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A B S T R A C T

Internal combustion engines play a critical role in the global transportation system and the use of alternative 
fuels, such as methane and hydrogen, offers a promising way for ensuring their sustainability in the future. The 
best way to exploit the gaseous fuels properties is through the direct injection that allows to enhance the effi-
ciency and to prevent backfire issues. On the other hand, this injection strategy causes a high interaction of the 
lubricant oil in the combustion process and hence high level of particle emissions despite the low/zero carbon 
content in the fuels. An experimental study was conducted on a spark-ignition engine powered by directly 
injected methane. This study involved both physical and chemical characterization of emissions, with the aim of 
providing an in-depth analysis of the hazardous pollutants emitted. Additionally, it sought to identify their or-
igins, whether from the fuel or lubricating oil. Experimental results show that a higher concentration of particles 
is produced at higher engine speed. In this condition, which has a more significant environmental impact, a 
comparison between methane and hydrogen-fueled engine operating under similar conditions was performed, 
revealing that hydrogen engine produces more particles with a smaller size.

1. Introduction

The need to pursuit a sustainable mobility has prompted to decrease 
the share of internal combustion engines (ICEs) based vehicles in favor 
of hybrid and electric technologies [1]. However, petrol cars still 
maintain a lead position in the European market [2] thus representing a 
relevant contributor of pollutant emissions, in particular the particles, in 
the urban area. It is well known in literature that the combustion process 
in ICEs produces soot particles in the highly fuel rich regions [3]. This 
soot tend to absorbs high molecular weight hydrocarbons from the oil 
and fuel and sulfur as sulfate during the expansion and exhaust strokes 
thus leading to the formation of particles [4].

Growing concern on atmospheric aerosol particles has accrued in the 
last years due to their adverse effects on human health and climate 
change [5]. Particle emissions are the main responsible of respiratory 
diseases and other health problems. The toxicity of the particles for the 
human being increases for the smaller ones since they can penetrate 
deeper in the respiratory system [6,7]. Moreover, the black carbon – 
soot - that is released from the burning of fossil fuel affects the Earth's 
temperature and climate by altering the radiative properties of the 

atmosphere [8].
In the last years, the carbon atoms present in the fuels have been 

recognized as the main source of particle emissions [9,10].
In the expectation of a complete electrification of the transport 

sector, made necessary by the ambitious goal of zero carbon dioxide 
(CO2) emissions imposed by the European Union [1], low/zero carbon 
fuels represent a crucial bridging solution for the ICEs based trans-
portation. Among the various alternative fuels, the liquid ones are rec-
ommended since they have high energy density, are easy to transport, 
distribute and store [11]. Alcohol fuels, methanol and ethanol, are 
particularly suitable for spark ignition engines thanks to their properties 
similar to those of gasoline [12]. E-fuels also have gained significant 
attention as a potential solution to reduce the carbon footprint associ-
ated with traditional fossil fuels. However, their sustainability depends 
on how hydrogen and electricity are produced [13]. Gaseous fuels, such 
as methane and hydrogen, also represent a valid solution to pursue the 
greenhouse gas reduction targets [14,15].

The advent of methane and hydrogen has led to the reduction of the 
particles produced by the fuel combustion but, on the other hand, the 
lubricant oil derived particles have carried more weight [16].
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Lubricant plays a crucial role in ensuring a smooth, efficient, and 
reliable operation of the engine. It forms a thin film on the moving parts 
that reduces the friction between the surfaces. Lubricant oil helps to 
remove byproducts like soot and sludge that can accumulate within the 
engine and to dissipate the heat from the hottest part of the engine. 
Moreover, it guarantees sealing gap thus preventing combustion gases 
from leaking past the piston rings and into the crankcase [17]. However, 
these functions cause oil consumption through different ways. Oil can, in 
fact, flows past the piston and valve guides into the combustion chamber 
or it can entrain in the cylinder through evaporation and blow-by [18].

Some studies have highlighted that the particle emissions can be 
influenced by lubricating engine oil properties and formulation [19–21] 
pointing out also that the health effects of exhaust particles may differ if 
they are lubricating oil or fuel derived owed to their chemical compo-
sition that affects their toxicity [22]. Therefore, to evaluate the impact of 
using a specific fuel, it is essential to consider all potential sources that 
could contribute to the emission of hazardous substances.

Accordingly, the shift towards low carbon footprint fuels, particu-
larly those of gaseous type, has pointed out the need to understand how 
lubricant oil interacts with these fuels and influence the particle for-
mation [23,24].

Singh et al. [25] observed that in compressed natural gas (CNG) 
engines, lubricant oil contributes significantly to the exhaust particle 
emissions since they do not provide for diesel particulate filter that can 
remove the inorganic fraction of particulate consisting of soot and trace 
metals and the three way catalytic converter just oxidizes the organic 
part of particulate.

However, the impact of lubricant oil on the particles emitted by gas 
fueled engines is still not clearly understood as also observed by Lahde 
et al. [26]. To fill this knowledge gap, they carried out an experimental 
activity consisting in the measurement of the particles emitted by a CNG 
fueled vehicle over worldwide light duty test cycles with three different 
oils. They concluded that a high ash, high volatility lubricant alters the 
solid particle number population in both >10 nm and > 23 nm size 
range revealing the importance of the lubricant quality.

The impact of lubricating oil on the particle emissions is even more 
important when hydrogen is used since it should not emit carbon-based 
emissions due to its chemical structure. Thawko et al. [27] investigated 
the particle emissions from a direct injection (DI) spark ignition (SI) 
engine with high compression-ratio fed with hydrogen, hydrogen-rich 
reformate, and methane. They observed that at specific operating con-
ditions, the lower flame quenching distance of the hydrogen enhances 
the lubricant evaporation and consequently the particle formation 
leading to higher particle emissions with respect to methane.

It is worth underlining that the injection strategy also plays a sig-
nificant role in the particle formation. Thawko et al. [28] performed an 
experimental comparison between port fuel injection (PFI) and DI of a 
reformate on the same engine highlighting the mechanisms responsible 
of higher particle formation with DI that are the high momentum jet - 
lubricated wall interaction, and the lubricant vapor entrainment into the 
gaseous fuel jet. In another study, Thawko et al. [29] observed high 
particle emissions when hydrogen is injected directly in the cylinder due 
to the greater involvement of lubricant oil in the combustion process. 
Therefore, they revealed a new challenge for hydrogen use in propulsion 
systems and pointing out the necessity to improve the knowledge on this 
topic to develop new methods of particle mitigation for hydrogen 
combustion.

Although it is known in literature the presence of particle emissions 
at exhaust of SI engines fueled with gaseous fuels because of the 
contribution of lubricant oil, there is a lack of knowledge about the 
mechanisms responsible of their formation. To this purpose, an exten-
sive research was carried out by the authors consisting in the physical 
and chemical characterization of the species emitted from a SI engine 
fueled with direct injected hydrogen in to better understand the phe-
nomena involved in the oil transformation and, hence, responsible for 
particle formation [30,31].

This research study was extended to another gaseous fuel at low 
carbon content, the methane. The present work, in fact, characterizes 
the particles emitted by a single cylinder, 250 cm3, SI engine fueled with 
methane in DI mode. Experiments were carried out at two engine test 
points reflecting typical urban driving conditions. The originality of the 
study with respect to the existing literature consists in the simultaneous 
application of different techniques for both the physical and chemical 
characterization of the particles. Particle number and size were 
measured through on-line measurements on the diluted exhaust. Spec-
troscopic and chemical techniques were, instead, implemented off-line 
on the condensed exhaust and on the particles collected on a filter. In-
sights on the carbon source of the pollutants are given. Finally, carbon 
particle emissions from methane-fueled engine are discussed comparing 
these data with those from our previous studies [30,31] on hydrogen- 
powered engines under similar conditions. This comparison aims to 
evaluate particle emissions between the cleanest fossil fuel and one of 
the most promising carbon-free fuel.

2. Experimental apparatus and methods

2.1. Test engine

Experiments were carried out on a single-cylinder SI engine loaded 
by an electrical dynamometer. It is based on a series production engine 
featured with a DI system consisting of a side-mounted, six-hole injector 
for liquid fuels located between the intake valves. More details about the 
technical specification of the engine are given in Table 1.

Due to the lack of any commercial injectors for the DI of gaseous 
fuels, a system was developed in house by employing an air strata 
injector typically used for the simultaneous injection of air and gasoline 
and it was set in the cylinder head through a specifically designed 
adaptor [32]. Methane and hydrogen were supplied from pressurized 
200 bar bottles. The gas pressure was reduced to 6 bar by a regulator and 
then supplied to the cylinder. A flashback arrestor together with a 
pneumatic-actuated valve were placed in the hydrogen supply line to 
avoid the hazard of the flame propagation towards the cylinder in case 
of backfire.

A dedicated engine timing unit (ETU) allowed to control ignition and 
injection parameters.

An oxygen sensor (LSU 4.9 Bosch) was installed in the exhaust 
manifold and connected to a lambda meter (LA4, ETAS) to monitor real 
time the operating excess air ratio (λ).

A piezoelectric pressure transducer (AVL GH12D) mounted on the 
cylinder head along with a crank angle encoder allowed to measure the 
crank angle resolved indicated data.

The oil used for the engine lubrication was a synthetic blend with an 
SAE 10 W-40 viscosity grade whose main properties are listed in Table 2.

2.2. Experimental layout for particles characterization

A scheme of the experimental setup for the particle investigation is 
shown in Fig. 1.

Particle emissions were characterized from a physical point of view 

Table 1 
Engine specifications.

Engine Spark Ignition

Number of Cylinders 1
Bore [mm] 72
Stroke [mm] 60
Displacement [cm3] 244.3
Compression Ratio 11.5:1
Max. Power [kW] 16 @ 8000 rpm
Max. Torque [Nm] 20 @ 5500 rpm
Intake Naturally Aspirated
Injection system DI Prototype
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through on-line measurements of diluted exhaust during the engine 
running. The TSI Engine Exhaust Particle Sizer (EEPS) 3090 allowed to 
measure the temporal particle concentration as well as the particle 
number-size distribution in the range 5.6–560 nm at 10 Hz frequency. 
EEPS specifications and detailed working principle can be referred in the 
instrument manual [33]. Before entering the EEPS, the exhaust gas was 
sampled through a 150 ◦C heated probe to prevent water condensation 
and then it was diluted at a ratio of 1:9 by a single diluter (SD).

The condensed exhaust and the particles gathered at the tailpipe 
were analyzed in detail through an off-line chemical characterization.

Cleaning the sampling line, extracting condensed water liquid-to- 
liquid, and separating the dichloromethane (DCM)-soluble portion of 
the sample collected on the filter all contributed to the recovery of the 
soluble organic fraction (SOF), whereas soot represents the DCM- 
insoluble portion. More details on the sampling approach and sample 
treatments are reported in [30,31].

The composition of SOF samples was characterized by gas chroma-
tography mass spectrometry (GC–MS) using an AGILENT GC 6890 - MSD 
5975C. More details are reported on GC–MS measurements are reported 
in [30,31]. Using an HP 8453 Diode Array spectrophotometer, the 
UV–visible spectra of SOF samples dissolved in DCM were acquired in a 

1-cm path length quartz cuvette. SOF fluorescence spectra were 
measured on a HORIBA Scientific FluoroMax-Plus TCSPC spectrofluo-
rometer. More details on the acquisition of fluorescence spectra are re-
ported in [34]. Molecular Weight (MW) distributions of SOF and soot 
samples were measured by size exclusion chromatography (SEC) by 
elution with N-methyl pyrrolidone (NMP) on a High Pressure Liquid 
Chromatography (HPLC) system HP1050 series measuring the absor-
bance value of eluting species at 350nm with an UV–Visible diode array 
detector. For the purpose of determining mass in the range of 100–2E4 u 
and 2E3–4E8 u, respectively, the MW distributions of SOF samples were 
measured on two distinct columns: a highly cross-linked “individual- 
pore” column (Polymer Laboratories, Ltd., U.K.; particle size of 5 μm 
diameter and a pore dimension of 50 nm) and a Jordi Gel DVB Column. 
On both columns the operative conditions were optimized for species/ 
particles separation. In the first case the injection volume was 100 μl and 
the analyses were performed at 70 ◦C with a flow rate of 0.5 ml/min, 
while in the second case measurements were conducted at ambient 
temperature with an injection volume of 10 μl and a flow rate of 0.8 ml/ 
min. SEC chromatogram of soot was acquired only on the Jordi GEL DVB 
column. The MW calibration of both columns was obtained using stan-
dard species with known MW and carbon particles with known sizes 
[35].

2.3. Operating conditions

In the first part of the study, the characterization of the particle 
emissions was carried out by fueling the engine with methane. All 
measurements were taken during steady state speed and load conditions. 
In particular, experiments were carried out at two operating conditions 
characteristic of urban driving cycles characterized by the engine speeds 
of 2000 and 3000 rpm and 6 bar of indicated mean effective pressure 
(imep). Then, a comparison of the particles emitted by methane with 
respect to hydrogen was performed at the test point 3000 rpm - 6 bar. 

Table 2 
Lubricant oil properties.

Properties

Viscosity 10 W-40
Density @ 20 ◦C 0.870 kg/l
Viscosity @ 40 ◦C 101.7 mm2/s
Viscosity @ 100 ◦C 14.5 mm2/s
Viscosity index 151
Pour point − 35.0 ◦C
TBN 10.1 mg KOH/g
Flash point 228 ◦C

Fig. 1. Experimental layout.
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The engine parameters of the tested conditions are summarized in 
Table 3. The start of injection (SOI) and start of spark (SOS) were chosen 
to guarantee a stable combustion as also proved by the coefficient of 
variation (COV) of imep that assumed values below 2 %. The duration of 
injection (DOI) was modified to operate in lean conditions thus pre-
venting the nitrogen oxides (NOx) emissions. Tests with methane were 
realized at throttled conditions and, because of its narrow flammability 
limits, the maximum λ value reachable that allowed a stable combustion 
was 1.2. For hydrogen, wide open throttle (WOT) operation was real-
ized. Thanks to its favorable properties, as wide flammability range, the 
combustion was stable at higher λ values, and it was chosen to work at λ 
1.6.

Condensed exhaust samples were collected during engine running at 
fixed operating condition. Three samples were acquired for each test 
point. The total uncertainty of the chemical and spectroscopic results, 
taking into account the sampling, the sample treatment and preparation, 
and the analytical measurements, was around 15 %. For each condition, 
particle size distributions (PSDs) were detected 5 times for a duration of 
2 min. The variability among the different acquisitions was below 5 %.

3. Experimental results

The discussion of the experimental results is organized as follows. 
The first part is focused on the particles emitted by methane. They were 
physically and chemically characterized at two operating conditions to 
understand the involvement of lubricant oil in the combustion process 
and, consequently, on the particle formation. The second part, instead, 
presents a comparison between methane and hydrogen. Previous studies 
by the Authors [30,31] have detailed investigated the particle emissions 
due to the lube oil for hydrogen fueling and the impact of the operating 
condition. It was found out that in the condition at 2000 rpm and 6 bar 
of imep, the particles emitted were within the limit values of the spec-
trometer due to low signal to noise ratio. Since at this test point the 
conventional techniques did not provide relevant information on the 
particle emissions, for a more comprehensive comparison between 
methane and hydrogen the test point at 3000 rpm – 6 bar, characterized 
by the highest particle concentration, was selected.

3.1. Physical particle characterization for methane fueling

Fig. 2 shows the contour plot representing the particle number and 
diameter over 2 min of acquisition for methane at both investigated 
conditions.

At 2000 rpm, the measured particle concentration is quite low 
reaching values slightly higher than the lower limit of the spectrometer. 
It can be observed a peak concentration of about 105 #/cm3 centered at 
10 nm. The concentration is one order of magnitude lower in the size 
range 20–60 nm.

Higher particle concentration is measured at 3000 rpm. At higher 
engine speed, particles range between 10 and 100 nm and they reach a 
peak concentration of order of magnitude around 106 #/cm3. When 
methane fuel is burnt, the source of particle emissions could be the 
carbon atoms present in the fuel even if the major contribution is given 
by the lubricant oil. Oil consumption due to evaporation and blow-by 
entrainment increases with the engine speed [36] thus explaining the 
larger number of particles emitted at 3000 rpm. As also observed by 
Amirante et al. [37], lubricant oil increases the number of the smaller 
particles. Nevertheless, when the involvement of lubricant is consistent, 

also particles larger than 50 nm appear in appreciable quantities.
An interesting result arising from Fig. 2 consists in the temporal 

fluctuation of the particle concentration. Although the test was carried 
out at fixed operating condition, the particle concentration is not uni-
form throughout the test, but it exhibits temporal oscillations. This 
behavior was also observed by the authors for hydrogen fuel [31] 
identifying the cause in the lubricant oil since hydrogen does not contain 
carbon atoms that can be responsible of the particle formation. This 
fluctuation is explained by the potential periodic oil accumulation on 
the cylinder surfaces that, reached by the flame front, participate to the 
combustion process and, hence, to the mechanisms of particle 
formation.

To better investigate the particles emitted by methane combustion, 
the number concentration (N), classified in the particles lower (N < 23 
nm) and larger (N > 23 nm) than 23 nm, was calculated at both inves-
tigated conditions as shown in Fig. 3. At 2000 rpm (inner circle), the 
particle number concentration reaches low values, and it is almost 
equally distributed between the sub 23 nm particles (51 % of total) and 
the larger of 23 nm ones (49 %). At 3000 rpm, instead, the particle 
number concentration is higher, and it consists of 35 % of N < 23 nm 
particles and for the 65 % of the N > 23 nm particles. The increase of the 
particle number with the engine speed can be ascribed to the larger oil 
consumption as well documented in literature. Incomplete combustion 
and pyrolysis of high molecular weight hydrocarbons present in the oil 
result in the formation of nuclei particles that tend to agglomerate into 
accumulation particles.

3.2. Chemical particle characterization for methane fueling

The SOF samples were analyzed by GC–MS to get insights into their 
composition. The GC–MS chromatograms obtained along with that of 
the lubricating oil are reported in Fig. 4.

Differently from what observed for the SOF samples derived from 

Table 3 
Operating conditions.

Fuel Engine speed [rpm] Throttle opening [%] DOI [cad] SOI [cad BTDC] SOS [cad BTDC] λ [− ] imep [bar] COV imep [%]

Methane
2000 8 175 305 22.5 1.2 6.0 1.03
3000 4 240 315 15.0 1.2 6.0 0.96

Hydrogen 3000 95 245 352 10.0 1.60 6.0 1.65

Fig. 2. Time-resolved particle concentration and size distributions for methane 
at 2000 and 3000 rpm.
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tests on hydrogen-fueled engines [31], the SOF chromatograms do not 
resemble totally to those of the lubricating oil, suggesting that the fuel 
and the oil contribute to particle formation. The SOF at 3000 and the oil 
sample are characterized by a similar bump from 40 to 55 min. In both 
cases a sequence of alkanes was detected by ion extraction in this 
retention time range. The concentration of the species was very low in 
the 2000 rpm sample and no peak presents a satisfying match quality 
when matched with mass spectra library. The 3000 rpm sample presents 
more intense peaks and aromatic species represent the 5 wt% of this 
sample.

It is worth underlining that just a small fraction of the SOF samples 
was detected and identified by GC–MS.

To obtain a comprehensive understanding of the types of particles 
and molecular species emitted from methane-fueled engines, SOF sam-
ples were subjected to a variety of chemical and spectroscopic analyses. 
Fig. 5, reporting the MW distributions measured on the not-mixed col-
umn, provides an overview of the lighter species and smaller particles 
composing SOF. Both distribution functions exhibit signals at similar 
MW values, presenting a broad peak in the region extending between 
200 and 2000 u and a sharper peak in the region around 10^4 u. 
Assuming spherical particles and densities in the 1.2–1.8 g/cm3 range, 
the first area corresponds to molecules with a hydrodynamic diameter 
around 1–2 nm and the second peak refers to particles of about 3–5 nm.

Looking at the relative peak intensity ratio, the largest contribution 
of light molecular species in the 3000 rpm sample, is the sole notable 
variation between the samples. Comparing the SEC profiles normalized 
for the sampled volume (Fig. 5-panel A), it is possible to observe the very 
different signal intensity and, therefore, species concentration in the two 
conditions: species are more than twenty times more concentrated at the 
higher engine speed.

The SOF composition can be further elucidated through spectro-
scopic investigation. All the optical measurements acquired on the SOF 
samples are reported in Fig. 6. The UV–visible spectra of the SOF sam-
ples, normalized at 350 nm, are shown in Fig. 6 A. Despite varying the 
engine speed, they all seem to have relatively similar spectral charac-
teristics. The absence of a fine structure typical of PAH molecules indi-
cated that these species give a negligible contribute, confirming GC–MS 
data, and that larger aromatic species are present [34].

Fluorescence spectroscopy is more sensitive than UV–Visible spec-
troscopy in the identification of even subtle differences in highly- 
fluorescence species as PAHs. The emission spectrum of a PAH 
mixture usually presents signals in two main wavelength regions: the 
first one is located from 300 to 350 nm and is caused primarily by two- 
and three-ring PAHs; the second falls between 350 and 500 nm and is 

caused mostly by bigger PAHs (3–6 rings) [38]. As the number of rings 
constituting the molecules increases, the fluorescence can be excited 
with higher excitation wavelengths. The emission spectra obtained with 
an excitation wavelength of 250 nm (panel B) and of 350 nm (panel D) 
are reported in Fig. 6. It can be noticed that the spectrum obtained with a 
higher excitation energy presents the fine structure typical of small ar-
omatic molecules. Overall, the spectral features of SOF samples are very 
similar, just a more intense tail at higher wavelengths can be noticed at 
3000 rpm underlying the presence of PAHs with a high number of rings.

The analysis of the fluorescence spectrum of aromatic mixtures can 
give more quantitative information on PAH distribution looking at the 
synchronous fluorescence, where each peak can be attributed to a class 
of components [39,40]. As the ring number rises, the synchronous peak 
shifts at longer wavelengths. The synchronous spectra, reported in the 
panel C of Fig. 6, indicate that 3000 rpm sample present a higher 
contribution of species with 3–6 aromatic rings whereas the sample at 
2000 rpm has a PAH distribution shifted at lower masses.

Soot, defined as the fraction not soluble in dichloromethane (DCM), 
was detected exclusively at 3000 rpm. SOF and soot samples were also 

Fig. 3. Particle number concentration, classified in N < 23 and N > 23 nm, 
emitted by methane at 2000 (inner circle) and 3000 rpm (outer circle).

Fig. 4. GC–MS chromatograms of SOF of at 3000 rpm (A) and 2000 rpm (B) 
along with the lubricant oil chromatogram (C).
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analyzed with a no porous column to better detect carbon nanoparticles 
and aggregates. In Fig. 7 the MW distributions of both SOF samples and 
of the soot sample only at 3000 rpm are reported along with the 
normalized PSDs measured by the EEPS. For a proper comparison be-
tween the on-line (EEPs) and offline (SEC) techniques used in this paper 
to track particle size, PSDs, measuring together soluble and insoluble 
particles, have to be contrasted with SOF and soot chromatograms. At 
3000 rpm the MW distributions of soot and SOF are peaked at MW 
values corresponding to particles with a dimension of 2–10 nm. The soot 
at 3000 rpm presents an additional broad peak attributable to larger 
particles/aggregates with a mean size of 60 nm. The normalized PSD 
shows a main peak at size around 10 nm and a second minor peak at 
around 60 nm at 3000 rpm, as found by SEC analysis. Also, at 2000 rpm 
the online and offline distributions present two sharper peaks, the first 
one located at around 10 nm. For EEPS the second peak is located at 
around 40 nm while for SEC at lower size. This slight discrepancy could 
be due to the fact that these organic particles belonging to SOF can be 
highly sticky and in the aerosol they could present a larger size 
compared to when dissolved in a powerful solvent as NMP.

3.3. Comparison of particle emissions due to methane and hydrogen

As above explained, the particle emissions from ICEs can be ascribed 
to both the fuel and the lubricant oil and the latter can contribute 
differently to the particle formation depending on the fuel characteris-
tics. In this section, the particles emitted by methane were compared to 
those of a carbon-free fuel, i.e., hydrogen, for which the particles 
measured at exhaust are produced exclusively by the lubricant oil. Fig. 8
displays a comparison in terms of number, size and mass of the particles 
emitted by methane and hydrogen at the test point characterized by the 
higher particle concentration (Fig. 2) that is 3000 rpm - 6 bar.

The histogram in the graph shows the percentage variation of the 

particles emitted by hydrogen with respect to methane in both dimen-
sional ranges, N < 23 and N > 23 nm. The positive values are indicative 
of higher number of particles, especially those of smaller diameter, 
measured with hydrogen.

In Fig. 9 the MW distributions of particles emitted from methane and 
hydrogen fueled engine are contrasted both when contained in SOF 
(panel A) and in soot (panel B). According with the data reported in 
Fig. 8, the particles emitted by hydrogen are mainly featured by a size 
ranging from 2 to about 10 nm. In the methane case, particle sizes are 
peaked at 10 nm with also a presence of a minor peak at very large size 
(peak at about 60 nm).

The particle emission profiles of both fuels can be justified by their 
combustion behavior. As observed by the authors in their previous 
studies [41–43], hydrogen is characterized by higher heat release and a 
fast combustion with respect to methane. Higher heat release also results 
in increased temperature and pressure with the subsequent reduction in 
the flame quenching distance. As a consequence, the flame comes closer 
to the piston surface, then the high flame temperature of hydrogen 
combustion [15] enhanced lubricant evaporation on the cylinder sur-
faces that partially burns during combustion process thus leading to the 
soot precursor formation. Moreover, the shortened combustion dura-
tion, due to relatively faster fuel-air combustion kinetics, prevents the 
coagulation of particulate resulting in higher nucleation mode particles 
[44].

On the other hand, the PSD of methane is shifted towards larger 
diameter particles as proved by the geometrical mean diameter (GMD) 
that is 60 nm with respect to 39 nm measured for hydrogen. This trend 
can be ascribed to the lower flame temperature of the methane thus 
preventing the oxidation mechanisms of the particles and leading to 
larger diameter particle formation [45]. Despite the larger number for 
hydrogen fueling, the methane gives the major contribution to the 
particle mass as proved by the larger emission of particles larger than 70 
nm.

4. Conclusions

This work sheds light on the particles emitted by a SI engine fueled 
with gaseous fuels, methane and hydrogen, injected in direct mode. The 
work was characterized by the innovative use of different and comple-
mentary techniques allowing simultaneously the physical and chemical 
characterization of the particles. The first part of the study was focused 
on the investigation of the particles emitted by methane fueled engine. A 
comparison was then made with hydrogen, a zero-carbon fuel, to pro-
vide valuable insights into the fuel-oil interaction in the mechanisms of 
particle formation. The major results can be summarized as follows: 

- Particles emitted by methane combustion increase in number and 
size with the engine speed, a certain contribute of the oil was found 
at the higher engine speed.

- Hydrogen emits a higher number of smaller diameter particles. 
Methane combustion emits totally lower number of particles that are 
characterized by larger diameter thus impacting more on the mass.

- Although for methane fueling the particle emissions cannot be 
clearly attributed to the incomplete combustion of oil or fuel, it is 
clear that for hydrogen the lube oil has a more significant impact on 
the number of particles emitted.

Results arising from this study could be beneficial for the lubricating 
oil development and formulation considering the necessity to abate the 
exhaust emissions of particles from the vehicles. By addressing the 
lubricating oil issue, in fact, methane and even more hydrogen can live 
up to their full potential as clean and sustainable fuels for transportation. 
This is a crucial field of research due to the expected massive use in the 
transportation sector of low emission fuels as well as the need to limit 
the particle emissions in the congested urban area.

Fig. 5. MW distribution profiles A) normalized for the sampled volume and B) 
normalized on the peak maximum intensity of the SOF samples from SEC with 
not mixed column of 2000 and 3000 rpm samples, acquired with UV–Visible 
detector at 350 nm.
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