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Abstract

Current legislations typically characterize systems of aerosols, such as from vehicle exhaust, primarily
by number concentration and size distributions. While potential health threats have a dependence on the
particle size, the chemical composition of particles, including the volatile and semi-volatile components
adsorbed onto nonvolatile particle cores present at roadside and urban settings, is important in
understanding the impact of exhaust particles on health. To date, the only tools suitable for an online in-
depth chemical aerosol characterization are aerosol mass spectrometers, which are typically composed
of complex and cost intensive instrumentation. We present a new analytical system, which combines a
novel inexpensive infrared-radiation-based evaporation system (HELIOS) with a commercially
available highly efficient atmospheric ionization source (SICRIT) connected to a rather low-price ion-
trap mass spectrometer. Our inexpensive, robust and mobile aerosol characterization
HELIOS/SICRIT/Mass Spectrometry system enables highly sensitive chemical analysis of particle-
associated volatile substances. We validate the HELIOS/SICRIT/Mass Spectrometry system in
laboratory experiments with coated particles generated under controlled conditions, and show that the
system is capable of identification of combustion-generated polyaromatic hydrocarbons and relative
quantification of individual chemical species adsorbed on particle surfaces. We then employ our system
to analyze real-world vehicle engine exhaust aerosol and show through time-resolved measurements
with high time resolution (<10s) that the chemical composition of the particles changes during different
parts of an engine test cycle.

1 Introduction

Current legislation on vehicle exhaust particle emission, such as Euro 6, limits the emitted particulate
matter solely on physical properties, such as mass, number concentration, and size (Union 2007). These
regulations currently do not account for chemical composition of the particulate matter. However, in
order to assess the impact of exhaust particles on potential health, air quality, and climate, an
understanding of their chemical nature is crucial. Aerosols dominate at roadside include fresh exhaust
aerosols, which are composed of soot particles with volatile condensates, nucleation particles of volatile
condensates, and nucleation particles with a nonvolatile core (Elder et al. 2004; Schneider et al. 2005).
The volatile particles in fresh aerosol exhaust include particles of size less than 23 nm. Aged aerosol
1



exhaust present in the urban environment include secondary organic aerosols from oxidized organics
and sulfates (Kittelson 1998; Schneider et al. 2008). Both fresh exhaust aerosol particles and aged
aerosol exhaust particles in the atmosphere should be analyzed in more detail regarding their chemical
composition. The development of analytical methods capable of separating the adsorbed coating from a
solid particle for the detection and characterization of the aforementioned aerosols is the focus of current
major research projects in the European Union (e.g. www.downtoten.com) (Samaras et al. 2019).
Heating can be used to separate an adsorbed coating from a solid particle core, as the vapor pressure of
the adsorbed compound increases at elevated temperature, such that more of the compound will be found
in the gas phase. The ideal analytical method for exhaust aerosol analysis should also be able to analyze
the aerosols with a high time resolution, especially for exhaust analysis where fast changes of exhaust
composition are observed, e.g. during diesel particle filter regeneration or at cold start events. Offline
sampling methods such as filter collection are not appropriate to determine aerosol composition for these
short-term events.

The current standard for online chemical aerosol characterization is aerosol mass spectrometers in
various forms. Mass spectrometric instrumentation for aerosol analysis varies widely with respect to the
type of mass spectrometer (MS) used as well as to the ionization and desorption sources (Kenseth and
Petrucci 2016; Lopez-Hilfiker et al. 2019; Murphy et al. 1998; Radischat et al. 2015; Xu et al. 2018). A
few devices have been designed to operate based on thermal desorption in combination with proton-
transfer-reaction (PTR) MS (Eichler et al. 2015; Holzinger et al. 2010; Thornberry et al. 2009), which
is a form of chemical ionization that relies on the transfer of a proton from H3;O* to the sample species.
The ionization process in PTR is dependent on the proton affinity of the species, and the ionization is
therefore species dependent and the technique is limited to species with a higher proton affinity than
water. Direct Analysis in Real Time (DART) mass spectrometry is an atmospheric pressure ionization
technique that operates by generating a hot ion source (i.e. metastable helium or nitrogen), of which
Chan et al. have mixed with the aerosol samples to both ionize and heat the aerosol particles to lead to
thermal desorption of species adsorbed onto the particles.(Chan et al. 2013) The ionization and heating
mechanisms in DART-MS hence are inherently coupled. Another ionization method for the online
analysis of cyclic hydrocarbons in exhaust is resonance-enhanced multiphoton ionization (REMPI),
which requires complex and cost-intensive instrumentation, especially when combined with laser-based
or thermal desorption methods (Bente et al. 2009; Radischat et al. 2015; Streibel et al. 2017). Additional
aerosol mass spectrometers based on laser vaporization have been shown to be able to reveal the
polyaromatic hydrocarbons (PAHs) and the inorganic composition of individual aerosol particles
simultaneously (Kenseth and Petrucci 2016; Oktem et al. 2004; Onasch et al. 2012; Woods et al. 2001).
An example of an analytically powerful system capably of revealing the PAH and the inorganic
composition of individual aerosol particles simultaneously combines a novel laser desorption and
ionization method with an aerosol time-of-flight mass spectrometer (LDI-ATOF-MS), using two
continuous-wave Nd:YAG lasers for velocimetric sizing, a pulsed CO2 desorption laser, and excimer
lasers for ionization (Passig et al. 2017). These types of devices operating with laser-based desorption
are extremely cost-intensive, technically complex, and depending on the type of laser used, they can be
too bulky for field applications. While compact, low power consumption, cost effective laser systems
can be found these days, any type of laser instrumentation still adds a higher cost to the system than
alternative simple means of heating. A simple and inexpensive alternatives to laser-based thermal
desorption was demonstrated by Tobias et al. with a thermal desorption particle beam mass spectrometry
(TDPBMS) system, based on temperature-programed thermal desorption by impact on a foil vaporizer,
that can provide detailed chemical information about the formation of diesel engine nanoparticles,
including nucleation of sulfuric acid, water and condensation of organic species (Tobias et al. 2001).
While desorption methods based on impact can result in more uniform thermal desorption across all



sample particles, for a single particle the desorption would only be spatially uniform in the case of total
particle vaporization, and particle bounce off may be a concern (LaFranchi and Petrucci 2006).

We present here a new simple and low-cost aerosol mass spectrometer system, HELIOS/SICRIT/Mass
Spectrometry, for online determination of particle-associated PAHs and other types of organic coating.
HELIOS stands here for High Efficient LIght source for Optical Surface Desorption. The HELOS
system is based on heating with infrared (IR) light to achieve thermal desorption, and the SICRIT (Soft-
lonization by Chemical Reaction in Transfer) is a commercially available soft ionization source is used
to decouple the thermal desorption and ionization steps. Our device is validated through laboratory
experiments with controlled coated particles, showing that our system can provide a relative
guantification of changes in the amount of the volatile substance adsorbed onto solid particles, and an
absolute quantification of concentration can be achieved through further calibration with reference
instrumentation. After laboratory validation, we apply our HEILOS/SICRIT/Mass Spectrometry system
in field measurements to demonstrate the feasibility of online analysis of engine exhaust from a VW
Up, and show how our system can provide important information on chemical composition that cannot
be obtained through particle size measurements alone.

2 Experimental

2.1 HELIOS/SICRIT/Mass Spectrometry Aerosol Measurement System

Our aerosol HELIOS/SICRIT/Mass Spectrometry system consists of three parts: an evaporation
system based on infrared (IR) light, called HELIOS, the SICRIT ionization source (Plasmion GmbH,
Augsburg, Germany) based on an atmospheric pressure cold plasma, and an ion trap mass spectrometer.
Figure 1la illustrates the principle of operation of the HELIOS/SICRIT/MS system. Our in-house
fabricated HELIOS unit consists of a 100 W linear halogen IR lamp (R7s, RS Components, Morfelden,
Germany) which is mounted in one focal axis of an elliptical cavity of 200 mm length and half axes of
20 mm and 24 mm (see Figure 1b). The lamp is connected to a dimmer (Kemo MO28N, Langen,
Germany) making intensity control possible, and normal operation was chosen to use a lamp power of
15 W, resulting in a gas temperature at the output of the HELIOS between 100 and 120 °C (discussed
further in Section 3.1). The sample aerosol flows through a quartz glass tube of 6 mm outer diameter
(4 mm inner diameter) that is guided through the other focal axis of the ellipsoid. The elliptical cell is
made of stainless steel with a polished inside surface, efficiently reflecting IR radiation, resulting in low
losses and efficient heating of the sample flow. Strong focusing of IR light causes heating of the aerosol
particles in the sample stream and eventually desorption of volatile substances from the aerosol surface.
The gas temperature is monitored downstream of the HELIOS unit by a thermocouple. The mixture of
organic components exiting the HELIOS unit, including gas-phase components and non-volatile core
particles, passes subsequently through the SICRIT ionization source. The SICRIT source is described
in detail elsewhere (Wolf et al. 2015). Briefly, a high sinusoidally modulated voltage is applied to two
concentric electrodes (a stainless steel capillary inside a copper ring), between which the sample stream
passes through in a quartz glass capillary, to ignite a plasma by dielectric discharge. This plasma ionized
the sample stream in a soft way, inducing very few or no fragmentation (Mirabelli et al. 2017). The
advantage of this ionization source is its high sensitivity for detection of anayltes in the vapor phase due
to ion generation via dielectric barrier discharge ionization (Wolf et al. 2016). The SICRIT source is
attached to a linear ion trap Mass Spectrometer (Finnigan LTQ, Thermo Fisher Scientific, Dreieich,
Germany, unit resolution, mass range m/z 50-2000). Figure 1c shows a photograph of the HELIOS unit
coupled to the SICRIT ion source and mass spectrometer. The entire system is mounted into two racks
of 1 m x 1m x 1 m each, which can be stacked together to form a wheeled rack, making it transportable
in a normal van.



Figure 1 (a) Operating principle of the HELIOS/SICRIT/Mass Spectrometry system. Aerosols coated with an organic
compound enter the HELIOS unit, which desorbs the particle coating through IR radiation, before the sample enters
the SICRIT and mass spectrometer. (b) 3D Drawing of the HELIOS unit. (c) Photograph of the HELI1OS unit coupled
to the SICRIT and mass spectrometer.

For the experiments presented in this paper, a pump (KNF VDE 0530) maintained a flow of
approximately 4 L min*t in the sampling line from the aerosol source to the instrument. This high flow
rate allowed a sample to reach the measurement system quickly. A part of this flow (800 mL min™)
entered the measurement system, while the excess flow was removed from the workspace, e.g. via a
fume hood. The total residence time in the inlet with a tube length of 5 mm was calculated to be 1 s, the
integration time of the mass spectrometer was set to 0.3 s, and the fastest 10-t0-90% rise time upon
transient loading was found to be 5.6 s. Because of the temporal inertia of the total system, we did not
expect to find shorter rise times, even so the calculated values of our system should be lower.

All measurements shown in this paper have been performed using the positive mode of the mass
spectrometer for analysis of hydrocarbon compounds. Data was collected using the Xcalibur™ Software
(Thermo Fisher Scientific). The aerosols analyzed with the HELIOS/SICRIT/MS were also
characterized with different types of reference instrumentation, such as SP-AMS and GC-MS, described
in detail in the Supporting Information.

2.2 Laboratory Aerosol Generation

Soot particles with an inherent PAH coating were created with a propane diffusion flame from in-
house-made burner for a fundamental characterization of the HELIOS/SICRIT/MS system. The burner
works with a propane flow of 0.08 L min™, 2.3 L min™ of dry air and a flow of 5 L min™* of nitrogen to
assure the incompleteness of the combustion and the formation of soot particles and the other unburned
organic combustion products. Throughout these experiments, the particle concentrations as measured
with a scanning mobility particle sizer (SMPS) were in the range of 3x10° cm2with a count median
diameter (CMD) of 230 nm and a geometric standard deviation (GSD) of 1.60. This system represents
a good and easily controllable proxy for exhaust gas, since it allows the production of soot particles
coated with the typical products of an incomplete combustion, mainly PAHs. A denuder filled with
activated carbon (AIRPEL 10, 950 m?/g, Desotec, Belgium) was used to reduce the volatile fraction of
compounds present in the exhaust flow.

Anthracene-coated soot particles with a controlled PAH coating were generated for testing the
capability of our system to quantitatively detect PAH coating. To generate these soot particles with a

controlled anthracene coating, soot particles were generated using an acetylene-fueled McKenna flat
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flame burner (Holthuis & Associates, USA). The soot particles from the burner were first flown through
an in-house built catalytic stripper (described by Amanatidis et al. (Amanatidis et al. 2018)) at 350 °C
to remove volatile species. After the catalytic stripper, the soot particles were coated with anthracene
(C14H10), a typical combustion-associated PAH, using a tube furnace (Carbolite MTF 12/38/400). A
separate quartz glass tube with a small amount of anthracene (~5 mg) was placed inside the tube furnace,
and fittings at both tube ends ensured airtight flow system. The amount of anthracene in the gas phase
was adjusted by varying the temperature of the tube furnace (130 °C — 150 °C), and thus the amount of
anthracene coating on the soot particles was controlled. A porous tube diluter was used after the glass
tube to provide sample flow and to cool the flow to facilitate the condensation of anthracene on the soot
particles. As the flow rate through this aerosol generation system was 2 L min?, the sample gas flow
was reduced to 1.8 L mint. An ejector diluter (Dekati DI-1000) was used after the porous tube diluter
to dilute the sample. The complete setup is depicted in Figure 1 3a. The mean particle size was measured
with the SMPS to be between 60 nm and 120 nm. A soot-particle aerosol mass spectrometer (SP-AMS,
Aerodyne Research Inc, US, described in detail by Onasch et al. (Onasch et al. 2012)) was set up to
make measurements in parallel with our HELIOS/SICRIT/Mass Spectrometry system.

Stable and monodisperse PEG-coated aerosol particles with a sub-100-nm solid non-volatile core were
used to characterize the ability of the HELIOS/SICRIT/Mass Spectrometry system to quantitatively
analyze volatile particle coatings. Controlled conditions enabled the application of defined thin layers
of a known organic substance. PEG was chosen as a model substance for coating in the laboratory based
on its suitable boiling point and vapor pressure for vaporization and coating, respectively, and its
nontoxic nature. For the non-volatile particle core, copper particles were produced with a spark
discharge generator (GFG 1000, Palas GmbH, Karlsruhe, Germany) with copper electrodes (Helsper et
al. 1993), with a discharge spark frequency of 140 s and an argon volume flow rate of 5.1 L min. This
resulted in a particle size distribution with a count median electric mobility equivalent diameter of 59
nm and a geometric standard deviation of 1.44 as measured with the SMPS. The particles with size 16
nm were isolated from this polydisperse aerosol using a differential mobility analyzer (DMA 3071, TSI
GmbH, Aachen, Germany) with sheath airflow rate of 25 L min? and aerosol flow rate of 4 L min™,
after the aerosol particles were charged with a radioactive bipolar charger (¥°*Kr, approximately 95
MBq). The monodisperse 16 nm copper particles exiting the DMA were coated with a defined layer of
polyethylene glycol (PEG 400, Sigma-Aldrich, St. Louis, USA) by mixing the particles with PEG vapor
(in nitrogen) in a ring-gap mixer. The PEG vapor was generated in a heating bath type S, Thermo Haake
GmbH with temperatures between 90 °C and 103 °C while the mixing nozzle was maintained at a
temperature 10 °C higher than the oil bath. Downstream of the particle coater, the gas flow was cooled
in a reflux condenser to 0 °C (Niessner et al. 1990; Niessner and Helsper 1985). The PEG coating
thickness could be controlled by several nanometers by varying the bath temperature. A diffusion battery
(type 3042, TSI GmbH) was used in combination with a CPC model 3775, TSI GmbH to determine the
size of the coated and uncoated particles with a size resolution of 0.2 nm (for 23 nm particles) (Niessner
1986). The coating thickness of the resulting PEG-coated aerosols was calculated from the difference
between the diameters of the coated and uncoated particles, assuming a uniform coating. The PEG-
coated copper nanoparticles generated for laboratory experiments used oil bath temperatures of 90, 95,
100 and 103 °C, yielding coating thicknesses of 2.6, 5.7, 9.6, and 12.2 nm, respectively. In order to
eliminate any possible remaining traces of PEG in the gas phase, a denuder filled with activated carbon
(AIRPEL 10, 950 m?#/g, Desotec, Belgium) was set at the end of the line (length 0.5 m, room temperature)
such that the sample exiting the denuder entered the HELIOS/SICRIT/MS after a time scale short enough
that PEG re-evaporation was negligible (~90 ms).



2.3 Real-world Engine Exhaust Aerosols

Sampling of exhaust gas was performed on a VW Up running on alkylate petrol fuel. The vehicle engine
was run on a WLTP (Worldwide Harmonized Light-Duty Vehicles Test Procedure) cycle with a steady
state start. Engine characteristics of the tested vehicle are listed in Table 1. Prior and after the test, a
calibration adjustment and check was performed in all measurement devices.

The dilution and sampling system used for exhaust particle number measurements is shown in Figure 2.
The sampling system was developed in the framework of the EU DownToTen project (in short: DTT)
and can be used both for raw exhaust measurements in the tailpipe and for diluted aerosol sampling
following a primary dilution in the CVS. In the current work, raw tailpipe sampling was conducted.

The initial configuration of the DTT sampling system consists of two porous tube dilutors in series. The
first dilutor is heated (wall temperature at 350 °C) and is followed by a catalytic stripper (CS) at 350 °C
wall temperature, used to separate non-volatile particles. The second dilutor is not heated and operates
with dilution air at ambient temperature. Dilution ratios in both dilutors were 10:1 per stage. In the all
experiments being part of the DDT study, the CS was removed in order to investigate solid as well as
volatile particles (in short; total particles or TPN). An Engine Exhaust Particle Spectrometer (EEPS)
was used to measure the real-time particle size distribution in the exhaust after the TPN DTT sampling
system as depicted in Figure 2.

The HELIOS/SICRIT/MS sampled the raw exhaust after the first dilution step as shown in Figure 2.
Humidified nitrogen was added to the sampled exhaust stream at a rate of 0.4 L min™. Measurements
were taken with and without a denuder upstream of the HELIOS/SICRIT/MS system.

Na HELIOS/SICRIT
b, m Mass Spectrometry system
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\‘ }
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Figure 2. Chassis dynamometer measurement layout with the DTT sampling system at the exhaust tailpipe. TPN DTT
was used for total particles (solid and volatiles). HELIOS/SICRIT was connected to the DTT TPN. Notes: MFC: Mass
Flow Controller, TPN: Total Particle Number, EFM: Exhaust Flow Meter



Table 1. Test vehicle characteristics. Notes: PFI: Port Fuel Injection, FWD: Front-Wheel Drive, TWC: Three-Way
Catalyst

Vehicle segment A
. Spark-ignition 3-cyl,
Engine 12-Valve, Turbo
Model Year 2019

Port Fuel Injection

Fuel Injecti
uel Injection (PFI)

Drive, Transmission and
Number of gears

Maximum power [kW] /| 66 kW @ 5000 rpm /

FWD, Manual, 6

Torque [Nm] 160 Nm @ 1800 rpm
Engine capacity [cm?] 1000
Emission Standard Euro 6d-temp

Three-way catalyst

Aftertreatment (TWQ)

3 Laboratory Validation Results

3.1 Characterization of HELIOS-induced Desorption using Soot Aerosols

Aerosols that pass through the HELIOS system are heated due to focusing of IR light on the sample
stream, which can lead to evaporation of adsorbed substances, but partly also to fragmentation of organic
substance from aerosol particles if the particle temperature becomes too high, as shown in this section
through measurements of propane-flame-generated soot aerosol. Therefore, it was necessary to
determine the optimal power of the IR lamp in a range where desorption of organic substances from the
particle leads to a high signal from the ionized evaporated compounds, while avoiding fragmentation or
thermal decomposition. The background-subtracted mass spectra at select HELIOS lamp powers (0 W,
15 W, and 60 W) from propane-flame-generated soot aerosol is shown in the Supporting Information
(Figure S1a), illustrating that when the HELIOS system is switched off (0 W), intensity peaks at only a
few mass-to-charge ratios (m/z) can be observed. These signals are attributed to volatile substances that
evaporate during the ionization in the SICRIT source. At a lamp power of 15 W, evaporation of organic
substances from the aerosol particles leads to high signals at more m/z values, such as m/z 227, 277,
301, 329, and 375, which are marked with dotted lines in Figure Sla. At a lamp power of 60 W, which
corresponds to a gas temperature at the output of the HELIOS of approximately 180 °C, fragmentation
and/or decomposition of the substances take place, characterized by the disappearing of the higher mass
traces visible at 15 W, and the appearance of higher signals at lower m/z values (less than 120 m/z).
Figure S1b shows the signal intensity at m/z 227, 277, 301, 329, and 375 from the soot aerosol measured
with different HELIOS lamp powers. These masses are related to PAHs and their signal intensities
increase as soon as the HELIOS lamp is turned on at low power. The maximum signal intensity of these
m/z values occurs when the lamp power is between 5 and 25 W. We also note that the average total ion
current (TIC) increases with lamp power from 0 to 15 W after which at higher lamp powers an
approximately constant TIC is achieved. Based on these results, for the subsequent experiments
described in this publication, the lamp power was set to 15 W, resulting in a gas temperature at the
output of the HELIOS between 100 and 120 °C due to convective heating within the quartz capillary.



Based on the geometry of the gas flow through the HELIOS, a convection analysis predicts that the
maximum temperature of the glass tube in the HELIOS is approximately 170 °C.

The peaks seen in the mass spectra of the soot from the propane flame burner (m/z 227, 277, 301, 329,
and 375) are mainly represented by PAHs formed due to incomplete combustion (Rhead and Hardy
2003). For these substances, the SICRIT ionization process leads to formation of [M+H]* ions for this
class of substances.(Huba et al. 2018) The compounds corresponding to these peaks have been observed
with other aerosol mass spectrometry systems. For example, Dzepina et al. used an Aerodyne aerosol
mass spectrometer equipped with a quadrupole mass analyzer to sample laboratory-generated propane
soot and field collected aerosols from the Mexico City atmosphere to detect PAH-related peaks at m/z
226, 250, 276, 300 (Dzepina et al. 2007). Malmborg et al. used a SP-AMS to analyze diesel engine
exhaust and found PAH-related peaks at m/z 226, 276, 300 (Malmborg et al. 2017). Our
HELIOS/SICRIT/MS system, hence, can detect a range of PAHs similar to these aerosol mass
spectrometry systems, without the need for the relative complex and expensive instrumentation. The
most abundant parent ion from our data has a mass-to-charge ratio of m/z 227, as seen in the mass
spectrum in Figure S1a with lamp power 15 W, corresponding to the chemical formula CigHio H*. To
confirm the chemical identification of the PAHs detected by our HELIOS/SICRIT/MS system, soot of
the propane burner was subsequently collected on a filter and extracted with hexane, as described in the
Supporting Information. GC/MS measurements of the extract confirmed the presence of PAHSs of the
above-mentioned masses. Consistent with our findings, the NIST library lists Benzo[ghi]fluoranthene
(CisH10, MW = 226 g mol™) as most abundant substance in environmental samples (William E.
Wallace). The GC/MS spectra of the collected soot and of Benzo[ghi]fluoranthene are shown in the
Supporting Information (Figure S1c and Figure S1d, respectively).

3.2 Measurement of Anthracene Mass from PAH-coated Soot

Our HELIOS/SICRIT/MS system was used to analyze laboratory-generated soot aerosol with a
controlled coating of anthracene. A schematic of the process to coat the soot aerosol with anthracene is
shown in Figure 3a. The mass of the anthracene coating was increased incrementally in time by
increasing the temperature of the tube furnace. Representative mass spectra from the
HELIOS/SICRIT/MS and the SP-AMS are shown in Figure 3b and Figure 3c for the highest level of
anthracene coating. The mass spectra from the HELIOS/SICRIT/MS illustrate that the vast majority of
the signal originates from m/z 179, corresponding to the mass of protonated anthracene, which remains
unfragmented after ionization. The mass spectra from the SP-AMS show only hydrocarbons present
which originate from fragmented anthracene. The main fragments, at m/z 89, 76, 63, observed at the
SP-AMS measurement range (m/z up to 115) are same to fragments observed in the NIST chemistry
webbook for electron ionization mass spectra of Anthracene.(Linstrom and Mallard) The corresponding
mass spectra for different levels of anthracene coating are shown in the Supporting Information (Figure
S2). Figure 3d compares the signal of our HELIOS/SICRIT/MS system at the mass-to-charge ratio
corresponding to protonated anthracene (m/z 179) to data collected in parallel with the SP-AMS. The
increasing mass of anthracene coated onto the soot particles can be seen as steps in time. Figure 3e
shows the correlation for each time point of the HELIOS/SICRIT/MS signal for anthracene compared
with the total organic aerosol concentration measured by the SP-AMS, and such a curve could be used
for absolute quantitative calibration of the HELIOS/SICRIT/MS system for anthracene concentration.
A linear regression of the curve yields a R? = 0.95, with standard errors for the slope and intercept of
10% and 2%, respectively, confirming a linear relationship between the anthracene signal from the
HELIOS/SICRIT/MS and total organic aerosol concentration based on mass spectra is mostly
anthracene. According to the data, the signal measured by the HELIOS/SICRIT/MS can be used to
determine the concentration of anthracene to within 15 pg/m?®. Theoretical calculations show that at
room temperature the gas-phase anthracene concentration can be considered negligible. The data from
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the SP-AMS shows the total concentration of organic aerosol, which increases with increasing mass of
anthracene coating. Good correlation can be seen between the HELIOS/SICRIT/MS and SP-AMS both
in temporal behavior and in relative intensities. Both systems demonstrate dynamic measurement
capability. However, the HELIOS/SICRIT/MS data enables the identification of the molecular mass of
the compound causing the increase of organic aerosol mass. This molecular ion cannot be seen in the
SP-AMS data due to high fragmentation caused by the high-temperature desorption and evaporation
process (Dzepina et al. 2007).
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Figure 1. (a) Generation of anthracene-coated soot particles. (b) Representative mass spectra from the
HELIOS/SICRIT/MS. (c) Representative mass spectra from the SP-AMS. (d) Anthracene-coated soot particles
measured with the SP-AMS (Organic aerosol concentration, left axis, blue line) and HELIOS/SICRIT/MS (m/z 179,
right axis, orange line). (e) Correlation of the intensity measured with the HELIOS/SICRIT/MS to the organic aerosol
concentration measured by the SP-AMS for each measurement time.

3.3 Relative Quantification of Adsorbate Mass in PEG-coated Aerosols

The laboratory-generated PEG-coated aerosols provided a controlled amount of volatile/semi-volatile
coating on a nonvolatile solid-core particle that could be quantified by the HELIOS/SICRIT/MS system.
A schematic of the generation of these particles is shown in Figure 4a. A fraction of the mass spectrum
from the PEG-coated aerosols measured with the HELIOS/SICRIT/MS system is shown in Figure 4b
for a PEG coating of 12.2 nm. Peaks corresponding to PEG are clearly visible in the measured mass
spectrum (m/z 239, 283, 327), indicating PEG chains of different lengths are present in the coating
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material. The peaks at m/z 203 and 297 part of the background contaminations. The mass trace of the
time-resolved intensity for the signal at m/z 283 is shown in Figure 4c, showing the rise in signal
intensity as the PEG-coated particles were introduced into the HELIOS/SICRIT/MS. The mass trace
shows a time response of better than one second for detecting PEG-coated particles that are suddenly
introduced into the system. This mass spectrum is representative of the amount of PEG that was
desorbed from the solid particle cores, as a denuder was used upstream of the HELIOS/SICRIT/MS
system to remove traces of PEG. The mass spectra and time-resolved mass traces for other coating
thicknesses of PEG are shown in the Supporting Information (Figure S3).
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Figure 4. (a) Generation of PEG-coated copper particles. (b) Sample mass spectrum (HELIOS/SICRIT/MS) showing
some of the typical peaks related to PEG. The figure shows the signal obtained for a coating thickness of 12 nm. Dotted
lines are drawn at m/z 239, 283, and 327. The background spectra is also shown. (c) Corresponding time-resolved
intensity of the signal at m/z 283. (d) Signal intensity for different coating layer masses of PEG (error bars represent
one standard deviation of the measured signal) for m/z 239, 283, and 327.

A quantitative evaluation of the coating thickness was carried out based on the intensity of the mass
trace at mass peaks corresponding to PEG. Figure 4d shows the normalized intensity at m/z 239, 283
and 327 as a function of the coating thickness determined through the diffusion battery measurements
for particle number concentrations of about 108 cm. Error bars show the standard deviation of the signal
over the time interval that the PEG-coated particles entered the HELIOS/SICRIT/MS. A clear trend of
increasing signal corresponding to an increasing thickness of coating on the core particle is seen. A
coating thickness of only 2.6 nm PEG for a particle number concentration of 10° cm is enough to reveal
a signal significantly (40%) above the background for m/z 283 and 239, indicating that our system is
capable of a detection sensitivity of coating a few nanometers thick. In Figure 4d, the layer mass,
calculated on the assumption of a spherical particle with a homogeneous coating, is correlated to PEG
signals at the three different m/z ratios. The measured signal and background levels indicate that coatings
down to 2.2 nm, would yield a signal at m/z 283 and 239 higher than the background at this particle
number concentration (10° cm). With above assumptions, this layer thickness corresponds to a total
mass of 0.67 pg. It should be noted that the PEG-coated copper particles are not expected to be perfectly
spherical, as the core particles could be agglomerated of smaller particles, therefore, the particle volume
may not scale exactly with layer volume. Nonetheless, our results indicate that the measured
HELIOS/SICRIT/MS intensity provides a good relative measurement of the mass of the PEG coating
adsorbed on solid-core aerosol particles.
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4 Engine Exhaust Measurements

After validation of our HELIOS/SICRIT/Mass Spectrometry system in the laboratory, the system was
transported to the Aristotle University of Thessaloniki to monitor vehicle exhaust from a VW Up with
different fuels, alkylate petrol and petrol.

Figure 5a shows the total ion current (TIC) of the measured from the HELIOS/SICRIT/MS system in
real time during a World Harmonized Light Vehicles Test Procedure (WLTP) cycle after a steady-state
start of the vehicle running on alkylate petrol. The TIC represents the summed intensity across the entire
range of mass-to-charge ratios measured with the MS at each time point of the measurement. The TIC
peaks at the start of the cycle, and increases during the middle of the cycle. The mass spectra at different
time points in the cycle are shown in Figure 5b, illustrating that substances with different mass-to-charge
ratios are responsible for the high TIC at different time points in the cycle. At the beginning of the cycle
(Figure 5b, blue spectrum, 0 minutes) the dominant peaks are at m/z 111 and m/z 129. These substances
are only present at the beginning of the cycle, as confirmed by their mass traces, shown in the Supporting
Information (Figure S4a and Figure S4b, respectively). When the TIC increases during the middle of
the cycle (between 14 and 18 minutes), the dominant peaks are m/z 117 and m/y 159. These substances
are not present at the beginning of the cycle, and only appear during the cycle as confirmed by their
mass traces, shown in the Supporting Information (Figure S4c and Figure S4d, respectively). The
substances seen with m/z 111, 129, 117, and 159 are formed during combustion of the fuel, as these
peaks are not seen in the mass spectrum of the unburnt fuel, shown in Figure 5¢, which is composed
primarily of alkanes.

W<L1'§P cycle alkylate petrol steady state start Mass spectra of unburnt fuel
8f 86 ' ‘ '
; 5 11
c3el §3 [ | 1
o [« —
= = &=
ge1 @ 205
=5 @
32 (a) = E J (b)
0 0 % |
25 50 100 150 200 250 300
Tlme (mln) m/z
T 5. =10t Mass spectra during cycle B 5 Mass spectra during cycle
g5 T o129 ' ‘ g © 2000 ' 159 '
= E‘ I 0 minutes £ E‘ 17 14 minutes
Jw J w
¢S 111 ?5
2 2 1 2 £ 1000
3w 3w
53 (c) 5= (d)
S 0 S @
[=] a0 (11 IS I N [=] o 0 i L "
F @ F @
@ 50 100 150 200 250 300 @ 50 100 150 200 250 300
m/z m/z
E = Mass spectra during cycle T 5 Mass spectra during cycle
S © 1 T T T ] S wm T T T T
g © 1500 159 . o 17 159 )
% = M7 16 minutes % > 300 | B 22 minutes
w w
g 5 oo 2520
5t SE
S m 500 1 2g100f
o35 e 23 ‘ f
Eg 0 d f 1 I () %‘(.‘33 0 . |.|1 N TN nl ()II
m @ 50 100 180 200 250 300 @@ 50 100 150 200 250 300
m/z m/z

Figure 5. (a) Total ion current (TIC) measured from the exhaust (gas and particle phase, no denuder) of a VW Up
running on alkylate petrol during a WLTP cycle. (b) Mass spectrum of the unburnt alkylate petrol. (c)-(f) Sample mass
spectrum during different time points in the cycle. The time points are marked in (a) with the same color code in the
legend. All measurements: HELIOS/SICRIT/MS.

The total particle concentration in the exhaust measured in parallel with the HELIOS/SICRIT/MS is
shown in Figure 6a. The TIC from the mass spectrometer correlates with the total particle count, as
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expected because more particles lead to more substances that can be desorbed and ionized. Similar to
the chemical composition of the exhaust, the particle size composition changes at different points of an
engine test cycle, as shown in Figure 6¢-f. A large fraction of small particles (ca. 10 nm) are seen at the
beginning of the cycle, whereas the particles formed in the middle of the cycle contain primarily particles
on the order of several tens of nanometers. A comparison of the mass spectra during the cycle with the
mass spectrum of the unburned alkylate petrol (Figure 5b), obtained by vaporizing a few microliters of
unburnt fuel into the sample line heated to 191 °C and diluted with nitrogen, shows that most of the
unburned fuel, which is composed largely of alkanes is removed during the combustion process.

Unlike the substances that ionize through the SICRIT to form [M+H]* ions (Huba et al. 2018), we have
found that alkanes can ionize through the SICRIT to form a primary ion with m/z M+13, M+15, and
M+29, corresponding to M-H+0O, M-3H+0, and M-3H+20, respectively, as shown in Figure S5a for
iso-octane where the primary mass peaks are seen at m/z 127, 129, and 149. The mass peaks from iso-
octane are also seen in Figure 6b, which is expected because iso-octane is a primary component of
alkylate petrol.
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Figure 6. (a) Comparison of TIC (HELIOS/SICRIT/MS, gas and particle phase, no denuder) and total particle
concentration measured from the exhaust of a VW Up running on alkylate petrol during a WLTP cycle. (b) Particle
distribution measured with EEPS during different time points in the cycle.

Correlation of the particle size distribution, measured with the EEPS illustrate the aforementioned results
clearer, that small particles (<10 nm) correlate with unburned fuel, and large particles (~40 nm) correlate
with soot precursors, as illustrated in Figure 7. For example, the correlation between the appearance of
particles of size 6 nm with the appearance of specific mass-to-charge ratio peaks is illustrated in Figure
7a, which shows that mass-to-charge ratios with the highest signal measured with our
HELIOS/SICRIT/Mass Spectrometry system appear when small particles are present. Figure 7a shows
the mass-to-charge ratios with a significant HELIOS/SICRIT/MS signal and high correlation coefficient
with the concentration of 6 nm particles, and these include m/z 69: possibly pentadiene, pentyne or
cyclopentene M+1, m/z 73: likely unburnt butane M+15, m/z 111: possibly octadiene M+1, or octyne
M+1, m/z 129: likely unburnt octane M+15 or heptane M+29, and m/z 143: likely unburnt nonane M+15
or octane M+29. These species are present only at the start of the cycle. An analogous correlation for
larger particles of 40 nm is shown in Figure 7b, showing that at times where the particle concentration
of 40 nm particles is high, the mass-to-charge ratios that yield a high signal correspond to aromatics
(soot precursors) such as m/z 80: benzene M+2, m/z 101: hexane M+15, pentane M+29, or oxygenated
12



HC, i.e. cyclohexanol M+1, m/z 115: heptane M+15, hexane M+29, or oxygenated HC, i.e.
cyclohexanemethanol M+1, m/z 117: possibly isomer of alkynyl benzene (C9H8) M+1, m/z 159:
possibly isomer of alkenyl benzene (C12H14) M+1, and m/z 214: isomer of hexyl-naphthalene M+2.
We found that ionization of aromatic molecules, such as benzene, ionize through the SICRIT to form
ions at a mass-to-charge ratio of M+2 (see Figure S5b). Explicit determination of the substances that
generate the aforementioned mass peaks can be determined if the experiment is repeated with a higher
resolution mass spectrometer. The correlation coefficient between the particle concentration of a certain
size and the HELIOS/SICRIT/Mass Spectrometry signal is shown in Figure 7c and Figure 7d for 6nm
and 40 nm particles, respectively.
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Figure 7. Analysis of exhaust (gas and particle phase, no denuder) from VW Up running on alkylate petrol during a
WLTP cycle. (a) Correlation of the measurement of particle concentration for small particles (6 nm) and the signal at
specific mass-to-charge ratios from the HELIOS/SICRIT/Mass Spectrometry system at each time measurement point
during the engine cycle run with alkylate petrol. Shown are the mass-to-charge ratios with the highest correlation
coefficient and relative signal. (b) Analogous plot to (a) for large particles (40 nm). (c) 2D correlation coefficient between
concentration of 6 nm particles and HELIOS/SICRIT/MS intensity for each m/z for m/z values with substantial signal
intensity. (d) Analogous plot to (c) for concentration of 40 nm particles.

The effect of a denuder on the mass spectra measured with our HELIOS/SICRIT/Mass Spectrometry
system is summarized in Figure 8, which shows the correlation coefficients between the concentration
of 40 nm particles and the HELIOS/SICRIT/Mass Spectrometry signal measured without and with a
denuder (Figure 8a and Figure 8b, respectively). The data collected with the denuder, which is filled
with active carbon to remove gas-phase species, reveals that substances such as m/z 80 benzene M+2
(Zhang et al. 2013) are present in the gas phase at the same time when larger particles (soot precursors)
are present, as these are seen with high signal in the measurements without the denuder, but do not
appear in the data collected with the denuder.

Analysis of the exhaust from the engine cycle when run with normal petrol shows additional species are
correlated with large particles during the cycle (Figure 9). The exhaust from both alkylate petrol and
petrol show mass peaks at m/z 101, m/z 117, m/z 159, m/z 214 when particles of 40 nm are present. The
additional mass peaks that are seen in the exhaust during petrol operation when particles of 40 m are
present are m/z 89, m/z 195, which correspond to additional aromatics / soot precursors formed from
components of petrol (i.e. alkylbenzenes) that are not present in alkylate petrol.
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5 Conclusion

We have shown that the new HELIOS/SICRIT/MS system can be of great use for the measurements of
aerosol particles in both laboratory conditions and field measurements. The entire system was designed
with relatively simple and inexpensive instrumentation, which were all put together in a highly robust
and mobile system. The laboratory validation experiments demonstrate that the HELIOS/SICRIT/MS
system is capable of relative quantification of organic coatings on solid aerosol particles. Good
agreement in change of particle mass due to coating was found with the commercial SP-AMS system,
and our HELIOS/SICRIT/MS system was able to identify the unfragmented mass of the coating species,
while only mass fragments are seen in the SP-AMS system. The signal measured from our
HELIOS/SICRIT/MS system was also shown to correspond well to the coating mass expected based on
the coating thickness measured with a diffusion battery. Measurements of real-world engine exhaust
with the HELIOS/SICRIT/Mass Spectrometry system show that different chemical species types can be
correlated with different size aerosol particles in the exhaust gas. We demonstrate through these
measurements that online chemical composition analysis is feasible with an appropriate aerosol
characterization system, and this could potentially be implemented in future legislation on vehicle
exhaust particle emission. Areas of future work include quantification of the dependence of the
ionization efficiency to factors such as humidity, absolute calibration of the signal intensity measured
by the HELIOS/SICRIT/MS system, and additional work to achieve better compound identification.
This can be done by using the MS-MS mode of our instrument for single mass peaks and for the
identification of molecular formulas by a mass spectrometer with higher resolution. Future work will
also involve the analysis of sulfur compounds such as sulfuric acid, which can be measured using the
negative mode of the mass spectrometer, because these species can be precursors for aerosol formation.
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1 Description of Reference Instrumentation

A scanning mobility particle sizer (SMPS, TSI GmbH Model 3071 Electrostatic Classifier with Model
3775 Condensation Particle Counter) was used to measure the size and number distribution of the
aerosol samples. The mass flow rate of the aerosol sample into the SMPS was set to 0.3 L min*and the
sheath air flow rate was set to 3 L min, each using a mass flow controller (V6gtlin Instruments GmbH
red-y Smart Series). The aerosol particles were charged in the Electrostatic Classifier with a Kr-85
neutralizer. The scanning of the SMPS was controlled using the Aerosol Instrument Manager software
(TSI Inc.).

Gas chromatography —mass spectrometry measurements of soot extracts were performed for
qualitative investigations on PAHs. Soot samples were collected on a paper filter (Macherey-Nagel,
Diren, Germany). The filter was subsequently immersed in 5 mL of hexane for three minutes. The
extract was filtered using a 0.22 um syringe filter (P668.1, Acryl-Polymer, Rotilabo). Analysis of this
extract were performed using a gas chromatography - mass spectrometer (GCMS-QP2010 Ultra,
Shimadzu, Japan) equipped with a Rxi-1ms column (L =30 m, ID = 0.25 mm, Restek GmbH, Germany).
The injector port temperature was set at 200 °C, the detector temperature at 250 °C. Helium was supplied
as the carrier gas at a rate of 18.4 mL/min. All measurements were performed using split injection.

A soot-particle aerosol mass spectrometer (SP-AMS, Aerodyne Research Inc, US) was used to
measure the electron ionization mass spectra of anthracene and secondary compounds originating from
toluene oxidation and furthermore to characterize the total organic aerosol concentration of the
submicron particles. The SP-AMS is a high-resolution mass spectrometer that consist of an aerodynamic
lens to focus the particle beam, differentially pumped vacuum chambers to deliver the sample first to
chopper and then to vaporizer and ionizer and a time-of-flight chamber. The SP-AMS features a dual
vaporizer system with a porous tungsten oven (600 °C) to measure non-refractive species (e.g. sulphate,
nitrate, ammonium, chloride, organic compounds) and an intracavity laser vaporizer to measure
refractory compounds (mainly black carbon and metals). Electron ionization (70 eV) is used to generate
1



ionized compounds, which are subsequently led to a time-of-flight chamber and a multichannel plate
detector. The mass-to-charge ratio resolution of SP-AMS in V-mode is up to 2000 at m/z 200 and the 1
min detection limits for all species are below 0.03 pg m=. All data was analyzed using ToF-AMS HR
analysis package (Pika, version 1.20B) running in Igor Pro (Wavemetrics, OR, USA) environment.

An Engine Exhaust Particle Sizer (EEPS) was used to determine the particle number size distribution.
EEPS is a high resolution (10Hz) spectrometer that measures the size distribution of tailpipe exhaust
particles from 5.6nm up to 560nm. EEPS is sensitive enough to measure particle concentration as low
as 200 p/cm®, while particle concentration sensitivity is associated with particle size. The size
characterization process is achieved through the impaction of charged particles in sensitive electrometers
based on their electrical mobility. A particle with higher electrical mobility strikes an electrometer near
the top; while, a particle with lower electrical mobility strikes an electrometer in lower stages. The
produced current from impaction is translated to particle size and concentration via data inversion
(inversion matrix). Multiple electrometers stages provide the opportunity for simultaneous physical
characterization of a wide particle size distribution. Hence, EEPS is suitable for real-time measurements
of engine exhaust emissions that may include specific driving events.

2 Supporting Figures
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Figure S1: (a) Background-subtracted mass spectra of propane flame soot at different IR-lamp powers
of the HELIOS unit (each spectrum has the same arbitrary units; baselines are vertically offset for
visibility). Dashed vertical lines are shown to mark m/z 227, 277, 301, 329, and 375. (b) Intensity of
m/z 227, 277, 301, 329, and 375 at different lamp powers; error bars represent one standard deviation,
calculated the signal over a period of one minute. GC/MS spectra of (c) the soot sample from the propane
flame and (d) Benzo[ghi]fluoranthene.
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Figure S2. Representative mass spectra of the anthracene-coated soot particles with different levels of
anthracene coating measured with (a-d) the HELIOS/SICRIT/MS and (e-h) the SP-AMS.
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Figure S3: (a-d) Time-resolved mass trace of m/z 283 during experiments with different coating
thicknesses of PEG on PEG-coated aerosols. (e-h) Corresponding average mass spectra during the time
where PEG-coated particles were introduced into the measurement system (denoted with the black in
the top traces)
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Figure S4: Mass traces from exhaust from VW Up running on alkylate petrol during a WLTP cycle for
(@) m/z 111, (b) m/z 129, (c) m/z 117, and (d) m/z 159.
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Figure S5: Mass spectra of (a) iso-octane and (b) benzene vapor, each measured with the
HELIOS/SICRIT/MS in the laboratory diluted with humidified nitrogen.



