure 3.15.: (a,c) present sum spectra of diesel and ambient aerosols using both the CO, laser and the
Er:YAG laser, respectively. Additionally, the sum spectra obtained with the CO2 laser and the Er:YAG exhibit
sharp peaks of various PAHs, with comparable intensity. (b,d) show the associated particle number distribution
to (a,c) over the intensity (Vns), respectively (modified after Ref. [208]).

The study’s findings could lead to improved analytical capabilities in environmental monitoring. Fields
like atmospheric science could profit as well, because understanding the composition of aerosols is
crucial to estimate their impacts on air quality, climate change, and human health. Especially, the
field of source apportionment for ship emissions could take advantage of this method using an Er:YAG
laser system due to its stability and sensitivity to organic materials.?®* Finally, this two-step technique
may be extended to other types of particulate analysis, providing a foundation for future developments
in SPMS instrumentation and methodologies.



Chapter 4.
Summary and Outlook

The series of studies presented in this dissertation focus on organic markers, with a particular emphasis
on polycyclic aromatic hydrocarbons, in ship engine emissions. This is critical as PAHs are recognized
for their harmful effects on human health and the environment. The presented online single-particle
mass spectrometry technique allows real-time analysis of single particles, which provides unparalleled
insights into modern ship emissions and further sources.

The results demonstrate that single-particle mass spectrometry utilizing the combined ioniza-
tion method of LD-REMPI/LDI represents a suitable pathway to measure and evaluate both inorganic
and organic markers. It is conceivable that the technology could be enhanced for future field
applications through the utilization of intensity-stable solid-state lasers. In particular, the potential
of specific PAH patterns as novel markers for ship emissions can be explored, which is particularly
interesting in the light of an anticipated growth of the market for new types of ship fuels. These
markers could extend and complement existing metallic ship markers, such as vanadium, nickel,
and iron. The PAH distributions were measured in a series of laboratory experiments and field
measurements and analyzed for their consistency with regard to different parameters (e.g. particle
size, load condition, similarity, supplement cleaning technique). This knowledge can serve as a
basis for future measurements of organic markers in ship emissions. To consolidate and extend the
findings presented here, further field measurements for ship emissions are recommended. While initial
field measurements were successful in detecting ship plumes, further field measurements should be
conducted in both ECAs and harbour cities with a diverse range of anthropogenic sources. Moreover,
it is imperative to acknowledge the inherent limitations of the method, including its complexity,
limited range, and constraints in the detection of ship particles smaller than the sizing limit of the
SPMS. Additionally, the applicability of the method in diverse weather conditions must be considered
to enhance its effectiveness for further investigations. The stability of the PAH markers must also
be investigated under various weather conditions, including wind, sun, and rain, which affect the
removal and aging mechanisms of PAHs. This will also enable a more comprehensive assessment of the
potential of this measurement method and PAH patterns as ship markers. Moreover, the method can
be employed to enhance understanding the complexity of PAH aging and their distribution. It can also
assess the feasibility of utilizing PAH as a source marker for ship emissions in a complex environment
characterized by diverse aerosol sources. Therefore, further laboratory experiments are proposed to
enhance the evaluation and validation of the results obtained. These experiments could prioritize
two-stroke ship engines and further shipping fuels, such as low-CO, shipping fuels (e.g. ammonia
(NH;)), where toxic amino-PAHs may also be produced. This engine type has a higher combustion
efficiency and is the preferred choice for larger vessels, such as tankers, which are essential for global
trade. Overall, the measurement technique used here for individual particles shows promising results.
This is why it is suitable for the qualitative assessment of organic substances, with a focus on ship
emissions. It could therefore be a useful addition for future source apportionment that is of growing
concern due to the increasing number of modern ship fuels, which still impact the environment, the air
quality, and therefore human health.
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Appendix A.

Appendix

A.1. Laser Systems

The single-particle mass spectrometer utilized in this work employs a pair of distinct laser systems that
are introduced in sequence. Prior to an examination of the individual laser systems, it is first necessary
to present the fundamental principle of a laser. Firstly, the term ’laser’ is an acronym that stands for
'light amplification by stimulated emission of radiation’. Lasers offer a number of advantages, including
the generation of coherent monochromatic light with low divergence, the possibility of short pulses
and high intensities.?8%28 The construction of a laser is based on four fundamental components: an
energy source, an optical gain medium, a resonator and a structure for coupling out the light.?8%286
Fig. A.1 provides a simplified illustration of (a) key physical processes and (b) a typical resonator

design (Fabry-Pérot cavity) commonly employed in laser systems.287 290

In general, in atoms and molecules electrons can be stimulated in order to attain discrete level.?34

Excitation from the ground state E, can be achieved through the absorption of a photon (see Fig. A.1).
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Figure A.l.: a.) (i) Absorption: A photon with the energy E = hv is capable of transporting an electron to a
higher energy level, provided that the photon energy is sufficient to overcome the energy difference between the
ground and excited state. (ii) Spontaneous emission: An electron from an excited state transitions to a lower
energy level by emitting a photon. (iii) Induced/stimulated emission: A photon induces an excited electron to
transition to a lower energy level by emitting a second photon with the same physical properties as the first
photon. Consequently, the incident light is amplified. b.) Simplified principle of a laser showing a Fabry-Pérot
cavity as resonator: The gain medium must have a population inversion, where more atoms are in the excited
state E than in the ground state Eg. The light is amplified within the resonator of length [ =n\/2 through the
process of stimulated emission, which is induced by the photons that are reflected by the mirrors. A proportion
of the photons is released at the site of the partial reflector, where the laser beam emerges.
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The energy of the photon is equivalent to the energy difference between the ground state and the
excited state E}, = AFE = E, — E;. Receiving this energy, the electron is excited, but the lifetime 7 of
the excited level is finite. In order to return to the energetically more favourable ground state E, the
excited electron must emit a photon with the discrete energy F = h-v, where h describes the Planck
quantum of action and v the frequency of the photon.?8

The initiation of this process may be spontaneous or stimulated/induced. Spontaneous emission is the
process whereby an atom or molecule emits a photon without the necessity of an external stimulus
or excitation.?”! Conversely, induced emission needs an external stimulus. For instance, a photon of
energy E,, (n € N\{0}) encounters another excited electron, the latter also returns to the ground state
E; by emitting another photon. The emitted photon then exhibits the same properties (energy, phase,
direction, polarization) as the photon that triggered the process.?*%28 This phenomenon is referred to
as 'stimulated emission’. It can be repeated an unlimited number of times in an optical gain medium,
provided that the number of atoms stimulated exceeds the number in the ground state. In contrast
to spontaneous emission, the photons generated by stimulated emission amplify the emitted light
wave.?®* This condition is also known as population inversion. In a state of thermal equilibrium, the
distribution of atoms or molecules across multiple energy states adheres to a Boltzmann distribution,
whereby they are more likely to occupy the ground state than an excited state.?8> Noteworthy in this
context: A population inversion requires the use of an appropriate gain medium, which must provide
at least a three-level system, as a two-level system is insufficient.?®6 A critical factor to consider is
that the atoms are incapable of being repopulated to the ground state via stimulated emission by
the pump radiation, as their excitation energy is inadequate to facilitate this process. Consequently,
with sufficiently intense pumping, it is feasible to achieve a population in the upper laser level that
exceeds 50 %.28%292 For simplification, in the context of a three-level system (e.g. rubidium laser
(Cr¥T:A1,04)%%), the incoming photon would initially excite the atom from the ground state (level 1)
to the upper level (level 3). Subsequently, the atom needs a high transition probability to relax to the
metastable state (level 2) to prevent spotaneous or induced emission back to the ground state (level 1).
Finally, the laser transition would occur from the metastable state (level 2) back to the ground state
(level 1). In the context of a population inversion, it is advantageous for the metastable state (level 2)

to possess a long lifetime 7. This allows for stimulated emission to occur with a higher probability.?9*

However, pure three-level systems are rarely used.?9?

A.1.1. Nd:YAG Laser

Nd:YAG lasers represent a significant advancement in scientific and technological fields, with a multitude

of applications spanning medicine, metrology, and spectroscopy.?? 29 It is a solid-state laser, whose
radiation is generated by the presence of Nd3*

284

ions. Such ions are frequently found in yttrium-
aluminium-garnet (YAG).*** Figure A.2 illustrates the energy level where a wavelength of 1064 nm is

emitted.

Given the suitability of different wavelengths and energies for different experiments, non-linear crystals
(LBO, BBO, KDP, etc.) are frequently employed to alter the frequency of the laser.29%3%0 The

relationship between the electrical polarisation in the non-linear crystal and the inducing electric field
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E(t) = Eycos(wt) is utilized and general described by29!

P=cg(xXME+xPE? +y®E> 4 ). (A1)

In case of doubling the frequency w to create the so called ’second harmonic generation’ (SHG), it is

useful to regard the relation P(®)(t) oc E2(t). Putting the term for the electric field into Eq. A.1 leads

to:
PO (t) = egx P E2(t) = eox'? E2 cos? (wt). (A.2)
1 2wt
At last using the trigonomic identity cos?(wt) = +C028(w)301 finally gets the equation:
. (2 F2
POty = QX201 4 cos(2ut)). (A.3)

2

In Eq. A.3 the frequency w is doubled to 2w, which means that the SHG has a wavelength of
Asug = 532nm. The efficiency of this process is contingent upon two primary factors: the power of the
incoming electric field, represented by the vector E(t), and the phase alignment of the fundamental
frequency with the induced SHG. The use of nonlinear crystals can facilitate the generation of second-
harmonic generation (SHG) or, subsequently, 'fourth-harmonic generation’ (FHG) with a wavelength

of 266 nm and a photon energy of ~ 4.66 eV, making it a suitable option for REMPI experiments.?3?
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A.1.2. Erbium:YAG Laser

Similar to the Nd:YAG laser, the Erbium:YAG laser is utilized in medical and technical applica-
tions.30%303 The laser utilizes erbium ions and yttrium aluminum garnet as the active medium. With a
wavelength of 2.94 pnm, it exhibits high absorption in water, making it highly effective for tissue ablation
in medicine.?®43092 A corresponding Jablonski diagram is shown in Fig. A.3. Through continuous
refinement since its development, the Erbium:YAG laser has become a stable solid-state laser, which is
increasingly being applied in scientific and commercial sectors. The laser’s wavelength and stability

makes it suitable for use in spectroscopy, as evidenced by the results of study.?%®
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A.1.3. Excimer Laser

An excimer laser is an effective tool for desorbing individual particles from ship emissions.?'* The term
‘excimer’ is derived from ’excited dimer’ and refers to a diatomic molecule. In this context, a krypton
fluoride laser is utilized. A simplified energy level diagram is illustrated in Fig. A.4. In summary,
excimers are generated in gas discharges through collisions between excited krypton (Kr) atoms and
fluorine (F,) molecules. As the Kr atom approaches, an electron is transferred to the F, molecule,
resulting in the formation of Kr™ and F,~ ions. When these ions collide, the excited dimer KrF* is

formed through a harpoon reaction, accompanied by the emission of a fluorine atom.

/
/

Krt+F+e

Kr*F*

7ns

Kr* +F

248 nm

Figure A.4: Simplified Jablonski diagram of an
1 ps KrF-laser that emits mostly the wavelength 248 nm

Kr+F
Kr/ \ F (modified after Ref. [284]).
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Additionally, there is a recombination process involving the ions produced during the gas discharge.
For the conservation of momentum, another reaction partner would be required in this reaction scheme,

but this has been omitted for reasons of simplicity.2%4

Kr*+F, — KrF*+F (A.4)

The energy level diagram in Fig. A .4 illustrates the KrF laser. Radiation with a wavelength of 248 nm
is emitted from a bound excited state. Subsequently, the molecule rapidly dissociates into Kr and
F atoms in the ground state. The ground state of this laser type is significantly less stable (1 ps)
compared to the excited state (9 ns), making it easier to achieve population inversion. This inherent

instability of the ground state contributes to the suitability of this laser type for its applications.?%4

A.1.4. CO5-Laser

The carbon dioxide laser is in general a useful tool in the research field due to its high potential power.
Mostly, CO, laser systems are used as cw-laser. In this setup a pulsed CO4 laser with a maximum
trigger frequency of 100 Hz and a maximum energy of 25 mJ is used to evoke an organic plume around
the particle through desorption. The carbon dioxide molecule is composed of two oxygen atoms and
one carbon atom, which are cumulatively bonded to each other by a double bond. Therefore, three
different vibrational states are possible. The molecule can be subjected to bending and stretching,
both symmetrically and asymmetrically. These three vibrational states begin with 010, 100 and 001,
whereby the laser emission comes from the 001 state, which emits radiation with a wavelength of mostly
9.6 um, or predominantly in this setup with a wavelength of 10.6 pm (see Fig. A.5). The common gain

medium for a carbon dioxide laser is a gaseous mixture of CO,, N, and He.28*
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Figure A.5.: Simplified Jablonski diagram for carbon dioxide laser. Electrons and metastable N, molecules
are formed by gas discharge. The more important N, molecules excite laser medium only to the highest state
inducing population inversion that lead to stimulated emission. A variety of laser lines are generated. For this
work, the transition from 001 to 100 with a wavelength of 10.6 pm is critical (modified after Ref. [284]).
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A.2. Sum Mass Spectra of Heavy Fuel Oil
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Figure A.6.: Sum mass spectra of n = 135,000 single particles from ship emissions obtained via single-particle
mass spectrometry (SPMS). The SPMS was employed to analyze particles emitted from a 1-cylinder, 4-stroke
research ship engine operating on heavy fuel oil with a sulfur content of 2.4 % at a load of 20 kW. The resulting
data reveal both anionic (yellow) and cationic (blue) species detected via laser desorption/ionization (LDI),
as well as various polycyclic aromatic hydrocarbons (PAHs) identified via resonance-enhanced multiphoton
ionization (REMPI) (red).
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Figure A.7.: Sum mass spectra of n = 50,000 single particles from ship emissions obtained via single-particle
mass spectrometry (SPMS). The SPMS was employed to analyze particles emitted from a 1-cylinder, 4-stroke
research ship engine operating on heavy fuel oil with a sulfur content of 2.4 % at a load of 60 kW. The resulting
data reveal both anionic (yellow) and cationic (blue) species detected via laser desorption/ionization (LDI),
as well as various polycyclic aromatic hydrocarbons (PAHs) identified via resonance-enhanced multiphoton
ionization (REMPI) (red).
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Using novel ionization technologies in single-particle mass spectrometry (SPMS), we analyzed the
polycyclic aromatic hydrocarbons (PAHs) on individual particles from a research ship engine running on
marine gasoil (MGO). We found a rather uniform PAH signature on the majority of particles. The PAH
pattern is stable for all engine loads and particle sizes and differs from typical signatures of other
pyrogenic and petrogenic PAH sources. Based on this observation, we conducted a field experiment and

observed that the appearance of this PAH signature is associated with marine air masses. Moreover, we
Received 17th April 2029 ld detect the plume of a single shi t 15-20 km distance by the transient f
Accepted 12th July 2023 could detect the plume of a single ship passage a m distance by the transient appearance o
particles with the same distinct PAH profile. Consequently, we suggest the use of the specific PAH

DOI: 10.1039/d3ea000569 pattern as a new marker to detect and monitor ship emissions, independent of the conventional metal
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Environmental significance

signatures that are not applicable for compliant fuels in emission control areas and coastal waters.

Air pollution from ships affects the atmospheric environment, with substantial impact on public health and climate. Emission control areas (ECAs) were
installed worldwide to protect coastal regions against ship emissions by limiting the fuel's sulfur content. In ECAs, the traditional bunker fuels are replaced by
e.g. marine gasoil, which also produces aerosols with severe health effects. Such distillate fuels do not contain metals from the refinery process. Thus, the

traditional marker concept for ship emissions becomes obsolete because it is based on these metals. Ship emission detection, source apportionment and risk

assessment therefore require novel marker concepts. Here we target this gap by introducing a new method to detect ship emission particles by using their

content of polycyclic aromatic hydrocarbons.

Introduction

The marine transport sector is a major contributor to the global
burden of air pollution. While nearly all air pollutants in Europe
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and the U.S. have decreased within the last few decades, ship
emissions have changed less and currently contribute substan-
tially to the total emissions of PM 2.5."”7 Regulations target the
fuel sulfur content by a global 0.5% sulfur cap since 2020 and
a maximum of 0.1% S in sulfur emission control areas (SECAs),
e.g. along the U.S. coast, the entire North Sea and Baltic Sea as well
as in many harbors and coastal regions worldwide.® Shipowners
can either switch to compliant low-sulfur fuels (e.g. marine gasoil
and MGO) or install an exhaust cleaning device (‘scrubber’),
allowing them to use the cheaper high-sulfur heavy fuel oils also
in SECAs.”" While the sulfur regulations and the resulting
changes to cleaner fuels reduced total particulate matter emis-
sions with benefits for ecosystems and human health,"** the use
of scrubbers can have collateral effects on the environment.'****¢
Beyond the sulfur aspect, the fuel type strongly affects the physical
and chemical properties of the emissions”™® and their health
effects.”*® Most ships in SECAs currently operate with MGO;’

© 2023 The Author(s). Published by the Royal Society of Chemistry
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however, the use of these cleaner fuels without filter technologies
also produces severe health effects.”

Estimates of the burden of air pollution from ships are
mainly based on laboratory/on-ship studies'®**** and transport
modelling.** Monitoring of ship plumes under clean air condi-
tions is possible through gas phase measurements*>" and
transient increases in particle number concentrations, black
carbon or SO,.*®** However, in populated coastal regions with
complex aerosols, source apportionment relies on chemical
markers for shipping, usually combinations of the transition
metals vanadium(V), nickel (Ni) and iron (Fe).**

Single-particle mass spectrometry (SPMS) detects these
particle-bound metals in real time,**¢ and hence, it is appli-
cable for monitoring ship emissions and source apportionment
in complex environments.>’~*° Recently, the sensitivity of SPMS
to metals has been increased by exploiting laser-atom reso-
nances.* With this approach, individual ship plumes have been
detected in an urban background from >10 km distance, and
also from ships with scrubbers installed.*

Of note, source apportionment based on transition metals is
only applicable if the ships run on residual fuels or on partly
residual fuels such as marine diesel oil. For the distillate fuels
that dominate in SECAs and gain importance in the course of
the new global regulations, novel marker approaches based on
polycyclic aromatic hydrocarbons (PAHs) have been sug-
gested.*>** In parallel, new ionization methods for SPMS were
introduced, yielding detailed mass spectra of PAHs in addition
to the particle's inorganic composition.***® Consequently, the
combination of the novel single-particle PAH analyses with PAH
marker concepts opens new avenues for source apportionment.

Here we present the first study applying single-particle mass
spectrometry to investigate the fresh emissions of a ship engine.
We used the recently developed SPMS techniques that reveal
signatures of PAHs on a single-particle basis.*® Thus, we were
able to evaluate and establish the predicted PAH markers for
MGO combustion on ships. To prove this new concept for
source apportionment of ship emissions under real-world
conditions, we present the first detection of a ship plume by
using PAH emissions.

Methods

Ship engine and sampling

The laboratory experiments were conducted using a one-
cylinder four-stroke 80 kW research ship engine with common
rail injection. The engine is a well-documented model for ship
propulsion systems,*” capable of operating with all common
ship fuels; for details see Streibel et al.*® Four different oper-
ating points were investigated: 100, 75, 50 and 25% load, each
for one hour and with a run-in time of 25 min for stabilization.
The aerosol was sampled, and transported through a cyclone
separator (cutoff diameter 10 um) at a temperature of 200 °C.
Using a two-stage ejector dilution system (eDiluter, Dekati Ltd.,
Finland), the aerosol was cooled to room temperature and
diluted by a factor of 1 : 25 with clean, dried and particle-free air.
From 1 L min~" aerosol transported to the SPMS system, 0.1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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L min~" was guided into the instrument. Further details of the
sampling setup were given by Jeong et al.”

SPMS instrumentation

The new laser ionization scheme for combined measurements
of inorganic composition and PAHs has been described in
detail in another publication.*® The instrument and parameters
were not changed. In brief, the particles are accelerated and
focused by an aerodynamic lens system before optical detection
and sizing. When entering the ion source of the mass spec-
trometer, each detected particle is exposed to an IR pulse for
laser desorption (LD) of the organic material. An unfocused UV
beam (A = 248 nm) from a KrF excimer laser intersects the
expanding gaseous plume, inducing resonance-enhanced
multiphoton ionization (REMPI) of PAHs in the plume. The
laser beam is back-reflected and focused into the center of the
plume, where it hits the particle residue for laser desorption/
ionization (LDI) of inorganic and refractory particle
compounds at high laser intensities (~2 GW cm™?). The positive
flight tube of the mass analyzer detects the PAHs together with
cations from LDI, while the opposite negative flight tube
measures anions from LDI. Ion signals were recorded with a 14-
bit digitizer (ADQ14, Teledyne SP Devices AB, Sweden) and
custom LabView software. Note that in SPMS, the peak height is
not directly convertible to the mass concentration of a specific
substance. The new method applied here yields PAH mass
spectra from individual particles; however, it cannot distin-
guish between isobar substances, e.g. phenanthrene vs.
anthracene or benzo[a]pyrene vs. perylene.

Analysis of single-particle mass spectra

For the clustering of mass spectral signatures, we used the adap-
tive resonance theory neural network algorithm, ART-2a.** The
program code was taken from the open-source toolkit FATES* and
embedded in custom Matlab software (MathWorks Inc.). With
regard to the different ionization processes, LDI and REMPI mass
spectra were separately normalized and independently clustered
using a vigilance factor of 0.8, a learning rate of 0.05, and 20
iterations.*® In order to identify the main particle classes, we
applied a regrouping algorithm, where clusters from the initial
clustering are merged in a second ART-2a run.* The results were
regularly cross-checked against those of manual merging.

Ambient air sampling

The field experiments shown here were part of a measurement
campaign at the Swedish West coast.”® The clean air conditions
there required aerosol preconcentration (Model 4240, MSP
corp., USA)** and drying (Model MD-700-12S-1, Perma Pure LLC,
U.S.). Wind data were acquired from the local station Nidingen,
8 km south of the sampling site.>

Results and discussion
Particle types emitted by the laboratory ship engine

First, we investigated the ship engine's exhaust aerosol with
respect to the single-particle chemical composition of inorganic

Environ. Sci.: Atmos., 2023, 3, 134-1144 | 1135
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Fig. 1 Mass spectra of the eight main particle classes from ART2a-clustering of bipolar LDI mass spectra (black) for 60 kW (75%) load of the
research ship engine. The inorganic particle composition via LDI reveals distinct particle classes, e.g. soot particles indicated by carbon clusters
C,, of both polarities. Of note, the PAH pattern from REMPI (red) is very similar for these particle groups, showing strong signals from alkylated
phenanthrenes. Important PAH fragments appear at m/z = 165 and m/z = 189.

substances from laser desorption/ionization (LDI), similar to
previous studies on light duty>*** and heavy-duty vehicles.* Fig. 1
shows the weight matrices (mass spectra of cluster centers) of the
ART2a-clustering and regrouping of LDI mass spectra from 84
143 individual particles measured during engine operation with
60 kW (75%) load. The inorganic composition of the main
particle types resembles previous experiments on truck engines,*
with the majority of soot-dominated particles and peaks from
organic fragments. Strong signals from Ca’ and phosphate
signatures can be attributed to lube oil residues.’*® Particle-
bound Fe is resonantly ionized in our SPMS, leading to
substantial signal enhancement.*

PAH signatures and their distribution over the particle
ensemble

The new ionization method used here yields PAH mass spectra
from about 50% of all ship emission particles in the current
measurement. This equals the typical hit rate for PAHs with this
technology*® and thus suggests that the majority of detected
particles contain PAHs. This is not surprising because a large
fraction of the PAHs is in the gas phase after combustion and
condenses on the particles when the temperature drops in the
exhaust system. The average PAH mass spectra of the LDI-
derived particle types are shown as red bars in Fig. 1. Inde-
pendent of the particle type, the PAH mass spectra are domi-
nated by a signal series in m/z sequences of 14 Da beginning at
m/z = 178 — a profile that has previously been associated with
ship engine emissions from distillate fuel operation, both in on-

136 | Environ. Sci. Atmos., 2023, 3, 134-1144

line measurements of the hot flue gas as well as in filter
samples.’®**® The peak at m/z = 178 can stem from both
phenanthrene and anthracene; however, anthracene is nearly
exclusively produced in the combustion process and has a lower
degree of substitution.®® The pronounced alkylation pattern in
our experiments indicates the dominance of phenanthrene and
its alkylated derivatives over anthracene. In piston engines, the
combustion temperature determines the number of rings as
well as the degree of substitution, e.g. alkylation,* and large
diesel engines show higher alkylation degrees resulting from
higher amounts of unburnt fuel.>***

Of note, the average PAH signatures of all particle types are
nearly identical, as apparent from the average PAH mass spectra
in the respective groups (red bars in Fig. 1). In order to prove the
stability of this signature among the individual particles - and
therefore its suitability as a marker profile - we performed
a statistical analysis of their homogeneity in the particle
ensemble. The violin plots in Fig. 2 show the distribution of the
congruence coefficients rc for each 25000 particle LDI mass
spectra (blue) and the respective PAH mass spectra (red)

according to
E XijYij
i

) (5

with x and y representing the individual mass spectra. The
distribution of r as a measure of the similarity between mass

rc

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Distribution of the congruence coefficients rc between the
single-particle mass spectra. The median rc from the PAH mass
spectra (white circle in the red probability density plot) is higher and its
distribution is narrower compared to that from the LDI mass spectra of
the same particles. The high similarity between PAH mass spectra
supports their capability as a marker signature. Grey bars: interquartile
range, n = 25 000.

spectra shows that the individual PAH signatures are much
more uniform than the signatures of the particle's inorganic
composition from LDI. The higher similarity of PAH spectra is
likely a result of incomplete combustion and imprints of the
fuel signature, emphasizing the suitability of single-particle
PAH spectra as fuel markers.

The effect of the particle size

SPMS yields the individual particle size; however, the optical
detection efficiency drops rapidly for particles smaller than
200 nm, and thus, the instrument probes the fraction of the
largest emitted particles. Of note, this size mode includes many
particles of aged ship plumes in field applications* and coincides

free running mode
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with the size of long-range transported particles.®* Because of the
instrument's bias towards large particles in conventional SPMS
sizing mode, we performed additional experiments in the so-
called free running mode that includes ultrafine particles. In
this operation mode, the instrument's optical detection- and
sizing unit is inactive and the desorption- and ionization lasers
fire with a 100 Hz repetition rate into the particle beam, hitting
particles on a random basis. Thus, the limits of optical particle
detection can be overcome, however, at the cost of lost size
information. Fig. 3(a) shows that the particle size distribution
measured vig a scanning mobility particle sizer (SMPS) peaks at
around 80 nm. The SMPS-derived size distribution combined
with the lower limit of SPMS spectrum generation at around 50
nm (ref. 62) suggests that particles between 50 and 150 nm size
are dominant in the mass spectra measured in free running
mode. Fig. 3(b) shows the average mass spectra of 5000 particles
measured in free running mode in comparison to Fig. 3(c) where
the average mass spectra of the same number of particles
measured in conventional sizing mode are shown. The smaller
particles measured in free running mode are soot-dominated and
the larger particles show stronger phosphate and nitrate signals
and more fragment peaks from organic carbon, e.g. in the PAH
spectrum. This behavior can be attributed to a larger fraction of
soot particles in the ultrafine mode and stronger contributions
from lube oil and cold zones near the cylinder walls for the larger
particles; see Toner et al.>® The PAH mass spectra in free running
mode show a slightly lower contribution from parent PAHs and
fragments; the reason is not known. However, the PAH signature
is still characterized by the intense homologue series of alkylated
phenanthrenes. A cluster analysis of particle spectra in free
running mode is provided in ESI, Fig. S1.}

The effect of the engine load

The third investigated key parameter with potential influence on
the PAH signatures is the engine load, as shown by a direct
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(a) Particle size distribution of the research ship engine running on MGO at 60 kW load, measured by using a scanning mobility particle

sizer (model 3082, TSI, U.S.). The blue shaded area illustrates the particle detection range of the SPMS in free running mode where particles of all
sizes are hit at random, but size information from this instrument is not available. The red area indicates the coverage in normal sizing mode. The
comparison of average mass spectra obtained in (b) free running mode (more smaller particles) and (c) in sizing mode (more larger particles)
reveals that the characteristic series of alkylated phenanthrenes appears at all sizes. The additional series (m/z = 231 + n x 14) is formed by

fragments.®*
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Fig. 4 With increasing engine load, the only noticeable change in the average PAH mass spectra (each n = 3500) is a subtle shift towards lighter
PAHs. The pronounced alkylated phenanthrenes as the key feature indicating ship emissions from distillate fuels are hardly affected as well as the

inorganic particle composition from LDI.

comparison of average mass spectra in Fig. 4. While the particle’'s
organic content is highest at low load"® and total PAH signals are
slightly decreasing with increasing load (compensated by signal
normalization as shown in Fig. 4), the general profile with strong
alkylated phenanthrenes remains clearly visible. The inorganic
composition reveals an increase in the nitrate signals with higher
engine load and combustion temperature. The particle size
distribution for all loads is given in ESI, Fig. S2.}

In summary, the vast majority of PAH-containing particles
from MGO operation show a characteristic PAH pattern whose
key feature, a dominant row from phenanthrene and its alky-
lated derivatives, is nearly unaffected by the particle type, size
and engine load. The measured PAHs are a mixture of
combustion products and residues of unburnt fuel and lube
0il.»*** Spencer et al. found comparable PAH signatures in the
majority of the droplets of sprayed diesel fuel using LDI-based
SPMS.® Of note, the parent PAHs (e.g. m/z = 178) were nearly
absent in this study as they originate from reactions between
hydrocarbon radicals during combustion® while the alkylated
species appear to be mainly fuel residues.”® A further key
difference between the droplet studies and our emission
experiments is the much higher concentration of PAHs in the
diesel fuel droplets,'®'®%*%* and thus, they were detectable via
LDI even in negative mode.*

We also investigated the diversity of PAH signatures by
ART2a-clustering of single-particle REMPI mass spectra and
analyzed the corresponding inorganic particle composition.
Only a minority of particles produce substantially different PAH
mass spectra, as shown in ESI, Fig. S3.1

Ship plume detection via PAHs in the field

To demonstrate the field applicability of our PAH-marker
approach, we re-analyze subsets of the data from a field study
at the Swedish coast in autumn 2019, see Passig et al.*® for
details. Briefly, we used the same SPMS system and the same

N38 | Environ. Sci: Atmos., 2023, 3, 134-1144

configuration as in the laboratory but with additional particle
concentration (see the “Methods” section above) to account for
the general clean air conditions with less than 10 pg m ™~ PM2.5.
In the timeframe considered, circulating winds transported
both terrestrial as well as marine aerosols to the sampling site
(Fig. 5). From 292 242 chemically characterized particles in the
period, 3746 particles showed PAH signals. Fig. S4 in the ESI
shows one of the resulting clusters exhibiting a PAH spectrum
with dominant alkylated phenanthrenes, similar to the experi-
mental results with the research ship engine. The correspond-
ing inorganic composition from LDI reveals soot with Ca and Fe
contributions, organic carbon (OC) peaks and some ageing
signatures (e.g. **C,H;0" contribution at m/z = 43). In order to
investigate the sources of these particles, we correlated their
appearance time with local wind data. Fig. 6(a) shows the
distance from the intersection point of the wind trajectory with
the main shipping lane to the measurement site as a function of
time.

The wind speed is plotted in Fig. 6(b). The detection time
and the size of all PAH-containing particles are depicted in
Fig. 6(c) as grey dots, and the red dots represent the particles
with dominant alkylated phenanthrenes. Obviously, these
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Fig. 5 Overview map of the region and the sampling site.
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particles were mainly detected during periods of short distance
travel to the ship lane and at low wind speeds, while at high
wind speeds and especially during wind from land (distance >
100 km as shown in in Fig. 6(a)) they were only rarely detected.
This behavior points to ship traffic as a probable source and
indicates that land-based sources are of minor importance for
this PAH signature.

Fig. 6(c) also shows a transient event of rather small particles
(circled) indicating a single, less distant source. These particles
also show the mentioned PAH profile but smaller peaks from
OC, see ESI, Fig. S4(b)} for an average spectrum. Ship tran-
sponder data (AIS) revealed a ferry heading north at about 15-20
km distance to the sampling site 45 min before the event, see
the inset of Fig. 5. The ferry traveled closer to the coastline than
most other ships, and its lights were visible in the night. The
ship was not equipped with a scrubber, so it is mandatory for it
to use distillate fuel (i.e. MGO).

Complementarity with previous concepts

Our findings emphasize the potential of single-particle PAH
measurements for ship plume detection and source appor-
tionment of ship emissions. Previous SPMS approaches without
PAH evaluation were based on a unique combination of tran-
sition metals from bunker fuel residues; however, the global
change to cleaner fuels requires novel strategies.® Apart from
transition metals, conventional SPMS can identify soot particles
from many sources. However, it can hardly differentiate

Period with (1) distance to ship lane in wind direction <100 km and (1) wind speed <5 m/s

Period with distance to ship lane in wind direction <100 km
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between the emissions from different engine types, although
rather subtle changes in the SPMS mass spectra have been
described.’***%*% The approach presented here focuses on
organic fuel residues and combustion products, harnessing the
high sensitivity for PAHs based on the resonant ionization
process. Consequently, it reveals fuel and combustion charac-
teristics beyond metals or lube oil additives. PAHs can also be
detected with conventional SPMS, however, with less sensitivity
and strong fragmentation that affects the reproducibility of
mass spectra.*®¢7-%

Potential ambiguities and interferences with land-based
diesel emissions

An important limitation could arise from interferences with
other sources with potentially similar PAH emission profiles.
Czech et al. performed gas phase analyses of PAHs from
different sources emphasizing a unique profile of large (ship)
diesel engines.** However, this study included the signatures of
the lighter two-ring PAHs which are limited to the gas phase and
not available here to differentiate between ship engines running
on MGO and smaller diesel engines. Spencer et al. found
comparable PAH signatures in lube oil and diesel droplets®
where they have high concentrations,* but not in the exhaust
emissions, probably because of lower sensitivity to PAHs in the
LDI ionization used by their SPMS instrument.®®”® A minor class
of PAH-containing particles was determined in a study on
heavy-duty vehicle emissions using the same instrument.” The
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Fig.6 Time course of wind data and particle detection events. (a) Distance from the measurement site to the main ship lane in the wind direction
as derived from data of the local meteorological station. (b) Local wind speed from the same data. (c) Particle sizes and detection times for all
PAH-containing particles (grey dots). The red dots represent PAH-containing particles with strong signals of alkylated phenanthrenes, belonging
to the cluster shown in the ESI, Fig. S4(a).t Of note, the appearance of such particles is associated with light onshore winds and rather small
distances to the ship lane in the wind direction (dark blue shaded periods). Only few particles of this type were detected in winds from the land,
despite a motorway (20 km distance), the city of Gothenburg and active farming in the region. A transient signal of small particles from this type
can even be attributed to an individual ship passage (circled).
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PAHs in these experiments were dominated by the four-ring
parent PAHs at m/z = 202 in contrast to the strong alkylated
phenanthrenes observed here for ship emissions.

We have conducted unpublished experiments with different
kinds of logwood, biomass burning and brown coal so far; all of
them have not produced similar PAH signatures, as shown in
ESI, Fig. S5(a) and (b).T Using gas chromatography MS, Martens
et al. found a ratio between phenanthrene and the sum of its
alkylated derivatives of 2-6 for logwood and 0.4-4 for brown
coal combustion,” while this factor is 0.4-1 in the experiments
shown here, dependent on the engine load. However, in
a preliminary experiment with a 5.7 kW diesel power generator,
we observed PAH profiles comparable to that of the ship engine
with MGO described here, see ESI, Fig. S5(c)f for a mass spec-
trum. We therefore assume that particles from diesel engines
without exhaust cleaning devices bear the highest potential for
interferences with the proposed ship emission markers. We
expect that these interferences are of minor importance for two
reasons: firstly, since most road traffic vehicles are nowadays
equipped with particle filters, the quantity of land-based diesel
particle emissions from such old cars, tractors, stationary
engines, etc. is much lower compared to ship traffic emissions.?
Secondly, if the measurements are performed close to the
coastline during on-shore winds, e.g. for ship plume detection,
particles of terrestrial origin reveal ageing markers in the SPMS.
Actually, during our ambient air campaign with several thou-
sand PAH-containing particles, the described pattern with
dominant alkylated phenanthrenes predominantly
observed in soot particles during on-shore winds, as shown in
Fig. 6.

Additional ambiguity arises from the different degradation
dynamics of individual PAH compounds which have been dis-
cussed as a key limitation for the diagnostic ratio approach in
source apportionment of PAHs.”>7> However, the atmospheric
residence time for the particles is in the range of minutes to
a few hours before individual ship plumes disintegrate by
dispersion and mixing.”® We expect therefore, a limited effect of
aging on the characteristic pattern of PAHs. Note that hetero-
geneous PAH degradation in the atmosphere is often much
slower than in lab experiments,”” for example, from shielding
effects.”®””

Both the plume travel distance and wind speed are compa-
rable to those of former experiments where resonant ionization
of metals has been applied for sensitivity enhancement to Fe, Ni
and V,*** so it is a realistic scenario and detection range for
optimized SPMS methods.

was

Conclusions

Our study showed the application of a new ionization method in
SPMS to identify ship emission particles based on their PAH
composition. The laboratory experiments indicate a high
stability of the proposed marker signature throughout different
particle types, engine loads and particle sizes. The respective
particles can be found in ambient air and are associated with
a marine background. Moreover, under appropriate wind
conditions, individual plumes from ships running on MGO can

140 | Environ. Sci: Atmos., 2023, 3, 1134-1144

View Article Online

Paper

be detected over a distance of several kilometers. A major
ambiguity of this approach results from interferences with
diesel-powered engines that not equipped with exhaust treat-
ment. However, considering the local geography and weather
conditions, these inaccuracies in source apportionment can
easily be minimized.

To further emphasize the real-world application of the new
PAH-based concept, future experiments will focus on many ship
plumes in contrast to the occasional event presented here.
Therefore, the optical particle detection of the instrument will
be improved towards higher sensitivity and the measurement
site will be closer to the shipping lane. This method is currently
under evaluation for the identification of different types of
distillate and residual fuels that gain importance with new
regulations.'®® In combination with the resonant ionization of
metals that substantially improves the detection of the tradi-
tional metal markers,*"** the approach could be generalized for
the coverage and identification of all relevant ship fuels
currently on the market. Further interesting applications will be
the real-time measurement of ship plume ageing effects and
PAH deposition in the surface water.
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We investigated the fuel-dependent single-particle mass spectrometric signatures of polycyclic aromatic
hydrocarbons (PAHs) from the emissions of a research ship engine operating on marine gas oil (MGO),
hydrotreated vegetable oil (HVO) and two heavy fuel oils (HFO), one with compliant and one with non-
compliant fuel sulfur content. The PAH patterns are only slightly affected by the engine load and particle size,
and contain sufficient dissimilarity to discriminate between the marine fuels used in our laboratory study.
Hydrotreated vegetable oil (HVO) produced only weak PAH signals, supporting that fuel residues, rather than
combustion conditions, determine the PAH emissions. The imprint of the fuel in the resulting PAH signatures,
combined with novel single-particle characterization capabilities for inorganic and organic components,
opens up new opportunities for source apportionment and air pollution monitoring. The approach is
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Environmental significance

emission control policies are implemented and fuels become more diverse.

Ship emissions are a major source of air pollution, causing serious impacts on human health, environment and climate. Various sulfur emission regulations
have come into force in recent years, leading to a diversification of marine fuels. As a result, there is a need for alternatives to the traditional markers of ship
emissions, taking into account the new fuel types. Here we show how the characteristic signatures of polyaromatic hydrocarbons can be used to identify the fuel

for the purposes of monitoring and surveillance.

Introduction

Global shipping has a significant impact on human health,
ecosystem quality and climate change through the release of
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anthropogenic emissions such as carbon dioxide (CO,), sulfur
oxides (SOy), nitrogen oxides (NOy) and particulate matter (PM) into
the atmosphere.'® Maritime transport facilitates over 90% of global
trade volume,” and trends indicate that demand for shipping will
increase by up to 50% by 2030 compared to 2016 levels.® To reduce
the environmental and health burden, sulfur emission control areas
(SECAs) have been established in many coastal regions (e.g. North
America, North Sea, Baltic Sea, United States Caribbean Sea’),
limiting the fuel sulfur content (FSC). The current EU sulfur direc-
tives require ships to use fuels with a maximum FSC of 0.1% m m
inside SECAs since 2015.° A global sulfur cap of 0.5% m m ™" outside
SECA zones was put in place in 2020." As a result, the range of fuels
available has diversified, including bunker fuels (“Heavy Fuel Oils”,
HFOs) with varying sulfur contents. The majority of ships operating
in SECAs have transitioned to use distillate fuels such as marine gas
oil (MGO)." This has resulted in a significant reduction in partic-
ulate matter (PM) emissions."** However, it is important to recog-
nize that the use of low sulfur containing fuels without filter
technology may still have a substantial impact on human health.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ships are powered by large diesel engines that do not have the
aftertreatment of exhaust gases that is common in road vehicles.
Ship emissions aerosols are therefore part of diesel exhaust particles
(DEP), which are classified by the International Agency for Research
on Cancer (IARC) as a group 1 carcinogen with an increased risk of
lung cancer. The particles (e.g. soot) also carry carcinogenic
PAHSs,™ can cause oxidative stress and are cytotoxic.™®

Even high-sulfur containing fuels can be legally used on
ships if exhaust gas cleaning systems such as scrubbers reduce
the sulfur emissions to levels similar to those of compliant
fuels.’ While ship emissions from fuels that comply with
current regulations are reported to be reduced,**** the use of
wet scrubbers can still have a devastating impact on the envi-
ronment.>*** One possible way to reduce both greenhouse gas
and PM emissions from shipping is to use alternative fuels such
as hydrotreated vegetable oil (HVO).>® However, such fuels are
costly and available only in limited quantities.***”

The increased diversity of fuel types and the growing use of
distillate fuels pose new challenges for air pollution monitoring,
surveillance and source apportionment. The traditional markers
of ship emissions are the transition metals V, Ni or Fe - ie.
residues from bunker fuels.”® Based on these metals, single-
particle mass spectrometry (SPMS) is capable to detect ship
emissions in real time,*** including complex atmospheric envi-
ronments® even if scrubbers are used in SECAs.** However, the
metals are not emitted during operation on distillate fuels and
therefore new markers beyond the transition metals are needed.”®

Characteristic patterns of volatile and semi-volatile aromatic
hydrocarbons from ship emissions have been reported.*
Recently, it was shown that ship emission particles from MGO
combustion can be identified by their profile of PAHs,*® using
a new technology in single-particle mass spectrometry (SPMS).*”
Anders et al.*® studied emissions from a research ship engine
running on MGO and described a consistent PAH pattern with
high homogeneity that was also found in marine ambient air. A
transient appearance of this pattern could also be attributed to
a distant ship passage, emphasizing the potential of single-
particle PAH profiling as a novel marker concept for ship emis-
sions from distillate fuels. The novel capability to characterize
PAHs along with the inorganic composition of individual parti-
cles has sparked new applications and source apportionment
capabilities.*® Here we extend the new approach to currently
relevant marine fuels and describe the single-particle PAH
emissions from a research ship engine running on two HFOs
with different sulfur contents, MGO and HVO. Complementary
to the particle’s inorganic composition, the PAH patterns we
observed for our multi-fuel research engine provide the basis for
a sophisticated approach to ship emission monitoring and
control, covering and discriminating between different
compliant and non-compliant fuels in real-time scenarios.***

Methods

Research ship engine, fuels and sampling

The experiments were carried out on a 1-cylinder, 4-stroke, 80
kW research marine engine with common rail injection,
installed at the “Institute of Piston Machines and Internal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Combustion Engines” in Rostock, Germany. This engine is
a well-characterized model for ship emission studies and is
suitable for all types of marine fuels.** The investigated fuels
include (I) the SECA-compliant fuels MGO and HVO, (II) HFO
with 0.5% FSC as a compliant fuel for waters outside SECAs, and
(III) HFO with 2.4% FSC, which can only be used legally with
sulfur scrubber technology. Further details on the fuel can be
found elsewhere.*’ In addition, to show an appropriate range of
engine operations, four different loads of 80 kW, 60 kW, 40 kW
and 20 kW were investigated, corresponding to the relative
engine loads of 100%, 75%, 50%, and 25%, respectively. All
levels were operated for at least one hour, with a running-in
period of 25 minutes for stabilization. The emitted aerosol
was sampled and passed at a temperature of 200 °C through
a cyclone with a cut-off size of 10 um. The aerosol was diluted
with dried and particle-free air in a two-stage ejector dilution
system (eDiluter, Dekati Ltd, Finland). The dilution ratiowas 1 :
50 for the experiments with the heavy fuel oils, while a dilution
ratio of 1: 25 was used for the MGO and HVO fuels, respectively.
Finally, from a total flow of 1 L min~" that was transported to
the SPMS, 0.1 L min~ ' was directed into the system. In addition
to the SPMS' optical sizing unit, particle size distributions were
also measured using a scanning mobility particle sizer (TSI;
model 3082) downstream of the SPMS after further dilution by
a factor of 100. Further detailed information on the sampling
setup can be found in Jeong et al.*

Single-particle mass spectrometer with PAH characterization

The ability to measure chemical profiles of individual particles
makes single-particle mass spectrometry (SPMS) a unique tool
for source identification in complex atmospheric environments.
Here, a novel ionization setup was applied, using spatially and
temporally tailored laser pulses to simultaneously induce laser
desorption/ionization (LDI) and resonance-enhanced multi-
photon ionization (REMPI) of particle components. The tech-
nique provides single-particle information on the inorganic
composition (via LDI) and particle-bound PAHs (via REMPI).*”
In brief, a narrow particle beam is formed by an aerodynamic
lens at the inlet of the instrument. Individual particles in the
beam are then optically detected and sized. Subsequently, each
particle is exposed to an IR pulse from a CO, laser (10.6 pm, 20
m] pulse energy), which desorbs organic matter and creates
a gaseous plume surrounding the refractory particle residue. In
the ionization step, an unfocused UV pulse from a KrF excimer
laser (248 nm wavelength, 6 mJ pulse energy) ionizes the des-
orbed PAHs in the plume via REMPL* The laser light is then
backreflected and focused into the ion source, ionizing the
refractory residue of the same particle via LDI at much higher
laser intensity. PAH ions are measured in the positive arm of the
bipolar Time-Of-Flight (TOF) mass spectrometer, while inor-
ganic compounds from LDI are detected in both the positive
and negative flight tubes. All ion signals are recorded by a 14 bit
digitizer (ADQ14, Teledyne SP Devices AB, Sweden) and
a customized software based on LabVIEW (National Instru-
ments Inc.). It should be noted that SPMS data does not produce
precise mass concentration values of the substances but yields

Environ. Sci.. Atmos., 2024, 4, 708-717 | 709
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chemical information on a single-particle level. Isobaric
substances, however, cannot be distinguished (e.g. phenan-
threne vs. anthracene).

Analysis of SPMS data

Custom MATLAB software (MathWorks Inc.) was used for the
conversion of time-of-flight data to mass spectra with nominal
mass resolution. The bars reflect the integrated peak area. Because
of the different ionization processes, data from LDI and REMPI
were individually normalized. The violin plots were created using
the “violin plot” tool for matlab.”* The principal component
analysis (PCA) was performed on the time-of-flight data using the
Matlab statistics toolbox with the “pca” command. Therefore, only
PAH relevant data from REMPI were considered.

Results and discussion
Mass spectrometric pattern from different ship fuels

Fig. 1 shows the sum mass spectra of particles from engine
operation with the different fuels during 60 kW (80%) load.
The particle composition derived from LDI (black) reveals
carbon clusters from soot as the dominant component of
diesel exhaust particles (DEP), organic fragments and signals
from lube oil constituents, i.e. calcium and phosphate.***® The
heavy fuel oils (Fig. 1(c) and (d)) produce the typical marker
metals vanadium, iron and nickel. However, they appear
relatively low due to the very strong Na' signal that dominates
the normalized spectrum. The MGO and HVO emissions also
reveal signals from these metals, however, with much lower

View Article Online
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peak intensities. They can originate from carry-over effects, e.g.
via lube oil, and from redispersed particles from the inner
surfaces of the manifold and exhaust.***> Note that iron is
resonantly ionized in our instrument, leading to substantial
signal enhancements of the Fe* signal,**” but also increased
Ni* and V' peaks.*! Due to their high sulfur content, heavy fuel
oils show stronger sulfate signals compared to MGO and HVO.
The difference for °’HSO,~ between the HFO fuels is only
moderate due to signal saturation in the SPMS but it is
noticeable for %°SO,”. Compared to MGO and HVO, the
stronger alkali metal signals (Na" and K") are also noteworthy.
For MGO, the inorganic particle composition from LDI
resembles the results from previous studies on heavy-duty
vehicles without exhaust filters.*> For the heavy fuel oils,
similar compositions have been reported in laboratory-based
and field studies on ship emissions.?*-384°

The corresponding average PAH mass spectra from REMPI
are shown in red in Fig. 1. For all fuels except HVO, these PAH
signatures are dominated by series in m/z sequences of 14 Da
starting at m/z = 178. The peak at m/z = 178 more likely stems
from phenanthrene than from anthracene because the latter is
predominantly formed in the combustion process® and asso-
ciated with fewer alkylated derivatives, whereas alkylated
phenanthrenes in the emissions are typical residues of
unburned fuel.?*3%3%5! For MGO, m/z = 178 is the dominant
peak and the signals decrease with increasing degree of alkyl-
ation. This pattern has been described in detail in our previous
study.®*® About 50% of the characterized particles from MGO
combustion reveal clear PAH signals in their REMPI spectra.
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Fig. 1 Sum mass spectra (n = 10 000) from laser desorption/ionization (LDI, black) and resonance-enhanced multiphoton ionization (REMPI,
red) of particles from four marine fuels (75% engine load). The inorganic particle composition from the residual fuels exhibits the well-known
signals of transition metals and sulfur. The PAH signals from MGO and HVO combustion show comparable pattern, while the total PAH signals for
HVO are much smaller (balanced by normalization in the figure, see Fig. S1 for a comparison without normalization). For the HFO fuels, PAHs of
higher mass are more pronounced and a higher degree of alkylation is observed, resulting in a shift of the maximum towards the C,-phen-
anthrenes. The respective mass spectra for 25% engine load are shown in Fig. S27.
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This value is comparable to the method's hit rate for PAHs*”
indicating that most particles contain PAHs, which is reason-
able due to uniform condensation of semi-volatile organics on
the particles in the exhaust. For the HVO combustion, the signal
strength of PAHs and the fraction of PAH-containing particles is
much smaller, with only 3% of particles showing a PAH signal
well above the noise level. The signature of this small fraction of
particles is comparable to that of the MGO particles (Fig. 1(b)),
indicating that these signals result probably from resuspended
particles from the exhaust rather than from the HVO combus-
tion or fuel residues. This assumption is supported by fuel
sample analyses, where PAHs in HVO were below the limits of
detection, see Fig. S3.f Due to the HVO particle's low PAH
content, high-mass carbon clusters are more pronounced in the
normalized mass spectrum in Fig. 1(b). Similar to the MGO
emissions, the particles from HFO combustion are character-
ized by a dominant series of alkylated phenanthrenes, however,
the series extends to larger masses and its maximum is shifted
to the C,-phenanthrenes, resulting in a remarkably different
pattern. There are also variations among the HFO fuels, ie.
stronger contributions from parent PAHs and high mass
species for the low-sulfur HFO. However, compared to MGO,
both HFO fuels share the distinct shift of the maximum towards
the C,-phenanthrenes.

The homogeneity of PAH signatures over the particle
ensemble

For their use as a marker, it is crucial for the PAH signature to be
stable across all emitted particles from one fuel. Although the
inorganic composition of individual particles in engine emis-
sions can vary significantly,***> PAHs in ship emission particles
from MGO combustion have already shown a higher degree of
similarity.*® Fig. 2 illustrates the distribution of congruence
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Fig. 2 Distribution of the congruence coefficients r. between single-
particle mass spectra of four different shipping fuels. The violin plot of
re from the inorganic particle composition (LDI) of MGO particles
reflects the heterogeneity of different particle types. In contrast, the
REMPI signatures (mainly from PAHSs) of the same particles from MGO
combustion are more homogeneous. Also, for HVO, HFO with 0.5%
sulfur, and HFO with 2.4% sulfur, the respective PAH patterns show
a high homogeneity, which is a prerequisite for their use as a ship fuel
marker. The width illustrates the number of particles in a bin. The
interquartile range (n = 5000) that represents half of the particles is
shown as a grey bar with its median in white.
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coefficients (r.) as a measure of the similarity between the
individual mass spectra. For each fuel, the congruence coeffi-
cient has been calculated for 5000 particles according to

2 2
2_Xi Vi
ij

)6

with x and y representing the single particle mass spectra. The
median r, value from REMPI signals represents the PAHs and is
higher than the r. from LDI signals that reveal the particle's
inorganic composition, as evident from the violin plots in Fig. 2.
For a direct comparison between the r. values of all LDI and
REMPI data at different engine loadings see Fig. S5 and S6.}
Furthermore, the distribution of REMPI signals is notably denser
for all fuels when compared to the signals in the LDI spectra and
the interquartile range is small, demonstrating a high level of
similarity for the PAH signatures. This supports the marker
characteristics of PAHs in particle emissions from marine fuels.

Effect of the particle size

In addition to information on the particle composition, SPMS
provides the individual particle size in vacuum aerodynamic
diameter. The overall detection efficiency of the SPMS decreases
rapidly for particles smaller than 200 nm, mainly due to the Mie
scattering limit, which is strongly dependent on the wavelength
of the continuous wave lasers in the optical sizing system.** To
address this inherent bias of SPMS towards the largest size modes
of combustion particles, we conducted additional measurements
in the so-called ‘free-running mode’. Ultrafine particles can be
measured using this mode, which deactivates the optical detec-
tion and sizing unit while increasing the repetition rate of the
desorption-and ionization lasers to 100 Hz in our experiment.
The size limit for measured particles is reduced to approximately
50 nm at the expense of lost size information.**** Fig. 3 illustrates
the particle composition for different particle sizes. The averaged
mass spectra of each 5000 particles are compared for both the
free-running mode (including ultrafine particles, blue shaded)
and the standard sizing mode (=150 nm, red shaded). The
respective particle size distributions were measured with a scan-
ning mobility particle sizer (SMPS). For MGO and HVO, the
measurements in free-running mode include the maximum of
the size distribution and soot signatures are slightly increased
relative to the larger particles measured in the sizing mode. Mass
spectra obtained in the sizing mode show a phosphate signal that
is 2 to 4 times more intense, an indication of a larger contribution
from the lube oil. The particle size distributions of the heavy fuel
oils are dominated by sulfate and soot particles,* which are too
small to produce mass spectra in the instrument. Therefore,
carbon clusters are not enhanced in the free-running mode.
Consistent with our previous study,*® the PAH patterns are not
substantially affected by the particle size and retain their fuel-
dependent signatures due to the uniform condensation of
PAHs on the particles during cooling in the exhaust pipe. The size
distribution data for each fuel under different load conditions
can be found in the ESI in Fig. S4.1
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Fig. 3 (Left) Size distributions of (a) MGO, (b) HVO, (c) HFO 0.5% S, (d) HFO 2.4% S, measured using the scanning mobility particle sizer. The
particle detection range of the single-particle mass spectrometer in free running mode is indicated by the blue shaded area. In this mode,
particles of all sizes are hit at random and size information is not available. The red area indicates the coverage in normal sizing mode. The right
side shows the normalized sum spectra of each 5000 particles, respectively, in both the free-running mode (blue shaded) and sizing mode (red
shaded). The free-running mode includes smaller particles and reveals more pronounced contributions from soot (see MGO and HVO) while the
sizing mode covers only large particles (=150 nm) and exhibits 2—4 times stronger phosphate signals from lube oil. The PAH mass spectra are
hardly affected by the particle size and reveal their distinct patterns for each individual fuel.

was performed on the PAH mass spectra of the particles from all
fuels at two different engine loads. As an exploratory analysis,
the first two principal components were considered, covering

Fuel-specific characteristics of PAH signatures

To investigate a measure of fuel differentiation and the influ-
ence of load conditions, a principal component analysis (PCA)
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57% of the total variance. The biplot (Fig. 4) illustrates the
relation between the factors “fuel” and “load” from PC scores
and provide information on the variables responsible for
grouping from the PC loadings. A separation along the first PC
into HFO and the fuels MGO and HVO can be noticed. HFO
contains longer alkylated alkyl chains in the homologue series
of phenanthrene, which is the driver of the fuel separation
because unburned fuel is the main contributor to aromatic
compounds in particulate emissions. Peaks of C,- to-Cs-alky-
lated phenanthrenes appear at m/z = 206, 220 and 234, while
the peak at m/z = 189 denotes a common fragment of angled
PAH with larger degrees of alkylation.***” Except for MGO and
HVO, the variances within the two fuel types, highlighted by the
95% confident ellipses, were apparently lower than between
them, thus supporting the use of this signature for ship fuel
identification. Note that the HVO in this study only serves as the
“cleanest” possible hydrocarbon fuel. Engine operation at lower
loads causes emissions with a higher contribution of unburned
fuel than higher loads. In the PCA biplot, the effect of engine
load appears in the vertical direction on the second PC for all
fuels, although minor in the case of HVO. Emissions at higher
engine loads contain more aromatics from high-temperature
pyrosynthesis inside the combustion chamber, such as by the
hydrogen-abstraction carbon-addition (HACA) mechanism.*®
Variables pulling in the positive direction of PC2 are m/z = 178
and m/z = 192, i.e. phenanthrenes of no or low degree of
alkylation, indicating pyrosynthesis and a lower contribution of
unburned fuel. Conversely, alkylated phenanthrenes at m/z =
206, 220 and 234 show contributions in the negative direction of
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PC2, thus towards low engine loads. Nevertheless, variances
added by the actor “load” are lower than for the factor “fuel”,
hence the fuel type has a stronger effect on the mass spectral
signatures in the particle ensemble, emphasizing the identifi-
cation of the used ship fuel by our SPMS approach.

Potential and limitations for the PAHs as fuel markers in
SPMS

Our study shows that many of the conditions are in place for the
use of single-particle PAH signatures as a future marine fuel
marker. In particular, the characteristic PAH pattern unique to
the fuel is evident for most particles and is consistent with
particle size and engine load. The HVO emissions are difficult to
identify due to the low number of particles with PAHs and the
similarity to the MGO pattern, but the relevance of HVO for the
future shipping industry is questionable.>** The inorganic
particle composition remains detectable with our SPMS-
method. In a screening approach it can further help to distin-
guish between e.g. high sulfur and low sulfur blends or between
metal-containing residual fuels and distillates, which are often
named “hybrid” fuels. Higher confidence in identification may
be achieved with our complementary PAH analysis. One aspect
that is difficult to investigate is the effect of engine type and
engine size. However, as fuel residues are a major determinant
of the PAH signal, the inevitable emission of unburnt fuel will
contribute to signal consistency between different ships. In
a previous study, we discussed potential interferences between
MGO combustion and terrestrial emissions and concluded that,

Loadings Comp. 2
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Fig.4 Principal component analysis of single-particle PAH mass spectra from marine gasoil (grey), hydrotreated vegetable oil (red), heavy fuel oil
0.5% sulfur (blue) and heavy fuel oil 2.4% sulfur (yellow) at 20 kW load and 60 kW load, respectively. The length of the eigenvectors represents the
contribution of signals at different mass-to-charge ratios to the mass spectral differences. The ellipses depict the 95% confidence interval for the
principal component scores of each cluster. While the clusters are well separated for the low load conditions (light colors), the mass spectral
signatures approach each other at higher load (dark colors), but remain distinguishable. N = 1670 for each of the fuels and loads.
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due to the widespread use of filter technologies, only a few land-
based sources with comparable PAH emission patterns remain,
namely diesel engines without exhaust filters, e.g. at power
generators, construction machines, and old vehicles.*® The
same interferences can also be expected for the HFO emissions
with their alkylated PAHs of higher masses. An important
terrestrial PAH source is wood combustion. In comparison to
ship emission particles, SPMS mass spectra from wood
combustion show much stronger parent PAH signals (see e.g.
ESIt in Anders et al. 2023 (ref. 36)). The series of alkylated
phenanthrenes in the PAH spectra from HFO shows some
similarities to emissions from the smouldering combustion of
biomass material.** However, while the decomposition of resin
acids in wood burning typically results in a (local) maximum of
the phenanthrenes at m/z = 234, the HFO produces
a smooth distribution with its maximum at lower masses, see
Fig. 1. Nevertheless, with the additional information about the
particle's inorganic composition, a straightforward differentia-
tion between the fossil residual fuel (strong sulfur and metal
signals) and the biomass fuel (dominant potassium signal®*°)
is possible. In a field study of PAHs in aerosols using the same
method at the Swedish coast, we found no PAH signatures
similar to the HFO pattern in >290 000 particles, of which >4000
had detailed PAH mass spectra.*® Given the large distance to the
SECA outer boundary (>1000 km) and the high fuel compliance
within the Baltic SECA,*” this may not be surprising, but it also
indicates the absence of other sources with a similar PAH
signature.

Another source of ambiguity is related to the degradation of
PAHs. Substance-specific rates introduce an important limita-
tion to the diagnostic ratio concept in source apportion-
ment.*** The degradation of PAHs may not be an important
factor in the detection and monitoring of individual ship
plumes, as the plumes disintegrate within minutes to a few
hours.” For assessments of the contribution of shipping to
background air pollution and for studies of long-range trans-
port, PAH degradation may be a major limitation of the
approach. However, PAHs have often been shown to persist in
the atmosphere for much longer than suggested by laboratory
experiments,* e.g. because of weather conditions and slower
dark ageing” or due to shielding effects.””*

Conclusion and outlook

Having introduced the concept of single-particle PAH pattern as
a marker for ship emissions from distillate fuel combustion,**
here we extend this approach to other relevant ship fuels. As
unburnt fuel residues contribute significantly to the PAH
signatures, the patterns retain their fuel-characteristic profiles
under different conditions and are also expected to have a high
degree of similarity between different marine engines. The
basic field-applicability of the PAH marker approach could
already be shown,*® however, field studies should demonstrate
the differentiability of the various fuels for a larger number of
ship plumes. This is a challenging task due to fuel uniformity
and high compliance rates in SECAs,*” and it may require open-
sea measurements outside the SECA to get data from
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a sufficient number of ships with different fuels.” However,
previous research and this study demonstrate the potential of
PAHs as fuel markers for ships in the area of source appor-
tionment, where it is difficult to find a long-range method to
ensure compliance in emission control areas.
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Abstract

Sulfur dioxide pollution by ship emissions can be efficiently decreased by using exhaust gas scrubbers, yet particles can
pass through the scrubber and be released into the atmosphere. Here, we studied the impact of using a wet scrubber on the
composition of particle emissions, by single-particle analysis. At low engine loads, results show no significant changes
in particle composition of metals, salts, and polycyclic aromatic hydrocarbons (PAH). At high engine loads, the scrubber
reduced soot and PAH signatures about fourfold. Particles passing through the scrubber undergo minimal chemical changes,
except for sulfate uptake. The cleaning effect of wet scrubbers is attributed to the removal of water-soluble gas-phase com-
pounds, diffusion-dominated uptake of ultrafine particles, and wet deposition of coarse particles. The scrubber has little effect
on reducing the health and environmental impacts of the remaining particles that pass through it. These emitted particles,
primarily in the 60-200 nm size range, constitute a significant portion of the inhalable particle mass and have the potential
for long-range transport.

Keywords Ship emissions - Air pollution - Scrubber - Polycyclic aromatic hydrocarbons - Exhaust cleaning - Inhalable
particles

Introduction

The shipping industry is a major source of global air pol-
5 Johannes Passig lution [1, 31]. To mitigate its environmental and health
johannes.passig @uni-rostock.de impacts, the International Maritime Organization has intro-
duced a global regulation, limiting the fuel sulfur content
to a maximum of 0.5% (w/w). In Sulfur Emission Con-
trol Areas, such as the North Sea, Baltic Sea, and coastal
waters along the U.S. coast, the limit is set at 0.1% (w/w).
As an alternative to cleaner fuels, ships are permitted to
Faculty for Mechanical Engineering, Institute use cheaper high-sulfur bunker fuels, provided that exhaust
of Chemistry and Environmental Engineering, University ..
of the Bundeswehr Munich, 85577 Neubiberg, Germany scrubbers are used to remove the SOx from emissions. Wet
scrubbers can impact the environment when wash water is
discharged during so-called open-loop operation [9, 32]. In
addition to the efficient removal of SOx, which also reduces
secondary sulfate aerosol formation, the air quality benefits
include partial scrubbing of water-soluble organic gases,
such as carbonyls, thereby reducing the ozone-forming
potential of the emissions [7].
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The reduction in particulate emissions depends on fuel,
engine, and scrubber parameters, and consequently, it var-
ies in the literature [33, 35] with the majority of the studies
indicating only little to moderate effects of the scrubber
on particle number and mass emission factors [11, 13].
Changes in the particle size distribution are primarily
linked to the diffusion-driven uptake of ultrafine particles,
wet deposition of coarse particles, and variations in soot
morphology [13, 15]. Additionally, new particle forma-
tion and particle growth through the conversion of SO, to
sulfate play a significant role [14].

Although the chemical composition is a crucial fac-
tor in determining the particle’s environmental and health
impacts [23], the effect of scrubbers on this composition
remains poorly studied. Possible scrubber-induced changes
in the bulk chemical composition can result, e.g., from the
size-selective removal of particles, but also from hygro-
scopic growth of particles with water-soluble components
[14].

However, while data on the scrubber's effect on par-
ticulate matter bulk composition are already limited, even
less is known at the single-particle level. It has been shown
that the mixing state of particles significantly affects their
environmental impact [25]. For example, the distribution
of components across individual particles plays a role in
determining the cloud condensation nuclei potential of the
particle ensemble [26, 36]. In terms of biological effects,
the concentration of pollutants on individual particles is
important, as is the particle’s acidity, which influences the
bioavailability of transition metals [8].

In addition to changes in bulk composition caused by
the scrubber, any alterations in the distribution of pollut-
ants within the aerosol ensemble can impact the emissions'
environmental effects, including long-range transport poten-
tial, cloud condensation behavior, and biological effects. In
this study, we investigate the effect of a wet scrubber on
the aerosol composition from a research ship engine at the
single-particle level. The single-particle mass spectrometer
is sensitive to particles larger than approximately 100 nm
[19], which typically constitute the majority of the lung-
deposited particle mass [12], also for ship emissions [18]
and are capable of long-range transport [29]. Using recently
developed technologies, the instrument detects key aerosol
components relevant to environmental and health effects,
including transition metals [20] and carcinogenic polycy-
clic aromatic hydrocarbons (PAHs) [2, 17, 27]. The single-
particle mass spectra of PAHs can provide indications of the
particle source, such as the dominant presence of alkylated
phenanthrenes in ship emission particles [4]. In contrast to
analyses of the aerosol’s bulk composition, single-particle
analysis is capable of revealing changes in the distribution
of pollutants across the aerosol ensemble. This allows for
a deeper understanding of the removal mechanisms in the

@ Springer

scrubber and provides an estimate of the potential environ-
mental and health effects of the remaining particles.

Experimental

A single-cylinder, four-stroke, 80-kW research ship engine
with common rail injection was operated using heavy fuel
oil with 2.4% (m/m) fuel sulfur content, and, for run-in and
comparison, marine gas oil with 0.001% fuel sulfur content.
With a large displacement of 3.18 L and the capability to
run on all marine fuels, this engine is a well-established
model for ship propulsion systems [30]. The two investigated
loads of 60 kW (75%) and 20 kW (25%) are representa-
tive of cruising and maneuvering conditions, respectively.
Measurements began after a 20-min stabilization phase to
avoid instabilities in the emissions that often occur during
the start-up and warm-up phases. A downscaled research wet
scrubber (SAACKE, Germany) with a total wash tower vol-
ume of 0.9 m> was specifically designed and adapted for the
80-kW research ship engine. Due to facility constraints, only
open-loop operation was possible. Consequently, Baltic Sea
water with a salinity of 10.5 & 3.6 practical salinity unit and
a pH of approximately 8 was used. The aerosol was sampled
at 200 °C before the scrubber and at 60 °C downstream the
scrubber to avoid condensation, diluted by a factor of 1:100,
dried (Model MD-700-12S-1, Perma Pure LLC, U.S.) and
guided to the single-particle mass spectrometer. For engine,
fuel, and sampling details, see [11] and [3]. In the single-
particle mass spectrometer (PhotonLIZA, Photonion GmbH,
Germany), individual particles are optically detected, sized
and exposed to laser pulses for ion formation. The bipolar
time-of-flight mass analyzer detects both anions and cati-
ons, providing a chemical profile for individual particles [19,
27]. The instrument utilizes a novel laser excitation scheme,
addressing refractory and inorganic components via laser
desorption/ionization (LDI) and PAHs via laser desorption/
resonance-enhanced multiphoton ionization (LD/REMPI).
For details, we refer to [27]. Single-particle mass spectrom-
etry data do not provide exact mass concentration values but
instead offers chemical insights at the single-particle level,
which enables comparative experiments and identifies char-
acteristic chemical patterns.

Results and discussion

Sum signals and mass spectral signatures

Figure 1 shows the sum mass spectra of each 2000 parti-
cles sampled before and after the scrubber for 20 kW load

(Fig. 1a) and 60 kW load (Fig. 1c), respectively. The spec-
tra from laser desorption/ionization (LDI, blue) reveal the
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Fig.1 a The summed mass spectra comparison for an equal number
of particles (n=2,000) from heavy fuel oil combustion, measured
before (top) and after (bottom) the scrubber at low engine loads,
shows no discernible changes in particle composition for either inor-
ganics (ionized via laser desorption/ionization, LDI) or polycyclic
aromatic hydrocarbons (PAHs, ionized via resonance-enhanced mul-

dominant particle components: sulfate, alkali metals, soot,
organic carbon fragments and the typical ship emission
markers vanadium and iron [5, 10, 16, 34]. The iron signal
is enhanced by resonant laser desorption/ionization [20].
The PAH signatures obtained through LD/REMPI ioniza-
tion (in red) can serve as an indicator of the particle source
[22]. In ship emissions, PAHs primarily originate from
unburnt fuel and can therefore be used as a fuel marker,
independent of transition metals [3]. The PAH pattern in
Fig. 1(a) and (c) is dominated by alkylated phenanthrenes,
with its maximum at m/z =206, which has been linked to
heavy fuel oil emissions [4]. Comparing the mass spectra
at 20 kW and 60 kW loads reveals stronger contributions
of organic carbon and PAHs at 20 kW, while soot signa-
tures are more prominent at 60 kW due to more complete
combustion [14]. For comparison, the results for marine

20 40 60 80 100 120 140 160 180 200 220 240 0 01 02 03 04 05

Sum PAH signal/particle (V-ns)

tiphoton ionization, REMPI). b Likewise, the single-particle distribu-
tion of total PAH signals remains unchanged after the scrubber. c-d
At high engine load, the emissions are more soot-dominated. The
scrubber reduces predominantly soot and PAH signals, however,
without changing the PAH pattern

gas oil are presented in Supplementary Material (Fig. S1).
Size distributions are shown in Fig. S2.

At a 20 kW load, the mass spectra before (Fig. 1(a), up)
and after (Fig. 1(a), down) the scrubber are highly compa-
rable. Since the same number of particles is analyzed before
and after the scrubber, the mass spectra reveal changes in
aerosol composition but not the reduction in particle number
concentrations (25% at 20 kW and 38% at 60 kW load; for
details, see [11]). Therefore, a slight signal reduction across
the entire spectrum after the scrubber may be attributed to
instrument performance. The HSO,~ peak shows a small
increase, but due to saturation effects in this mass channel,
the SO;™ signal serves as a more reliable indicator of sulfate
content, and it is also reduced. The spectra show no sig-
nals of water-soluble organic acids, which can be detected
in negative mode with single-particle mass spectrometers

@ Springer
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in cases such as aged biomass burning aerosols [37]. The
water-insoluble fraction of organic carbon can be assessed
through the PAHs. The histogram on the right illustrates the
PAH mixing state through the distribution of the summed
PAH signals across the particles. Both the distribution and
the PAH pattern remain nearly unaffected by the scrubber.

For the elemental carbon (soot)-dominated emissions at
a 60 kW engine load (Fig. 1(c)), the scrubber has limited
impact on the mass spectra, showing a marked reduction
in soot signatures while sulfate signals persist. This aligns
with aerosol bulk measurements from the same experiment,
which show a reduction in elemental carbon due to the
scrubber, while sulfate levels increase [11]. SO, is dissolved
in the wash water, followed by its conversion to sulfuric acid
and ultimately secondary sulfate in the particle phase [6].
The decrease in elemental carbon can be attributed to more
effective removal of smaller particles through diffusion-
driven coagulation [11, 24], as these smaller particles are
often soot particles (see Supplementary Information, Fig.
S2(d) and [33]). Alternatively, improved scrubbing effi-
ciency for elemental carbon has been linked to increased
soot particle growth from the formation of hygroscopic sul-
fate on these particles [14]. Nonetheless, this would lead to
an increase in elemental carbon signatures in the spectra,
given that the instrument is more sensitive to larger particles,
which is not observed in this case.

The mass spectral pattern of the PAHs remains
unchanged, supporting their effectiveness as fuel marker [4].
However, the histogram in Fig. 1(d) shows a decrease in total
PAH signals after the scrubber at higher engine loads, con-
sistent with previously reported PAH reductions in scrubbers
[13]. Both the stability of the marker signatures as well as
the reduction in PAH levels are confirmed by offline meas-
urements (see Supplementary Material, Fig. S3). The close
association between PAHs and elemental carbon indicates
that the removal mechanisms for PAHs are likely the same
as those for soot.

In summary, for the organic carbon-dominated, relatively
large particles emitted at low loads, no substantial changes
are observed for the chemical aerosol composition when
comparing the same number of particles before and after
the scrubber. For the elemental carbon-dominated emis-
sions at high engine load, soot and PAHs are more efficiently
removed than other aerosol components, likely due to the
smaller particle size of the soot particles [33].

Single-particle analysis

While the summed mass spectra show only little to moder-
ate effects from the scrubber, potential changes in the mix-
ing state and distribution of particle components within the
ensemble could alter the environmental effects of aerosol
emissions [25] and influence marker-based approaches for

@ Springer

source apportionment [4]. In order to analyze the variance
of the aerosol composition on a single-particle level, an
exploratory principle component analysis was conducted on
the mass spectra from LDI (inorganics) and REMPI (PAHs),
respectively (see Fig. 2). Data from marine gas oil combus-
tion, sampled before the scrubber, were included for com-
parison (shown in gray). For both ionization techniques, the
first two principal components explained about 70% of the
total variance, and thus it creates a representative description
of the dataset and variation of mass spectral signatures for
different emission scenarios in only two dimensions.

In the scores from the first principal component, heavy
fuel oil emissions are well separated from marine gas oil
emissions regardless the engine load or sulfur scrubber
operation, so single-particle mass spectrometry with LDI
at 248 nm is still able to differentiate between these two
fuels, mainly by different signatures of Na, Ca, V, Fe and
sulfate. The effect of wet scrubber operation on the parti-
cle composition exceeds the variation of the engine load by
increasing sulfate-related relative ion signals (m/z=—-97)
from hydrolysis-driven gas-to-particle conversion of SO,.
However, the ellipsoids representing the 68% confidence
interval of the scores still overlap, highlighting the similar-
ity in particle composition beyond sulfate. In the PAH mass
spectra, the impact of wet scrubber operation on heavy fuel
oil emission composition is less pronounced, as the distribu-
tion of polyaromatic hydrocarbons remains unaffected, and
variations in emission composition are typical for all heavy
fuel oil combustion emissions.

Moreover, engine load has a greater impact on aromatic
emissions from marine gas oil compared to heavy fuel oil,
significantly increasing the abundance of alkylated phen-
anthrenes [3]. However, despite their closer resemblance to
heavy fuel oil particle emissions, polycyclic aromatic emis-
sions from marine gas oil combustion at a 20 kW load can
still be differentiated from heavy fuel oil emissions using
PAH-sensitive single-particle mass spectrometry.

Conclusion

Our single-particle analysis indicates that changes in the
chemical composition of particles passing through the
scrubber are primarily linked to sulfate uptake. Moreover,
our findings suggest that variations in the overall aerosol
composition can be attributed to the size-dependent nature
of the removal effects: Ultrafine particles with a diameter
lower than 100 nm are efficiently removed through diffu-
sion-driven coagulation. As these particles primarily consist
of elemental carbon and PAHs, their emissions are nota-
bly reduced, especially under high-load conditions during
steaming. At low loads, when the aerosol contains high
amounts of organics, and for larger particles, no significant
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Fig.2 a Principal component analysis of single-particle mass spectra
from laser desorption/ionization for 20 kW and 60 kW engine loads,
measured before and after the scrubber during operation with heavy
fuel oil (HFO). Eigenvector lengths represent the contribution of sig-
nals at different m/z ratios to the mass spectral differences. The ellip-
ses depict the 68% confidence interval for the principal component
scores of each cluster. For comparison, results from marine gas oil
(MGO) combustion, sampled before the scrubber, are shown in gray.
The fuel clusters are distinctly separated, with Na, Ca, sulfate, and

reduction in emissions was observed, and the scrubber had
no noticeable effect on the aerosol's single-particle composi-
tion. However, this size fraction is particularly significant as
it often contributes the most to inhalable particulate matter
mass and is transported over long distances. Furthermore,
since harbors—where ships operate at low engine loads—
are located in densely populated coastal regions, exposure
to these emissions is particularly high.

The novel ionization technology provides single-parti-
cle data on key health-relevant components—metals, soot,
PAHs, and salts—but does not capture detailed organic
composition beyond aromatic compounds. Schneider et al.

transition metal signals contributing most to this separation. The only
clear effect of the scrubber when comparing the same number of par-
ticles is an increase in sulfate signals, due to the gas-to-particle con-
version of SO,. b For the polycyclic aromatic hydrocarbons (PAH),
small load-dependent effects are observed, but no significant impact
from the scrubber is detected. The fuel-specific PAH signatures
remain distinguishable. m/z channels: * alkylated Phenanthrenes, *
parent PAHs, # fragment. For each fuel and load condition, n=2,000
particles were analyzed before and after the scrubber, respectively

[28] reported a scrubber-induced reduction in sulfur-con-
taining water-soluble organics in the high molecular mass
range and the formation of new elemental compositions
from reactive gas chemistry. Additionally, future studies
should focus on full-scale scrubber installations on large
ships with two-stroke engines.

Another aspect concerns the environmental monitor-
ing of ship emissions. Our study demonstrates that neither
traditional ship emission markers (V, Fe), nor novel PAH-
based approaches are influenced by scrubber operation.
In fact, ships equipped with scrubbers have already been
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detected by their metal emissions over distances of several
kilometers [21].

Our findings suggest that using heavy fuel oil with scrub-
bers in low-emission zones, as an alternative to compliant
low-sulfur fuels, may pose an increased health risk due to
the insufficient capture of potentially harmful compounds
like heavy metals and PAHs.
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Figure S1 Particle size distributions, each n = 1200, of the laboratory and ambient air particles measured using the optical sizing unit of the
SPMS: (a) Diesel soot particles; (b) Wood ash particles; (¢) Tar ball particles; and (d) Ambient air particles.
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5 Figure S2 Pulse energies of 1022 laser pulses from the Er:YAG laser. The observed high fluctuation is attributed to the random nature of
particle events inducing thermal lensing effects in the laser resonator; the average pulse energy was determined to be 160 mJ.
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(a) Wood ash particles (b) Wood ash particles
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Figure S3 (a) Wood ash particles (n = 500 each) exhibit a very different PAH profile in the LD-REMPI ionization than diesel soot particles,
and they show the softwood combustion marker retene (m/z = 234), a thermal degradation product of resin acids. There are also some signals
from higher-mass molecules, possibly from oxidized PAHs and other combustion products with aromatic rings, which can be ionized in the
LD-REMPI scheme. However, in direct comparison, there are almost no differences between the CO: laser and the Er:YAG laser for LD.
(b) The single-particle signal intensity of PAHs again shows a few more particles with strong PAH signals for the COz laser. The hit rate
for PAHs was low, with only 2 % (4 %) of the optically detected particles showing a PAH spectrum when the CO: laser (Er:YAG laser) was
used due to the nature of the sample, which contains many burnt ash particles and fewer OC/soot particles containing PAHs (Dall'Osto et
al., 2016; Healy et al., 2015).
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Figure S4 In our case of sprayed wood tar as a proxy for organic aerosols from wood combustion, the sum PAH spectra (n = 500 each) show
almost exclusively alkylated phenanthrenes, in contrast to a more sophisticated tar ball model that we analyzed in a previous study using the
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same LD-REMPI technique (Li et al., 2019). However, they appear to be an appropriate and easier to generate model to study LD for the
highly relevant organic aerosols from wood combustion, as they have comparable physical properties such as high viscosity, low volatility,
and a brown color with high absorption in the UV-VIS due to their PAH content (Jacobson, 2012; Brege et al., 2021; Li et al., 2019). While
there are no qualitative differences in the mass spectra between the two lasers used for LD, the Er:YAG laser produced intense PAH spectra
more often for this particle type. This can be explained by the strong absorption of the solvent methanol at the 3 pm wavelength of the
Er:YAG laser. In addition, it was difficult to determine the hit rate in these experiments, because there was a small background of the PAH
signature from particle evaporation effects in the inlet, even when no particle was hit. A particle hit was defined when the sum of the peak
areas exceeded 30 mV - ns, based on the distribution of signal intensities per laser shot. This results in a hit rate of 54 % (49 %) for the CO2
laser (Er:YAG laser).
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Figure S5 HYSPLIT backward trajectories for 24 h run time (left) for the ambient air experiments with the LD-REMPI approach and with
30 6 hrun time for the subsequent experiments with the combined LD-REMPI/LDI approach (right), both ending at the measurement location.
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(a) Ambient particles (b) Ambient particles
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Figure S6 (a) Sum PAH mass spectra from ambient air particles (n = 500 each) measured in the LD-REMPI ionization approach. In direct
comparison, the mass spectral signatures are similar between the COz laser and the Er:YAG laser for LD. The Er:YAG produces slightly
higher signal intensities for parent PAH, especially for m/z = 178, as discussed before. (b) The single-particle signal intensities of PAHs are

also comparable for both lasers.
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(b) Cluster analysis of LD/LDI mass spectra with Er:YAG laser

BNO, 39+ cluster 1, 123 particles A parent PAH
- . K sepgr Oalkylated phenanthrenes
HSO, 2NOy BON- 23\g* e important fragments
\ oH ENH,"
PR P _ 1 A it s,
N0, 39+ cluster 2, 103 particles
THSO,
! “NOy 20N 2Ng*
P—
FeJ o .J.'-..'l'lm.._nll. T .
39+ cluster 3, 51 particles
80, “’NO;‘Z“C{I'/?‘C?' K A
2Ng* 50 64 o A
77 91 15 JoooA A
"HsO, “G/N o ZNg* 39+ cluster 4, 40 particles 181
62, -
NO3 OH BNH* *Fe’ L 17K380;°
JL R 'l 1 X Il e — [
36 +39+ cluster 5, particles
HSO, N, #CN 2ug - C K A
/ o 2 2402. ‘5(;4‘ aac; A A
NO; . J ‘o) A
L s ek u A ¢ K_ .LIJ_J'L.‘IML;_.IL R % A
9HSO, SNO, 39+ cluster 6, 29 particles
- Cy 20N 2Cy 2BNgt 41 5
/ saC7-72Cs' 00, %CJ-\ 1BNH,* / / 168 o
N R T BT P ¥ .
. i ) 43 cluster 7, 28 particles : !
@ “HSO, NO3 ey, 57
e v 2 a1/ yi 173
€ “Nat ) 81 95 109 121 184 239
TN " b M
§ BON 24G C{' 39+ cluster 8, 21 particles
= 2 /
© gscs. 2 50 TN \ / 2aczo 43C4¢sucso A
A
g /a4 "*Cq %oC, Cy 12g+ / / / A A A
z THSO, 6 39+ cluster 9, 20 particles 213215¢ .50,
/NO; K 44
2NO; L 175wk soyr
o ki, 1
cluster 10, 19 particles
17
181 193
% 108 . . l( . ) )
cluster 11, 10 particles 2"”“Pb‘
/ 2NO). 280N 2Cy . 4
w T el P o
‘,lj__ " A 1 iecstetallalil _;LLI | L
i - Fe s . cluster 12, 6 particles
NO, 40cgt CaOH 169
#NOy |/
3 TOH" 2 % N 187
L scr Na Ca:0" 113
I o I i ST I R . Ll -
“NO, cluster 13, 4 particles
23
/ Na® 39, + 141
BCl oy 6% | | 7K;S05"
N T ISE T— S N S S— s L e
pQ, cluster 14, 2 particles
N NO, 157
YN0, sepgr K,CN* 23215 §0,*
L #CN
N T R J..._A..~ R R N

100 -80 60 40  -20

45

J,lkgu __.J..J__ e Ladilead el
60 140 160 180 200 220 240 260 280 300 320

m/z



50

55

(c) Cluster analysis of LDI mass spectra
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Figure S8 Results of the ART-2a cluster analyses, each including 500 PAH mass spectra from the respective ionization scheme. The
combined LD-REMPI/LDI scheme yields comparable cluster centers and numbers of particles in each cluster for (a) using the CO2 laser
and (b) using the Er:YAG laser for the LD step. (¢) The single-step LDI scheme yields fewer clusters due to its higher fragmentation and
lower sensitivity. The most abundant clusters are dominated by unidentified fragment signals. Only 39 out of 500 particles show clear PAH

signatures for LDI.
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Ship traffic substantially contributes to air pollution, thus affecting climate and human health. Recently
introduced regulations by the International Maritime Organization (IMO) on the fuel sulfur content (FSC)
caused a shiftin marine fuel onsumption from heavy fuel oils (HFO) to diesel-like distillate fuels, but also
to alternative hybrid fuels and the operation of sulfur scrubbers. Using multi-wavelength thermal-
optical carbon analysis (MW-TOCA), our study provides emission factors (EF) of carbonaceous
aerosol particles and link the fuel composition to features observed in the soot microstructure, which
may be exploited in online monitoring by single-particle mass spectrometry (SPMS). Particulate matter
from distillate fuels absorbs stronger light of the visible UV and near-infrared range than HFO.
However, Simple Forcing Efficiency (SFE) of absorption weighted by EF of total carbon compensated
the effect, leading to a net reduction by >50% when changing form HFO to distillate fuels.

Worldwide about 90% of goods are transported by ships, thereby releasing
in 2011 about 0.2 million tons of fine particulate matter (PM2.5) per year in
European waters', which has been associated with increased mortality by
cardiopulmonary diseases and lung cancer”. Before 2020, the vast majority
of ocean-going vessels were operated on heavy fuel oil (HFO), which is
produced from blending the vacuum residue from crude oil refining with
middle distillate. HFO is commonly defined by either a density >900 kg m ™
or a kinematic viscosity of >180 mm?® s~ at 15 °C. The oil consists of high-
molecular weight hydrocarbon structures and contains sulfur in the range of
few percent by mass’ as well as substantial amounts of transition metals,
such as vanadium, nickel and iron, which are emitted in the PM2.5 fraction”.
In contrast to diesel cars and trucks, ships are usually not equipped with
aftertreatment devices common in road traffic, such as particle filters or
oxidation catalysts. Moreover, the upper limits for the fuel sulfur content
(ESC) for ships are orders of magnitude higher compared to road traffic,
hence ships exhibit high emission per mass of consumed fuel or generated
amount of energy especially for SO, and PM2.5>. Furthermore, ships
typically have either one large slow-speed two-stroke engine and several
auxiliary medium-speed four-stroke engines, or several four-stroke engines
for propulsion and power generation with different emission patterns’.

In order to reduce the environmental burden of maritime traffic, the
International Maritime organization (IMO) introduced a global FSC cap of

0.5% beginning in 2020. In addition to that measure, previously defined
Sulfur Emission Control Areas (SECA) have been introduced, where only
fuels with a maximum FSC of 0.1% are allowed’. Furthermore, a new
measure starting in July 2024 set an upper limit for fuel viscosity in the
Arctic’. The sulfur cap de facto prohibited the use of most HFO and led to a
shift in the marine fuel market towards distillate fuels, such as marine gas oil
(MGO), and hybrid fuels containing minor amounts of high-molecular
weight hydrocarbons above the boiling point range of middle distillate"’.
Alternatively, ships may be still operated on HFO, but only combined with
sulfur scrubbing aftertreatment technology, titrating SO, with sea water (in
open-loop mode) or an alkaline solution (in closed-loop mode)'"".

Modeling and epidemiological studies have quantified significant
public health benefits from the switch to low-sulfur fuels in terms of
reductions in air pollutants, such as PM2.5, sulfate, metals and SO, *'*. As a
drawback, increased NO, values have been observed in the North and Baltic
Sea'”. Furthermore, a substitution of HFO by diesel-like fuel reduces acute
toxicity in human lung epithelial cells', but PM2.5 from diesel fuel com-
bustion affected several essential pathways of lung cell metabolism even
stronger”.

Beyond public health, ship emissions directly or indirectly affect the
climate. Direct effects include the release of greenhouse gases, such as carbon
dioxide, methane and nitrous oxide, and modification of the Earth’s
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radiative forcing by PM2.5 components, predominantly black carbon (BC)
but also brown carbon (BrC) including tar'*"”. Indirect effects comprise the
ability of PM2.5 to initiate cloud formation, which increases the albedo of
the atmosphere, associated with a cooling effect”. Lower FSC leads to lower
emissions of hygroscopic sulfate particles but higher fraction of hydro-
phobic soot particles, which reduces the cloud formation ability of the
emissions and thus the cooling effect. Therefore, benefits for public health
achieved by regulating the FSC are associated with increasing radiative
forcing™".

Our study examines different emission scenarios from a marine four-
stroke engine operated on non-compliant fuels (representing emissions
before 2020), globally compliant fuels as well as fuels compliant with current
FSC limits in SECA (Supplementary Table S1). Despite its comparably low
power of 80 kW, the engine was shown to produce emission representative
for larger ocean-going vessels™. Filter samples of PM2.5 were measured by a
multi-wavelength thermal-optical carbon analyzer, combining established
carbonaceous aerosol quantities of organic carbon (OC) and elemental
carbon (EC) with their optical properties™ for comparing emission factors
(EF) and changes in physical-chemical properties of the particulate emis-
sions. Finally, distinct differences in the structure of EC s exploited in single-
particle mass spectrometry (SPMS) as an extension of recent progress in
remote online identification of marine fuels from ship plume analysis based
on ultrasensitive detection of transition metals™ and the pattern of poly-
cyclic aromatic hydrocarbons (PAH)™.

Results

Emission factors of OC and EC

Emission factors of OC and EC from individual engine loads (Supple-
mentary Table S2) were calculated as weighted averages according to the
IMO engine test cycle E2 for six marine fuels: hydro-treated vegetable oil
(HVO), marine gas oil (MGO), ultra-low-sulfur aromatic rich heavy fuel oil
(ULS-HFO,,), low-sulfur heavy fuel oil (LS-HFO), synthetic high-sulfur
heavy fuel oil (HS-HFOyy,,), and high-sulfur heavy fuel oil (HS-HFO) (Fig.
1). HFO with high FSC (HS-HFO and HS-HFO4,,,), which were widely used
before 2020, led to emission factors for OC and EC in the order of 200 to
500 mg kWh ™, agreeing with previous studies on research engines and
ongoing vessels'>*”. Compliant LS-HFO did not show any significant
emission reduction for neither OC nor EC compared to HS-HFOqy,, or HS-
HFO. Therefore, the chemical composition of the used HFO is the driving
force for carbonaceous particulate emissions, while the FSC alone had no
substantial effect.

In SECA, most ships are operated on distillate fuels such as MGO®,
which has been shown to produce significantly lower emissions of both OC
and EC than heavy fuels in our study, while the ratio of OC to EC remains
around unity. Since only the FSC is regulated, SECA-compliant fuels can
also be obtained from alternative production methods. ULS-HFO,, origi-
nates from a cycle oil, a side product of the crude oil refining, which is rich in
two- to four-ring aromatic hydrocarbons but low in sulfur due to hydro-
cracking of heavy crude oil fractions. Operating the engine on this hybrid
fuel, with properties in between conventional HFO and MGO, has impli-
cations for the toxicological properties of the emissions due to its high
content of PAH”, but does not significantly increase emissions of OC and
EC compared to MGO. In view of potentially carbon-neutral fuels, hydro-
treated vegetable oil (HVO) inherently having a low FSC may be used in the
future as an alternative fuel in SECA. Carbonaceous emissions from engine
operation on HVO did not drop below emissions from MGO engine
operation, so additional costs for fuel did not lead to a reduction in PM
emissions. However, engine conditions in this study were optimized for
operation of HFO, thus optimized operation of HVO may still lead to a
reduction of unexpectedly high OC and EC emissions in this study.

The individual engine loads cause different EF for both OC and EC
(Supplementary Table S2). In all HFO-labeled fuels, the average EF of
carbonaceous emissions consistently decreased as engine loads increased,
whereas this trend was less apparent for distillate fuels. Generally, limitation
of the FSC to 0.5% had small effects on the carbonaceous emissions if
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Fig. 1 | Emission factor of OC and EC. Emission factors of organic and elemental
carbon (OC, EC), weighted according IMO engine test cycle E2, for marine fuels of
different fuel sulfur compliance levels. Error bars denote the standard deviation
from n=5.

conventional HFO of proper fuel quality is used (LS-HFO and HS-HFO).
The observed reduction in emissions related to the IMO engine test cycle E2
(Fig. 1) by switching from heavy to distillate fuels are mainly caused by lower
emissions at 25% engine load.

Composition of carbonaceous aerosol particles

Thermal-optical carbon analysis (TOCA) allows speciation of carbonaceous
aerosol particles according to thermal fractions in the temperature protocol
ImproveA, defining four fractions of OC (OC1-OC4) and three fractions of
EC (EC1-EC3) as well as pyrolytic OC (OC,y,,) from the optical correction
of charring. In this study, the approach by Han et al. (2007)” is used,
dividing EC into char-EC (referring to EC1) and soot-EC (referring to the
sum of EC2 and EC3), which accounts for differences in thermal refrac-
tiveness and consequently in soot microstructure.

For most carbonaceous emissions, the relative OC content of the total
carbonaceous emissions occurred in a moderately small range of 0.425 to
0.75 regardless the fuel (Fig. 2), which is equivalent to ratios of OC to EC
(OC/EC) from 3 to 0.74. The majority of all individual sample measure-
ments appeared in the OC content range of 0.36 to 0.8 equivalent to OC/EC
from 4 to 0.56 (Supplementary Fig. S1). At higher engine loads, the share of
fractions OC1 and OC2 with the lowest thermal refractiveness decreased,
while OC fractions of higher thermal refractiveness increased towards
higher loads, but trends for fuels can be identified (Supplementary Fig. S2).
However, a higher contribution of soot-EC is striking for the diesel-like fuels
MGO and HVO, whereas a higher percentage of char-EC can be observed
for conventional HFO usage. This also holds for HS-HFO and HS-HFOy,,,
emissions after exhaust gas treatment by an open-loop sulfur scrubber,
which enables cruising with FSC larger than 0.5% outside SECA"". The
aromatic-rich but low-viscous HFO (ULS-HFO,,) belongs to the group of
so-called “hybrid fuels”. It features both properties of distillate fuel and
conventional HFO and also the ratio of char-EC to soot-EC appear between
those fuel classes with approximately 0.5 (Fig. 2).

Connecting the operationally defined quantities char- and soot-EC
from TOCA™ with the re-classification of light-absorbing carbon by Corbin
et al.”” and fuel properties (Supplementary Table S1), the observations may
be explained as following. HFO refers to a dense, highly viscous and low-
volatile fuel, which may have a kinematic viscosity of up to 380 mm*s™" at
50 °C and a density of up to 0.990 g cm ™ at 15 °C, compared to 2 mm* s~
and 0.835 g cm for MGO in this study (Supplementary Table S1). Hence,
during fuel injection, droplets do not fully vaporize and cause locally fuel-
rich mixtures, thus surface graphitization occurs by fuel droplet
pyrolysis'™*". Droplets from spray injection of diesel-like fuels quickly eva-
porate, so hydrocarbons of the diesel-like fuels thermally decompose into
radicals and form soot particles. Hence, engine operation with HVO and
MGO generates soot structures different from HFO engine operation.
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Fig. 2 | Distributions of OC, char-EC and soot-EC. Fractions of OC, char-EC (EC1)
and soot-EC (EC2 + EC3) of all 24 fuel/engine load combinations. Two branches of
the diesel-like fuels HVO and MGO with low char to EC ratio on the one hand and
LS-HFO, HS-HFOyy,, and HS-HFO with high char to EC on the other are apparent,
with ULS-HFO,, in between. Dashed lines denote the space of relative OC from 42.5
to 75% where 90% of the experiments fall in. Filled red triangles refer to HS-HFOy,,
and HS-HFO emissions after open-loop wet scrubber from Jeong et al."".

In TOCA during ImproveA temperature protocol, graphite layers of
char-EC are immediately oxidized along with pyrolytic OC when oxygen is
added to the helium atmosphere due to the porous structure and thus larger
surface area’. Moreover, tar from partial pyrolysis of fuel droplets may also
account for ECI, especially in engine operation with HFO, and contains a
lower degree of graphitization than in char'. In contrast, soot-EC originates
from radical reactions in the flame (flame synthesis), building up graphi-
tized soot from hydrocarbon radicals via soot inception. Those soot particles
are smaller and more compact, thus less prone to oxidation’” and quantified
at higher temperatures in EC2 and EC3 during TOCA with ImproveA.

ULS-HFO,, refer to a SECA-compliant HFO with high aromatic
content, but a density similar to conventional HFO and a viscosity as low as
diesel-like fuels. In agreement with that, emissions of EC were comprised of
comparable char- and soot-EC content. On the one hand, the low viscosity
of ULS-HFO,, compared to conventional HFO generates smaller and faster
evaporating fuel droplets after injection. It improves the decomposition of
the fuel into small hydrocarbon radicals, leading to soot formation by flame
synthesis instead of char formation by droplet pyrolysis. Moreover, the
small aromatic hydrocarbons in the fuel are intermediate products during
flame synthesis and enhance the soot particle formation further. On the
other hand, the high fuel density may cause locally fuel-rich zones through
slower droplet vaporization, as indicated by the poor ignition ability and
limited use at higher engine load of the ULS-HFO,,", generating char
particles by pyrolysis. Based on the obtained result of EC, both processes
appear at comparable importance.

An alternative explanation for the observed abundancies of char- and
soot-EC may be the content of metals and sulfur, which inversely correlates
with the detection of soot-EC except for HS-HFOyy,, (Supplementary Fig.
S$3). Metals and oxygen-containing anions, such as sulfate, are known to
promote EC oxidation in thermal analysis™ but also suppress the formation
of soot and soot precursors already during the combustion’*”. When ships
change their fuels at crossing the border into a SECA, it requires time until

the fuel has been completely exchanged in all parts of the fuel system and
injection pumps, including metal-containing residues of previously used
heavy fuels. Khan et al.” reported 84 and 90 min until SO, emission con-
centrations have decreased by 95% after changing from HFO to MGO for an
ocean-going vessel. However, the metal content between HFO and MGO
differs by two orders of magnitude, hence even a longer switching time
would be necessary for metal concentrations approaching those of MGO,
assuming that metals exhibit the same behavior as sulfur. As the metal
content of the particulate emissions depends on the fuel metal content, fuel
switching times likely shift the distribution of evolving carbon to less
refractive carbon fractions”.

In addition to shifts in EC oxidation, the water content of the filter
samples as well as the high load of organics proved challenging for the exact
determination of EC in PM emissions of ships, affecting the split between
OC and EC"*. However, the detected amount of pyrolytic OC was low
compared to EC1, hence the ratio of soot-to-char EC cannot be significantly
smaller.

EC in slow-speed two-stroke engine emissions are dominated by char-
EC regardless of the fuel, while only medium-speed four-stroke engines
operated on distillate fuel reveal significant contributions by soot-EC”***,
which agrees with the findings of this study. Hence, the EC fractions may
provide an additional fuel-sensitive indicator for ship emissions from
auxiliary engines regardless of sulfur scrubber operation. However, at the
borders of SECA when fuel switching is required, residues of bunker fuel
might affect the EC classification of the emission although distillate fuel
is used.

Optical aerosol properties

For allocating absorption of PM2.5 (represented by TC) from the marine
engine into BCand BrC, an Angstrom Absorption Exponent (AAE) of unity
and that absorption by BC only happens in the near infrared (NIR) was
assumed. For HFO, BrC-related absorption (>5% of total absorption at
405 nm and 450 nm) was only detected at 25% engine load, which is in
agreement with previous studies'*"” and illustrated by AAE larger than unity
with the exception of HVO (Fig. 3 top). However, the observed contribution
to light absorption by BrC in MGO emissions at 25% engine load, as
indicated by an AAE of 1.6, was likely caused by no measurable content of
EC. Largest contributions of BrC to total absorption at 405 and 450 nm were
found for ULS-HFO,, and HS-HFO with 30% and 15%, respectively.
Nevertheless, the majority of absorption in the spectral range from 405 to
980 nm could be explained by BC for all fuels.

Owing to the differences in soot structure, engine operation on diesel-
like fuels HVO and MGO generates stronger absorbing particles, indicated
by the mass absorption efficiency (MAErc(M)) integrated over wavelengths
from 405 to 980 nm (Fig. 3 top). The MAErc) of the seven individual
wavelengths of the MW-TOCA may be found in Supplementary Table S3.
Interestingly, ULS-HFO,, revealed the largest AAE among all fuels, but
comparably low MAErc). Overall, marine fuels compliant with the global
sulfur limit may have manifold effects on light-absorbing properties of ship
particulate emissions, driven by various physical and chemical fuel
properties.

The Simple Forcing Efficiency (SFE) was introduced by Chen & Bond
(2010)* to obtain the quantitative radiative effect of aerosol particles per
mass in [W g']. Here, a reduced approached of SFE is used without the
effect of aerosol particles on scattering and integrated from 405 to 980 nm
according to:

980nm

SFEje = T, % (1 — F,) X a, x/ MAE (1) % ?d}t (6]

405nm
where S(A) is the solar radiation spectrum at 37° angle of incidence
(AM15G) in W m ™ in steps of 1 nm, Ty, is the atmospheric transmission,
F_ is the cloud fraction, and a, is the surface albedo. The same atmospheric
scenario for Toum, Fo, and a; was used as in Tian et al. **, which denotes global
averages of 0.79, 0.6 and 0.19, respectively. Other climate scenarios can be
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Fig. 3 | Absorption weighted by EFrc. Top: Angstrom Absorption Exponent (AAE)
from exponential fit vs. the integrated mass absorption efficiencies related to total
carbon (MAErc) from 405 to 980 nm for individual engine loads. Marker sizes
increase with emission factor of total carbon (EFrc). Open symbol indicates non-
compliant fuels with colors as labeled below. Bottom: Sime Forcing Efficiency
Emission Factor (SFEgg) integrated from 405 to 980 nm and weighted according to
the IMO cycle E2. Errorbars were derived from the integrated 95% confidence
prediction band from \ vs. MAErc(A\)XEFr¢ (Supplementary Fig. S4).

easily adapted to change quantitative SFE, however, the consequences of fuel
switching remain unaffected in this approach.

In order to take quantitative emission data for light-absorption into
account, MAErc(\) in m? g’l, obtained from a power law fit of A vs
MAErc(\) (Supplementary Fig. S4), were multiplied with EFrc in g kWh™'
and weighted according to the IMO cycle E2.

SFEg. = SFEJ5 X EF )

The SFEgr shows a similar pattern (Fig. 3 bottom) to the emission
factors for OC and EC (Fig. 1). Switching from the three HFO to SECA-
compliant fuels reduced the SFEgg by a factor of two to seven, depending on
the individual considered fuel. Particularly engine operation on low-grade
HFO, such as HS-HFO4y;, of this study, generates the most intense light
absorption in the spectral range from 405 to 980 nm per kWh of produced
energy. LS-HFO and HS-HFO comprising of compounds with a smoother
volatility continuum show similar SFEgg despite a difference in FSC of 1.7
percentage points.

Although ULS-HFO,, as a hybrid fuel appeared in between typical HFO
and diesel-like fuels, it features the lowest SFEg. Similar to typical HFO, the
MAE ) for ULS-HFO,, was lower than for MGO and HVO, but emission
factors appeared closer to the diesel-like fuels. Therefore, considering light
absorption of its carbonaceous material, ULS-HFO,, has the lowest
immediate climate effects among the six studied fuels. However, other criteria
including direct climate effects by light scattering, indirect climate effects by
induced cloud formation®, and possibly more health-relevant emissions
through the enhanced release of PAH and sustainable engine operation must
be considered for an evaluation of the benefit from lower SFEgr.

Identification of marine fuel operation by elemental carbon
analysis

Based on EC fractions in the ImproveA protocol, fuel classes of HFO, diesel-
like fuels and hybrid fuels may be distinguished in the laboratory. Due to the
distinct effect of the fuel properties on the nature of EC, it was hypothesized
that the EC structure of those particles is reflected in the distribution of
carbon clusters produced by laser desorption/ionization in single-particle
mass spectrometry (SPMS). This information may increase the confidence
in the identification of ship particulate emissions based on traces of tran-
sition metals™ and the molecular signatures of PAH using resonance-
enhanced multiphoton ionization (REMPI)***, providing ship fuel identi-
fication in real-time. In fact, the clustering algorithm applied to 5000 LDI
anijon mass spectra of carbon fragment ions 2C, forn=2,3,...,9 for
compliant fuels MGO, LS-HFO and ULS-HFO,, at 75% engine load gen-
erated 7 distinct cluster centers, which were dominated by one of the three
fuels (Fig. 4). Dependent on the fuel, the pattern of the cluster centers show
the highest relative contribution of small (1 <n < 4), medium (3 <n < 7) and
large (6 <n<10) “C,~ for LS-HFO, MGO and ULS-HFQ,,, respectively.
Char particles, which are mainly associated with conventional HFO emis-
sions, might decompose to smaller carbon fragment ions on a larger scale
because of their porous morphology compared to the more compact soot
particles, which are mainly associated with MGO emissions (Fig. 4). Spe-
cifically, clusters with highest contribution by ULS-HFO,, particles con-
tained large (6 <n<10) C, , which might be a result of higher initial
availability of soot particle precursors and consequently more intense soot
inception, but these clusters contribute less to the total cluster weights.
However, a larger dataset and complementary measurements of ongoing
ships are necessary to confirm the findings and to demonstrate the
applicability for remote fuel identification from mid-range transport of ship
plumes.

Discussion
Regulations of the FSC by the IMO in the past decade led to an overall shift
of marine fuels from HFO, or generally called bunker fuels, to distillate fuels
with an intrinsically lower FSC, such as MGO'". However, due to the higher
price of distillate fuels, other solutions for ship owners became attractive,
including low-sulfur bunker fuels, hybrid fuels with properties between
typical HFO and MGO but compliant with FSC limits, and the installation
of sulfur scrubbers, still enabling engine operation with high-sulfur bunker
fuels. Sulfur scrubbers are an investment, which have to redeem for the ship
owner, hence sulfur scrubbers are most attractive if the price spread between
MGO and HFO is large and especially for ships of a higher lifespan*’. For
older ships, low-sulfur fuels are economically more favorable, but they span
a broad range of chemical composition due to its different manufacturing
process’, which complicates an assessment of possible benefits and draw-
backs from FSC regulations on public health and climate. Furthermore, it
requires a reassessment and further development of markers for the
detection of ship emission in the atmospheric environment.

Regarding carbonaceous emissions, our study demonstrates that the
FSC is not the determining factor. LS-HFO and HS-HFO of similar quality
had comparable EF, whereas the HS-HFOyy,, with discontinuous boiling
behavior caused significantly higher EF for both OC and EC. Therefore, the
global sulfur cap to FSC of 0.5% does not seem to affect OC and EC
emissions if heavy fuels are still used, but ULS fuels with an FSC < 0.1% lead
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Fig. 4 | Eight clusters of typical C, distributions in the mass spectra of anions
from 5000 single particles for each of the three fuels. Cluster names are derived
from the fuel that contributes most to the cluster. The particle number contributions
of the fuels are shown as pie charts while the signal contribution is color-coded.
Percentages denote the contribution of the individual cluster to the total number of
detected particles. Apparently, the bunker fuel LS-HFO with a dominant char
content produces smaller carbon fragments while the soot-dominated particles from
distillate fuels lead to larger carbon fragments with the ULS-HFO,, in between. (0.5%
FSC compliant fuel: LS-HFO (magenta) and SECA compliant fuels: MGO (dark
blue) and ULS-HFO,, (light blue)).

to a significant reduction in EF for both OC and EC by a factor of 2-2.5
compared to LS-HFO and HS-HFO, regardless their differences in chemical
fuel composition. Therefore, the introduction of SECA has basically a
benefit for public health by lower OC and EC emissions, assuming equal
toxicity of PM2.5 from all fuels. However, a recent study exposing human
lung cells to PM2.5 from marine fuels demonstrates that this is not a justified
assumption” and may be used to refine health benefits from FSC regulation.

Only an upper FSC limit of 0.1% as currently applicable in SECA shows
a decrease in OC and EC emissions because it shrinks the range of compliant
bunker fuels to an extend that lighter fuels with lower EF prevail. However,
even in SECA this may be circumvented by using sulfur scrubbers, which do
not significantly affect the quantitative emissions of PM2.5 but EC or

equivalent BC" and the composition of high-molecular weight compounds®.

For the Arctic, new measures become into force in July 2024, prohi-
biting fuels with a kinematic viscosity larger than 180 mm® s™', and thus
banning engine operation on conventional HFO. However, emerging
hybrid fuels, such as ULS-HFO,,, are not covered by this legislation. Con-
sidering that unburned fuel is a major contributor to organic ship
emissions”, the combustion of ULS-HFO,, releases large amounts of two- to
four-ring PAH, which are potent precursors of secondary organic aerosol
(SOA). Therefore, to reduce secondary PM2.5 from ships and especially to
protect sensitive environments such as the Arctic region, a more precise
regulation would be required.

Among all three SECA-compliant fuels, the EF of TC were not sig-
nificantly different despite their distinct difference in origin and chemical
composition as well as in market price. Moreover, considering the EF and
absorption properties of the carbonaceous emissions in SFEgg, a similar
ranking of the fuels is obtained as for EF. Therefore, from an economic
perspective and for the effect on direct radiative forcing, ULS-HFO,, has the
lowest cost/benefit ratio when disregarding its unfavorable ignition behavior
and incapability for operation at full engine load. However, particularly
PAH-derived health effects and enhanced SOA formation from
intermediate-volatile PAH may cancel out low costs and low SFEg.
Without considering direct light scattering and indirect effects with a
negative effect on radiative forcing, differences between the SFEgg of ULS
fuels and LS-/HS-HFO is supposedly smaller. Overall, since 2020 there is
evidence for microphysical changes of clouds, also driven by the release and
formation of primary and secondary sulfate, and increased radiative
warming caused by fuel sulfur legislation on FSC'**.

In order to identify marine fuels for operation in ocean-going vessels,
SPMS has been shown to provide relevant information from online ship
plume measurements in real-time. In addition to the traditional markers
vanadium and nickel together with sulfur-related ions™, the evaluation of
polycyclic aromatic compounds’’, and the ultra-sensitive detection of metals
by resonant ionization® have been developed and used for ship emission
studies. This distribution of char- and soot-EC from MW-TOCA is resembled
in the pattern of carbon clusters in negative LDI ions where char-EC tends to
generate slightly smaller C,, ions than soot-EC. However, the aromatic-rich
fuel ULS-HFO,, had distinct contributions from larger C,,, possibly owing to a
different soot microstructure than from predominantly aliphatic fuels, such as
observed for benzene and n-hexane combustion in diffusion flames™. Com-
bining the abundance of sulfur species, PAH pattern, and signature of tran-
sition metals with carbon clusters, SPMS is able to identify marine fuels from
plume measurements in greater detail, offering a technology for monitoring
fuel compliance concerning FSC and potentially beyond.

The main limitation of the findings of this study are their restriction toa
four-stroke marine engine, which are typically either used as main engines of
smaller ships or as auxiliary engines on larger ones. Main engines of large
cargo vessels or tanker are two-stroke engines with different operation
principles, fuel requirements and emission pattern. Therefore, further
research on two-stroke engine is required to understand indirect effects for
climate and public health from latest IMO regulations on FSC and fuel
viscosity in the Arctic.

Similar to other transportation sectors, marine traffic is heading for
decarbonization or shifts to carbon-neutral fuels from biogenic feedstock,
recycling or reusing’. Particularly those which are carbon-free, including
hydrogen and ammonia, or burned together with a carbon-based pilot fuel
necessary for improved ignition, will change the physical-chemical prop-
erties of particulate emissions and consequently bring up new challenges for
source identification of marine combustion engines and consequences for

climate and health.

Methods

Engine operation, marine fuels and PM2.5 sampling

Particulate emissions were investigated from a direct injection four-stroke,
single-cylinder research marine engine of 80 kW nominal power, which was
operated at four individual loads (25, 50, 75 and 100%) and six marine fuels
with different levels of sulfur compliance. Five independent repetitions were
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conducted for each combination of engine load and fuel, so 120 samples
were collected in total.

High-sulfur heavy fuel oils (HS-HFO and HS-HFOqy,) exceed the
maximum FSC of 0.5% and are therefore not compliant anymore since 2020
without exhaust aftertreatment. The subscript “syn” indicates that this fuel
was produced by artificial blending of vacuum distillation residue with
middle distillate fuel, in order to generate a boiling gap and thus a low-grade
fuel; HS-HFO denotes a commercial marine bunker fuel. LS-HFO also refers
to a commercial HFO, but with a FSC of 0.5%, so it can be used outside SECA.
Inside SECA, marine gas oil (MGO) is a commercial compliant fuel, which
has high similarity to diesel and a FSC of 10 ppm. Furthermore, hydro-
treated vegetable oil (HVO, FSC < 10 ppm) and ultralow-sulfur aromatic-
rich heavy fuel oil (ULS-HFO,,, FSC of 0.06%) were tested as alternative
SECA-compliant fuels. HVO is obtained from the hydrogenation of vege-
table oil. It is chemically composed of alkanes, lighter than MGO and has an
intrinsically lower level of impurities including heteroatoms and metals,
hence regarded as “clean” fuel. Since the engine was operated with optimized
settings for bunker fuels, there is still potential to lower emissions from HVO
combustion. Despite being classified as HFO due to its high density, ULS-
HFO,, is highly similar to distillate fuels like MGO in terms of sulfur, metal
content, viscosity, and flash point. This cycle oil is produced from the fluid
catalytic cracking of crude oil and predominantly composed of alkylated 2- to
4-ring aromatics. As expected from the high calculated carbon aromaticity
index (CCAI) of 907, slightly exceeding the common range from 800 to 880,
ULS-HFO,, has a relatively poor ignition property by means of ignition
delay, leading to abrupt energy conversion and high combustion tempera-
tures. Consequently, the engine could not be operated safely at full load, so
the maximum engine load for ULS-HFO,, was reduced from 80 kW (100%)
to 68 kW (85%). Fuel properties are listed in Supplementary Table S1, further
information of the setup and experiments may be found in Jeong et al.””.

Prior to the experiments, the engine received a major overhaul and
exchange of fuel injector nozzles, sleeve and piston skirt among other. Each
change of fuel was accompanied by a change of lubrication oil to enhance the
detectability of fuel change on the emissions.

For each combination of fuel and engine load, five samples of PM2.5
were collected at a dilution from 25 to 100, achieved by a two-stage dilution
system (eDilutor, Dekati Ltd., Finland), on quartz fiber filters (QFF) for
offline analysis. The dilution decreases the exhaust gas temperature and let
gas-particle partitioning approach ambient equilibrium. Although different
dilution ratios affect the condensation of semi-volatile compounds, the net
effect is considered to be small because of generally low contribution of OC1
to TC (Supplementary Table S2). Due to low sampling times of 20 min,
revolatilization of sampled PM2.5 (“filter blow-off”) is negligible. Conver-
sion to emission factors (EF) was based on exhaust gas flow and engine
power as described in Mueller et al.””.

Multi-wavelength Thermal-optical Carbon Analysis (MW-TOCA)
A punch of 0.5 cm” from the QFF was analyzed by a thermo-optical carbon
analyzer (DRI TOCA 2001A; Reno, NV, USA) using the temperature
protocol ImproveA, defining five fractions of organic (OC1-OC4 and
OCpyro) and three fractions of elemental carbon (EC1-EC3)™. Precisions of
the carbon analysis is sample-dependent and range between 2 and 6% for
TC and 5 to 10% of the split between OC and EC, according to the man-
ufacturer’s manual, but may be larger for high content of OC”*. Laser
transmittance (LT) at 635 nm was used to correct apparent EC by pyrolytic
OC formed by charring. Furthermore, the TOCA was retrofitted with seven
light emitting diodes at 405, 450, 532, 780, 808 and 980 nm®’. The multi-
wavelength TOCA (MW-TOCA) was used to measure the light attenuation
(ATN) at individual wavelengths A, which was obtained from ratio of LT of
the untreated filter ssmple and LT at the end of the TOCA. LT measurement
artifacts were corrected considering multiple scattering and shadowing
effect by factors R(ATN) including f=1.1 and C of 2.14%. In order to
compare the absorptivity of PM2.5 from different marine fuels and loads,
the mass absorption efficiency (MAE,) was calculated for the quantified
total carbon (TC = OC + EC) by relating ATN at seven wavelengths to the

TC filter load [TC], assuming no non-carbonaceous particle components do
significantly absorb light:

ATN

MAE; ) =——
TCA ™ R(ATN)-C[TC]

3)

The uncertainty of the MAEr), varies with filter load, wavelength and
composition of TC. Median uncertainties for MAE, in the visible UV and
near-infrared range are 25 and 50%, respectively, at 95% confidence.

The spectral MAE(\) dependence on the wavelength follows a power
law

MAEQ) = B-A~° )

where a is also called Angstrom Absorption Exponent (AAE) and  denotes
a fitting coefficient. For a wavelength pair, e.g. 405 and 808 nm, the
uncertainty of the AAE determination is within £15% at 95% confidence
based on the average precision of 8% for the LT measurement™, while for the
exponential fit, 95% of the individual AAE had an uncertainty within +50%.
All data from MW-TOCA represented mean values of five individually
collected filter samples.

Single-particle mass spectrometry

Particulate emissions from the marine engine were fed into a cyclone with a
cut-off of 10 um at a temperature of 200 °C and diluted with an eDiluter
(Dekati Ltd.; Kangasala, Finland) before entering a single-particle mass
spectrometer (SPMS; Photonion GmbH, Schwerin, Germany). In order to
mitigate different concentrations of PM10 in the emissions, dilutions were
set to 25 (MGO), 100 (LS-HFO) and 50 (ULS-HFO,,).

From a total flow of 1 Lmin~', 0.1 L min""' entered the SPMS. Com-
mon SPMS system have a steep drop in optical particle detection efficiency
below 200 nm. Therefore, to enable the detection range to ultrafine particles
(PMO.1), the ionization laser (KrF excimer laser at 248 nm wavelength, pulse
energy of 6mJ; PhotonEX, Photonion GmbH, Schwerin, Germany) was
operated unsynchronized to optical particle detection at 100 Hz repetition
rate”. In this so-called free-running mode, particles were randomly hit for
laser desorption/ionization (LDI)” by the cost of missing particle size
information. The spectra were recorded using a 14-bit digitizer (ADQ14,
Teledyne SP Devices AB, Sweden) and a customized Labview software., In
this study, only carbon clusters (C,, with n =2...9) from negative LDI were
considered.

Statistical data analysis
If not otherwise stated, ranges of uncertainty refers to single standard
deviations.

The clustering of SPMS data were conducted by adaptive resonance
theory neural network algorithm, ART-2a*. The program code was taken
from the open-source toolkit FATES” and embedded in custom MATLAB
software (MathWorks Inc.). Carbon cluster related m/z of LDI mass spectra
in negative mode were L,-normalized and clustered using a vigilance factor
of 0.8, a learning rate of 0.05, and 20 iterations, followed by a regrouping
algorithm to form mean clusters™.

Data availability

The datasets used and/or analyzed during the current study is partially
included the supplementary information and available from the corre-
sponding author on reasonable request.
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Abstract. Recent advancements in single-particle mass spectrometry (SPMS) have enabled the detection of aromatic
hydrocarbons at the individual particle level in conjunction with inorganic/refractory particle components. However, the laser
15  desorption (LD) of organic material from particles prior to their ionization in a two-step process necessitates pulsed infrared
lasers with adequate pulse energy that can be irregularly triggered on detected particles. Pulsed CO; lasers with a 10.6 pm
wavelength have been traditionally utilized, yet these lasers are bulky, costly, and require regular maintenance, including gas
exchange or a continuous laser gas supply. In this study, we present the application of a prototype solid-state laser based on an
erbium-doped yttrium aluminum garnet (Er:YAG) crystal, emitting long pulses of 200 us at 3 pm wavelength as a compact,
20 cost-effective, and user-friendly alternative for LD. We directly compared the new laser with a commonly used CO; laser and
found similar performance in LD for both laboratory particles and ambient air experiments. With the exception of slightly
increased fragmentation observed with the CO; laser due to its beam profile, no qualitative differences were noted in the
resulting mass spectra. Additionally, we compared the novel two-step ionization scheme for the combined detection of
aromatic molecules and inorganics with conventional single-step laser desorption/ionization (LDI) for the detection of
25  polycyclic aromatic hydrocarbons (PAH) in laboratory and field experiments. The combined methods demonstrated superior
performance in the detection of PAHs, for both the CO, and the new Er:YAG laser. In addition to its higher sensitivity and
lower fragmentation for PAHs when compared to single-step LDI, it is less dependent on the particle matrix, sharing the
benefits of traditional two-step methods but extending its capability to combine PAH measurements with the LDI-based

detection of inorganic particle compounds.
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30 1 Introduction

Single-particle mass spectrometry (SPMS) has significantly expanded our understanding of aerosols and atmospheric
processes due to two inherent characteristics of the technique. (I) By desorbing and ionizing individual particles using laser
pulses, SPMS reveals the mixing state of the particle ensemble, i.e., the distribution of chemicals within individual particles.
This allows the detection of subpopulations of particles, their sources, and the investigation of atmospheric processes in
35 complex aerosols. (II) Unlike prevalent bulk methods based on thermal desorption, such as the Aerodyne Aerosol Mass
Spectrometer (AMS) or proton transfer reaction-based methods for aerosols (Reinecke et al., 2024a, 2024b), SPMS also
captures refractory particle compounds like metals and mineral dust components (Pratt and Prather, 2012; Passig and
Zimmermann, 2021; Laskin et al., 2018; Marsden et al., 2019; Zawadowicz et al., 2017; Passig et al., 2020).
In most SPMS instruments, particles are hit by intense, focused UV laser pulses to create a sufficient ion signal for less
40 abundant particle components via laser desorption/ionization (LDI). With few exceptions, organic molecules are fragmented
in this process, making their speciation difficult. In contrast to the use of single UV laser pulses for LDI, so-called two-step
approaches first use an IR laser pulse to vaporize the organic matter from the particle, and a second UV laser pulse to hit the
resulting plume and ionize the molecules in the gas phase. The separation of laser desorption (LD) and ionization allows the
independent optimization of both processes. This has several advantages: while LD alone is still a complex process resulting
45 in the vaporization of molecules at high temperatures, the laser intensities and photon energies can be much lower compared
to LDI, reducing fragmentation (Schmidt et al., 2023). Because ionization occurs in the gas phase, matrix effects are reduced
which is beneficial for quantifying approaches (Woods et al., 2001). In addition, gas-phase ionization allows for very soft
ionization techniques such as single-photon ionization (SPI) (Nash et al., 2005; Hanna et al., 2009) or resonance-enhanced
multiphoton ionization (REMPI) (Gehm et al., 2018). The latter is particularly useful for SPMS because the involved
50 resonances make it very sensitive — a key characteristic when dealing with such small sample volumes as plumes surrounding
tiny particles — and it selectively ionizes aromatic molecules with very high efficiency. This is of great benefit for aerosol
studies because it detects carcinogenic polycyclic aromatic hydrocarbons (PAHs), ubiquitous air pollutants from combustion
processes, and major contributors to the health effects of aerosols (Agudelo-Castafieda et al., 2017; Holme et al., 2019). The
two-step LD-REMPI method, introduced in SPMS by Morrical et al. (1998), has been used by a few groups to study PAHs at
55 the single-particle level, e.g., to identify sources of PAHs in ambient air pollution (Bente et al., 2009) or to analyze particles
for studying aging effects (Li et al., 2019). One significant disadvantage of these two-step approaches is the missing particle
composition from LD], i.e., the metals, salts, etc.
This constraint has been successfully addressed, first by implementing a series of three laser pulses for LD, REMPI, and LDI
in a rather complex setup that enables the measurement of only positive ions (Passig et al., 2017). Meanwhile, a novel technique
60 has been devised to leverage the spatial segregation of the gas plume from the particle residue, enabling the integration of
REMPI and LDI into a single laser pulse with a customized radial profile and yielding bipolar LDI spectra in addition to the
2
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PAH signatures (Schade et al., 2019; Zimmermann et al., 2019). The latter method has been successfully applied in ambient
air studies and laboratory experiments, showing its potential for source apportionment, new monitoring concepts, and
investigations of atmospheric processes (Passig et al., 2022; Anders et al., 2023; Anders et al., 2024). There are also hybrid

65 approaches where LD is applied prior to LDI at 193 nm to reduce fragmentation of organics while providing LDI mass spectra
comparable to many other instruments (Zelenyuk et al., 2015).
To date, all two-step methods in SPMS are based on transversely excited atmospheric pressure (TEA) CO; lasers, because
these systems provide relatively strong and short mid-IR pulses (multi-mJ, = 50-500 ns duration, 10.6 pm wavelength). These
lasers are relatively large and expensive, and they have one major disadvantage: they require regular gas changes or even

70 operation with a constant gas flow. The required gas supply limits the use of CO,-TEA lasers in field studies, especially in
situations where aerosol measurements are urgently needed: in arctic regions, on the open sea, in remote areas with limited
infrastructure, and for remote controlled long-term operation. For the ionization step in two-step approaches, frequency-
quadrupled Nd:YAG lasers at 266 nm offer a low-cost, robust, and maintenance-free alternative to excimer gas lasers.
However, a similar solution is still lacking for the LD step.

75 Here we report on experiments to replace the CO; lasers with a prototype Er:YAG solid-state laser at 3 pm wavelength. We
evaluate its performance in direct comparison experiments and discuss its potential and limitations in future applications.
Besides, we performed comparative experiments and demonstrated superior detection of PAHs using two-step approaches

compared to conventional LDI, regardless of the type of laser used for LD.

2 Experimental Section
80 2.1 Model Particles and Sampling

Laboratory experiments were performed for three different types of PAH-containing particles. (I) Diesel exhaust particles were
collected from an old van (VW Transporter type 3, 1.7 D, no exhaust aftertreatment), directly scratched from the inner surface
of the exhaust pipe. These particles have a uniform chemical distribution of PAHs from regular exposure to the hot exhaust
gas (Passig et al., 2017; Schade et al., 2019). (II) Wood ash particles were collected from an ash sink in the chimney of a 20
85 kW wood combustion furnace (Bente et al., 2008). Using a small-scale powder disperser (model 3433 SSPD, TSI Inc., St.
Paul, MN), diesel soot and wood ash particles were redispersed into a synthetic air stream of 2.5 L min™', from which 100
mL min'!' was introduced into the SPMS system. (III) Tar ball particles were used as a proxy for organic aerosols (Li et al.,
2019). The term tar ball refers to near-spherical, homogeneous particles resulting from the combustion of biomass and biofuels
and consisting of amorphous carbonaceous species (Posfai et al., 2004; Hand et al., 2005; Alexander et al., 2008). To produce

90 the tar ball particles, beechwood tar from a hunting supply store was dissolved in methanol, sprayed with an aerosol generator



https://doi.org/10.5194/egusphere-2024-2587
Preprint. Discussion started: 12 September 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

(ATM 221, Topas GmbH, Germany), and dried using a custom diffusion dryer with a silica gel-filled cartridge. Size
distributions of the particles are shown in the supplementary information, Fig. S1.

The ambient air experiments were performed at the ILMARI laboratory of the University of Eastern Finland in the timeframe

from March 1, 2024 to March 3, 2024. To record a sufficient number of single-particle spectra from the relatively clean air

95 (PMo<4.0 ug m in average), ambient air particles were sampled using an aerosol concentrator (AC-250 v1.0, ParteQ GmbH,

Germany). The instrument is based on an advanced design of the discontinued Model 4240 (MSP Corp., now part of TSI Inc.,

U.S.A.) and concentrates particles in the size range of approximately 0.5-10 pm from a 250 L min™' inlet flow into a 1 L min™'

sample stream (Romay et al., 2002). After passing through a dryer (model MD-700-12S-1, Perma Pure LLC, USA), the

aerosols underwent additional concentration to 0.1 L/min through a further virtual impactor at the SPMS aerodynamic lens

100 (Zhuo, Z., Su, B., Xie, Q., Li, L., Huang, Z., Zhou, Z., Mai, 2021). The instrument’s overall detection efficiencies for the

particles used in this study were not determined (Shen et al., 2019).

2.2 SPMS Instrumentation

The basic principle of SPMS systems relies on the optical detection and sizing of aerodynamically accelerated particles before
LDI and ion detection in a bipolar time-of-flight mass spectrometry setup (Passig and Zimmermann, 2021; Pratt and Prather,
105 2012).
The instrument utilized here has been previously described (Schade et al., 2019) and roughly corresponds to the setup
commercialized as PhotonLIZA (Photonion GmbH, Germany). A KrF excimer laser (248 nm, PhotonEx, Photonion GmbH,
Germany) is used for ionization after laser desorption. The ion signals, from both cations and anions, were recorded by a 14-
bit digitizer card (ADQ14, Teledyne SP Devices AB, Sweden) and were analyzed using custom Matlab software, including
110 preprocessing and peak area integration. Classification of the PAH mass spectra from ambient air particles was performed
using the adaptive resonance theory neural network ART-2a (Song et al., 1999) from the open-source toolkit FATES (Sultana

et al., 2017) using a vigilance factor of 0.75, a learning rate of 0.05, and 20 iterations.

2.3 Optical setup and triggering

In the two-step mode, the particles entering the ion source are exposed to an IR laser pulse for LD, and the gaseous plume is
115 then irradiated with an unfocused UV pulse of medium intensity for soft REMPI of aromatic species. This layout is illustrated
in Fig. 1a and was used to study the LD with the Er:YAG laser in comparison to the CO; laser for the laboratory particles and
the first of two ambient air experiments. To allow a direct comparison of the prototype Er:YAG laser (Er:YAG 1000 FQ,
InnoLas Laser GmbH, Germany) with the standard CO; laser (Model EXS, GAM Laser Inc., USA), the setup was modified as
follows: the two IR lasers were alternately fired from opposite sides of the ion source at the incoming particles; see Fig. 1a and

120  the time cycle included therein. A noise signal characteristic for each laser was imprinted in the mass spectra to ensure the

4
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assignment of each laser to the resulting single-particle spectrum. Notable, that the instrument in this configuration could not
record individual particle size information but only average size distributions.
The CO; laser and the Er:YAG laser vary not only in their wavelengths but also by several orders of magnitude in their pulse
lengths; see Table 1 for detailed optical parameters. This is due to the lack of Q-switching. Within the 200 us pulse duration,
125  the particles travel a distance of approximately 1-2 cm. Therefore, the laser is not focused but sent, with its full spot size of
5 mm, into the region above the ion source. The reduced spatial and temporal accuracy requirements facilitate alignment in
comparison to the CO: laser. The lower power density of the Er:YAG pulse is compensated for by the longer exposure time
for each individual particle and by the 10 times higher pulse energy. It should be noted, that the pulse-to-pulse energy variation
of the Er:YAG laser was large (up to £+ 50 % calculated on the average pulse energy, see Fig. S2). This is a result of unstable
130 thermal lensing in the resonator, as this prototype laser was not optimized for random triggering from the incoming particle
events. To reduce this, a regular signal of 5 Hz was mixed into the trigger input. The total reduction in hit rate resulting from
the combined loss in duty cycle and pulse-to-pulse variations is estimated to be = 30-50 %, compared to a hypothetical stable
Er:YAG laser to be developed for irregular triggering in SPMS. However, this is only a rough estimation because the pulse

energy required to generate a sufficient plume is highly dependent on the particle properties and composition.

135 2.4 Implementation in the combined ionization scheme for PAHs and inorganics

At the end of this paper, we present an additional experiment on ambient aerosols to demonstrate the suitability of the Er:YAG
laser for the newly developed ionization in SPMS that combines REMPI and LDI in a single laser pulse (Schade et al., 2019),
and we compare this method directly with a conventional LDI-based setup. In the combined setup (Fig. 1b), the unfocused
beam inducing REMPI with moderate laser intensity is reflected by 180°, is focused, and sent back into the ion source. There,
140 it hits the refractory particle residue, inducing LDI at virtually the same time as the PAHs are ionized in the gas plume via
REMPI. The comparison with conventional LDI was realized as follows (Fig. 1, bottom): One particle event triggered the CO,
laser for LD, followed by the excimer laser for combined ionization. The second particle triggered the same scheme with the
Er:YAG laser instead of the CO; laser for comparison. The third particle triggered none of the LD lasers but only the excimer
laser. As no LD occurred and no gas plume was produced, only the back-reflected beam induced LDI, similar to conventional
145 LDl ionization, with an excimer laser focused by a lens. All triggering schemes were realized using a Complex Programmable

Logic Device (CPLD) microcontroller and custom software.
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(a) Schematic view of the single particle LD-REMPI approach (b) Schematic view of the single particle LDI approach
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Figure 1 (a) Schematic representation of the single-particle, two-step ionization setup in alternating mode for direct comparison of the two

desorption lasers. The particles are optically detected, initiating the SPMS time cycle. The two desorption lasers, i.e., the "standard" CO>
150 laser and the experimental Er:Y AG laser, are alternately fired at the respective particles, generating a small gas plume for each particle. The

subsequent unfocused UV laser pulse ionizes the PAHs in the expanding plume via REMPI. Scheme (b) shows the combined method to

ionize PAHs by REMPI in the unfocused beam and inorganics by LDI in the back-reflected and focused beam, both from the same laser. In

addition to the comparison of the COz laser and the Er:YAG laser for LD in this method, every third particle was not exposed to LD. In this

case, only the intense back-reflected UV pulse interacted with the particle, inducing LDI without prior LD, allowing a direct comparison of
155  the combined method with conventional LDI — also for ambient aerosols and on the same instrument.
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Table 1 Optical parameters and lasers systems used in the experiments.

Laser desorption

Laser type, medium Gas, CO2 Solid-state, Er:YAG
Wavelength (nm) 10600 2940
Beam diameter (mm) Ix1 5x5
(Gaussian) (Flat top)
Pulse energy (mJ) 15 160
Pulse duration 250 ns 200 ps
Peak irradiance (W em?) 1.5x 107 3.2x10°

REMPI
Gas-Excimer, KrF
248

5x10

(Gaussian x flat top)
4

5ns

1.6 x 10

EGUsphere\

LDI

Gas-Excimer, KrF
248

02x04

(Gaussian x flat top)
4

5ns

1.0x 10°

3 Results and discussion
3.1. Two-step LD-REMPI for laboratory particles

First, we investigated the suitability of the Er:YAG laser for the LD-REMPI scheme (Fig. 1a) in laboratory experiments for
160 three different PAH-containing particle types, named diesel soot particles, wood ash particles, and tar ball particles. The most
probable PAHs reflected in the mass spectra are listed in Table 2. Note that isobar substances, e.g., phenanthrene vs. anthracene,
cannot be distinguished. Figure 2a shows the sum PAH mass spectra of each 500 diesel soot particles, above with LD using
the CO; laser and below with the Er:Y AG laser. The mass spectrometric patterns for both LD lasers are very similar, showing
detailed PAH signatures with dominant parent PAHs of low molecular weight from the combustion process (Frenklach, 2002)
165 and some alkylated species, partly consisting of residues from unburned fuel (Spencer et al., 2006; Anders et al., 2023). Note,
that the fragments are virtually unrecognizable, underscoring the soft nature of the LD-REMPI approach. The histograms on
the right show the distribution of PAH signal intensities among the particles for the two lasers. The CO; laser produces very
intense PAH mass spectra more frequently, while with the Er:YAG laser more particles with low to moderate signals are
observed. This can be attributed to the laser spot geometry: The Er:YAG laser has a large spot and hits the particle with high
170  probability but relatively low intensity, whereas the focused Gaussian profile of the CO; laser can result in very high signal
intensities when a particle is fully hit. However, the difference is rather moderate, also because of a comparable hit rate for
both lasers: 38 % (49 %) of the optically detected particles produced a clear PAH spectrum in this LD-REMPI approach with
the CO; laser (Er:YAG laser). It is also remarkable, that the signal intensities for the summed mass spectra of the same number
of particles are comparable for both lasers, despite the very different laser intensities, durations, and wavelengths. The high
175  degree of similarity can be explained by the underlying physical mechanisms of LD, where the energy transferred to the particle

eventually results in thermal desorption for laser pulses longer than a few picoseconds (Schmidt et al., 2023).
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180

Table 2 Polycyclic aromatic hydrocarbons (PAHs) indicated by the measured mass spectra.

Sum signal (V)

O NO B N W A U O N ©

0
i

(a) Diesel soot particles

PAHs m/z
Number of C in aliphatic side chains
0 1 2 3 4 5
Phenanthrene, 178 192 206 220 234 248
anthracene

Pyrene, fluoranthene

Chrysene(s),
benzoanthracene(s),
benzophenanthrene(s)

Benzopyrene(s),
benzofluranthene(s),
perylene

Benzo[g,h,i]perylene,
indeno[1,2,3-c, d]pyrene

Dibenzophenanthrenes(s),
dibenzoanthracene(s)

e.g. Coronen

e.g. Dibenzopyrene(s)

202 216
228 242 256 270 284

252

276

278

300
302

Important fragments

165, 189, 205,219

(b) Diesel soot particles
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Figure 2 (a) The summed PAH mass spectra of each 500 diesel soot particles exhibit no significant differences when generated by LD-
REMPI using a CO: laser (top) or the prototype Er:YAG laser (bottom) for the LD step. Note the very low fragmentation of the LD-REMPI
method. (b) Histogram of the total PAH ion yield per particle. The CO2 laser produces some more single-particle spectra with very strong
PAH signals due to its high peak intensity in its Gaussian beam profile.
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185

190

195

200

205

As a second representative particle type, wood ash particles were investigated. Here, the hit rate for PAHs was much lower,
with only 2 % (4 %) of the optically detected particles showing a PAH spectrum when the CO; laser (Er:YAG laser) was used.
This is due to the nature of the sample, which contains many burnt ash particles and fewer OC/soot particles containing PAHs
(Dall'Osto et al., 2016; Healy et al., 2015). The PAH mass spectra are very different from the PAH signatures of diesel soot
particles, highlighting the potential of single-particle PAH detection for source apportionment. Given the completely different
fuel, this is not surprising. In addition to parent PAHs as combustion products from the hydrogen-abstraction carbon-addition
(HACA) mechanism (Frenklach, 2002), decomposition products from the biomass can also be detected, e.g., a strong signal
for retene (m/z = 234). This is a thermal degradation product of resin acids and has often been used as a marker for softwood
combustion (Ramdahl, 1983; Shen et al., 2012a) (The stove was mainly fired with spruce logs.). There are also some signals
from higher-mass molecules, possibly from oxidized PAHs and other combustion products with aromatic rings, which can be
ionized in the LD-REMPI scheme. The comparison between the two LD lasers shows no clear differences. The histogram of
single-particle PAH signal strengths on the right indicates again a slightly higher number of particles with very strong PAH

signatures, probably due to the beam profile differences discussed above.

(a) Wood ash particles

(b) Wood ash particles
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Figure 3 (a) Wood ash particles (n = 500) exhibit a very different PAH profile in the LD-REMPI ionization than diesel soot particles, and
they show the softwood combustion marker retene (m/z = 234). However, in direct comparison, there are almost no differences between the
CO:2 laser and the Er:YAG laser for LD. (b) The single-particle signal intensity of PAHs again shows a few more particles with strong PAH
signals for the CO: laser.

As a third type of model particle, we focused on tar ball particles. In our case, they were simply sprayed with wood tar and

therefore show a signature of only alkylated phenanthrenes (Fig. 4a), in contrast to a more sophisticated tar ball model that we
9
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analyzed in a previous study using the same LD-REMPI technique (Li et al., 2019). However, they appear to be an appropriate
and easier to generate model to study LD for the highly relevant organic aerosols from wood combustion, as they have
comparable physical properties such as high viscosity, low volatility, and a brown color with high absorption in the UV-VIS
due to their PAH content (Jacobson, 2012; Brege et al., 2021; Li et al., 2019). Also, for this particle type, the mass spectral
210 differences between the CO; laser and the Er:YAG laser are negligible. Although, the distribution of PAH signal intensities
over the particles (Fig. 4b) reveals a higher number of particles with intense PAH signatures for the Er:YAG laser. The reason
for this behavior is not known, but we assume that residues of the solvent methanol led to enhancements in the absorption of
the Er:YAG laser, since there is a strong absorption band from the O-H stretching vibration in methanol (Linstrom, 1997). In
addition, it was difficult to determine the hit rate in these experiments, because there was a small background of the PAH
215  signature from particle evaporation effects in the inlet, even when no particle was hit. A particle hit was defined when the sum
of the peak areas exceeded 30 mV - ns, based on the distribution of signal intensities per laser shot; see Fig. 4b. This results in

a hit rate of 54 % (49 %) for the CO; laser (Er:YAG laser).

(a) Tar ball particles (b) Tar ball particles
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220  Figure 4 In our case of sprayed wood tar as a proxy for organic aerosols from wood combustion, the sum PAH spectra (n = 500) show
almost exclusively alkylated phenanthrenes. While there are no qualitative differences in the mass spectra between the two lasers used for
LD, the Er:YAG laser produced intense PAH spectra more often for this particle type. This can be explained by the strong absorption of the
solvent methanol at the 3 um wavelength of the Er:YAG laser.
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3.2 Ambient air application of the Er:YAG-based laser desorption

225  As the laboratory experiments demonstrated the ability of the Er:YAG laser to efficiently desorb organics from different
particle types, these results need to be validated in a field study for ambient aerosols. The experiments were conducted at the
campus of the University of Eastern Finland in Kuopio, FI (62.8891° N, 27.6290° E) from March 1 to 3, 2024. Ambient air
masses were sampled at a height of 10 meters above the ground. These air masses came mainly from the south, where the large
forests and rural landscapes of Southern Finland and the Baltic States dominate. Backward trajectories were calculated using

230 the HYSPLIT model with GFS 0.25° meteorological fields as the input file (http://www.ready.noaa.gov/HYSPLIT.php, last

access: July 8, 2024, see Fig. S3). The average PM concentration in this winter time period was 4.0 ug m* and the average
PM, s concentration was 3.4 pg m™ (weather station Kuopio Niirala, https://en.ilmatieteenlaitos.fi/download-observations, last

access: July 8, 2024).

Out of 97,063 optically detected particles in 23 hours, 1,450 revealed PAH spectra, defined by the presence of at least five of
235  the peaks listed in Tab. 2. The average mass spectra from each 500 PAH-containing particles are compared in Fig. S4 and
show a similar overall pattern for both desorption lasers and a comparable hit rate with slightly higher PAH signals and reduced
fragmentation for the Er:YAG laser. As mentioned above, size information is only available at the ensemble average (Fig. S1),
but not at the single-particle level.
Beyond performance parameters, these experiments on real-world aerosols should reveal whether different wavelengths and
240 laser parameters affect the results on a single-particle basis. Therefore, the 500 PAH mass spectra from each laser were
independently analyzed using the ART-2a clustering algorithm with a vigilance factor of 0.75, 20 iterations, and a learning
rate of 0.05 (Sultana et al., 2017). After visual inspection and manual grouping of the 17 (11) ART-2a clusters for the CO,
laser (Er:Y AG laser), four main clusters remained, containing = 95 % of the particles; see Fig. 5. The first three clusters in Fig.
Sa and 5b show strong signals from parent PAHs, with distribution maxima at low molecular weight PAHs (LMW, cluster
245  #1), high molecular weight PAHs (HMW, cluster #3), and dominant PAH peaks at m/z = 228 and 252 (cluster #2). Such
distributions were previously associated with wood combustion aerosols in ambient air (Passig et al., 2022), and the dominant
peaks for benzo[a]anthracenes/chrysene (m/z = 228) and benzopyrenes (m/z = 252) in cluster #2 are an indicator of a higher
photochemical age of the particles (Miersch et al., 2019). Of note, not only the mass spectra but also the number of particles
in each cluster are comparable for the two desorption lasers, emphasizing a high degree of similarity between the two
250  desorption processes despite the different wavelengths. The main difference between the two lasers is the higher fragmentation
of the CO; laser, resulting in cluster #4 with dominant fragments, while the fourth cluster produced by the Er:YAG laser again

shows parent PAHs as the strongest signals, but with a different intensity distribution.
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(a) Cluster analysis of LD-REMPI PAH mass spectra (b) Cluster analysis of LD-REMPI PAH mass spectra
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Figure 5 Main ART-2a clusters of each 500 PAH mass spectra from ambient air particles, exposed to (a) the CO2 laser and (b) the Er:YAG

255 laser for LD prior to REMPI photoionization. In the first three clusters, containing > 80 % of the particles, not only the mass spectral
signatures are similar but also the number of particles in the respective cluster. In the fourth cluster (< 14 % of the particles), significant
differences are observed due to the higher fragmentation of the CO> laser, which can be explained by its beam profile and higher peak
intensity. The results indicate that the compact Er:YAG laser can replace the more commonly used COz lasers for single-particle LD also in
ambient air studies.

260 3.3 Implementation in the combined ionization scheme for PAHs and inorganics — lab experiments

Recent developments using spatially and temporally tailored laser pulses allow the combined analysis of PAHs and inorganic
particle constituents by simultaneously inducing REMPI of PAHs in the gaseous plume and LDI of the refractory particle
residue (Schade et al., 2019). We investigated the capability of the Er:YAG laser for its implementation in this ionization
technique for the same laboratory particles and for ambient air. The back reflection mirror was now used to allow the focused
265 UV beam to be sent back into the ion source for LDI, as shown in Fig. 1b. In addition, the electronics have been modified so
that the CO; laser and the Er:YAG laser are triggered alternately for LD of the first and second particles as before, and neither
of them is triggered for the third particle. In the latter case, the unfocused UV beam does not induce REMPI because no gas
plume was previously formed, and the back-reflected UV beam only induces LDI, similar to conventional LDI-based SPMS.
This allows a direct comparison of the PAH analysis using the combined ionization scheme with the Er:YAG and CO; lasers
270 and with the conventional one-step LDI approach.
Figure 6 shows the results for soot particles, comparing LD with (panel a) the CO, laser, (panel b) the Er:YAG laser, and
(panel c¢) one-pulse LDI only. The LDI mass spectra are similar for all three methods, emphasizing that the LD step has no
significant effect on the LDI ion formation. For the PAH spectra in Fig. 6a and 6b, a slightly higher fragmentation can be
noticed compared to the pure LD-REMPI results shown in Fig. 2. This is due to the back-reflected, narrow, high-intensity
12
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275 beam for LDI that cuts through a portion of the plume and fragments a fraction of the PAH molecules there. Of note, for the

pure LDI process without prior LD, PAH signals are very weak and strongly interfered with molecular fragments (Fig. 6¢c).
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Figure 6 In the combined LD-REMPI/LDI ionization scheme, PAH detection is combined with conventional inorganic characterization via
LDLI. Neither the PAH signature nor the LDI-derived composition is significantly affected when the CO: laser (a) is replaced by the Er:YAG
280 laser (b) for the LD step. (¢) In contrast, PAH signatures are barely detectable with conventional single-step LDI ionization. Each n = 500.

For the wood ash particles (Fig. 7), the LDI spectra are comparable, but there are some differences of unknown origin, e.g.,
enhanced phosphate signals when the CO; laser is used for LD. When comparing the PAH signatures in panels (a) and (b), an
increased signal at m/z = 178 can be recognized for LD with the Er:YAG laser. This trend is also observed for all other PAH
spectra, but to a lesser extent. This may be related to a higher IR absorption of phenanthrene/anthracene at 3 pm compared to
285  the other PAHs (Laurens et al., 2021). In contrast to the diesel soot experiments, PAHs are now also clearly visible for LDI
only (Fig. 7¢). Obviously, the particle matrix of the wood ash particles supports the ionization of PAHs in LDI. These effects
will be discussed in the following sections. Nevertheless, for the combined LD-REMPI/LDI method in Fig. 7a and 7b, the

PAH signals are 5-8 times stronger, compare the Y-axes on the right.
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Figure 7 For wood ash particles, the combined method yields comparable results for (a) the CO2 laser and (b) the Er:YAG laser applied for
LD. Due to the nature of these particles, the single-step LDI method also produces clear PAH signatures, but with a lower sensitivity (compare
the Y-axes on the right). Each n = 500.

In the case of tar ball particles, the LDI mass spectra in Fig. 8a and 8b show similar fragmentation patterns. This indicates that
resonant excitation of the OH-stretch vibration by the Er:YAG laser does not influence the subsequent LDI when investigating
organic aerosols. The PAH signatures are again comparable and approximately four times stronger than the one-step LDI
process shown in panel c. Interestingly, the LDI mass spectra in panel ¢ are different, showing stronger signals of soot and
inorganic components. This points to the matrix effect of soot: only two types of real-world particles are capable of producing
spectra with intact PAHs in one-step LDI: those with strong soot contributions (Zimmermann et al., 2003) and particles with
dominant parent PAHs via so-called self-matrix ionization (Zhu et al., 2024). This underlines the superior and more universal
PAH detection of two-step methods with LD-REMPI ionization, which is much less dependent on the particle matrix (Woods
etal., 2001).
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Figure 8 (a) and (b) Tar ball particles show comparable behavior in the combined LD-REMPI/LDI scheme, independent of the laser used
for LD. (¢) However, in single-step LDI, only particles with soot signatures and more pronounced signals from inorganics produce PAH
305 mass spectra, underscoring the need for an UV-absorbing and ionization-enhancing matrix in LDI. Each n = 500. LDI anion signals are

enhanced three times for better visibility.

3.4 Implementation in the combined ionization scheme for PAHs and inorganics — ambient air experiments

In an extension of the ambient air experiments shown in Sect. 3.2, we continued the measurements for another 6 hours, now

with the combined ionization scheme (Fig. 1b). Data analysis is more complex in this case because the signals from inorganics

310 and PAH patterns should be analyzed separately (Passig et al., 2022). From 30,000 optically detected particles, 16,600

produced a cation LDI spectrum and 12,700 revealed bipolar LDI mass spectra, corresponding to a hit rate of about 55 %

(42 % bipolar; see X. Shen et al., 2024 for a comparison of hit rates for different LDI-based SPMS instruments). From these

particles, 1,846 showed additional PAH signatures as determined by the presence of at least five of the major PAH peaks listed
in Tab. 2 (648 particles for the CO; laser, 644 for the Er:YAG laser, and 518 for LDI with the Excimer laser only). We selected

315 500 particles for each laser and analyzed their PAH pattern using ART-2a clustering; see Fig. S5 for the results. A detailed

discussion of the particle ensemble is beyond the scope of this paper. In short, the PAH-containing particles were

predominantly aged wood combustion particles with strong K* peaks and pronounced secondary sulfate and nitrate signals,

and sometimes soot signatures. Both the Er:YAG laser and the CO; laser produced comparable patterns of PAH mass spectra,
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however, with partly different numbers of particles in the respective classes (Fig. S5). For the LDI process only, without
320 previous LD and REMPI ionization in the plume, the vast majority of mass spectra were dominated by fragments. This can be
recognized more easily from Fig. 9, where the number of particles with dominant PAH peaks is illustrated for the three different

laser excitation schemes.
600

I with clear PAH signatures
[ dominant fragments, unspecified
500

400F

3001

Number of particles

200

100p

LDlonly  ErYAGlaser CO,laser
Combined LD-REMPI/LDI

Figure 9 In a direct comparison of ambient air aerosols, the combined LD-REMPI/LDI ionization schemes yield PAH mass spectra with

325  much higher efficiency compared to conventional LDI. In the experiments shown here, the prototype Er:YAG laser suffered from pulse-to-
pulse instabilities. For a more stable Er:YAG laser, we expect a similar efficiency in detecting PAHs as for the CO2 laser in the future. The
high prevalence of stable parent PAHs and soot components favors the CO2 laser and LDI ionization compared to the Er:YAG laser. For
some particle types, PAHs are barely detectable with LDI; compare Fig. 6. The mass spectra and a cluster analysis are shown in the
Supplement, Fig. S5.

330 Obviously, the Er:YAG laser was less efficient in producing clear PAH spectra than the CO; laser in this experiment. For a
given particle type, achieving efficient plume expansion necessitates a specific laser energy threshold. When pulse energy
fluctuations are significant, as for the prototype laser used here (refer to Supplementary Fig. S2), low pulse energies can result
in inefficient plume expansion, thereby diminishing the hit rate and reducing signal intensities in the mass spectra —a problem
that will be solved with a more stable laser in the future. As noticeable from Fig. 9, the pure LDI process also produced some

335 clean and evaluable spectra. Once again, it should be noted that these results are strongly dependent on the experimental
conditions and particle type. It is well known that soot can act as an efficient matrix for PAH ionization in LDI, also in SPMS
(Zimmermann et al., 2003). Most of the PAH-containing particles detected here reveal also soot signatures by the presence of
Cy- clusters in negative LDI spectra (Fig. S5), while in other field studies PAHs were mainly detected on organic carbon
particles without clear soot signatures (Passig et al., 2022). Parent PAHs, which are the dominant PAH species in the mass

340 spectra observed here, are also particularly stable to fragmentation, allowing their analysis with LDI via self-matrix ionization
(Zhu et al., 2024). In many other cases, other PAHs are important, such as alkylated phenanthrenes from incomplete
combustion, which can indicate the particle source (Anders et al., 2023; Anders et al., 2024), or retene, which is a marker for

coniferous wood combustion (Shen et al., 2012b). These PAHs are more susceptible to fragmentation than parent PAHs (Passig
16
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et al., 2021; Gehm et al., 2018; Kruth et al., 2017) and could therefore be underrepresented in LDI. In the present data set,
345 aromatics other than the parent PAHs are almost absent for all three laser excitation schemes, so a systematic comparison of
the ratios of alkylated/parent PAHs is not possible. In previous tests in Central Europe at warmer temperatures of about 5—
10 °C, only the combined two-step excitation scheme was able to detect PAHs in a similar comparison experiment with LDI
(not shown due to technical difficulties with the SPMS system). In the experiment shown here, the weaker performance of the
Er:YAG laser compared to the CO; laser is probably a result of the large shot-to-shot variability of its pulse energy (see Fig.
350 S2). It may also be related to the high abundance of parent PAHs that better resist the higher peak intensities of the CO; laser
and the LDI laser beam. In general, the combined LD-REMPI/LDI ionization scheme causes more fragmentation than the LD-
REMPI approach alone, since part of the gas plume surrounding the particle is hit by the high-intensity LDI beam. Also,
interferences between PAHs and inorganics occur more frequently, e.g., with K3SO4™ at m/z = 213 and 215. However, it has

the advantage of detecting both inorganic components and PAHs of the same particle.

355 4 Conclusions and Outlook

We have directly compared a prototype solid-state laser with a more conventional CO; laser for laser desorption in two-step
approaches for ionization in SPMS. Although the wavelengths (3 um Er:YAG solid-state laser vs. 10.6 pum CO; laser) and
pulse lengths (200 ps Er:YAG laser and 250 ns CO; laser) differ substantially, the resulting PAH mass spectra show a high
degree of similarity, and the hit rate is also approximately comparable. This can be explained by the desorption mechanism
360 for laser pulses in the nanosecond to microsecond range, where the laser energy is eventually transferred to thermal energy
and the organic material is ejected by thermal vaporization (Schmidt et al., 2023). Solid-state lasers have multiple advantages
over gas lasers in terms of reliability, usability, and cost. In particular, the regular gas changes required for CO; lasers and the
necessary provision of gas cylinders are avoided, which is of great importance for measurements in remote areas, on ships, or
in airplanes. This potential can be fully exploited if the excimer laser is also replaced by a (Nd:YAG) solid-state laser, making
365  the two-step process much more flexible and easier to use. However, the large pulse-to-pulse variability of the current prototype
Er:YAG laser needs to be overcome by developing a more stable system, and the maximum repetition rate should be increased
to allow measurements also in the unsynchronized “free-running” mode for ultrafine particles (Anders et al., 2023; Anders et
al., 2024; Erdmann et al., 2005).
We also evaluated the advantages of the recently developed two-step approach with combined ionization for PAHs and
370 inorganics (Schade et al., 2019) by direct comparison with conventional LDI ionization. The combined method clearly showed
improvements in the detection of health and environmentally relevant PAHs by spatially separating the LD-REMPI and LDI
processes. The technique facilitates detecting clear PAH signatures and inorganic/refractory particle components

simultaneously. In addition to the higher detection rates for PAHs, we concluded that the combined technique is universally
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applicable to mixed aerosols, which has been demonstrated previously (Passig et al., 2022; Anders et al., 2024), whereas
375 conventional LDI is more limited to soot-containing particles (Zimmermann et al., 2003), pure PAH particles (Zhang et al.,
2023), and could potentially introduce a bias toward parent PAHs. Furthermore, we have illustrated that the advantages of
two-step processes extend beyond a specific type of desorption laser, as evidenced by comparing a solid-state Er:YAG laser

with a CO,-TEA laser.
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