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Abstract

This work combines laser desorption/ionization mass spectrometry (L2MS)
and advanced statistical techniques to reveal the impact of a catalytic stripper
(CS) on the chemical composition (at the molecular level) of a gasoline direct
injection engine exhaust, and follow the evolution of size-dependent chemical
characteristics over the whole particles size range (10-560 nm). The gas phase
and polydisperse particles making up the exhaust are separated and sampled
on distinct substrates using an original homebuilt two-filter system, while size-
selected particles are collected using a cascade impactor and separated into 13
different size bins (smallest diameters 10-18 nm). We demonstrate that a fine
molecular-level characterization of the exhaust particulate matter is necessary
to assess the effect of the CS, especially for the smallest ultra-fine particles
carrying the largest volatile fraction.
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1. Introduction

Internal combustion engine (ICE) powered vehicles constitute a major source
of airborne particulate matter (PM), especially in urban areas [1, 2]. Particles
emitted from vehicle engines are complex mixtures, mainly consisting of a car-
bonaceous core with a multitude of adsorbed compounds such as unburnt and
partially oxygenated hydrocarbons, polycyclic aromatic hydrocarbons (PAHs),
sulfates, and metal oxides [3, 4]. The particle’s outer organic layer (the so-called
surface organic fraction — SOF) exerts a considerable influence on the properties
of particulate emissions (i.e. reactivity, toxicity, nucleation properties) and is
considered a major contributor to particle-associated health hazards [5]. In this
context, special attention is drawn by the ultra-fine particles (size <100 nm) due
to their higher deposition fraction, deeper penetration, and higher retention rate
in the lungs [6, 7]. The inhalation of these smallest particles can result in health
problems beyond the lungs: the presence of combustion derived nanoparticles
has been detected in the frontal cortex of autopsy brain samples [8], urine of
healthy children [9], and even in the fetal side of the placenta [10]. If transported
to the fetus, these particles — as carriers for potentially toxic chemical species
— could significantly affect fetal health and development [10]. Most recently, a
strong association between increases in PM concentration and mortality rates
due to COVID-19 was evidenced [11, 12].

The automotive industry has made significant efforts to reduce the amount
and impact of internal combustion engine emissions [13-15]. For this purpose,
various after-treatment systems based on conversion, adsorption and trapping
technologies, such as three-way catalysts, diesel oxidation catalysts, selective
catalytic reduction systems and particulate matter filters have been imple-
mented in the exhaust track of both spark and compression ignition engines
[16-18]. Devices providing chemical sites for oxidation and reduction reactions
(i.e. catalytic strippers/converters) are particularly useful as they can convert
toxic by-products present in the exhaust into less hazardous substances such
as carbon dioxide, water vapor, and nitrogen gas. In the meantime, recent im-
provements in engine technology resulted in a significant decrease in the total
number and mass of PM emitted by on-road vehicles. This, however, also led to

a shift in the particle diameter toward smaller sizes (lower than 100 nm [19]).
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Although not a major contributor to the emitted particle mass, these ultra-fine
sizes represent an important share in the total particle number (PN), which is
regulated by 17 out of the 20 countries of the G-20 group (accounting for 90%
of the global vehicle sales [20]). Current European Union (EU) regulations limit
PN emissions for sizes above 23 nm. However, sub-23nm particles are produced
in large concentrations by both Diesel and gasoline direct injection (GDI) en-
gines [21] and can sometimes reach 30-40% of the total PN for vehicles equipped
with a GDI [22]. Based on these findings, the PMP (particle measurement pro-
gramme) group of the working party on pollution and energy (GRPE) of the
United Nations Economic Commission for Europe (UNECE) has worked on a
protocol to lower the PM 23 nm cut-off point to 10 nm [23], the PM referring
only to solid (non-volatile) particles [24], i.e. those which do not evaporate below
350°C.

Lowering the cut-off size of measured PM might be quite challenging, as
it requires more efficient aerosol conditioning technologies to remove volatile
and semi-volatile compounds with minimal size-dependent particle losses and
to avoid the creation of artifacts (i.e. particles generated in the sampling /
conditioning system). Three EU Horizon 2020 projects [25-27] have worked in
parallel over the past few years to propose a robust methodology and associated
instrumentation (portable emissions measurement systems — PEMS) for PN
measurements down to 10 nm. Recent assessment campaigns [28-30] confirmed
that the developed PEMS prototypes are ready to be introduced in the future
regulations. A major change proposed in the PMP draft recommendations [23] is
to impose the use of a catalytic stripper (CS) as volatile particle remover (VPR)
in the future 10-nm PEMS, which is considered a safer option [31] than the
evaporation tube (ET) or the thermodenuder (TD). The ET, currently used in
automotive particle measurement systems, is a simple and robust method when
measuring particles larger than 23 nm as it is able to completely evaporate most
hydrocarbons. However, this technology might lead to re-nucleation of semi-
volatile species at high hydrocarbon particle concentrations and thus higher
primary dilution ratios are required to reliably measure solid particles smaller
than 23 nm [32, 33]. Therefore, for measuring particles in the sub-23 nm range,

removing the semi-volatile aerosol fraction using a CS optimized for small losses
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of ultra-fine particles can prove more efficient [34-36].

The use of CSs in emission measurement systems has been reviewed by
Giechaskiel et al. [31]. Up to now, the impact of CSs on the resulting emissions
has mostly been characterized physically, with comparisons between stripped
and unstripped particle mass, number or size distribution. What comes into
view is the current lack of information regarding its impact on the chemical
composition (at the molecular level) of the emitted aerosols (with the notable
exception of one study addressing marine exhaust aerosols [37]). As the chemical
composition (and thus the degree of volatility) making up the SOF layer can
significantly vary with engine regimes or with PM size, an extensive investigation
of the physico-chemical properties of the measured objects should be undertaken
to ensure the development of a PEMS instrument capable of maintaining its
accuracy and reliability for a wide range of engine operating conditions (i.e. in
real driving conditions).

In the frame of the EU Horizon 2020 PEMS4Nano project [25] we conducted
extensive measurement campaigns to thoroughly analyze the physico-chemical
properties of particles emitted by a single-cylinder engine in a bottom-up ap-
proach combining experimental [38] and theoretical studies [39] for the devel-
opment of a PEMS prototype. The action of a home-made (University of Cam-
bridge) CS on the measured aerosol (polydisperse and size-selected particles,
gas phase) was investigated both on-line (physical characterization by an origi-
nal tandem arrangement of aerodynamic aerosol classifier, differential mobility
analyzer, and centrifugal particle mass analyzer [40]) and off-line (laser mass
spectrometry chemical characterization of filter-collected samples). As on-line
chemical characterization by aerosol mass spectrometers is limited to particles
larger than ~50nm [37], the off-line approach adopted here is the only possible
solution when focusing on smaller nanoparticles (10-32 nm in the present study)

of actual interest for the 10-nm PEMS development.

2. Materials and methods

2.1. Sampling

A generic single-cylinder gasoline direct injection engine was used on a test

bench to generate particles with various properties for building an extensive
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database through multi-technique physico-chemical characterization [38]. The
engine was described in detail in a previous publication [38], only the main
characteristics are briefly reminded in Table 1, Supporting Information. For
the present study, two set-points were used, called in the following low speed
(LS, 1200 rpm) and high speed (HS, 2000 rpm). The IMEP (indicated mean
effective pressure) was kept constant at 10 bar, A at 1.01, and the injection
at 270° bTDC (before top-dead center). The engine was operating on Euro
Stage V E5 Gasoline (CEC-RF-02-08 E5) with the ignition timing set for the
maximum brake torque (MBT). The temperature of both coolant and oil (Agip
SIGMA, 10W-40) was kept at 80°C. To ensure the cleanliness of the combustion
chamber, the engine was conditioned with methane (CHy) before changing the

operating point.

Table 1: Engine specifications (b/aTDC — before/after Top Dead Center)

Specification Value

Cylinder head Pentroof type

Compression ratio 12.5:1

Bore 82 mm

Stroke 85 mm

Displacement 449 cm3

Fuel direct injection system Central mounted generic six-hole injector
Injection pressure 150 bars

Spark plug location Exhaust side

Open 334 deg. bTDC
Close 166 deg. bTDC
Open 154 deg. aTDC
Close 330 deg. aTDC

Intake valve timing:

Exhaust valve timing:

A custom sampling line (Figure 1) was used for the simultaneous collection
of engine exhaust for offline characterization and online volatile mass fraction
measurements [40]. Raw engine exhaust was sampled from the exhaust pipe 10
cm downstream of the manifold. Sampled flow was then diluted using a Dekati
FPS 4000 (1:30 dilution ratio) to prevent the condensation of volatile species as
well as their aggregation. The main objective of this study was to assess the im-
pact of the catalytic stripping on the gas phase, polydisperse, and size-selected
particles. Two CSs were used: CS1 (1.5 1/min flow) for on-line measurements

(Catalytic Instruments CS-015) and CS2 (presented in detail in reference [38]),
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which was manufactured identical to CS1 by the University of Cambridge with
the exception that it was adapted to accept higher flows (10 1/min) to increase
the exhaust collection efficiency needed for the subsequent offline analysis. Both
CSs performances in terms of hydrocarbon removal were tested to be >99% for
30 nm tetracontane (CyHgz) particles at a concentration of >10% cm~3. As this
work focuses on the offline analysis, only the corresponding experimental details
are given below, while information about the online measurement can be found
in reference [40]. The upstream (unstripped) flows were analyzed/sampled us-
ing bypasses (red dashed lines in Figure 1), while the downstream (stripped)
flows were collected after passing through the CS. The sampling of size-selected
particles was performed with a NanoMOUDI II cascade impactor (TSI, model
125R) able to separate particles into 13 different size-bins, with nominal cut
sizes of 10000, 5600, 3200, 1800, 1000, 560, 320, 180, 100, 56, 32, 18, 10 nm.
The size-selected particles were deposited on aluminum foils that were cleaned
and thermally treated (at 300°C) prior to the sampling to remove all possible
surface contaminants. The sampling time varied between 6h and 12h. An alter-
native (separate) sampling of polydisperse particles and exhaust gas phase was
performed with an original double-filter system recently developed in our labora-
tory [41]. This device is made of two quartz fiber filters (QFF) placed in series:
the front filter (FF) retains the particulate matter while letting through the
gas/volatile phase, which is then adsorbed by a layer of activated carbon placed
on the back filter (BF). This sampling system was proven to be very efficient
in separating the particulate (non-volatile) and the gas phases in combustion
emissions [41]. Both front and back filters were thermally conditioned before
the sampling in order to remove any possible contaminants. The sampling time
was adjusted (60-80 min) in accordance with the particle concentration and size
distribution in the exhaust to obtain a homogeneous layer of particles on the
FF.

A total of 44 samples were collected in the two engine regimes for subsequent
offline analysis. A sample labeling scheme is used in the following, indicating the
engine set-point (HS or LS), the downstream (CS) or upstream sampling point,
the size-bin (for size-selected particles) or the collection QFF in the double-

filter device (FF for polydisperse particles, BF for gas phase). For instance,
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Figure 1: Schematic representation of the experimental setup. Sampling of the exhaust was
conducted with a NanoMoudi II cascade impactor to size-select particles and a two-filter collec-
tion device [41] to separate the PM (polydisperse particles) and the gas phase. The collection
was performed with and without the CS. The online SOF mass fraction measurements were
performed with a combination of Aerodynamic Aerosol Classifier (AAC, Cambustion Ltd.),
differential mobility analyzer (3080 DMA, TSI Inc.), and centrifugal particle mass analyzer
(CPMA, Cambustion Ltd.) followed by a condensation particle counter (CPC, 3776, TSI Inc.)
[40].

HS_CSpp indicates polydisperse particles collected downstream the CS in HS
engine regime, while LS19_1g labels 10-18 nm size-selected particles collected
upstream the CS in the LS engine regime. In addition, a set of blank samples
(aluminum foil, a neat QFF, and an activated carbon-covered QFF) were pre-

pared, stored (at 4°C) and managed in a similar way than the collected samples.

2.2. Chemical analysis

The chemical characterization of collected particles was performed using a
two-step (desorption/ionization) laser mass spectrometry technique (L2MS) de-
scribed in detail elsewhere [42, 43]. The mass spectrometer used in this study
(Fasmatech S&T) combines ion cooling, Radio Frequency (RF) guiding and
Time-of-Flight (ToF) analyzer to reach a mass resolution of ~15000. The sam-
ple, placed under vacuum (10~® mbar residual pressure), is irradiated at 30° an-
gle of incidence by a frequency doubled Nd:YAG laser beam (Quantel Brilliant,
A¢=532 nm, 4 ns pulse duration, 0.10-0.22 J cm~2 fluence, 10 Hz repetition rate)

focused to a 0.07 mm?

spot on the surface. The desorbed compounds form a
gas plume that expands in the vacuum normally to the sample surface, and are

ionized by an orthogonal UV laser beam (Quantel Brilliant, A\; = 266 nm, 4 ns
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pulse duration, 10 Hz repetition rate, ~0.3 J cm~2 fluence). The generated ions
are then RF-guided to a He collision cell for thermalization and subsequently
mass analyzed in a time-of-flight mass spectrometer equipped with a reflectron
(ToF-MS). The desorption and ionization fluences were adjusted for each sample
to obtain the maximum signal intensity while minimizing fragmentation in the
mass spectra. Each mass spectrum was obtained by averaging the signal from
200 laser shots applied on a small (~2 mm?) zone of the sample. To check the
homogeneity of the sample surface, the analysis was performed on four different
zones of each sample and all the results were used in the subsequent statistical
data treatment.

Since mass spectra of the analyzed samples contain a large number of peaks
its interpretation can be challenging. To optimally exploit this large amount of
information, the MS data treatment follows a dedicated methodology developed
in our group [44-46], which includes mass defect and multivariate analysis ap-
proaches. In this framework, a variety of advanced statistical techniques such as
Principal Component Analysis (PCA) [47], Hierarchical Clustering on Principal
Components (HCPC), and volcano plots [48, 49] can help uncover “hidden” pat-
terns in complex datasets, group samples based on their similarities and identify

the most significant mass peaks contributing to sample differentiation.

3. Results and discussion

3.1. Polydisperse particles and gas phase

The impact of the catalytic stripper on polydisperse PM and the gas phase
was assessed by comparing the chemical composition of samples collected with
and without the CS. Examples of mass spectra recorded for polydisperse parti-
cles (FF) and gas phase (BF) samples collected (in the high-speed engine regime)
upstream and downstream the CS are displayed in Figure 2. The spectra contain
predominantly polycyclic aromatic species and their fragments; their partial ion
count (PIC) was shown to be representative of the organic carbon content of the
sample [38, 46, 50]. When comparing downstream (HS_CSgp) and upstream
(HSpr) particles, a 7-fold reduction of aromatic PIC is observed, which clearly
demonstrates the efficiency of the CS in stripping the surface organic layer. Al-

though a direct quantitative comparison is not possible (different experimental
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Figure 2: Mass spectra of HSpp,pr and HS_.CSpp/pr samples (particulate and gas phase
collected with and without the CS) obtained with L2MS.

configurations), we note that this efficiency is in line with previous measure-
ments performed with a soot particle aerosol mass spectrometer (SP-AMS) on
marine engine exhaust, where organic species reductions in the range 94-97%
were observed upon stripping [37]. The relatively small difference between the
results presented here and the ones reported in Amanatidis et al. [37] might
be explained by the fact that the SP-AMS instrument is only able to measure
particles larger than ~50 nm and the smallest particles below this threshold
are expected to carry a higher SOF. A detailed discussion on this will be pro-
vided in the section 3.2, which focuses on size-selected particles (especially the
10-32 nm range). The efficiency of the CS in removing organics is even higher
on the gas phase, as a 20-fold reduction in aromatic PIC was recorded down-
stream (HS_CSgr sample) with respect to upstream (HSpr). Indeed, the mass

spectrum of the HS_CSpr sample contains mostly carbon clusters (C;

o, repre-

sentative of the elemental carbon content [38, 46]) and is almost identical to the
blank BF spectrum. We emphasize that the presence of carbon clusters on back
filters, sampled both with and without the CS, is determined by the layer of
activated carbon intended to trap the gas phase [41] and cannot be associated
with the exhaust gas phase combustion by-products.

To properly interpret mass spectrometric data, mass defect analysis [44-46]
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was used to assign chemical formulas to the most intense peaks. The full list
of assigned peaks is provided in Table S1. A volcano plot [48, 49] was used to
highlight the CS-induced changes in the chemical composition of both particu-
late and gas phases. The two phases carry chemical species of different volatility
and mass, and thus the separate study of these phases allows to better evaluate
the efficiency of the CS. The differences between the chemical composition of
the particulate and gas phases can clearly be seen when the front (particulate
phase) and the back filter (gas phase) sampled without the CS are compared,
Figure S1. The front filter receives a high contribution from higher-mass aro-
matic species, with more than 4 aromatic rings. According to Bari et al. [51],
the volatility of aromatic compounds can be inferred from the total number of
aromatic rings: compounds consisting of only two aromatic rings are considered
volatile, three to four — semi-volatile, and those with more than four aromatic
rings — non-volatile. It should be noted that all the peaks corresponding to car-
bon clusters (C;}) have been excluded from this analysis since, in this case, they
do not originate from the same source (soot particles for the front filters and the
pre-applied black carbon layer for the back filter). However, when comparing
only front filter samples (Figure 3a), carbon clusters provide important infor-
mation about the variation of the OC/EC ratio (organic carbon to elemental
carbon content) of sampled particles as they are commonly considered as mark-
ers of EC [46, 52-54]. Once the particles pass through the CS the contribution of
aromatic compounds, considered as good indicators of the organic carbon con-
tent [38, 50], is significantly reduced, effectively decreasing the OC/EC ratio.
Moreover, stripped particles feature a higher contribution from oxygenated and
nitrogenated species which can be linked to the oxidation processes occurring
in the CS.

A similar picture can be seen when the two samples corresponding to the
gas phase (HSpp and HS_CSpp) are compared, Figure 3b. The gas phase
sampled without the CS presents a high content of aromatic compounds (mostly
low-mass, up to 4 aromatic rings), while the one collected downstream the
stripper is characterized only by carbon clusters (coming from the underlying
black carbon layer). The fact that no organic species contribute in a significant

way to the HS_CSppr mass spectrum implies that the CS removed the majority

10
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Figure 3: Volcano plots showing the “differential expression” of detected chemical species:
a) comparison between the chemical composition of the particulate phase sampled with and

without the CS, and b) influence of the CS on the chemical composition of the gas phase.

of combustion-generated compounds from the gas phase.

A principal component analysis of all FF and BF samples collected (with
and without the CS) in both engine regimes (HS and LS) was performed. This
approach allows the differentiation between samples and highlights (through
the analysis of the loading plots, Figure S2) the contribution of individual com-
pounds or groups of highly correlated species to this differentiation. The PCA
was able to separate all the samples with only two principal components account-
ing for ~72% of the total variance. The first principal component (~63.9%) sep-
arates the samples based on the OC/EC ratio (a high positive PC1 score reflects
a low OC/EC ratio). The volatility of the samples can be inferred from their
PC2 (~8.2% of explained variance) scores. A positive PC2 score is associated
with the presence of non-volatile aromatic species (more than 4 aromatic rings)
with m/z < 363, while a negative PC2 score is linked to the presence of volatile
and semi-volatile compounds, as well as some high-mass aromatic species (m/z
> 363). Three major regions can be seen on the score plot presented in Figure
4: i) particulate phase sampled without the CS (HSpp and LSgp, dark blue),
ii) particulate phase sampled with the CS along with the gas phase sampled
without it (HS_CSpp, LS_CSpr — dark red, HSpp, and LSpF — light blue), and
iii) the gas phase collected after the CS (HS_CSpr and LS_CSpp - light red).

It is worth noting that even though particulate phases sampled without the
stripper are located fairly close to each other and can be grouped together,

their chemical composition is different. The PC1 score for the front filter (par-

11
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arrows represent the meaning of the first principal component derived from the corresponding

loadings plot, Figure S2.

ticulate phase) collected in the LS engine regime is lower, thus indicating a
higher contribution from organic compounds in this regime. However, after the
catalytic treatment, particles emitted in different engine regimes seem to have
a more similar chemical composition, depicted by their almost identical PC1
scores. Moreover, the sign of the PC2 value changes after the particles have
passed through the CS, suggesting the removal of the vast majority of high-
mass organic compounds. The untreated gas phase contains a much smaller
amount of organic species (PC1 value close to zero) which are almost com-
pletely removed by the stripper (PC1 sign changes). Therefore, mass spectra
of HS_CSgr and LS_CSgr samples have a much larger contribution from the
layer of activated carbon pre-applied to their surfaces, and thus the difference
in PC1 value (i.e.contribution of elemental carbon) between the two samples
cannot be attributed to combustion conditions and instead is determined by
small inhomogeneities in the layer of activated carbon. The PC2 value for gas
phase samples is close to zero, indicating a low influence from this component
due to the insignificant number of high-mass organic species.

A volcano plot (Figure S3) was employed to compare the particulate phase

12
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produced in the HS and LS engine regimes. When comparing unstripped par-
ticles, Figure S3a, we can see that while both samples contain a large amount
of aromatic compounds, the one obtained at lower speed (LS) contains more
high-mass species (i.e. non-volatile compounds [41, 51]). Unstripped parti-
cles collected in different regimes have a noteworthy difference in the chemical
composition, demonstrated by the fact that 55 compounds contribute in a sta-
tistically significant way to their separation. In contrast, stripped particles
appear to be very similar, Figure S3b. Only a few species contribute to the
separation between the mass spectra of stripped particles generated in different
engine regimes, and these mass spectra are mostly constituted of carbon clus-
ters (representative of EC). This is an important result, showing that the CS
is able to treat particles exhibiting quite different initial chemical composition,
effectively stripping their (different) surface organic layers and leaving them as

solid non-volatile PM.

3.2. Size-selected particles

Size-selected particles produced in the two engine regimes, and sampled with
or without the CS were chemically characterized. For the first engine regime
(HS) the stages of the cascade impactor that collected sufficient material (with
and without the CS) covered a quite extended size-range: from 10 nm up to
560 nm (HS19_18 — HS320_560 samples). Mass spectra of these samples are
presented in Figure 5. One can see that mass spectra of particles from different
size-bins are very different, indicating that the chemical composition of emitted
particles significantly changes with the size. Mass spectra of particles collected
without the CS show a high contribution from heavy-mass PAHs that can be
associated with the remnants of the fuel or lubricating oil [38]. The majority
of these compounds are successfully removed by the CS, which is illustrated by
the decrease in the absolute signal intensity. At the same time the contribution
of carbon clusters (C;}) increases, thus indicating a much lower OC/EC ratio
for the stripped particles. The relative contribution of low-mass PAHs and their
fragments increases toward smaller particle sizes which suggests an increase in
the overall volatility of the surface organic fraction [40].

PCA was applied to the mass spectrometric data to study the impact of CS

on the size dependent chemical composition. The first two principal components
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Figure 5: Mass spectra of size-selected particles produced in the HS engine regime and sampled
with (red line — HS_CS) and without (blue line — HS) the catalytic stripper. The labels indicate
the corresponding NanoMOUDI size-bin.

account for ~60% of the variance in the dataset and are able to discriminate
between different samples (with particles of a different size and collected with or
without the catalytic stripper), Figure 6a. The meaning of each component was
determined from its corresponding loadings plot, Figure S4. The first principal
component (PC1) separates samples based on the contribution to mass spectra
of aromatic species (OC — positive PC1 scores) and carbon clusters (C;, EC
— negative PC1 scores). Therefore, this component enables the discrimination
between particles with a different OC/EC ratio. The HS samples have mainly
positive PC1 scores while HS_CS ones — mostly negative, thus indicating that
a significant amount of the organic fraction was removed from the particles
by the CS. It is worth noting that the smallest analyzed particles (10-32 nm,
HS10-18 and HSq5_32) are the most affected by this treatment (revealed by the
large separation between HSq9_1518-32 and HS_CS;p_15,18—32 data points in
the score plot, Figure 6a). This separation can be associated with the high
relative content of organic species present on smaller particles which is almost
completely removed by the CS and leading to a significant change in the PC1
score (OC/EC). Once the organic fraction is removed, the signal related to the
elemental carbon (EC) becomes more important (C; ions), leading to a negative

PC1 score.
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Figure 6: Impact of the CS on size-dependent PM chemical composition: a) Score plot of the
first two principal components obtained from mass spectra of size-selected particles collected
with (red symbols) and without (blue symbols) the CS in the HS engine regime; the arrows
show the meaning of the principal components obtained from their loadings, and b) HCPC
performed on the first five principal components (explaining more than 82% of the variance);
three biggest clusters correspond to: small particles collected with the CS (HS_-CS19—18 and
HS_CS18—_32) — black markers, small particles collected without the CS (HS10—18, HS18—32,
and HS32_56) — green markers, and bigger particles collected in both regimes (HS and LS) —

purple markers.

The second principal component is related to the presence of PAHs (i.e.
stabilomers [55], negative PC2 score). Smaller particles (<100 nm) show a
high contribution from fragments and PAH derivatives (positive PC2) while
bigger particles (100-560 nm) contain a larger number of stabilomer PAHs that
are removed by the CS (PC2 score changes from being negative to positive or
almost zero). It should be noted that the spread between data points across
the second dimension (PC2) is much smaller for particles collected with the CS
(HS_CS), indicating that, when it comes to the organic fraction, the chemical
composition of stripped size-selected particles is not very different.

HCPC was performed on the first five principal components, accounting for
more than 82% of the variance within the data set, to identify the clusters
that form in the principal component space and discriminate between particles,
Figure 6b. Three separate clusters can be identified: small particles collected
with the CS (HS_CS;9_1s and HS_CS;5_32) — black markers, small particles col-
lected without the CS (HSj0-1s, HS18—32, and HS32_56) — green markers, and
bigger particles collected in both regimes — red markers. This shows that the

chemical composition of the smallest particles was significantly changed by the
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CS, thus supporting our previous conclusion that small particles contain a high
surface organic fraction which makes them more susceptible to a catalytic treat-
ment. This conclusion is also supported by online aerodynamic-mass-mobility
measurements that show that the volatile mass fraction increases for smaller
particles, Figure S8.

The compounds that are efficiently removed from the smallest particles (10—
18 nm) by the stripper were identified with a volcano plot, Figure S5. The
CS removes the organic fraction from these particles, leading to the decrease
of the OC/EC ratio. It is worth noting that, for this particular size-bin, the
CS effectively removes PAHs from the entire mass-range and particles end up
showing only a negligible contribution from organic species.

As the chemical composition of the emitted particles depends on the engine
set-point, the CS may impact differently particles belonging to the same size-bin
but generated in different engine regimes (LS or HS). To identify the (possible)
change in CS efficiency, the differences between the initial (unstripped) chemical
compositions of size-selected particles produced in the two engine regimes must
be first identified with PCA (Figure 7a). The first two principal components
account for 61% of the variation in the data set and will be used to explain the
differences in the chemical composition. From the loadings plot (Figure S6a),
PC1 can be linked to the contribution of PAHs (positive value), fragments, and
carbon clusters (negative PC1), while PC2 can be used to separate samples
based on the OC/EC ratio. For instance, samples with a low OC/EC ratio have
a negative PC2 score, while the ones with a high amount of organic species
exhibit a positive PC2 value. On the score plot (Figure 7a) the data points
corresponding to the two engine regimes are well separated by PC1. Therefore,
it is possible to distinguish between particles produced in these two regimes
based only on the contribution of PAHs, fragments, and carbon clusters. PM
collected in the LS engine regime features a much higher contribution from
PAHs, with particles from all size-bins having a negative PC1 score (except for
LS10-18). In contrast, particles emitted in the HS engine regime exhibit a higher
signal coming from fragments and carbon clusters. Note that the fact that HS
samples show a positive PC1 score cannot be linked to a missing organic fraction

and should only be seen as a lower relative contribution of the peaks attributed
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to organic species compared to that observed for LS samples. PC2 shows that in
the LS regime, the smallest particles yield the highest OC/EC ratio, also higher
than that of the corresponding HS sample. The biggest particles (56-560 nm)
produced in the HS regime show the highest contribution from carbon clusters,
i.e. the lowest OC/EC. In addition, smaller particles from the HS regime (10—
100 nm) show the highest partition of organic species. Particles in the size range
of 100-320 nm produced in both regimes display a similar PC2 score, implying

that they are the least affected by the change in engine operating conditions.
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Figure 7: Score plot of the first two principal components obtained from the mass spectra of
size-selected particles collected in the LS and HS engine regimes without (a) and with (b) the
catalytic stripper. The arrows indicate the meaning of principal components obtained from

their corresponding loadings.

Once the differences between the chemical compositions of unstripped parti-
cles produced in the two engine regimes have been identified, the effect of the CS
on size-selected PM with different chemical composition can be determined by
PCA, as shown in Figure 7b. The first two principal components explain 69%
of the observed variance and are able to distinguish between stripped particles
generated in the two engine regimes based on the few chemical species left on
the surface. The first principal component (61%) groups samples based on their
OC/EC ratio, determined from the corresponding loadings plot (Figure S6b). It
should be noted that PCA is emphasizing the variance in the dataset, and thus
the separation between particles observed on the score plot (Figure 7b) cannot
be used to quantify, for instance, the difference in the organic content. The ma-
jority of organic species present on raw particles are successfully stripped by the

CS, making their chemical composition comparable, similar to what was shown
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before for polydisperse particles. However, the high sensitivity of the analyt-
ical technique [43] used here reveals distinct features in size-selected stripped
particles collected in different engine regimes. For instance, when comparing
the smallest treated particles (10-18 nm) collected in different engine regimes
with a volcano plot (Figure S7) we can see that only a few species contribute
to the separation between the samples. Due to their small mass, the chemical
information related to these particles is usually lost when polydisperse PM is
collected, thus illustrating the importance of size-selective analysis. The spread
between data points on the PC1 axis is rather small, suggesting that stripped
particles of different sizes have a comparable amount of OC.

The second principal component is linked to the amount of aromatic species
(positive PC2 score), oxygenated, and hopanoid compounds (negative PC2
score). The latter group of compounds is often used as marker species for rem-
nants of lubricating oil [38]. The CS successfully removes these compounds
from particles smaller than 100 nm, however, bigger LS_CS particles (100-
560 nm) still contain residues of these compounds. Even though particles in
three size-bins sampled in the HS_CS engine regime (HS_CS320_560, HS_CS15_30,
HS_CSj0-1s) also show a negative PC2 score, they do not exhibit a high hopanoid
content but are instead characterized by a higher content of oxygenated species
(identified from volcano plots). The HS_CS cluster is located very close to the
PC2 axis, suggesting, once again, their lower OC/EC ratio compared to LS_CS

particles.

4. Conclusions

To the best of our knowledge, this is the first study to tackle a detailed,
molecular-level characterization of the impact of a CS (in a PEMS context) on
the chemical composition of an ICE exhaust. Most of the studies test the CS
removal efficiency on tetracontane (C40Hgs) particles, following the recommen-
dations of the PMP protocol [20]. Amanatidis et al. [35] used liquid decane
(C10Haz) and toluene (C7Hg) injected in a 10% v/v Oz in Ny gas mixture to
measure efficiencies >90% for the removal of these hydrocarbons by a CS, while
preliminary tests with a heavier (Cyg) species led to artifacts and inconclusive

results. In another study, Amanatidis et al. [37] measured stripping efficiencies
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of organics in the range 94-97% from particles (>50 nm) emitted by a marine
engine. The results of the present study on polydisperse particles and gas phase
emitted by a single-cylinder GDI are well in line with those previous findings
and foster the use of a CS-based VPR system in future PEMS.

A specificity of our work is the study of the chemical composition of particles
selected by size. Indeed, the composition of engine exhaust PM can significantly
change not only with the engine set-point but also with the particle size [38].
When polydisperse PM is studied, a weighted average composition of particles
of various sizes is obtained, with individual weights related to the initial par-
ticle size distribution which can significantly change depending on the engine
set-point. This is clearly illustrated here by analyzing PM emitted in two engine
operation regimes. The fine statistical analysis of the CS action on size-selected
particles revealed (despite the high removal efficiency) the “memory” of the
initial (unstripped) composition of the particles, which was not possible with
the polydisperse PM. This further stresses how important it is to sample and
characterize size-selected particulate matter, especially since the chemical com-
position of the smallest particles (with low contribution to the total mass in a
polydisperse sample) cannot be otherwise inferred. Deposition on filters/sub-
strates and offline analysis seems to be the only option here, as aerosol mass
spectrometers are typically limited to sizes above ~50 nm.

This work also showed that the smallest particles (10-32 nm) are the most af-
fected by the CS, indicating that particles in this size range carry a larger volatile
fraction. This conclusion concurs with the results of online aerodynamic-mass-
mobility tandem measurements [40] performed in parallel with the collection of
samples described here: on-line (physical) and off-line (chemical) investigations
are in excellent agreement. The online measurements revealed an increasing
contribution of the particle-bound volatile mass fraction toward smaller parti-
cles sizes, as illustrated in Figure S8. The excellent agreement between these
two completely independent (chemical and physical) characterization methods
demonstrates the reliability of the used experimental approaches and validates
the main conclusions of the study, which is also supported by theoretical in-
vestigations [39] conducted in the PEMS4Nano project and showing the same

trend of the SOF with size. Moreover, the obtained trend also matches previous
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dynamometer and on-road testing showing that semi-volatile particles represent
a significant fraction of the smallest nanoparticles [56, 57].

We demonstrated that a fine molecular-level characterization of the exhaust
PM is necessary to precisely evaluate the effect of a CS, especially for the small-
est ultra-fine particles. As the particles’ outer organic layer consists of a mul-
titude of chemical species (e.g. PAHs) and that the smallest particles tend to
exhibit a larger volatile fraction, the ultra-fine PM could present a double risk —
due to their small size they penetrate deeper in the respiratory system while also
carrying a larger amount of potentially toxic compounds. This not only shows
how important is the addition of oxidation catalysts in after-treatment systems
of modern vehicles to remove the (potentially toxic) organic fraction from the
engine exhaust, but also how crucial is the regulation of the small sub-23 nm

particles.
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