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Ash-decorated and ash-painted soot from
residual and distillate fuel combustion in four

marine engines and one aviation engine

Stéphanie Gagné*?2, Martin Couillard®, Zuzana Gajdosechova?, Ali Momenimovahedt, 2,

Greg Smallwood 2, Zoltan Mester 2, Kevin Thomson 2, Prem Lobo 2, Joel C. Corbin*, 2
Metrology Research Centre, National Research Council Canada, Ottawa, Canada

Energy, Mining and Environment Research Centre, National Research Council Canada,

Ottawa, Canada

Soot is typically the dominant component of the non-volatile particles emitted from internal
combustion engines. Although soot is primarily composed of carbon, its chemistry, toxicity, and
oxidation rates may be strongly influenced by internally mixed inorganic metal compounds (ash).
Here, we describe the detailed microstructure of ash internally mixed with soot from four marine
engines and one aviation engine. The engines were operated on different fuels and lubrication oils;
the fuels included four residual fuels and five distillate fuels such as diesel, natural gas, and Jet A-
1. Using annular-dark-field scanning transmission electron microscopy (ADF-STEM), we
observed that ash may occur either as distinct nodules on the soot particle (“decorated”) or as
continuous streaks (“painted”). Both structures may exist within a single particle. Decorated soot

was observed for both distillate and residual fuels, and contained elements associated with either
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the fuel (V, Ni, Fe, S) or with the lubrication oil (Zn, Ca, P). Painted soot was observed only for
residual-fuel soot, and only contained elements associated with the fuel. Additional composition
measurements by inductively coupled plasma mass spectrometry (ICP-MS) of filter samples
indicated that the internal mixing trends of ash with soot were consistent with the overall ash-to-
carbon ratio of the sampled combustion aerosols. Painted soot may form when molten ash

coagulates with or condenses onto soot within engines.

KEYWORDS soot, black carbon, marine engines, ash, metal compounds, internal mixing.
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1 Introduction

Internal combustion engines (ICEs) emit soot aggregates of moderate mobility diameter (d,,, =
30-200 nm) together with much smaller nucleation-mode particles (d,, = <30 nm). Some larger
(d,, > 100 nm) inorganic metal compounds (ash) particles may also be emitted. The nucleation
mode is most commonly associated with volatile organic compounds (VOCs) and sulfates 13, but
may also consist of non-volatile inorganic metal compounds (ash) -° or amorphous carbon %11,

A significant number fraction of ash particles is excluded by the lower cut-off diameter of
regulatory measurement systems for on-road (currently d,, > 23 nm, and > 10 nm in next-
generation systems !?) and aviation turbine engines (d,, >10 nm). However, these smaller
particles are readily inhaled and can penetrate deep into the human lungs, where they may cause
adverse and composition-dependent health effects 7. Such ash particles are known to enhance the
toxicity of exhaust 2 and catalyze soot oxidation 324, particularly on diesel particulate filters
(DPFs) 1316, They also shorten the lifetime of exhaust aftertreatment systems, since they cannot be
burnt off of particulate filters during regeneration procedures 178,

The most common evidence for the presence of small ash particles in ICE exhaust is provided
by the appearance of a non-volatile nucleation mode in the particle size distributions (PSDs) when
metal-containing compounds are added to the combustion, as is the case when fuels are doped with
catalysts 8131419-2L "In current applications, the ash content of fuels is generally only substantial
for the residual fuels used in the marine sector 222°, which are rich in V, Ni, and other metals 2326~
29 For the distillate fuels used in the on-road, aviation, and marine sectors, the main source of ash

is Zn, P, and Ca from lubrication oil ®73%3L although Fe has also been observed in aviation soot

32
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It is well known that the absence of an ash nucleation mode does not imply the absence of small
ash particles in ICE exhaust ’. Instead, this absence may indicate the internal mixing of the ash
nucleation mode with the soot mode. The exact mechanisms of ash formation and mixing with
soot are presently unclear. Some authors have assumed that internal mixing occurs via the
coagulation of ash and soot particles after their independent nucleation 723, This interpretation is
based on microscopy images in which soot appears to be “decorated” 3 by numerous tiny ash
nanoparticles. Other authors have described ash nanoparticles as “embedded” within soot,
suggesting that the ash either seeded soot formation or coagulated with incipient soot particles
during their surface growth 217:18.2-2 Djstinguishing between these two fundamental mechanisms
would provide insight into the formation and toxicity of tiny ash nanoparticles: embedded ash is
unlikely to cause toxic health effects, and coagulated ash would deposit differently in the lungs.
These tiny ash nanoparticles will become increasingly relevant when next-generation gasoline-
direct-injection and diesel-engine emissions regulations such as DownToTen ? begin to target
nanoparticles with d,,, > 10 nm.

In the present study, we present evidence for the continuous distribution or “painting” of ash on
the soot surface for residual-fuel soot from marine engines. For distillate-fuel soot from marine
and aviation engines, we have observed the classical decorated soot. These observations were
made using annular-dark-field scanning transmission electron microscopy (ADF-STEM) in
combination with TEM and energy dispersive X-ray spectroscopy (EDX). Additional experiments
were performed using inductively coupled plasma mass spectrometry (ICP-MS) of filter samples,
both before and after carbon burn-off, to investigate whether a substantial fraction of ash was
embedded in soot. We discuss the results in terms of the mechanisms behind the three different

modes of internal mixing of ash with soot, and its implications for the formation, oxidation (in
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engines or during diesel particulate filter regeneration), and environmental toxicity of soot from

ICEs.

<Figure 2 about here>

2 Materials and Methods

2.1 Engines and fuels

<Table 1. about here>

In this work, we collected exhaust particulate samples from 5 different engines for analysis
(Table 1). The exhaust was sampled through heated lines and diluted before cooling, as detailed
further in Table S1. The engines include marine diesel engines (2- and 4-stroke) of a wide range
of dimensions, with a minimum bore length of 108 mm and a maximum of 340 mm. For one of
the engines, three fuels are presented with a selection of samples acquired while the engine was
at different loads. One aviation turboshaft engine was also included. The engines are further
described in Table S1 and in the Sl text. Particle size distributions for each engine are given in

Figure 1.

< Figure 1 about here>
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Table 1 includes two samples for which no indications of internally-mixed ash-soot were
observed; one from Engine 5 at 24k rpm and one from Engine 2 operated at 75% load on RMA-
12 fuel. (As defined by ISO 8217, RMA-12 fuel has a much higher distillate fraction than RMG-
380.) As these two negative results do not represent engine or fuel conditions categorically
different from the positive results, they illustrate that not all combustion conditions
(combinations of engine, fuel, lubricating oil, and operating conditions) produce soot with

internally-mixed ash present.

The 5 engines were operated on a variety of fuels. In total, 9 different distillate and residual fuels
of a wide range of compositions were used (Table S2). Low and high engine loads were both
represented in most cases. The distillate fuels used in marine engines included sulfur-rich marine
fuels (DMA,; distillate marine fuel grade A), ultra-low sulfur diesel (ULSD) certified for use in
Canadian road vehicles, and natural gas for use in marine vessels. The distillate fuel used in the
aviation engine was Jet A-1. For natural gas, the microscopy grid and quartz filter samples
represent 50% load and idle load, respectively; for all other samples the microscopy and quartz
filter samples were taken at the same engine conditions. We note that previous work on the
natural-gas case concluded that the small amount of diesel fuel used as pilot was the main source

of soot in this sample 3134,

The marine residual fuels included residual marine fuel grade G (RMG-380; 32,000 ppm S,

520 ppm ash), grade B (RMB; 13.2 ppm S, < 100 ppm ash), grade A (RMA-10, 5750 ppm S,

12 ppm ash), and intermediate fuel oil (IFO, 23,000 ppm S, 550 ppm ash). These broadly varying
sulfur and ash contents mainly reflect varying proportions of distillate fuels mixed with the

residual, and also the variable composition of the residual components of the fuels °.
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2.2 Particle sampling

ICE exhaust particles were collected onto amorphous-carbon films on copper support grids (Ted
Pella Inc., Redding, CA, USA) using an electrostatic precipitator (ESPnano, Spokane, WA,
USA) for microscopy analysis. Sample 9 in Table 1 was collected with a different but equivalent
electrostatic precipitator, a Naneos Partector TEM Sampler (Naneos AG, Switzerland). For mass
quantification, exhaust particles were collected onto quartz filter (Pallflex Tissuquartz, Pall

Corporation, Port Washington, NY, USA).

2.3 Electron microscopy (TEM and STEM)

TEM and ADF-STEM micrographs were acquired in an FEI Titan 80-300 TEM operated at
300 keV. The microscope is equipped with a monochromated field-emission gun, an aberration
corrector (CEOS GmbH, Germany) for the probe forming lens, and an energy-dispersive X-ray
(EDX) spectrometer (EDAX Analyzer, DPP-I1). ADF-STEM images were collected using a
high-angle annular dark-field (HAADF) detector (Fischione, USA) capable of reaching sub-

Angstrom resolutions and single-atom sensitivity when corrected for aberrations.

We aimed to identify soot particles of interest in TEM mode before switching to ADF-STEM
mode to acquire higher resolution images. However, the physical change from TEM to ADF-
STEM detector results in a different area of the grid being imaged, so that it was not always
possible to locate the same particle in ADF-STEM mode after switching from TEM mode.
Multiple low and high resolution images (often 50 of each) were acquired in TEM mode. Ten
particles per sample were then analyzed with EDX, taking the first ten particles found by the
operator to minimize sampling bias. The EDX signal of a large portion of each particle was used

to identify the presence or absence of specific elements (the red boxes in Figure 2a,g illustrate
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the meaning of ‘large portion’ precisely). For selected particles, STEM-EDX was also used to

interrogate different sub-regions of soot particles.

2.4 ICP-MS and carbon analysis

To supplement the labour-intensive, particle-by-particle TEM analysis, which is limited to small
numbers of particles, ICP-MS (Agilent 8800 ICP-MS) was performed on quartz filter samples.
PM-laden quartz filter punches of 1.0 cm? were digested in a mixture of HNO3 and HF before
standard ICP-MS analysis (see Supplementary Information for analysis details). For two filters,
limited filter area meant that two smaller punches were used; the data were subsequently scaled
accordingly. The reported uncertainties are the quadratic sum of the relative standard deviation

of repeated blanks with the absolute standard deviation of replicate measurements *°.

The blank-corrected mass measured by the ICP-MS represents the mass of an element, X, per
cm? of filter. This quantity was normalized to the total carbon (TC) mass measured on the filter
by quantifying vaporized and oxidized carbon during heating in an oxidizing atmosphere (see
SI). The normalization yielded the mass ratio X:C, and accounts for engine-to-engine differences
between sampling times, flow rates, and dilution rates. The TC mass includes soot black carbon,
VOCs (strongly associated with lubrication oil in both marine 314° and aviation engines #!), and,

for residual-fuel samples 3738, tar brown carbon (a category which includes tarballs 37).

It is common for TC signals to be divided into “organic carbon” (OC) and “elemental carbon”
(EC) via thermal optical analysis (TOA). The OC/EC split is defined by monitoring the
transmission of a laser through the filter sample, and is based on the concept that TC consists of
soot black carbon (measured as EC) and VOCs (measured as OC). However, as discussed in

detail in Ref. 42, this conceptual division is not upheld in residual-fuel combustion exhaust, for
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which there is no clear separation between soot black carbon and tar brown carbon in TOA 38,
Further complications may arise in residual-fuel combustion due to the catalytic effects of
sulfates and metal compounds on TC pyrolysis and the light-absorbing nature of vanadium
oxides, both of which may bias the measurement of EC 344, For these reasons and to avoid any
influence of these complications on our conclusions, we have simply used TC to normalize the

ICP-MS measurements in Figure 5.

The digestion protocol we used for ICP-MS analysis may not efficiently digest refractory,
graphitic carbon such as soot black carbon 4. Therefore, we repeated the ICP-MS analysis after
carbon “burn-off” (combusting carbon on our quartz filter samples in 2% O in He) at maximum
temperatures of 1123-1213 K in the TOA instrument (Sunset Laboratories Carbon Analyzer,
Model 5L). The TOA signal was monitored to confirm that all carbon was removed. These

temperatures are unlikely to remove ash compounds from the filter 2"43,

3 Results and Discussion

<Figure 2 about here>

3.1 Soot decorated and painted by internally-mixed ash

We observed four types of ash/soot nanoparticles in the electron microscope: spheroidal ash
particles (Figure S1), ash-free soot, ash-decorated soot, and ash-painted soot. As our goal in this
study was to exploit the power of ADF-STEM to investigate the internal mixing of nucleation-
mode or nanoscale ash with soot, we refer the reader to the literature for studies addressing

accumulation-mode ash particles from marine 2223254 or other 2184749 engines.
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We note that the very small particles visible in the size distribution for Engine 4 in Figure 1
were not identified on our grids. This is most likely because their small size prevented their
efficient collection as discussed in detail in previous work, which concluded that > 95% of non-
volatile particles were typical soot particles ***. We also note that our residual-fuel samples may
have also contained externally-mixed ash 222 or tar brown carbon (or “tarballs”) 373 in
proportions that are expected to vary with combustion conditions and fuel 3. We did not address
tarballs in this study because the present work was initiated prior to the discovery of such particles.
Finally, we emphasize that our work does not address volatile particles or coatings of sulfates and
VOCs, which make an important contribution to the total particulate mass but cannot be measured
in the vacuum of the electron microscope.

Figure 2a and Figure 2b illustrate the ash-free soot particles typically observed in ICE exhaust
! Neither TEM nor ADF-STEM indicated any presence of metal-containing ash in these particles.
Regions of higher contrast in these images (darker regions in TEM, lighter regions in ADF-STEM)
indicate the overlap of soot monomers occurring due to the two-dimensional (2D) projection of
the image %°°1,

Figure 2c and Figure 2d illustrate two ash-decorated soot particles observed in this study,
sampled from distillate-fuel ICE exhaust. Here, the enhanced contrast of ash compounds is due to
the larger atomic numbers of the elements in ash compounds (Ca, Zn, V, Ni, Fe, Na, P, S, O) as
compared with soot (primarily C, with some O and H). This enhanced contrast is more easily
visible in ADF-STEM than in TEM, and suggests that previous studies may have failed to identify
ash in soot due to the limitations of TEM. For example, Su et al. > reported spheroidal features
(well-defined, quasi-spherical nanoparticles) on the surface of soot based on TEM images, which

may potentially have been ash nanoparticles. Note that no isolated nucleation-mode ash particles

10
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were observed on the grid, ruling out the possibility of ash-soot coagulation on the grids (rather
than in the aerosol phase).

Figure 2e and Figure 2f illustrate two ash-decorated soot particles observed in this study, from
residual fuels. These images are similar to what has been described as embedded-ash soot in
previous TEM studies (see Introduction). In general, whether the ash nanoparticles in Figure 2f
are embedded or surface decorated is ambiguous, due to the 2D nature of TEM. The corresponding
ADF-STEM image (Figure 2e) appears to suggest surface decoration, although the alternative
interpretation of embedded ash cannot be ruled out. This point will be revisited when discussing
the ICP-MS burn-off data below. The truly unambiguous distinction between Figure 2c and Figure
2e is the much higher number of ash nanoparticles in the residual soot.

Figure 2g and Figure 2h illustrate two “ash-painted” soot particles produced from residual fuels.
These particles were confirmed as containing fuel-related ash elements (S, V, Ni, Fe)? yet do not
show any evidence of ash decoration in the manner of Figure 2c-f. Indeed, it is difficult to interpret
the contrast in the TEM image (Figure 2h) as indicative of the presence of metals; instead, the
darker regions and smoother aggregate surface are also suggestive of refractory organic materials
or less-graphitized soot. However, the ADF-STEM image more clearly shows enhanced contrast.
This conclusion was further demonstrated by spatially resolved EDX measurements, as shown in
Figure 3.

It is important to emphasize that Figure 2 represents a selection of particles chosen to illustrate
the overall trends of internal mixing of soot we have observed in particles collected under a range
of sources and conditions. Figure 4 provides further examples. The panels of Figure 4 are labelled
with the sample numbers introduced in Table 1, and are highlighted with red labels for residual

fuels (residual-fuel soot is shown in Figure 4-5 to Figure 4-10). The inset panels show ADF-STEM

11
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images. Individual aggregates in Figure 4 have “dark” and “bright” regions due to their 3D shape.
This fact is illustrated in Figure 4-1, where the darker region highlighted with a dashed line has
been reprocessed in the inset to yield a brighter image.

Figure 4 emphasizes the complexity of morphologies and internal mixing which occurs for soot
and ash in these samples, even without considering the internal mixing of other materials like
volatile organics or sulfates. Close inspection of Figure 4-3, Figure 4-4, and Figure 4-12 reveals
that these soot particles are ash-decorated, even in regions which at first may appear to be ash-free.
This observation is similar to the ADF-STEM work of diesel particulate filters reported by Liati
et al. 18 Ina TEM image, it is extremely unlikely that this decoration would have been identified.
The distribution of ash in Figure 4-4 is internally heterogeneous within the aggregate, which may
indicate that this particle is an ensemble of aggregates formed in different regions of the engine 3.
Figure 4-3 and Figure 4-4 are not canonical examples of “decorated” or of “painted” soot, and
illustrate that those two labels reflect useful simplifications, not absolute rules.

The three residual-fuel soot particles in Figure 4-5, -7, and -8 show ash—soot particles that are
clearly different in microstructure to the distillate-fuel particles. Figure 4-13, -14, -N-1, and -N-2
all represent soot particles with a smaller or negligible amount of internally mixed ash. Here it is
important to reiterate that each of these particles was sampled from a different engine, fuel, or
operating condition, so that the combustion conditions (for residual fuels) or ash formation from
oil (for residual and distillate fuels) may have differed substantially between samples. Still, ash-

containing soot particles were observed from all studied engines.

<Figure 3 about here>
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<Figure 4 about here>

3.2 Abundance of ash in STEM-EDX and ICP-MS

To estimate the abundance of different ash-related elements in our samples, we measured the
EDX spectra of 10 randomly selected particles on each grid according to the procedure described
in Methods. The number fraction of soot particles containing certain elements is presented in
Figure 5A. For simplicity, samples are grouped in Figure 5 by fuel type as residual, distillate, or
aviation (see Table 1). The EDX error bars on this figure were propagated from Poisson counting
uncertainty. The elements have been sorted manually to reflect their origin: the elements {S, V,
Ni, Fe, Na} originate from residual fuel 26, and the elements {P, Ca, Zn} from lubrication oil .

We grouped aviation samples separately from other distillate fuels in Figure 5 because the
lubrication oil consumption and composition of aviation turbine engines are both substantially
different ** from marine or road-vehicle engines. A lower oil consumption would correspond to a
lower incidence of oil-ash-containing soot particles, which we observe in Figure 5A. A similar
observation was made by Liati et al. 8.

We compare the STEM-EDX results with ICP-MS results from the quartz filters, normalized to
total carbon on the filters in Figure 5B (filled symbols). When considering ICP-MS signals below
1 mg/ g C as noise (see below), the overall trend of the elemental abundance is similar for these
two data sets. This similarity indicates that our STEM sampling method adequately captured the
variability in the soot particle composition, and may also indicate that the ash content of soot
particles is correlated with the overall ash content of the exhaust. Overall, the elemental
composition of ash in residual-fuel soot indicates an association with the fuel, while ash in

distillate-fuel soot shows a lubrication oil origin. It may be hypothesized that residual-fuel soot

13
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also contains lubrication oil ash, but our data do not provide a test for this hypothesis, nor the
alternative hypothesis that residual-fuel combustion alters Ilubrication-oil ash formation
mechanisms.

The metal-to-total-carbon ratios shown in Figure 5B showed a weak association with engine
load (Figure S2), and generally decreased to lower values at engine loads below 25%. This
decrease reflects a general increase in non-soot carbon emissions, as is typical for engines which
are designed and tuned for operation at higher loads. Previous work has reported this non-soot
emissions trend for Engine 1 > and Engine 4 3! in the present study, and has associated the TC
at low loads particles with lubrication oil *° as well as tar brown carbon from unburnt residual fuel
38.

The internal mixing of soot and ash from Engine 1 has previously been quantified by an
independent technique, realized by the Soot-Particle Aerosol Mass Spectrometer (SP-AMS). This
instrument vapourizes particles using a 1064 nm laser, and measures the resulting vapours by
electron ionization mass spectrometry. Corbin et al. % applied this technique to study the internal
mixing of ash and soot from Engine 1 in this work. They found that the metal elements within ash-
soot particles generally resembled the composition of the fuel, but that VV was relatively more
abundant in soot than in PM2 s, indicating that volatization and nucleation had occurred. Our ADF-
STEM measurements do not have the statistical power to assess the relative abundance of metal

elements.

3.3 ICP-MS evidence that ash is rarely embedded in soot

< Figure 5 about here>

14



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

In Figure 5B, the open symbols represent ICP-MS measurements made after filter “burn-off”
(combustion of carbon in 2% O> at up to 1123-1213 K; see Methods) in the TOA analyzer.
These burn-off measurements are normalized by the same values as the standard measurements

(filled symbols in Figure 5B).

If a substantial mass fraction of ash was embedded within soot, then the burn-off (open symbols)
ICP-MS data would include ash that was previously inaccessible to the ICP-MS method,
resulting in consistently higher metal mass fractions. We observed no such trend in our results.
For samples from marine residual fuels, none of the elements expected to be present in the fuel
(V, Ni, Fe, and Zn according to Ref. %) showed a statistically significant change in signals after
burn-off. The same observation was true of samples from marine and aviation distillate fuels
when considering elements expected to be present in the lubrication oil (P, Ca, and Zn). We note
that the marine-residual samples are of greatest interest for this experiment, as the corresponding

STEM-EDX images appeared to show embedding in this case more so than for distillate fuels.

Figure 5B also shows small changes in ICP-MS signals after burn-off in distillate-fuel samples
for elements not present in distillate fuels or lubrication oil (in particular, V and Fe), which we
attribute to method uncertainty. These signals indicate that our method uncertainty was

approximately 1 mg /g C.

An important caveat in our burn-off experiment is that it presumes that embedded ash (if present)
would comprise a substantial mass fraction of the total ash on the filter. If this were not the case,
then the burn-off experiment may not have resulted in a substantial increase in ICP-MS signals,
even if embedded-ash soot were present. The only study we are aware of which provides

information on the mass fraction of ash internally mixed with soot is that of Corbin et al %, who
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combined soot-particle mass spectrometry with ICP-MS to infer that only a few percent of total
ash mass was internally mixed with soot. This inference is also consistent with the very small
size of the observed ash particles. Our current measurements further corroborate this conclusion,

as we have included multiple engines and fuels in our work.

3.4 Formation of “painted” soot

Painted soot may form by the coagulation of soot with liquid ash or by the condensation of liquid
ash directly onto soot. Whether liquid ash would condense directly onto the soot surface or nucleate
and coagulate would depend on ash concentrations, soot concentrations, and the engine cooling
rate. These parameters are functions of fuel composition, lubrication oil composition, engine
design, and engine tuning.

The alternative hypothesis that painted soot forms by the melting or sintering of decorated soot
is unlikely, as it requires that engine temperatures would sequentially rise (causing ash
volatilization), fall (causing ash condensation and allowing decoration to occur), then rise again
above 1000 K (causing melting). Such temperature profiles are not typical of modern engines %°7
and our heated sampling lines were not heated above even 373 K. While in principle, an ash-
decorated soot particle could be transported from a cooler region to a hotter region during
combustion, this diffusion would have to be the exception to the rule (or else the hotter region
would not remain hot) rather than the general trend as we observed.

Therefore, the observed morphology of painted soot implies that liquefied ash compounds were
formed in the engine. This implication is inconsistent with earlier theoretical calculations for

marine engines, which predicted that the majority of compounds formed would be solid sulfates
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or oxides of vanadium, nickel, and iron 2”28, One exception to this trend is V.0s, which is predicted
to remain liquid. We did observe vanadium in most residual-fuel soot particles, as shown by the
EDX number fraction close to 1 in Figure 5A. This result is unsurprising since V was the most
abundant metal in the fuel. However, we do not infer that all painted soot was painted by V2Os,
since ash compounds may also have lower melting points due to the following two types of melting
point depression. First, melting points are depressed in impure substances. Second, melting points
are depressed in nanoscale quantities of matter, as has been observed in thin films and in particles
%8-60 with diameters smaller than approximately 50 nm 8- and predicted by simulations ©2.

Our EDX measurements of specific regions of soot particles (Figure 3c,d) indicated that
decorated ash may contain V, Fe, Ni, S while painted ash may contain only V, S. This is a
counterexample to the hypothesis that all painted ash is pure V20Os, yet no other ash compounds
have been theoretically predicted to exist as liquids at engine temperatures. The data therefore
suggest that melting point depression caused by either impurities or nanoscale effects play a

secondary role in the formation of painted soot, while ash composition plays the primary role.

3.5 Practical implications

We have presented ADF-STEM and ICP-MS measurements of soot and ash from 5 engines
operated on a variety of fuels (9 total) and lubrication oils. The ADF-STEM images frequently
showed the internal mixing of ash with soot particles, and intrinsically provided a greater contrast
between metals in ash and carbon relative to TEM. Both the ADF-STEM and ICP-MS
measurements showed that the ash in soot particles contained similar elements to the lubrication
oil (for distillate fuels) or fuel (for residual fuels, which have high ash content). The internal mixing

(when present) fell into two distinct groups: decorated soot, where ash was present as numerous
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isolated nodules on the soot surface, and painted soot, where ash appeared as a more-continuous
distribution on the soot surface.

Decorated soot has been previously observed in numerous studies, being associated with both
fuel additives (if present) and lubrication oil. Painted soot has not been previously described, most
likely because of the limited Z-contrast provided by conventional TEM in comparison with ADF-
STEM. Our concurrent TEM measurements illustrate this point (Figure 2) and resemble previous
work on residual-fuel soot 24, We therefore suggest that our measurements of ash-painted soot may
be generally representative of residual-fuel soot from marine engines. We propose that painted
soot results the coagulation or condensation of molten ash onto soot, while decorated soot results
from the coagulation of soot with solid ash. Based on our ADF-STEM images and ICP-MS burn-
off work, we have not observed any evidence that ash is ever “embedded” within soot particles as
suggested by previous studies. However, this lack of observation does not definitively exclude the
possibility that such embedded-ash soot particles occur in some cases.

The three major implications of painted soot and of the widespread presence of ash—soot internal
mixtures in ICE exhaust are as follows. First, ash may increase soot toxicity, for example through
the formation of reactive oxygenated species (ROS) ‘. Second, a decrease in soot emission rates
may not necessarily correspond to a concurrent decrease in non-volatile particle emission rates,
since soot acts as a condensation sink for nucleation-mode ash particles. In the absence of soot,
nucleation-mode ash particles may remain externally mixed, and therefore deposit with greater
efficiency (due to their smaller size) in human lungs. Third, ash in painted soot has a higher surface
area in contact with the soot than decorated ash. This may enhance catalytic oxidation rates and

should be investigated in future studies.
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TABLES.

Table 1. Summary of the engines and fuels from which samples were collected for this study. Fuel

abbreviations are defined in the Abbreviations section. Further information in each engine is given

in the SI.
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Engine

Sample Engine Fuel Specific "
ID D Sector Category® Fuel? Engine load or
speed
4-stroke, 150 mm
1 1 Marine Distillate Diesel bore, 180 mm stroke, 100 %
1500 rpm
2 Il 1l 1l 1l 1l 10 %
3 Il Il 1l DMA 1l 100 %
4 Il 1l 1l 1l 1l 10 %
5 Il 1l Residual® IFO 1l 100 %
6 Il Il 1l 1l 1l 25 %
7 Il 1l 1l 1l 1l 75 %
8 Il Il 1l 1l 1l 10 %
2-stroke, 108 mm
9 2 1l 1l RMG-380 bore, 127 mm stroke, 75 %
1800 rpm
N-1¢ /i /i /i RMB-30 /i 75%
1:3 4-stroke,
10 3 Il 1l HEO : MGO 280 mm, 320 mm 90 %
stroke, 750 rpm
4-stroke,
11 4 1l Distillate ULSD 340 mm, 400 mm, 50 %
720 rpm
NG
12 1l 1l 1l (ULSD pilot) /! < 50%
. Gas turbine, e
13 5 Aviation I Jet A-1 two-stage, annular 13k rpm
14 Il 1l 1l 1l 1l 20k rpm®
N-29 Il 1l 1l 1l 1l 24k rpm®

390
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391 3See Table S2 for further details. "See Table S1 for further details. °Samples 5-10 are labelled
392 “Residual” in subsequent figures. N indicates that no metal-containing ash was observed. ¢For
393  this engine, 24k rpm represents the maximum load condition, i.e. 100%.

394
395 FIGURES
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0.8 - 2 total RMA-380
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397 Figure 1. Normalized size distributions representing the engines reported here. Measurements
398 from earlier studies by Corbin et al.>* (Engine 1), Jiang et al.%® (Engines 2 and 3), Corbin et al.3!

399 (Engine 4), and Olfert et al.* (Engine 5), respectively. HFO and RMA-380 are residual fuels, the
400  other fuels are distillate fuels.
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402

403

404
405
406
407
408
409
410

411

Distillate Fuel Residual Fuel

a) Ash-free soot c) Ash-decorated soot e) Ash-decorated soot g) Ash-painted soot

Lube-oil ash: Fuel ash:
3 C-0-Ca-P-S-Zn * =8 C-O-Na-5i-P-S-V-Fe-Ni

Ash-free soot:

e . “ P
& o : g s & 1’;

ADF-STEM

Fuel ash:
C-0-S-V-Fe-Ni
100 nm 100 nm

HRTEM

b) Ash-free soot d) Ash-decorated soot f) Ash-decorated soot h) Ash-painted soot

Figure 2. Examples of soot from ADF-STEM (top row) and TEM (bottom row). Images show ash-
free soot (a, b), ash-decorated soot from distillate fuels (c, d), ash-decorated soot from residual
fuels (e, f), and ash-painted soot from residual fuels (g, h). Red and black labels indicate soot from
residual- and distillate-fuel samples, respectively. The text in the top row (a, c, €, g) identifies the
elements identified by EDX (where present, red boxes indicate EDX measurement region, see
Figure 3 for selected EDX spectra) and the inferred origin of the ash. Due to practical limitations,
only (a, b) and (e, f) represent the exact same particles.
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412

413
414
415
416
417
418

419

Counts

Counts

Counts

Counts

Energy (keV)

Figure 3. ADF-STEM and EDX measurements of soot particles from Samples 1 (a, b) and 7 (c,
d) in Table 1. Arrows in (a, c) correspond to spectra in (b, d), respectively. (a) ADF-STEM image
of a soot particle “decorated” with lubrication-oil ash, as inferred from the {P, Ca, Zn} measured
by EDX in (b). (c) ADF-STEM image of a soot particle both “painted” and “decorated” with
residual-fuel ash, as inferred from the {V, S} measured by EDX in (d). The Cu signals in the EDX
data are due to the Cu grid on which particles were collected.
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421
422
423
424

Figure 4. ADF-STEM images of ash-decorated (1, 2, 3, 4, 6, 9, 10, 11, 12), ash-painted (5, 7, 8)
and ash-free (13, 14, N-1, N-2) soot particles from each engine sample. Insets show higher-
resolution data from the dashed rectangles. Red and black labels indicate soot from residual- and
distillate-fuel samples, respectively, where the distillates include both marine and aviation fuels.
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| burn-off o / burn-off // burn-off

EDX
number fraction [-]
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[mg/gd]

Figure 5. (A) Number of particles in which specific elements were detected by STEM-EDX; out
of 10 randomly selected particles. (B) Mass fractions of elements (mg measured by ICP-MS per g
C measured by TOA), for quartz-fiber filters with no pre-treatment (filled symbols) and after
carbon burn-off (open symbols). Error bars for (A) and (B) were calculated from propagated
Poisson counting uncertainty and from measurement uncertainty, respectively. n.a.: data not
available. ICP-MS signals below 1 mg/ g C are attributed to method uncertainty. The elements
are grouped by origin: {S, V, Ni, Fe, Na} from residual fuel, and {P, Ca, Zn} from lubrication oil.
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