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This work characterises soot nanoparticles by electron tomography using Weighted Back Projection al-
gorithm and appraises the uncertainties in two-dimensional calculations by comparison with 3D para-
meters for flame-generated soot and diesel soot-in-oil. Bright field TEM was used to capture 2D images of
soot. Large uncertainties exist in 2D-measured morphological parameters. The flame-generated particle
showed an extensive 3D structure while the soot-in-oil was notably two-dimensional. Morphological
parameters of flame-generated soot and diesel soot-in-oil were different; primary particles, volume, and
surface area varied significantly over the range of viewing angle, with differences as large as 60%. 2D
flame-generated soot volume underestimated 3D measurements by 38%; soot-in-oil 2D- and 3D-derived
volumes were within 4%. 2D calculations of fractal dimension generally underestimate the 3D value.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The lubricant for the automotive market of 2030 must offer
protection to smaller engines with tighter tolerances. New motor
oil formulations will need to reduce the frequency of repairs,
prolong engine life, and improve fuel efficiency and allow for
longer intervals between oil changes. It is well established that oil
thickening has a complex dependence on soot albeit challenges
associated with poor characterisation of suspensions, stability of
dispersion and increase in viscosity remain unresolved. Studies of
soot in automotive lubricants have mainly focused on its percen-
tage by weight as the primary correlative factor affecting oil
properties, such as viscosity and engine wear. Due to the fractal
and highly irregular nature of soot particles more quantitative
characterisation techniques would assist in lubricant formulation.

Soot is formed during combustion of hydrocarbon fuel in au-
tomotive engines due to non-stoichiometric, incomplete combus-
tion conditions. Fuel-rich zones form due to inadequate mixing of
the fuel-air mixture prior to ignition, and lead to the formation of
soot [1]. Low temperature conditions in the engine, such as during
start-up, also causes insufficient vaporisation of fuel leading the
presence of liquid fuel droplets, and fuel films forming on the walls

* Correspondence to: Engine Research Group, Department of Mechanical, Mate-
rials and Manufacturing Engineering, University Park, The University of Notting-
ham, NG7 2RD, UK.

E-mail address: antonino.larocca@nottingham.ac.uk (A. La Rocca).

http://dx.doi.org/10.1016/j.triboint.2016.09.015

of the cylinder and on top of the piston [1]. Soot can form directly
from pyrolysis of liquid fuel droplets [2,3], and the pool-fires that
results from the fuel films have been identified as perhaps the
most important source of soot in gasoline engines [1,2,4,5].

Three main stages are generally agreed upon as those that lead
to the formation of soot: nucleation, growth, and oxidation [1,6].
Radical polymerisation reactions involving acetylene and other
small, unsaturated molecules leads first to the formation of small
aromatic systems such as benzene, under high temperature con-
ditions (1000-2800 K) [1,7]. Alongside radical recombination of
growing aromatics, the polymerisation reactions result eventually
in large polyaromatic hydrocarbons (PAH's) of around 500-
1000 amu [7]. Coagulation of these extended aromatic systems,
concurrent with a surface growth mechanism involving gas phase
species leads to the formation of so-called primary particles, with
diameters typically 20-50 nm. Primary particles are spherical and
possess an inner-core and outer-layer structure [8]. The inner core,
roughly 10 nm in diameter, comprises several fullernoid spherules
4-5nm in diameter centred on a 1nm nucleus, surrounded
themselves by a distorted, bending carbon structure [8,9]. The
outer layer is of similar thickness, formed from a concentric,
onion-like arrangement of graphitic microcrystallites roughly
1 nm thick and 3.5 nm wide [9]. The primary particles coagulate to
create chain and cluster-like soot agglomerates usually 50-500 nm
in size, displaying fractal geometries. Oxidation is pervasive
throughout soot formation, and species such as O,, OH, O, CO,, and
H,O0 act to reduce soot concentration at each stage [7].

0301-679X/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The major fraction of soot produced in the cylinders is removed
with the exhaust gases; a small amount of the soot transfers to the
lubricant oil film lining the walls of the cylinder via a thermo-
phoretic mechanism, where it is scraped into the sump. Blow-by
gases passing the piston rings also lead to entrainment of soot
within the oil [10].

High-resolution imaging and characterisation of soot permits
effective study of soot formation, soot as an atmospheric pollutant,
soot-related engine wear, and detailed design of improved lu-
bricant oils, fuel additives, and particulate filters.

As soot particles are on the scale of nanometres, electron mi-
croscopy, and particularly transmission electron microscopy
(TEM), is the preferred method of capturing images of particles.
Characterisation of morphological values can also be achieved via
alternative means, such as nanoparticle tracking analysis (NTA),
and dynamic light scattering (DLS). These methods track motion of
particles and use particle motion as a means to calculate hydro-
dynamic size of particles, as well as size distributions and number
concentrations [11].

TEM has been used extensively in the characterisation of both
exhaust soot and so-called soot-in-oil (soot entrained within the
lubricant oil) from a variety of automotive engine and fuel sources
[1,6,12-16]. A number of studies have also chosen to characterise
carbon black alongside or in place of engine soot [6,13,17-21].
Carbon black (CB) refers to a carbonaceous material commercially
produced by incomplete combustion in hydrocarbon flames. With
relation to soot, study of carbon black has focused on comparison
of their morphology because of the similarity between them, but
has also seen CB used as a convenient surrogate for genuine en-
gine soot. Production of engine soot for study (either exhaust or
soot-in-oil) generally requires many hours (often in excess of 30)
of running test engines [1,12], a process much more costly in
terms of both time and resources than those used to produce
carbon black. As such, CB has been used to study oxidation of soot
[13,18], atmospheric chemistry [17], and wear and viscosity effects
in lubricant oils [6,19-21].

Due to the complex, fractal nature of soot there is no definitive
parameter that will satisfactorily characterise the 3D nature of a
soot particle, and as such a range of measurements are often taken.
Those generally used to characterise soot are maximum projected
length and width (or alternatively skeletal length and width), ra-
dius of gyration, number of primary particles, surface area, vo-
lume, and fractal dimension [1,12,22-25].

As TEM images are 2D projections of 3D objects, calculations of
some 3D parameters are inferred by application of approxima-
tions. For example, when calculating the number of constituent
primary particles, the primary particles are considered spherical
and identical in size, and experimentally determined correction
factors are used to account for particle overlap [22-24]. Volume of
agglomerates has been calculated simply by multiplying the values
for individual particles by the number of primary particles, dis-
counting any overlap of particles that could occur [25]. Alter-
natively, volume and surface area have been estimated by estab-
lishing a sphere to represent the particle with diameter the mean
of the maximum and minimum dimensions of the particle as seen
in the TEM images [26]. In such cases, differences of up to 2 orders
of magnitude can be found compared with 3D reconstructed vo-
lumes [27]. Whilst free of use of empirical correction factors,
fractal dimension and radius of gyration are measured based on
2D images. As the viewing angle is altered, regions of the particle
not directly joined in space can appear to be so, and pores can
appear or be hidden, causing misleading results [27]. Indeed, the
orientation of soot particles on the TEM grid is a largely ignored
source of uncertainty. As viewing angle of a particle is varied, it is
obvious that the apparent morphology and therefore projection
area will change, particularly so when considering the fractal

nature of soot particles. Projected area is used when determining
number of primary particles, volume, surface area, radius of
gyration, and fractal dimension [22-25], and raises the question of
which viewing angle should be used in 2D measurements. Of
course, all randomly orientated views are equally valid in this re-
spect, but may result in significantly different values if the pro-
jection-area of the particle is significantly different. This issue is
potentially more significant if there is any non-random orientation
introduced by deposition of the soot onto the TEM support film.

For the reasons just discussed, and despite its wide use, the 2D
limitations of TEM means the true 3D nature of soot particles
cannot be accounted for entirely. Rogak et al. [28] suggested that
2D measurements would be underestimated in the range of 10-
20%, and works by La Rocca and by van Poppel found differences of
up to two orders of magnitude when considering hydrodynamic
volume and surface area [16,27]. Patel and Aswath [29] have used
traditional TEM to examine soot extracted from crankcase and
cylinder wall of a Mack T-12 engine used to study the wear tracks
and tribofilms generated on the groove piston rings. Hu et al. have
described the influence of soot contamination on the behaviour of
engine oils and discussed the mechanisms of wear induced by soot
particles and their interaction with oil additives [30]. Absorption
and agglomeration effects were the principal factors affecting the
tribological mechanism. The surface area of agglomerates plays an
important role as particles can absorb molecules of oil and react
with one another to form larger agglomerates. Lahouij et al. ob-
served that as soot concentration builds within the oil phase lu-
bricant performance is adversely affected, particularly in lower
quality products, as viscosity increases impede oil flow [31]. They
also considered the behaviour of the soot aggregates when shear
forces are applied to agglomerates to understand the process of
deformation of soot particles. Agglomerates and single particles
resulted to be resistant to load. Wear can occur where the oil film
is thinner than the size of soot particles as soot is hard enough to
abrade some metal engine parts [31]. Agglomeration of soot can
cause oil starvation leading to metal-metal contact and con-
sequent wear, as well as reducing the effectiveness of anti-wear
agents. The fractal dimension of exhaust soot particle is affected by
the combustion of anti-wear additives; a decrease in fractal di-
mension of the aggregate particles was measured when fuel was
blended with the additive [32]. Chemical and morphological dif-
ferences observed between gasoline and diesel soot lead to
changes in the polarity and hardness of the soot particles and af-
fect the wear mechanism in the engines [33]. As reported by Cui et
al. [34] agglomerate morphology and soot surface available for
coverage also play an important role in design and architectural
features of new viscosity modifiers and dispersants to prevent soot
aggregation. As engine wear and changes in lubricant oil viscosity
due to soot are known to depend on the surface area and volume
of the particles [16,35], and the environmental and health dama-
ging effects upon the particles size [16,36], surface area [35], and
fractal dimension [35,37], accurate explanation and predictions of
such effects in turn requires accurate characterisation of the par-
ticles involved.

Tomographic reconstructions of soot from used engine oil
samples using TEM and the methodology described in this work
helps to better extract parameters necessary to potentially un-
derstand the role of soot particles in the tribological behaviour of
engine lubricating oils. This work demonstrates the feasibility of
electron tomography for three-dimensional characterisation of
soot-in-oil nanoparticles; proposing a new methodology to give
measurable 3D soot models that are of practical use to industry. It
also highlights that 2D electron microscopy is associated with
significant uncertainties when it comes to calculation of 3D mor-
phological properties.
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2. Electron tomography of soot nanoparticles

Electron tomography (ET) can be used to reconstruct a 3D vo-
lume of a particle from a series of aligned 2D TEM images. Tilting
the specimen holder in the TEM machine and capturing images at
incremental angles allows us to record a so-called ‘tilt-series’ of
images. Due to mechanical limitations, a tilt-series is usually
captured over a + 60-70° range. Small shifts can occur between
each increment meaning images have to undergo an alignment
process, often achieved through cross-correlation and tracking
through the tilt-series of high contrast markers (usually gold na-
noparticles) that have been added to the specimen [38].

High quality markerless alignment methods exist for high-
contrast species using recognisable areas of the image to align the
series, but may be inadequate for soot because of the extremely
low contrast [16,38].

The reconstruction of the 3D structure from the tilt-series is
based upon the central section theorem, which states that the
complete set of Fourier transforms of the 2D projections are con-
tained within the Fourier transform (FT) of the 3D specimen, and
therefore an inverse FT links the tilt-series to the true 3D structure
[38]. In practice, the inverse FT is unfeasible due to difficulties with
interpolation in Fourier space [38] and methods based upon back
projection are often employed. Two commonly used back projec-
tion methods are weighted back projection (WBP), and the si-
multaneous iterative reconstruction technique (SIRT) [38], and
both have been used in the study of soot [16,27,37]. WBP is based
on a real-space application of the Fourier theory just mentioned,
assuming that projections represent the amount of mass the rays
travelled through. Its broad application is based on its computa-
tional simplicity [38]. SIRT involves the computation of projections
from an estimated tomogram, and uses the error between actual
and computed projections to refine the reconstruction.

Another more recent approach is the discrete algebraic re-
construction technique (DART), which has been applied to the
quantitative study of several types of nanoparticles, including
carbon nanotube structures [39,40]. DART models the re-
construction problem as a large system of linear equations that are
solved by iterative methods, and can lead to improved re-
constructions at the expense of increased computational cost [40].
Iterative techniques are known to show improved contrast com-
pared to WBP, but are considerably more computationally ex-
pensive [41].

As a tilt-series cannot usually be captured over the entire 360°
range, there is essentially a missing ‘wedge’ of information in
Fourier space that leads to artefacts and elongation distortions in
the reconstruction. To combat this, a dual-axis tilt-series may be
formed by performing a second tilt perpendicular to the first, re-
ducing the missing information to a smaller pyramidal shape, and
improving the reconstruction [38,42]. Alternate tilt-series exist to
improve reconstruction depending on the mechanical limitations
of the equipment, including 360° tilting and conical tilts [42].

Noise can have a profoundly destructive effect on the re-
construction process, and thus efforts must be made to reduce
noise. Methods of noise reduction are often categorised as: linear,
non-linear, and anisotropic [43]. Linear methods average voxels
based on the neighbourhood value, and disregard any structural
intricacies. Non-linear methods allow the consideration of struc-
tures (particularly those within particles) by applying stronger
filtering in more homogeneous areas of contrast, and reduced
smoothing in areas of large contrast gradients. Anisotropic meth-
ods allow adjustment of the strength and direction of filtering to
maximise results. An in-depth discussion on the issues of noise in
tomograms is provided in [43].

For quantitative means, a segmentation process must be em-
ployed to establish the boundary between the particle voxels and

those of the background. As both the particle and grid are pri-
marily carbon, contrast is low meaning automated segmentation
methods based on thresholding are often inaccurate. Manual
segmentation has often been preferred in these types of studies
because of this, but is a lengthy and labour intensive process re-
quiring skilled operators [16,44]. Another issue with manual seg-
mentation is subjectivity. The boundary between background and
particle is often unclear, particularly so because of the transparent
nature of particles in TEM images, and leads to uncertainty in in-
terpreting the information at the edge of the particle [16]. As the
segmentation directly determines the outline of the particle, it
must also directly affect the values of the morphological para-
meters that will be calculated, and as such accuracy in segmen-
tation is of upmost importance.

Despite extensive use in the study of biological systems and
nanoparticles [38], these studies represent the only forays of ET
into the field of soot study. The creation of accurate 3D models of
soot particles would allow the discussed morphological para-
meters to be calculated without the need for approximations or
experimentally determined correction factors, and removes the
uncertainties associated with lack of depth in the 2D images [37].

Unfortunately, the well-established ET techniques widely used
in the study of biological systems and metal nanoparticles are not
easily extended to the study of soot. The light element nature of
soot means TEM images are extremely low contrast, and combined
with their small size leads to difficulties in reconstruction, such as
alignment and segmentation [16].

In addition to being a fundamental requirement for the re-
construction of 3D volumes, the tilt-series created also provided
an ideal set of data with which to outline the uncertainties in 2D
measurements associated with viewing angle. In this study the
extent to which particle orientation (effectively the viewing angle)
can cause uncertainty in measurements commonly used to char-
acterise soot particles is presented and quantified. The work out-
lines the need for advancement in ET methods for such species.
The findings are presented for particles of flame-generated carbon
black, and soot-in-oil from a diesel engine. Flame-generated soot
provided a useful preliminary species for study, as the lack of oil
contamination meant that application of ET methods was simpler.
Following the successful ET reconstruction of this species, the
more problematic of soot-in-oil reconstruction was tackled. Car-
bon black provides an interesting comparison to soot-in-oil be-
cause of the role it has enjoyed as a surrogate for soot in various
studies [6,13,17-21]. By considering these two very different
sources of soot, we can also evaluate the role that the source of the
soot plays in the accuracy of 2D calculations.

3. Experimental setup and sample preparation

Two model systems of soot were used in this investigation:
flame-generated soot and diesel engine soot extracted from oil in
the sump [12]. Flame generated soot was deposited directly onto
the TEM grid. Mineral oil is a known and severe contaminant
under the electron beam; so to prime the soot-in-oil for study, an
extraction process using heptane was employed according to that
used in previous work [1]. The samples of soot extracted from
engine oil were prepared by diluting the oil at a dilution ratio of
1:60 in heptane. The heptane solution is at a suitably low viscosity
to allow deposition onto TEM grids. Following deposition, the
solvent evaporates rapidly to leave soot particles of varying sizes,
without aggregation during drying on the grid. This process puts
little strain on the soot aggregates and reveals a structure typical
of the soot as it was in the engine oil. Samples were then subjected
to close-to-vacuum conditions at ambient temperature in order to
enhance the evaporation of the solvent. At this stage, the level of
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contamination remains too high to obtain repeatable imaging for
tilt series but allows standard TEM of the soot structure. Two
further stages of diethyl bathing were employed to reduce con-
tamination. This proposed cleaning procedure is capable of pro-
ducing a soot sample extracted from oil suitable for a high-angle
tilt-series acquisition. Gold fiducial markers for image alignment
were added to the grid post-preparation suspended in heptane,
the solvent evaporating and leaving the particles dispersed on the
grid. The gold nanoparticles obtained from MP Biomedicals were
spherical with diameters of 10 nm ( + 3 nm). Soot characterisation
was carried out at the Nottingham Nanotechnology and Na-
noscience Centre using a JEOL 2100F TEM equipped with a Gatan
Orius CCD camera operating at 100 kV.

4. Calculation of parameters

Flame-generated soot and soot-in-oil particles were char-
acterised in terms of projection area, number of primary particles,
surface area, volume, radius of gyration, and fractal dimension
using TEM images from the tilt-series that were collected for the
reconstructions. Traditional TEM images, untilted, for flame gen-
erated soot and soot in oil, are provided in Fig. 1.

Flame-generated soot was characterised every 4° through the
complete + 60° range of the tilt-series used; a total of 31 out of
the 121 images. Due to corruption of some of the images in the

tilt-series, soot-in-oil particles were characterised every 4° from
—60° to +51° across the tilt-series, a total of 29 of the 112 images.

4.1. Projection-area derived measurements

The projection area, A, of particles in TEM images was cal-
culated through region of interest selection using open archi-
tecture imaging software Image]. Similar methods were employed
for evaluating the mean diameter of the spherical primary parti-
cles, by measuring only those clearly visible in the TEM images.

Medalia et al. outlined the initial method for the calculation of
the number of constituent primary particles in their studies of
carbon black in the late 1960's. They proposed the following
power-law relationship between the projection area of agglom-
erates and the number of constituent primary particles [45-47]:

A a
N, = [Lff]

Ap (D
where Nj, is the number of primary particles in the agglomerate,
A, is the cross-sectional area assumed representative of all pri-
mary particles, and « is a constant accounting for overlap of pri-

mary particles, empirically determined as 1.09. Primary particles
are assumed spherical, with volume and area via:

Flame generated soot

2D-TEM

Soot in oil

3D volume reconstruction

Fig. 1. Traditional 2D-TEM (untilted) and 3D volume reconstruction of flame generated soot and soot-in-oil.
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Koyli et al, in their study of soot agglomerates, proposed a
slight alteration to this equation based on their study of simulated
aggregates [22]:

Ag)
ff
N, = ka( Ae]
P 4

Their empirical methods determined k, and « as 1.16, and 1.10
respectively, together approximately accounting for overlap of
primary particles. More recently, Neer and Koylii refined these
values to k,=1.15, and a=1.09 [23], and it is this version of the
equation that was used to estimate the number of primary parti-
cles per agglomerate in this work.

Total surface area and volume of agglomerates was calculated
simply via multiplication of primary particle surface area and vo-
lume by number of constituent primary particles:

V= ”d"3N
e P 5)
A = Npﬂ'dp2 (6)

4.2. Fractal dimension

In 1975 Mandelbrot proposed the concept of fractals to describe
a family of irregular and fragmented shapes not easily accountable
with Euclidean geometry [48]. A determinant fractal is a shape
that displays true self-similarity, appearing identical at all scales of
resolution. Soot particles are not truly self-similar but do possess a
degree of self-similarity on average, and may be considered ‘mass
fractals’ [28]. Mass fractals obey a power-law relationship between
density (or mass, M) and distance from the centre of mass of the
object (R), M~R" [22,23,49].

Alternatively, this may be expressed in terms of number of
constituent primary particles (N), radius of gyration (Rg), and
primary particle diameter (dp):

[ZRg]Df
N, =k| —=
A )

Fractal dimension (Df) is the exponent that relates mass to
distance from the centre of mass, and is commonly used as a
statistical index to describe the complex morphology of soot par-
ticles [14,23,50-52]. Chain-like agglomerates are characterised by
smaller values of fractal dimension, whilst larger values indicate
clusters.

Fractal dimension was calculated in this study via two meth-
ods: the Minkowski-Bouligand or so-called ‘Box Counting’ method
[53,54], and an iterative method proposed by Lapuerta et al. [55].

The Minkowski-Bouligand method involves counting the
number of boxes (N) with sides of length € needed to cover the
fractal, and observing change in this value as the size of the boxes
decrease. The fractal dimension can be found from the slope of a
plot of the logarithm of the box size against the logarithm of the
box count:

i log N(e)
«=0]log (1/8) (8)

Df—

The box-counting method gives a maximum fractal dimension
of 2, and as such does not approximate the Dy of the 3D particle but
gives the fractal dimension of the 2D projection only. This method
can also be extended for use with 3D structures, such as brain
tomograms [56], where cubes (voxels) are counted as opposed to
boxes (pixels). In such cases, measurements are no longer limited
to Df <2.

Lapuerta presented an iterative method for calculation of
fractal dimension from 2D TEM projections, utilising the following
equation [55]:

4\ (Ag)
“la,] =\a,
p p 9)

Equations were developed for calculating the fractal pre-factor
(k) and overlapping exponent (z') by establishing boundary con-
ditions based on hypothetical arrangements of primary particles
leading to extreme values of Dy (Dy=1 and Dy=3). A shape factor,
m=1.95, was included to better match the shape of the potential
interpolation between extremes to that of experimental findings.
There are several assumptions made in this method, including that
all primary particles are considered spherical with diameters of
25 nm, and the 2D radius of gyration is equal to that of the 3D
value. Primary particle diameter, radius of gyration, and agglom-
erate area must also be taken from 2D projection as an initial step.
Values for krand z' are used to refine Dy, which is in turn used to
calculate number of primary particles. This is then used to re-
calculate improved values for krand z', and the process is repeated
until Dy converges within acceptable bounds (1 < Df< 3). As op-
posed to box-counting methods, the establishing of extreme
conditions means this method does in fact attempt to provide a
value for the fractal dimension of the 3D particle, using values
measured from the 2D projections. In this work, fractal dimension
was calculated by the described methods using MATLAB and
Image].

Using these two methods has provided the chance to assess the
performance of a purpose built and soot-specific method of fractal
dimension calculation (Lapuerta Iterative) with that of a more
general, and limited technique (Box-Counting).

4.3. Radius of gyration

Radius of gyration, R, is defined as the distance from the centre
of mass of an object to the point at which its total mass would
have to be located to have a moment of inertia equal to that of the
original object. The following equations show the relationship
between Ry and the inertia moment of a particle (Ip). The total
inertia moment can be broken down into the sum of inertia mo-
ments from each element of the particle volume (m;), or expressed
in terms of total particle mass (mp) and radius of gyration.

R, = |-

£oym, (10)
Ip = z miriz (1])
I, = myR? (12)

2
Rg — Z m;t;
\ M (13)

If we simplify to the point where each element of the particle
volume is an individual pixel in the TEM image [55], the total mass
of the particle becomes n,xm;, where npy is the total number of
pixels contained within the image region of interest. If it is then
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assumed that each pixel contains an equal mass, the final equation
above thus becomes:

T
Mpx 14

where 1; is the distance from each pixel within the ROI to the
centre of mass, and np is the total number of pixels within the ROIL
This method assumes even density throughout the pixels, and
calculates a purely 2-dimensional result [55]. That is the radius of
gyration of a flat shape, and not an estimation of the 3D result as
was the case in the calculation of the number of primary particles.

Determination of radius of gyration via this method was
achieved through use of an Image] macro alongside the Bone]
plugin.

5. 3D reconstruction of particles

Soot samples were dispersed onto graphene oxide (GO) TEM
support films obtained commercially from Agar Scientific. GO films
provide an extremely low contrast background, which is crucial to
obtaining sufficiently clear images due to the similarly low con-
trast nature of soot particles. Creation of the tilt-series was per-
formed using the SerialEM program for automated acquisition
[39], and image stacks were registered using the SIFT method [57].

For flame-generated soot, a single-axis tilt-series was created
by capturing images in 1° increments across a 4+ 60° tilt, and
comprised 121 images in total. For soot-in-oil, oils samples were
prepared for TEM imaging as described earlier, a single-axis tilt-
series was again created across a single +60° tilt range, com-
prising 121 images in total. Due to inaccuracies in the image ac-
quisition, only the images from —60° to +51° were suitable for
use in the reconstruction.

Prior to reconstruction, alignment of the tilt-series to account
for shifts and rotation was achieved by tracking gold-nanoparticle
fiducial markers throughout the images using cross-correlation.
Gold particles were manually selected in the untilted images and
their coordinates in each image were used to calculate the trans-
formations between subsequent images. A least-square analysis
was used to compute the best fit for the alignment. Mean residual
stresses among the markers were fixed to 0.23. The program uses
a variable metric minimisation approach to find the best fit and
implement the displacements, rotations, tilts and magnification
differences in the tilted views.

In this work reconstructions were performed using IMOD
(version 4.7.51) with eTomo [58] on a Lenovo PC with a 3.50 GHz
Intel Xeon E5-1620v3 processor (8 CPUs) and 32 GB RAM, using a
64-bit version of Windows 7. Production of the tomogram via the
WBP algorithm for the particles in question was completed in
around 30s. The alignment procedure prior to reconstruction
(including manual marker correction) averaged around 5 min in
total.

Due to lack of segmentation prior to reconstruction, peripheral
noise and small particles were present in the tomograms pro-
duced. The transparent nature of soot particles in TEM images
means that such background structures can easily be confused as
part of the agglomerate of interest. As such, manual segmentation
(as opposed to automated methods) is required, and is not only
time consuming but often hard to repeat. To isolate the particle of
interest and produce the 3D model, manual segmentation was
performed slice by slice in the tomogram. As the tomograms
contained several hundred individual slices, linear interpolation
was used to reduce the duration of segmentation. Particle ROI was
selected every 5th slice and interpolated between using Image].
Any significant deviations could be easily corrected afterwards.

Segmentation of FG-soot tomogram (203 slices) took around 1 h
and 30 min to complete, whilst the less complex nature of the
soot-in-oil particle meant segmentation (197 slices) lasted around
50 min.

5.1. Elongation correction

Due to the ‘missing wedge’ of information in the tilt-series,
reconstructions are elongated in the z-direction [16,38]. Such an
elongation increases values of surface area and volume compared
to the true values and can affect shape-descripting parameters.
This raises concern regarding the fidelity of the results measured
from the reconstructions, and as such we attempted to correct for
the elongation. As the true size of the particle in the z-direction is
unknown we needed to consider the elongation of a structure of
well-determined morphology. The fiducial markers, gold nano-
particles deposited on the grid, were used for this purpose, as they
were known to be spherical in shape with diameters in a narrow
range close to 10 nm. A perfect reconstruction would produce
particles with very similar diameters in each of the principal axes,
so by reconstructing these particles we were able to compare the
mean diameter in the x- & y-directions with the diameter in the
z-direction to calculate an elongation factor. A total of 10 gold
nanoparticles in each of the tomograms were reconstructed and
an average elongation factor of 30% was observed for both species
of soot. Accordingly, the segmented tomograms were subjected to
compression by reducing the number of slices in the z-direction by
the appropriate amount.

Following elongation correction, quantitative measurements of
the volume and surface area of reconstructed particles were taken
using the open source UCSF Chimera software [59]. Fractal di-
mension and radius of gyration calculations were performed using
a combination of the Bone] plugin and macros Image] [60].

6. Results and discussion
6.1. Flame-generated soot

Fig. 2 shows Aefr, Np, As, and V as a function of tilt angle for a
particular exhaust soot particle. ROI selection for the particle in
question is shown at several selected angles from the tilt series in
Fig. 3 (tilt axis parallel to the page, running vertically through the
particle).

Mean primary particle diameter (d,) was determined as 20 nm
through ROI selection in TEM images using the open architecture
image-processing program, Image]. Projection area, Aes, Was de-
termined via the same means every 4° in the tilt series, in 31 se-
parate images in total. As determined from the mean primary
particle diameter (dp), the average primary particle area (Ap) was
used in conjunction with the projection area (Ae) to calculate the
number of primary particles (N,) comprising the particle at each of
the 31 tilt-angles considered. These values of N, were then sub-
stituted into Eqgs. (5) and (6) to calculate the agglomerate volume
(V) and surface area (A;) respectively.

Volume and surface area are derived directly from the number
of primary particles, and as such the three parameters share an
identical variation in values across the tilt-series. The number of
primary particles is itself based on the value of the projection area,
which accordingly has a very similar variation, albeit at a slightly
different scale.

The variation in these four A.p-based parameters is both sig-
nificant and asymmetric, the exact form being uniquely de-
termined by the 3-dimensional shape of the particle.

For the single flame-generated particle studied, results were
recorded across a substantial range; the maximum projection area
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Fig. 2. 2D projection area, number of primary particles, volume, and surface area of flame-generated soot particle as a function of tilt-angle (measured every 4°).

-28°

-60°

recorded was 54% larger than the minimum, and the maximum
number of primary particles (& therefore maximum volume and
surface area) was 60% larger than the minimum recorded.

It was possible to reposition the 3D model of the particle so as
to recreate a 2D projection of the particle at 0° tilt. By comparing
the Aeg of this recalculated projection (denoted as 3D-A.g) with
the A of the original untilted TEM image, we gain an idea of error
in the 3D reconstruction in terms of the X, y-dimensions of the
particle. In theory a perfect reconstruction would recreate a 0°

+28°

Fig. 3. Projection area of flame-generated soot particle at several angles of tilt.

projection possessing a projected area equal to that of the original,
untilted TEM image. In practice, the 3D-Aq¢ was 15% larger than
that of 0° TEM image. The apparent enlargement of the re-
constructed particle parallel to the support film may result from
blurring and fanning artefacts in the tomogram caused by in-
accuracies of the reconstruction method (due to the missing
wedge). These artefacts lead to a thickening of the particle that can
be exemplified by considering the 0° projection produced from the
3D model (Fig. 4). The area highlighted in pink is considered part
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100 nm

Fig. 4. FG-soot (a) at —13° showing background particle appearing attached, (b) at +6° showing background particle detached and (c) 0° projection from 3D model showing
background particle (pink) incorporated into agglomerate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).

of the main agglomerate when considering the projected area
from tomogram, and whilst appearing attached to the main body
in a certain amount of projections is clearly seen to be a separate
particle when considering the entire tilt series (Figs. 3 and 4.). If
this region is not included in the calculation of 3D-A.g, the dif-
ference drops to 11% greater compared to the original projection.

The volume of the reconstructed particle was on average 38%
greater than the mean 2D-derived volume, showing a significantly
larger underestimation by 2D methods than the 10-20% proposed
by Rogak [28]. Number of primary particles is not possible to
discern from the 3D model but a theoretically minimum number
can be calculated by dividing by the volume of a single primary
particle (V,). As both the 2D- & 3D-derived values of N,, are simply
related to the total volume by a factor of 1/V,, the difference be-
tween 3D and 2D values is the same for N, as for the total volume
(38%).

Contrary to these results, 2D methods on average over-
estimated the surface area by 13% in comparison to the values
derived from the reconstructed particle. This results from the fact
that the 2D calculation ignored the loss of internal surface areas
within the agglomerate and was as such considered an extreme
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Fig. 5a shows radius of gyration as a function of tilt angle. Ra-
dius of gyration was calculated at each of the 31 images using Eq.
(14) with pixel and centre of mass coordinates determined
through region of interest selection in Image].

Radius of gyration can be thought of as a measure of com-
plexity, taking into account the distribution of the particle's mass
around its centre of mass. Highly branched particles that extend
further outward from the centre of mass will exhibit higher Rq
values than those that cluster close to the centre, even when their
projection area is significantly smaller. As such, the form of the Ry
variation is not directly related to that of projection area.

A maximum difference between 2D-derived Rg of 21% is found
across the tilt-series, from the maximum close to —30° to the
minimum at +60°. Comparison of the variation of R; with that of
Acgr highlights the non-direct nature of the relationship between
them. A sharp decrease in Ry from —40° to —60° is concurrent
with a period of fairly constant projection area, reflecting a relative
decrease in the particle's observable complexity.

The underestimation of 2D-derived radii of gyration in com-
parison to the 3D result was an improvement compared to the
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Fig. 5. (a) Radius of gyration of flame-generated soot (every 4°) and (b) fractal dimension of flame-generated soot as calculated by box-counting and iterative methods,

including 3D cube counting result, as a function of tilt angle (every 4°).
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previously discussed parameters. The pixel-based method showed
an average underestimation of just 7%. This result is in contrast to
the findings of Koyli et al., where a mean difference of 24% be-
tween 3D- and 2D-derived R, values was observed in their study of
simulated aggregates [22]. As mentioned, the pixel-based method
is a purely 2D calculation and as such its accuracy in comparison to
the 3D result depends on how well the 2D-projections express the
3D character of the particle studied. For example, we would expect
a flatter agglomerate (relatively few primary particles thick per-
pendicular to the TEM film) to be better represented by 2D pro-
jections, and thus 2D-R, results should be more accurate.

Fig. 5b shows the variation of the fractal dimension with tilt
angle. Every 4° through the tilt-series, the particle ROl was se-
lected and the box-counting and iterative methods were applied.
Box- & cube-counting Df was calculated using Image] and the
Bone] plugin, whilst iterative D¢ was calculated by evaluating Eq.
(9) using a MATLAB algorithm. Fractal dimension is used to reflect
the complexity of particles based on their ability to fill the space
around them. Values range from 1 to 3, with a 1 dimensional line
possessing D¢=1, and a homogeneous 3D sphere having Ds=3. As
such, particles with their mass clustered close to the centre exhibit
high D¢ values, whereas highly branched chain-like particles have
lower D¢ values. This relationship between fractal dimension and
branching is opposite to that which was seen for the radius of
gyration, our other measure of complexity. Increased branching
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and chain-like character would, by contrast, cause an increase in
the Rg, and as such we expect an inverse relationship between
these two parameters to some degree.

Box-counting methods reveal only a modest change in the
fractal dimension with tilt angle; with results in the range 1.71-
1.79 over the tilt-series (a maximum difference of 4%), and the
form of the variation is seen to mimic that of the projection area.
This apparent insensitivity to the angle of projection was in con-
trast to the findings of Wentzel et al. [61], for which the mea-
surement of soot aerosol fractal dimension was seen to vary by up
to 20% in 2D projections depending on the orientation. The 3D
fractal dimension was found to be 18% larger than the mean 2D
box-counting Dy, a result in line with Rogak's findings [28].

Iterative methods show significantly more variation over the
tilt-series, with a maximum difference between 2D-derived values
of 17%, similar to in Wentzel's study [61]. Despite the relatively
greater sensitivity to angle of projection iterative methods proved
a much more accurate method of calculating fractal dimension,
being on average only a 5% underestimation of the 3p-derived Dy.
Iterative results show a roughly parabolic variation over the tilt-
series that is, as anticipated, an at least vague inverse of that seen
for radius of gyration.
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Fig. 6. 2D projection area, number of primary particles, volume, and surface area of soot-in-oil particle as a function of tilt-angle (measured every 4°).
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6.2. Soot-in-oil

Fig. 6 shows variation in Aes, N, A, and V as a function of tilt
angle. Mean primary particle diameter was calculated as 44 nm
from ROI selection with Image]. Projection area, Ag, was calculated
every 4° by similar means. Eq. (1) was evaluated to yield number
of primary particles (N,) at each increment, and using these values
of N, the volume and surface area were calculated using Egs.
(5) and (6) respectively.

As mentioned, the number of primary particles, volume, and
surface area are directly related to one another, and all three are
based on the projection area. Hence, the manner in which these
three parameters vary with tilt-angle is identical, and is essentially
identical to that seen for the projection area.

In contrast to the asymmetry observed for the flame-generated
soot particle, we now see a strongly parabolic variation centred
close to 0°. The parabolic variation derives from the particle being
relatively flat, i.e. significantly larger in the X & y dimensions than
z, and lying flat on the grid as can be seen in Fig. 1. Inspection of
the tilt-series showed the particle to be just a single primary
particle thick in the z-direction. The maximum projection area
recorded is 43% larger than the minimum, which was located close
to the most extreme angles. For N, V, and A; we see a maximum
difference of 48% between the largest and smallest values re-
corded. Again, the shape of the variation of the tilt-series in these
four parameters is unique to the particle, arising from its 3-di-
mensional morphology.

As for the flame-generated particle the reconstructed soot-in-
oil model was repositioned to represent the 0° projection, and the
area was measured. The 3D-A.¢ was 9% larger than the area
measured from the TEM image, similar to the difference seen for
the flame-generated particle when the ‘extra’ portion was not in-
cluded in the calculation.

In contrast to the result seen for the FG soot, soot-in-oil found
close agreement between 2D- & 3D-derived values of volume and
number of primary particles. Prior to the application of the elon-
gation correction to the 3D model, the 2D-methods stood as a 21%
underestimate of the 3D value, but the elongation correction re-
duced this difference to within 4%.

Due to the large overestimation inherent to the calculation of
the surface area from projections, the 3D surface area was on
average 31% less than the 2D-derived surface areas.

Fig. 7a shows radius of gyration calculated every 4° by
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substituting pixel and centre of mass coordinates into Eq. (14).

As for the FG soot particle we see this is not directly related to
the variation seen in projection area. A large decrease in A in the
negative direction is accompanied by a fairly steady and globally
high R value, implying increased branching of the particle despite
viewing area decreasing. A maximum difference of 7% is observed
between 2D R, values over the tilt series, a significantly narrower
range than seen for FG-soot.

Whilst we have already seen 2D-R, calculations account well
for 3D-Rg values, for soot-in-oil the 2D methods performed even
better by providing an average result within 1% of the 3D-R,.

Fig. 7b shows fractal dimension as a function of tilt angle,
evaluated by both iterative and box-counting methods via Egs.
(8) and (9) respectively. Again, Box-counting methods reveal only
modest change in the 2D fractal dimension with tilt angle with
results in the range 1.73-1.80, a maximum difference of only 4%.
The form of the variation is very similar to that of the projection
area, as seen for FG-soot.

The 2D methods underestimated the fractal dimension of the
3D model by 10% on average implying the 2D methods were re-
latively more accurate for the soot-in-oil particle than for FG-soot
(18% average difference).

As for the flame-generated soot, the iterative method provided
results over a larger range, with a maximum difference between
2D D¢ values of 18%.

Where the iterative technique had provided the superior re-
sults for FG-soot, the opposite was true for soot-in-oil. As well as
an average underestimation of 17% with respect to the 3p-Dy, the
variation of the 2D results closely followed that of the projected
area and as such no inverse relationship to Rg, however vague,
could be inferred. The results from the iterative method were
systematically lower than those from box-counting, a surprising
result given that the iterative method is supposed to account for
3D structure whilst box-counting is limited to two dimensions.

7. Discussion

Electron tomography was used as a technique to characterise
flame generated carbon black and soot nanoparticles extracted
from used oil samples drawn from the sump of a light duty diesel
engine. Standard 2D-TEM is an established technique typically
used to characterise soot nanoparticles inferring the size, surface
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Fig. 7. (a) Radius of gyration of soot-in-oil (every 4°) and (b) fractal dimension of soot-in-oil as calculated by box-counting and iterative methods, including 3D cube

counting result, as a function of tilt angle (every 4°).
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area and volume measurements from 2D projections, but it has the
drawback of underestimating real size and does not provide in-
formation on the true shape of the agglomerate. Tomographic
reconstruction from the aligned tilt-series images is powerful and
well established technique for biological structures or metal na-
noparticles. Soot-in-oil analysis is not an area in which 3D-TEM
has been applied previously and the experience gained by authors
suggests size and morphological parameters information can be
generated with relative ease. The understanding of tribological
role of soot in oil can be enhanced by measurements of agglom-
erate surface area and volume.

So-called tilt-series of TEM images were captured every 1°
across =+ 60° tilt-axis for flame-generated soot and soot-in-oil.
These tilt-series were used not only for 3D tomographic re-
construction of the particles but also to assess the uncertainties of
traditional 2D-derived measurements commonly used when
studying carbon nanoparticles. Every 4° throughout a single axis of
the tilt-series created, flame-generated soot and soot-in-oil parti-
cles were characterised in terms of projection area, volume, sur-
face area, radius of gyration, fractal dimension, and number of
primary particles. For comparison, the reconstructed particle vo-
lumes were also characterised by the same means.

There was a pronounced difference in primary particle size for
the two sources of soot as measured from TEM images, with soot-
in-oil being formed from primary particles on average more than
twice the size (44 nm) than those that formed the flame-gener-
ated soot (20 nm). For both sources of soot, the directly related
parameters of A.g, Np, V, & A; were seen to be particularly sensitive
to the angle of projection in TEM images. Variation in these
parameters with tilt-angle was distinct for each of the particles, a
reflection of their unique 3D structures. The flame-generated
particle showed the greater range to 2D-derived results, with the
maximum N,, V, & A; values 60% greater than the minimum,
compared with a difference of 48% for the soot-in-oil particle.
Whilst the sensitivity in these parameters for flame-generated
soot is asymmetric across the tilt-series, the relatively 2-dimen-
sional structure of the soot-in-oil particle caused us to observe a
strongly parabolic variation about 0° that diminished towards
extreme tilt angles.

For flame-generated soot we found that 2D-methods of deriv-
ing number of primary particles and volume produced results that
were on average a 38% underestimation of the values measured
from our 3D model. By contrast, 2D methods on average were in
close agreement with the 3D results for the soot-in-oil particle,
with a difference of less than 4%. Whilst the flame-generated
particle under study had an extensive 3D structure the soot-in-oil
particle was notably 2-dimensional, being just a single primary
particle thick in the z-direction. Therefore 2D-projections of soot-
in-oil were comparatively a better representation of the 3D mor-
phology of the particle, and thus 2D-methods proved superior for
this particle.

Due to the inherent overestimation of our 2D-based surface
area calculation, for both soots the 2D-3D discrepancy was dif-
ferent than for Ny, and V. For flame-generated soot, given that N,
and V were underestimated, this error had the effect of providing a
more accurate surface area, being on average 15% greater than the
3D result. For soot-in-oil this overestimation meant that 2D-de-
rived surface area was on average 44% greater than for 3D.

The apparent morphology of the particle in 2D-projections was
much more variable for FG-soot and sensitivity of its 2D-derived
radius of gyration to the angle of projection was more pronounced,
a difference of 21% over the tilt range compared to 7% for soot-in-
oil. In comparison with the 3D-derived radius of gyration, the 2D
calculation performed well for both particles under study despite
the 2D limitations of the method. An average underestimation of
only 7% for FG-soot meant the 2D-Rg calculation was a better

estimate of the true 3D-value than all but one of the other para-
meters studied. The average result for soot-in-oil was within 1% of
the 3D-derived value, and any associated uncertainty from the
spread of 2D results is small due to the relatively insensitive nat-
ure of the parameter to angle of projection. As this method cal-
culated a purely 2-dimensional result, that the real 3D-R; of the
flatter, more 2-dimensional soot-in-oil particle was better ac-
counted for by 2D-methods is unsurprising.

The variation in the fractal dimension as calculated by box-
counting methods was similar to that of the projection area for
both types of soot, and was relatively insensitive to the angle of
projection in the tilt series ( < 5%). Iterative techniques, however,
showed more significant variation over the tilt-series, with a
maximum difference of close to 18% in both cases. For flame-
generated soot, the form of the variation was loosely an inverse to
that of radius of gyration, as expected considering the response of
each parameter to increased branching of particles. Whilst we
observed box-counting methods to underestimate the 3D result to
a similar degree to what was seen by Rogak [28], iterative results
were superior, being on average within 5% of the 3D-Dx.

Box-counting methods accounted for the 3D-Ds better for soot-
in-oil as its flat, 2D structure meant the inherent 2D limitations of
the calculation were less pronounced. An unexpected result was
that the iterative calculation that had performed so well for flame-
generated soot was not only worse than box-counting for soot-in-
oil, but gave lower values. The iterative method is supposed to
infer 3D-D¢ from results measured from 2D projections, allowing
us to dissociate from the limitations of the 2D methods that can
cause results to be too low [28]. The poor performance of the
technique may be due to the peculiarly 2D-nature of the particle,
or derive from the fact that the mean primary particle diameter
was much larger than that assumed in the derivation of the
iterative method (44 nm vs 25 nm) [55].

In this introductory study we have seen that many commonly
measured parameters can be highly sensitive to the angle of pro-
jection due to significant changes it can cause in the apparent
morphology of the particle. Whilst the specific variations in the
morphological parameters of flame-generated soot and soot-in-oil
were very different, including mean primary particle size, both
soot species showed fairly comparable differences over the tilt
range. In general, 2D-methods were less sensitive to angle of
projection for soot-in-oil, owing to the fact that 2D projections
were more representative of the 3D structure of the particle ana-
lysed in this work.

We find it acceptable to consider that any 2D projection of a
particle is an equally valid representation of the 3-dimensional
structure, given that all are equally limited in terms of lacking
depth perception. Whilst it may rightly be considered that some
orientations of the particle in the tilt-series would be unlikely to
result naturally from deposition of the particle upon a TEM grid,
given the complex, fractal nature of soot particles it is likely many
different orientations would be indeed be possible. As our results
suggest great sensitivity to projection angle for many of the
commonly considered parameters, it seems almost arbitrary to
simply use the result measured from a single, random oriented
projection. Given our findings on the sensitivity of parameters to
the angle of projection, it raises the question of whether an ad-
ditional level of uncertainty should be considered when employ-
ing traditional, single-projection characterisation of soot. As well
as uncertainty relating to a mean result from an ensemble of
single-projection results, within each individual result you could
consider there to be an uncertainty relating to the sensitivity to
angle of projection.

The complexity of the particle under study also seems to affect
the overall accuracy of 2D-methods, as while the relatively 2-di-
mensional soot-in-oil particle found some close agreements
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between 2D & 3D-derived results, this was not so much the case
for the more 3-dimensional flame-generated particle.

In comparison to 2D-derived methods of characterisation,
electron tomography of soot allows us to circumvent many of the
issues relating to angle of projection and the 2D limitations of
projections (empirical correction factors, approximations, purely
2D results). Whilst some parameters will always require some
level of approximation (for example 3D-R; assumes constant
density in all voxels, and 3D-Nj, still assumes a constant primary
particle diameter) high quality 3D reconstruction could potentially
provide much more accurate characterisation. However, many
barriers stand in the way of tomographic reconstruction of soot
becoming a legitimate alternative to 2D methods. It remains highly
time and labour intensive, with subjectivity and elongation/blur-
ring issues affecting the fidelity of measurements from such
methods.

8. Conclusions

3D volume reconstruction of flame-generated and soot-in-oil
nanoparticles was successfully achieved through the use of bright-
field transmission electron microscopy.

Flame-generated particle under study showed an extensive 3D
structure; on the contrary, the soot-in-oil particle was notably
2-dimensional, being just a single primary particle thick in the
z-direction. The complexity of the particle under study affects the
overall accuracy of 2D-methods, as while the relatively 2-dimen-
sional soot-in-oil particle found some close agreements between
2D- and 3D-derived results.

For flame-generated soot volume calculation from 2D mea-
surements produced results that were on average a 38% under-
estimation of the values measured from our 3D model.

Soot-in-oil found close agreement between 2D- and 3D-de-
rived values of volume and number of primary particles; 2D-
methods stood as a 4% underestimate of the 3D value. 3D surface
area was on average 31% less than the 2D-derived surface areas;
due to the large overestimation inherent to the calculation from
projections.

The 2D iterative method underestimated the fractal dimension
of the 3D model by 5% for the flame-generated soot, while box
counting approach led to an underestimation of 18%. Box counting
method was relatively more accurate for estimating the fractal
dimension of the soot-in-oil particle with a 10% difference be-
tween 2D- and 3D-derived; the iterative method instead showed
an average underestimation of 17% with respect to the 3D-Dy.

Many commonly measured parameters to characterise soot can
be highly sensitive to the viewing angle due to significant changes
it can cause in the apparent morphology of the particle. Un-
certainty in morphological parameters calculated from 2D TEM
images is then significant, and this study emphasises the potential
superiority of values derived from 3D volumes created ET
methods.
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