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Engine-generated solid particles — a case study

Current ecological trends and resulting legislatitke European emissions standards Euro 6d or Bestilable Techniques are
setting new challenges in the field of environmeptatection. Since the problem of emissions ofipaliate matter from diesel engines
was solved by the application of diesel particufiters (DPFs or FAPs) and due to the global doamioe of gasoline fuelled passenger
cars, particular concern has been focused on imgment of emissions performance of gasoline vehicielsiding hybrids, as well as
heavy-duty and non-road vehicles. This paper ptsstre results of preliminary studies on the chamand physical properties of
gasoline engine-generated particles, including narticles. SEM images were presented which alloedtification of the character
of particulate matter and estimates of the dimemsiof particles. Moreover, the particles were foundbe composed of different

elements, including Cu, Si, Na, Ca, Zn and P, pajto the origination of these particles from tistons and lubricant additives.
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1. Introduction

Levels of pollution in the ambient air are a sigsht
subject of environmental studies [1, 2]. Emissiaiated to
transportation are of special concern both of sifien
industrial and governmental representatives. Theam for
this is that road pollution is a kind of low-staghission; it
is emitted at the level of the human respiratoagtirLegis-
lation motivated by public health concerns forcegiee
and vehicle designers to overcome the increasedsemi
of harmful compounds and include high efficienchawst
gas aftertreatment systems in their designs.

The social awareness of emission intensity anduiti-
ty is still increasing. From the physical and chesthi(or
even mechanical) point of view, the combustion psses
of organic fuels occurring both in furnaces anddbeabus-
tion chambers of vehicular engines will never ruithw
emission of a mixture of only carbon dioxide andteva
vapour as the result. Exhaust gas consists of ledsdfor
even thousands) of groups of chemicals and liroitséme
of them have been defined by various legal polidése
remaining part of exhaust gas components is uraéegpll

Moreover, among raw exhaust components, gaseous-che

icals and solid particles may be distinguished. tompo-
nents of solid particles — depending on the cooulitiof the
combustion processes — may occur both in the gaseod

, morphology

SO, or volatile organic compounds (VOCs). Aerosols may
be transported long distances and be gravitatipmapos-
ited or removed via rainfall [4]. Atmospheric aalissare

a mixture of particulate matter from many differeptirces

— natural and anthropogenic, with the latter catggalud-

ing material from both stationary and mobile soarf&].
This paper deals with studies on engine generaeitp-
late matter from mobile sources (road vehicles).

Actions resulting in decreased harmful exhaust emis
sions from combustion engines have been undertéken
decades and have chiefly relied on the applicatioiinree
ways catalysts (TWCs) and diesel oxidation catalyst
(DOCs), followed by Diesel particulate filters (DEH6].
Selective catalytic reactors (SCR), gasoline paldie
filters (GPFs) or lean NCtrap systems are quite new solu-
tions fitted to recent Diesel and gasoline engiffég. la
and Fig. 1b).
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Particulate matter (PM) is an agglomeration of dsoli
particulates suspended in the atmosphere. Patgamatter
is characterized by different chemical and physgabper-
ties depending on the aerodynamic diameter sizéhaif
idealised spherical volumes, and are also charaeteby
their origin [3]. Once emitted to the atmosphetipulate
matter undergoes many transformations, such asutmag
tion and condensation, which lead to changes irpttysi-
cal and chemical character of aerosols. The foonatif
particulate matter begins with a nucleation proaghich
occurs in the presence of so-called gaseous pasyitike
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Fig. 1. Technical points of a) diesel engine dfteatment system; b)
gasoline DI engine after treatment system

Further concern centred on solid particles pregseak-
haust gas, which resulted in the implementatiomefv
emission standards (Euro 5) where limits for thession
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of particulate matter mass (PM) and particulate tenat
number (PN) were set as 4.5 kg * and 610" #km™,
respectively. (Previously, Diesel engines had bmdject
to mass-based PM limits for emissions of parti@dabut
with much higher emissions limits and no PM limithe
highest concentrations of PM were reported for elies-
gines, for reasons linked to the properties of fhat and
the Diesel cycle, as well as the full roll-out dfett injec-
tion for all modern Diesel engines. Therefore, eligmrtic-
ulate filters (referred to as DPF or FAP) are aoifyein-
stalled to all new diesel-fuelled vehicles. Accaglito the
latest update of emission legislation set out ipt&aber
2017, newly-produced vehicles should be testedeml r
driving conditions as part of the type approval gedure
[7], later extending to surveillance of vehiclesreatly in
circulation. The abovementioned exhaust aftertreatm
systems for control of particles (DPF/FAP, GPF) rastly
designed to work in a “storage and release” manftas
phenomenon is considered a significant source of &iRis-
sion [8, 9]. The “storage and release” principléeseon
regeneration events, which are expected to be nwmnenon
in real driving conditions due to engine loadingl dne fact
that the temperature of exhaust gas and thus tedreht-
ment system elements is continuously changing [8].

Exemplary composition of particles

UL
O Sulfuric Acid Particles

% Tlydrocarbon / Sulfatc Particles

»

Fig. 2. Typical composition and structure of engéxéaust particles [10]
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The influence of the fine solid particles on hurhaalth
increases in inversely proportion to their sizesd&ch
confirms that particles from the BN category are charac-
terized by greater health affect than BMParticles under
a diameter of 2.5 um are able to penetrate thedkhio
barrier (alveolar—capillary barrier) and to cirdelavith the
blood throughout the human body [12]. Engine getedra
particles are mostly composed of soot and elemeatal
bon, which are materials with excellent absorptiveper-
ties. As a result, such particles are carriersbebebed and
adsorbed chemicals, including carcinogenic and gaunie

This work aimed to identify the main challenges conProducts of chemical reactions occurring in the lostion

cerning research on solid particles generated Ilspligee
and new advanced vehicular engines on the basiteia-
ture and own preliminary studies.

2. Nanoparticles — physical and chemical
properties

chamber. Benzo(a)pyrene is the most well-known q@gly
clic aromatic hydrocarbon (PAH); however, new adn
instrumental methods allow investigation of nit(ratro-
PAHs) and oxidative (oxy-PAHs) derivatives of PAHs
which are considered more dangerous than PAH tHeesse
[13]. The World Health Organization (WHO) has estied

A nanoparticle is considered as a particle whose-ae that PM is responsible for about 3% of deaths ahise

dynamic diameter does not exceed 100 nm. In saeradi
ture references nanoparticles are described as parth
cles, but with a diameter range from 10 to 23 nimsTs
mostly combined with legal requirements which cotise
specify the obligatory to control the level of peldgs emit-

failure of the respiratory system and 5% of deatissed
by lung cancer [14]. The mechanisms of NPs’ negativ
imapcts on human health are still the subject afiyrstud-
ies. One such mechanism relies on the strong imgiact
organic matter’s oxidative stress on an organisogls

ted of diameter (23 nm — 10 um). Nowadays, dueh® t[15].

minute size of NPs, research on automotive gerbpsi-
cles is focused on the development of methods enpthle
characterization of NPs in terms of their physaadl chem-
ical properties [10, 11]. Nanoparticles which dre part of
the nucleation mode are the subject a great aiterdf
scientists and engine designers, mainly due tg #teing
impact on human health [12]. They are able to d#fu
through the skin and be transported by the bloedhiag
the most vital systems and organs.

Similarly as in the atmosphere, nanoparticles, gee
erated as a result of favourable conditions in agine

3. Nanopatrticles’ morphology

SEM analyses allow the morphology and dimension of

NPs to be studied. Solid particles’ morphology artkrnal
structure were analysed using a field emission réngn
electron microscope (SEM, FEI Versa 3D) equippeth wi
an energy dispersive X-ray spectrometer (EDS, EDAX
Apollo XP) for qualitative physicochemical analys&EM
observations were carried out without conductivatiog at

high vacuum mode, using a secondary electron (SE) o

backscattered electron detector (BSE) at an aetiler

combustion chamber undergo reactions of accumualatiyoltage of 5 kV. EDS analyses were performed aelaca-

and coagulation changing the size of spheres aadgafg
the chemical and physical properties [10]. It iBdved that
the increasing concentration of Sé&nd the increase of 30
conversion enhance NPs’ formation [8]. This stagiRs’
formation is known as nucleation. While NPs consift
water, sulphur compounds ad hydrocarbons, largdicpa
lates (accumulation mode and upwards) are madeliof s
agglomerated soot, which as a material is extrerafgc-
tive at absorbing and adsorbing organic and inacger-
haust components (Fig. 2).

tion voltage of 20 kV. For efficient generation Xfrays,
the overvoltage must be not less than twice thgcati
ionization energy of the elements of interest [16].
Figure 3 (a, b) and Figure 4 (a, b) present elaatrmi-
croscopic images of two samples of soot partictesped
on glass-fibre filters during a laboratory emissitest
(WLTP) of a passenger car with a 1.4 litre gasoéingine.
The images were taken at different magnificatidfigure
3a shows particles of ca. 5 um of size. There atieer
spherical in shape and seem to be a separate legund
the rest of particulate matter. The higher magaifan

34
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image (Fig. 3b) presents the rare filament-liketiplas
containing branched structures with very low diniens of
ca. 50 nm. Engine exhaust particles show a stremgency
to accumulate in loose, powdery, brittle agglomesatary-
ing in size. All particle fractions contained naadjcles

down to 100m in the form of agglomerates. The size o

these structures is probably even lower, howevethiat
point more exact analysis of the scales present s
possible.

Figures 4a and 4b similarly show the particles geted
during operation of gasoline engine. The contentof-
genated additives in the fuel were different cormgarto
the test mentioned previously. This informatiomdserved
by the fuel producer. Figure 4a presents a partlan
irregular shape, yet with rather smooth surfaces figher
magnification image showed that this surface idheat
lumpy, consisting of many minute particles (of 30+¥m
dimension) combining in larger agglomerates. Moegpds
noted by Yang et al. (2016), the nanostructureaofiqulate
matter is highly dependent on the fuel oxygen aur{te7].

Nanoparticles are usually generated in high-tentpeza
well-premixed processes. These conditions are fae
for soot particles to coalesce in the form of cka#ccord-

ingly to the studies of Potenza et al. (2019),abelescence
of particles is possible due to the pressure ofggthradi-
cals in the flame. As the flame extinguishes, tee tharg-
es disappear and chains coalesce resulting inrlage
glomerates [18].

EL Nanoparticles’ chemical composition

In order to pinpoint the dangers posed by nanapesti
and to accurately recognize solutions enablingédection
of NP emissions, it is necessary to characteriei tithemi-
cal composition. Solid particles, regardless of #giee
mode, are mainly made of organic and inorganictifvas.
The organic fraction mainly consists of elementalbon
(EC) and organic carbon (OC). Organic matter isiéure
of hundreds (or even thousands) of organic compsund
beginning with n-alkanes, ending with more compgeuc-
tures as polycyclic aromatic hydrocarbons (PAHREirt
oxygen and nitric derivatives, aldehydes, hopamesster-
anes [19, 20]. The inorganic fraction mostly cotssisf
metals and non-metals and are the effect of mateitia-
tion or grinding [20]. The chemical composition NPs
differs depending on many factors, like the fuetdisr the
engine operating parameters [11, 21].

JC
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Fig. 4. SEM images of engine generated particlelfarent magnifications (a: 20 000 x; b: 65 090 x
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L

Fig. 5. BSE micrographs of particles with areasEBS analysis marked a) sample no. 1046 b) sanpl&2256

Figure 5 shows BSE micrographs with results from th  The share of the fine particles whose materialiodigs

qualitative analysis of chemical composition of tiaate
matter from a gasoline fuelled engine. EDS analysis
vealed the presence of Na, Ca, K, P, Zn, Cu, Ba&Saimdall
fractions, which come from lubricant additives améhor
Fe, Al, Si elements [18, 22]. The elements can paréof
aluminosilicate, which is composed of Si, Al, Ca,alkd
minor levels of Na, Mn and Zn [23]. Moreover, Cula8i
are rather bonded into an alloy, being the comeassed in

in the engine lubricant can reach up to 30% ofl etgine-
related solid nanoparticles [25-28]. The sharehef golid
particles emitted whose material origin lies in dilecan be
measured by analysis of the zinc and molybdenunscesen
tration. Both metals are present in the quite lagiounts in
the engine lubricant but they are absent in th& there-
fore it is estimated that average share for sdidoparticles
is about 10-20%. Additionally, the literature shothst

pistons (AISj,CwNi,Mg). The areas rich in Ba presentednotor oil is responsible for even 30% of the pratubigh-

chemical associations of barite (BagOrhe presence of
these particles is related to non-exhaust vehi@rnassions
mainly from brake pads’ abrasion emissions. Giveat t
asbestos has been substituted in the compositiorgch
components, it could explain the sulphur and oxioletent
associated with these phases which are rich inuaj24].
As the sample was taken from exhaust gas, thermess
material related to brake dust suggests a substaatntri-
bution of particulate from ambient air in the exbiagas;
this material appears to enter the engine withriteke air.
Such a phenomenon underlines the need for carerfisid-
eration of the precise origin of particulate préservehicu-
lar exhaust, as well as the need for chemical aisat the
nano scale, right down to analysis of individuattgeof
a structure.

er hydrocarbons (which are not included in thedsdliP
fraction). This is caused by their high activatemergy for
the combustion reaction (at least in comparisduet), due
to which their combustion during engine combustigule
is difficult [28, 29]. To estimate NP emissionsginating
from the engine oil, it is possible to use meas@res of
hopanes and steranes in the exhaust [30].

Road traffic wear NPs might be a result of tirdadjng
on the road and brake pads grinding on brake §&ddsIn
light duty vehicles two types of brakes are cutyanstalled:
drum and disc. Drum brakes represent older techgptbey
are heavier and require a greater surface forfetisat brak-
ing force. Moreover, due to their closed constaictthey
often overheat, which decreases their effectivenBésc
brakes are gaining popularity due to their lowerigive

To deepen the studies, TEM and XPS analysis of egreater resistance to overheating due to their opastruc-

gine-generated particles and their morphology dreinical

tion and shorter braking distances [31]. Reseaashshown

composition demanded. These techniques will alloe t that new disc brakes generate more solid part{Elbs, and

process of nanoparticles formation to be tracedtarfthd
out the valency of elements detected, which woule g
detailed information on the chemical compositiomaho-
particles.

5. Parameters influencing NP emissions
Considering NPs of automotive origin, they primaril
originate from the powertrain as the result of mptete fuel
combustion process. While leaving the exhaust mipe, to
the temperature gradient or reactions with othéstsnces,
some of the exhaust components may undergo a¢rasst
formations (i.e. condensation reactions), leadmghe for-

mation of secondary NPs. Beyond combustion gerterat

NPs, there are also nanoparticles being the reflubricat-
ing oil consumption and road traffic wear, whictiie com-
bined physicochemical alteration of material fromes,
brakes, clutch mechanisms and the road surfadg itse

smaller) during to their break-in period. The cheahicom-
position of such PM strongly depends on the matesigch
brakes are constructed of, i.e. iron and coppeicfEs origi-
nating from the brake pads or other solid metaigas from
the disc. The braking process may be responsiblsfmuch
as 50% of the non-exhaust road traffic emissio2$. [Bhe
amount of solid nanoparticles originating from tires de-
pends on tyre hardness and road abrasivenessitratute
reports that over a distance of 1 krb@t* solid nanoparticles
of this type can be emitted [10, 33] and thus éwvell of NPs
of this type is often broadly comparable to theelesf ex-
haust NPs. As mentioned previously, the presenoeatérial
Sssumed to drive from brakes in exhaust particuiatepli-
cates the situation regarding qualitative chermacallysis, as
a single particle could contain a cocktalil of elatsaleriving
from many different sources (fuel, lubricant, emgimard-
ware, intake air particulate).

36
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In Scandinavian countries, especially in the wintiees Similarly, the research conducted by BOSMAL on Die-
with studs are often used for the purposes of ointgi sel-fuelled vehicles with DPFs proved that 57%atélt PN
better grip on a road covered by snow or a layeicef were emitted during the first km of a cold staitidg cycle
Containing tungsten carbide, cobalt or copper, sstods at low ambient temperature (<), while at warmer ambient
may contribute to NP formation at the tyre-roackiféce temperatures (+268) 13% of total PN were emitted during
[34]. Elements linked to road salt may also be d@etbin the first km of driving. These numbers were lowardnoth-
chemical analyses of exhaust particulate. er vehicle without a DPF; 15% of the total PN gitgriwas

Returning to combustion-generated NPs, engine -arclimitted during the first km at 2Z and 8% of the total PN
tecture is an important factor influencing the camtcation were emitted over that distance at %2937]. Thus, lower
of emitted NPs. The application of gasoline diia@ction ambient temperatures cause the NP emissions ptofibe-
technology improves fuel consumption and power igns come more “cold start-heavy”. However, DPF-filterBdl
but on the other hand, causes the generation dfehiglevels are low and there can be considerable i@riain
amount of NPs comparing to the amounts of NPs géeeér behaviour from test to test and vehicle to vehicle.
where port fuel injection technology is applied! (@ther Exhaust aftertreatment technologies based on dilter
factors being equal) [27]. The elevated emissiolNBE is (DPF, GPF) might be thought to be immune from cbédt
probably the result of incomplete combustion ineagine effects, yet cold start engine operation can stfluence
chamber [10, 29]. To reduce emissions, the numher atheir performance. Firstly, cold devices have net gx-
size of the cylinders was reduced in many desigingss panded to their equilibrium volume seen under hootdé
trend is calleddownsizing However, current technological tions and so there can be some leakage of unfilexkaust
development requires the optimization of enginesmfr around the edge of the monolith or through cracdiisinvit,
many points of view simultaneously (fuel consumptio which later close up as the monolith undergoesnthér
emissions, drivability, durability), which is leadj to expansion. Secondly, passive regeneration (unasith-
a trend to maintain (or even increase) engine pavele tion of soot trapped on the filter, especially be tipstream
simultaneously lowering the emission. This trendflicts filter face — closest to the engine) is extrematjikely to
to a degree with designs featuring lower numbersytifi-  occur when the temperature of the system is log {im-
ders and small engine displacements and so a ead las mediately following cold start). And finally, colstart en-
been observed: thghtsizingtrend [7]. gine operation (especially at very low ambient terap

tures) and driving during warmup generate greatevunts
of soot than under other driving conditions, thgrietzreas-
ing the need for more DPF frequent regenerationd faus
increasing total NP emissions because of the eonissi
associated with regeneration). For a GPF (where tiseno
active regeneration strategy), a build up of seothe filter
increases the backpressure, leading to increasgd:dn-
sumption and ultimately to more frequent regenenati
(and thus increasing total NP emissions in the tenq).
Such effects are of considerable importance insaoéa
low average ambient temperatures, especially id seh-
sons. It was reported that the decreased temperdtwn
to —7”C may cause a 60-160% increase of NP emissions
Fig. 6. Particle concentration during a 2-hour draling (RDE) test with compared to th.e emission Imen.SIty af.(z.ng]' Amb.l.ent
a GDlI vehicle with no GPF installed [37] temperature aside, an aggressive driving style fiigh
engine speeds and loads) causes increases in Bi@msi

Cold start of an engine, low temperature of theraft [26]. Similarly, vehicle mass is an important factoflu-
treatment and an aggressive driving style are fastwrs encing both pollution emission and fuel consump(ieg).
influencing the intensity of NP emissions. Engiédcstart It was reported that FC increases by 6-7% with lanae
occurs after a period of cooldown, where the pawertis  tion of vehicle mass for each 100 kg, which intBesithe
working below the optimal thermal states. This terafure ~€mission of NPs.
strictly influences the distribution of lubricatingl in an 6. Conclusions

engine [35, 36]. Research conducted by BOSMAL orl GD™ There are many possibilities to reduce NP emissi@As

;ezﬁfsstg'rtth drl]J?inGPrFez;rI]Sé?il\l/?r? ptreosvtid ;hI\T g(())rr]nlrr_atgi sociated with road transport. They include botfhmetogi-
ere hiaher durin gcold start tr?an d r.'n the MBXIOUTS cal aspects such a powertrain designs featuringrexd
w '9 urng uring u aftertreatment systems, production of new advaticels,

gf.d_rlvm%‘ ev6en \t/hO.UQh Iéate_r Sec’"?{ﬂs d!?fCIUd? h@?ed as well as changes in social awareness such a®poonof
riving (Fig. 6). Various devices wi iterent asring eco-driving styles and propagation of informatiam the

ranges are available for quantifying PN; partidlesthe effects of NP pollution on the environment and homa

range 10-23 nm are not counter by standard labgr s health

counters, yet the “missing” particles account for more . -

than 15% of the total for modern GDI vehicles [37]. It _mlght appear tha_t the prpblem of exhaust NP siris
from internal combustion engine-powered road traridpas
already been solved and that there is no needufthef
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investigations. However, technological developntesth in
the vehicle and engine industries, analytical clsamiand
even medicine has proved the multi-disciplinaryrabter of
the problem. Thus, studies combining all three ab@n-
tioned disciplines remain in demand. The investigabf
gaseous emissions is also a significant topic im fteld, as
they are the effect of preliminary processes ofigarfor-
mation and thus might give more precise informatiarthe
biological impacts of PM and its origin.

Current EU legislation on emissions from light duty
road vehicles covers emissions of LNO,, hydrocarbons
and non-methane hydrocarbons, PN and PM. The techng

logical development of instrumental techniques drzabled

the detection of many other exhaust components hwhic
might significantly affect the human health whiate aot
regulated by EU, US or other legislation. This teeasome
challenges both for engine and aftertreatment desigy
fuel producers and scientists studying air qualitg human
health. The physicochemical laboratory methods used
generate the sample results presented in this pepesent

a promising avenue for further research in thelfiaf ve-
hicular NP emissions.
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Nomenclature

AD aerodynamic diameter ocC organic carbon

ASC ammonia slip catalyst oxy-PAH oxidative derivatives of PAH

BSE backscattered electron detector PAH polycyclic aromatic hydrocarbons
DI direct injection PM particulate matter

DOCs diesel oxidation catalysts PN particulate number

DPFs diesel particulate filters RPM revolutions per minute

EC elemental carbon SCR selective catalytic reduction

EDS energy dispersive X-ray spectrometer SE secondary electron detector

EGR exhaust gas recirculation SEM scanning electron microscopy
FAPs filtre a particules TEM transmission electron microscopy
FC fuel consumption TWCs three ways catalysts

GDI gasoline direct injection VOCs volatile organic compounds

GPF gasoline particulate filter WHO World Health Organisation

LNT lean NQ trap WLTC Worldwide harmonized Light vehicles Test
nitro-PAH nitric derivatives of PAH Procedures Cycle

NP(s) nanoparticle(s) XPS X-ray photoelectron spectroscopy
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