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Abstract

Formation of soot is a known phenomenon for diesel 
engines, however, only recently emerged for gasoline 
engines with the introduction of direct injection 

systems. Soot-in-oil samples from a three-cylinder turbo-
charged gasoline direct injection (GDI) engine have been 
analysed. The samples were collected from the oil sump after 
periods of use in predominantly urban driving conditions 
with start-stop mode activated. Thermogravimetric analysis 
(TGA) was performed to measure the soot content in the 
drained oils. Soot deposition rates were similar to previously 
reported rates for diesel engines, i.e. 1 wt% per 15,000 km, 
thus indicating a similar importance. Morphology was 
assessed by transmission electron microscopy (TEM). Images 

showed fractal agglomerates comprising multiple primary 
particles with characteristic core-shell nanostructure. 
Furthermore, large amorphous structures were observed. 
Primary particle sizes ranged from 12 to 55 nm, with a mean 
diameter of 30 nm and mode at 31 nm. Particle agglomerates 
were measured by nanoparticle tracking analysis (NTA). The 
agglomerates were found to range between 42 and 475 nm, 
with a mean size of 132 nm and mode at 100 nm. The distribu-
tion was shifted towards larger sizes with a minor concentra-
tion of very large agglomerates observed around 382 nm. 
While deposition rate and agglomerate morphology were 
similar to diesel engines, distinctive amorphous carbon and 
smaller particles were observed. Hence, existing knowledge 
for diesel applications might not be directly transferrable.

Introduction

Formation and emission of particulate matter, also 
known as soot, is a well-known phenomenon for diesel 
engines. Particulate filters and special oil formulations 

have been developed over the years to deal with this issue. 
With increasing efforts to optimise engines, direct injection 
systems are nowadays also used for gasoline engines instead 
of port fuel injection (PFI) systems [1]. However, the literature 
to date on this issue is relatively limited. A brief systematic 
literature search of articles on Web of Science, dated 31.12.2018, 
revealed significant difference in research coverage.1 For diesel 
engines 1817 articles were found, whereas only 134 articles 
were found for gasoline direct injection (GDI) engines - the 

1 To specify the general field of interest, three relevant terms were selected 
to filter the document names: “(soot OR particulate matter OR partic* 
emission*)”. These terms were assumed to cover a range of the used termi-
nology. For diesel direct injection compression ignition (CI) engines, the 
term “(diesel OR “compression ign* OR ci engine*)” was added by logical 
conjunction, i.e. AND operator. For gasoline direct injection spark injection 
(GDI/DISI) engines, the term “(gasoline direct inject* OR gdi OR disi OR 
spark ign*)” was used. The search gasoline port fuel injection spark ignition 
(PFI) engines was conducted by using the term “(port fuel inject* OR pfi)”. 
Only documents of type “article” included.

same value as for diesel engines in the year 1991. For PFI 
engines, an even smaller number of 15 articles was found. 
While 50 % of papers on diesel soot were published before 
2010, nearly 95 % of papers on GDI soot were published after 
2010. No papers on PFI soot were found dating before 2012. 
The data highlights the relatively young age of the field of 
research. As port fuel injection gasoline engines generally 
show lower particulate matter emissions [2,3], the topic only 
became noticed and relevant after the introduction of 
GDI engines.

Soot generally forms under non-stoichiometric, fuel rich 
conditions. In the case of internal combustion engines, soot 
formation occurs if the fuel is not sufficiently mixed with air 
within the combustion chamber [4,5]. Of the initially formed 
radical species, acetylene is generally considered to be the 
most important precursor to the further formation process 
of soot [6]. Subsequent polymerisation reactions between these 
radicals yield small aromatic molecules, and eventually 
extended polycyclic aromatic hydrocarbons (PAH). Inception 
of particle phase soot species occurs at molecule diameters of 
approximately 1.5 nm [6]. The growth of such species continues 
by addition of vapour phase radicals, to form so called 
‘primary particles’ with typical diameters of 10-50 nm [7]. 
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These particles exhibit a core-shell nanostructure, consisting 
of an amorphous core and surrounding graphitic layers. 
Agglomeration of primary particles results in characteristic 
fractal structures. The size of particles and agglomerates can 
be affected by the environmental conditions [6], i.e. conditions 
in the combustion chamber or cylinder. Operating conditions 
directly influence such environment, with engine speed and 
air/fuel-ratio showing particularly strong effects [8]. High 
exhaust gas temperatures can lead to reductions in particulate 
size by oxidisation [6]. However, this effect can be cancelled 
out by antagonistic impact of the high loads necessary to cause 
high exhaust gas temperatures [9].

Uy et al. [10] observed structural similarities between 
diesel and GDI soot from both exhaust and lubricating oil. 
However, GDI soot also exhibited “sludge-like” regions with 
less distinctive particle borders and amorphous carbon. 
Similar observations were reported by An et al. [11], with the 
addition of multiple cores at the centre of the primary parti-
cles. Gaddam and Vander Wal [12] measured the visible nano-
structure and obtained similar values for GDI soot as for diesel 
soot. On the contrary, Liati et al. [13] reported GDI soot to 
be less ordered, i.e. less graphitic. A comparative study by Pfau 
et  al. [14] confirmed such differences, by identifying a 
decreasing structural order from carbon black to diesel and 
GDI soot. The specific nanostructure can not only affect the 
reactivity of soot [15] but also impede the effectiveness of oil 
additives as established by Esangbedo [16]. The latter was 
assumed to be caused by different interactions between the 
oil dispersants and the surface of the soot particles. The size 
of particles can affect the extent of implication on the human 
body, i.e. deposition in the respiratory tract [17,18]. As noted 
by Pedata et al. [19] the area of sub 10 nm particles was covered 
only scarcely to date. As such particles could even transfer 
from initial deposition in the lungs to the blood stream [20], 
the impact on the human health could be  significant. In 
addition to the impact on human health and reactivity, the 
size of soot agglomerates as well as primary particles can influ-
ence the wear in engines.

As soot transfers into the lubricating oil, it increases the 
effective viscosity of the oil, i.e. oil thickening [16]. Lahouij 
et al. [21] confirmed the presence of strong cohesive forces 
between soot particles and their resistance to loading. 
Accumulation of soot can further lead to oil starvation and 
consequently wear due to metal-metal contact. Various 
studies have shown that soot accumulation in the lubricating 
oil results in increased engine wear rates [22,23]; Gautam 
et  al. [24] reported that wear increases with higher soot 
concentration. Furthermore, soot can compromise the effec-
tiveness of anti-wear additives. The resulting wear effect is 
more pronounced for thin oil films, i.e. with thickness close 
to or smaller than the particle size [22,25]. This issue can 
be critical for the timing chain, as wear between pins and 
bushings leads to chain elongation [26]. Thickening of the oil 
results in pumpability issues due to the altered viscosity [27]. 
Higher levels of oil viscosity in a Mack-7 engine were found 
to stem from increased concentration as well as size of soot 
particles [28]. Berbezier et al. [29] assessed the effect on wear 
of carbon blacks with different primary particle sizes. With 
increasing particle size, both the wear rate increased, and the 
anti-wear properties of the oil were reduced. Similarly, 

Mainwaring [30] observed more aggressive wear behaviour 
of soot with higher primary particle sizes. Li et  al. [23] 
observed abrasive wear, with wear scar widths closely 
matching the size of primary particles. In a subsequent study 
on oil thickening, Bardasz et al. [31] observed improvements 
of oil viscosity due to higher soot amounts in some instances, 
while in other cases the viscosity was decreased as the amount 
of soot decreased. The oil samples further showed different 
soot size distributions. To account for both the size distribu-
tion and the amount of soot, a direct correlation between oil 
viscosity and surface area of the soot-in-oil particles 
was suggested.

Thermogravimetric analysis (TGA) is a commonly used 
technique to assess the content of soot in used lubricating oil 
samples. As such the sample has to be deconvoluted in its 
individual components: Organic volatiles, combustible 
matter (i.e. soot) and non-reactive ash [10,32,33]. This process 
is facilitated by measuring the change in mass while altering 
both temperature and gas environment in the chamber. 
While the specific protocols vary, two underlying principles 
remain consistent. Initial heating of the sample in an inert 
gas, such as nitrogen, enables desorption of volatile compo-
nents from the sample, while preventing any simultaneous 
oxidation [34]. Subsequent use of air or oxygen allows for a 
controlled oxidation of the combustible compounds, i.e. 
residual soot. Clague et al. [32] assessed exhaust soot samples 
with soot extracted from lubricating oil for the same engines. 
In contrast to the study by Yehliu et al., the samples were 
heated to 650 °C in a nitrogen environment and then further 
to 750 °C in oxygen. The results showed differences between 
carbon-ash-volatile contents for the same source, indicating 
a change between exhaust soot to soot-in-oil. However, the 
extraction process appeared to alter the observed results. 
Yehliu et al. [35] assessed the impact of fuel formulations on 
the properties of exhaust soot from diesel engines. The study 
showed differences in the fraction of volatiles as well as oxida-
tion rates. To reflect the conditions in vehicle applications, 
i.e. regeneration of particulate filters, the parameters for the 
TGA differed. As such, the samples were oxidised at 550 °C 
after preheating in a nitrogen environment 500 °C. Such 
protocol is in line with works of Mullins and Truhan [36] as 
well as Bredin et al. [34], reducing the maximum temperature 
for the initial stage to avoid oxidation due to oxygen traces. 
Aside from compositional details, information on soot 
concentration is important for automotive applications as 
the amount of soot in the lubricating oil is linked to the extent 
of wear [22,25,37]. Thus, the rate of deposition for engines is 
fundamental for recommendations of oil change intervals. 
Lockwood et al. [38] collected samples from three diesel 
engines operated under on-road conditions of five tracks. 
They observed a linear correlation between oil mileage and 
soot content with R2 = 0.8. However, no deposition rates were 
derived and no information on the TGA protocol included. 
Di Liberto et al. [39] analysed 15 soot-in-oil samples from 10 
vehicles with diesel engines. The oil mileage of the samples 
ranged from 3320 km to 23386 km, and a modified version 
of the ASTM D5967 test method was employed. The engines 
exhibited an overall deposition rate of 1 wt% per 15000 km 
with a standard deviation of 0.4 wt% - representing as such 
the first reference. Sharma et al. [40] also assessed diesel 
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soot-in-oil with the ASTM D5967 method. The sample 
contained 1.78 wt% soot after 12798 miles, equivalent of a 
rate of 1.3 wt% per 15000km and thus within reference. Uy 
et al. [10] measured soot-in-oil samples of both diesel and 
GDI engines. The TGA protocol involved heating to 650 °C 
in nitrogen, before switching to air for an isothermal hold at 
the same temperature. The diesel sample showed higher soot 
content, however, no information on mileage was provided 
and thus no correlation was possible.

The measurement of agglomerates represents a complex 
challenge due to their fractal geometrical nature. Different 
approaches have been used across studies, mostly relying on 
two-dimensional projections in the form of transmission 
electron microscopy (TEM) images. Common parameters 
include the radius of gyration [41,42] as well as skeleton width 
and length [43,44]. Although these methods enable the quan-
titative description of agglomerates, they do not represent the 
whole three-dimensional, fractal shape of the agglomerates 
and tend to overestimate the size [45]. In contrast, electron 
tomography can be used to reconstruct the actual volume of 
particles [46,47]. However, despite recent progress towards 
throughput optimisation [48], such procedure is still very time 
and cost intensive. For the in-situ analysis of particulates in 
the exhaust gas stream, scanning mobility particle sizers are 
commonly used [49, 50, 51]. Analysis of soot-in-oil samples 
adds further complexity, usually requiring the removal of the 
particles from the lubricating oil. However, nanoparticle 
tracking analysis (NTA) has been shown to be an effective 
alternative [52]. To enable the particle analysis, the soot-laden 
oil has only to be diluted with a suitable agent, such as heptane. 
Thus, particle density in the dilution as well as its viscosity 
is reduced.

Primary particles within agglomerates can be measured 
directly from TEM images. Lee et al. [53] collected soot from 
the exhaust gas of a light duty diesel engine. The primary 
particle diameters ranged 10-60 nm, with mean diameters of 
28-34 nm depending on the operating conditions. In a subse-
quent study of Zhu et al. [42] with a different engine, the same 
diameter range and similar mean diameters of 19-33 nm were 
observed. Similarly, Neer and Köylü [9] observed primary 
particles of mean diameter 20-35 nm for exhaust soot from a 

medium duty diesel engine at different operating conditions. 
Such findings are further supported by a study of Lapuerta 
et al. [8], reporting a mean primary particle diameter of 25 nm 
for a light duty diesel. However, the diameters only ranged 
from 10 to 45 nm. In contrast, a study by Liati et al. [54] found 
a mean primary particle diameter of 13.7 nm. Interestingly, 
60 % of particles measuring below 13 nm. For soot in the 
lubricating oil of a diesel engine, La Rocca et al. [7] observed 
the mean primary particle diameter to be 20.2 nm, similar to 
exhaust soot. However, the range of diameters was narrower 
with a span from 10 to only 35 nm. A study by Ferraro et al. 
[55] reported a mean particle diameter of 25 nm, however, 
also showed a second distribution around 48 nm, accounting 
for almost 9 % of particles. Barone et al. [56] assessed primary 
particles of exhaust soot from a GDI engine. The particle 
diameters ranged 7-60  nm with a mode between 20 and 
25 nm. Liati et al. [13] observed a similar range of 5-50 nm 
but with a lower mode between 10 and 15 nm. Gaddam and 
Vander Wal [12] further reported a diameter range of 7-65nm 
and mean diameters of 16-25  nm for GDI soot particles, 
depending on engine operating conditions. Thus, GDI exhaust 
soot primary particles appear to be similar to those of diesel 
engines. While studies on diesel soot-in-oil are already 
limited, the investigations for GDI soot-in-oil are even scarcer. 
An initial study by La Rocca et al. [44] showed an extended 
diameter range of 20-90 nm, with a mean diameter of 36 nm. 
Although some properties have already been assessed, little 
quantitative information on primary particles sizes is 
provided. An overview of the reported findings is presented 
in Table 1.

This study set out to close the gap in knowledge for GDI 
soot-in-oil. The concentration of soot in the used lubricating 
oil samples was established by TGA. Thus, the deposition rate 
could be assessed by relating the soot content to the sample 
oil mileage. Agglomerate sizes were determined by means of 
NTA. Furthermore, TEM imaging was employed to obtain 
qualitative information of the soot morphology. Carbon 
particles lacking any apparent long-range order are here 
presumed to be entirely amorphous. Subsequent quantitative 
information was gathered by measuring primary particles 
within the images.

TABLE 1 Reported primary particle diameter ranges, means, and mode as measured from TEM images for diesel and GDI soot 
obtained from the exhaust gas stream and lubricating oil of the engines. (* bimodal distribution observed)

Reference Fuel Origin Range (nm) Mean (nm) Mode (nm)
Lee et al. [53] Diesel Exhaust 10-60 28-34 20-40

Zhu et al. [42] Diesel Exhaust 10-60 19-33 15-25

Neer and Köylü [9] Diesel Exhaust - 20-35 -

Lapuerta et al. [8] Diesel Exhaust 10-45 25 20-25

Liati et al. [54] Diesel Exhaust 4-36 13.7 10

La Rocca et al. [7] Diesel Oil 10-35 20.2 20

Ferraro et al. [55] Diesel Oil - 25 / 48* -

Barone et al. [56] GDI Exhaust 7-60 - 10-15

Liati et al. [13] GDI Exhaust 5-50 - 10-15

Gaddam and Vander Wal [12] GDI Exhaust 7-65 16-25 14-22

La Rocca et al. [44] GDI Oil 20-90 36 32©
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Experimental

Sample Collection and 
Preparation
Three oil samples were collected from a 1.0L, three-cylinder 
turbocharged GDI engine. The engine was operated in a 
passenger car in primarily urban driving conditions with acti-
vated start-stop mode. The lubricating oil used was Castrol 
5W30. Commercial, EN228 compliant unleaded gasoline with 
a 95 RON rating and up to 5% ethanol content was used consis-
tently, as readily available at UK stations. The oil mileage, i.e. 
mileage since the last oil change, for the samples was 5715 km, 
6733 km, and 8488 km. To enable accurate TEM analysis, the 
soot-in-oil samples were cleaned prior to analysis. The meth-
odology employed in this study was previously established by 
La Rocca et al. [7] and recently used by Pfau et al. [14]. The oil 
samples were placed in hermetically sealed centrifuge tubes 
and diluted with n-heptane. To remove contaminants bonded 
to the soot particles, the tubes were then placed in an ultrasonic 
bath at 20 °C for ten minutes. Subsequent centrifugation in an 
Eppendorf Centrifuge 5418R at 14,000 rpm (relative centrifugal 
field value of 16,873 g) for 90 min at 25 °C separated the solid 
soot particles from the liquid phase due to their comparatively 
higher density. Thus, the supernatant oil could be carefully 
extracted and was then replaced by pure n-heptane. The 
cleaning cycle was repeated for six rounds, yielding a dilution 
ratio of approximately 1:75,000.

Thermogravimetric Analysis
An assessment of the soot mass was carried out on a TA 
Instruments Q500 thermogravimetric analyser, with a resolu-
tion of 0.1 μg. The methodology was adapted from the ASTM 
D5967-08 test standard and was previously used by La Rocca 
et al. [57]. 20 mg of the undiluted oil samples were placed in 
platinum TGA pans and loaded into the instrument chamber. 
Nitrogen was initially used as purge gas at a flow rate of 100 
ml/min. The sample was isothermally held at room temperature 
for 20 min before being heated to 50 °C at a rate of 5 °C/min. 
After a minute of isothermal hold at 50 °C, the sample was 
heated to 550 °C at a rate of 50 °C/min. After one minute of 
isothermal hold at 550 °C, the sample was heated at a slower 
rate of 20 °C/min to 650 °C. Subsequently, the purge gas was 
switched to air and the sample further heated at a rate of 20 
°C/min to 750 °C, where it was isothermally held for 5 min.

Nanoparticle Tracking 
Analysis
NTA was carried out on a Malvern Nanosight LM14 based in 
the nmRC at the University of Nottingham, with a laser of 
405 nm wavelength. For the size measurement of soot parti-
cles, NTA utilises the principle of Brownian motion. The 
particles are exposed to a laser beam and the scattered light 
is recorded by a camera aligned with the beam axis. Particles 
are identified separately, and their centres subsequently traced 
for as long as they are visible within the frame and are in focus. 

The movement of the particle, or translation diffusion coef-
ficient D, is measured on a frame-by-frame basis. The hydro-
dynamic diameter of the particle dh can subsequently 
be obtained from the Stokes-Einstein equation:

 d
k T

D
h

B= ×
× × ×3 p h

 (1)

Where kB is the Boltzmann constant, T the sample 
temperature in Kelvin and η the sample viscosity. Video 
recordings were obtained using a CCD camera at 30 fps and 
subsequently processed with the NTA V3.2 software. The 
temperature of the sample throughout was held at 20 °C and 
the reference value of viscosity for this temperature was 0.4 
mPa s. 20 μl of the oil sample were diluted in 25  ml 
n-heptane, yielding a dilution ratio of 1:1,250, and then 
dispersed by vortex mixing for approximately 1 minute. At 
the dilution ratio used, the effect of soot viscosity is low and 
can be neglected. Approximately 500 μl of the suspension 
were loaded into the sample chamber. Analysis with a higher 
dilution of 1:12,500 was attempted, however, a greater 
contribution from noise was observed due to the reduced 
number of particles. In addition, recordings of pure 
n-heptane were taken to rule out any influence by the 
dilution process. No particles were observed. Therefore, all 
observed particles in the oil dilution are assumed to 
be genuine particles of the oil sample itself. The identifica-
tion and tracking of particles was optimised using a detec-
tion threshold value of five and automatic settings for blur 
size and maximum jump distance. To account for statistical 
errors, the analysis was carried out in batch series of five 
recordings of 60 seconds each.

Transmission Electron 
Microscopy
TEM imaging was carried out on a JEOL 2100F TEM with a 
Gatan Orius CCD camera, based in the Nanoscale and 
Microscale Research Centre (nmRC) at the University of 
Nottingham. Various magnifications, up to 500,000x, have 
been used at an incident electron beam voltage of 200 kV. 
Following the dilution cleaning of the oil samples, small 
amounts of the oil-heptane solution were transferred onto 
TEM grids. The grids consisted of a copper mesh grid coated 
with lacey amorphous carbon and graphene oxide support 
film. Upon deposition, the heptane evaporated in ambient 
conditions. Subsequently, the grids were washed with diethyl 
ether to further remove oil contamination and therefore 
improve image quality [7,14,44].

Results and Discussion

Thermogravimetric Analysis
The content of soot in the lubricating oil was identified by TGA. 
For the three samples, the contents were found to be 0.40, 0.42, 
and 0.51 wt% for the 5715, 6733, and 8488 km samples, respec-
tively (see Figure 1). Clearly, a numerical increase of soot 
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content can be observed with increasing oil mileage. For diesel 
engines, the deposition rate for soot in the lubricating oil was 
found to correlate linearly with the oil mileage [38]. A broad 
study of several diesel soot-in-oil samples by Di Liberto et al. 
[39] suggested a deposition rate of approximately 1 wt% per 
15,000 km with a standard deviation 0.4 wt%. Thus, it was 
attempted to fit a linear deposition rate model for the obtained 
measurements as well. To the best knowledge of the authors, 
this is the first correlation of oil mileage and soot deposition 
in the lubricating oil for a GDI engine. The soot content was 
scaled from the respective oil mileage to 15,000 km and subse-
quently averaged over the three samples. The mean deposition 
rate was found to be 0.96 wt%, with a standard deviation of 
0.08 wt%. While the deposition rate appears to be slightly lower 
than the diesel model (see Figure 1), the standard deviation is 
five times lower. This could be due to the limited number of 
data points included here. The range of vehicles included in the 
study by Di Liberto et al. [39] was broader, thus allowing for a 
more general estimate of the soot deposition rate for diesel 
engines. The obtained measurements of this study fit within 
this established diesel model. This agreement suggests that soot 
accumulation in the lubricating oil is of similar importance for 
GDI engines as it is for diesel engines. To confirm the observa-
tion and establish the quantitative dimension of the deposition 
rate, further studies of larger scale are required.

Nanoparticle Tracking 
Analysis
Measurements of soot agglomerates directly in an oil-
heptane solutions were obtained by NTA (see Figure 2). The 
size distribution exhibits an asymmetric shape with particle 
numbers shifted towards larger sizes from the mode at 
100 nm. The mean agglomerate size was found to be 132 nm. 
On the lower side of the mode, the particle numbers fall 
sharply, consistent with the expected limit of detection. 
Additional populations were found at 155 and 241 nm, with 
~300 nm representing an upper size limit for this principle 
distribution. The inset in Figure 2 shows an enlarged view 

of the size range of 300-500 nm. Almost no agglomerates 
are present in the range of 350-400 nm; however, a second 
mode at 426  nm becomes apparent. Nevertheless, the 
concentration is significantly lower than the first mode by 
three orders of magnitude, i.e. 3.7e+04 compared to 2.2e+07. 
No such feature could be observed for lower particle sizes, 
i.e. below 100 nm.

As NTA is a novel technique and has only been used in 
a few studies, the obtained measurements are compared with 
literature based on dynamic light scattering (DLS) in addition 
studies using NTA. An initial study by La Rocca et al. [57] 
compared DLS and NTA measurements for soot-in-oil 
samples of two diesel engines. The NTA values were found 
to be lower than the values in this study with mean particle 
sizes of 115-126 nm and main modes at 98-110 nm. The results 
from the DLS analysis differed only by few nanometres from 
the NTA findings. In a subsequent study, a similar second 
peak at higher agglomerate sizes was observed for diesel soot-
in-oil [52]. In a comparative study, Key et al. [43] measured 
agglomerate sizes of 91.8 and 116.8  nm for two types of 
carbon black, as well as 96.5  nm for diesel soot-in-oil. 
Moreover, both studies showed that the dimensions obtained 
by NTA correlated well with the skeleton length of the 
agglomerates as observable in TEM images. Kim et al. [58] 
used 16 oil formulations in two diesel engines for 25 h and 
subsequently analysed the soot-laden oil samples by DLS. The 
average agglomerate size ranged from 98.4 to 163.8 nm among 
the oils. However, it should be noted that the analysis in the 
study showed a high variation, i.e. duplicate runs for different 
batches of the same sample yielded average values 122.2 and 
163.8 nm. Liu et al. [59] operated diesel engines with lubri-
cating oils of different formulations. DLS measurements 
found mean particle sizes ranging from 111 to 266 nm, 
depending on oil formulation and temperature at which the 
measurement was carried out. Overall, it can be noted that 
the range of NTA and DLS measurements for diesel soot is 
very broad. Here, the observed mean and mode values lie 
within this range. However, as the technique appears to 
be sensitive to engine parameters and measurement condi-
tions, more information could be obtained by direct compar-
ative assessment of samples.

 FIGURE 1  Soot content measurements by TGA of three GDI 
oil samples, previously reported soot deposition rate in oil for 
diesel engines [39], and discovered soot deposition rate in oil 
for GDI engines.
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 FIGURE 2  Size distribution and volume concentration of 
soot particles in used lubricating oil measured by NTA.
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Transmission Electron 
Microscopy
The GDI soot samples exhibit a diverse morphology. Some 
soot agglomerates of several primary particles were observed 
with fractal shapes (see Figure 3). The morphology of the 
agglomerates could have been influenced by the centrifugation 
of the sample preparation process, albeit ultrasonic bathing 
allows for particle breakup. The nanostructure and size of 
primary particles remains unaffected [7]. Consequently, no 
measurements of agglomerates were taken from the TEM 
images; agglomerate size distribution was assessed only by 
NTA. Key et al. [43] and La Rocca et al. [52] demonstrated 
that NTA measurements correlate well to agglomerate 
skeleton length.

To assess the similarity to other types of soot quantita-
tively, the size of 171 primary particles was measured (see 
Figure 4). Two perpendicular measurements were taken for 
each particle and the average ratio between the two values 

was 1.09 (standard deviation of 0.08). The ratio indicates that 
the particles are on average slightly oval, however, still close 
to a spherical, round shape. Thus, the arithmetic mean 
between the two measurements is used as diameter for each 
particle. For the present samples, the diameters ranged from 
12 to 55 nm, with a mode at 31 nm and a mean of 30 nm. The 
range is lower than previous findings for GDI soot-in-oil, i.e. 
20-90 nm [44]. However, the measurements are similar to 
findings for GDI exhaust soot samples that exhibited primary 
particle diameters from as low as 5 [13] up to 65 nm [12]. 
Similarly, the mean value better fits with the findings for 
exhaust soot than for soot-in-oil. In contrast, the mode found 
here is in line with previous findings for GDI soot-in-oil, while 
lower modes from 10 [13,56] to 22 nm [12] were observed for 
GDI exhaust soot.

Qualitative assessment of the primary particles showed 
a prevalence of the typical core-shell nanostructure (see Figure 
5a,b). In Figure 5c both amorphous core and graphitic shell 
are marked as well as an unusual surrounding amorphous 

 FIGURE 4  Frequency distribution of the primary particle 
diameter as measured from agglomerates in TEM images.
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 FIGURE 5  Soot primary particles (a,b). Marked primary 
particle with central core, graphitic shell and surrounding 
amorphous layer (c). Enlargements A and B show details of 
nanostructure (d,e).
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 FIGURE 3  TEM images of fractal soot agglomerates of 
several primary particles.
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layer. This observation is in line with a previous study by La 
Rocca et al. [44]. Details of the particle nanostructure are 
presented in Figure 5d,e. Both images were contrast enhanced 
and binarised, to improve the visibility of the structure. The 
surrounding layer shows a significantly lower degree of order 
compared to the graphitic shell. The subsequent higher 
amount of edge sites is likely to increase overall reactivity, as 
reported by Vander Wal and Tomasek [60].

Moreover, entirely amorphous aggregates were present 
in all samples. The observed structures lack any apparent long 
range-order and are thus assumed to be amorphous. Some of 
these particles exhibit distinctive particle edges (see Figure 
6a,b), while others appear partly “sludge-like” and blend partly 
with the carbon background of the TEM grid (see Figure 6c,d). 
This observation was first made by Uy et al. [10] but also 
confirmed in a previous work on the same engine as used in 
this study [14]. While the former found the amorphous parti-
cles to be particularly prone to decomposition, no such decom-
position could be observed here even after prolonged exposure 
under the electron beam of the microscope. The nanostructure 
of the amorphous particles exhibits more reactive edge sites 
compared to typical core-shell soot particles. This difference 
can also be  observed in the additional amorphous shell 
surrounding such particles, as displayed in Figure 5d,e. 
Antusch et al. [15] suggested different nanostructures to cause 
altered reactivity of the soot. This was subsequently supported 
by studies conducted by Vander Wal and Tomasek [60] as well 
as Alfè et al. [61]. This would further suggest a higher degree 
of interaction with the lubricating oil. As a result, the effective-
ness of oil additives could be  diminished and wear thus 
be enhanced [16].

Some of the particles further exhibited crystalline regions 
(see Figure 7), which were found to promote wear in engines 
[62]. Such behaviour was observed by Sharma et al. [63] for 
diesel engines particularly with higher engine age. Several 
studies suggested that the crystalline structures could stem 
from wear elements and oil additives [10,14,40]. Consequently, 
understanding of soot properties is required to predict and 
manage the interaction of soot particles with the lubricating oil.

The results reported in this work highlight that soot depo-
sition to the engine oil experienced in the turbocharged 
gasoline direct injection engine used in this study shows 
similar levels as per the diesel soot-in-oil levels measured by 
Di Liberto et al. [39] and Sharma et al. [40].

It is well know that soot can compromise engine dura-
bility due to wear [22,25] and can potentially promote wear 
between pins and bushings leading to chain elongation [26]. 
Another undesired effect of soot-in-oil is related to lubricant 
thickening which can results in pumpability issues due to the 
altered viscosity [27]. These well-known soot-related issues of 
diesel engines can now be of relevance for the modern GTDI 
engines, so further research in this area is required to under-
stand the extent of the problem for these new engines. Another 
potential threat is related to the different nanostructure char-
acteristics shown by the soot nanoparticles formed in the 
gasoline engines. Amorphous aggregates were present in all 
samples and with nanoparticles shown a less graphitic struc-
ture with more defects. This was also noticed by Liati et al. 
[13]. Pfau et al. [14] confirmed such differences, pointing out 
that GDI soot is more reactive than carbon black and diesel 
soot. These nanostructure characteristics affect the reactivity 
of soot [15] but also impede the effectiveness of oil additives 
as established by Esangbedo et al. [16].

Conclusions
Three soot-in-oil samples were taken from a GDI engine after 
different oil mileages, and comprehensively analysed. The 
findings from this work suggest that soot-in-oil levels 
measured in GDI engines can be comparable to those of diesel 
engines; likewise agglomerate and primary size distributions. 
However, the particle nanostructure can differ significantly 
with some entirely amorphous particles observed. This could 
imply a different interaction with the lubricating oil and subse-
quently altered wear behaviour of GDI soot. In particular, the 
work carried out on here has led to the following conclusions:

 • The soot content in the oil samples was assessed by TGA. 
A linear trend model was fitted, showing a deposition 
rate of 0.96 wt% per 15,000 km with a standard deviation 

 FIGURE 6  Distinctive (a,b) and sludge-like (c,d) 
amorphous particles.
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 FIGURE 7  Crystalline regions within amorphous particles.
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of 0.08 wt%. The model is in agreement with linear 
deposition rate models for diesel engines. Thus, it is 
suggested that soot in the lubricating oil is of similar 
importance for GDI engines.

 • Analysis of agglomerate sizes was carried out by NTA 
and revealed an asymmetric distribution. The principle 
population was observed with a modal value of 100 nm, 
with additional, smaller populations at 155 and 241 nm. 
While almost no particles were observed in the range of 
350-400 nm, a further population was found at 426 nm. 
However, particle numbers this additional population 
were lower by three magnitudes compared to those in 
the range of ~100-350 nm.

 • TEM imaging revealed a diverse appearance of the soot. 
Both typical soot particles in agglomerates and entirely 
amorphous particles were observed. While the former 
exhibited core-shell structures, the latter showed no 
apparent long-range order.

 • Primary particles were subsequently measured as 
captured in the TEM images. A unimodal size 
distribution was observed, with a mode at 31 nm and 
mean of 30 nm.

Future work will encompass the verification of the 
suggested soot deposition behaviour for GDI engines. Further, 
a universal deposition rate model should be established. This 
could be facilitated in a large-scale study including a broad 
range of vehicles and mileages. The effects of both engine and 
vehicle specifications as well as operating conditions would 
therewith be averaged. This would provide a comprehensive 
understanding of soot deposition and allow for the design of 
effective lubricating oils and technical guidelines. Moreover, 
detailed engine dynamometer tests could be carried out to 
further establish the effect of individual engine parameters 
on the soot deposition rate.
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