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Abstract 

Morphology, nanostructure, and composition of soot extracted from the oil sump of different heavy-

duty engines operated under dynamometer and field conditions were investigated. Soot characteristics 

were then compared to a carbon black sample. Soot was extracted from used oil for Transmission 

Electron Microscopy (TEM) analysis. Energy Dispersive X-Ray (EDX) and X-ray photoelectron 

spectroscopy (XPS) analyses were also performed to assess soot composition. Two soot classes, I and 

II, can be identified based on their appearance under the TEM. Carbon black and class I particles have 

graphitic structures, while class II samples have a more sludge-like appearance. Similar aggregate 

sizes were observed among the samples. In all samples, the primary particle size distribution ranges 

from 16 nm to 22 nm in terms of mean diameter. Differences in the length and tortuosity of the 

graphitic fringes between the samples were observed. The findings suggest a greater degree of 

interaction between class II samples and the lubricating oil, and consequently, a different wear 

behaviour may be expected depending on the specific soot characteristics. 
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1. Introduction 

The diesel engine currently remains the most widely used solution for powering heavy-duty 

applications and off-road machinery [1]. Diesel trucks accounted for 97.9% of the market in 2019 [2]. 

The diesel engine is also the primary source for transportation in the marine sector [3]. The demand 

for better fuel economy and legislation-driven requirements have led to the introduction of advanced 

engine technologies in the last few decades [4, 5] (e.g. advanced combustion control strategies [4], 
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turbocharging [6], after-treatment devices [7], and exhaust gas recirculation (EGR) [8-10]), leading, 

in some cases, to increased soot production and oil contamination. These soot nanoparticles in oil 

shorten engine life due to increased wear of components and increase fuel consumption due to higher 

friction [11, 12]. 

Despite various attempts to fully understand the fundamentals of soot-induced wear in ICEs, the 

actual mechanism remains unknown [13]. The relationship between engineering practice and the 

application of analytical techniques such as TEM, XPS, and Raman is rooted in the latter's capacity 

to improve knowledge of soot characteristics, behaviour, and interactions with wear and lubricating 

oil [13, 14]. These tools play a crucial role in enhancing the understanding of soot and in developing 

effective strategies for mitigating their adverse effects [15].  

This paper aims to explore the possibility that various kinds of soot, characterized by unique 

properties, have been employed in diverse experimental studies, leading to varied and conflicting 

results.  

 

Soot nanoparticles form in high temperature fuel-rich regions due to pyrolysis, with small 

hydrocarbon branches forming acetylene precursors and then polycyclic aromatic hydrocarbons 

(PAHs). These PAHs stick together, seeding the formation of soot. Coagulation and surface growth 

leads to the formation of a primary particle characterised by an inner core surrounded by graphite 

carbon sheets, generally known as the outer shell. These primary particles stick to one another 

forming branched aggregates [16]. While most of the produced particulate matter leaves the 

combustion chamber with the exhaust gas, a small percentage of soot is transferred to the engine oil 

via the blow-by gases and thermophoretic mechanisms [11]. The latter is defined as particle motion 

caused by a temperature gradient due to molecules with higher energy levels pushing particles to the 

cold side [17, 18]. Despite oxidation occurring throughout the entire process, soot-in-oil experiences 

less oxidation than the exhaust counterpart due to its early migration into the lubricating oil [19]. 

The degree of atomic organization within a carbon material is referred to as nanostructure [20]. 

Carbon atoms typically bond together to form nanometric formations (called fringes) in which they 

can locate either within the basal plane or the edge sites [21]. The carbon edge sites are commonly 

considered to be 100-1000 times more reactive than those in the basal plane [21, 22]. This is due to 

their high exposure to oxygen attack and the abundance of unpaired sp2 electrons, which allow these 

atoms to easily bond with oxygen [20, 23, 24]. Long carbon fringes lead to fewer edge atoms, 

resulting in less reactive soot. Aside from fringe length, fringes’ tortuosity is commonly used to 

characterise the nanoscale ordering in a carbon material. This is defined as the ratio of the geodetic 

to Euclidean distance between the outer edges of the carbon fringe [25]. More tortuous graphene 
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layers lead to more defective / reactive nanostructure due to oxygen-induced graphene sheet distortion 

[23, 24, 26, 27]. Thus, sizes, orientation, and arrangement of the carbon lamella characterise the 

carbon structure. The chaotic configuration of lamellae is usually referred as "turbostratic" [28]. As 

a result, fringes' length and tortuosity are good indicators by which the structure type and its disorder 

can be quantified [29, 30]. 

 

It has been reported that soot particulates have an impact on engine wear [11, 13, 31-36], friction 

coefficient [12, 37-39] and oil viscosity [12, 37, 39-41]. Different mechanisms have been established 

for soot/lubricant interactions and many theories have been suggested over the last 40 years [13]. The 

literature reveals a well-established but complex, and not comprehensively understood, relationship 

between soot nanoparticles and engine lubricant oils. Gautam [32] found a proportional relationship 

between soot-in-oil contamination and wear of engine components. How exactly these are related, 

and consequently, how this problem can be avoided, has not been precisely defined. The complexity 

of the relationship between soot particles and lubricant oil behaviour is exacerbated by several 

supplementary variables that differ among the investigations (engine, fuel, operating conditions, oil 

properties, oil formulation, type of contaminant, soot surrogates). A soot surrogate was used by Green 

to investigate the impact of nanoparticles on engine wear [37]; this carbon black enhances wear, and 

the mechanism shifts from abrasion to starvation with increasing concentration. According to Clague 

[42], carbon black can be used to mimic wear from soot. Conversely, Antusch [38] suggests that 

dyno-derived engine soot is more prone to cause wear than carbon black. 

 

Commercially available carbon black (CB) has often been used as a soot surrogate [38, 40, 42-44], with 

a view of achieving repeatable results, given that soot might vary in graphitization and particle 

dimensions due to engine operating conditions [45, 46]. Clague [42] observed primary particles size in 

the range of 30-50 nm and similar structural order between engine soot and carbon black. Substantial 

differences were found on their elemental composition and surface chemistry. Carbon black particles 

showed more carbon content, reduced ash, and lower volatile component content. Wedlock [47] pointed 

out that carbon black aggregates are comparable to those of engine soot, suggesting carbon black is a 

realistic soot surrogate. Antusch [38] linked the reduced wear rate to the lower reactivity of carbon 

black compared to dyno-derived soot. Jaramillo [48] compares three different carbon blacks to soot 

collected from a forklift (field-derived soot); suggesting that carbon black is not always more 

graphitic than soot. Yehliu [29] pointed out that carbon black nanostructure can be altered by different 

heat treatments. 
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The interaction between oil additive and soot is known to depend strongly on both the physical (e.g., 

size, shape, surface area etc.) and chemical (e.g., surface chemistry, nanostructure etc.) properties of 

soot nanoparticles. Rounds [35] suggested preferential absorption of the anti-wear additive on dyno-

derived soot rather than on the metallic surfaces. On the contrary, Hosonuma [33] and Kawamura [34], 

found no evidence of anti-wear additive performance being depleted by dyno-derived soot and field-

derived soot respectively. By means of tribological and field tests, Corso [31] confirmed a competitive 

chemical adsorption of anti-wear additives on the contact surfaces of valve train materials in field and 

tribological tests. Three-body abrasive wear, according to Li [49], takes place for lubricant films 

thinner than the soot aggregate size from a Cummins M11 test. The reported wear scar widths matched 

the size of primary particles, supporting this hypothesis. Other studies have revealed that the hardness 

of soot ranges between 0.3 and 8 GPa [50, 51], resulting in the range of forged steel and cast iron and 

thus suggesting its potential abrasive action on engine components [50, 51].  

It has also been suggested that soot particles cause oil starvation, and consequently wear due to metal-

metal contact. Green [44] observed a transition from abrasive wear to starvation, due to carbon black 

contamination clogging the entrance of the contact zones. Similarly, Yoshida observed lubricant 

starvation and high wear rates when soot aggregates are greater than the oil film thickness [52]. 

Recently, Salehi [40] and Olomolehin [53] proposed a corrosive-abrasive mechanism in which wear is 

caused by the chemical reaction of the zinc dialkyl dithiophosphates (ZDDP) anti-wear agent with the 

metallic surface, followed by rapid abrasive removal of the generated phosphorus-based tribofilms by 

carbon black particles. Similarly, Booth [43] observed increased wear rates in pin-on-disc tribometer 

experiments when both ZDDP and carbon black were present in the oil, suggesting the latter was 

responsible for the abrasion mechanism of the anti-wear film. 

 

The research conducted so far suggests that the amount of soot in the oil impacts engine wear, although 

the wear rates may vary depending on soot characteristics. Soot properties such as particle 

morphology, nanostructure, and chemistry are therefore crucial in defining the soot-induced wear 

process. For instance, Berbezier [54] reported increased wear rates and decreased anti-wear 

capabilities of the oil with increasing carbon black primary particle size. Similarly, Mainwaring [55] 

observed more severe wear behaviour for soot with larger primary particles. Antusch [38] established 

that the wear rate also depends upon soot surface chemistry and reactivity. The authors proposed 

various nanostructures to alter the reactivity of engine soot. Similarly, Uy [56] discovered that 

amorphous carbon leads to increased wear during four-ball wear tests. The interaction between oil 

additives and engine soot is dependent on its chemical reactivity, and thus on its nanostructure [15]. 

Thus, the oils performance and wear mechanism are intimately related to the physicochemical 
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properties of the particulate matter. To design high-quality engines and oil additives, research into 

soot properties is required, which necessitates the use of advanced analysis techniques. 

Soot-in-oil characterization has been the subject of many investigations [15, 21, 28, 30, 38, 56-64]. 

For example: soot nanoparticles have been commonly investigated by means of Transmission Electron 

Microscopy (TEM) [15, 21, 38, 57, 65]. Antusch [38] compared images of carbon black and dyno-

derived soot, concluding that carbon black primary particles are larger. Esangbedo [15] analysed dyno-

derived soot noticing a more branched aggregate morphology for soot derived from an engine running 

with EGR. La Rocca [57] studied the impact of sample preparation on generating artefacts in aggregate 

size distribution. Vander Wal [21] used TEM to produce high-resolution images and studied flame 

soot reactivity as a function of fuel type. Haffner-Staton [65] employed TEM to compare the 2D and 

3D morphology of soot in-oil particles extracted from a light-duty gasoline engine operated under field 

conditions. They found particles size differences of 20% to 35% between the two techniques. 

Energy-dispersive X-ray spectroscopy (EDX) has been used to investigate the chemical composition 

of soot [28, 61, 62, 64]. Patel [61] was able to prove the presence of crystalline patterns embedded in 

the soot nanostructure. Similarly, EDX measurements conducted by Pfau [62] showed crystalline 

structures and presence of oil additives on field-derived soot particles. Sharma [28] employed EDX 

coupled with TEM to investigate the differences between engine and exhaust soot. They concluded 

that the crankcase soot contains more oil additives than the exhaust counterpart. EDX investigations 

have also been conducted by Vyavhare [64] to assess the impact of oil additive package on soot 

chemistry in standard test-derived oil drains. 

X-ray photoelectron spectroscopy (XPS) has proven to be a reliable method to get information about 

the surface chemical composition [30, 38], and reactivity [56, 60] of carbonaceous materials. Unlike 

EDX, which provides information about elemental composition of a broad volume of the sample, XPS 

is a surface-sensitive technique that utilizes the low-energy X-ray beam to probe the surface elemental 

composition of a carbon material [66]. Using the technique Antusch [38] found considerable differences 

in soot surface composition among carbon black, diesel, and gasoline soot, with the latter showing the 

highest amount of oxygen functional groups and reactivity among the samples. Uy [56] also 

characterized dyno- and field-derived soot particulates by means of XPS spectroscopy. They found a 

more oxidised exhaust soot in comparison to the oil drain samples. Traces of oil additive components 

were found by Kim and co-workers on sooted oil samples extracted from a light-duty diesel engine 

operated under dyno test conditions [59]. Muller employed XPS to establish a correlation between the 

nanostructure, the bonding state of the carbon atoms, and the oxygen content for carbon black and 

dyno-derived diesel soot samples [60]. Similarly, Vander Wal linked the nanostructure with the carbon 
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bonding sp2/sp3 state of soot extracted from different sources (diesel engine, oil-fired boilers, jet engine) 

[30].  

In addition to the previous techniques, Raman spectroscopy is often used for characterizing soot 

nanostructure [15, 56, 58, 62, 63]. Raman is sensitive to molecular structure and can therefore be used 

to quantify the degree of graphitization in carbon-containing materials. By means of Raman 

Spectroscopy, Uy has discovered amorphous regions in the nanostructure of crankcase and exhaust soot 

from dyno and field engine tests [56]. Esangbedo [15] used Raman spectroscopy to determine that a 

more graphitic soot leads to a quicker loss of viscosity control during dynamometer engine tests. The 

greater the graphitic soot, the lower the oxygen functionalization, resulting in viscosity control loss due 

to less interaction with oil dispersants. Similarly, Al-Qurashi reported a reduced efficacy of engine 

dispersant and a consequent viscosity increase in presence of "un-reactive soot" [26]. Comprehensive 

experimental research on several carbon materials, including highly oriented pyrolytic graphite and 

amorphous carbon formations, was conducted by Escribano [58]. The study reported a general 

agreement between the carbon nanostructure and the Raman results. Pfau observed a linear correlation 

between Raman defects/graphitic ratios and fringes parameters (namely length and tortuosity) for both 

engine soot and carbon black material [62]. Sadezky [63] used Raman spectroscopy coupled with X-

ray diffraction measurements to assess the statistical uncertainties of Raman curve fitting for a carbon 

material. Different types of soot can be therefore distinguished based on the degree of graphitization 

in the material, however, achieving accurate and meaningful comparisons between samples 

necessitates a meticulous setup and precise calibration [67]. 

A variety of techniques have been previously employed to separate soot particles from the engine oil. 

Pfau [62] diluted oil samples in heptane and transferred small amounts onto TEM carbon grids after 

centrifuging and ultrasonic bathing. Similarly, Uy [56] diluted sooted oil drains in hexane. Then, four 

runs of centrifugation were performed to remove any oil contamination. Likewise, Fay [68] diluted 

oil samples in heptane and transferred small amounts onto TEM grid after five stages of centrifugation 

at 14,000 rpm for 90 minutes. However, it has also been shown that the centrifugation process can 

alter the size and shape of soot agglomerates [57]. 

 

Many morphological parameters have been employed in literature to classify particles according to 

their size. La Rocca found clusters and chain-like structures with an average hydraulic diameter of 

100 nm in diesel soot-in-oil samples [69]. Similar agglomerates were found by Clague [42] in their 

investigation on engine soot and carbon black. In a later investigation, La Rocca [70] measured oil 

soot from a GDI engine, showing a mixture of clusters and chain-like structures with a mean skeleton 

length of 153 nm. Similarly, diesel soot showed an average skeleton length of 131.8 nm, composed 
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of spherical primary particles of 12–40 nm [57]. In their work, Neer and Koylu [71] identified soot 

particles with a gyration diameter up to 0.2 μm. 

The knowledge gained so far suggests a discrepancy in wear results found in the research. Moreover, 

soot-in-oil literature to date is often limited to a rather small number of samples and analysis published 

in individual papers. Primary focus is given to particle morphology with limited emphasis to the 

chemical information. The reactivity of soot is often measured using chemical techniques, but 

multiple setups, operators and conditions might affect sample comparability. Similarly, quantifying 

nanostructure using fringe analysis and comparing results from multiple authors can be challenging. 

This study aims to address these gaps by undertaking a comprehensive characterization of soot 

originating from different heavy-duty dyno, field engines and a carbon black. Through a systematic 

approach, statistical analyses are performed, enabling meaningful comparisons among samples. TEM 

was employed for the quantitative assessment of the soot morphology and nanostructure. EDX and 

XPS were used to determine the chemical composition of soot. This work interconnects the 

morphology, nanostructure, and chemistry of soot-in-oil particles—aspects that are frequently 

overlooked when examining wear mechanisms. These features are linked to the possible wear 

mechanisms with a view of explaining the discrepancy in soot-induced wear observations found in 

the literature.  

2.   Experimental  

2.1 Samples Description  

Three field-derived soot samples, five laboratory dyno-derived soot samples and one flame-generated 

carbon black sample were analysed in this study. The details of those samples are given in Table 1. 

Sample A was drained from the oil sump of a Euro 6 compliant 8 L engine operated for 109,061 km. 

Sample B and C were collected from engine oil drains of two heavy-duty trucks equipped with a 13 

L engine, with turbocharger and exhaust gas recirculation (EGR) systems, meeting the Euro 6D 

emission specification. Oil samples were taken at 60,000 km and 140,000 km, respectively.  

Oil drain samples D and E were obtained from two diesel engines with the same displacement (13 L), 

turbocharging, and bowl design. These engines meet Euro 6D and 6E emissions standards, 

respectively. The engines were tested on a dyno test bed, which replicated heavy-duty field 

applications. 

Sample F was obtained from a dyno engine test. The test uses a heavy-duty diesel engine with 5.9 L 

displacement, equipped with exhaust gas recirculation (EGR) system operating to a 350-hour test 

procedure. The test method consists of 17 min warm-up, an 80 h break-in, and a 350 h test cycle. 
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First, the engine is operated with retarded fuel-injection timing to generate excess soot, then the 

engine is run at cyclic conditions to induce valve-train wear. 

Sample G comes from a 11 L heavy-duty engine equipped with EGR system. The test duration 

consists of 200 hours. High-soot loading production and stop-and-go operations simulate real-world 

field service during the test. 

Sample H was obtained from a heavy-duty dyno test. An 11 L diesel engine is equipped with EGR, 

and variable geometry turbocharger.  The test procedure involves 30 minutes of oil flushing, followed 

by 252-hour test at constant speed and load conditions.  

At the conclusion of every test or drain interval, approximately 75 mL of oil sample was carefully 

drawn from the sump of the respective engine for soot analysis.     

Sample L is a commercially available carbon black ‘Cabot Mogul L’, previously employed as a 

surrogate in other investigations in the literature [56, 72]. 

For all test cell-based samples, the engine was running the durability drive cycle, i.e typically full 

load sweeps in the 900 – 2000 rpm range, followed by a standing for 7 minutes.  Oil temperature was 

kept at 125 ºC during the running cycle.  For field samples, oils were taken at engine-off conditions. 

All tests oil samples are taken using a sampling system (i.e. a tube plumbed into the oil sump), 

extracted from the deep part of the sump. 

 

2.2 Samples Preparation 

After gently mixing the oil samples for a minute, 0.5 ml of the oil was extracted using an Eppendorf 

pipette and diluted with the solvent and analysed. Measuring known size distributions and 

concentrations of CB dispersed in engine oil has previously demonstrated the robustness of this 

method [73]. 

2.2.1 Transmission Electron Microscopy (TEM) 

Soot was isolated from engine drain oils using a solvent extraction process. The dilution was carried 

out with an appropriate amount of heptane depending on the soot content in the sample. Small amounts 

of soot suspension in heptane were transferred onto carbon coated TEM grids. Following deposition, 

the heptane evaporates leaving the soot particles on the grid. The grids were washed with diethyl ether 

to remove any remaining oil contamination from the sample [70]. Further vaporization of the solvent 

was then promoted by subjecting the sample to close-to-vacuum conditions prior to the TEM analysis. 

TEM was used for acquisition of high-resolution images of soot on copper mesh grid consisting of 

graphene oxide support film and holey amorphous carbon layer. A JEOL 2100F TEM microscope with 
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a Gatan Orius CCD camera, based in the Nanoscale and Microscale Research Center (nmRC) at the 

University of Nottingham was used to perform the imaging. An incident electron beam voltage of 200 

kV was used with various magnifications. 

 

 

2.2.2 Photoelectron spectroscopy (XPS) 

 

The elemental composition of soot surface was determined by X-ray Photoelectron Spectroscopy 

(XPS). The soot sample was initially diluted with 75% heptane and distributed between several 

hermetically sealed 2 mL volume centrifuge tubes. The centrifugation process was performed on the 

diluted oil/heptane solution at 14,000 rpm for 90 minutes at 25ºC, following the work of Clague [42]. 

The centrifuged solids were then washed with fresh heptane and sonicated for 10 minutes at 20 °C. The 

entire process was repeated six times to remove any occluded oil in the sample. The extracted soot in 

minimal n-heptane solution was deposited on Silicon wafers. Upon evaporation of the heptane in 

ambient conditions, the wafers were loaded in the high vacuum chamber of the XPS instrument. The 

base pressure of the spectrometer analyser was 5 x 10−9 mbar. The instrumentation used is a Kratos 

AXIS ULTRA spectrometer, based in the Nanoscale and Microscale Research Center (nmRC) at the 

University of Nottingham. Photoelectrons were generated using a monochromatic Al kα X-ray source 

(1486.6 eV), operated at 10 mA emission current and 12 kV anode potential (120 W). Three spectra 

were acquired using energy steps of 0.5 eV and an acquisition time of 427 ms per step for a total of 

20 min per spectra. The area under investigation was 300 x 700 microns giving an average 

composition across this area. A pass energy of 80 eV was used for the wide spectra acquisition. 

 

Table 1: List of samples analysed in this work. 

Sample 
TGA Soot 

wt.% 
Test Type 

Test 

Duration 

Engine 

Capacity 

Emission 

 Standard 

Oil 

Oxidation 

A/cm 

Sample A 
1.02 

Field 
109,061 km 8 L EU6 Step C 

10.3 

Sample B 1.35 Field 62,932 km 13 L EU6 Step C 16.7 

Sample C 1.74 Field 140,803 km 13 L EU6 Step C 40.2 

Sample D 2.3 Dyno 825 h 13 L EU6 Step D 27.5 

Sample E 2.64 Dyno 690 h 13 L EU6 Step E 97 

Sample F 4.9 Dyno 350 h 5.9 L  / 11.1 

Sample G 7.00 Dyno 200 h 11 L / 6.9 

Sample H 7.22 Dyno 252 h 11 L / 10.5 

Sample L / Carbon Black         
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2.2.3 Morphological Analysis 

Soot morphology has been investigated using ImageJ, an open architecture image processing 

software. Several images were analysed for each sample to ensure correct representation of the sample 

and to account for local variations within. Samples were imaged at several magnifications to observe 

general soot features, aggregates, and particles’ morphology. Morphological information, such as 

projected area, Feret diameter of the aggregate and size of the primary particles have also been 

evaluated. A minimum of 100 primary particles was examined per sample, of which the diameter was 

measured. Primary Particles identification from TEM images was performed by manual detection 

method. Despite the fact that the manual detection results are affected by operator's experience, a 

previous study has demonstrated that the fluctuations in the manually derived data can be limited to 

3.5% for experienced operators [74]. Aggregates' morphological properties have been evaluated using 

a semi-automatic image processing method, developed in-house, and coded in ImageJ. Aggregates’ 

identification process includes the manual selection of the soot particles and the automatic threshold 

adjustment before performing the binarization process. A schematic of the image post-processing 

procedures is presented in Figure 1. 

 

 

            

Figure 1: TEM image processing procedure for aggregate size determination: (a) Raw TEM 

image of a soot aggregate. (b) Binarized image of the example aggregate after applying a 

user-specified threshold and minor adjustment operations (c) Determination of the maximum 

Feret diameter 
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2.2.4 Structural Analysis 

High-Resolution TEM (HRTEM) pictures were used to analyse soot nanostructure within the drain 

and to determine the degree of order of the graphitic segments that make up the carbonaceous matter 

[20]. The structural analysis of drain soot samples was performed using a semi-automatic approach 

based on object tracking and detection in MATLAB and previously applied by Pfau [25]. A minimum 

of 1000 fringes was obtained per sample. As input to the fringe separation algorithm, the user must 

specify a region of interest (ROI) in which to evaluate the distance between the lattice fringes. An 

automatic detection step was instead used to extract fringes' lengths and tortuosity. Statistical 

distributions are then created from the length and tortuosity data. Additional operational details of the 

structural analysis are reported in [25]. 

 

 

3. Results  

3.1 Morphology 

 

The TEM images of the samples that are being studied are displayed in Figures 2, 3, and 4. The samples 

are divided into groups according to their provenience, i.e. field or dyno soot. Sample L, a carbon black 

is conveniently grouped with the dyno soot due to its similarities observed under TEM. 

Figure 2 shows the soot morphology found in the samples A, B and C. Soot particulates appear to have 

a similar morphology and appearance under the TEM. Those samples exhibit aggregates which are less 

soot-like and more sludge-like in their structures (Figure 2). Most of the particles are amorphous 

(Figures 2d and f) and experience some degree of decomposition under the electron beam (Figure 2h). 

Prolonged exposure to the electron beam at normal imaging intensities frequently led to decomposition, 

suggesting the presence of volatile structures in the material. The mean primary particles diameter was 

found to be 20 nm, 21 nm, and 22 nm, for samples A, B and C, respectively.  

Figure 3 shows the typical particulate morphology found in the samples D and E, consisting of spherical 

primary particles fused together to form irregular-shaped aggregate structures. Sample D shows soot 

primary particles connected in bigger soot aggregates. The median primary particles diameter is 16 

nm with a standard deviation of 5.4 nm. Most of the particles have a core-shell structure, with a 

thickness ranging from 4 to 7 nm. Few examples of amorphous carbon can also be observed in the 

sample (i.e. soot without any long-range order of the carbon lamella [20]). Sample E has an 18 nm 
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median primary particles diameter with a 10-28 nm range. Most of the primary particles exhibit an inner 

core and an outer shell (Figure 3d). The inner core is around 5 nm in diameter with an outer shell 4–12 

nm thick. Soot-in-oil aggregates show a modest branched morphology.  

Primary particles diameter results are in line with various experimental investigations. La Puerta found 

an average diameter of 25 nm related to the exhaust soot particles sampled from a diesel engine [75]. 

La Rocca instead, observed a typical 2 regions structure, i.e. inner core and outer shell, and an average 

diameter of 20 nm for particles drawn from diesel engine soot-in-oil [57]. Smaller dimensions of the 

mean particle diameter were found by Su [76]. Their study conducted on diesel exhaust soot showed 

an average particle diameter in the range 3-15 nm, with a missing outer layer structure. This was 

ascribed to differences in soot synthesis parameters such as burning temperature, duration, and initial 

fuel identity. Further investigations on the influence of the operating conditions of the diesel engine  

Figure 2: TEM images of samples A,B and C 
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on soot have shown that the average diameter of the primary particles is in the range 23.8-34.4 nm 

[77, 78]. 

 In sample E, the mean Feret diameter (FD) was found to be 141 nm. Aggregates' Feret diameter in 

sample D spanned from 28 nm to 436 nm. Both samples showed soot aggregates of modest size, with 

a few examples of amorphous soot and larger particles.  

Figure 4 shows some representative TEM images for sample F, G and H. These samples exhibit similar 

particles size and nanostructure. Sample F has agglomerates up to 2 microns in diameter, with single 

aggregates ranging from 19 nm to 667 nm. The mean Feret diameter, F, was found to be 252 nm. The 

carbonaceous particulate matter in the sample looks like a mixture of small aggregates and small 

agglomerates (Figure 4a and b). Primary particles diameters spanned from 11 nm to 28 nm, with about 

90% of the particles less than 21 nm in diameter. Most of the particles are poorly graphitic with 

multiple-cores structures surrounded by amorphous layers of about 4 nm (Figure 4c). A similar 

Figure 3: TEM images of samples D, E and L. The circles represent 

the particle core(s). 
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amorphous layer was also found in the particles of sample G; however, these mainly exist as single 

core structures (Figure 4d and e). In this sample, the primary particles' diameter spanned from 11 to 

28 nm, with a mean value of 20 nm. Soot aggregates ranged from 75 nm to 650 nm, with 80% of the 

particles with a Feret diameter in the range 75-275 nm. TEM pictures of sample H show single core-

shell primary particles organized in fractal-like soot aggregates of few hundreds of nanometres in size 

(Figure 4g-i). The centres consist of amorphous nuclei surrounded by graphitic carbon layers. In 

contrast to samples F and G, no amorphous outer layer is observed here highlighting a more evident 

long-range graphitic domain in the material. The aggregates' size distribution exhibits an asymmetric 

shape with particles shifted towards larger sizes from the mode at 175 nm, and the mean Feret diameter 

is 331 nm. 

Figure 4: TEM images of samples F, G and H. The dashed lines 

in the figure indicate the amorphous outer shell, while the circles 

represent the particle core(s).  
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Sample L exhibited near-spherical primary particles in fractal aggregates of about 100 nm in size. 

Their structure consists of a central amorphous core surrounded by a largely graphitic outer shell 

(Figures 3g and h). The mean primary particle diameter was found to be 22 nm. Overall, sample L 

(CB sample) appearance under TEM looks similar to the dyno-derived soot samples analysed.  

Soot aggregates in samples A, B and C (field-derived soot) appears to have a more compact 

morphology (Figure 2e) as opposed to the modest chain-like geometry of particulates found in the 

other samples. As such, these particulates are expected to have a greater fractal dimension and a 

smaller effective volume [15, 79]. Moreover, these samples show significantly darker particulates 

despite their smaller aggregates' size (Figures 2c and i). This characteristic can be associated either to 

the presence of a metallic material [70] or to the tridimensionality of soot particles [80].  

 

To understand the chemical composition found in soot particles, an EDX analysis was performed 

on sample C. Figure 5 shows the EDX spectrum of a black particle found in sample C. Soot particles 

are mainly composed of carbonaceous material with traces of elements consistent with coming from 

the oil additive package. Fe originates from engine wear [28, 61]. F, Na, and Si are commonly 

associated with engine coolant or contamination [62, 81]. Although C and O come mainly from 

particulate matter, they can originate from the TEM grid and the supporting film, respectively. Due 

to the use of copper TEM grids, Cu could not be identified using EDX-TEM. The proportion of 

carbon in soot particles was modest (66 at.%), whereas oxygen was found in abundance. Crystalline 

material trapped into soot nanostructure was observed by Pfau [62] and their EDX examinations 

revealed that the embedded particles originated from oil additives and wear compounds. Similarly, 

0 1 2 3 4 5 6 7 8 9 10

Energy (keV)

Figure 5: EDX spectroscopy results of a soot particle in sample C 
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La Rocca has previously identified dark particles and heavier material on the surface of gasoline 

engine soot [70]. All the elements detected can been attributed to engine oil additives, coolant, or 

contamination [56, 62, 81]. 

The primary particle distributions for all samples are reported in Figure 6. Table 2 summarizes the 

main TEM results of this study, while Figure 7 shows the main morphological parameters obtained 

from image analysis. In all samples investigated the aggregates with small surface area and small 

Feret diameter are the most frequent. Samples F, G and H show the biggest dispersions, probably 

affected by the small agglomerates within the samples. This is the case of sample F in which those 

aggregates reach percentages of up to 30%. 

A similar consideration can be drawn from the Feret diameter data. Particles with Feret diameter 

between 75 nm and 125 nm account for more than 50% of the particles in all samples except for 

sample F in which small degree of agglomeration was found.  

Circularity was used to describe the complexity of particles' shape and to differentiate branched 

from clustered particulates. Statistical results showed that there are considerable differences 

between the particles' circularity in samples A, B (mean circularity> 0.6) and the other samples. 

Particles with a circularity greater than 0.6 accounted for about 60% of the aggregates in these 

samples. The other soot samples show instead similar trend and median values. A similar trend 

towards chain-like structures is also evidenced by the low particles' circularity found in sample L. 

Indeed, in this sample, particles with a circularity bigger than 0.6 account for 8% of the  

Figure 6: Primary particle diameter distributions for the tested 
samples.  
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total. As previously stated by Sielicki [82], circularity has proved to be a more effective parameter 

to evaluate the particles' shape.  

 

Table 2: Summary of TEM observations.  

 

Sample 

Mean  

Feret Diameter 

nm 

Mean  

Circularity 

Mean  

Perimeter 

nm 

Soot 

appearance 

 (TEM) 

Soot 

Class 

Sample A 122 0.68 351 Sludge-like II 

Sample B 170 0.65 493 Sludge-like II 

Sample C 188 0.56 547 Sludge-like II 

Sample D 158 0.41 579 Graphitic I 

Sample E 141 0.53 425 Graphitic I 

Sample F 252 0.41 923 Graphitic I 

Sample G 231 0.50 759 Graphitic I 

Sample H 331 0.42 1160 Graphitic I 

Sample L 160 0.41 586 Graphitic I 

 

Figure 7: Distributions of the aggregates' area, Feret diameter and circularity of the tested samples.  
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3.2 XPS 

 

An XPS analysis was carried out to further investigate the surface composition of the samples. While 

TEM and EDX were carried out on individual soot nanoparticles, XPS represents an average over the 

entire sample. The survey spectra for all those samples are shown in Figure 8, whereas the XPS survey 

data from the samples are listed in Table 3.  

The XPS survey scans cover a wide energy range in which the chemical elements are identified based 

on the emitted photoelectron kinetic energy. Sample L is mostly composed of carbon, with a small 

amount of oxygen in its surface. The engine soot samples revealed greater chemical heterogeneity. 

The major component of soot in all engine samples is C, together with O and traces of N. Small 

amounts of the additive-derived elements Ca, S, Zn, and Mg were also detected on the soot surface, 

together with additional inorganic elements. As previously discussed, those metallic (Ca, Zn, Mg) 

and non-metallic (P, S, B) elements found in the particulate matter are likely to come from detergents, 

dispersants, antioxidants, and anti-wear agents typically used in the oil additive package [59, 83].  

The C1s spectrum is particularly interesting since it reflects the degree of graphitization in the 

material. Figure 8b shows the C1s spectra of the samples under investigation. At the binding energy 

of 284.4 eV, there is a significant difference in their shape. Muller [60] showed that the full width at 

half maximum (FWHM) of the C1s signal decreases as the graphitization increases in the material. 

The spectra in Figure 8b are sorted according to the different graphitization found in the samples. 

From top (sample L) to bottom (Sample A) the FWHM increases suggesting a decrease in the 

structural order in the material. 
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 1 

Figure 8: XPS spectra of soot samples: (a) XPS survey spectra (b) XPS C1s core level spectra. 
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 By deconvolution of a high-resolution scan over the nominal C1s energy region, carbon hybridization 2 

can be identified by the relative peak position and its concentration by the relative intensity of the 3 

corresponding peak [84, 85]. After a normalization at 284.4 eV, the carbon high-resolution spectra 4 

were processed by the Casa XPS software, using a four-band peak-fitting routine with Shirley 5 

background and symmetrical Gaussian – Lorentzian mixture of 70 and 30%, respectively. The carbon 6 

functional groups were calculated by integrating the appropriate peak intensities from high-resolution 7 

scans and normalising them to the integrated count intensity across the complete C1s spectrum for 8 

each soot sample. In three consecutive analyses, the intensities of peaks from any sample were found 9 

to be consistent, with differences of less than 5%. 10 

Oxygen-to-carbon ratios and carbon hybridization (e.g. sp2/sp3 carbon) for all samples are reported 11 

in Table 4. The sp2/sp3 ratio, which is also used as indicator of structural order within a carbon 12 

material, decreases going from sample L to sample A, in agreement with L being less reactive than 13 

A. Thus, a general higher reactivity is suggested for samples which show a higher content of defects 14 

and oxygen on their surface. 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 
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Table 3: Surface chemical composition of the samples under investigation  34 

 35 

Element Sample 

A 

wt.% 

Sample 

B 

wt.% 

Sample 

C 

wt.% 

Sample 

D 

wt.% 

Sample 

E 

wt.% 

Sample F 

wt.% 

Sample 

G 

wt.% 

Sample 

H 

wt.% 

Sample 

L 

wt.% 

C 77.44 84.09 89.71 91.53 81.68 96.09 93.32 93.57 97,5 

O 12.98 11.96 9.27 7.29 13.29 3.68 4.42 5.32 2,5 

Mg 1.24 1.54 0.93 0.86 1.4  0.74 0.59  
Zn 0.12 0.12 0.08 0.14 0.09 0.05 

 0.09  
Ca 0.55 0.68  0.18 0.63  

 
  

S 2.64  
  0.46 0.18 0.39 0.08  

N   
  1.5  0.98   

B 2.78 1.61   0.95  0.16 0.36  
P 1.32  

       

Al 0.69         

F 0.25                 

 36 

 37 

 38 

 39 

 40 

 41 

Table 4: sp2/sp3 quantification and O/C ratio for the samples under investigation.  42 

 43 

  
Sample 

A 

Sample 

B 

Sample 

C 

Sample 

D 

Sample 

E 

Sample 

F 

Sample 

G 

Sample 

H 

Sample 

L 

Carbon (%) 77.44 84.09 89.71 91.53 81.68 96.09 93.32 93.57 97.50 

Oxygen (%) 12.98 11.96 9.27 7.29 13.29 3.68 4.42 5.32 2.50 

Graphitic Carbon 

(%) 54.75 52.87 63.83 71.94 60.07 76.21 75.75 76.55 67.49 

Aliphatic Carbon 

(%) 33.90 33.97 25.42 19.74 23.53 12.8 13.07 13.30 2.36 

Sp2/Sp3 Ratio 1.62 1.55 2.51 3.64 2.55 5.95 5.80 5.75 28.60 

O/C Ratio 0.17 0.14 0.10 0.08 0.16 0.04 0.05 0.06 0.03 

 44 

 45 
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 46 

3.3 Fringes Analysis 47 

 48 

Figure 9 illustrates the distributions of fringe lengths and tortuosity resulting from examination of 49 

HRTEM images. The computed values of these parameters for all the examined samples are likewise 50 

shown in Table 5. Sample L had the longest fringes of 1.10 nm. The average fringe length for the 51 

soot samples A, B and C was found to be significantly different, with 0.91 nm, 0.92 nm, and 0.87 nm, 52 

respectively. The gap between sample L and the remaining samples is approximately 0.11 nm, with 53 

an average fringe length of  0.99 nm (samples D-H). In comparison to the reference sample L, two 54 

classes of graphitization can thus be identified among the soot samples: medium and low-level 55 

graphitization. They appear to be related to the amount of soot in the oil and/or the source of the soot. 56 

Sample L is the most graphitic sample. The two engine soot classes, on the other hand, showed a 10% 57 

and 21% reduction in mean fringes length, respectively, when compared to sample L. These values 58 

agree with those reported in previous findings. Pfau et al. [62] found lamellae of about 1.08 nm in the 59 

soot extracted from the oil drain of two diesel engines. The carbon black sample showed instead 60 

longer fringes of about 1.13 nm. Similarly, in their investigation on thermal oxidation of different 61 

carbon blacks and diesel soot samples, Jaramillo [48] reported fringes lengths of about 0.98 nm in 62 

engine-derived soot. However, they also found shorter fringes lengths for the carbon black samples 63 

Monarch 1300 and Regal 250 (0.8-0.9 nm). In contrast, Seong found greater fringes extensions for 64 

carbon black in comparison to engine soot [86]. Longer engine soot fringes ranging from 1.16 to 1.2 65 

nm have been found by Li [87] depending on the fuel injection strategy. Similarly, nanostructure 66 

Figure 9: Comparison of the fringe length (a) and fringe tortuosity (b), obtained from fringe analysis of HRTEM images. The 
mean value is indicated by boxes with the markers indicating the standard deviation. Samples sorted from most graphitic to 

least graphitic. Sample L, (orange); more graphitic engine samples F, H, G, D and E (blue); and less graphitic engine samples A, C 
and B (green). 
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dependency upon injection timing was also observed by Xu and co-workers, with fringes lengths in 67 

the range 1.12-1.4 nm [45].  As pointed out by Pfau, soot-in-oil nanostructure is examined following 68 

the oil drainage and thereby it relies on the whole engine test conditions [62]. This would explain the 69 

variation in the fringes' properties across the engine samples in this investigation. 70 

Sample L showed the least tortuous carbon fringes (mean value 1.13).  The fringes of the most 71 

graphitic engine samples were found to have almost the same degree of tortuosity, with 1.14 for all 72 

samples (Table 5). More bent graphene layers have been found in the soot samples A-C, with a value 73 

of about 1.16. These findings are consistent with those reported by Pfau and colleagues for diesel 74 

soot-in-oil samples [62], however, they are slightly lower than those found in earlier investigations. 75 

Yehliu reported a mean fringe tortuosity in the range 1.12-1.37 depending on injection strategy and 76 

fuel formulation [29]. Less bent graphene layers have been measured by Xu and co-workers [45]. 77 

They found increased tortuosity values from 1.11 to 1.22 for lower fuel injection pressures. Similarly, 78 

Jaramillo [48] reported fringe tortuosities in the range 1.17-1.2. Rohani [88] measured fringe 79 

tortuosity up to 1.38 for soot samples collected from the exhaust of a single-cylinder diesel engine. 80 

Overall, a tortuosity range of 1.11-1.38 have been observed in the aforementioned works. The 81 

tortuosity range reported in this investigation lie in the lower part of this range. As pointed out by 82 

Pfau and Rohani [62, 88], the lower fringes tortuosities can be attributed to the lower degree of soot 83 

oxidation in the lubricating oil in comparison to the exhaust. Moreover, variables such as the TEM 84 

picture’s quality and the algorithm used to detect the fringes might potentially contribute to the 85 

discrepancies found in literature. Overall, the samples examined in this investigation exhibit different 86 

nanostructure.  Fringe analysis showed that sample L is the most graphitic sample, while samples A, 87 

B and C have the least ordered nanostructure. It Is generally accepted that the structural order has an 88 

impact on the soot oxidation reactivity [60, 89, 90]. Muller found increasing fringes tortuosities and 89 

shorter lengths for more oxidised samples [60]. A more disordered nanostructure increases the 90 

number of defect and thus resulting more prone to oxygen attack [66]. This assumption is supported 91 

by the present results. 92 

 93 

 94 

 95 

 96 
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 Table 5: Mean length and tortuosity values of the graphene layers 97 

 98 

4. Discussion 99 

 100 

In this study, we analysed soot-in-oil samples from a comprehensive set of sources namely, field-101 

derived soot, dyno-derived soot, and carbon black to understand whether within each family 102 

differences or similarities can be found. Understanding these distinctions can assist explaining some 103 

of the discrepancies with soot induced wear typically found in the literature and ultimately support 104 

future engine oil additive packages and engine design in mitigating the influence of soot on wear. 105 

Although several factors such as fuel formulation [21, 91, 92], engine conditions [75, 78, 93], 106 

injection methods [45, 87], temperature [21, 92], EGR rates [26, 94, 95], and oil additive package 107 

[96] can influence soot characteristics, this investigation revealed some significant similarities and 108 

differences across diesel particulates. Different types of soot have been discovered based on their 109 

appearance under TEM and the extent of graphitization in the material. As a result, soot samples can 110 

be divided in two groups: class I (samples D-H) and class II (samples A-C).  Sample L and the samples 111 

in class I, are similar in their appearance under TEM. Aggregates from class I samples are composed 112 

of distinct particles with a graphitic nanostructure and a typical diameter of about 18 nm. Sample L 113 

shows slightly bigger particulates with diameter of 22 nm. Class II particulates, on the other hand, 114 

exhibit a sludge like appearance. Their aggregates are formed by significantly smaller sludge-like 115 

aggregates, in which primary particles of 21 nm can be identified. In most samples, HRTEM was 116 

employed to analyse the primary particle nanostructure. While class I samples only differ slightly 117 

Sample Length 

nm 
Tortuosity 

   

Sample L 1.10 ± 0.09 1.13 ± 0.01 
Sample F 0.98 ± 0.09 1.14 ± 0.01 
Sample H 0.99 ± 0.09 1.14 ± 0.01 
Sample G 0.99 ± 0.06 1.14 ± 0.01 
Sample D 1.04 ± 0.10 1.14 ± 0.01 
Sample E 0.98 ± 0.10 1.14 ± 0.02 
Sample B 0.92 ± 0.09 1.15 ± 0.02 
Sample C 0.87 ± 0.06 1.16 ± 0.01 
Sample A 0.91 ± 0.06 1.17 ± 0.01 
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from the highly graphitic carbon black, samples in class II show less ordered particulates' structures. 118 

Particulates with embedded metallic particles and more compact morphology were found in those 119 

samples as opposed to the modest chain-like geometry of the class I samples. Entirely amorphous 120 

particles were also observed in the samples A, B and C, with some showing crystalline formations. 121 

The source of these embedded structures, according to the EDX spectroscopy, was likely due to the 122 

lubricating oil additives and wear contaminants. Previous studies [56, 62, 97], have also observed 123 

“sludge-like” formations with embedded metallic material in soot samples drained from engine oil. 124 

Further investigation on the reasons/factors that promote this sludge-like soot formation in the field 125 

operation is needed. 126 

 127 

The proportion of non-carbon content present in the soot samples is the second main difference 128 

between the engine-derived particulates. The graphitic structure of sample F (class I sample) has the 129 

lowest amount of oxygen-containing functional groups (3.68 %), whereas the highly defective 130 

samples E and C include the highest oxygen functionalities (~ 13%). Ca, S, Zn, P, and Mg are mainly 131 

attributable to additive package chemistry. The disorder in the carbon material is also shown by the 132 

FWHM of the C1s spectrum. This value decreases from 2.03 eV in the sample A to 1.17 eV for the 133 

sample H, indicating an increasing trend in carbon graphitization going from class II to class I 134 

samples. In an earlier investigation, Muller employed the same parameter to determine the degree of 135 

graphitization in carbon samples, establishing a strong connection between FWFM values and 136 

structural organization in the carbon material [60].  137 

Information on the sp2 and sp3 carbon bonding percentages, along with oxygen functional groups, 138 

were determined by deconvolution of the XPS C1s spectra. The peak corresponds to sp2 carbon 139 

(graphitic carbon) at approximately 284.4 eV, whereas the location at a binding energy of 285 eV is 140 

believed to be caused by defects in the carbon material [66]. Samples in class I, showed the highest 141 

degree of graphitization and correspondingly, the lowest oxygen content on soot surface. This is 142 

consistent with the observed higher number of defects and oxygen-to-carbon ratios have been found 143 

for the other samples (class II). The oxygen content has often been considered a critical factor in 144 

governing the soot oxidation mechanism [60, 98, 99]. Morjan [98] demonstrated how chemisorbed 145 

oxygen may be readily bound to the defective carbon edge sites, increasing the reactivity of the whole 146 

soot particle. In soot material, Muller [60] discovered a positive correlation between oxygen 147 

concentration and sp3 carbon. The authors also proposed that oxygen functional species such as C = 148 

O and C-OH enhance total soot oxidation reactivity. Wang [99] also identified a connection between 149 

the soot activation energy and the concentration of aliphatic functional groups condensed on the soot 150 

surface. 151 
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Apart from the surface oxygen functional groups, the amount of the ash components, especially the 152 

metal species, appear to affect soot reactivity [100-103]. Jung [100] proposed that increased oil metal 153 

concentrations might promote soot oxidation, resulting in quicker and earlier oxidation. In their 154 

investigation on the effect of engine parameters and biodiesel content on the soot properties emitted 155 

by a four-cylinder diesel engine, Ess [101] have found a positive correlation between ash components 156 

(i.e., Fe, Cu and Zn) and oxidative reactivity of soot particles. The catalytic activity of those species 157 

in the soot oxidation process was used to explain the observed results. They also link the soot 158 

nanostructure with ash components, suggesting the latter as one of the main causes of soot structural 159 

disorder. This might be the case reported in this work, where the more disordered samples have 160 

greater ash component concentration.  161 

The fringe analysis corroborated the greater disorder in the nanostructure of the class II samples. 162 

Among the samples, particulates in class I, have the longest fringes and, accordingly, the lowest 163 

tortuosity. Samples in class II, on the other hand, had the most structural disorder, with a 21% 164 

reduction in the mean fringe length when compared to the sample L. Long fringe lengths and modest 165 

fringe tortuosities are frequent characteristics of graphitic materials [21]. Thus, the samples in class I 166 

are more graphitic than those in class II.  167 

A linear trend between carbon graphitization and oxygen content is evidenced in Figure 10. A higher 168 

oxygen content is associated to a lower graphitic order (shown as either fringes length or tortuosity) 169 

in the material.  The higher oxygen level in sample E compared to the class I samples is likely to be 170 

associated with a higher ash content in the material (see tables 3 and 4), potentially leading to a higher 171 

carbon reactivity than expected for this material class [101].  172 

Samples A, B and C have a more amorphous structure than the other engine samples, which provides 173 

them more edge sites and makes it more polar and reactive. This would suggest a greater degree of 174 

interaction between class II samples and the lubricating oil. As a result, the efficacy of oil additives 175 

may be increased, and wear may be reduced [15]. Moreover, greater soot reactivity to dispersant may 176 

result in improved soot dispersion in the oil and, therefore, improved wear protection in the event of 177 

oil starvation or abrasion wear process.  178 

Moreover, the amorphous nature of particulates may play a key role in the wear process. Jenei et al. 179 

[104] observed a significant enhancement in soot hardness for particles exhibiting greater disorder. 180 

Similarly, Bhowmick reported that amorphous structures can increase particle hardness when 181 

subjected to compressive stress [105]. As a result, class II samples might behave more aggressively 182 
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when it comes to abrasive wear than class I samples. This emphasises how important it is to take into 183 

account the amorphous properties when understanding and predicting wear processes. 184 

Oil viscosity has also been reported to be influenced by soot characteristics. Zeidan observed an 185 

increase in oil viscosity with higher soot loading and more compact particle shapes [106]. Bardasz et 186 

al. [41] reported reduced viscosity increase associated with higher dispersants levels in the oil. 187 

According to Esangbedo [15], rapid loss in oil viscosity control occurs in presence of graphitic/poor 188 

reactive soot particles in the oil. 189 

Finally, many similarities have been found between sample L and samples in class I. Sample L 190 

exhibits the typical soot appearance under TEM microscope, with graphitic primary particles 191 

connected in branched or chain-like structures. Similar primary particle size and aggregate 192 

dimensions have also been measured for those samples; however, the chemical composition is the 193 

main difference.  194 

Sample L is mostly composed of carbon, with a small amount of oxygen in its surface. Greater 195 

chemical heterogeneity was found in the engine soot samples attributed to the oil additive package 196 

contribution. Noticeably, low oxygen content and defective carbon have been found on carbon black 197 

surface, which may affect the reactivity and potentially the wear behaviour of this sample. These 198 

findings are consistent with those reported in previous research [56]. The similarities between carbon 199 

black and engine soot, according to Clague [42], can be attributed to the many similarities in their 200 

formation processes. However, as demonstrated by Yehliu [29] for various heat treatments, the 201 

nanostructure can significantly change dramatically depending upon the carbon black and sample 202 

Figure 10: Correlation between surface oxygen content and fringes parameters. (a) mean fringes length; (b) mean fringes tortuosity. 
Raw XPS/fringe analysis data reported in the appendix. 
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preparation. Because of the morphological and nanostructure similarities with most of the engine-203 

derived soot, sample L can be used as an engine soot mimic for future research in these fields. 204 

However, because of the discrepancies in chemical composition observed between sample L and the 205 

samples in class II, more research is needed to ascertain whether they cause similar wear and follow 206 

similar wear mechanisms in ICEs engines. The differences highlighted in this work for the different 207 

types of soot may lead to different soot-induced wear levels/mechanism and therefore impact on the 208 

life of engine components. The primary source of the sludge-like forms observed in this study for 209 

class II samples are thought to be the byproducts of oil oxidation; further research is currently 210 

underway to corroborate this hypothesis. 211 

 212 

 213 

5. Conclusions 214 

In this work, the chemical and physical characteristics of different soot-containing engine oil drains 215 

have been widely investigated. The aim was to compare particulates coming from different sources, 216 

highlighting the main similarities and differences among the samples. A flame-generated carbon 217 

black sample was also included as a comparative soot surrogate in this study. The main conclusions 218 

can be summarized as follows: 219 

▪ The morphology of class I samples and carbon black is comparable, with aggregates formed 220 

of distinct particles with a graphitic nanostructure of 18 nm in diameter. Smaller globular 221 

sludge-like aggregates were observed in samples A, B, and C. The dark regions discovered 222 

in those aggregates were ascribed to oil additives and wear compounds.  223 

▪ The morphological analysis on soot aggregates revealed similar sizes for most of the samples. 224 

The mean Feret diameter fluctuated from 120 nm to 331 nm. Circularity was in the range of 0.41 225 

to 0.64. Samples F, G and H show the biggest dispersions, probably affected by the small 226 

agglomerates within the samples. The major differences were observed for the particle circularity. 227 

Class II particulates showed globular structures and the greatest circularity. 228 

▪ Fringes analysis was employed for quantifying the differences between particles with similar 229 

graphitic nanostructure. The fringe length varied among the soot classes, with class II soot showing 230 

the shortest lamellae of 0.87-0.92 nm and longer fringes for class I soot with 0.98-1.04 nm (+13.5%) 231 

as well as carbon black with 1.10 nm (+23.6%). Fringe curvature showed an increasing trend 232 
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between samples: carbon black showed the flattest fringes (1.13), class I soot in the mid-range 233 

(1.14), and class II soot the more bent lamellae (1.15-1.17). 234 

▪ XPS inspections revealed higher non-carbon content on soot surface together with higher 235 

defective sp3 carbon and aliphatic functional groups in class II samples compared to class I 236 

particulates. The high-resolution C1s peak provided a measure of the relative fractions of sp2/sp3 237 

carbon. The sp2 / defect ratio decreases going from sample L to class II samples. This result is 238 

consistent with the increase in O / C ratio and the corresponding reduction in the degree of 239 

graphitization in the material. This suggests a general higher reactivity for sample A which shows 240 

a higher content of defects and oxygen on its surface. A linear trend was found between surface 241 

oxygen content and the fringe length as well as the fringe tortuosity. This finding is consistent 242 

with the assumption that a more disordered nanostructure increases the number of defects, making 243 

it more susceptible to oxygen attack. 244 

This work is part of an ongoing investigation which aims to contribute to understanding the 245 

differences between different soot types and their potential impact on oil performances and wear. 246 

The preliminary results suggest that different soot classes can exist based on the particulate 247 

appearance under TEM, soot nanostructure and chemical composition.  Those differences seem to 248 

be related to soot origin (dyno vs field). This work suggests that carbon black may not always be 249 

an ideal mimic for tribological testing, as a consequence, it is advisable to fully characterise the 250 

carbon material before adopting it as a soot surrogate in tribological investigations. As a result, to 251 

determine the soot impact on engine performance and components, a rigorous analysis of the 252 

particulate characteristics is required. 253 

 254 
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