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In this woil, an investigation of soot-in-oil samples drawn from the oil sump of a gasoline direct
injection (GDI) engine was carried out, Soct particulate was characterised in terms of size, distribution
and shape of the agglomerates, and internal structure of the primary particles, The test engine wasa 1.6 |
modern light-duty EURO [V engine operated at speed between 1600 and 3700 rev/min, and torque
between 30 apd 120 Nm. After a double oil-flushing procedure the engine was operated for 30 h. Oil
samples were drawn from the swnp and prepared for Transmission Electron Microscopy (TEM} and High
resolution TEM analysis {HRTEM} by a combination of solvent extraction, centrifugation and diethyi
ether bathing. Soot agglomerates were measared in terms of their skeleton length and width, and fractat
dimension. The mean skeleton length and width were 153 am and 59 nm respectively. The fractal
dimension was calculated using an iterative method and the mean value was found to be 1.44. The
primary particles were found to be spherical in shape with some irregularities anxd presented an average
diameter of 36 nm with a mode of 32 nm and standard deviation of 13 nm. The majority of particles
showed an inner core and outer sheli similar to diesel soot, although an amorphous layer was also clearly
visible,

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http:fjcreativecommons.orgflicenses/by/4.0/).

1. Intraduction

Gasoline Direct Injection {GDI} engines are considered an impor-
tant source of carbonaceous nanoparticles; they produce higher levels
of soot as the process of fuel vaporisation and gas-phase mixing
remains essentially incomplete [1}, even when early fuel injections are
used to enable a homogeneous combustion mode [2,3]. This leads to
the establishment of sub-stoichiometric mixture-pockets, which are
thought to be a significant source of soot formation, Other important
mechanisms leading to soot formation have been identified in recent
years; primarily, the presence of liquid fuel film over cylinder/piston
walls and consequent pool-fire [4,5], as well as the process of direct
carbonisation of remaining lquid droplets [6]. The phenomenon of
soot formation can be essentially desciibed in terms of three steps:
nucleation, growth and oxidation [7]. The process occurs under fuel-
rich conditions, in both rich premixed and non-premixed flames,
where the local equivalent ratio is more than one. The nucleation
process talees place under high temperature conditions, between 1600
and 2800K, with unburned hydrocarbons, in particular acetylene
and polycyclic aromatics hydrocarbons (PAH), being pyrolysed and
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oxidised. The condensation reactions of these gas-phase species lead
to the appearance of a large number of primary soot particles with
diameter lower than 2nm and insignificant soof loading. Surface
growth, coagulation and aggregation represent the particles growth,
During the surface growth, concentric shells on nuclei and spherules
are formed by deposition of hydrocarbon intermediate gas-phase
species on particles surface. By means of coagulation the particles
collide and merge reducing their number concentration, but keeping
the total amount of soot constant. After formation, the collision
between particles leads to cluster or chain-like soot aggregates
{secondary particles) in which the number of particles decreases with
a consequent size increase (PM diameter 100-900 nm). In the overall
soot farmations pracess, the precursors, the nuclei and particles can be
oxidised if in contact with oxidising spedes such as Oy, G, OH, €05, and
Ho0 at the right conditions, Typically, HRTFM shows the primary
particles having an outer shell composed of planar shaped crystaliites
orientated perpendicular to the radius of the particle, The crystaliites
are comprised of several PAM layers. An inner core, which is
constituted by several fine spherules (3-4 nm in diameter) having a
nucleus of T nm at the central portion, usually characterises primary
particles.

The particle number concentration emitted by GDI engines are
generally higher than conventional PFl engines and Diesel engines
equipped with Particulate Filter (DPF). Most of the soot produced
is expelled from the cylinder with the exhaust gases but a small
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proportion is transferved from the cylinder to the lubricating oil. Soot
is likely to migrate into the oil Alm early during the expansion stroke
[8}; cansequently, the morphology, agglomeration and other charac-
teristics of soot-in-oil are likely to be rather different to exhaust soot.
Soot-in-oil has not been subject to oxidation processes to the same
extent and hence the outer shell structure is more likely to remain
intact. Although only a small proportion of the soot formed in the
combustion chamber transfers to the engine oil, it contributes to the
lubricant degradation. This is certainly a new challenge for the modern
GDI engine as soot-in-oil raises concerns upon wear and engine
durability. It is well established that oil thickening has a complex
dependence on soot [9]. Various investigators [10,11] have shown that
diesel soot build up in oil gives rise to increased engine wear tates;
Gautam et al. {12] reported that wear increases with higher soot
cancentration. Soot reduces the effectiveness of anti-wear additives
and its effect on wear depends upon the characteristics of the particles
and agglomerates of soot. Abrasive wear occurs and wear scar width
closely matches the primary particle size {10]. Oil thickening was
found to enhance timing chain elongation due to abrasive action of
soot on pins and bushing [13}]. Bardasz et al. [14] studied the influence
of high number of engine cycles on lubricant oil and that of oil
characteristics on engine wear, comparing direct injection and port
fuel injection engines and finding increased wear for the first category.
There is also a growing interest within the autometive industry to
better understand the complex interactions between scot marphology
and properties of fubricating oil.

Studies of soot in automotive lubricant oil have mainly focused
on particulate matter from diesel engines or carbon black, The
percentage by weight of soot in automotive lubricants, assessed
using thermo-gravimetric analysis {TGA), was identified as the
primary correfation factor affecting oil properties and engine wear
[15]. Fourier Transforin InfraRed (FTIR) spectroscopy is commonly
used to monitor used oil conditions, although this technique is not
sufficiently quantitative [9]. Nanoparticle tracking analysis has
recently been employed for the measurement of soot agglomer-
ates size distribution and number density from awtomotive
engines oils [16]. Transmission Electron Micrascopy (TEM} and
High Resolution TEM (HRTEM) are amongst the most widely used
techniques available to characterise soot nanoparticles; TEM
allows measuring the particle shape and size of projected two-
dimensional images of agglomerates as well as the characteristics
of individual particles. However, soot-in-oil TEM imaging is more
challenging; mineral oil is a contaminant for the electron micro-
scope and leads to instability under the electron beam [17]; very
limited information is available in the literature on this topic,
Imaging by Cryogenic TEM has also been used by Kawamura et al.
[18] and Liu et al. [19] to measure the soot agglomerates size
although localised thick layers proved to be challenging and
constituted a problem. Li et al. {11] have used solvent extraction
technique and ultracentrifugation to prepare the specimen for
conventional TEM to analyse soot primary particles from a heavy
duty diesel test engine. Clague et al. [7] employed solvent extrac-
ton followed by cendrifugation to extract soot from used engine

Tabie 1
‘Typical soot particles dimension from infernal combustion engines,

Reference Engine  Soot Agglomerate size Primary particle

type type (nm} size (nm)

Bonatesta et al, GDI Exhaust 10-300 -

[35]
Uyetal [33] GDI ail - 8-43
Clague etal. ClI Gil 150- > 500 30-50

(7]
LaRoccaetal, CI Oif 50~-13G 10-30

[20]

oil. A recent study on soot agglomerates shows that centrifugation
can alter the distribution of size and shape of these [20} The
solvent dilution technique gives sufficient separation of oil and
soot to allow conventional TEM results to be obtained; centrifuga-
tion is necessary in the preparation of samples for HRTEM studies
of primary particles; these are unchanged by centrifugation. TEM
allows measurement of agglomerate size distribution; HRTEM
allows examination of the structure and the distribution of the
carbon sheets of the primary particles; it provides information
about reactivity and nanostructure morphology. The form taken by
the soot-in-oil is of interest because of the influence on oil
properties, engine performance and wear and for insights. into
the history of particle formation and grawth,

Engine soot and laboratory flame-generated soot is commonly
described in terms of fractal dimension due to the complex
morphology [21-25). Smaller fractal dimensions indicate chain-
like structures while larger fractal dimensions indicate clusters.
The fractal dimension is a statistical index of complexity and Rogak
et al. [26] noted that agglomerate fractal dimensions measured
from two-dimensional image projection of three-dimensional
structures may be 10-20% lower than geometric dimensions.
Given their irregular branched shape, soot particles are also
characterised in terms of maximum projected length {L)} and
width (W)} [26-28]; for chain-like structures, Rogak et al. [29]
suggested measuring the skeleton length (Lg.) of agglomerates.

Barone et al. [30] used TEM to investigate the diameter of
aggregate primary particles from GDI exhaust gas soot. They
studied particles morphology as a function of injection strategy.
Early fuel injections, leading to a more homogeneous ait/fuel
mixture before combustion, preduced nano-particle aggregates
ranging between 8 and 52 nm. For retarded fuel injection strate-
gies, most aggregates had fractal-like morphology similar to diesel
soot, Mathis et al. [31] studied exhaust soot particles from GDI
engines and identified primary particles with a size of about
27 nm, Choi et al. {32] analysed exhaust soot from a GDI engine,
showing chain-like stractures ranging from 70 to 400 nm in size,
with particle cores between 30 and 80 nm, Uy et al. [33] have
recently characterised the nanostructure of gasoline soot, They
determined and compared the degree of order of the graphitic
planes of soot primary particles extracted from the exhaust gas
and from engine oil. Soot-in-oil from GDI engine has not heen
investigated widely; to the authors' best knowledge, its agglom-
erate size distribution and shape have not been reported in the
fiterature. A summary of the typical dimensions of soot particles
from internal combustion engines is reported in Table 1.

The present study is an experimental investigation of soot-in-
oil drawn from the oil sump of a modern wall-guided GDI engine.
A thorough sample preparation had to be developed to allow for
HRTEM imaging of soot-in-oil agglomerates; this is outlined here.
Agglomerate and primary particle size distributions are investi-
gated in terms of size, shape and nanostructure. EDX in the TEM
allows the elemental components of individual nanoparticles to be
investigated. As this technique requires the beam to impinge on
the sample for a greater length of time, this technique also benefits
from the sampie cleaning process developed for HRTEM.

2. Experimental setup and sample preparation
2.1. Experimental equipment

Engine testing was carried out using a 1.6, turbo-charged and
intercooled, Euro [V, Direct Injection Spark Ignition, gasoline
engine with no modifications, available at Oxford Brookes Uni-
versity. The engine technical specifications are given in Tahle 2.
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The engine was instalied on a laboratory test bed and con-
trolled by a Schenck W150 eddy current dynamometer via a CP
Engineering CADET engine control and data acquisition system.
Fuel consumption was measured via a CP Engineering FMS-400
gravimetric system. The engine was operated for a 30h time
interval at specific steady-state, fully-warm operating conditions
crossing a large portion of the part-lead running envelope, The
delivery of fuel is via a common-rail direct injection system;
injection pressure is regulated via the ECU as a function of load
and speed, with a maximum value of 120 bar. The fuel used for
testing was pump-grade, unleaded gasoline with the following
average specifications:

RON=85

MON=85

Stoichiometric AFR==14.4

Nominal [atent heaf of vaporisation=0.34 Mj/kg
Max sulphur content==50 ppm

Max aromatics content=35% (by volume)

Max renewable content=4,5% (by volume)

2.2. Soot-in-oil sampling

At the beginning of the testing period the engine was flushed
twice with clean oil; a further final oil change followed, Each
fiushing included a full oil and filter change, as well as running the
engine far 3 h in fully warm and steady state operating condition
at a speed of 1600 rev/min and at a brake load of 15 Nm. The
double flush-and-drain procedure was sufficient to obtain drained

Tahle 2
‘Test engine techrical specifications.

oil visibly not dissimilar to new oil. Similarly, Arcoumanis et al.
[34] employed two equal consecutive flushing procedures to
remove most used oil and residue from the engine. The character-
istics of soot nanoparticles in engine oil were studied by sampling
the lubricating oii at the end of 30 h of operation, Although the
mix of operating conditions covered was defined for other pur-
poses, this was sufficiently varied to suggest the range of agglom-
erates formed would be representative of urban environment use,
At the end of the testing, oil samnples were drawn from the sump
for the investigation of the soot content.

2.3. Soot-in-oil measurements

Soot-in-oil characterisation was performed at the Soot Diag-
nostics Suite at the University of Nottingham, As suggested by La
Raocca et al, [20], samples of soot extracted from engine oil were
prepared using a solvent extraction process, diluting the oil at a
dilution ratio of 1:60 in heptane. This produces a heptane solution
containing a much lower oil content, and also at a suitable low
viscosity to allow deposition onto TEM grids. Following deposition,
the solvent evaporates rapidly to leave soot particles of varying
sizes and aggregations. This process puts little strain on the soot
aggregates and it is expected to reveal a structure typical of the
soot as it was in the engine oil. Samples were then subjected to
close-to-vacuum conditions in order to enhance the evaporation of
the solvent. Level of contamination was still considerably high, and
its progressive build-up on the sample under the electron beam
led to sample becoming gradually darker forming distinctive dark
rings as depicted in Fig. T, which prevented imaging and rendered
the samples unsuitable for further analysis.

Displacement (cc)

Strake (mm)

Campression ratio

Connecting rod leagth {mm)
Combustion chamber

Engine fype

Cycle

Fuel injection system

Fuel injectors

Maximum injection pressure (bar)
Maximum engine speed (rev/min)
Maximum rated torgue {Nm)

1598

77

10.5:1

1384

4-Valve, central spark piug, pent-roof design
in-line 4-cylinder

4-stroke spark ignition

Direct injection comrmon rail
Side-mounted, wali-guided spray
120

5000

240

Fig. 1. TEM image showing effects of contamination and the characteristic dark tings formed at the edge of the area exposed to the electron beam.
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Two stages of diethyl bathing were employed to reduce con-
tamination and allow for agglomerate size measurements. For
HRTEM analysis, centrifugation was performed on the diluted oil/
heptane solution following the work of La Rocca et al. [20]. The
number of centrifugation stages at 14,000 rev/min and 25 °C for
A0 min was increased to six in the present study. After each stage,
the liquid phase was replaced with equal amount of pure heptane.
Samples were also subjected to 30 min of ultrasonic bathing. 3 pl
of the socot suspension in heptane were dispersed onto TEM
support films and subsequently washed with diethyl ether,

3. Results and discussion

Fig. 2 shows typical TEM images of agglomerates after solvent
extraction, Several 1-2nm particles were found on the grid.
Similar particles were found in diesel soot-in-o0il samples in [20]
and were considered to be oil additives.

In this work, soot-in-oil particles were measured in terms of their
skeleton length, Ly, and width, Wy, and fractal dimension, 1y, and
Wy, were inferred from 2-D TEM images using an open architecture
image processing software, Image], whilst a MATLAB algorithm was
created specifically for calculating the fractal dimension. The algo-
rithm followed the iterative method proposed in [21], which is not
discussed in details here for brevity. Soot agglomerates were mea-
sured based on the skeleton criterium, as this results in a better
representation of the aspect ratio [20]. Fig. 3{a) and () illustrates the
skeleton length and width frequency distribution of the agglomer-
ates. The mean skeleton length, Lsi and width, W, were found fo be
153 nm and 59 nin, respectively. 66% of the agglomerates presented

a skeleton length between 90 nm and 180 nm, with Ls, ranging from
53 nm to 405 nm. Long agglomerates with skeleton lengths longer
than 300 nm accounted for 9% of the agglomerates. The skeleton
width spanned from 33 nm to 102 nm, with 70% of agglomerates in
the range 60-80 nm,

GDI soot aggiomerate size was found to be comparable to diesel
engine soot-in-oil as reported in literature, Saot-in-oil agglomerates
drawn from diesel engines show a modest branched morphology, and
exist in clusters and chain-like structures with average hydraulic
diameter of 100 nm [16}. Similar agglomerates were found by Clague
et al. [7] in a study in which soot was compared to black carbon, Diesel
soot investigated by La Rocca et al. [20] had an average skeleton length
of 131.8 nm measured from TEM projections and were composed of
spherical primary particles of 12-40 nm.

In this work, particles with an aspect ratio Lg/Wsi < 2.5 are
considered to be clusters and particles with an Lg, /W ratio > 2.5
to be chains, The present investigation of GDI soot nanoparticles
found 53.6% of the agglomerates analysed as clusters with very
modest branching, whilst 46.4% were chain-like structures, Typical
agglomerates found in such samples are shown in Fig, 2. A similar
measurement was carried out in [20], where a slight majority
agglomerates was present as chain-like structures; in that inves-
tigation, 46% of the agglomerates showed an aspect ratio <2.5
and 54% showed an aspect ratio > 2.5.

Fig. 3(d) shows the fractal dimension frequency distribution of
the soot agglomerates analysed in the present study. As shown,
97% of the measured Dy varied in the range 1.1-1.8; similar fractal
dimensions, comprised between 1.2 and 1,74, have been reported
by Li et al. {11} in a study on in-cylinder diesel soot, The measured
fractal dimension indicates the presence of a majority of short~

Fig. 2. Agglomerates images (TEM) from soot-in-oil samples prepared by solvent extraction.
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Fig. 4. GDI soot primazy particles diameter distribution of soot-in-oil samples,

branched structures. The soot agglomerates analysed in this
investigation were not dissimilar to typical agglomerates from
diesel engines used oils. Differences in agglomerate sizes could be
associated with differences in engine operating conditions, fuel
type and details of engine features such as fuel injector. Observa-
tions on how engine conditions affect agglomerate size can be
found in a sister publication by the authors [35} In that study,
experimental measurements of agglomerate soot size distribution
have been taken from the same engine, covering a large portion of
the part-foad running envelope at different engine speed and foad.

HRTEM samples were prepared for analysis as discussed in the
methodology section; primary particles size distribution and their
internal structure were of interest. Fig. 4 shows the diameter
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frequency distribution of oil soot primary particles. Soot-in-oil
primary particles presented a mean diameter of 36.2 nm with a
mode of 32nm and standard deviation of 12,7 nm. Primary
patticles diameters spanned from 20 nm to 90 nm, with 88.7% of
the particles in the range 20-50 nm, 11.3% equal or larger than
60 nm.

Diesel soot-in-oil primary particles have been reported to be in
the range 10 nm to 35 nm, with a mean diameter of 20.2 nm {20].
In a separate investigation, Su et al. [36] analysed the microstruc-
ture of diesel soot-in-oil primary particles from a Euro 1V engine,
and found that the primary particle diameter is significantly
smaller compared to a conventional diesel engine, specifically in
the range 3~15 nm. This was attributed to the higher oxidation
rates and their operation at higher pressures and temperature,
Primary particles analysed in the present work are found to be
larger in sizes compared to size distributions froin DI diesel
engines [17]. As reported by Bonatesta et al. [35], and in line with
the relevant literature [31,37,38], the vast majority of exhaust scot
emitted by the wall-guided GDI test engine can be considered as
primary particles in the 10 to 100 nm diameter range, whereas in
excess of 55% is emitted in nucleation mode (below 50 nm).

Analysis of soot-in-oil samples allows characterisation of the
nanostructure of the primary particles as it was at the time it
transferred into the lubricating oil from the combustion chamber.
In the soot-in-oil primary particles pictured in Figs. 5 and 6, a
core~shell structure similar to that found in diesel particles can be
observed. Interestingly, the vast majority of primary particles
analysed in this work presented a core-shell structure, along with
an unusual amarphous layer covering the particle, This was not
observed in other studies of diesel soot particulate reported in the
literature. Minimising beam exposure prior to imaging did not
result in any significant apparent change in the thickness of this
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Fig. 6. Care-shell structure of GDI soot-in-oil primary particles showing central core 25 nm in diameter, shell 16 am thick and amerphous layer 5 nm thick. A and B show

details with contrast enhanced using Image] to improve the fringes visibility.

layer, afthough long beam exposure times have been observed to
produce a variable amount of additional amerphous carbon.

Primary particle nanostructure details are given in Fig, 6A and
B; both detailed images were adjusted in terms of brightness and
contrast in order to improve the visualisation of the structure. Soot
primary particles show a turbostratic structure, similar to diesel
soot samples {20], with characteristic core and shell. Two layers
are clearly distinguishable in the shell. The inner fayer is of typical
graphitic nature. The inner core is 25 nm in diameter while the
outer shell measared 16-20 nm in thickness; this was composed
of lamellae ordered in an onion-like structure around the inner
core, similar to the structures reported in [20] and {24}, and
covered by a layer of amorphous carbon. The outer shell is
significantly thiclker than the one observed in Fig, 5, which shows
a bucky-onion structure of 8-12 nm, The latter being typical of
diesel particles as reported in [20}.

Soot reactivity is essentially dictated by the outer shell struc-
ture. Although the classic core-shell structure is clearly visible in
all particles, the wider graphitic layers concentricaily orientated,
and typically with fewer reactive sites [39], are covered by an
amorphous 5 nm layer with very short segments. This {eads to an
increase of edge sites and consequently to an increase of overall
reactivity as reported by Vander Wal [40]. Uy et al. [33] also
reported gasoline soot primary particles being of amorphous
structure.

Another interesting feature of the GDI soot particles is the
recurrent presence of crystalline structures on the primary particle
surface, as depicted in Fig. 7. Prolonged exposure to the electron
beam at normal imaging intensities frequently led to decomposi-
tion, suggesting many of these are volatile structures. This was also

observed by Uy et al. [33]. In Fig. 7a, the spacing between the
layers of the particle is about T A, strongly suggesting graphitic
nature. Kubicki {41] points out that lamellar graphitic structures
are possible and can be formed from the gas phase, This may be
more applicable to gasoline derived soot where the hydrocarbons
involved are more volatile compared to diesel [3G]. Fig, 7b shows a
darker particle on the bottom right of the carbon material; being
significantly darker despite being much smaller indicates it is a
heavier material than the mostly carbon soot particle.

Non carbon struciures were separately identified using High
Angle Annutar Dark Field —~ Scanning TEM (HAADF-STEM); the EDX
spectra were obtained from a range of these structures found on
the grid, Table 3 shows a selection of the spectra, illustrating the
elements most frequently found,

More generally, TEM-EDX analysis of non-soot nanoparticles in
the sample showed the widespread presence of O, consistent with
most of these materials being heavily oxidised. P, §, Ca, Zn, Mg, Mo
and Na have previously been listed as coming from engine oil
additives {33]. All these elements have been observed in this
analysis, with 5, Ca and Mg observed widely. Similarly, Fe, Cr, Al
and Cu were identified as coming from wear metals. Particles with
Al and Fe content were identified in this work, Cu could not be
identified using EDX-TEM due to the use of Cu TEM grids.

4, Conclusions
Soot agglomerates extracted from engine oil from a modern

gasoline direct injection engine have been characterised for the
first time, with the aim of assessing size, distribution and shape.
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Fig. 7. HRTEM images revealing crystalline structures deposited on soot-in-oil particles.

Table 3
EDX spectra from four non-carbon structures found on the grid, The € and O
percentages include the contribution frem the support film.

Element Particle 1 Particle 2 Particle 3 Particle 4
(wiX) (wtX) {wt%) {wit%)

Al 0 0 19.03 0

C 71.58 53.52 42,37 50.61

Ca 2,35 3.39 174 0

Fe 0 0 0 13.56

(4 0 4,16 0 4}

Mg 167 17 1.74 133

Mo 4.05 0 Q 0

Na 0 3.7 Q 0

o 14.62 26.8 2726 345

P 0 421 Q 0

s 0.71 251 132 4}

Si 4,79 0 208 4}

Ti 0 0 444 0

The nanostructure of the primary particles was akso investigated, A
robust methodology to produce samples for TEM and HRTEM was
developed and outlined,

Agglomerate size was given in terms of skeleton length, width
and fractal dimension. At the macro scale, the GDI soot agglomer-
ates are remarkably similar to agglomerates from light duty diesel
engines as repoited in the literature. The mean length and width
were found to be 153 am and 59 nm. 54% of the agglomerates
presented an aspect ratio < 2.5, indicating a small predominance of
compact structures with very modest branching. The mean fractal
dimension of the agglomerates was calculated to be 1.44.

Conversely, the primary particles differ in nanostructure from a
typical diesel soot particte, GDI primary particles are sphetical in
shape, with some irregularities, The mean diameter was found to
be 36 nm, An inner core and outer shell structure was found in the
majority of the particles, The wider graphitic layers concentrically
orientated, and typically with fewer reactive sites, were covered by
an amorphous 5 nm layer with very short segments.

Volatile lamellar graphitic structures were found deposited on
the externat surface of soot-in-oil primary particles. TEM-EDX
analysis of non-soot nanoparticles in the sample showed the
widespread presence oil additive elements and wear metals.
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