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ABSTRACT

The size and morphology of soot particles and agglomerates extracted
from lubricating oil drawn from the sump of adiesel engine have been
investigated and compared using Transmission Electron Microscopy
(TEM) and Nanoparticle Tracking Analysis (NTA). Samples were
prepared for electron microscopy imaging by both centrifugation and
solvent extraction to investigate the impact of these procedures on the
morphological characteristics, such as skeleton length and width and
circularity, of the obtained soot. It was shown that centrifugation
increases the extent of agglomeration within the sample, with 15% of
the agglomerates above 200 nm compared to only 11% in the solvent
extracted soot. It was aso observed that the width of centrifugation
extracted soot was typically 10 nmto 20 nm larger than that of solvent
extracted soot, suggesting that centrifugation forces the individual
agglomerate chains together. Moreover, centrifugation fails to extract
a large percentage of particles below 50 nm, with only 4% of the
agglomerates smaller than 50 nm in the centrifugation extracted soot,
whereas agglomerates in this size range accounted for 19 % using
solvent extraction. As TEM represents a comparatively time and cost
expensive characterisation tool, unsuitable for high throughput testing
required by industry, NTA was explored asalow cost, rapid alternative
method for measuring particle size. It was found that results generated
by NTA, within the limits of detection, corrdlated well with those
obtained using TEM. This correlative electron microscopy and light
scattering approach was further used to appraise the morphological
characteristics of two commercia sources of carbon black (CB),
enabling the sel ection of the most suitable soot surrogate, essential for
the further development of oils with optimised functiona properties.

INTRODUCTION

The majority of carbonaceous matter produced by incomplete
combustion in a diesd engine is gected from the system within the
exhaust gases. However, asmall fraction isforced past the piston rings
post-ignition, via blow-by gases, into the oil sump or transferred to the
ail film on the cylinder liner via thermophoresis. Recent diesel engine
design changes have been developed to meet increasingly stringent
emissions requirements. Technologies such as EGR (Exhaust Gas
Recirculation) have been introduced to reduce the level of emissions
released. However, this technology promotes soot formation and
increases the amount of soot in the oil. The contamination of
lubricating oil by diesel soot is considered one of the major causes of
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engine wear [1,2]. However, the relationship between soot
contamination of oil and wear, friction and oil viscosity, is complex,
as noted by alarge number of authors [3-17]. Of particular interest is
theimpact of the size and morphology of the soot agglomerates on il
viscosity and wear of metal engine parts. The valve train can be
particularly vulnerable to wear [4, 5] asit has been suggested that the
hardness of soot nanoparticles can abrade metallic surfaces[6, 7]. The
particle surface area and its reactivity can also have an impact on wear,
as well as the properties of soot-laden oil [8-10]. Moreover, the
interaction of soot particles with dispersant additives also impacts on
friction and is known to be dependent on the particle morphology
[11,12].

Transmission Electron Microscopy (TEM) has been widdly used to
study the size distribution and morphology of soot in oil [13-16].
Chinas-Castillo et al. [7] linked the observed abrasive wear to the size
of the primary particles. The small primary particles adhere to the
surfaces influencing friction and wear; thisis particularly pronounced
at low contact speeds when the particle size is greater than the
lubrication film. Patel et al. [16] investigated the morphology of both
extracted diesel soot and a carbon black (CB) analogue and found the
size of the primary soot particleto be 20 nmto 30 nm. LaRoccaet al.
[13] noted that diesdl soot agglomerates extracted from used engine oil
can be found as either long chain-like particles or in more compact
cluster-like shapes. AsTEM requires soot to be extracted from the used
oil to avoid contamination and imaging issues under the e ectron beam,
centrifugation is often employed, with variations on the method used
by Clague et al. [3] seen throughout literature. However, questions
have been raised recently concerning the effect of centrifugation on
agglomerate size distribution [13]. It has been suggested that
centrifugation modifies the size distribution and shape of soot
agglomerates, by forcing the individual agglomerate chains together,
without altering the size of primary particles. Y et, the extent of this
problem is not clear at present as the use of dispersant may help to
overcome this artificial agglomeration during centrifugation.
Moreover, La Rocca et al. suggested that centrifugation is not
necessary for TEM measurements of soot agglomerate size, and that
the solvent extraction method sufficiently removes the contaminating
oil from the soot [15].

Issues of lengthy sample preparation and extensivedataanalysis, often
taking severa days per sample measured, make TEM analysis of soot
a time consuming and expensive technique. Furthermore, large
uncertainties have been recently reported in 2D-measured
morphological parameters, such as the radius of gyration and the
fractal dimension of soot agglomerates [18], related to the



approximation and correction factors intrinsically embedded in the
calculation of such parameters, as well as the imaging of two
dimensional projections of three-dimensiona structures. Circularity,
defined as a function of area and perimeter, does not require use of
correction factors [19] and will be used in this study to characterise the
geometrical features of soot agglomerates. The high throughput
testing required by industry would benefit from a less onerous
characterisation tool. Nanoparticle Tracking Analysis (NTA) has been
proposed by La Rocca et al. as an aternative method to measure the
sizedistribution of diesdl soot in oil [14, 17]. The techniqueis widdy
used in medical, pharmaceutical and toxicological applications due to
its experimental simplicity and high quality and reproducibility of
results[20]. Data acquisition can be as short asten seconds per sample
compared to typically three hours needed for TEM image acquisition.
NTA measures the hydrodynamic diameter of soot agglomerates and
it has been suggested that this parameter correlates well with
agglomerate skeleton length determined by TEM [17] and thus
warrants further investigation.

Engine oil manufacturers use soot-laden oils to test the effectiveness
of additives, including dispersants. However, genuine soot-laden oil
samples are expensive to generate, and so carbon black is often used
as a surrogate. Carbon black is significantly cheaper than genuine
engine soot and can be produced on a much larger scale. However, as
carbon black is produced in a different way to genuine soot, thereis
potential for key compositional and structural differences. To ensure a
good model surrogate for soot, it is essential to elucidate the nature of
these differences, often done by comparison of the size of the primary
particle and the size distribution and shape of agglomerates dispersed
in asolvent or additised oil [3]. Growney et al. [21] and Clague et al.
[3] compared carbon black to diesal soot and discussed its suitability
as a model colloidal surrogate, finding similarities in areas such as
particlesize.

The purpose of thiswork isto determinethe effect of centrifugation on
soot agglomerate size, and whether the solvent extraction procedure
proposed in [15] avoids this issue. This will involve comparative
analysis of the soot samplesisolated by the two extraction procedures,
namely centrifugation and solvent extraction, by both TEM and NTA.
Furthermore, two carbon black surrogate materias supplied by
Lubrizol Ltd will be analysed in an analogous fashion to identify the
most suitable simulant of engine soot.

EXPERIMENTAL SETUP AND SAMPLE
PREPARATION

The oil samples used in this study were drawn from the sump of an
OM646LA diesel engine. This engine was selected as it is
representative of the typical diesel engine technology. The fully
formulated oil used was a 5W-20 oil containing an olefin copolymer
dispersant. The engine was operated following a 300 hour CEC L-99-
08 test program, which is typically used to evaluate oil performance
with regard to wear. At the end of the 300 hour period, the oil sample
was drawn from the sump for the investigation of the soot content.

Transmission Electron Microscopy

TEM was used to assess the size of primary soot particles and the size
distribution and morphology of soot agglomerates extracted from
engineoil. However, asengineoil itself complicatesimaging by TEM,
representing an undesired contaminant that is often unstable under the
electron beam, suitable sample preparation wasrequired to remove any
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lubricant present on the surface of the soot. To achieve this, two
techniques, referred to as “centrifugation extraction” and “solvent
extraction”, were compared. In the centrifugati on extraction approach,
the soot-laden oil samples were diluted with n-heptane (30 ml), before
being subjected to centrifugation for 8 hours at 6,000 rpm (20°C). The
soot was subsequently washed with hexanetwice to remove remaining
ail. In the solvent extraction approach, the used oil was diluted with n-
heptaneto giveafinal dilution of 20,000. In addition, two commercial
carbon black samples purchased from Cabot, CB A and CB B (5 g
each), were dispersed in a fully formulated fresh oil (95 g) containing
the same oil and additive package as in the drain oil and l€ft for six
weeks to alow the particle size distributions to equilibrate. Solvent
extraction was then used to remove the oil from the carbon black
surface.

The cleaned soot and carbon black samples were separately drop cast
onto copper-mounted carbon films (graphene oxide on holey
amorphous carbon, EM Resolutions) and the residua n-heptane
removed by evaporation under ambient conditions. Images were
acquired using aJEOL 2100F FEG-TEM, equipped with aGatan Orius
SC1000 CCD camera (Nanoscale and Microscale Research Centre,
University of Nottingham). For each sample, exactly 100 particles or
agglomerates, selected as representative of the bulk soot in oil samples,
were measured using open architecture imaging software Imagel. The
skeleton length and width, L« and W respectively (Figure 1), were
measured as described by La Rocca et al. [13].

Figure 1. (&) TEM image of soot particle, sized using L and W measurements.
(b) TEM image of soot particle, sized using Ly and Wy measurements.

Whilst length and width measurements can be made of soot
agglomerates (Figure 1a), this measurement method negl ects the fact
that soot agglomeratesarevery rarely spacefilling withintheir external
dimensions, possessing more branched structures, often with gaps
within the structures that are not accounted for. Measuring skeleton
length and width (Figure 1b) overcomesthisissueand provides a better
representation of the morphology of the agglomerate.

Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) is anovel technique aimed at
real-time and direct analysis of nanoparticles in liquid suspensions,
superior to complementary light scattering approaches, such as
dynamic light scattering, for multimodal particle size distributions,
such as those typically found in soot in oil dispersions[20]. NTA can
rapidly size soot nanoparticles within a diluted oil sample and is
comprised of threebasic steps: (i) video capture, (ii) setting of analysis
parameters and (iii) tracking analysis. In each measurement, a narrow
laser beam (A =405 nm) is passed through the nanoparticle-containing
dispersion and thelight scattered from the particles asthey move under
Brownian motion recorded as a video at 30 frames per second
typicaly. The subsequent analysis is performed directly on the
particles observed in the video, tracking the trandation of each
scattering centre individually over time. The analysis stops when the



particle has moved out of thefield of view, out of the plane of focus or
has crossed the path of another particle. The hydrodynamic diameter
of the tracked particles is calculated using the Stokes-Einstein
equation:

_ KpTtg
e @

where D is the particle mean square displacement, Ks is the
Boltzmann's constant, T is the temperaturein Kelvin, tsis the sampling
timein seconds, 7 isthe viscosity of the continuous phase and dh isthe
hydrodynamic diameter of the tracked particle. The high viscosity of
the oil in the as-received samples inhibits the motion of particleson a
measureable timescale and thus prevents the particle size being
determined. As a consequence, samples were initialy diluted in n-
heptane. To achieve asuitable concentration, the sampleswere serialy
diluted to give afinal dilution of 100,000 for the drain oil, 20,000 for
the centrifugation extracted soot re-dispersed in fresh oil, 100,000 for
CB A dispersed in fresh oil and 10,000 for CB B dispersed in fresh oil.
All samples were dispersed in n-heptane by gentle agitation.

For each measurement, the dispersion of soot in n-heptane (1 ml) was
injected into the sample chamber of the Malvern Nanosight LM 14
(Nanoscale and Microscae Research Centre, University of
Nottingham) using aglass syringe. Thelaser was turned on and an area
of the sample where nanoparticles were best illuminated was brought
into focus manually. A series of three 30 second automated captures at
20°C was performed, producing atotal of 900 frames per sample. The
data was analysed using NTA V3.2 software. The reference value of
viscosity used in this study is 0.4 mPas and at the dilution ratios used,
the effect of the oil viscosity islow and can therefore be disregarded.
Attention was paid to ensure the particle concentration was between
10°— 10 particles/ml as suggested by Malloy and Carr [20]. Thiswas
to ensure there are enough particles for arobust size distribution to be
generated, but not so many asto increase the overlap between particles
and therefore invalidate alarge number of tracks.

RESULTSAND DISCUSSION

Differences in the structure and morphology of soot particles isolated
by the centrifugation-extraction and solvent-extraction methods was
appraised by TEM (Figures 2 and 3 respectively) and statistically
treated (Figure 4 and Table 1).
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Figure 2. Representative TEM images of centrifugation-extracted soot after
sonication in heptane for 10 minutes with agglomerates in the size range (a)-
(c) 35-240 nm and (d) above 400 nm. Scale bars are 100 nm.

Figure 3. Representative TEM images of solvent-extracted soot agglomerates
in the size range (a)-(c) 20-185 nm and (d) above 400 nm. Scale bars are 50
nm.

Themicrographsin Figure 2 illustrate typical soot agglomerates found
in the centrifugation-extracted soot sample after sonication in n-
heptane for 10 minutes, and possess a clustered structure, typically
falling into the size range 35-250 nm (Figure 2a-c), with some larger
agglomerates above 300 nm aso observed (Figure 2d). By
comparison, the soot i solated using the sol vent-extraction method seen
in Figure 3 appears to be in smaller agglomerates, with a greater
proportion appearing more “chain-like’ compared to the clusters seen
for the centrifugation-extracted soot. The agglomerates were typically
in the size range 20-185 nm (Figure 3a-c), with a large number of
monodisperse primary particles observed. Anaogous to the
centrifugation-extracted soot, some large agglomerates above 200 nm
were additionally present (Figure 3d).
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Figure 4. Histograms displaying the range of (@) L«, (b) W, and (c)
circularity values obtained by statistical treatment of TEM images of soot
isolated by both solvent- and centrifugation-extraction methods.

The skeleton length, L, and width, W, was measured for each
sample (Figure 4a and b respectively). It was found that 19 % of the
solvent-extracted soot possessed a skeleton length 50 nm or less,
whereas this only makes up 4 % of the centrifugation-extracted soot
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sample. This suggests that smaller and better dispersed particles have
not been removed by centrifugation, instead remaining in the
supernatant fluid. Moreover, the solvent-extracted soot contains 11 %
of agglomerates equal to or above 200 nm, whereas the centrifugation-
extracted soot contains 15 % at thissize, indicating that centrifugation
causes a shift towards higher agglomerate sizes, potentialy asaside-
effect of the centrifugation process, which could force smaller
agglomerates together. Furthermore, the maximum L« observed in the
centrifugation-extracted sampleis amost 100 nm higher than that seen
in the solvent-extracted analogue, similarly suggesting a higher level
of agglomeration for soot extracted by centrifugation.

The minimum Ws values were 11 and 14 nm for the solvent-extracted
and centrifugation-extracted samples respectively, which can be
attributed to the smaller primary particles (Figure 4b). As the two soot
samples are from the same drain, the primary particles should be
approximately equal, and so any changes in the width will be due to
aggregation with the agglomerates building up from one primary
particle wide. Furthermore, the mean Ws of the centrifugation-
extracted sample is approximately 10 nm higher than that of the
solvent-extracted material . Asthe primary particleswerefound to have
amean vaue of 24 nm, this suggests that the sol vent-extracted sample
contains many chains with a width of one primary particle, whereas
the centrifugation-extracted sample has a larger proportion of chains
around two primary particleswide. This provides further evidence that
centrifugation forces individual chain-like agglomerates together
during this purification procedure.

Theaspect ratio, L«/Ws, was cal culated and the proportion of clusters
(Ls/Ws > 2.5) and chain-like agglomerates (L s«/Ws < 2.5) in the two
soot samples compared (Table 1). From this analysis, it was observed
that the solvent-extracted sample contained 39 % clusters and 61 %
chain-like agglomerates, whereas the centrifugation-extracted sample
contained 36 and 64 % respectively, thusindicating little differencein
the type and shape of agglomerates between samples. However, it is
important to note that thisanalysis cannot differentiate between a“long
and wide’ agglomerate and a “short and narrow” agglomerate
possessing identical aspect ratios. The findings from this andysis
(Figures4a, b and Table 1) suggeststhat while both L« and Ws change
asafunction of the purification procedure, the aspect ratio isrelatively
unaffected.

Circularity is a shape factor function of the perimeter and the area —
defined as 4m(area/perimeter?) — with a value of 1 describing the
particle as a circle, whilst a value approaching O indicates that the
perimeter of the particle is more irregular [19]. From dtatistical
analysis of circularity (Figure 4c), it was found that 14 % of
agglomerates possessed a circularity value of 0.9 or above in the
solvent-extracted soot, whereas in the centrifugation-extracted soot,
this was only 8 %. It was observed that particles with a circularity of
0.9 or above were generaly primary particles, suggesting that the
solvent-extracted soot contained a higher proportion of mono-
dispersed primary particles.



Table 1. Statistical analysis of the morphological characteristics of extracted soot and carbon black particles and agglomerates obtained by TEM imaging.

) Ratio of skeleton length to . .
Sample Skeleton length, L« / nm Skeleton width, W« / nm width, Le/Ws Circularity
Mean Mode Range Mean Mode Range Mean Mode Range Mean Mode Range

Centrifugation
tractedsoot | 112¢59 100 | 41-314 | 40+15 40 1494 | 3012 35 | 1265 | 056£0.16 06 0.25-0.98

Solvent 95454 75 | 20241 | 30+13 30 11-106 | 3.1+14 2 1373 | 0570.18 05 0.26-0.92
extracted soot

CBA 1544114 | 75 | 41-562 | 62¢28 | 50 24169 | 24#11 | 25 | 11-72 | 070:0.19 07 0.22-0.98

cBB 149486 | 100 | 21405 | 46+20 | 40 18122 | 32+14 3 | 11-81 | 053018 | 06,07 | 019095

For NTA to be a viable dternative to TEM, it must support the
observations obtained by this advanced microscopy approach. NTA
was used to study soot within drain oil and centrifugation-extracted
soot re-dispersed back into fresh fully formulated oil to assess whether
soot isolated by centrifugation affects the size of the agglomerates and
whether it is representative of soot found within the drain oil. Up to
7,500 particles were measured per sample by NTA, compared to only
100 by TEM image anayss, thus ensuring greater stetistical
significance. Theabsoluteintensity of light scattered from the particles
under observation was noted and found to represent only soot particles,
and not metal particles occasionaly introduced into the oil during
enginewear [20]. Interestingly, the NTA results for the drain oil were
found to correlate well with results of solvent-extracted soot generated
by TEM, with mean particle sizes of 95 and 96.5 nm obtained by TEM
and NTA respectively (Figure 5). The maximum value obtained by
NTA is 450 nm which is larger than that expected from anaysis by
TEM; however, this represents a very small contribution (<0.1 %) to
thetotal size distribution.
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Figure 5. Concentration of particles against size (as hydrodynamic diameter)
obtained by NTA for soot isolated from both drain oil and frequency of particles
against particle size (as skeleton length) obtained by TEM for solvent-extracted
soot. A small number of particles greater than 300 nm are measured by NTA.

The drain oil and centrifugation-extracted soot in oil both contained
most of the agglomerates between 60 and 250 nm by NTA (Figure 6).
The mean diameter in thedrain oil is 96.5 nm, compared to 115.3 nm
in the centrifugation-extracted soot sample. This is a difference of
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approximately 20 nm which is close to the average size of a primary
soot particle. This again suggests that centrifugation forces together
individual chains to form larger agglomerates. The drain oil sample
contained 2.3 % of agglomerates above 200 nm, whereas the
centrifugation-extracted soot contains 7.3 % in this size range. This
correlates well with TEM results, with centrifugation-extracted soot
containing a higher level of large agglomerates than drain oil or
solvent-extracted soot. An advantage of NTA is that the
centrifugation-extracted soot can be directly compared to a drain ail,
and so removing any uncertainty associated with comparing to an
aternately extracted soot. Figure 6 shows that athough the
centrifugation-extracted soot had been in contact with dispersant in a
fully formulated ail, this had not resulted in the soot returning to the
sizedistribution found within the drain ail.

Drain oil soot

2.5

= == Centrifuge-extracted
soot

1.5

0.5

Concentration/particles per mL (E7)

300 400 500

Particle Size / nm

Figure 6. Frequency against hydrodynamic diameter, d, obtained by NTA for
drain oil and centrifugation-extracted soot.

This correlative microscopy and light scattering approach has shown
that centrifugation promotes the agglomeration of soot, resulting in
larger agglomerates. Centrifugation also fails to remove a proportion
of the smallest and best dispersed particles, reducing the number of
monodispersed particles in the resultant soot sample. Interestingly,
treatment of the sample in an ultrasonic bath (10 minutes, 25 °C) did
not return it to the composition of the solvent-extracted soot.




Therefore, the comparison of carbon black will be made to solvent-
extracted soot.

TEM analysis of the carbon blacks indicates that agglomerates are
found in both carbon black (CB) A and B (Figure 7 and Table 1).

CBA CBB

Cluster

Chain

Figure 7. Example TEM images of CB A and B extracted by solvent
extraction. Scale bars are 50 nm.

Primary particles were measured from TEM images of engine soot and
thetwo carbon blacks (Figure 8). Mean particle sizes were determined
to be 24 nmfor genuine soot, 49 nm for CB A and 25 nmfor CB B. A
standard deviation of 1.60 nm was obtained for CB A, 0.63 nm for CB
B and 0.71 nm for soot. Soot and CB B have a more narrow range of
sizesthan CB A, suggesting that CB B is a better mimic for soot than
CBA.

[l solvent-extracted soot
Carbon black A
——] Carbon black B

0 10 20 30 40 50
Diameter / nm

= NN

Figure 8. Distribution of primary particle sizes, comparison between engine
soot, CB A and CB B.

Stetistical analysis of the obtained TEM images (Figure 9a) indicates
that, in terms of L, both the carbon blacks have fewer agglomerates
less than or equal to 75 nm than the soot, with this size range making
up 44% of the soot sample, 23 % of the CB A sample and 17 % of the
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CB B sample. Agglomerates 250 nm and above comprise 3 % of the
soot sample, 15 % of CB A and 21 % of CB B, meaning that both
carbon blacks have agglomerated to a greater extent than the soot.

Although the modal values of CB A and soot are the same, CB B
resembles soot more in terms of the range of sizes. CB A dso has a
greater spread of sizes (StD = 114 nm) than both soot (StD = 54 nm)
and CB B (StD = 86 nm).

Width analysis (Figure 9b) indicates that agglomerates with W less
than or equal to 40 nm made up 83 % of agglomerates in the soot
sample, 16 % of CB A and 49 % of CB B. Thislack of agglomerates
below 40 nmin the carbon black materialsisdueto the primary particle
size being higher than that of the soot, specifically in CB A. The soot
contained only 3 % of agglomerates at 60 nm or above, compared to
CB A containing 63 % and CB B containing 34 %. This suggests that
both carbon black materials agglomerate to a greater extent than the
soot; however, this is more prevalent in CB A. CB A has a greater
spread of widths (StD = 28 nm), with CB B (StD = 20 nm) being more
similar to soot (StD = 13 nm) in this respect.
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Figure 9a. Histograms displaying the range of skeleton length (L«) values
obtained by statistical treatment of TEM images of solvent-extracted soot, CB
A and CB B.
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Figure 9b. Histograms displaying the range of skeleton width (W) values
obtained by statistical treatment of TEM images of solvent-extracted soot, CB
A and CB B.
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Figure 9d. Histograms displaying the range of circularity values obtained by
statistical treatment of TEM images of solvent-extracted soot, CB A and CB
B.

Aspect ratio analysis (Figure 9c) shows that the soot contained 39 %
clustersand 61 % chain-like agglomerates; in contrast, CB A contained
71 % clusters and 29 % chains and CB B was more soot-like with 33
% clusters and 67 % chains. This provides a clear difference between
the carbon blacks, with CB B resembling soot to a much greater extent
than CB A.

In terms of circularity (Figure 9d), it is clear that 14 % of soot
agglomerates, 33 % of CB A and 8 % of CB B had acircularity of 0.9
or above. This suggests that CB A contains a higher proportion of
monodisperse particles than both soot and CB B, which were quite
similar.
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Figure 10. Frequency against hydrodynamic diameter, dy, obtained from NTA
measurements of engine soot, CB A and CB B. Concentration is normalized
dividing raw data by total number of particle analysed per sample.

By NTA, the mean hydrodynamic diameters of soot, CB A and B were
96.5, 116.8 and 91.8 nm respectively (Figure 10). CB A contains 5.1
% of particles with a diameter of 200 nm or above, whereas CB B
contains 1.2 % and thedrain oil contains 2.3 %, meaning CB B ismore
similar to soot in this respect. These results are in agreement with
TEM, and so CB B was concluded to be the better mimic for soot.

CONCLUSIONS

Solvent extraction is the recommended method for the extraction of
soot from aused oil. The majority of centrifugation-extracted soot was
found to fal in the range 35-240 nm, compared to solvent-extracted
soot between 20-185 nm. Centrifugation fails to remove the smallest
and most well dispersed particles and agglomerates. It aso causesthe
soot to agglomerate to a greater extent than is seen within the used
drain oil. NTA is a suitable method to estimate the particle size
distribution of soot agglomerates from soot-laden oil samples, and is
in good agreement with size distributions obtained by TEM image
analysis. However, NTA cannot detect scatter from soot particles
below approximately 50 nm, and so cannot be used to determine the
size of primary particles. Both techniques concluded that CB B was a
better mimic than CB A for the genuine diesel soot.
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DEFINITIONSABBREVIATIONS

TEM Transmission Electron Microscopy
NTA Nanoparticle Tracking Analysis
StD Standard Deviation

CB Carbon Black



