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Executive summary
The marine engine exhaust evolves after the emission into the atmosphere. This evolution and transportation of
exhaust components needs to be modelled to estimate the contribution of shipping emissions on ambient air quality,
and the models require comprehensive characterisation of the marine engine exhaust. The characterisation includes
determining the chemical composition of particle and gas phase species, the partitioning between gas and particle
phase and the changes in chemical composition and partitioning upon atmospheric oxidation.
To evaluate the different methods for the exhaust characterisation, we performed a laboratory exercise with test
aerosols representing marine engine exhaust or its components. The particle size distributions were measured with
multiple instruments, including fast-response instruments with one second time resolution and scanning instruments
with time resolution of minutes. The chemical composition of the aerosol was measured with three mass
spectrometers. An SP-AMS measured the total particle mass and speciated the mass to different chemical groups. A
PTR-MS measured the concentration of VOCs in the gas phase and detected organic compounds in the particle
phase by using the CHARON inlet. A time-of-flight mass-spectrometer, operating with iodide adduct ionisation,
measured the oxidized organic compounds in gas phase and in particle phase using the FIGAERO inlet.
We used three devices to determine the volatility of the particles: a thermodenuder, a continuous flow isothermal
diluter and an isothermal dilution chamber. In the thermodenuder, the aerosol was first heated to a controlled
temperature and then cooled down in a tube with active charcoal walls to adsorb the evaporated species. In the
continuous flow isothermal diluter, the aerosol was first diluted with a porous tube diluter and then allowed to
stabilise to equilibrium in a residence time tube with a residence time of 4 minutes. The dilution chamber was a 500litre stainless steel chamber, into which the diluted aerosol was injected and allowed to stabilise for up to 100 minutes
to reach equilibrium between gas and particle phase.
The atmospheric oxidation was simulated with two oxidation flow reactors, Go:PAM and Aerodyne PAM, in which
the sample was exposed to high levels of ozone and OH radicals. The exposure to OH radicals during the residence
time of approximately one minute in the oxidation flow reactor corresponded to exposure of hours to days in the
atmosphere.
The results from the laboratory exercise showed the advantages of using three different mass spectrometers for
characterisation of the chemical composition of the aerosol. The SP-AMS could provide chemical speciation of the
aerosol irrespective of its composition. However, the ionisation method in the SP-AMS did not allow identification
of molecular formulas of the particle-phase species. The FIGAERO inlet connected to a mass spectrometer could
determine the molecular composition of the particle-phase compounds, but only for oxygen-containing molecules.
For the PTR-MS, there was no such limitation concerning the oxygen content. However, the identification of particlephase species with PTR-MS by using the CHARON inlet was not always successful because of the low enrichment
factor of the aerodynamic lens in CHARON for particles smaller than 200 nm. To increase the signal, we tested a
concentrator with concentration factor of 10, which improved the detection of particle-phase compounds with the
CHARON inlet.
Data from thermodenuder measurements at different temperatures could be used to determine the volatility
distribution of lubricant oil aerosol. To acquire more information on partitioning between particle and gas phase,
also isothermal dilution experiments are needed. The residence time in the continuous flow isothermal diluter was
not long enough to observe significant evaporation of lubricant oil particles. On the contrary, the isothermal dilution
chamber allowed for a longer equilibration time, and the evaporation of organic aerosol from lubricant oil particles
could be observed.
The oxidation flow reactors could reach OH exposures corresponding to ageing of several days in the atmosphere.
The minimum OH exposures in the reactors were approximately 0.6 and 2.2 equivalent daytime hours in the
atmosphere (assuming OH concentration of 5×106 cm-3 in the atmosphere). While this low OH exposures are
relevant regarding the air quality in areas close to harbours, the magnitude of secondary aerosol formed was low.
By using the higher OH exposure settings, we could estimate the maximum yield of organic aerosol from the
precursor gas injected to the oxidation flow reactors. The particle size at which the secondary aerosol was located
depended on the particle size distribution of the aerosol prior to the oxidation flow reactor. If the pre-existing
aerosol concentration was low, the secondary aerosol formed by nucleating into small particles into size ranges that
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were below the CHARON cut-off size and partly below the SP-AMS cut-off size. The detection was enhanced by
introducing inorganic seed aerosol particles prior to OFRs to facilitate condensation of the secondary aerosol onto
the pre-existing particles, that were large enough for CHARON and SP-AMS.
Based on the laboratory exercise results and on previous literature, we recommend the following experimental
methods for the characterisation of marine engine exhaust. In on-board measurements, when the exhaust is sampled
directly from the stack, we recommend a porous tube diluter as the first dilution step to cool down the exhaust and
allow partitioning of the exhaust species between gas and particle phases in a similar way as in the exhaust plume
cooling down in the atmosphere. The physical characterisation of the aerosol particles should include at least the
measurement of particle size distribution. Additional characterisation includes measurement of optical properties
with on-line instrumentation and particle collection for off-line analysis with an electron microscope.
We recommend PTR-MS for measuring the gas phase VOCs in the exhaust and aerosol mass spectrometers for online measurement of the chemical composition of the particles. The SP-AMS should be used to provide the overall
chemical speciation of the aerosol because of its nonselective ionisation method. Additionally, more accurate
information on particle chemistry can be acquired by using other mass spectrometers, such as the PTR-MS in
combination with the CHARON inlet or a chemical ionisation mass spectrometer in combination with the FIGAERO
inlet. However, the selective ionisation or particle size limits of these combinations limit the fraction of the aerosol
that can be analysed.
For the volatility measurements, we recommend using a thermodenuder. To obtain more information on the
volatility, also isothermal dilution experiments should be performed. However, the portable continuous flow
isothermal diluter did not seem to have enough residence time for particle evaporation, at least for the test aerosol
made from lubricant oil. Thus, we recommend using the large isothermal dilution chamber.
To estimate the secondary aerosol formation potential and to study the aerosol chemical composition as a function
of atmospheric ageing, we recommend the use of oxidation flow reactors. The oxidation flow reactor should be
operated at different OH exposure settings: the low OH exposure is relevant for the air quality of areas close to
harbours, whereas using higher OH exposures reveals the maximum secondary aerosol formation potential. We
recommend using seed aerosol injection to the oxidation flow reactor when it is necessary, for example when the
concentration of pre-existing particles is low because of high dilution ratio.
Combining all the experimental methods requires long sampling times, and the sample should be stable during all the
characterisation. While this may hold for the on-board measurements during steady engine operation, it is not the
case for in-plume measurements. Thus, some compromises are needed especially for in-plume measurements. For
example, the thermodenuder can be kept at fixed temperature and the oxidation flow reactor at fixed OH exposure
instead of scanning these parameters.
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List of abbreviations
1. A_PAM - Aerodyne potential aerosol mass reactor
2. AAC - Aerodynamic aerosol classifier
3. AMS - Aerosol mass spectrometer
4. BC - Black carbon
5. CE - Collection efficiency
6. CFID - Continuous flow isothermal diluter
7. CHARON - Inlet for chemical analysis of aerosol online
8. CHARON-PTR-ToF-MS - CHARON coupled with proton transfer reaction time-of-flight mass spectrometer
9. CIMS - Chemical ionisation mass spectrometer
10. CPC - Condensation particle counter
11. CPMA - Centrifugal particle mass analyser
12. Dm - Mobility diameter
13. DMA - Differential mobility analyser
14. DR - Dilution ratio
15. DSL - Diesel
16. Dva - Vacuum aerodynamic diameter
17. EEPS - Engine exhaust particle sizer
18. EF - Enrichment factor
19. EI - Electron impact ionisation
20. ELPI - Electrical low-pressure impactor
21. ePToF - Efficient particle time-of-flight chopper
22. FID - Flame ionisation detector
23. FIGAERO - Filter inlet for gases and aerosols
24. FIGAERO-CIMS - FIGAERO coupled with a chemical ionisation mass spectrometer
25. FT-IR - Fourier transform infrared
26. Go:PAM - Gothenburg potential aerosol mass reactor
27. H:C - Hydrogen-to-carbon ratio
28. HEPA - High-efficiency particulate air
29. ID - Isothermal dilution
30. IDC - Isothermal dilution chamber
31. LubOil - Lubricant oil
32. m/z - Mass-to-charge ratio
33. MAAP - Multi angle aerosol absorption photometer
34. MCP - Micro-channel plate
35. MFR - Mass fraction remaining
36. Morg - Organic mass
37. Nd:YAG - Neodymium-doped yttrium aluminum garnet
38. NOX - Nitrogen oxides
39. O:C - Oxygen-to-carbon ratio
40. OA - Organic aerosol
41. OFR - Oxidation flow reactor
42. OHexp - OH exposure
43. [Org]AMS - The organic aerosol mass concentration measured by the AMS
44. PAM - Potential aerosol mass
45. PSM - Particle size magnifier
46. PTD - Porous tube diluter
47. PTFE - Polytetrafluoroethylene
48. PTR-MS - Proton transfer reaction mass spectrometer
49. PTR-ToF-MS - Proton transfer reaction time-of-flight mass spectrometer
50. RH - Relative humidity
51. RTT - Residence time tube
52. slpm - Standard liters per minute
53. SMPS - Scanning mobility particle sizer
54. SOA - Secondary organic aerosol
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55. SP-AMS - Soot-particle aerosol mass spectrometer
56. TD - Thermodenuder
57. Th - Thomson (1.036426×10-8 kg C-1)
58. UV - Ultraviolet
59. VBS - Volatility basis set
60. VFR - Volume fraction remaining
61. VOC - Volatile organic compound
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1 Introduction
This document reports the main findings in SCIPPER Task 3.2, in which we designed the experimental setup to collect
the ship exhaust data specified in Deliverable D3.1, calibrated parts of the experimental setup and instrumentation
and tested oxidation flow reactors for simulating atmospheric ageing.
The exhaust from a marine engine evolves after emission to the ambient air. The exhaust first cools down, which
may induce nucleation or condensation of gas-phase species onto the particle phase. On the other hand, when the
exhaust plume is diluted with ambient air, the concentrations of the compounds in the exhaust decrease, which may
lead to evaporation of these compounds. Even the chemical species change in the plume because of the chemical
reactions between atmospheric oxidants and gas- and particle-phase compounds of the exhaust. Some of the
oxidation products from these reactions may condense on particle phase, thus forming secondary aerosol mass.
Because of all these phenomena, it is not sufficient to measure only the concentrations of particles and gases in instack conditions to estimate the effects of shipping emissions on air quality. Instead, comprehensive measurements
of volatility, secondary aerosol formation potential and chemical composition of gas- and particle-phase compounds
are needed to model the evolution of shipping emissions.
The hot engine exhaust gas contains only solid particles, whereas the fresh particles emitted from the stack contain
also semi-volatile species that have condensed or nucleated due to the cooling of the exhaust. To determine the
particle size distribution after the emission, the particles must be measured either from the emitted exhaust plume
or from the stack using a sampling system that reproduces the atmospheric dilution process. While the in-plume
measurement provides the real particle size distribution after atmospheric dilution, it would be advantageous to
sample the exhaust from the stack using a sampling system that mimics the atmospheric dilution, because this allows
a more controlled method to perform the particle emission characterisation.
Ntziachristos et al. (2016) compared the particle size distributions of a marine engine measured with three different
sampling systems: cold ejector diluter, hot ejector diluter and porous tube diluter (PTD). In the cold ejector diluter
arrangement, both primary and secondary dilution steps were performed with a non-heated ejector diluter, whereas
in the hot ejector diluter arrangement, the primary ejector was heated. In PTD arrangement, the PTD was not
heated, and the secondary dilution was performed with an ejector diluter. Ntziachristos et al. (2016) argue that of
these dilution systems, the PTD arrangement was ideally suited for marine exhaust sampling for two reasons. First,
even though the cold ejector as a primary diluter allows the condensation of semi-volatile species, it got clogged
frequently, while with PTD there was not such sampling issues. Second, the PTD produced similar particle size
distributions that have been observed by sampling from diluted marine exhaust plume. However, there was no
comparison to an in-plume measurement performed for this specific engine. For other diesel engines, such
comparisons exist, and they show that the PTD in laboratory measurements can reproduce the nucleation observed
in on-road in-plume measurements (Giechaskiel et al., 2005; Rönkkö et al., 2006).
The marine engine exhaust contains both organic and inorganic species in gas and particle phase. Most inorganic
gases (NOX, SO2, NH3) can be measured by specific analysers, based on infrared absorption, ultraviolet (UV)
fluorescence or chemiluminescence. In contrast, chromatography or mass spectrometry, measuring the mass-tocharge ratio (m/z) of ions, is required to identify the vast amount of different organic compounds (Huang et al., 2018;
Sippula et al., 2014). The sample can be either analysed with on-line instrumentation or collected on filters or
adsorbent tubes for later off-line analysis with gas chromatographs and mass spectrometers (Sheu et al., 2018). For
online measurements, the proton transfer reaction mass spectrometer (PTR-MS) can be used to measure the volatile
organic compounds (VOCs) and other chemical ionisation mass spectrometers (CIMS) to measure more oxygenated
organic compounds (Riva et al., 2019).
The chemical compounds in particle phase must be first evaporated before the classification in a mass spectrometer.
The Aerodyne aerosol mass spectrometer (AMS) utilizes a tungsten oven at 600 °C to vaporize the non-refractory
species from particles, and the soot-particle aerosol mass spectrometer (SP-AMS) has an additional laser to vaporize
also refractory species (Onasch et al., 2012). Both the high evaporation temperature and the electron ionisation
method used in the AMS lead to fragmentation of the chemical compounds. Thus, even though the SP-AMS is able
to speciate the aerosol into different chemical groups and measure the elemental ratios, it is difficult to identify the
exact molecular compounds present in particle phase by using the SP-AMS. To identify the actual chemical
composition of the particle-phase compounds, the fragmentation must be avoided. The “chemical analysis of aerosol
online” (CHARON) inlet was developed for such analysis, and is usually connected to a PTR-MS. The particles are
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vaporized in CHARON at low pressure (~10 mbar) and at temperature of 150 °C. (Eichler et al., 2015) Another
non-fragmenting aerosol particle mass spectrometry method is the “filter inlet for gases and aerosols” (FIGAERO;
Lopez-Hilfiker et al., 2014). In this semi-online method, the particles are first collected onto a polytetrafluoroethylene
(PTFE) filter and then desorbed by flushing the filter with pure nitrogen at a maximum temperature of 200 °C.
FIGAERO is connected to a CIMS and runs in an automated collection-desorption sequence.
Fresh emission contains a mixture material with varying thermodynamic properties, such as the saturation vapor
pressure and vaporization enthalpies. These determine the way compounds are partitioning between the gas and
particle phase. This property of the aerosol is generally called the volatility, and it is one of the key characteristics
needed to describe the evolution of the emission in the atmosphere. The volatilities of exhaust vary highly, and of
special interest are low- and semi-volatile compounds because their partitioning can change as the aerosol dilutes
and cools after emission (e.g. Robinson et al., 2007; Saha et al., 2018). Describing the volatility of the aerosol could
in principle be done by determining the saturation concentration of each individual compound in the aerosol. In
practise, this is not feasible due to the vast amount of compounds, especially organics, that are present in atmospheric
aerosols (e.g. Glasius and Goldstein, 2016). Instead, parameterizations such as the volatility basis set (VBS, Donahue
et al., 2006) are widely used. The VBS can also be combined with other measurable characteristics, such as the
oxygen-to-carbon ratio for additional parameterization of the aerosol evolution (Donahue et al., 2012, 2011).
The experimental determination of the volatility of an aerosol involves conditioning the aerosol and observing the
changes this causes in the particle phase. From this, the volatility can be inferred. The main methods for this are
using a thermodenuder (TD), or isothermal dilution (ID). In a TD, the aerosol is heated, which evaporates a fraction
of the components determined by their volatility. The evaporated fraction is removed from the vapor phase, and the
remaining particles (usually their mass or volume, characterized by the remaining mass/volume fractions, MFR/VFR)
are measured. It has been argued that the residence times commonly achieved are too short for equilibration (e.g.
Riipinen et al., 2010). An alternative method is using isothermal dilution, in which the residence times are much
longer (Grieshop et al., 2009). This typically requires a residence chamber large enough to allow for residence times
of up to hours (e.g. Yli‐Juuti et al., 2017). A concentrator to increase the particle concentration has also been used
to reduce the time for equilibration (Saleh et al., 2012), but this is likely to be of less benefit in emission measurements
due to already higher loadings. Combinations of different approaches increase the level of reliability in constraining
the volatility distribution: for example, using isothermal dilution together with a TD has been shown to improve the
results (Louvaris et al., 2017). Recently, Tikkanen et al. (2019, in review) used a FIGAERO-CIMS, together with
positive matrix factorisation, to determine the volatility distribution together with isothermal dilution.
Determining the volatility distribution from evaporation data is not straightforward, as different volatility distributions
can produce similar evaporation results (Pandis et al., 2013; Riipinen et al., 2010). Vaporisation enthalpy and mass
accommodation coefficient have significant effect on the simulation output. Recently, Tikkanen et al. (2019) and Yli‐
Juuti et al. (2017) presented an approach using genetic optimization algorithm to determine the volatility distribution
from isothermal evaporation experiments, and a similar approach can also be utilized for TD measurements.
Both inorganic and organic gas phase compounds may form secondary aerosol in the atmosphere. The most
important inorganic precursors for secondary aerosol formation are NOX, SO2 and NH3 (Renner and Wolke, 2010).
Each of these compounds can be measured with gas analysers and the formation of secondary inorganic aerosol
modelled based on the measurements. The estimation of secondary organic aerosol (SOA) is not as straightforward,
since it is not possible to measure all the precursors and to model the oxidation pathways of all the organic
compounds detected. To overcome this issue, the SOA formation potential can be estimated by studying the amount
of SOA produced upon oxidation of the exhaust sample instead of measuring the precursors (Kang et al., 2007). The
sample can be oxidized in a large environmental chamber, which allows using oxidant concentrations close to ambient
levels, or in an oxidation flow reactor (OFR) in which the oxidation chemistry is accelerated by using oxidant
concentrations that are much higher than in the atmosphere and residence times of seconds to minutes. (Bruns et
al., 2015) However, in the environmental chambers and OFRs, there are also non-atmospheric pathways for the lowvolatility oxidation products. The oxidation products can condense on the chamber walls instead of aerosol particles,
or they can fragment into more volatile compounds before condensing onto particles because of the high oxidant
concentrations (Palm et al., 2016). To decrease these effects, it is possible to introduce seed particles to the oxidation
chamber to accelerate the condensation process (Ahlberg et al., 2019).
In this work, we present results from a laboratory exercise in which various experimental methods were used to
study chemical composition, volatility and secondary aerosol formation potential of test aerosols representing marine
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engine exhaust or its components. Based on literature and the results and experiences of the laboratory exercise,
we present recommendations for experimental methods to be used for characterising marine engine exhaust.
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2 Laboratory exercise
2.1
2.1.1

Methods
Sample generation

We generated four different test aerosols for testing the measurement equipment and the methods to characterise
the volatility and secondary aerosol formation potential of the exhaust. First, lubricant oil particles were generated
to represent semi-volatile organic aerosol in marine engine exhaust. According to Eichler et al. (2017), organics
originating from lubricant oil are a major component in exhaust particles of marine engines. In this work, the particles
were generated by atomizing a solution of heptane and marine engine lubricant oil as depicted in Fig. 2-1a. The
sample was diluted by two ejector diluters in series, with total nominal dilution ratio (DR) of 64, before introducing
the sample to instruments. The dilution air in all experiments was purified with a pure air generator (Model 737-15,
Aadco) to remove hydrocarbons, and passed through a FT-IR purge gas generator (model 75-62, Parker Hannifin
Corp) to remove the CO2.
The second test aerosol was soot particles coated with eicosane. Unlike the lubricant oil particles, which consist of
numerous different organic compounds, this test aerosol is well-defined and should have a different volatility
spectrum than the lubricant oil particles. Eicosane was chosen to represent the semi-volatile compounds in this
experiment, because it has been found in the particle phase of marine engine exhaust (Sippula et al., 2014). The soot
particles were generated through combustion of acetylene in a McKenna flat flame burner (Holthuis & Associates).
The soot particles were led through a heated oxidation catalyst to remove all unknown organic compounds from
the particles. The sample was diluted with compressed air before the catalyst to introduce oxygen into the sample
before oxidation. Eicosane vapor was mixed with the soot particles, and the mixture was conditioned in an exhaust
line heated to 300 °C. The sample was diluted with a PTD to cool down the mixture and allow condensation of
eicosane on the soot particles. The PTD was followed by a residence time tube with a residence time of
approximately 2.5 s. An ejector diluter was used as a secondary diluter to provide enough sample for all the
instruments. This is a similar PTD setup as described e.g. by Ntziachristos et al. (2016). An illustration of the
generation setup is shown in Fig. 2-1b.

Figure 2-1 The setups used for the generation of lubricant oil particles (a), soot particles coated with eicosane (b) and
diesel exhaust particles (b).

The third test aerosol consisted of soot particles and organic compounds formed by diesel combustion. These
particles were generated in a modified diesel heater. The feed rate of diesel and combustion air could be controlled,
and thus the stoichiometry of the combustion process could be adjusted. (Högström et al., 2012) By operating the
heater with non-optimal stoichiometry, we could produce exhaust consisting of soot particles and an organic fraction.
This operating condition is later referred to as ‘normal operation’. In another operating condition, both fuel and
combustion air feed rates were adjusted very low, which resulted in low exhaust temperature. In this operating
condition, there were very few particles in the fresh exhaust, but high concentration of hydrocarbons in gas phase.
This operating condition is later referred to as ‘low temperature operation’. In both operating conditions, the heater
was fuelled with diesel only, and with a mixture of diesel and the same lubricant oil that was used in the lubricant oil
particle generation. In some cases, SO2 was added to the exhaust for determining the OH exposure in the OFRs.
The particle sampling was performed in similar way as for the eicosane-soot particles and as shown in Fig. 2-1b.
The fourth test aerosol was benzene diluted in pure air. Since benzene is present in marine engine exhaust (Huang
et al., 2018), this aerosol represents the exhaust VOCs that have SOA formation potential. The benzene vapor was
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generated by bubbling pure nitrogen through liquid benzene that was chilled below the temperature of the ambient
air. The nitrogen flow and the dilution air flow were controlled by mass flow controllers, and the hydrocarbon
concentration of the mixture was monitored with a flame ionisation detector (FID). An ejector diluter (nominal DR
of 8) was used to dilute the mixture once more before the OFRs. The concentration of benzene after the OFRs was
measured with PTR-MS. In some of the benzene experiments, seed aerosol was mixed with the sample to provide
condensation sink for the oxidation products formed in the OFRs. The seed aerosol was generated by atomizing
ammonium sulphate solution and drying the seed particles in a diffusion dryer.
2.1.2

Particle and gas measurement

Several CO2 analysers (Sidor, Sick Maihak; LI-840, LI-COR Inc.) were used to determine the dilution ratios of the
diluters. If no enough CO2 was present for dilution ratio measurement, pure CO2 was mixed with the sample
upstream of the diluters. An SO2 analyser (model AF22M, Environnement SA) and a NOX analyser (model T200,
Teledyne API) measured the respective gases.
The total particle concentration was measured with a condensation particle counter (CPC, Model 3756, TSI Inc.).
Two scanning mobility particle sizers (SMPS), nano SMPS (model 3085, TSI Inc.) and long SMPS (model 3081, TSI
Inc.), and an engine exhaust particle sizer (EEPS, TSI Inc.) were used to measure the particle number size distribution
corresponding to the mobility diameter of the particles. The SMPS is a combination of a differential mobility analyser
(DMA) and a CPC. In these experiments, the nano SMPS was a combination of model 3085 DMA (TSI Inc.) and
model 3776 CPC (TSI Inc.) and the long SMPS was combined of model 3081 DMA (TSI Inc.) and model 3775 CPC
(TSI Inc.). The particle number size distribution corresponding to the aerodynamic diameter was measured with an
aerodynamic aerosol classifier (AAC, Cambustion Ltd.) connected to a CPC, and with an electrical low-pressure
impactor (ELPI, Dekati Ltd.). A centrifugal particle mass analyser (CPMA, Cambustion Ltd.) connected to a CPC was
used to measure the particle number mass-to-charge distribution. In retrospect, it would have been more beneficial
to use the CPMA in combination with a unipolar charger and an electrometer to obtain the particle mass
concentration or in combination with a DMA and CPC to obtain the effective density of the particles.
Three mass spectrometers were used to characterise both particle and gas phase compounds: an SP-AMS measured
the total particle mass and speciated the mass to different chemical groups; a PTR-MS measured the concentration
of VOCs in the gas phase and detected organic compounds in particle phase by using the CHARON inlet; a time-offlight mass-spectrometer, operating with iodide adduct ionisation, measured the oxidized organic compounds in gas
phase and in particle phase using the FIGAERO. The mass spectrometers are described in detail below.
Soot-Particle Aerosol Mass Spectrometer (SP-AMS, Aerodyne Research Inc, US; Onasch et al., 2012) was used to
measure the chemical composition of aerosol particles in real time. The SP-AMS is described in detail by Onasch et
al. (2012). Shortly, a carrier flow pump with flow of 1.5 lpm was used to deliver the sample to the SP-AMS in a timely
manner, critical orifice and an aerodynamic lens was used to constrain the flow (1.4 ccm) and to form a narrow
particle beam. Due to the limitations of the aerodynamic lens, the SP-AMS can only detect particles with vacuum
aerodynamic diameter from 40 to 1000 nm. After the lens, particle beam was led through differentially pumped
vacuum chambers where the gas molecules tend to diverge from the beam path and are pumped away, concentrating
the aerosol-to-gas molecule ratio by a factor of >107. A chopper is used to subtract the signal of gaseous background
from the aerosol signal. The particle beam chopper is moved with a computer-controlled stepper motor to
alternately block the aerosol beam completely or not at all.
After chopper, the particle beam is led to the vaporising and ionising region. In the SP-AMS a dual vaporizer setup
with tungsten oven (600°C) and Nd:YAG intracavity laser (1064 nm) vaporizer are used to ensure both refractory
(black carbon and metals) and non-refractory components (organic compounds and inorganic ions) are vaporized
effectively. Thus, the dual vaporizer allows for detection and characterization of all major submicron ambient particle
types, excluding only uncoated dust and sea salt particles that are neither absorbing nor non-refractory.
The ions in the SP-AMS are generated using the universal (70 eV) electron impact ionization technique. Electron
impact ionization (EI) is a method in which energetic electrons interact with solid or gas phase atoms or molecules
to produce ions. This technique is considered a hard, high fragmentation ionization method, since it uses highly
energetic electrons to produce ions. This leads to extensive fragmentation, which means in practice that most of
compounds are fragmented and molecular ions are rarely detected.
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The formed ions are guided via time-of-flight chamber using V-mode flight path to a micro-channel plate (MCP)
detector. These signals are converted to nitrate equivalent mass concentrations using the same ionisation efficiency
calibration procedure utilised for the AMS and described by Jimenez et al. (2003). The mass resolving power of the
SP-AMS is approximately 2500m/Δm. In addition to chemical composition of particles, the particle vacuum
aerodynamic diameter was determined from particle time-of-flight (velocity) efficient particle Time-of-Flight chopper
(ePToF) technique. Time-resolution of measurements was one minute, consisting of 30 s of mass spectra and 30 s
of size distribution measurements. The 1-minute integration detection limits (3σ) are typically for nitrate ~3 ng m-3,
organics ~30 ng m-3, sulphate 6 ng m-3 and ammonium ~60 ng m-3. The SP-AMS data was processed with the highresolution data analysis software (Pika 1.23A and Squirrel 1.63A) and the elemental ratios for organic aerosol were
calculated by using the “improved ambient” method presented by Canagaratna et al. (2015). The SP-AMS was
calibrated before the measurements for the ionisation of ammonium nitrate particles following the procedures
described by Drewnick et al. (2005). The relative ionisation efficiency of regal black particles was calibrated with a
DMA-CPC setup described by Onasch et al. (2012). The time of flight calibration of ammonium nitrate particles was
done earlier as described by Drewnick et al. (2005).
The CHARON inlet consists of a gas-phase denuder for stripping off gas-phase analytes, an aerodynamic lens for
particle collimation combined with an inertial sampler for the particle-enriched flow, and a thermodesorption unit
(heated at 140 -150 °C and having few mbar of pressure) for particle volatilization of low, semi and intermediate
volatility organic aerosol (OA). We coupled the CHARON inlet to a proton-transfer-reaction time-of-flight mass
spectrometer (PTR-ToF-MS) which quantitatively detects most organic analytes and ammonia. The combined
CHARON-PTR-ToF-MS set-up is thus capable of measuring the OA fraction above 150 nm particles in real-time.
More details are described by Eichler et al. (2015). For the studies presented herein, the CHARON inlet was coupled
to a commercial PTR-TOF 8000 analyser (Ionicon Analytik GmbH, Innsbruck, Austria) (Graus et al., 2010). The PTRTOF 8000 was operated at E/N = 100 Td, E being the electric field strength and N the buffer gas density (1 Td =
10−17 V cm2). The drift tube was kept at 120 °C, drift pressure was around 2.2 mbar, mass resolving power was
~4000.
A particle concentrator was used in front of CHARON during some of the experiments to enhance the sensitivity
of CHARON. The operation principle of the concentrator was similar to the one described by Saarikoski et al.
(2019). Shortly, the particles are first grown by water condensation, and then concentrated by using a virtual
impactor. The total flow entering the virtual impactor was 6 slpm and the sample flow to CHARON 0.6 slpm. The
concentration factor was approximately 10.
The FIGAERO consists of gas phase inlet and aerosol inlet. While the gas phase inlet is connected to a mass
spectrometer, the aerosol particles are collected to a PTFE filter using the aerosol inlet. When the collection time
has finished, the filter is moved on a moveable tray, so that the mass spectrometer samples pure nitrogen that is
flushed through the filter. The nitrogen flow is gradually heated up to 200 °C to desorb the volatile compounds from
the filter to be detected by the mass spectrometer. In this work, we used 1 µm PTFE filters for the particle collection.
The collection time was 10 min and the desorption time 20 min and the heating rate approximately 20 °C min-1
during the heating ramp. The FIGAERO was coupled to a chemical ionization time-of-flight mass spectrometer
(Aerodyne Research Inc.) operating with iodide reagent ions. We refer to this setup as FIGAERO-CIMS hereafter.
The iodide chemical ionisation is selective; it has been shown that it is sensitive to oxidized organic compounds, but
could not detect α-Pinene or its oxidation products with less than two oxygen atoms (Riva et al., 2019). The
FIGAERO-CIMS data was analysed with tofTools mass spectrometry analysis software (Junninen et al., 2010).
The black carbon concentration was measured with an aethalometer (model AE33, Magee Scientific) and a multi
angle absorption photometer (MAAP, Thermo Scientific). In addition, a nephelometer (model 3563, TSI Inc.) was
utilised to measure the light-scattering coefficient of the aerosol. The data from these instruments are not analysed
in this document.
2.1.3

Volatility measurements

The volatility of the particles was measured by using a thermodenuder, a continuous flow isothermal diluter (CFID)
with a residence time tube, and an isothermal dilution chamber (IDC). These devices are shown in Fig. 2-2. In the
thermodenuder, the sample was first heated to 265 °C at maximum, and then cooled down in an adsorbing section,
which was surrounded by active charcoal to prevent re-condensation of the evaporated species onto particle phase.
The thermodenuder used in these experiments is described in detail by Amanatidis et al. (2018). The continuous
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flow isothermal diluter was a PTD that was operated with mass flow controllers and connected to a residence time
tube with a residence time of approximately 4 min.
The isothermal dilution chamber was a cylindrical 500 l stainless steel container. The chamber was initially filled with
pure nitrogen. The aerosol sample was injected into the chamber with an ejector diluter. When measuring from the
chamber, replacement nitrogen was allowed to flow into the chamber to keep it in ambient pressure. When not
measuring, all the valves connected to the dilution chamber were closed.

Figure 2-2 The devices used to determine particle volatility. Thermodenuder (a), continuous flow isothermal diluter
(b) and isothermal dilution chamber (c).

2.1.4

Oxidation flow reactors

The secondary aerosol formation potential and the evolution of the chemical composition of the aerosol upon
oxidation was studied using two OFRs: Aerodyne Potential Aerosol Mass reactor (A_PAM) and Gothenburg
Potential Aerosol Mass (Go:PAM) reactor. The degree of photo-oxidation in the OFRs was characterised by
determining the exposure of the sample to OH radicals. The OH exposure (OHexp; concentration of OH radicals
multiplied with the residence time) was calculated from the measured decay of SO2 or benzene, as described by
Lambe et al. (2011) and Ortega et al. (2013).
The A_PAM (Aerodyne Research Inc, US) consists of a metal cylinder with two UV-lamps (λ=185, 254 or 313 nm)
that produces the oxidants (O3, OH and HO2) (Fig. 2-3a). The A_PAM is based on Penn State flow reactor design
introduced by Kang et al. (2007) and further evaluated by Lambe et al. (2011).
The sample flow was humidified by mixing humidified pure air with the sample prior the chamber and then led
through the chamber. In the chamber, the oxidants oxidize the gaseous precursors and secondary aerosol mass
forms. The oxidant amounts in the chamber are 100 to 10,000 times larger than in the atmosphere, enabling rapid
secondary aerosol formation in the timescale of minutes. By adjusting the intensity of the UV-lamps, the generation
of oxidants and thus the relative age can be adjusted to be from equivalent atmospheric hours to days and weeks.
The secondary aerosol simulated by the A_PAM has been shown to be comparable to SOA formation in the
atmosphere (Lambe et al., 2011). In the experiments, the flow through the A_PAM was approximately 7 slpm. In
addition to different intensity settings, two sets of UV-lamps were used to obtain a wide range of OH exposures.
The first lamp set consisted of the default 185 nm UV-lamp and a partially covered 185 nm UV-lamp. The partially
covered 185 nm lamp was also used in the other set, but the default 185 nm lamp was replaced with a 313 nm UVlamp.
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a)

b)

Figure 2-3 The schematic presentation of the A_PAM (a) and Go:PAM (b). The numbers in panel b denote the
following: 1) Flow reactor, 2) Exhaust flow, 3) Processed sample flow, 4) Humidified oxidant flow, 5) Sample flow and
6) Gas distributor plate (Watne et al., 2018).

The Go:PAM OFR has been described in detail elsewhere (Watne et al., 2018) so it is only briefly presented here.
Go:PAM was designed to study transient phenomena and is a 100 cm long (i.d.=9.6 cm) vertical flow reactor (1 in
Fig. 2-3b) made of quartz glass that was illuminated by two fluorescent lamp tubes (Philips TUV 30 W).
Inhomogeneity of the photon field inside the flow reactor was reduced by using aluminium mirrors. The surrounding
air in the compartment containing the flow reactor and the lamp tubes was continuously exchanged using a fan to
prevent any thermal mixing along the vertical reactor axis due to temperature gradients.
The “humidified oxidant flow”, i.e. O3 in clean, particle-free humidified air, was added at the top of the reactor (4 in
Fig. 2-3b). The ozone was produced using mercury pen-ray UV-lamps, enabling photolysis of molecular oxygen to
atomic oxygen that subsequently reacts with molecular oxygen forming O3. The “processed sample flow” (3) is
extracted by the characterization instrumentation via a funnel so only the flow along the central axis of the reactor
is included, reducing any wall effects. The “exhaust flow” (2) is extracted by the ozone monitor (Model 205 Ozone
Monitor, 2B Technologies) and the relative humidity (RH) and temperature were measured in this sample line. The
“Sample flow” (5) enters the reactor at the top, in the centre, as the result of the balance between the in- and
outflows. In the following experiments the flow rate was typically 10 slpm (Exhaust flow: 2.2 slpm, Humidified oxidant
flow: 3.3 slpm, Sample Flow: 6.7 slpm) resulting in a median residence time of 37 s. The OH exposure was set by
changing the ozone concentration, by changing the length of the mercury pen-ray UV-lamp exposed, hence the
radiation.
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2.2

Results

In this section, we show the results that serve as the calibration of parts of the experimental setup or individual
instruments. No data from all the instruments are shown, but instead we concentrate on the mass spectrometers,
the setups used for volatility characterisation and the performance of the oxidation flow reactors.
First, we show the calibration of the CHARON aerodynamic lens and discuss the means to increase the sensitivity
of the CHARON-PTR-ToF-MS. Second, we study the chemical composition of the test aerosols using different mass
spectrometer setups. This shows also the selectivity of different ionisation methods used in the mass spectrometers.
Third, the particle volatility results are analysed to characterise the different setups used for acquiring particle
volatility distributions. Fourth, we calibrate the two OFRs by oxidizing benzene at similar conditions and comparing
the results. In addition, we show a case study of the effect of fuel on SOA formed from diesel combustion using the
Go:PAM.
2.2.1

CHARON concentrator tests

The first measurement tests of the diesel exhausts particles with CHARON-PTR-ToF-MS raised an important issue
related to the size dependent transmission efficiency of the aerodynamic lens. The enrichment factor (EF) of the
aerodynamic lens for ammonium nitrate, and vanillic acid particles in the 150–550 nm size range (Dva, vacuum
aerodynamic diameter) is shown in Fig. 2-4. The vacuum aerodynamic diameter is related to the mobility diameter
via density and shape factor as follows (Jimenez et al., 2003a):

𝐷𝑣𝑎 = 𝐷𝑚 × 𝑑 × 𝑆

Where Dm is the mobility diameter, d is the normalized particle density and S is the shape factor defined by Jayne et
al. (2000).

Figure 2-4 Enrichment factor of the aerodynamic lens in 150-550 nm (Dva) range

The low EF obtained below 200 nm is found to be critical as most of the organic particulate matter produced during
the experiments was below this size as shown in table 2-1, where the size resolved organic mass fractions ([Org]AMS)
below and above 200 nm particles have been calculated using the SP-AMS ePToF data.
Table 2-1 Overview of the size resolved mass of the organic aerosol generated (* : no data available from Charon)

Sample generation

[Org]AMS < 200 nm
%

[Org]AMS > 200 nm
µg m-3

Atomized lubricant oil
Soot coated with eicosane*
Oxidized benzene with seed particles
Oxidized diesel exhaust
Fresh diesel exhaust
Oxidized low-temperature diesel exhaust

9
50-62
33-47
89-99
87-99
80-97

130
21-48
29-36
1-2
5-10
6
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For example, in the diesel exhaust, the organic aerosol mass concentration in particles larger than 200 nm ranged
between 1 and 10 µg m-3. If we consider that the diesel exhaust is constituted of only 100 different compounds in
equal amount (rough simplification), each compound should be present at 0.01 and 0.1 µg m-3 at 1 and 10 µgm-3 total
organic particulate concentration, respectively. These estimated individual component concentrations are on the
edges of the quantification capabilities of the CHARON-PTR-ToF-MS. The limit of quantification for single
compounds calculated as 10 times the standard deviation of the noise level was assessed to equal 0.27, 0.07, 0.034
µg m-3 for particles of Dva of 200, 250 and 300 nm, respectively.
In order to improve the CHARON sensitivity, we tested the concentrator described in Sect 2.1.2. The concentrator
was coupled to the CHARON inlet while sampling fresh exhaust from the diesel heater fuelled with a mixture of
diesel and lubricant oil. During this test, almost 100% of the particulate organics was associated to sizes below 200
nm (Dva) and the SP-AMS organic mass loading for particles above 200 nm was in the 5-10 µg m-3 range. These
preliminary tests were successful as many ions corresponding to diesel markers significantly increased when the
concentrator was coupled to CHARON. This is shown in Fig. 2-5, where the signal of C16H11+, (protonated polycyclic
aromatic hydrocarbon) is highly enhanced when the high-efficiency particulate air (HEPA) filter sample is removed
from the concentrator inlet (grey areas). The concentration of the total organic mass monitored by the SP-AMS is
also given for comparison.

Figure 2-5 Times series of a single ion (C16H11+) (black dots), SP-AMS organic mass (green line) and SP-AMS ePToF
size distribution during the concentrator experiment. The grey shaded areas correspond to periods where the HEPA
filter installed between the concentrator and the sample exhaust is removed.

2.2.2

Chemical composition of the generated particles

Figure 2-6 shows the mass spectra measured by the SP-AMS for the different test aerosols. The value of the nonselective ionisation used in the SP-AMS is evident, since the instrument can detect the aerosol particle mass in all
the cases, even though the composition varies. On the other hand, Fig. 2-6 shows how the ionisation in the SP-AMS
produces a number of mass-to-charge ratios even from the single-component organic coating (eicosane; Fig. 2-6a)
because of the fragmentation. The spectrum of the eicosane coating is actually very similar to that of the fresh diesel
exhaust particles (Fig. 2-6b), even though the diesel combustion particles supposedly consist of a complex mixture
of hydrocarbons instead of eicosane only. Similarly, the dominant compound detected in the particles from benzene
oxidation (Fig. 2-6e) is CO2+ (m/z 44 Th), which is not a particle phase compound as such but rather a fragment of
the compounds that exist in the particle phase.
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Figure 2-6 SP-AMS spectra of the generated particles. a) Eicosane on soot particles, b) Fresh diesel exhaust, c) Fresh
diesel + lube oil exhaust, d) atomized lube oil, e) Oxidized benzene (A_PAM), f) Oxidized low-temperature diesel
exhaust (A_PAM), g) Oxidized low-temperature diesel + lube oil exhaust (A_PAM).

Despite the inability of the SP-AMS to measure the exact molecular composition of the particle phase species, the
different aerosol types can still be distinguished by studying the mass spectra. For example, the spectrum of atomised
lubricant oil particles (Fig. 2-6d) has some fragments at high mass-to-charge ratios (m/z > 120 Th) while such
fragments do not exist in the particles originating from diesel fuel combustion (Fig 2-6b). These differences in spectra
can be utilised to identify different sources of particle formation, e.g. to distinguish the particle mass originating from
lubricant oil in diesel engine exhaust (Carbone et al., 2019).
The non-selective ionisation of SP-AMS allows the elemental analysis of the total organic aerosol. The elemental
analysis can be used to calculate the oxygen-to-carbon (O:C) and hydrogen-to-carbon (H:C) ratios of the organic
aerosol. (Aiken et al., 2008). With these ratios, the comparison of different aerosols is more straightforward than
comparing the full mass spectra. The average O:C and H:C ratios of the test aerosols are shown in Fig. 2-7.
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Figure 2-7 The O:C and H:C ratios of the test aerosols determined by SP-AMS. DSL denotes the diesel heater exhaust
and LubOil the lubricant oil (either atomised or combusted in the diesel heater as a mixture with diesel).

The atomic ratios in Fig. 2-7 show the diversity of the test aerosols generated. In the fresh particles, the O:C ratio
is close to zero, and thus the sensitivity of the FIGAERO-CIMS for these aerosols is probably low because of the
low sensitivity for non-oxidized compounds. For the aerosols oxidized with OFRs, the elemental ratios change
depending on the precursor composition and the OH exposure. The two OFRs produce relatively well matching
O:C and H:C ratios for the oxidized benzene and diesel exhaust, but there is some discrepancy in the elemental
ratios of the SOA formed from the combusted mixture of lubricant oil and diesel. However, we note that the
combustion characteristics are not necessary identical in the Go:PAM and A_PAM experiments, because the tests
were done on separate days, although with the same combustion settings.
Figure 2-8 shows the background-corrected CHARON-PTR-ToF-MS mass spectra from both a) the diesel heater
exhaust particles, when using diesel and lubricant oil mixture as fuel and the concentrator at CHARON inlet and b)
the atomized lubricant oil. Ion identification is still in progress, but for the diesel exhaust the most intense ions have
been assigned to C14H10 (178), C13H8O (180), C16H10 (202), C18H10 (226), corresponding to polycyclic aromatic
hydrocarbons or derivatives. Additional peaks corresponding to cycloalkanes as well as alkanes have also been
detected. None of these compounds could be detected reliably from FIGAERO-CIMS spectra. Only m/z 307 Th (180
Th + iodide adduct) showed a small increase during the FIGAERO desorption ramp, but the signal was very close to
the background signal. The CHARON-PTR-ToF-MS mass spectrum produced by the lubricant oil shows a rather
distinctive profile with an overall peak distribution pattern between 300 and 500 Th. This mass spectrum has
similarities to the one obtained by Eichler et al. (2017) on aerosolised lubricant oil for marine diesel engines. In this
study, most of these peaks have been attributed to C25-C39 polycycloalkanes.
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Figure 2-8 CHARON-PTR-ToF-MS mass spectrum obtained from a) the fresh diesel heater exhaust particles when
fuelled with a mixture of diesel and lubricant oil and using the concentrator prior to the CHARON inlet b) atomized
lubricant oil.

To demonstrate the selectivity of the FIGAERO-CIMS, we show the spectra obtained from the fresh and oxidized
particles from the diesel heater exhaust in Fig. 2-9. These are not the full spectra measured by the CIMS, but instead
we only show the m/z ratios that show temporal behaviour during the FIGAERO desorption cycle.

Figure 2-9 The particle-phase spectra measured by FIGAERO for the particles generated with the diesel heater using
diesel or diesel-lubricant oil mixture as fuel. The spectra of fresh particles is shown in panel a, and the spectra for the
sample oxidized in A_PAM is shown in panel b. The red bars have an offset of 0.5 Th.

As expected, based on the low O:C ratio measured by the SP-AMS, only few compounds were detected by
FIGAERO-CIMS from the fresh diesel heater exhaust particles, as opposed to the CHARON-PTR-ToF-MS results in
Fig. 2-8a. This is still more than for the fresh atomized lubricant oil particles and eicosane coated soot particles, for
which we could not distinguish any particle phase compounds using FIGAERO-CIMS. The highest peak for the fresh
diesel exhaust in Fig 2-9a has m/z ratio of 212.07 Th, which corresponds to a molecular formula of C10H14O2NS-,
C8H12ON4S- or C7H16O5S-. When the diesel heater is fuelled with a mixture of diesel and lubricant oil, the same peak
at m/z 212.07 Th is detected, but also other peaks are observed. The highest-intensity peaks of these additional
molecules consist of sulphur and have m/z ratio lower than 100 Th. The lube oil addition adds also peaks at higher
m/z ratio, of which some are close to the detection limit (e.g. 505 Th), but some are clearly distinguishable (e.g. 250
Th and 565 Th).
When the diesel heater exhaust is oxidized in an OFR, the O:C ratio increases as shown in Fig 2-7. The spectra of
the oxidized particle phase species (Fig 2-9b) shows that the FIGAERO-CIMS can detect the oxidized compounds
much better than the fresh particles. The spectra of the oxidized compounds from the diesel exhaust from the two
different fuels are mostly similar, but the lubricant oil brings a few characteristic peaks into the spectrum. The clearest
peaks distinguishing the lubricant oil - diesel mixture from the diesel only are HSO4- at m/z ratio of 97 Th, H2SO4I(m/z 225 Th) and an unidentified peak at m/z 231 Th. This is in line with the SP-AMS measurements, which showed
increased sulphate content with lubricant oil combustion (Figs. 2-6c and 2-6g). For the CHARON-PTR-ToF-MS,
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there is no particle phase mass spectra of the oxidized diesel exhaust because of the small particle size as discussed
in the previous section. The concentrator or seed particles were not used in this experiment.
2.2.3

Volatility

The soot particles coated with eicosane were measured directly after the ejector diluter (at “Sample in” in Fig. 2-2),
but also through the thermodenuder at different temperatures, and through the continuous flow isothermal diluter
without any additional dilution (i.e., acting as an additional residence time tube only). As shown in Fig. 2-10, the SPAMS detects high organic content on the particles when measured directly after ejector diluter. However, when the
sample is led through the thermodenuder (at 40 °C) or the CFID, only black carbon is left in the particles. This
means that the eicosane evaporates even without any additional diluting if sufficient time is allowed for the
evaporation.

Figure 2-10 Soot particles coated with eicosane measured directly after ejector diluter, after thermodenuder at 40 °C
and after the continuous flow isothermal diluter (without dilution) with a residence time of approximately 4 min. The
black carbon (BC) concentration was measured with the aethalometer and the organic aerosol with the SP-AMS.

Because the eicosane particles were so easily evaporated, it is not possible to evaluate the applicability of the
experimental setup for measuring the volatility. In addition, the eicosane is so evaporative that it clearly does not
represent the volatility of the particles in real exhaust. For example, Hallquist et al. (2013) observed evaporation of
marine engine particles up to 250 °C and Amanatidis et al. (2018) over full range from 50 °C to 265 °C, whereas
here the organic fraction was evaporated already at room temperature.
To produce a more representative proxy for semi-volatile marine engine exhaust particles, we generated organic
particles consisting of a mixture of different compounds by atomising marine lubricant oil as described in Sect. 2.1.1.
The volatility of this aerosol resembles that of the aerosol measured by Amanatidis et al. (2018), since the aerosol
mass gradually evaporates as a function of temperature in the thermodenuder (Fig. 2-11a). Thus, this test aerosol
can be used for calibrating the devices intended for studying the aerosol volatility.
The evaporation of lubricant oil particles is also observed when the sample is diluted in the isothermal dilution
chamber (Fig. 2-11b), which allows combining the thermodenuder and dilution measurements to obtain the volatility
basis set of the aerosol (Karnezi et al., 2014). However, this is not the case for the dilution experiment using the
continuous flow isothermal diluter. The CFID residence time of 4 min is not long enough for the volatile species to
reach equilibrium between the gas and particle phase. Only a small fraction of organic mass is evaporated after the
CFID (Fig. 2-11b), but because of the high dilution ratio, such a small change in organic aerosol mass is not reliable
when determining the volatility.
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Figure 2-11 Normalized lubricant oil organic aerosol mass (measured with the SP-AMS) as a function of
thermodenuder temperature (a) and dilution ratio in the continuous flow isothermal diluter and in the isothermal
dilution chamber (b). The measurements from the isothermal dilution chamber are performed 16, 55 and 101 minutes
after the initial injection.

The volatility distribution of lubricant oil particles (Fig. 2-12) was solved by using modelling and the data acquired
from thermodenuder experiments. The evaporation of an aerosol was modelled by calculating the mass transfer
rates between particle and gas phases using initial parameters such as size distribution, evaporation enthalpy and
initial volatility distribution (Riipinen et al., 2010). The evaporation behaviour of an aerosol can be characterized by
measuring the remaining mass fractions after thermodenuder treatments in different temperatures. To solve the
initial volatility distribution, the initial parameters for the evaporation model producing an evaporation behaviour
matching data need to be found. This is not straightforward since several parameter combinations can produce
similar results. Here, we used a genetic optimization algorithm (Tikkanen et al., 2019; Yli‐Juuti et al., 2017) to solve
the model parameters and thus the initial volatility distribution of the oil particles based on the thermodenuder data.

Figure 2-12 Volatility distribution of the lubricant oil particles derived from thermodenuder measurements.

Also the FIGAERO-CIMS desorption patterns of individual molecules can be used to estimate their effective enthalpy
of desorption (Lopez-Hilfiker et al., 2014). In Fig. 2-13, we show the time-dependent background-corrected signal of
two molecules with m/z of 343 Th and 499 Th, along with the desorption temperature. These two compounds differ
in their volatility, since the desorption temperature at which the maximum signal is obtained is different. We note
that the temperature increase rate is at maximum at the same time as the two molecules reach the maximum signal
intensity, which lowers the temperature resolution of the thermogram. Decreasing the temperature increase rate
would result in more accurate volatility characterisation of the molecules. However, this also lowers the signal, so
the temperature ramp should not be too slow.
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Figure 2-13 The time series of two particle-phase compounds (m/z 343 Th and m/z 499 Th) found in the oxidized diesel
exhaust (same as in Fig. 2-9b) during FIGAERO desorption cycle. The desorption temperature is shown in right axis.

2.2.4

Oxidation flow reactor characterisation and comparison

Secondary aerosol formation was observed when oxidizing the benzene and low-temperature diesel heater exhaust
in the OFRs. The results from these experiments are used to compare the two OFRs, to estimate the applicability
of the OFRs to simulate the exhaust plume oxidation at short timescales and to characterise the operation of
CHARON-PTR-TOF-MS and FIGAERO-CIMS for measuring the secondary aerosol produced by the OFRs.
The benzene SOA yield, defined as the ratio of formed SOA mass to the mass of reacted benzene, is shown in Fig.
2-14 as a function of the total organic aerosol mass (Morg). We observed very high yields compared to literature data
(Garmash et al., 2020; Ng et al., 2007). Yields even higher than one were measured when using seed particles in the
A_PAM (Fig. 2-14b). One possible explanation for the high yields is that we only considered the reacted benzene
when calculating the yields, but there may be also other SOA forming impurities present.
The yields obtained using the two OFRs agreed relatively well at low organic mass loading (Morg < 80 µg m-3). At
higher Morg, the benzene SOA yield in A_PAM was significantly lower than in Go:PAM.
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Figure 2-14 a) SOA yield from the OH-initiated oxidation of benzene using Go:PAM (red and green symbols) and the
A_PAM (blue and open green symbols). Red and blue symbols are data using SMPS long DMA (ρ=1.4, Ng et al., 2007),
open and filled green symbols are SP-AMS data (CE=0.5) and black symbols literature chamber data from benzene
oxidation at low NOx and seeded conditions (Garmash et al., 2020; Ng et al., 2007). b) SOA yield using ammonium
sulphate seed particles.

From Fig. 2-15 we can further see that the agreement between the OFRs was better for lower OH-exposures (<
~2×1011 molecules cm-3 s).

The SCIPPER Project - 814893

24 / 35

D3.2 – Experimental methodology for comprehensive physicochemical characterisation of ship plume

a) 1.2

-3

0.8

Go:PAM
Go:PAMseed
A_PAM
A_PAMseed

140
Morg (µg m )

1.0

Yield

b) 160

Go:PAM
Go:PAMseed
A_PAM
A_PAMseed

0.6
0.4

120
100

80
60

40
0.2

20

0.0

0
10

10

2

4

6 8

11

2

4

6 8

10
-3 10
OHexp (molecules cm s)

12

2

10

10

2

4

6 8

11

2

4

6 8

10
-3 10
OHexp (molecules cm s)

12

2

Figure 2-15 a) SOA yield from the OH-initiated oxidation of benzene as a function of OH-exposure in Go:PAM (red
symbols) and the A_PAM (blue symbols). Open symbols are the seeded experiment. b) SOA mass formed in µg m-3 as
a function of OH exposure. The mass was calculated from the SMPS particle number size distributions assuming a
density of 1.4 g cm-3 (Ng et al., 2007).

The evolution of the plume at time scales of hours is relevant to the air quality of areas close to the harbour. The
minimum OH exposure that we could simulate in the A_PAM reactor was approximately 4×1010 s cm-3,
corresponding to equivalent of 2.2 hours of atmospheric ageing, when assuming OH concentration of 5×106 cm-3
(Mallik et al., 2018). This OH exposure was obtained by using the UV-lamp setup with one 313 nm lamp and one
partially covered 185 nm lamp and intensity set voltage of 2 V. With the Go:PAM, we could reach OH exposure as
low as 1×1010 s cm-3 (0.6 h equivalent atmospheric age), but no SOA formation was observed at that low OH
exposure for these conditions.
The introduction of seed aerosol can enhance the detection of SOA at low OH exposures, as shown in Fig. 2-15b,
where the organic aerosol mass from the OFRs was generally higher for the cases with seed aerosol injection. The
use of seed aerosol could be necessary especially when sampling a diluted exhaust plume, where the concentration
of SOA forming VOCs is lower than the concentration of 200 ppb of benzene used in these experiments.
Using seed aerosol also favours condensation, hence particle growth, over homogenous nucleation of the oxidised
species, which increases the detection of these species by the mass spectrometers. The transmission efficiency of
the SP-AMS aerodynamic lens is less than 0.3 at a particle size of 40 nm (Dva, or mobility diameter in case of unit
density and spherical particles) (Liu et al., 2007) and the CHARON requires even larger particles. The particle mass
distributions in Fig. 2-16 show that a large fraction of the benzene SOA generated in Go:PAM falls below the 40 nm
limit. The benzene SOA particles generated in A_PAM, which has a longer residence time, are larger, but still a large
fraction of the total mass is below the limit of 200 nm defined in Sect 2.2.1 for CHARON. Thus, the introduction of
a seed aerosol to the OFRs may be necessary for the comprehensive chemical composition analysis, unless there are
enough seed particles present in the exhaust aerosol already, especially for low OH exposures. Also increasing the
residence times in the OFR could promote particle growth.
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Figure 2-16 SMPS particle mass size distributions of the SOA formed from the OH-initiated oxidation of benzene using
Go:PAM (solid lines) and the A_PAM (dashed lines), assuming a SOA density of 1.4 g cm-3 (Ng et al., 2007). The colour
scale gives the OH-exposure in molecules cm-3 s.

The effect of seed particles on the SOA formation and condensation is demonstrated in Fig. 2-17. Most of the organic
aerosol in the non-seeded experiment is located in particles smaller than 200 nm, when using the Go:PAM and
benzene as the precursor gas. When the ammonium sulphate seed particles are introduced in the Go:PAM, a
significant fraction of the organic aerosol mass is found on particles larger than 200 nm. Figure 2-17 also shows the
ability of the SP-AMS to measure size speciated chemistry of aerosol particles. In this case, this ability reveals that
even when the seed particles are present, a large fraction of SOA is still located outside the size range of the seed
particles in the Go:PAM. Thus, only part of the formed SOA has condensed on the seed particles.

Figure 2-17 SP-AMS chemically speciated particle mass size distributions of the benzene SOA formed in Go:PAM in
absence and presence of ammonium sulphate seed aerosol (assuming CE of 0.5).

For the same reasons as those raised for the fresh diesel exhaust in Sect 2.2.1, the CHARON was not sensitive
enough to detect the photo-oxidation products from the OFR experiments with low-temperature diesel exhaust.
For the benzene experiments, however, many products were detected in the particle phase when using ammonium
sulphate seed particles. Figure 2-18 shows the time series of only one particle phase products identified, the ion
C5H4O3, together with the total [Org]AMS and the SP-AMS ePToF image plot during the combined Go:PAM / A_PAM
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experiment. The larger mass of particles fitting the transmission window of the aerodynamic lenses (67% of the total
organic particulate matter, 36 µg m-3) enables the detection of this ion and 35 others as soon as the Go:PAM UVlamps are turned on (5:25 PM). Note that the same ions are detected when the analyser is switched to the A_PAM
chamber at 5:50 PM.
The identified ions in the particle phase by CHARON are in the range of 90-225 Th and have the formula CXHYOZ
with up to 5 oxygens. The summed concentration obtained from the CHARON-PTR-ToF-MS has been approximated
using an EF of 10 and a k rate of 3×10-9 cm3 s-1 for all ions detected (approximation). The resulting signal is plotted
for comparison with the SP-AMS (Fig. 2-18). Even if the concentrations differ by a factor of 2, the agreement is
acceptable if we consider the approximations used for the conversion.

Figure 2-18 Times series of [Org]AMS and [Org]CHARON (left top axis), of [C5H4O3]CHARON, (right top axis) and AMS
ePToF size image plots (bottom plot) during the benzene oxidation experiments, when using both Go:PAM and
A_PAM. The grey shaded areas correspond to periods when the instrument is switched from the gas phase to the
Charon particle phase measurement.

Figure 2-19 shows the time evolution of the H:C (gray line) and O:C (green line) ratios of both the gas phase (PTRMS) and the particle phase (CHARON inlet) as a function of the experimental conditions. The gas phase (benzene +
reaction products) is characterized by average H:C values around 1.2, and the particle phase (pink and orange shade)
shows values of H:C of 1.3 but for an OH exposure of 1.32 x 1011 molecules cm-3 s1. The O:C ratio in the gas phase
is around 0.05-0.06 during lights-off periods, it evolves to 0.08 for A_PAM with an OH exposure of 4.16 x 1010
molecules cm-3 s1 and 0.11 for Go:PAM with an OH exposure of 2.29 x 1011 molecules cm-3 s1. The organic fraction
in the particle phase (CHARON) is much more oxidized and can reach O:C values up to 0.6 with an OH exposure
of 1.32 x 1011 molecules cm-3 s1. A clear issue is the stabilization time of the organic signal required by the CHARON
inlet detection. This is probably due to the low volatilization temperature (140-150 °C) used in the inlet.

Figure 2-19 H:C (gray line) and O:C (green line) ratios of the gas phase and particle phase (from A_PAM and Go:PAM
OFRs) during the photo-oxidation of benzene.
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Figure 2-20 shows the reaction products fraction (in ppbv) further classified depending on their number of oxygen
atoms. Plots a and b show the main gas phase product distribution of reaction products from oxidation in A_PAM
(19:15-19:30), and in Go:PAM (19:00-19:15), respectively, while plot c and d show the product distribution observed
in the particle phase by CHARON (18:20-18:40). The chemical composition is in good agreement between the two
OFRs for both the gas and the particle phase. The difference in the detected amount of gas phase products, ~115
ppbv in Go:PAM and ~60 ppbv in A_PAM, can be explained by the considerably lower OH exposure used in A_
PAM. Major ion formulas found in the gas phase are (CH2O)H+, (CH2O2)H+ and its hydrate, (C3H4O2)H+,
(C4H2O2)H+, (C4H2O3)H+, (C5H6O2)H+, (C6H6O)H+, (C6H6O2)H+ and (C6H4O3)H+. Charon inlet detected in the
particle phase ions with high number of oxygen atoms as (C3H4O3)H+, (C4H2O3)H+,(C4H4O3)H+,(C5H4O3)H+,
(C5H4O4)H+, (C6H4O3)H+, (C6H4O4)H+ and (C6H5O5)H+.

Figure 2-20 Products fraction (y-axis) distribution based on the number of carbon (x-axis) and oxygen atoms during
the benzene+ aerosol seed photo-oxidation experiment. Detected ions in the gas phase (a,b) and particle phase (c,d)
for both A_PAM and Go:PAM. The insert in panel b shows the concentrations of gas phase products measured by the
PTR-MS.

In addition to the simple case of oxidising benzene to produce SOA, we also generated SOA from a mixture of
hydrocarbons, generated by diesel combustion or combustion of a mixture of diesel and lubricant oil at lowtemperature conditions. As mentioned earlier, the CHARON-PTR-TOF-MS could not detect these particles because
no seed aerosol was used. However, we could characterise the chemical composition with the SP-AMS (Fig. 2-6f and
2-6g) and the FIGAERO-CIMS (Fig. 2-9b). Here, we present a comparison of the SOA generated from diesel only to
the SOA generated from the fuel and lubricant mixture, when using Go:PAM. The fresh particle mass formed from
the diesel combustion at low temperatures was low and comprised mainly BC, but after oxidation in Go:PAM the
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particle mass increased significantly, mainly due to SOA (Fig. 2-21 a). The fresh particle concentration from the diesel
and lubricant mixture was much higher, and a substantial fraction was organics (24%, Fig. 2-21 b).
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Figure 2-21 Particle composition of the fresh (F) and aged (A) diesel exhaust (a) and diesel + lubricant oil exhaust (b)
using Go:PAM and the SP-AMS.

After oxidation the organic fraction increased to 56% and the organic mass formed after oxidation in Go:PAM for
the diesel and lubricant oil mixture was significantly higher compared to the pure diesel experiment, about a factor
of two (Fig. 2.22). Also, the sulphate concentration increased, which is in line with the A_PAM observations (Fig 26g).
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Figure 2-22 Particle composition of the aged diesel exhaust (1) and aged diesel + lubricant oil exhaust (2&3; two
repetitions) using Go:PAM and the SP-AMS.
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3 Recommendations for experimental methods
Based on the experiments described in Sect. 2, and on previous literature, we recommend the experimental methods
to be used for comprehensive physiochemical characterisation of ship plume. The recommended methods apply for
both on-board measurements and in-plume measurements of ship engine exhaust. In the first, the exhaust is sampled
directly from the stack, so the sample needs to be cooled down and diluted in a way that resembles the atmospheric
dilution, whereas in the latter, the atmospheric dilution has already taken place and the plume is ready to be
characterised. The in-plume measurements can be either chase measurements, where the ship is followed with a
vessel, or stationary measurements at the shore. The recommendations here serve as inputs for SCIPPER tasks 3.3
and 3.4, in which ship exhaust is characterised by on-board and remote plume measurements, respectively.
For the initial dilution of the exhaust in on-board measurements, we recommend using a PTD with DR of 12, followed
by a residence time tube with residence time of approximately 2.5 s, because this setup has been shown to produce
aerosol size distributions that resemble those of the exhaust diluted by atmospheric dilution. In addition, a PTD as
a primary diluter is not prone to clogging like an ejector diluter (Ntziachristos et al., 2016). Since the dilution ratio
in PTD is flow-controlled, it is practical to use an ejector diluter as the secondary diluter to keep the PTD sample
flow constant regardless of the instrumentation downstream, and to provide enough sample for all the instruments
connected to the sampling setup.
After the sampling either from the exhaust stack or from the atmospherically diluted exhaust plume, the aerosol is
characterised physically and chemically. The physical characterisation comprises the measurement of the particle
number size distribution (mobility and aerodynamic), particle volatility, particle shape and aerosol optical properties.
The particle number size distributions corresponding to mobility and aerodynamic size can be measured accurately
by scanning instruments, such as SMPS and AAC. The scanning times of these instruments are in time scales of
minutes, which is suitable for on-board measurements during stable engine operation, but too long for plume
measurements. The particle number size distribution can be measured with higher time resolution by ELPI
(aerodynamic diameter), EEPS (mobility diameter) and a CPC battery (activation diameter; Williamson et al., 2018).
The CPC battery, accompanied with a particle size magnifier (PSM, Airmodus; Vanhanen et al., 2011), is
recommended also for the steady-state measurements to determine the concentration of the smallest nanoparticles.
The optical properties of the exhaust aerosol are characterised by measuring the light scattering coefficient with a
nephelometer and the light absorption with an aethalometer. The particle shape of the non-volatile exhaust particles
can be determined off-line with an electron microscope from the samples collected downstream of a thermodenuder.
We recommend PTR-ToF-MS for measuring the gas phase VOCs in the exhaust and aerosol mass spectrometers
for on-line measurement of the chemical composition of the particles. As described in Sect. 2, the different mass
spectrometers complement each other. The SP-AMS provides the overall chemical speciation of the aerosol with its
nonselective ionisation method. The FIGAERO inlet connected to a chemical ionisation time of flight mass
spectrometer characterises the actual chemical composition of the oxygen-containing molecules found in the particle
phase. The PTR-ToF-MS detects also the non-oxygen containing molecules, also from the particle phase when using
the CHARON inlet. However, due to the small enhancement factor of the CHARON aerodynamic lens for particles
smaller than 200 nm (Dva), the signal from the exhaust particles may be below the detection limit of the PTR-ToFMS, depending on the size distribution. To overcome this issue, we recommend using an aerosol concentrator prior
to the CHARON. In on-board measurements, sampling directly after the PTD should be considered instead of
measuring after the secondary diluter (ejector) like the other instruments. However, a compensation flow should be
used in that case to keep the PTD dilution ratio constant even when switching the PTR-ToF-MS sampling from
CHARON to the gas phase line.
For studying the volatility of the particles, the thermodenuder is a straightforward method since it does not require
additional dilution and therefore the determination of the dilution ratio. Because of its small size and operation
without additional dilution air, the thermodenuder is well suitable for both on-board and in-plume measurements.
But as Karnezi et al. (2014) show, the thermodenuder data alone is not enough to accurately determine the volatility
distribution of the particle-phase species, but also isothermal dilution tests are needed.
The continuous flow isothermal diluter described in Sect. 2.1.3 would be straightforward to use when compared to
the large isothermal dilution chamber with its filling and dilution procedures and periodic measurement. However,
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in the continuous flow isothermal diluter, we did not observe significant evaporation of aerosol particles that still
evaporated partly in the larger isothermal dilution chamber at similar dilution ratios. This means that the residence
time in the continuous flow isothermal diluter was not long enough for the aerosol to reach equilibrium after the
dilution. Even though this result may also help to constrain the volatility distribution solutions obtained from
thermodenuder data, more information about the aerosol volatility can be obtained by using the large isothermal
dilution chamber, which allows the use of longer residence times. The big size of the dilution chamber makes it
difficult to use in chase experiments, but in on-board measurements, there may be enough space for such a chamber.
In chase experiments, the volatility at short timescales can be instead studied by measuring the ship plume at different
distances.
To estimate the secondary aerosol formation potential and to study the aerosol chemical composition as a function
of atmospheric aging, we recommend the use of oxidation flow reactors. While the large environmental chambers
would be suitable for oxidizing the exhaust at OH exposures corresponding to short equivalent atmospheric ages,
their large size makes their application to in-plume or on-board experiments difficult. The OFRs, on the other hand,
are portable and can scan a broad range of OH exposures. In addition to OFR studies, the in-plume measurements
performed by following a ship enable studying the changes in the aerosol caused by very short atmospheric aging.
The OFR should be operated at different OH exposure settings: the low OH exposure is relevant for the air quality
of areas close to the harbour, whereas using higher OH exposures reveals the maximum secondary aerosol
formation potential. The use of seed aerosol in the OFR depends on the experimental conditions. For the exhaust
sample with relatively low dilution ratio like in the on-board experiments, the sample itself may contain enough soot
particles to act as seed aerosol. If the aerosol concentration prior to the OFR is too low (e.g., in in-plume
experiments with high dilution), so that the oxidation products formed in the OFR condense on particles that fall
below SP-AMS or CHARON detection range, the introduction of seed aerosol is recommended.
Combining all the experimental methods described and operating all the recommended instrumentation requires
careful planning, since each method or instrument has its own procedures. The most time-demanding experimental
methods and instruments and their operation procedures are listed in Table 3-1 to help in planning the experiments.
Table 3-1 The procedures needed for different experimental methods and instruments.

Operation

Time
(min)

Filter blank

30

Collection of aerosol onto filter

10

Collection time depends on the
particle mass concentration.

Filter desorption

30

Independent on the sampling
conditions

Heating and stabilization up to a
setpoint

10

Independent on the sampling
conditions

Cooling down to 40 °C from the
maximum setpoint of 265 °C

100

Independent on the sampling
conditions

Blank experiment without UV lights

-

Time depends on the instruments
which measure the sample.

Blank experiments with UV lights

-

Time depends on the instruments
which measure the sample.

Stabilizing to OH exposure setpoint

5

Blank experiment without O3 or UV

-

Device

FIGAERO-CIMS

Thermodenuder

A_PAM

Go:PAM
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Blank experiment with O3

-

Time depends on the instruments
which measure the sample.

Blank experiment with O3 & UV

-

Time depends on the instruments
which measure the sample.

Stabilizing to OH exposure setpoint

5-10

Depends on flow settings in
Go:PAM

Blank measurement

-

Time depends on the instruments
which measure the sample.

Filling

10

Periodic measurement

10

Other sample can be measured
between the periodic
measurements.

Flushing

120

Independent on the sampling
conditions

On-line analysis with a filtered sample

30

Background signal measurement

On-line analysis of aerosol

15-90

Time necessary to reach a plateau
depends on the particle
polarity/volatility

On-line analysis of clean air

10

Background signal measurement

On-line analysis of VOC

10-30

Time necessary to reach a plateau
depends on VOC polarity/volatility

Large dilution
chamber

CHARON-PTRToF-MS

PTR-ToF-MS

The table shows the complexity of the experiments if all the recommended characterisation methods are performed
for the exhaust aerosol. For example, to study the secondary aerosol formation with three different OH exposures,
it is necessary to first conduct the blank experiments for the OFR and wait at least 5 minutes for each OH exposure
set point to stabilize. Measuring all these points with FIGAERO-CIMS would take approximately 200 min (if the filter
blank is not measured after each desorption cycle) and at least 300 minutes for CHARON-PTR-ToF-MS. To
additionally characterise the volatility of the oxidized aerosol, the thermodenuder measurement adds one dimension
more to the experiment. However, it is not necessary to measure with all instruments after the thermodenuder, so
some of the instruments can measure the sample after thermodenuder while the FIGAERO-CIMS and CHARONPTR-ToF-MS are still measuring the sample after the OFR but before the thermodenuder.
The time demanded by the thermodenuder experiments can be shortened by heating up the thermodenuder at the
maximum temperature and then measuring the aerosol as a function of temperature during the cooldown period,
which takes approximately 100 min. This method, while not as accurate, is faster than using e.g. 7 pre-defined
temperature set-points, each requiring approximately 10 min of stabilization time. Another option would be using
multiple thermodenuders at different setpoints.
The comprehensive characterisation of the aerosol requires that the source is stable for the long time needed by
the different experimental methods. This may be possible in on-board measurements, when the engine is operated
at steady load but for in-plume measurements, this condition is not fulfilled. Thus, for the in-plume measurements
we recommend operating the thermodenuder at a fixed temperature and the OFR at a fixed OH exposure (the
resulting OH-exposure will of course vary depending on dilution and OH reactivity of the sampled plumes). The
non-treated sample should be measured simultaneously as the treated sample using the OFR or thermodenuder for
reference.
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