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A comparative study on effective density, shape factor, and volatility of non-
spherical particles using tandem aerodynamic diameter, mobility diameter,

and mass measurements

Abstract

Morphology of particle emissions from combustion sources is an important parameter in
determining their effects on human health and environment. Combustion-generated
particles are typically non-spherical (soot aggregates) and sometimes mixed with organic
compounds (e.g. in vehicle emissions). Aerosol instruments that measure the mobility
diameter, aerodynamic diameter, and mass of particles are widely used to study the
morphological parameters of particles. In theory, any of these three physical properties
can be obtained from a combination of the other two. In the present study, a tandem
arrangement of aerodynamic aerosol classifier (AAC; measuring acrodynamic diameter),
differential mobility analyzer (DMA; measuring mobility diameter), optional catalytic
stripper (CS), and centrifugal particle mass analyzer (CPMA; measuring particle mass)
was used to study the morphology (i.e. effective density and dynamic shape factor) and
volatility of non-spherical non-homogenous particles. About half of the particles were
completely volatile and the rest had a soot core. The effective density of polydisperse
non-stripped particles was relatively constant (indicating nearly spherical particles),
while that of polydisperse stripped particles decreased from ~1200 to ~800 kg/m® as the
particle size increased (indicating a compact structure). The effective density of
monodisperse particles, measured by DMA-CPMA, AAC-DMA, and AAC-CPMA
methods, was consistent within the measurement uncertainty; however, the latter method
had larger discrepancy with the other two methods, particularly for non-spherical
particles. The dynamic shape factor, measured by AAC-CPMA and DMA-CPMA
methods, increased with the mobility diameter, a trend also supported by electron
micrographs. The volatile mass fraction of particles decreased as their mobility diameter
increased, with smaller particles having volatile mass fraction of ~20%. This result was
further confirmed by chemical characterization of size-selected particles, proving the

robustness of online aerosol measurements.

1. Introduction

Particulate matter (PM) emissions from anthropogenic combustion sources such as vehicles are

the focus of extensive research due to their negative impacts on global climate (Bond et al.,



2013; Jacobson, 2001; Ramanathan & Carmichael, 2008), local and regional air quality
(Gaftney & Marley, 2009), and human health (Grahame et al., 2014; Janssen et al., 2011; Lim
et al., 2012). Combustion-generated PM emissions commonly consist of solid carbonaceous
spherules in aggregate structure—known as soot. Soot particles travel over long distances in
the atmosphere, mixing with other aerosols or acting as condensation sites for organic
compounds, sulfate, and nitrate along the way (Adachi & Buseck, 2008). Similarly, vehicle
PM emissions in diluted and cooled state comprise of soot coated with condensed organic
compounds—from unburned fuel and/or lubricating oil (Collura et al., 2005)—and sulfate,
along with nucleated particles of condensed hydrocarbons and sulfate (Maricq, 2007).

The morphological properties of PM emissions are important parameters in estimating
their transport and dispersion in the air. Moreover, morphology of soot aggregates may have
an impact on how these particles can affect human health via their pulmonary toxicity (Bérubé
et al., 1999). Morphology of aggregate particles can be characterized by several parameters,
such as their fractal dimension, number and size of primary particles, and radius of gyration.
Although effective density and dynamic shape factor are not intrinsic morphological
parameters as they depend on Knudsen number, these parameters can still provide useful
information about the morphology of PM emissions at ambient conditions. Kazemimanesh et
al. (2019), Olfert and Rogak (2019), and Trivanovic et al. (2020) have shown that tandem
measurement of effective density (or mass-mobility) can provide equivalent information about
the morphology of soot particles (e.g. the power-law scaling relationship between aggregate
size and primary particle size) as off-line analysis of electron micrographs of a large number
of particles. Moreover, effective density of an aggregate particle can be an indicator of its
structure compactness (Olfert & Rogak, 2019). Effective density is also an important parameter
that can determine particle transport properties, provide a relationship between mobility and

aerodynamic diameters of the particle, and be used to convert the particle size distribution to



mass distribution and vice versa (Olfert et al., 2007). Dynamic shape factor for non-spherical
particles is used to determine the drag force on these particles (Hinds, 1999, p. 51), to predict
their transport in the air or under the influence of force fields (e.g. gravity or electric), and—in
the case of aggregate particles—may indicate the level of compactness in the aggregate
structure (DeCarlo et al., 2004). Thus, real-time measurement of effective density and shape
factor can provide indicators for the morphology of PM emissions.

The climatic impact of particles is enhanced by the organic and inorganic materials
internally mixed with soot particles, which can enhance the absorption of sunlight through the
lensing effect (Cappa et al., 2012; China et al., 2013; Liu et al., 2015; Peng et al., 2016). The
type of material mixed with soot, the coating thickness, and the morphology of soot can affect
the lensing effect (Liu et al., 2015; Thamban et al., 2017). The light absorption enhancement
for a soot aggregate with coating has been shown to scale with the ratio of total mass of particle
to mass of soot, i.e. Mmotal/Msoot (Chakrabarty & Heinson, 2018). Thus, to estimate the radiative
forcing due to soot coated with organics, the amount of organic compounds and their mass
fraction needs to be measured. The amount of organic compounds in PM emissions are often
measured by offline methods such as mass spectrometry and chromatography (Collura et al.,
2005; Schmitt-Kopplin et al., 2010). Offline methods require collecting and handling samples
and lack real-time information about the total amount and mass fraction of organic compounds.
Online measurement methods, such as using aerosol instruments, may accurately quantify the
volatile mass fraction of PM emissions, i.e. the mass of semi-volatile compounds to the total
mass of PM.

In previous studies, aerosol instruments that classify particles based on mobility
diameter, mass, and aerodynamic diameter have been widely used to determine the morphology
and volatile mass fraction of aerosol particles from different sources. As will be shown in

Section 2, any pairwise combination of mobility diameter, mass, and aerodynamic diameter



can be used to determine particle morphology. McMurry et al. (2002), Park et al. (2003), and
Barone et al. (2011) used differential mobility analyzer (DMA) and aerosol particle mass
analyzer (APM) in tandem to measure the effective density of atmospheric particles and diesel
soot. Xue et al. (2009) used the DMA-APM arrangement to measure the effective density and
shape factor of soot particles with and without coating of dicarboxylic acids. In several other
studies, tandem arrangement of DMA, optional catalytic stripper or thermodenuder, and
centrifugal particle mass analyzer (CPMA) has been employed to measure the effective density
and/or volatile mass fraction of aerosol particles from various combustion sources (e.g. Cross
et al., 2010; Ghazi et al., 2013; Graves et al., 2017, 2020; Kazemimanesh et al., 2019, 2021;
Momenimovahed & Olfert, 2015; Olfert et al., 2007; Quiros et al., 2015; Trivanovic et al.,
2020). Tavakoli and Olfert (2014) used aerodynamic aerosol classifier (AAC) and DMA in
tandem to measure the dynamic shape factor and effective density of soot particles from an
inverted-flame burner. Other studies have used aerosol mass spectrometer (AMS) along with
DMA to derive the dynamic shape factor of flame soot with and without organic coating based
on particle mobility diameter and vacuum aerodynamic diameter (Slowik et al., 2004; Slowik,
Cross, Han, Davidovits, et al., 2007).

Despite the growing interest in using the above-mentioned aerosol instruments to study
particle morphology, a systematic inter-comparison of different combinations of instruments
with a single source of particles has been critically lacking. Yao et al. (2020) used nearly
spherical solid particles (ammonium sulfate or collapsed carbon black mimic) and employed
pairwise combinations of AAC, DMA, and APM to derive the particle effective density and
dynamic shape factor. In this study we use non-spherical soot particles with and without semi-
volatile coating and employ for the first time a unique set of aerosol instruments—AAC, DMA,
CPMA, and catalytic stripper—in tandem to compare the morphological parameters (i.e.

effective density, dynamic shape factor, and volume equivalent diameter) and volatile mass



fraction of particles. Using this tandem measurement technique, different combinations of
instruments can be used to determine each of the above-mentioned parameters. For instance,
the effective density of particles can be obtained from either of DMA-CPMA, AAC-DMA, or
AAC-CPMA tandem arrangements. For homogeneous spherical particles, e.g. those used in
Yao et al. (2020), being monodisperse in one domain (such as aerodynamic diameter) means
that the particles are monodisperse in other domains (such as mobility diameter and mass) as
well. However, this simple mapping between particle properties no longer occurs for non-
spherical and/or non-homogenous particles (Johnson et al., 2021). In the current study,
combustion engine PM emissions with non-spherical morphology (soot aggregates) and non-
homogeneity (semi-volatile coating on soot particles) are investigated. The objective of this
study is to compare the morphology of non-spherical particles, as indicated by effective density
or dynamic shape factor, obtained from various instrument combinations and to discuss the
accuracy of each measurement technique. The results of this study are useful for researchers to
determine the most accurate combination of instruments available to them when studying the

morphology of non-spherical and/or mixed aerosol particles.

2. Theory

The electrical mobility of a particle, Z,, is defined as the velocity of the charged particle in an

electric field of unit strength (Hinds, 1999, p. 322) and is given by

Vi
= )

where Ve is the terminal electrostatic velocity and £ is the electric field intensity. The DMA
classifies particles based on their electrical mobility by balancing the drag and electric forces
exerted on the particles. The mobility equivalent diameter of a particle, dm, is the diameter of
a spherical particle with the same electrical mobility as the target particle and is derived from

the electrical mobility measurement by
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where e is the elementary charge (1.61x107"? C), n is the number of elementary charges on the
particle, C. is the Cunningham slip correction factor, and u is the gas viscosity. Mechanical
mobility (or simply, mobility) of a particle, B, in Stokes regime (Re < 1) is defined as the ratio
of the terminal velocity, V1, of a particle to the drag force, Fp, acting on the particle, i.e. B =
V1/Fp (Hinds, 1999, p. 47). Mobility of a particle can be related to its electrical mobility as

follows:

Z
B = n_Z' 3)
The AAC uses the balance of drag and centrifugal forces on the particles and classifies

them based on their relaxation time, 7, which is defined as the product of particle mass, m, and
mobility as follows:

T = mB. “4)
Particle relaxation time can be used to derive particle acrodynamic diameter, da, by

T = pO dg Cc(da)
18u

)
where po is the standard particle density (1000 kg/m?).

An important concept in studying the particle morphology is the dynamic shape factor,
which is derived from the volume equivalent diameter. The volume equivalent diameter of a

particle, dve, is the diameter of a spherical particle having the same volume as that of a non-

spherical particle. From this definition, dv. can be obtained from

1/3
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where p,, is the particle material density. The CPMA uses the balance of centrifugal and electric
forces on the particles and classifies them based on their mass to charge ratio. Thus, the mass

of singly charged particles can be measured by the CPMA directly. Alternatively, the mass of



a particle can be obtained by combing Eq. (3) and (4) as follows

m=7- )

Thus, by measuring particle relaxation time and electrical mobility and combining Eq. (6) and

(7), dye can also be obtained from

1/3
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The dynamic shape factor, y, is defined as the ratio of drag force, Fp, on a non-spherical

particle to that of a spherical particle having the same volume and velocity as the non-spherical
particle (Hinds, 1999, p. 51) and in Stokes regime is given by
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where v is the velocity of the particle. For spherical particles y = 1 and dim = dve, while for non-
spherical particles y > 1 and dm > dve. Similar to Eq. (5), the particle relaxation time can be

expressed in terms of its volume equivalent diameter as follows

T = Pp d\%e Cc (dve)

10
18ix (10)

Moreover, by equating the drag and electrostatic forces acting on a non-spherical particle
moving at constant velocity in an electric field (Eq. (1) and (9)), we can obtain an expression
for the particle electrical mobility in terms of its volume equivalent diameter (Tavakoli &
Olfert, 2014) as follows

_ neC, (dve)

= (11)
3rudyex
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Dynamic shape factor can be obtained from re-arranging either Eq. (10) or (11) in the following

forms
_ ppdgecc(dve) (12)
18urt
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X — C( Ve) (13)
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The particle volume equivalent diameter in Eq. (12) and (13) can be obtained from Eq. (6).
Alternatively, one can obtain y by equating Eq. (2) and (11) for electrical mobility as follows

— d_m . Cc(dve)
dve Cc(dm)

(14)
This relationship uses derived parameters of dm (from Z,) and dye (from m) rather than directly
measured parameters.

Similar to Eq. (5), the particle relaxation time can be expressed in terms of particle

mobility diameter as follows:

dzC.(d
szeff m c( m) (15)
18u
where pefr is the effective density of the particle. The effective density of a particle is defined
as the particle mass divided by the volume of a sphere having the same diameter as the mobility

diameter of the particle (McMurry et al., 2002)
m dye)’

Peff = % = Pp <a> (16)
Thus, the effective density of a non-spherical particle is less than its true material density
because dve < dm. One can measure the effective density of a particle by measuring its mass
and mobility diameter using CPMA and DMA, respectively. It should be noted that the
definition of effective density based on particle mass and mobility diameter—which is used
throughout this study—is the most common form of effective density used in the literature,
although other definitions also exist (DeCarlo et al., 2004). The effective density of a particle

can also be obtained by equating Eq. (5) and (15), which is given by

dzCc(da)
= py—— 27 17
By measuring particle aerodynamic and mobility diameters using AAC and DMA,

respectively, the effective density of the particle can be obtained from Eq. (17). The third

method to obtain the particle effective density is by combining Eq. (16) and (17), which results

9
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By measuring the particle aerodynamic diameter, mobility diameter, and mass using AAC,
DMA, and CPMA, respectively, the effective density of the particle can be determined. Details
of the uncertainty analysis for the effective densities calculated from Eq. (16)—(18) are reported

in the Supplementary Material.

3. Experimental setup

Figure 1 shows the schematic of the experimental set up which was developed at Bosch GmbH
facilities. The particle source used in this study was a single-cylinder gasoline direct injection
(GDI) engine (specifications in the Supplementary Material), which generated non-spherical
non-homogeneous particles typical of PM emissions from vehicles, i.e. soot particles with
organic coating along with nucleated semi-volatile particles. The fuel used to run the engine
was Euro Stage V ES5 gasoline (CEC-RF-02-08 ES5), which was injected at 270° before top dead
center at A =1.012. The temperature of coolant and oil (Agip SIGMA, 10W-40) was kept at
80 °C. The particles were generated under two engine operating conditions: rotational speed of
2000 rpm at an indicated mean effective pressure (IMEP) of 6 bar (corresponding to a torque
of 21.4 N-m or power of 28 kW) and rotational speed of 1200 rpm at an IMEP of either 12 bar
(corresponding to a torque of 43 N-m or power of 34 kW) or 6 bar (corresponding to a torque
of 21.4 N-m or power of 17 kW). Hereinafter, we refer to the IMEP of the engine as the engine
load. To avoid contamination of the combustion chamber, the engine was conditioned with
methane (CHa4) prior to changing the operating point. Particulate emissions in the engine

exhaust were sampled 10 cm downstream of the engine exhaust manifold. To avoid water vapor

2 ). is the ratio of the actual air-to-fuel ratio, AFR,e, to that of the stoichiometric condition, 4F Rich, i.e.
).« = AFRact/AFRstoich.
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condensation and particle coagulation during sampling, the sampled particles were diluted with
dry, particle-free compressed air using a diluter (Dekati Ltd., Model FPS-4000). The diluter
consisted of a perforated tube and an ejector diluter with an overall dilution ratio of ~30:1 and

was kept constant for all tests.
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Figure 1: Schematic representation of the experimental setup. A fraction of the exhaust of the GDI
engine is diluted and subsequently forwarded to various instruments shown in Arrangements A, B, and
C. In arrangement A, the on-line characterization of particle morphology (in terms of effect density and
dynamic shape factor) was performed with a tandem arrangement of AAC, DMA, optional catalytic
stripper (CS), CPMA, and CPC. In Arrangement B, the mobility and aerodynamic size distributions of
non-stripped and stripped particles were measured using the DMA-CPC and the AAC-CPC,
respectively. In Arrangement C, particles were collected for off-line (chemical and morphological)
characterization. A Nano-MOUDI cascade impactor and a combination of a nano-DMA and a
nanometer aerosol sampler (NAS) were used to collect size-selected particles. A home-built double-
filter sampler (DFS) (Ngo et al., 2020) separated and collected both polydisperse particles and gas-
phase semi-volatiles. The charge neutralizer is shown with a radioactive symbol as part of the DMA
and classifier system.

As shown in Arrangement A (Figure 1), an AAC (Cambustion Ltd.), a DMA (TSI Inc.,
Model 3081), a CPMA (Cambustion Ltd.), and a condensation particle counter (CPC; TSI Inc.,
Model 3776) were used in tandem to study the morphological properties (i.e. effective density
and dynamic shape factor) of the sampled particles. The morphological properties were
determined from pairwise combination of these instruments (i.e. from either of DMA-CPMA,
AAC-DMA, and AAC-CPMA) as explained below and were compared subsequently. A
catalytic stripper (CS; Catalytic Instruments GmbH, Model CS-015) operating at 350 °C was

11



used downstream of the DMA and upstream of the CPMA to study the morphology of non-
stripped particles (that bypassed the CS) versus stripped particles (that passed through the CS).
The CS removes any semi-volatile substances mixed internally or externally with the particles
by evaporation and subsequent oxidation, leaving the non-volatile core in the downstream. The
AAC classifies particles based on their relaxation time, from which the aerodynamic diameter
of the particle can be derived (see Section 2). The DMA classifies particles based on their
electrical mobility, from which the particle mobility diameter can be obtained as mentioned in
Section 2. The CPMA classifies particles based on their mass to charge ratio. All classifiers
(AAC, CPMA, and DMA) select particles of an average value of the respective particle
property (z, m, or Zp) because these instruments have transfer functions with specific widths.
Given that all classifier set points and fitted distributions are averages, all subsequently
reported parameters, such as effective density, mass, equivalent diameters (da, dm, dve), and
dynamic shape factor are also averages of the classified particles. The CPC downstream of the
CPMA measures the particle number concentration, N, which is used to obtain the mass
spectral density of the particles (dNV/dlog myp, i.e., number distribution of particles in each
particle mass bin, my).

By bypassing the AAC in Arrangement A (dashed line in Figure 1), the DMA was used
to select particles with a specific mobility diameter. Mobility-selected particles are then either
passed through or around the CS. The effluent of the CS was subsequently directed to the
CPMA-CPC, which produced a mass spectral density for each specific mobility diameter. In
addition to a main peak for singly-charged particles in the mass spectral density, particles with
multiple charges would appear as separate peaks at specific size (and mass), which can be
deconvoluted using a lognormal distribution with multiple modes. Furthermore, mobility-
selected particles with different densities (e.g. completely semi-volatile vs. completely solid

soot) may appear as separate peaks in the mass spectral density. Representative raw data plots
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for the mass spectral densities of non-stripped and stripped particles are shown in the
Supplementary Material (as Figures S1 and S2). In this study, all mass spectral densities had
an apparent unimodal form, without additional peaks due to particles with different densities
or with multiple charges (majority of particles were < 100 nm and had a low fraction of multiple
charging — see Section 4.1). Thus, the mass spectral densities were fitted with a unimodal
lognormal function. The average mass of a singly-charged particle was obtained by finding the
median of this lognormal fit. Note that although non-stripped particles were a mixture of two
particle species (semi-volatile particles and non-volatile soot particles) as will be shown later,
their corresponding mass spectral density did not have distinct peaks for each species. This was
due to the fact that the density of non-volatile soot particles was close to that of semi-volatile
particles in this study (as will be discussed in Sections 4.2 and 4.4) and both particle species
were present in the single peak.

The average mass of a non-stripped particle with a selected mobility diameter, mqs 4,
and the average mass of a stripped particle with the same mobility diameter, ms 4, can be used

to the determine the volatile mass fraction of the particle, fym.4, as follows

_ mns,d - ms,d
fvm,d - .

(19)

mns,d

In determining the volatile mass fraction of a particle, we assume that the particle has a non-
volatile core (such as soot) which does not evaporate or oxidize in the heated CS. It is plausible
that a fraction of particles is semi-volatile (such as nucleated particles in the PM emissions)
and are completely removed in the CS.

Using the AAC upstream of the DMA-CPMA in Arrangement A, the aerodynamic
diameter, mobility diameter, and mass of the sampled particles were measured in tandem.
Figure 2 shows representative raw data plots of AAC-DMA-CPMA tandem measurements.
Particles were first size selected based on their aerodynamic diameter by the AAC for this set

of measurements, which are subsequently characterized by the DMA-CPMA-CPC
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arrangement as described earlier. Although the AAC provided a narrow aecrodynamic diameter
size distribution for each size selection by the AAC, the corresponding mobility diameter size
distribution was slightly wider. Therefore, for each particle acrodynamic diameter selected by
the AAC (e.g., 50 nm), three mobility diameters (e.g., 45, 50, and 55 nm) were selected by the
DMA and the particle mass was measured using the CPMA, provided there were sufficiently
high particle concentrations for transmission through the CPMA. The CS was used to

characterize the mass of these size selected particles in stripped versus non-stripped conditions.
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Figure 2: Representative raw data plots of AAC-DMA-CPMA tandem measurements. From a
polydisperse population on the left (g, = 1.62), particles were selected at aerodynamic diameter of
50 nm using the AAC. The monodisperse particles with d, = 50 nm had a relatively wide (g, = 1.32)
mobility diameter size distribution and were further size selected based on mobility diameter at either
45,50, and 55 nm using the DMA. Subsequently the mass spectral densities of non-stripped or stripped
particles were measured by the CPMA (shown here is the case of di = 50 nm). Note that monodisperse
particles in terms of their aerodynamic and mobility diameters had a mass spectral density with
oy ~ 1.20, highlighting that non-spherical particles that are monodisperse in one property are not
monodisperse in other properties.

Arrangement B in Figure 1 was used to measure the overall particle mobility diameter
size distribution using the DMA and the CPC (following S. C. Wang & Flagan, 1990) and to
measure the overall particle aerodynamic diameter size distribution using the AAC and the
CPC (following Johnson et al., 2018). The CS was used upstream of the DMA-CPC and the

AAC-CPC arrangements and the sampled particles were either passed through or around the
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CS to obtain the size distribution of stripped versus non-stripped particles. Size distributions
of stripped particles were corrected for the particle losses due to diffusion and thermophoresis
in the CS based on penetration data provided by the manufacturer (Catalytic Instruments,

Application Note CI-0009) as follows

2

_499 _36
P =0.670 (0.190e % +0.925e dp) (20)
where d, is the geometric diameter of the particle (in nm). The penetration efficiency of the CS
at 350 °C has also been measured by Woo et al. (2021), which shows good agreement with
manufacturer’s penetration function (see the Supplementary Material). Both data sets show a
relatively constant penetration (~0.7) for particles larger than 30 nm and a sharp decrease in
penetration for particles smaller than 20 nm.

Arrangement C (Figure 1) was used to collect samples for off-line chemical and
morphological analyses. Polydisperse particles were collected on quartz-fiber filters (Pall
Corp., Model TissuQuartz 2500QAT-UP) using a home-built double-filter sampler, which also
separated and collected the gas-phase semi-volatiles (Ngo et al., 2020). Size-selected particles
by aerodynamic diameter were collected on aluminum foils with a micro-orifice uniform-
deposit impactor for nanoparticles (Nano-MOUDI II; TSI Inc., Model 125R). To investigate
the morphology of the particles by transmission electron microscopy (TEM), the Nano-
MOUDI was also modified to accommodate lacey carbon film on 200 mesh copper TEM grids
(Agar Scientific, Model AGS166H). Additionally, a combination of a nano-DMA (TSI Inc.,
Model 3085) and a nanometer aerosol sampler (NAS; TSI Inc., Model 3089) was used to collect
size-selected particles by mobility diameter on silicon nitride (SiN) TEM grids (Norcada,
Model NT050Z) for morphological characterization. The SiN grids were 3.0 mm in diameter
with 10-nm thick nitride windows (0.5x0.5 mm in size) on a 200-um thick silicon frame.
Sample collection time was 20 min for Nano-MOUDI and 3045 min for DMA-NAS setup.

We expect the particle collection efficiency to be low as the stated collection times resulted in
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relatively low number of particles deposited. The CS was used upstream of the Nano-MOUDI,
the DMA-NAS, and the double-filter sampler to collect stripped versus non-stripped particles.
TEM images of the collected particles were obtained using a transmission electron microscope

(FEIL, Model Tecnai G2-20 Twin) operating at an accelerating voltage of 200 kV.

4. Results and Discussion

4.1. Particle size distributions

Figure 3(a) shows representative mobility diameter and aerodynamic diameter size
distributions measured by DMA-CPC and AAC-CPC, respectively, for non-stripped and
stripped particles. The particles were sampled at engine speed of 2000 rpm and 6 bar load. The
particle size distributions show that the total number concentration of non-stripped and stripped
particles was 2.2x10° cm™ and 1.3x10° cm™>, respectively (in the case of aerodynamic
diameter size distribution). The total number concentrations reported here are not corrected for
dilution ratio, although the dilution was kept constant for all tests (see Section 3). This result
highlights a significant decrease (~40%) in the number concentration of particles due to
catalytic stripping. This observation indicates a large fraction of externally-mixed semi-volatile
particles in the aerosol population, which were removed (evaporated and oxidized) subsequent
to being passed through the catalytic stripper. It is noteworthy that this decrease in particle
concentration may, to some extent, be due to higher diffusion losses as a result of particles
becoming smaller in size after passing through the catalytic stripper. The existence of a large
fraction of externally-mixed semi-volatile particles was confirmed by TEM images as well as
off-line chemical analysis (see Section 4.7). Figure 3(b) shows representative TEM images of
non-stripped particles collected using the DMA-NAS arrangement. As can be seen in these
images, a large number of externally-mixed spherical particles existed in non-stripped
condition; however, most of these particles disappeared when the sample was passed through

the CS. This indicates that the spherical particles are semi-volatile which condense as liquid
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droplets at ambient temperature.
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Figure 3: (a) Representative mobility and aerodynamic diameter size distributions for non-stripped and
stripped particles sampled from the engine operating at 2000 rpm and 6 bar. The grey band shows the
precision uncertainty for the mobility diameter size distribution based on several repeated
measurements. The particle size distributions are not corrected for dilution ratio. (b) TEM images of
non-stripped particles, showing a large number of the spherical semi-volatile particles which
disappeared when the sample was passed through the CS. The average diameter of these particles was
43.2 £ 14.2 nm using Image]J software.

Figure 3(a) also shows that the aerodynamic diameter size distributions generally have
lower geometric standard deviations (GSD) compared to the mobility diameter size
distributions. For example, the GSD of the aerodynamic diameter and mobility diameter size
distributions of non-stripped particles was ~1.6 and ~2.1, respectively. This observation can be
explained by the fact that particles with different masses can have the same aerodynamic
diameter and can be classified in the same size bin. The effective density of aggregate particles,
such as soot, often decreases as the particle size increases (Olfert & Rogak, 2019). Thus,
smaller particles with lower mass and drag force can have the same relaxation time (and
aerodynamic diameter), but different mobility, as larger particles with higher mass and drag
force (Johnson et al., 2021). This results in a narrower aerodynamic diameter size distribution
for non-spherical particles, as particles at one aerodynamic diameter had a range of mobility
diameters.

The mobility diameter size distributions for both stripped and non-stripped particles

were not lognormal distributions and showed negative skewness, which appeared as right-
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leaning distributions. The non-lognormal distribution measured in the current study has been
reported in several previous measurements of PM emissions from GDI engines (Graves et al.,
2017; Gu et al., 2012; Momenimovahed & Olfert, 2015; Zhang et al., 2014). In contrast, the
aerodynamic diameter size distributions of stripped and non-stripped particles appeared as
symmetric lognormal distributions. If two species with different densities are present in the
non-stripped particles, the aerodynamic diameter size distribution is expected to be bimodal;
however, this was not seen in this study. As noted earlier in Section 3 and will be discussed in
details in Sections 4.2 and 4.4, the effective density of soot particles are close to the density of
semi-volatile particles in this study. Thus, the AAC cannot distinguish between the two species
and both are present as a single mode in the aerodynamic diameter size distribution. The median
aerodynamic diameter of particles did not change significantly due to stripping and was ~45
nm for both non-stripped and stripped particles. Due to skewed mobility diameter size
distributions, the mode diameter (peak) of these distributions are compared rather than their
median diameter. The mode diameter of the mobility diameter size distribution for both non-
stripped and stripped particles was ~60—65 nm. The negligible change in the mode mobility
diameter (or median aerodynamic diameter) of non-stripped and stripped particles highlights
that the amount of internal-mixing between semi-volatile and non-volatile soot particles (i.e.
semi-volatile coating on soot particles) was not significant (Graves et al., 2015). Consistent
with our measurements, Graves et al. (2017) and Momenimovahed and Olfert (2015) have also
reported an average median mobility diameter in the range of ~55-65 nm for PM emissions

from GDI engines depending on the engine load.

4.2. Mass-mobility and effective density of polydisperse particles

Figure 4(a) shows a representative mass-mobility relationship for polydisperse particle
emissions at engine speed of 1200 rpm and load of 6 bar using the DMA-CPMA arrangement.

The mass-mobility relationship for other engine operating conditions is shown in the
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Supplementary Material. The error bars represent the total uncertainty in particle mass based
on propagation of precision and bias uncertainties (see the Supplementary Material for details).
The mass of mobility-selected particles was measured and a power-law fit was used as follows
to correlate mass and mobility diameter of particles:

m = kd>m (21)
where k is the pre-factor of the fit and Dr, is the mass-mobility exponent. For spherical particles
D =3 and for non-spherical particles Dm < 3. Olfert and Rogak (2019) have shown that fresh
soot aggregates with lacy structure from various combustion sources—such as compression
and spark ignition engines, gas turbines, and a wide range of diffusion and premixed flames—

have an average Dy ~ 2.5.
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Figure 4: (a) Mass-mobility relationship of polydisperse non-stripped and stripped particles at engine
speed of 1200 rpm and load of 6 bar. The error bars represent the total uncertainty in particle mass. (b)
TEM images of stripped particles, which show that the particles had a compact structure.

As shown in the left panel of Figure 4(a), the mass-mobility exponent of non-stripped
particles was 2.90. One explanation for this observation is the existence of a large number of
spherical semi-volatile droplets (with D, = 3) in the aerosol population (as discussed in Section
4.1 and shown in the TEM images in Figure 3(b)) alongside the population of non-spherical
soot particles (with D = 2.78, as discussed below). Thus, it is reasonable to expect an
intermediate value of Dy, = 2.90 (which falls between 2.78 and 3) for the non-stripped particles.

Similar to this observation, Graves et al. (2015) also reported D = 3.0 for undenuded particles
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from a natural gas high-pressure direct-injection (HPDI) engine at a low-load operating
condition which generated a large fraction (~45%) of externally-mixed semi-volatile particles
(25% of maximum load at 1500 rpm).

As shown in the right panel of Figure 4(a), the mass-mobility exponent of stripped
particles was 2.78. This implies that the soot particles without any semi-volatile coating had a
compact structure, which is also confirmed by the TEM images shown in Figure 4(b). The
compact structure of stripped particles could be due to the restructuring of soot aggregates in
the engine exhaust a result of the surface tension of semi-volatile coating, which can potentially
collapse the lacy structure of the soot aggregate. Previous studies in the literature have reported
the restructuring of flame and engine soot aggregates into compact clusters due to condensation
of a variety of volatile material such as secondary organic aerosol (Leung et al., 2017,
Schnitzler et al., 2014), oleic acid (Bambha et al., 2013; Ghazi & Olfert, 2013; Slowik, Cross,
Han, Kolucki, et al., 2007), and sulfuric acid (Pagels et al., 2009). These studies collectively
reported an increase in the Dy, of soot aggregates after coating and denuding process due to the
restructuring of soot into a compact form. For example, Schnitzler et al. (2014) reported that
the mass-mobility exponent of flame soot particles changed from 2.24 to 2.78 (i.e. from lacy
to compact structure) as a result of restructuring due to the condensation of secondary organic
aerosols on soot particles. The degree of restructuring due to coating depends on the available
amount of volatile material (Ghazi & Olfert, 2013). Graves et al. (2015) also reported the
collapse (or restructuring) of soot aggregates from an HPDI engine in conditions with high
volatile number fraction (~45%). Similarly, the GDI engine in our study generated a large
fraction of semi-volatile particles (~40%), as shown in Section 4.1, which could restructure the
soot aggregates into compact clusters with high Dn,.

It is noteworthy that the D of polydisperse particles reported here is slightly higher

compared to previous studies on GDI engines, as shown in the right panel of Figure 4(a), due
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to the reasons explained earlier and below. Momenimovahed and Olfert (2015) reported a Dm
in the range of ~2.6-2.74 for non-volatile (denuded) particles from four vehicles with GDI
engines, showing that Dy, values as high as ~2.75 are not uncommon. These authors used a
chassis dynamometer to run the 4-cylinder engines with commercial gasoline at a torque of 19
N-m (6.1 kW) and 38 N-m (12.2 kW) at steady-state condition at a speed of 60 km/h. Graves
et al. (2017) also reported an average Dm of 2.6 for denuded particles from a GDI engine at a
torque of 90 N-m (133 kW). These authors used an eddy current dynamometer to run the 4-
cylinder engine with commercial ethanol-free gasoline and injection timing of 280° before top
dead center. The amount of available volatile material in the engine exhaust in these studies
(Graves et al., 2017; Momenimovahed & Olfert, 2015) was typically much lower (~5%)
compared to our study (~40%). Thus, the soot aggregates in our study underwent a larger
degree of restructuring due to the higher amount of volatile material (Ghazi & Olfert, 2013),
which resulted in more compact structures with higher mass-mobility exponent. This
explanation is consistent with similar studies on HPDI engines, where a higher Dy, is reported
for denuded particles from engine conditions with high-volatility (Graves et al., 2015). In
addition to the restructuring of soot, the slightly higher Dn, for polydisperse particles in this
study could also be due to the smaller range of particle mobility diameters used in the mass-
mobility measurements. The smaller range of particles produced by the GDI engine in this
study limited the mass-mobility measurements to mobility diameters less than ~100 nm (see
Section 3), consistent with other studies which show that soot particles from GDI engines are
predominantly smaller than 100 nm (Di Iorio et al., 2021; X. Wang et al., 2016). To show the

latter explanation, when the mass-mobility data reported in Graves et al. (2017) is limited to
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mobility diameters less than 100 nm, the Dn, increases from 2.6 to 2.67, implying that the range
of particles considered may influence reported D, values.?

Combining Eq. (16) and (21), the particle effective density can be expressed as

6k _
Peft = ?ernm ’ (22)

For spherical particles, Dm = 3 and the effective density is constant, while for non-spherical
particles, Dm < 3 and the effective density decreases as the mobility diameter increases. Figure
5 shows the effective density of the non-stripped and stripped polydisperse particles shown in
Figure 4(a). The error bars represent the total uncertainty in particle effective density based on
DMA-CPMA measurements. The effective density of polydisperse particles for other engine
operating conditions is shown in the Supplementary Material. The effective density of non-
stripped particles was relatively constant in the range of ~875 —~1050 kg/m? (with an average
of 975 kg/m?) in the mobility range of 15-80 nm, which showed that these particles were nearly
spherical—a result also confirmed by the TEM images in Figure 3(b). The range of effective
density values for non-stripped particles were close to the material density of semi-volatile
organic compounds (~780 — ~1250 kg/m® as will be shown in Section 4.4), showing the
existence of a large fraction of semi-volatile particles.

On the other hand, the effective density of stripped particles decreased slightly from
~1150 to ~850 kg/m? as their mobility diameter increased from 20 to 80 nm. Previous studies
(such as Graves et al., 2017) have reported a lower effective density for denuded soot particles
from GDI engines (i.e., from ~800 to ~550 kg/m? for a mobility range of 30-80 nm). The higher
effective density and its lower sensitivity to particle size indicate that soot particles in our study

had a relatively more compact structure. The void space between primary particles is less in a

3 The least-square fitting procedure commonly used to obtain the mass-mobility relationship uses
greater weight for data points with higher values (e.g. larger particles with higher mass), which results
in lower Dn, values close to that of larger aggregates with less compact structure.
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compact aggregate compared to a lacey aggregate, leading to higher effective density (due to
smaller particle volume). As noted earlier, the compact stripped particles in our study were
plausibly due to a higher degree of aggregate restructuring in the presence of large amounts of
semi-volatiles (~40%) or because of the smaller range of particle mobility diameters.
Consistent with our results here, Graves et al. (2015) also reported denuded particles with
higher effective density values and higher D, in HPDI engine modes where a large fraction of
volatile material existed (~45%). Previous studies that reported lower effective densities for
GDI engine soot and stronger dependence on particle size (such as Graves et al., 2017) had a
much lower amount of volatile material in the engine exhaust (< ~5%) compared to our study.
Thus, in those studies the soot particles underwent a much lower degree of restructuring as a
result of mixing with volatile material, resulting in lacey aggregates with lower effective

densities.

It is also worthwhile to compare the effective density of stripped particles with the universal
fit of Olfert and Rogak (2019) and we have included this fit and its variation (shaded area) in
the right panel of Figure 5. Evidently, the decreasing trend in the effective density of stripped
particles (from 1150 to 850 kg/m?) is in agreement with the study of Olfert and Rogak (2019)
for non-volatile soot aggregates in the size range of 20-80 nm and within its reported
variation. However, they reported a steeper decrease in effective density with increasing
mobility diameter up to ~400 nm. This stronger size dependence is presumably due to the
large number of low-volatility test conditions included in the study of Olfert and Rogak
(2019), which resulted in less restructuring of soot particles into compact clusters. The
substantial scatter (~20% variation) around the universal effective density fit by Olfert and
Rogak (2019) is due to a wide range of combustion sources used in their study, including
compression ignition and spark ignition engines, gas turbines, and a range of premixed and

non-premixed burners. These authors reported that some internal combustion engines
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produce soot with higher effective density (consistent with our results), while gas-turbine

soot tends to have lower effective density.
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Figure 5: Representative effective density of non-stripped and stripped particles at engine speed of 1200
rpm and load of 6 bar. The error bars represent the total uncertainty in the effective density based on
the DMA-CPMA method. The shaded area shows the scattered variation around the universal fit of
Olfert and Rogak (2019).

4.3. Effective density of monodisperse particles

The effective density of monodisperse particles were determined by using the AAC-DMA-
CPMA arrangement as described in Section 3. Briefly, particles of a certain aerodynamic
diameter (e.g., da = 60 nm) were selected by the AAC, which were further classified for a
certain mobility diameter (e.g., dm = 55, 60, or 65 nm) by the DMA and the mass of these
monodisperse particles was measured by the CPMA. The effective density of the monodisperse
particles was determined by three methods: the DMA-CPMA (Eq. (16)), the AAC-DMA (Eq.
(17)), and the AAC-CPMA (Eq. (18)). The effective density of stripped particles was measured
by passing the monodisperse particles through the CS upstream of the CPMA, as shown in
Figure 1.

Figure 6 shows the effective density of non-stripped and stripped monodisperse
particles by the three methods when their aerodynamic and mobility diameters were equal
(da = dm). The particles were sampled from engine operating condition of 1200 rpm and 12 bar.
It is evident that the particle effective density values determined from the DMA-CPMA and
the AAC-DMA methods were in good agreement (< 15% difference) and within the uncertainty

24



of the measurements, for both non-stripped and stripped particles. However, the effective
density of stripped particles obtained from the AAC-CPMA method had larger discrepancy (up
to 49% difference) with the other two methods. In contrast, the effective density of non-stripped
particles from AAC-CPMA method agreed fairly well with the other two methods (< 25%

difference, except for dm = 40 nm), although with larger uncertainty.
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Figure 6: Effective density of monodisperse particles selected based on their aerodynamic and mobility
diameters when d, = dn using the DMA-CPMA, the AAC-DMA, and the AAC-CPMA methods for
non-stripped and stripped conditions. The error bars represent the bias uncertainty of each
corresponding method. The particles were sampled from the engine running at 1200 rpm and 12 bar.

A plausible explanation for these observations is the fact that classification by AAC
does not constrain the properties of non-spherical particles (such as mass) as monodisperse as
DMA or CPMA classification. Stripped particles are non-spherical and small and large
particles with different masses can have the same relaxation time, as noted earlier in Section
4.1. Thus, particles of different mass can be classified by the AAC as having identical
aerodynamic diameter. As a result, the effective density obtained from the AAC-CPMA
method (having different mass in Eq. (18)) can deviate from the other two methods. In contrast,
non-stripped particles are nearly spherical and classification by AAC results in particles with
monodisperse mass, leading to effective density from AAC-CPMA method being in fair
agreement with the other two methods. The large error bars of the effective density data based
on AAC-CPMA method stem from Eq. (18), which uses mass to the power of 2 and

aerodynamic diameter to the power of 6. As discussed in the Supplementary Material,
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propagation of uncertainty reveals that a small error in aerodynamic diameter can lead to a
significant error in effective density—a 28.4% uncertainty in the effective density from AAC-
CPMA method compared to 9.4% and 11.1% uncertainties for DMA-CPMA and AAC-DMA
methods, respectively. Similar to the results found here, Yao et al. (2020) reported that the
effective density of ammonium sulfate particles in the mobility diameter range of 150-550 nm
obtained from AAC-APM measurement was higher than the bulk density of the material, which
was not physically reasonable, and had a higher uncertainty compared to DMA-APM and
AAC-DMA methods.

The results in Figure 6 also shows that the effective density of non-stripped and stripped
monodisperse particles from 40 to 80 nm, measured by the DMA-CPMA and the AAC-DMA
methods, was nearly constant in the range of 800—1200 kg/m?. This result indicates that the
monodisperse particles had very compact structure in this mobility diameter range, regardless
of their volatility.

Figure 7 shows the effective density of non-stripped and stripped monodisperse
particles by the three methods when their aerodynamic and mobility diameters were not equal
(da #dm). It is evident that the effective density of non-stripped and stripped particles
determined based on the DMA-CPMA, the AAC-DMA, and the AAC-CPMA methods
generally agreed with each other within the uncertainty of the measurements. However, the
effective density of particles with dn =35 nm and d. = 40 nm showed large deviations between
the AAC-CPMA and the other two methods. Notably, the effective density of the stripped 35-
nm particles obtained from the AAC-CPMA method was higher than the material density of
soot and not physically reasonable, consistent with the findings of Yao et al. (2020) for

ammonium sulfate particles.
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Figure 7: Effective density of monodisperse particles selected based on their aerodynamic and mobility
diameters when d. # dm using the DMA-CPMA, the AAC-DMA, and the AAC-CPMA methods for
non-stripped and stripped conditions. Mobility diameter of 35 nm corresponds to particles with d, = 40
nm, mobility diameters of 55 and 65 nm correspond to particles with d, = 60 nm, and mobility diameters
0f 90 and 110 nm correspond to particles with d, = 80 nm. The error bars represent the bias uncertainty
of each corresponding method. The particles were sampled from the engine running at 1200 rpm and
12 bar.

4.4. Volume equivalent diameter of particles

Volume equivalent diameter of monodisperse particles selected by their aerodynamic and
mobility diameter was determined based on the CPMA method (Eq. (6)) and the AAC-DMA
method (Eq. (8)). In doing so, the material density of stripped particles was considered to be
1770 + 70 kg/m? reported for preheated diesel soot (Park et al., 2004). This material density is
in agreement with the reported value of 1834 + 187 kg/m? for the true density of soot with less
than 5% organic carbon content from diffusion flames with various gaseous and liquid fuels
(Ouf et al., 2019). Non-stripped particles were a mixed population of semi-volatile nucleated
particles and non-volatile solid particles (see Section 4.1) and, thus, the mean material density
of non-stripped particles was assumed to be the material density of semi-volatile particles (as
explained below) and that of solid particles (i.e., 1770 + 70 kg/m?), both weighted by their
respective number concentration in the aerosol population. Semi-volatile particles can have
extremely complex chemical composition, containing many different organic compounds, such
as n- and branched alkanes, n- and branched alkenes, aromatic hydrocarbons, saturated and
unsaturated cycloalkanes, aliphatic and olefinic aldehydes, aromatic ketones, aromatic
aldehydes, n-alkanoic acids, and many other oxygenated and paraffinic compounds
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(Funkenbusch et al., 1979; Schauer et al., 1999). A survey of these organic compounds show
that their material density is in the range of ~780 — ~1250 kg/m>. Here, we assume an average
material density of ~1000 kg/m? for semi-volatile particles and we consider that ~50% of the
non-stripped particles were semi-volatile particles and the rest were solid soot particles—a
reasonable assumption based on the results in Section 4.1. Thus, we can estimate the mean
material density of non-stripped particles as (~0.5 x 1000 kg/m?) + (~0.5 x 1770 kg/m?) = 1390
kg/m>. Similarly, by considering the lower and upper limits in the material densities of semi-
volatile and solid particles, we estimate that the mean material density of non-stripped particles
has a minimum and maximum value of ~1240 and ~1540 kg/m?, respectively. Thus, the mean
material density of non-stripped particles was estimated to be 1390 + 150 kg/m?, which is
bounded by and in agreement with the reported value of 1285+ 217 kg/m> for mean true
density of soot with high (>20%) organic carbon content (Ouf et al., 2019).

Figure 8 shows the volume equivalent diameter of non-stripped and stripped particles
versus their mobility diameter based on AAC-DMA and CPMA methods. The particles were
sampled from engine operating condition of 1200 rpm and 12 bar. Firstly, it is clear that the
AAC-DMA and the CPMA methods result in volume equivalent diameters that agree very well
with each other. Moreover, the volume equivalent diameter was relatively similar for non-
stripped and stripped particles, but due to different reasons. The mean material density of non-
stripped particles was affected by the density of semi-volatile material as mentioned earlier,
resulting in a volume equivalent diameter that was ~0.9 of the mobility diameter (dve ~ 0.9dm)
when accounting for the mean material density of the semi-volatile and solid material. In
contrast, the stripped particles had a lower effective density than the mean material density
within the particle due to their non-spherical structure, resulting in a volume equivalent

diameter that was ~0.8 of the mobility diameter (dve ~ 0.8dm). Thus, it is expected that the
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stripped particles have a relatively compact structure, consistent with TEM images in Figure

4(b).
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Figure 8: Volume equivalent diameter of non-stripped and stripped particles determined by the AAC-

DMA and the CPMA methods. The particles were sampled from engine operating condition of 1200

rpm and 12 bar. The error bars represent the lower and upper limit of dy. based on the minimum and

maximum values estimated for material density of particles. Dashed lines are linear fits (with zero

intercept) to the data points.

4.5. Dynamic shape factor of particles

Dynamic shape factor of monodisperse particles selected by their aerodynamic and mobility
diameters was determined based on the AAC-CPMA method (Eq. (12)) and the DMA-CPMA
method (Eq. (13) with the assumption that the particles are singly-charged). The volume
equivalent diameter required in the AAC-CPMA and DMA-CPMA methods was calculated
based on Egs. (8) and (6), respectively, as discussed in Section 4.4. The material density
required in Eq. (12) was considered to be 1770 + 70 and 1390 + 150 kg/m? for stripped and
non-stripped particles, respectively (similar to Section 4.4). The particles were sampled from
engine operating condition of 1200 rpm and 12 bar. Figure 9 shows the dynamic shape factor
of non-stripped and stripped particles versus their mobility diameter based on both methods.
The error bars show the lower and upper limit of the dynamic shape factor based on the
minimum and maximum values of material density and volume equivalent diameter, as

discussed in Section 4.4.
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Figure 9: Dynamic shape factor of non-stripped and stripped particles (from engine operating condition
of 1200 rpm and 12 bar) determined based on AAC-CPMA and DMA-CPMA methods. The error bars
represent the lower and upper limit of the dynamic shape factor based on the minimum and maximum
values of material density and volume equivalent diameter.

The dynamic shape factor obtained from the AAC-CPMA method generally increased
as the mobility diameter increased for both non-stripped and stripped particles. Although the
dynamic shape factor based on the DMA-CPMA method followed the same trend for particles
with dmn > 50 nm, for smaller particles (dm < 50 nm) the shape factor had a large value, which
was not physically reasonable. Thus, the AAC-CPMA method gives dynamic shape factors
that are more physically reasonable compared to those obtained from the DMA-CPMA method
and we use the results of the former method for the rest of this study. Furthermore, the left
panel in Figure 9(a) shows that the dynamic shape factor of non-stripped particles generally
increased from ~1.1 to ~1.5 as the mobility diameter increased from 35 to 110 nm. For spherical
particles, the dynamic shape factor is equal to 1 (y = 1); however, non-spherical particles with
lacy structure (such as soot particles) have a dynamic shape factor much greater than 1 (y >>
1). Therefore, it is expected that small non-stripped particles with a dynamic shape factor in
the range of 1.1-1.2 were nearly spherical, consistent with TEM images shown in Figure 3(a)
and the abundance of condensed semi-volatile material in this case. Large non-stripped
particles had a greater dynamic shape factor, indicating these particles had a non-spherical but

compact structure.
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The right panel in Figure 9 shows that the dynamic shape factor of stripped particles
was greater than that of non-stripped particles and gradually increased from ~1.3 to ~1.75 as
the mobility diameter increased from 35 to 110 nm. The trend and range of dynamic shape
factor observed here for stripped soot particles are in general agreement with previous reports
in the literature. Tavakoli and Olfert (2014) reported that the dynamic shape factor of soot
particles from an inverted-flame burner (with mass-mobility exponent of ~2.2) increased from
~1.5 to ~2.6 as the soot mobility diameter increased from 95 to 637 nm. Khalizov et al. (2012)
also reported that the dynamic shape factor of soot particles from a fuel-rich propane premixed
flame increased from 1.2 to 2.6 as the mobility diameter increased from 46 to 240 nm. The
measurements in this study show that smaller stripped particles had compact aggregate
structure (lower shape factor), whereas larger stripped particles had lacy aggregate structure

(greater shape factor).

4.6. Volatile mass fraction of particles

Figure 10 shows the volatile mass fraction of particles, determined from Eq. (19), as a function
of particle mobility diameter (left panel) and dynamic shape factor of particle (right panel). The
dynamic shape factors are those of the stripped particles based on the AAC-CPMA method, as
described in Section 4.5. The particles were sampled from engine operating condition of 1200
rpm and 12 bar. It is evident from the left panel that the volatile mass fraction was higher for
smaller particles and decreased consistently with the increase of particle mobility diameter.
Semi-volatile compounds are found to be ~20% of total particle mass (non-volatile core and
semi-volatile coating) for 30-nm diameter particles, while the volatile mass fraction was ~3%
for 110-nm particles. The condensation of semi-volatile compounds on small particles changes
their mass much faster than on large particles. The decreasing trend of volatile mass fraction
with particle size is consistent with previous reports in the literature. Momenimovahed and

Olfert (2015) reported that for vehicles with GDI engine tested on a dynamometer, the volatile

31



mass fraction of particles was in the range of 10% to 30% for various engine powers and it
decreased from ~25% for 60-nm particles to ~10% for 200-nm particles at engine power of
5%. They also reported that the higher the engine power, the greater the volatile mass fraction
of particles at all particle mobility diameters. Other studies also showed a decreasing trend in
volatile mass fraction of soot particle with its mobility diameter for particles emitted from
diesel engines (Ristimaki et al., 2007; Sakurai et al., 2003), compression-ignition natural-gas

direct-injection engine (Graves et al., 2015), and premixed ethylene flame (Ghazi et al., 2013).
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Figure 10: Volatile mass fraction as a function of particle mobility diameter (left panel) and particle
dynamic shape factor (right panel). In the left panel, the mobility equivalent diameter of a particle is
schematically shown as a black sphere and the semi-volatile coating in grey. In the right panel, a soot
particle with lower shape factor (~1.3) is represented with a compact aggregate structure, while a soot
particle with higher shape factor (~1.75) is represented with a lacy aggregate structure. The particles
were sampled from engine operating condition of 1200 rpm and 12 bar. The error bars in the volatile
mass fraction is based on the propagation of bias uncertainty in particle mass measured by the CPMA.

It is also clear from Figure 10 (right panel) that the volatile mass fraction of particles
decreased as their dynamic shape factor increased from ~1.3 to ~1.75. As it was previously
shown in Figure 9(a), particles with smaller mobility diameter generally have a lower shape
factor and we know from Figure 9 (left panel) that smaller particles have higher volatile mass
fraction. Thus, it is expected that particles with lower shaper factor have a higher volatile mass

fraction. The same explanation is also valid for larger particles with greater shape factor.

4.7. Chemical characterization of size-selected particles

The oft-line chemical characterization of particles and gas phase sampled from the exhaust in
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parallel with the on-line measurements described above was performed using a two-step laser
mass spectrometer (Duca et al., 2019; Faccinetto et al., 2015) and is presented in detail in a
separate paper (Duca et al., 2021). Only the main findings of the latter study are briefly
reminded here, as they are in very good agreement with the conclusions reached by the physical
characterization performed in the present paper. Firstly, the study of size-selected non-stripped
particles revealed an increasing contribution of organic compounds (associated with the
volatile mass fraction) toward smaller particles sizes. This is illustrated in Figure 11 by a
volcano plot of particles collected in two size-bins (18-32 nm and 56-100 nm). Figure 11
clearly shows the predominant contribution of hydrocarbon species (associated with organic
content) for the smaller particles, while bare carbon clusters (associated with elemental carbon
content) have a significantly higher contribution to the mass spectra of larger particles.
Furthermore, the analysis of stripped versus non-stripped size-selected particles revealed that
the highest impact of the CS on the mass spectrometry signals related to surface adsorbed
organics was observed for the smallest particles (10—18 nm and 18-32 nm size bins), i.e. these
particles carry the highest volatile mass fraction (Duca et al., 2021). The CS impact on the mass
spectrometry signals associated with the organic carbon content evolves for the larger particles
in a way which matches the trend shown in Figure 10, i.e. less impact for larger particles which
tend to have lower volatile mass fraction. Thus, this agreement between two completely
independent characterization methods (chemical versus physical) indicates the reliability of the

performed on-line measurements and validates the main conclusions drawn from their results.
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Figure 11: Volcano plot for mass spectra of particles collected in the 18-32 nm and 56—100 nm size-
bins. The data for all detected species are plotted as log, fold change (x-axis) versus the —logio of the
adjusted p-value (statistical significance, y-axis). The threshold for the statistical significance (dashed
horizontal line) corresponds to a p-value of 0.1. Green symbols indicate species that have a higher
contribution to mass spectra of smaller particles (18-32 nm) while red markers display chemical
compounds that are predominantly associated with larger particles (56—100 nm). Chemical formulas
associated with some chemical species are indicated.

5. Conclusions

A tandem arrangement of AAC, DMA, optional CS, CPMA, and CPC was used to measure the
effective density, dynamic shape factor, and volatility of non-spherical and/or non-
homogeneous particles from a GDI engine. About half of the particles were completely semi-
volatile, while the rest had non-volatile core. These semi-volatile particles existed
predominantly as an external mixture with soot, while the semi-volatile coating on soot was
not significant. The mass-mobility exponent of polydisperse non-stripped particles was
between that of semi-volatile droplets and stripped soot particles, which was supported by the
external mixing between semi-volatile and soot particles. The higher mass-mobility exponent
of stripped particles (2.78) was attributed to the high-volatility engine operating conditions,
which resulted in restructuring of soot particles into compact aggregates. The compact structure
of stripped particles in this study also showed itself in higher effective density values and less

dependence on particle size.
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Classification of non-spherical particles, unlike spherical particles, can be challenging
as monodisperse particles in one property (e.g. aerodynamic diameter) are not monodisperse
in other properties (e.g. mobility diameter or mass). A key endeavor in this study was to
compare the effective density and dynamic shape factor when monodisperse particles are
generated by various classification approaches. The effective density of monodisperse particles
agreed within the uncertainty using DMA-CPMA, AAC-DMA, and AAC-CPMA tandem
methods; however, the latter method generally had larger discrepancy with the other two
methods for non-spherical particles. This was attributed to the AAC classifying non-spherical
particles with a wide range of mass under the same aerodynamic diameter. These results imply
that of the three different tandem methods, the AAC-CPMA is the least accurate method with
the highest uncertainty to determine the effective density of non-spherical particles.

The CPMA and AAC-DMA measurements resulted in similar values for the volume
equivalent diameter of non-stripped and stripped particles. For the stripped particles with a
compact structure, the volume equivalent diameter of stripped particles was ~0.8 of their
mobility diameter. Both AAC-CPMA and DMA-CPMA methods gave statistically similar
values for the dynamic shape factor of larger particles, however, the dynamic shape factor
based on the DMA-CPMA method was not physically reasonable for small particles. The
implication of this result is that the AAC-CPMA could be the method of choice when
determining the dynamic shape factor. The volatile mass fraction of particles decreased as the
particle mobility diameter increased, indicating that the smaller particles had a higher volatile
mass fraction (up to ~25%) on them. A similar conclusion was obtained from chemical
characterization of size-selected particles which revealed that the smallest analyzed particles
(10-32 nm) contained the largest volatile mass fraction. It is noteworthy that the agreement

between chemical characterization method and tandem measurements with aerosol instruments
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implies the reliability of the latter. Thus, on-line aerosol instruments (such as DMA-CS-

CPMA) can be a reliable alternative to off-line methods in the study of PM emissions volatility.
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