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The need to cope with carbon dioxide abatement has prompted the development of inno-
vative technologies for sustainable mobility. Meanwhile, these technologies consolidate, an
important role will be played by internal combustion engines fed with non-fossil fuels such
as hydrogen. Theoretically, the combustion of hydrogen should not produce carbon-based
emissions. Nevertheless, particles can be found in the exhaust of hydrogen-fueled engines
because of the lubricating oil. In this study, a thorough examination of the impact of the
engine lubricant on the mechanisms leading to the formation of the particles and the high
levels of hazardous pollutants was performed in this study. Experiments were carried out on
a direct injection spark ignition engine fueled with hydrogen. The analysis was conducted at
2000 and 3000 rpm both low and full load. Number and size particle distribution were
determined by means of on-line measurement on the diluted exhaust. Off-line chemical
characterization through analytic techniques was realized on the condensed exhaust and on
the particles collected on a filter. Experimental results pointed out that the extent of the
particle size varies according to the engine speed and load, evidencing the different role of
the oil ascribable to the environmental conditions. It was found that aromatic molecules and
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nanoparticles are present in the exhausts at all the investigated operating conditions,

whereas soot aggregates are formed only at high engine speed.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The climate and green growth strategy of the European Union
set the objective of achieving net-zero greenhouse gas emis-
sions by 2050. Electric powertrain systems have been pro-
posed to pursue climate neutrality [1]. However, the adoption
of low/zero carbon fuels such as ammonia, methanol, e-fuels,
methane and hydrogen could help to reach the target of car-
bon dioxide (CO,) reduction without completely banning in-
ternal combustion engines (ICEs).

Alcohols such as ethanol and methanol have long been the
main alternative fuels for spark ignition (SI) engines thanks to
their renewable nature and effective role in reducing pollutant
emissions [2—4]. Moreover, they benefit from facility of
transportation and storage compared to gaseous fuels [5].

Recently, great attention has been paid to gaseous fuels
due to their capability to drastically reduce the pollutant
emissions [6]. Hydrogen as a fuel for road transport has, in
fact, good potential to support the zero-carbon energy stra-
tegies [7]. In the last years, it was the object of several research
studies for its application in the fuel cells and less interest was
devoted to its use in ICEs [8]. Nevertheless, traditional pro-
pulsion systems can be customized to operate with pure
hydrogen representing a more robust and less expensive so-
lution [9]. Hydrogen is an attractive alternative fuel for SI en-
gines due to its properties [10]. It has low ignition energy that
guarantees stable combustion and good behavior at cold start
operation. It is characterized by high laminar burning velocity
resulting in low cycle-to-cycle variation. However, it suffers
from some drawbacks such as power reduction and safety
issues due to preignition and backfire [11].

Existing literature exploring the opportunities and chal-
lenges of hydrogen-fueled SI engines was mainly focused on
the port fuel injection (PFI) method [12]. This solution gua-
rantees a well premixed charge thus resulting in reduced
emissions. On the other hand, this technology can lead to
abnormal combustion and power loss. Hydrogen direct in-
jection (DI) strategy can be applied to compensate for the low
volumetric efficiency and resolve the backfire issue [13].
Despite the DI ICE fueled by hydrogen has great potential, its
performance and emissions, especially particle emissions,
were not sufficiently explored. It is well known that gasoline
DI is characterized by high particle emissions because of the
wall-wetting effect and the reduced time for fuel evaporation
and mixing with air thus resulting in an inhomogeneous
charge formation [14]. For gaseous fuels DI injection the
mechanisms of the particle formation are different since a
pivotal role is played by the lubricating oil [15]. Studies on the
effect of the lubricating oil on particulate emission in diesel
[16,17] and gasoline [18] vehicles have highlighted their

contribution mainly to organic carbon [19,20] and sub-23 nm
[21] particles leading for the development of new oil formu-
lation [22]. To the best of author knowledge, few papers are
available in literature on the effect of pure hydrogen on par-
ticle emission. Singh et al. [23] carried out an experimental
investigation to compare the characteristics of the particulate
emission from mineral diesel, gasoline, compressed natural
gas (CNG), hydrogen-CNG mixtures (HCNG) and hydrogen-
fueled engines. Tests with gaseous fuels were carried out on
a compression ignition engine modified to operate in SI mode
in which the fuel was port injected. They observed that in the
case of hydrogen fueling, incomplete combustion of lubri-
cating oil present on the cylinder walls and its pyrolysis during
the post-combustion reactions result in a significant number
of particles.

Thawko et al. [24] performed a comparative experimental
analysis of the performance and emissions, including parti-
cles, of a diesel engine modified to allow SI DI operation with
the gaseous fuel. The engine was fed with hydrogen,
hydrogen-rich reformate and methane. They noticed that the
hydrogen low flame quenching distance leads to enhanced
lubricant evaporation with the subsequent particle formation
under high engine loads.

In another study, Thawko et al. [25] showed that non-
premixed hydrogen combustion leads to a large particle for-
mation even higher than that from hydrocarbon fuels. This is
due to the combination of two effects that are the lower flame
quenching distance that intensifies lubricant evaporation and
the interaction between the lubricant vapor and the core jet.
Consequently, there is an excessive entrainment of lubricant
vapor into the chamber that is involved in the combustion
process.

Although the presence of particles in the exhaust of
hydrogen-fueled engines is highlighted in literature, the
mechanisms, such as oxidation and dissociation, involved in
the oil transformation and, hence, responsible for the for-
mation of the particle are not fully investigated.

The present study aims to fill this gap by proposing a
comprehensive investigation on the contribution of the
lubricating oil on the emission of particles from a pure
hydrogen-fueled single cylinder, 250 cm? DI SI engine. This
study follows the already published paper from the authors
[15] where the mechanisms of particle formation due to the
lubricating oil contribution from a DI SI engine fueled with
hydrogen were investigated. The novelty of the present work
consists in analyzing the role of the different environmental
conditions occurring at different engine speed and load on the
processes of particle formation involving the lubricating oil.
For this purpose, the investigation was performed at four
operating conditions, at 2000 and 3000 rpm both low (LL) and
high load (HL), chosen as representative of urban and extra-
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urban driving conditions. Particles were characterized on-line
in terms of number and size through an Engine Exhaust Par-
ticle Sizer (EEPS) coupled to a single diluter (SD). Off-line
chemical characterization was carried out through several
analytical techniques applied on the condensed exhaust and
the particles collected at the tailpipe.

2. Experimental apparatus and methods
2.1.  Test engine

The experimental setup consists of a four-stroke, water-
cooled, single-cylinder engine whose technical specifications
are summarized in Table 1. A schematic of the experimental
layout is shown in Fig. 1. The engine is loaded by an electric
dynamometer allowing to operate at constant engine speed.
The engine has a prototype four-valves cylinder head with a
hole for the housing of the DI system between the two intake
valves. The spark plug is mounted in the center of a pent roof
combustion chamber.

A proper fuel supply system was developed to enable direct
injection of hydrogen. A Synerject strata injector designed for
the simultaneous injection of air and gasoline was modified to
inject gaseous fuels directly in the chamber. For this purpose,
the injector was mounted with an adaptor having the same
external geometry of the standard GDI injector. The adapter
was internally equipped with ducts allowing the injection of
hydrogen toward the spark plug [26].

Hydrogen was stored at 200 bar pressures and decom-
pressed to 6.5 bar by a pressure regulator before being injected
into the cylinder. A flame arrestor and a pneumatic-actuated
valve were installed in the hydrogen supply line to avoid any
hazard caused by backfire.

The air-fuel ratio control of the engine was based on a
feedback control system using a linear lambda sensor Bosch
LSU 4.9 mounted in the exhaust manifold.

The temperatures of the coolant, the lubricating oil, the
intake air and the exhaust gas were measured with K-type
thermocouples.

An AVL Engine Timing Unit (ETU) multi-channel system
was used to manage the ignition and injection parameters of
the engine.

An AVL GH12D piezoelectric pressure transducer was used
to measure the in-cylinder pressure evolution.

Table 1 — Engine specifications.

Engine Spark Ignition
Number of Cylinders 1

Bore [mm] 72

Stroke [mm)] 60

Displacement [cm?] 244.3

11.5:1

16 @ 8000 rpm

20 @ 5500 rpm
Naturally Aspirated
DI Prototype

Compression Ratio
Max. Power [kW]
Max. Torque [Nm]
Intake

Injection system

1

1

1

1

1

1

1
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Fig. 1 — Schematic of experimental layout.

A commercial lubricant oil obtained by a combination of
synthetic and mineral bases with 10W—40 viscosity grade
(Table 2) was used for this study.

2.2. Particle characterization

The experimental layout for particle measurement and sam-
pling is shown in Fig. 2. It consists of an exhaust gas sampling
line for physical characterization of the particles in terms of
number and diameter. Moreover, it includes two ice-cooled
traps to collect condensed species followed by a Teflon filter
to accumulate particles for chemical and spectroscopic
investigations.

2.2.1. Sampling systems for particle number and size
characterization

Accurate and reproducible measurements of particle number
and size was carried out by means of the EEPS 3090 from TSI
[27]. It measures the particle size distribution (PSD) in the
mobility diameter range of 5.6—560 nm up to 10 times per
second with a maximum concentration of 108 particles/cm?®. It
has a size resolution of total 32 channels. At the instrument
inlet, there is a cyclone with a 50% cut-size at 1 mm (inlet
flowrate 10 lpm). Before entering the EEPS, the exhaust gas
sample was taken by a 1.5 m long line heated at 150 °C to
prevent water condensation. Then, the sample was diluted
through a Dekati single diluter at dilution ratio of 1:9 using
filtered air at 150 °C. This system allows to avoid condensation

Table 2 — Lubricant oil properties.

Properties

Viscosity 10W-40
Density @ 20 °C 0.870 kg/l
Viscosity @ 40 °C 101.7 mm?%s
Viscosity @ 100 °C 14.5 mm?%/s
Viscosity index 151

Pour point —35.0°C

TBN 10.1 mg KOH/g
Flash point 228 °C
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Fig. 2 — Experimental setup for particle measurement and
for condensed exhaust sampling.

and nucleation effects thus making the PSD measurement
stable and repeatable.

2.2.2. Sample treatment and chemical and spectroscopic
techniques

The soluble organic fraction (SOF) was recovered cleaning the
sampling line, performing a liquid-liquid extraction of
condensed water, and isolating the Dichloromethane (DCM)-
soluble fraction of the sample collected on the filter. Soot
represents the DCM-insoluble component of the condensed
exhausts collected along the sampling line. More details on
the sampling approach and sample treatments are reported in
Ref. [28]. The condensed exhausts were characterized using
chemical and spectroscopic methods.

The gas chromatography mass spectrometer (GC-MS)
employed is an AGILENT GC 6890 - MSD 5975C. The mass
spectrometer operated in electron ionization mode, and m/z
was scanned from 50 to 400. Using response factors deter-
mined from the analysis of standard samples with known
quantities (C16 and phenol sample from Sigma Aldrich; Poly-
cyclic Aromatic Hydrocarbons (PAH) mixture with Molecular
Weight (MW) up to 300 Da given by Supelco EPA 525 PA H mix),
the concentration of aromatics and aliphatics were measured.
UV—Visible spectra of SOF samples dissolved in DCM and of
soot dissolved in N-Methyl-2-pyrrolidonen (NMP) were
measured on an HP 8453 Diode Array spectrophotometer. SOF
fluorescence spectra were acquired on a HORIBA Scientific
FluoroMax-Plus TCSPC spectrofluorometer. More details on
the acquisition of fluorescence spectra are reported in
Ref. [29]. MW distribution of SOF and soot samples were
measured by size exclusion chromatography (SEC) by elution
with NMP on a HPLC system HP1050 series equipped with an
UV-—Visible diode array detector measuring the absorbance
signal at 350 nm. The MW distributions of SOF samples were
measured on two different columns: a highly cross-linked
“individual-pore” column and a Jordi Gel DVB Column for
mass determination in the 100 — 2E4 u range and in the 2E3 -
4E8 u range, respectively. More details on SEC apparatus and
conditions are reported in Ref. [30]. Soot samples were
analyzed only on the Jordi GEL DVB column. The retention
times of polystyrene and PAH standard species with known
MW and of soot particles with known sizes (as determined by

dynamic light scattering) were used to derive the MW cali-
bration on both SEC columns [31]. Based on the calibration
curve of each column the retention time abscissa of the SEC
profiles was converted to MW. A Horiba XploRA Raman mi-
croscope system (Horiba Jobin Yvon, Japan) with an excitation
wavelength of 532 nm (frequency doubled Nd:YAG-solid state
laser, 25 mW) was used to measure the Raman spectrum of
soot. The Raman spectra abscissa was calibrated with a silicon
wafer by using the first-order Stokes Raman of pure Si at
520 cm~'. Raman spectra were acquired between 900 and
3500 cm ™. Care was taken to avoid carbon structure alteration
by laser-induced heating effects modulating laser energy on
the sample and acquisition parameters.

2.3. Operating conditions

Experiments were performed at 2000 and 3000 rpm both LL
and HL to reflect the typical urban and extra-urban patterns of
a commercial engine for passenger vehicle.

The start of injection (SOI) and start of spark (SOS) were set
to ensure a stable combustion. The duration of injection (DOI)
was modified to operate the engine with a lean air-to-fuel ratio
(A) with the aim to improve the performance and reduce the
NO; emissions. The tested operating conditions are summa-
rized in Table 3. The indicated mean effective pressure (imep)
and the coefficient of variation (COV) of imep are also shown.
The COV imep has for all the conditions values below 2%
revealing a good stability of the combustion.

Carbon emissions, such as CO, HC, and CO,, are very low,
below the detection limits of the analyzers, thus only NOy was
measured at the exhaust.

The engine run for nearly an hour at fixed operating con-
dition to collect condensed exhaust samples. Three sampling
at different days were realized. The sampling, sample treat-
ment and preparation, and analytical measurements together
contributed to a total uncertainty of the chemical and spec-
troscopic results of roughly 15%. During the test at fixed
operating conditions, 10 acquisitions of 5 min each of the PSDs
were performed. The PSD graphs presented in the experi-
mental result section represent the average data of each
acquisition. The variability among the different acquisitions is
lower than 5%.

3. Experimental results

The experimental result section is divided in two parts. The
first part deals with the physical characterization of the par-
ticles measured at exhaust. The second part, instead, is
focused on the chemical characterization of the particles to
better understand their nature.

3.1. Physical particle characterization

Fig. 3 shows the temporal evolution of the particle number
concentration (Np) measured during the tests carried out at
2000 rpm LL (Fig. 3-a) and 3000 rpm both LL and HL (Fig. 3-b).
Particles are measured for all the test conditions except at
2000 rpm HL where their values are so low that are not
detectable by the spectrometer. The graphs depict the
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Table 3 — Operating conditions.

Engine speed Throttle opening DOI SOI SOS A imep COV imep
[rpm] [%] [cad] [cad BTDC] [cad BTDC] [-] [bar] [%]
2000 rpm -LL 2000 15 170 270 7.0 1.6 4.0 1.0
2000 rpm -HL 2000 95 225 260 11.6 1.5 5.5 1.2
3000 rpm -LL 3000 15 260 270 13.7 1.5 4.3 15
3000 rpm -HL 3000 95 240 352 10 1.6 5.7 1.6

effective values of N, (dashed lines) and the filtered curves
(solid lines) to highlight the oscillations of the particle con-
centration during the acquisitions.

Hydrogen fuel has no carbon atoms in its molecule so it
should not emit particles. Therefore, it is presumable that the
particles measured at exhaust are due to the lubricating oil. It is
known in literature [32] that during the engine running, the oil
accumulates in the combustion chamber near the cylinder
surfaces and in the crevices. After a certain time, depending on
the operating condition, the temperature in the chamber in-
creases until it causes the oil to burn and/or oxidise thus
contributing to the particle formation. It is worth noting that
the particle emission is not constant over time, but it fluctuates.

Itis, in fact, possible to distinguish several peaks of the same
intensity and width at fixed engine operating condition. This
behavior could be explained considering that the oil can accu-
mulate and burn periodically. On this assumption, the higher
the oil amount accumulated in the chamber that takes part to

the combustion, the higher are the concentration peaks.
Another aspect to consider in the cyclic entrainment of oil in
the combustion chamber is the expansion of the rings. As
shown in Fig. 3, the oil contribution to the particle emissions
increases with the engine speed and increases as the load de-
creases. In the test conditions 2000 rpm — LL, N, reaches a
maximum value of 3.1 x 10° #/cm®. At 3000 rpm, the particle
concentration is higher with mean values of 1.0 x 10’ #/cm>and
2.3 x 10° #/cm® at LL and HL, respectively. Moreover, it can be
observed that also the frequency of the concentration peaks
changes with the engine conditions. Less time elapses between
the peaks at 3000 rpm with respect to the condition at 2000 rpm.
This trend could be explained with the high frequency of for-
mation of oil pool at high engine speed.

To analyze the impact of lubricating oil on the particle
number and size, the PSDs were measured in the tested
operating conditions, Fig. 4. Particles have dimeter ranging
between 6 and 300 nm. The PSDs shape and intensity change

a) 4.0x10°
— 2000 rpm - LL
3.0x10°
- i
5
3 2.0x10°
o
P il
1.0x10° -
0.0x10° T T T
0 25 50 75 100 125 150 175 200 225 250 275 300
Time [s]
b) 5.0x10’ 1.5x10’
— 3000 rpm - LL — 3000 rpm - HL
4.0x10" ~1.2x10
— - B 5
@'3.0x10 9.0x10°
O O
# i i
S2.0x10" {7/ -6.0x10° =
1.0x10" ' - 3.0x10°
0.0x10° 0.0x10°
0 30 60 90 120 150 180 210 240 270 300
Time [s]

Fig. 3 — Temporal evolution of the particle number concentration measured at a) 2000 rpm — LL and b) 3000 rpm both LL and
HL. The dashed lines represent the effective data while the solid lines are the fitting curves.


https://doi.org/10.1016/j.ijhydene.2023.09.279
https://doi.org/10.1016/j.ijhydene.2023.09.279

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 49 (2024) 968—979

973

a) 1.0x10° 1.0x10"
| —2000 rpm - LL — 2000 rpm - HL |
8.0x10° 1 e - 8.0x10°
& § L
5 s s
3 6.0x10° 1 - 6.0x10
o
8 _ L
=4 3
S 4.0x10° - 4.0x10°
pd _ L
o
2.0x10° —_— - 2.0x10°
0.0x10° =+ R ‘ 0.0x10°
10 100

Dp [nm]

dN/diogDp [#/cm3]

b) 1.6)(107
— 3000 rpm - LL — 3000 rpm - HL

1.2x107

8.0x10° —

dN/diogDp [#/cm3]

4.0x10°

0.0x10°

T T T

10

T T T

100
Dp [nm]

Fig. 4 — PSDs measured at a) 2000 rpm and b) 3000 rpm at both LL and HL. Dashed line is representative of the minimum

limit value of the spectrometer.

according to the operating condition. At 2000 rpm LL, the PSD
exhibits a peak of 8.9 x 10° #/cm? at 20 nm and a little hump of
6.6 x 10° #/cm> at 10 nm. On the other hand, the PSD at
2000 rpm — HL is within the limit values of the spectrometer,
MIN, due to low signal to noise ratio so at this test point the
conventional techniques do not provide relevant information
on the particle emissions. At 3000 rpm — LL, the PSD shows a
distinguishable nucleation mode (NM) reaching the value of
1.2 x 107 #/cm? at 10 nm and a less pronounced accumulation
mode (AM) of 6.9 x 10° #/cm® at 53 nm. At 3000 rpm HL, the
PSD is unimodal with a maximum value of 3.6 x 10° #/cm? at
20 nm. At both engine speeds, the particle number increases
as the load decreases since more oil vapors are sucked in the
combustion chamber because of the high depression down-
stream the throttle. In addition, as the load and, hence, the
operation temperature increase, the piston and ring experi-
ence a great deformation thus guaranteeing a better seal. As a
result, less amount of oil that can contribute to the particle
formation is entrained in the cylinder. At fixed load, the par-
ticle concentration increases by about two orders of magni-
tude with the engine speed. In this case the dominant role is
played by the higher combustion temperature resulting in the
burning/oxidizing of the oil film on the cylinder surfaces when
reached by the flame front.

To better highlight the role of the oil on the particle emis-
sions, three size ranges were considered: 10—23 nm, which
will be subject to the next emission regulation [33], 23—50 nm,

a) 7:0E+05 8.3E+04; 13% B N>50
6.0E+05
[123<N<50
= 5.0E+05 i
= E0s- 0 & N<23
S 4.0E+05 2.4£+05; 39%
308405
Q.
Z 50E+05
3.0E+05; 48%
1.0E+05 N
0.0E+00
2000 rpm - LL 2000 rpm - HL

representative of the NM, and >50 nm, typical of the AM. Fig. 5
depicts the Ny, classified for the three dimensional range at the
analyzed operating conditions. The extent of the particles
varies according to the engine speed and load, evidencing the
different role of the oil due to the environmental conditions
realized at different operating conditions. At all test points,
the larger amount of the particles, 48% at LL both 2000 and
3000 rpm, up to 57% at 3000 rpm HL, are smaller than 23 nm.
These particles are due to the incomplete combustion and
pyrolysis of high molecular weight hydrocarbons of the
lubricating oil.

To take into account the effect of engine parameters on the
particle emissions ascribable to the lubricating oil, the per-
centage particle variation due the load and speed was calcu-
lated and shown in Fig. 6. It arises that the speed changing
account for 88% with respect to the 66% of the load high-
lighting that the major impact on the particle emissions is due
to the engine speed. Therefore, it can be assumed that the
major contribution to the particle emission is due to the
incomplete combustion of the lubricant deposited on the
cylinder surface at high temperature rather than the
entrainment of oil vapor that can occur at low load.

3.2, Chemical particle characterization
Condensed exhausts were collected and analyzed using an
array of chemical and spectroscopic techniques in order to

b) 1007
B N>50
I
8.0E+06 1.91E+06; 21% [123<N<50
N AnARaa
e N N<23
g 6.0E+06 2.76E+06; 31%
~. -
~, 4.0E+06 2.22E+05; 21%
=
4.3E+06; 48%
2.0E+06 6.63E+05;31% 111
N R‘ 1.2E+06; 57%
DOE+OO ANNN
3000 rpm - LL 3000 rpm - HL

Fig. 5 — Particle number characterization with classification of the particles smaller than 23 nm, in the size range 23—50 nm
and the particles larger than 50 nm at a) 2000 rpm and b) 3000 rpm at both LL and HL.
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Fig. 6 — Percentage N, variation due to the engine speed
and load.

gain an in-depth understanding of the nature of the particles
and species released from hydrogen-fueled engines.

The SOF was investigated by means of different techniques
which allow a more comprehensive analysis of the nature of
the particles emitted by hydrogen fueled engines. An overall
description of SOF composition is given in Figs. 7 and 8
reporting the MW distributions measured with non-porous
and not-mixed column, respectively, to detect particles and
molecular species.

The MW distributions, obtained by off-line measurement
technique, are focused on molecules and particles in the size
range from 1 to 100 nm thus providing additional information
with respect to those offered by on-line particle character-
ization performed with the EEPS (Fig. 4) in the particles size
range from 6 to 560 nm. Moreover, due to the different
sensitivity of the methods, SEC analysis allows to detect also
low particle concentrations, as at 2000 rpm — HL, that are not
measured through the EEPS. The distributions measured on
the non-porous column are peaked at MW values

1.2
) 2-5nm —3000 rpm -LL
[®)
£ 1 —3000 rpm -HL
0
E o
8 0.8
'2 7-S nm
8 0.6
s
© 15-20 nm
€ 04
s 1-2n
2 25-30 nm

0.2

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

MW, u

Fig. 7 — MW distribution profiles of the SOF samples from
SEC with non-porous column of 3000 rpm samples at HL
and LL, acquired with UV—Visible detector at 350 nm. The
signals were normalized on the maximum value.

2 -
Molecular region
1-2 nm —3000 rpm - LL
—3000 rpm - HL
1.5
Particle-size region
3-5 nm
1 "

Normalized Absorbance

0
1.00E+02

T

1.00E+03
MW, u

1.00E+04

Fig. 8 — MW distribution profiles of the SOF samples from
SEC with not mixed column of 3000 rpm samples at HL. and
LL, acquired with UV—Visible detector at 350 nm. The
signals were normalized on the maximum value.

corresponding to particles with a dimension of 2—5 nm
(assuming spherical particle and density value in a range be-
tween 1.2 and 1.8 g/cm® [34]) both for 3000 rpm-LL and
3000 rpm-HL samples. In comparison to the MW distribution
measured for SOF collected at 2000 rpm at the same loads [15],
samples collected at high engine speed are characterized by
tails extending on larger MW values, corresponding to
25—30 nm for 3000 rpm-HL and 25—60 nm for 3000 rpm-LL.
Independently on the engine speed, SOF samples at LL are
characterized by the presence of heavier species in compari-
son to the corresponding samples at the same engine speed.

In the molecular region (Fig. 8), SOF sampled both at
3000 rpm and at 2000 rpm [15] exhibit peaks at similar MW
values. The only striking difference among the samples
regards the relative peak intensity ratio with the neat preva-
lence of the lower MW species mode for 3000 rpm-LL sample,
indicating the highest presence of light molecular species
absorbing at 350 nm.

Although the different detection techniques used to obtain
the PSDs (Fig. 4) and the MW distributions (Figs. 7 and 8), a
similar trend was observed in the same size range. Both
methods, in fact, show the presence of more particles with
larger diameter at higher engine speed. Furthermore, what-
ever the engine speed, the size of the particles decreases with
the load.

To compare quantitatively the SOF emission, SEC profiles
normalized for the sampling time are reported in Fig. 9. It is
possible to observe the very high signal detected at 3000 rpm —
LL. More details on the SOF composition can be retrieved by
spectroscopic characterization. The UV—Visible spectra,
normalized at a wavelength of 350 nm to better discriminate
the presence of lighter as well as of heavier aromatic com-
pounds, of all the SOF samples, with different engine speed
and load, are reported in Fig. 10 and appear very similar in
terms of spectral features. However, the highest abundance of
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Fig. 9 — MW distribution profiles normalized for the
sampling time of the SOF samples from SEC with non-
porous column of SOF at HL and LL at 2000 and 3000 rpm
acquired with UV—Visible detector at 350 nm.

light molecular species in the sample 3000 rpm-LL is
confirmed by the higher absorption values in the UV region,
whereas 2000 rpm-LL sample presents the highest absorbance
values in the visible region highlighting the presence of large
aromatic molecules. It is worth nothing that this result depicts
not the absolute value rather the proportion between the
lighter and heavier species for each operating condition.

The contour maps of the 3D fluorescence spectra of
3000 rpm SOF samples are reported in Fig. 11. As at 2000 rpm
[15], SOF samples at 3000 rpm exhibit the most intense fluo-
rescence signals between 300 and 400 nm when excited at
250 nm. However, at 3000 rpm-LL intense fluorescence signals
are detected also when the sample is excited at higher
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Fig. 10 — UV—visible absorption spectra normalized at
350 nm of SOF in DCM at HL and LL at 2000 and 3000 rpm in
DCM.

excitation wavelength (up to 350 nm), indicating the presence
of aromatic molecules with a higher MW.

Indeed, the fluorescence spectrum of a PAH mixture typi-
cally exhibits two main spectral regions: the first, caused by
two- and three-ring PAH, is from 300 to 350 nm, and the sec-
ond, caused mostly by bigger PAH (3—6 rings), is between 350
and 500 nm [35]. As the excitation wavelength increases only
species with a higher number of rings are excited. The inter-
pretation of the emission spectrum of aromatic mixtures is
made simpler by synchronous fluorescence since each peak
essentially corresponds to a single component or class of
components, allowing for the possibility of a simplified study
of multicomponent PAH mixtures [36]. As the ring number
rises, synchronous signals occur at longer wavelengths.

In Fig. 12 the synchronous fluorescence spectra of the SOF
samples at 3000 and 2000 rpm, with different load are reported
for comparison. The spectra indicate that 3000 rpm-LL and
2000 rpm—LL samples are characterized by a PAH distribution
richer in species with 3—6 aromatic rings, that are species
highly fluorescent in the visible, whereas samples at HL have a
PAH distribution shifted at lower masses. In particular, the
sample 2000 rpm —LL presents the higher contribution of
PAHs with more than seven rings, consistently with its
UV—Visible spectrum (Fig. 10).

An indication of the PAH concentration inside the SOF
samples has been done with GC-MS analysis and is reported in
Fig. 13. It is worth underlining that only about 60—70% of the
weight of the SOF samples was detected and identified by GC-
MS. The remaining part, characterized by a MW higher than
300 u and thus undetectable by GC-MS, was investigated by
spectroscopic techniques and SEC, even if aliphatic portion is
weekly absorbing at 350 nm (SEC) and fluorescing.

Aromatic species are mainly constituted of oxy-PAHs and
alkyl-PAHs. The aromatic species are submerged by the
aliphatic species coming from oil and they were detected only
by ion extraction. Only in the SOF sample at 3000 rpm — LL
peaks due to aromatic species arise clearly in the chromato-
gram and their percentage of mass concentration was calcu-
lated to be 12.5%. The identification of these species has
caused for concern since, despite their extremely low con-
centration, they exhibit extremely high levels of toxicity and
mutagenicity, surpassing even those of unsubstituted PAH
[37]. Aliphatic species account for about 90% of SOF and
although less toxic than PAHSs, their contribution to contam-
ination of soil bacterial communities is not negligible [38].

It has been demonstrated in our previous work [15] that the
incomplete combustion of the organic components in the
lubricating oil and the breakdown of the carbon can be
responsible for these pollutants. These findings showed that
the presence of PAHs and nanoparticles was a constant
throughout engine operation and characterized the exhaust of
a hydrogen-fueled engine at various engine speeds and loads.
The different behavior with load at 2000 and 3000 rpm can be
ascribed to the different environmental condition encoun-
tered by the oil in the combustion chamber. At 2000 rpm-HL
PAH and nanoparticles are formed in very low amounts. At
2000 rpm-LL aromatic species with more than 7 rings are
present but their concentration and the experienced temper-
ature are not enough to convert them in soot. In particular, at
low engine speed the temperature is lower inhibiting the
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Fig. 11 — Contour map of the three-dimensional fluorescence spectra of SOF in DCM at LL and HL at 3000 rpm in DCM.

evaporation even of the lighter compounds of the oil
conversely enhancing the condensation of the oil vapor.

It is worth to underline that soot, i.e., a fraction not soluble
in DCM, was found only at 3000 rpm —LL and 3000 rpm —HL
conditions. In both cases, it was not possible to perform
gravimetric estimation of soot amount however the filters
appear grey.

In Fig. 14 the MW distributions of soot and SOF samples are
reported and contrasted with the normalized PSDs measured
by the EEPS. PSDs have to be compared with both SOF and soot
samples, which have been separated for analytical conve-
nience when both are present. Soot and SOF MW distributions
are peaked at MW values corresponding to particles with a
dimension of 2—10 nm. The soot at 3000 rpm — LL presents a
tail extending toward aggregates larger than 100 nm. This
result is in accordance with the physical characterization of
the particles. The normalized PSDs, in fact, show at both LL
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Fig. 12 — Height normalized synchronous fluorescence

spectra (AX = 10 nm) of SOF in DCM at HL and LL at 2000
and 3000 rpm in DCM.

and HL the presence of particles smaller than 10 nm and a
hump around 100 nm at 3000 rpm - LL. This is consistent with
the higher presence of PAH species in the SOF samples at
3000 rpm —LL since a large amount of aromatics increases the
formation of nucleated particles that rapidly grow and coag-
ulate to form larger aggregates.

It was possible to measure the Raman spectrum of the soot
sample 3000 rpm- LL, reported in Fig. 15. Indeed, only in this
condition soot amount was enough on the filter to perform this
analysis. In the first-order Raman region, between 1000 and
1800 cm Y, the two characteristic peaks of carbon materials, i.e.
the G (around 1600 cm™*) and D (around 1350 cm~?) can be
observed. A low fluorescence background underlying the peak
can be also observed, which is indicative of low hydrogen
content (H/C atomic ratio <0.2) [39]. The second-order region,
between 2000 and 3500 cm-1, has less intense and poorly
defined bands that are indicative of disordered carbons [40].

Spectrum deconvolution with five curves, as described in
Ref. [41], allows to calculate the ratio between the intensities
(I) of the D and G peaks, i.e. I(D)/I(G) ratio, to derive the size of
the aromatic layer length [42]. It was found that the I(D)/I(G)
ratio was 0.95 corresponding to an aromatic length of 1.23 nm.

3000 rpm- HL
3000 rpm -LL
W Aliphatic species
W Aromatic species
2000 rpm -HL
2000 rpm -LL

0 20 40 60 80 100
Fig. 13 — Percent mass concentration of aliphatic and

aromatic species of SOF at HL and LL at 2000 and 3000 rpm
as detected by GCG-MS.
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Fig. 15 — Raman spectrum of soot sample collected at
3000 rpm — LL.

Differently from SOF, soot is formed only at the high engine
speed, i.e. at higher temperatures, and its contribute increases
as the load decreases. The formed soot is comparable in terms
of nanostructures to a mature soot having low hydrogen
content [41] and a relatively high extension of the aromatic
plane. The results demonstrate that beside PAHs and small
particles soluble in DCM also larger particles and aggregates
are also formed when the lubricant oil partially oxidizes
leading to a not negligible particle formation at higher tem-
perature, i.e. at higher engine speed.

4, Conclusions

This research study presents the impact of the lubricating oil
and of the operating conditions on the particles emitted by a
single cylinder, small displacement SI engine fed with

hydrogen injected in direct mode. The investigation was car-
ried out at different engine speeds and loads to evaluate the
interaction between the environmental conditions and the
lube oil during the combustion process to better point out the
critical point on the particle emissions. The novelty of this
manuscript consists in the use of complementary techniques,
for both physical and chemical characterization of the parti-
cles, which allow a more comprehensive analysis of the role of
the lube oil. Particle number and size were measured on the
diluted exhaust during the engine running. Spectroscopic and
chemical analysis were applied off-line on the condensed
exhaust and the particles collected on a filter.
The main results can be summarized as follow:

- The particle emission measured through physical tech-
niques is not constant over time, but it fluctuates due to the
oil that can accumulate in the chamber and burns
periodically.

The extent of the particle emissions varies according to the
engine speed and load, evidencing the different role of the
oil due to the environmental conditions realized at
different operating conditions.

PAHs and nanoparticles have been found in the exhausts of
a hydrogen-fueled engine at various engine speeds and
loads, thus their emission is independently from the en-
gine operation

Oil incomplete combustion leads to soot formation only at
higher temperatures, i.e. at higher engine speed.

The topic of lubricating oil for hydrogen-fueled engines is
particularly relevant considering the effects of long-term use
of hydrogen on the engine materials. Anyway, these results
highlighted that a deepen awareness on the emission of the
particles due to the lube oil in the atmosphere but also the
impact of the condensed exhaust on the soil pollution is
essential. Therefore, it can be argued the importance to un-
derstand the mechanisms of oil transformation, such as
oxidation and dissociation, leading to the particle formation.

This analysis allows to have a deep insight on the com-
ponents of the oil that plays the major role on the particle
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formation thus offering important information for a proper
optimization of the oil formulation. Moreover, in light of the
high particle concentration emitted at some operating con-
ditions also by the hydrogen fueled engines, it cannot be ruled
out the use of specific after-treatment systems not only to
abate the high NOx emissions typical of hydrogen combustion
but also a proper device for particles, taking into account their
nature and also the specific composition of the exhaust to
guarantee an effective zero impact on the atmosphere and
soil.
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cov Coefficient of Variance

DCM Dichloromethane

DI Direct Injection

DOI Duration of Injection

EEPS Engine Exhaust Particle Spectrometer
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HL High load
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IMEP Indicated Mean Effective Pressure
A Excess air ratio
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N, Particle number concentration
PAH Polycyclic Aromatic Hydrocarbons
PFI Port fuel injection

PSD Particle Size Distribution

SD Single Diluter
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SI Spark Ignition

SOF Soluble Organic Fraction

SOl Start of Injection

SOs Start of Spark
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