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ABSTRACT

According te .increasingly-stringent regulations: on _particulate emission from automotive
vehicles, diesel enging has to be equipped with Diesel Particulate Filter (DPF) to trap the
Particulate Matter (PM)which are very harmful .to human thealth. Diesel particulate matters
are composed primarily’ of unburned ‘hydrocarbon’ (soot) and. metal oxide ashes as solid
fraction. DPF can trap-PM with higher filtration efficiency and'the process-which can burn the
soot intocarbon dioxide is called regeneration process. Although' regeneration process can
burn [the soet effectively, incombustible. ashes 'will be remained inside the DPF channel
causing engine back pressure, These metal oxide dshes are ‘mainly derived from lubricant
additives, ~engine_ wear~and 'trace metals from' diesel. fuel. In this ‘article, different
nanostructures .of diesel soot and metal oxide ash derived by diesel/blending lube oil
condition, were.. briefly _compared using Transmission. Electron. Microscopy (TEM) image
analysis. Electron Dispersive X-ray -Spectroscopy-(EDS) analysis\was introduced to investigate
the chemical compesition«of particulate matters. Thermogravimetric Analysis (TGA) was also
conducted to compare-the.oxidation‘kinetics of pure dieselsoot and the influence of metal
oxide ash on soot oxidation kingties«Contamination of metal oxide ashes promoted soot
oxidation rate due to the presence of metallic additives from lube oil acting as a catalyst on

soot oxidation kinetics.
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Chapter 1

Introduction

1.1 Research Background

Direct Injection Compression lgnition Engine (DIC| Engine) or Diesel Engine has the highest thermal
efficiency among Internal Combustion Engines used in cars. However, diesel engines cause many pollution
problems, especially particulate matter (PM) which is harmful to humans and the environment because its
main components are soot.(pure.carbon) and metal-ash, which are the main causes of cancer in the

population living in the big cities.

Particulate filter (PF) 7s-an after-treatment technology used in developed countries that enforce
Euro 5 pollution control regulations such as European. countries, Japan, USA, etc. The pollution control
regulations in Thailand isstill only Euro 4. Sg, such technology is not yet required to be installed. But it is
expected that, within five years, there will be’more stringent pollution-control regutation; equivalent to the
Euro 5. Researchers also found that the fuel that contains oxygen, such as biodiesel and bioethanol, can
reduce the amount’of soot particles from combustion engiries according to the-proportion of biofuel mixed
with diesel produced from crude ail, which is an advantage. for South East Asia countries, because they can

produce biofuels by themselves from, palm oil andimolasses-from-sugarcane:

Although, in the present, there is an after-treatment; technology and-biofuel to reduce and
eliminate thepollution of scot particles from.vehicles, Researchers also foundithat the lubricating oil used
in engines that were partially coated in‘the combustion chamber walls, burnt.and.emitted pollution of soot
particles that ‘may have altered physical and chemical structures (PRysicochemical Characteristics),
especially metal.oxide ash from engine oil-additives such as Ca; Znm, Al, Fe and Mg etc. Therefore, this
research sees the importance of the impact of metal oxide’ ash on the nanostructures of soot particles, as
it directly affects the particulate matter trapping and oxidation.processes. The data from this research will
be the basis for lubricating oil design and the'appropriate development of pollution control system for soot

particles.

1.2 Research Objectives
1.2.1  To study physicochemical characteristics including micro- and nanostructure of particulate

matter (PM) that contains soot from incomplete combustion and metal oxide ashes from

engine cil additives.



1:2.2

To describe the effects of metal oxide ash from the oil additive to micro- and
nanostructures of soot particles by analyzing image from scanning and transmission
electron microscopy (SEM, TEM) including the effect of metal oxide ash on the oxidation

kinetics of soot in the process of solid carbon oxidation into carbon dioxide (CO2).

1.3 Scope of Research

134

13.2

Study the physicochemical characteristics including micro- and nanostructure of the
particulate matter (PM) which-consists of soot from incomplete combustion and metal
oxide ash-from-engine oil additives, by“using engineering and material science analysis
equipment such as Transmission Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), Energy-Dispersive Spectroscopy (EDS), Energy Dispersive X-Ray Analysis (EDX), Laser
Diffraction Spectroscopy (LDS);, Carbon Hydrogen Nitrogen Oxygen Analysis (CHNO), Oil and
Fuel Distillation, Soot Generator.and Internal Combustion Engine etc.

Deseribe the effects-of metal oxide-ash from the lubricant additive to the micro and
nanostructure by analyzing:image from the electron microscope, including the impact of
metal oxide ash on the oxidation kinetics of soot by Using engineering and material science
analysis-equipment such as Thermo, Gravimetric -Analysis-(TGA), Transmission Electron
Microscopy.and Energy Dispersive Spectroscopy (TEM-EDS), Image Processing and Analysis,

etc.

1.4 Research Methodology

1.41

142

1.4.3

Study the research that related to advanced analysis of physicochemical characteristics of
micro- and naneostructures and material science testing of metal oxide ash from engine oil
additives,

Study the) physicochemical characteristics, .including” micro- and nanostructure of
particulate.matter that contains soot from-incomplete combustion fuels and metal oxide
ash from engine.oll additives using-engineering and material science analysis equipment
such as Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM),
Energy Dispersive Spectroscopy (EDS), Energy Dispersive X-Ray Analysis (EDX), Laser
Diffraction Spectroscopy (LDS), Carbon Hydrogen Nitrogen Oxygen Analysis (CHNO), Oil and
Fuel Distillation, Soot Generator, Internal Combustion Engine etc.

Describe the effects of metal oxide ash from engine oil additive to the micro-and
nanostructure by analyzing image from the electron microscope, including the effect of

metal oxide ash on the oxidation kinetics of soot by using engineering and material science



analysis equipment such as Thermo Gravimetric Analysis (TGA), Transmission Electron
Microscopy and Energy Dispersive Spectroscopy (TEM-EDS), Image Processing and Analysis,

etc.

1.5 Expected Output
The reséar_ch results will be published in the international academic conference such as
“The 10th International Conference on Materials Science and Technology (MSAT2018) and the
9th Intérnational- Conference.on-Mechanical Engineering (TSME-ICoME2018).
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Chapter 2

Literature Review
2.1 Diesel Particulate Matter

Particulate Matter (PM) emitted from diesel engines are very harmful to human health and must
be removed due to stringent emission regﬁlations. PM are mainly composed of solid fraction (soot and ash)
and soluble organic fraction such as (sulfates and nitrates) organic compounds, as shown in Fig. 2.1. Diesel
Particulate Filter (DPF) is one of the most effective aftertreatment system which can perform higher PM
trapping efficiency. There are.hoheycomb-rectangular channels where the exhaust gas flows through its
porous walls, as shown in“Fig. 2.2. The trapped PMs must betburned out during ve:hicle running and a
chemical oxidation process which can oxidize the trapped soot into carben dioxide is called regeneration
process. Although regeneration. process can burn the soot effectively, the unburned metal oxide ashes will
be remained along the inlet channelsicausing engine'back pressure, as shown in Fig. 2.3. These metal oxide
ashes are originated mainly-from \Ubricant additivesrand a very few amounts fromiengine wear and fuel
trace metals{1 - 4].

Conventional lubricant additives such as anti-oxidants, nust:and corrosion inhibitors, viscosity index
modifiers,. anti-wear (AW) agents, ‘detergents and \dispersants are ‘well known-additives which all are
responsible to get! better performance of engine lubricating oil. Among them, detergents help to prevent
the high temperature deposits on-the surface of metal walls, and it assists to neutralize acids that form in
the lube‘oil, They‘are typically composed of calcium and/ magnesium. During engine combustion, lube oil

can also participate; and these metallic compounds leave as an‘ash deposit when the oil is burned [5, 6].

® -
° = condensed HC/SO,

= nucleation mode

A - imbedded metallic ash

Fig. 2.1 Composition of Particulate Matter [1].
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Fig. 2:1 Diesel Particulate Filter (OPF) (31,

¥

Fig. 2.3 DPF regeneration process and remaining unbumed metal oxide ash inside inlet channels [4].



201 m

(a) Cart

(c) Biodiesel Engine’s Ultrafine Particle (c) Biodiesel Engine’s Ultrafine Particle
Fig. 2.4 TEM images of (a) carbon black, (b) diesel engine’s ultrafine particles and (c) biodiesel engine’s ultrafine

particles in the operation conditon 80% of engine load and 2400 rpm of engine speed [7].



A primary soot particle has two distinct parts: an inner core and an outer shell. The size of each
crystallite and agglomeration might be strongly related to Brownian force of gas moleéule, drag and shear
forces of fluid dynamics, electrostatics forces of charge elements. Quantity, morphology and oxidation
kinetics of biodiesel engine’s PMs were characterized successfully. The quantities of PMs emitted from
bicdiesel engine are approximately a half of diesel engine’s PMs. Average primary nanoparticle sizes of
carbon black particles, diesel and biodiesel engine’s PMs are approximately 48, 34 and 32 nm respectively,
as shown in Figs. 2.4 and 2.5. The quantity and primary particle sizes of engine’s PMs decreased when
increasing the entine speed and engine load because of combustion temperature is also automatically
increased. Engine’s PMs are easier to oxidize than carbon black manoparticles because of unburned bio-
oxygenate hydrocarbonsand smaller size of particle The oxidation rate of biodiesel engine’s PMs are higher
than that of diesel’‘engine PMs because of unburned hydrocarbon and smaller size of particle, as shown in
Fig. 2.6. Calculated apparent activation energies of biodiesel-engine’s PM engine and carbon black
nanoparticles. The apparent acti\-fation energies of biodiesel engine’s PM-and diesel engine’s PM oxidation
on conventional cordiérite DPE powders are 121x11 kJ/mel and 124+7°kJ/mol respectively. Oxygen atom
included inside oxygenated fuel molecules might promote lower PM oxidation activation energy. However,
oxidation rate of particulate matters is strongly related to not only activation energy but also physical
impact, such as primary particle sizewhich are strongly related to the reaction order and frequency factor.
Smaller_primary. ‘nanoparticle-diameter of biodiesel engine would-be-an' advantage of DPF regeneration
process in-vehicle application [7].

. The amount of particulate matter emitted from Cl engine depend on several variables. The result
shows the parameterwhich has thehighest effect on PM guantity is engine load, congentration of biodiesel
and engine speed respectively. When increase concentration of biodigsel in fuel;PM reduce because oxygen
concentration in_fuel increase. Higher-concentration ‘of ‘exygen makes more complete combustion and
higher thermal efficiency. The  quantities-.of particulate matter emitted from biodiesel engine are
approximately a half of diesel engine’s particulate matter.Morphology.of Cl.engine’s PM10, PM2.5, ultrafine
particle and nanoparticle was characterized using SEM and TEM successfully. The morphology of hiodiesel
and conventional diesel.doesn't have much different in the viewpoint'of particulate matter trapping using
DPF micro- surface pores [8].

Nanostructures of pure carbon inside diesel lamp (external combustion) and diesel engine PMs are
very similar, even though, some part of diesel engine’s PM was agglomerated with metal oxide ash, which
included in engine lubricating oil, as shown in Fig. 2.7 [9]. During engine combustion, the lubricants can also
participate, and the contamination of lube oil can vary the morphology and oxidation kinetics of particulate
matters. Some literatures have already investigated not only physical characterization like morphology and
particle size distribution but also chemical composition focusing on lube oil related particulate matters [10,
11]. Y. Wane et al,, found that the anti-wear lubricant oil additives changed the nanostructure of emitted
particles and led to particles with a more disordered nanostructure. Moreover, oil-related particles have

larger aggregate size than diesel particles [12].
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Fig. 2.6 Oxidation kinetics of carbon black, diesel and biodiesel PMs using TGA isothermal method at
600°C isothermal method with pure air [7].



2.2 Metal Oxide Ashes

A. Liati et al. investigated the physical characteristics of diesel ash particulate matter and chemical
characterization of the compositicn of bulk ash from used DPF. The author reported that the individual ash
particles are mostly crystalline with round outlines and the sizes are in the range of 10 — 200 nm, as shown
in Fig. 2.8. EDX analysis of bulk ash consist mainly of Ca, Mg, P, Zn, S, O, Fe, Al and Si in the form of sulfates,
phosphates and oxides, as shown in Table 3.1. The agglomerate ash sizes are in the range of 200 - 600 nm,

as shown in Fig. 2.9 [13].
In the previous literatures, oxidation kinetics of carbon black and engine’s PMs were brieﬂy

unburned hydrocarbon Omﬂﬁ" QB& Iﬁﬁe’i‘.‘és of PM is ‘d@peﬁﬁ@nh Wpon both physical (shape of reactant
substance) and chen‘,gﬁf wﬁwposmon (oxygen unburned hydrocé‘ﬁagﬁand others). The calculated apparent
energy of dleselgﬁggﬁé s PMs were in the. range of 117—13{1 kJ/mcl H. jmgqet al., also investigated that the
influences of «ﬁ\gt’éls derived. erm lube oil.on oxi datlog ktrfetlcs,of-soot parhg% by dosing 2% lube oil and
determined apf)arenra‘ttl\%aﬂon eher% “fo usmg Arrh#q;us eﬁuatidns, fre’quenc%a‘@tor of oil dosed PM were
about tuicdlas Lar.gefasw?thout ga;rr;g}rih LEZ]. \
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mebll»oxsde ash onfsmﬂ*‘oﬁﬂa'fﬁarﬁkﬁ‘péﬁcsf o\ ) 4 'y |

[ Ll L1 oY JIy
l‘ | __, -«.{ [\ Y Vi

ThperCore |

crystallite]
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Fig. 2.7 TEM images of (a) Soot and (b) ash nanostructure of PMs [9].



ﬁlter pOre N e

filter )
wall :

100um

EMPA 15 L)) ) 14:00 >.00u
Fig. 2.8 SEM SE image of (A) ash agglomerates in the pores of the'ehannel wall of the light truck DPF, (B)
Microphotograph fromethe DPF showing massive ash penetration through.the channel wall [13].

B = I Ilul.. ; .*I‘I.‘:; I = 3 —11 'Ir*'- g _—%!' P-l'
Fig. 2.9 SEM SEimage of (A)'ash agglomerate and distribution of elements in ash agglomerate particles [13].

— tem -

Table'2.1 Chemical composition of bulk ash {13].

Element Concentration: mol% = (wit%)

Light truck Passenger car

center periphery
Ca0 15.7(9.16) 17.3(102) 209 (9.74)
Zn0O 9.33(7.94) 10:5 (9.00) 7.67 (5.20)
P20s 9.50 (14:1) 8.23 (123) 8.17 (9.66)
MgO 22.4(9.45) 22.6 (9.57) 2.47 (0.83)
SO; 23.0 (19.2) 32.6 (27.5) 5.18 (3.45)
Fe,03 103 (17.2) 4.69 (7.88) =50 (70)
Al,O3 492 (5.24) 1.35(1.45) 1.13 (0.96)
Cr 04 1.04 (1.65) 0.49 (0.79) 0.055 (<0.1)
NiO 1.33 (1.04) 0.60 (0.47) 0.55 (0.34)
Cu0 1.11 (0.86) 1.22 (0.96) 0.34 (021)
Si0; 1.10 (0.69) 0.21 (0.13) 0.94 (047)
MnO 0.34 (0.25) 0.19(0.14) 0.05 (<0.1)

10



Chapter 3
Experimental Setup and Methodology

3.1 Experimental Setup

A l-cylinder natural aspirated direct injection compression engine (Kubota — RT140) was used to
generate the particulate matter (PM). Engine specifications in details are described in Table 3.1. Eddy current
engine dynamometer was used to control the desired engine speed and load conditions by the aid of Lab-
view program. To investigate the.smoke intensity. of thewexhaust emission, Opacity smoke meter (Okuda
DSM - 240) was introduced at'the end of the exhaust muffler and it measures the soot contamination
percentage by paper filter. A soot collector containing metal netting:was,used to collect the soot powder.
The schematic diagram of experimental setup is shown in Fig.3:1. Conventional diesel (B7) was used as an
ideal fuel and. secondly, designed-lubricant oil which, contains excess amount. of Calcium (Ca) additives
supported by Bangchak Corporation (BCP) was|blended directly into the dieseli. The blending condition is
the amount of 10% by mass-directly-inte the Dieselir Fuel properties and blending lubricant oil properties
are briefly described in Table 3.2 and 3.3./Conventional lubricating oil 15W. - 40 APl CI - 4/SL synthetic
engine oil was used for lubrication system!

Control |
Unit

I [ Data Logger

Sm To Blower
Meter U

DSoot
Collector

Engine

Dynamometer

Fig. 3.1 Schematic diagram of engine setup.
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Table 3.1. Engine specifications.

ltems Details

Engine Type 1 eylinder, DI, CI, Kubota (RT-140)
Bore x Stroke (97 x 96) mm

Displacement 709 cm’

Compression ratio 18:1

Power 9.2 kW @2400 RPM
Injection Timing 19°CA bTDC
Injection Pressure 22 MPa
Table 3.2:Properties of fuels:
Properties Standard Diesel
Density @30°C (g/cm?) ASTM D4052 0.824
Kinematic viscosity @80°C (mm?/s) ASTIV D445 3.24
Carbon-content (%) ASTM D5291 85.73
Hydrogen. content (%) ASTIA.D5291 13.22
Oxyeen content (%) ASTM,.D5599 0.00
Cetane index. ASTM D4737 60.43
Distillatien T10/(3C) ASTM P8611b 2071
Distillation T50.(°C) ASTM D8611b 2879
Distillation T90/(°C) ASTM D8611b 35273
Table 3.3. Properties of blending lubricant.
Test Methed Result
Density:@15°C (¢/mL) ASTM D4052-15 0.8960
Density @30°C (g/mlL.) ASTM D4052-15 0.8866
Viscosity @40°C (mm®s) ASTM DA45-15a 154.8
Viscosity @100°C (mm?/s) ASTM.D445-15a 15.05
Magnesium (%wt) ASTM D6481 0.1816
Zinc (%owt) ASTM D6481 0.0798
Phosphorous (%wt) ASTM D6431 0.0856
Flash point (°C) ASTM D92-12b 248
Pour peint (°C) ASTM D 6749-02 -9
ASTM D2270 97

Viscosity index

12



3.2 Research Methodology
3.2.1 Physical Characterization of Particulate Matters

Opacity smoke meter determined the smoke intensities of diesel and diesel blending lube oil
conditions. Scanning electron microscopy (SEM) was used to investigate the agglomerate structure of
particulate matters in micro- scales, as shown in Fig. 3.2.

Transmission Electron Microscopy (TEM) images were used to determine the ultrafine
agglomerate primary particle nanostructures, as shown in Fig. 3.3. To investicate the different
skeletonized nanostructure of diesel soot and metal oxide ash, ImageJ software was applied to transform
the TEM images into skeletonized images:Firstly,.(25nm x 25nm) TEM image was cropped into {(5nm x
5nm) image. Secondly, (5nm x<5nm) image was transfermed. into black and white binary images by
removing some outliers: Finally, black and white binary image was transformed into skeletonized image.
The consequent transformation steps from TEM image to-skeletonized images were briefly described in
Fig. 3.4.

3.2.2 Chemical Composition Analysis of Particulate Matters

SEM-EDS analysis determined the chemical composition of PM from both blending and without
blending lubricant oil-condition, as shown in Fig. 3.5. The elemental composition of particulate matters
from diesel condition'and diesel blending lube oil condition were analyzed using electron dispersive x-
ray spectroscopy (TEM — EDS). Regarding to the qualitive analysis of ERS, the electron beam is exerted
onto the particles and determined the elements according to'x-ray enereies.

3.2.3 Oxidation Kinetics of Particulate Matters

Thermogravimetric analysis (TGA) was conducted to investigate the inflience of contamination
of metal oxide ash on soot oxidation kinetics. Mass conversion results of diesel particles and diesel
blending lube oil particles were investigated under different/operating temperatures (550 °C, 600 °C and
625 °C), as shown in Fig. 3.6. Mass conversion rates can be calculated to describe the faster oxidation
kinetics ‘of . diesel blending lube oil Pis. Isothermal method was used' to maintain the operating
temperature. Chemical oxidation reaction of PM mass conversion results can be expressed by Eq.1 and
the amount of.mass conversion over time can be calculated'as mass.conversion rate by using Eq.2,
where C is represented.as PM mass,t is time, n and m are reaction order of PM and oxygen during
oxidation process. Activation energy (Ea) can be calculated using Arrhenius equation as in Eq.3. By using
Arrhenius plot, Ea and In (A) can be estimated.-Easis'the minimum amount of energy that can overcome
the bonding energy between each molecule while In (A) deals with physical impact such as reaction
order and frequency factor of particulate matters.

B = ke (o, @
(- %)= a4 (mafc]™ [0,]M)] (3)

13



Fig. 3.4 Investigation of skeletonized nanostructure of diesel soot and metal oxide ash using ImageJ program.



Fig. 3.5 Chemical composition analysis‘of diesel. blending tube.oil PMs showing unburned metallic additives by
using-Electron Dispersive X-ray Spectroscopy (SEM-EDS) analysis.

4 " Diesel (350C) 4 " Diesel (550€)
Diesul (800C) Diesel (800C)
Pl & . Diessl (525C)_ Diesel (6250)
—— Diesel-L (5506)) a3 —— Diesel-L {850C)
—— DiesetL 1800C} —— Diesel-L (600C)
2y —— Dimset-L [£25C) 3 —— Diasel-L (625C) |
z
o] £
201

Fig. 3.7 Thermogravimetric analysis of diesel blending lube oil PMs showing faster mass conversion rate due to the
influence of metal oxide ash acting as catalysts on soot oxidation kinetics.

15



Chapter 4

Results and Discussion

4.1 Physical Characterization of Particulate Matters

Opacity smoke meter determined the smoke intensities of diesel and diesel blending lube oil
conditions. Diesel blending lubricant condition showed less smoke intensity compared to diesel
condition especially in high engine load condition, as shown in Fig. 4.1. The effect of excess metallic
acidic composition from blending-lubricating it might_promote more complete reaction of fuel and
oxygen molecules inside’engineé combustion cha mber;""'séan_mg?electron microscopy (SEM) was used to
investigate the agglomerate structure of particulate matters in 'mi'g\r_o+_-._sca les. Figure 4.2 (a) describes the
agglomerate migrostructure of- particulate matter from™ diesel cdn‘diﬁon and Fig. 4.2 (b) shows the
agglomerate microstriicture- of particulate matter: denved from diesel: blendlng lube oil condition
respectwely Accordlng to the SEM Images the aggtornerate structure of lubrieant oil related particles
has notshownsighifi cant dxfferent in micro- scales, In. .othef words, the agglomelat& structure of lubricant
oil related par'ucles Was like: agglomerate structure ‘of' dleSQl PM

-1

T W
\

Lovad (%)

Simoke lmegu_@iym:-
taadige | 221 B o

N W\l € SAE7 4 W‘H"Dm
(a) Dlesel black smake \ (&S -\ (b) Djesel blendmg tube oil black smoke
Fig. 4.1 Smoke intensities-in the enginels exhatist emrssion of @ dlesel and fb} diesel blending lube oil with high
' concentration of additives.

........

5. 4mm x10,0k SE(L) §.5mm x10.0k SE(L)

(a) Diesel PM (b) Diesel blending lube oil PM
Fig. 4.2 SEM images of agglomerate structure of (a) diesel PM and (b) diesel blending lube oil PM.
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Transmission Electron Microscopy (TEM) images were used to determine the ultrafine
agelomerate p'rirnary particle nanostructures. Soot powders were collected under 2400 rpm engine full
load condition since this engine condition is proper able to generate the soot efficiently according to
previous smoke intensity results. TEM images showed that the agglomerate structure of  ultrafine
particles from diesel blending lube oil condition were not significant different compared to neat diesel
engine’s ultrafine particles, as shown in Fig. 4.3. As described in Fig. 4.4 (a), nanostructure of diesel soot
is a spherical shape composed of curve line crystallites and the particle sizes are in the range of 10 - 60
nm. Particles from diesel blending lube oil conditions were combined with soot and metal oxide ash as
briefly described in Fig. 4.4 (b). Unlike ucture of metal oxide ash has shown small crystallites
composed of lattice frin

ges, primary particle nanostructure of soot

e the metal oxide a

is composed of curv
g | 2”"/ d
\ | / 2,"/. ,_/

in Fig. 4.5.

posed of lattice fringes, as shown

(a) Diesel PM ' (b) Diesel blending lube oil PM
Fig. 4.4 TEM images of single primary nanostructure of (a) diesel PM (b) diesel blending lube oil PM.
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blehdang lubncaht an'c ndrtlcn esults showed that d:es‘et PM mamly raon*tams eLErﬂental composition
of Edrboﬁ (C) from 5001 %;th |shnburned h}!dre&carbpn (H,CJ ﬁenved from en‘gtne Eqmbustlon as shown
' -quever SEM- EDS resu],t of Q&eﬁgihg lubr ricant _oﬂ condition showed jm;xt only Carbon (C) but
: |o‘nal metallic eiemenfs s,utH as CaLuui‘r} {Ga)'.'.'PhDsphorcus ®), M;gnesnum (Mg), Silicon (Si)
and Zmﬁ (Z‘i]'l\)..VW'IICh all are ongmated frem eng1rre Mbncant additives, Thereﬁa;é SEM-EDS result pointed
out that metallic addltfves from-engine _;Lubn}.:atlng ait-eannot be; burnegi cl;.lnng engine combustion and
these metallictel: __eﬁts €an be transformed into. metal r}xlde asﬁgs inside diesel particulate filter.
Moreover, the contamrr‘iatlon o‘F tt‘ﬁESer metat ®><|de ashes may aff@ct to oxidation kinetics acting as an
oxidation catalyst during DPF.g :ggéﬁefanan processe="_

The elemental composition of parfrculate matters from diesel condition and diesel blending
lube oil condition were analyzed using electron dispersive x-ray spectroscopy (TEM — EDS). Regarding to
the qualitive analysis of EDS, the electron beam is exerted onto the particles and determined the
elements according to x-ray energies. As described in Fig. 4.7 (a), pure diesel soot are composed mainly
of carbon. However, particles from blending lube oil condition as in Fig. 4.7 (b) contain not only carbon
but also unburned metallic additive elements such as Calcium (Ca), Phosphorous (P), Zinc (Zn) and
Silicon (Si) which all are derived from incombustible engine lubricating oil additives. Therefore, these
unburned metal oxide ashes are composed of metallic elements from lubricants and oxygen as oxides.
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(b) Elemental Analysis of diesel-blending lube oil PN

Fig. 6.7 Elemental analysis-of (a)-pure diesel soot mainly showing carbon-and (b) sootimixed with metal oxide ash

showing carbon and incombustible metallic-additives

4.3 Oxidation Kinetics of Particulate Matters

Thermogravimetric analysis (TGA) was conducted toinvestigate the influence of contamination
of metal oxide ash on soot oxidafion kinetics. Mass conversion results of diesel particles and diesel
blending lube oil particles were invesfigated undler different operating temperatures. Mass conversion
rates can be caledlated to'describe the faster oxidation kinetics of diesel-blending lube oil PMs, as shown
in Figs=4.:8 and &:9.

Regarding'to thermogravimetric analysis as-described-in Fig: 4.8, particles from diesel blending
lube oil Condition (indicated as diesel-L) were easier to oxidize than neat diesel’s particles. The unburned
lube.oil métallic additives promoted oxidation rate actingas catalyst on soot oxidation kinetics. As shown
in Fig. 4.9; mass-conversion.rates can be calculated to describe-the higher mass conversion rate of diesel
blending lube oil PMs, Higher. mass.conversion means faster oxidation kinetics due to the influence of
metal oxide ‘ashion the composition of particulate matters.

Apparent.activation energy (Ea) can be calculated using/Arthenius equation as in Eqg.3. By using
Arthenius plot shown in:Fig: .10, Ea and (n*(A) can be estimated. Activation energy for diesel and diesel-
L PMs were 135 and 186 kJ/molrespectively. Physical fmpact (In A [C]" [02]") of diesel and diesel-L PMs
were 13 and 21 respectively, as shown in Table 4.1. Although the oxidation kinetics of diesel blending
lube oil PM were faster, activation energy of diesel blending lube oil is merely higher than diesel PM. In
fact, the physical impact (nano- primary particle size, reaction order and frequency factor) of diesel-L PM
were greater than diesel PM. The pre-exponential factor In A was dependent upon physical impact of
PMs. According to the Eq.3, the more In (A) leads to the greater the oxidation rate. Therefore, the physical
impact; (In A [C]™ [02]") play more important role than activation energy to increase the PM mass

conversion rate in this research.
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Fig. 4.9 Mass conversion rates of PM using TGA isothermal method with pure air.
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Chapter 5

Conclusions

Physical and chemical characterization of particulate matters influenced by engine oil additives
were successfully studied using electron microscopy, electron dispersive x-ray spectroscopy and
thermogravimetric analysis. The designed lubricant containing higher concentration of additives were
blended directly into the diesel fuel directly. The purpose of blending designed lubricant directly into
diesel is to obtain the higher compesition of metal-oxide ash among PM composition since these metal
oxide ashes are mainly.ofiginated from lubricant additives;

Smoke intensity of diesel blending’ lubricant condition.were lower soot concentration than
diesel conditionsThe impact of excess metallic acidic composition from.blending lubricating oil might
promate smore complete-combustion. The “agelomerate~structure in\.micro- scales and ultrafine
agglomerate particles of diesel blending lube oil PMsiwere not significant different to diesel PM. However,
single primary nanostructure of diesel soot is a spherical shape composed of curved line crystallites and
the particle sizes Were in the range of 10~ 60 ‘nm:. In.diesel blending.lube oil ‘condition, metal oxide
ashes were combined with soot since these metal oxide ‘ashes.are mainly originated from lubricant
additives. Unlike soot, the nanostructure of metal oxide ash is composed of lattice fringes with round
outlines. Skeletonized nanostructuré of soot is composed of curve line'erystallites while the metal oxide
ash is'composed of parallel straight-line hatch patterns:

Chemical co:mpOSItion analysis of SEM-EDS proved that metallic additives from lubricating oil
cannot be burned by combustion and these unburned metallic additives might be transformed into
metal oxide'ash. Elemental analysis of TEM-EDS results showed that diesel soot mainly contain carbon
while focusing spectrum on,ashwas composed of additional metalliccelements and oxygen to become
metal oxide ash. Oxidation kinetics of diesel-blending lube oil PM were easier to oxidize than diesel PM.
The influence of contamination of metal oxide ash .on/BM might promote oxidation rate acting as catalyst
on soot exidation kinetics. Although diesel blending lube ol PMs have faster oxidation rate, the activation
energy needed for diesel PM is-lower than diesel'blending lube oil. PMs due to greater physical impacts
of diesel blending'lube’oil.PM during oxidation process.
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Abstract. According to increasingly stringent emission regulations. on particle emissions from
automotive vehicles, a diesel engine must be equipped with diesel particulate filter (DPF) to trap
the particulate matters (PMs) which can be harmful to human health. Morphology and chemical
composition of particulate matters were successfully studied using electron  microscopy and
electron dispersive x-ray spectroscopy (EDS) analysis. Microstructure. of particulate matters
derived from diesel blending lubricating oil were not significant different compared to diesel
PM. Nanostructure of soot is a.spherical shape composed of curve line crystallites and the
particle sizes were in the range of 10 — 60 nmwhile the metal oxide ash is'composed of lattice
fringes. Chemical composition janalysis of EDS result showed that metallic additives from
lubricating oil cannot be burned during combustion and might be transformed into metal oxide
ash.

1. Introduction

Diesel engine has higher thermal efficiency among internal combustion engines (ICEs)
used in automobiles due to attaining-higher compression ratio. However, diesel engines trail
black smokes containing much amount of particulate matter (PM) resulting from incomplete
combustion around single fuel droplets and are very harmful to human health such as lung
cancer, asthma and so on. PM are composed primarily of unburned hydrocarbon, pure carbon
(soot) and metal oxide ash as solid fractions. Each PM fraction is mainly dependent upon the
chemical properties of fuel and lubricant, engine operating conditions, engine wear and exhaust
after-treatment technologies [1 —4].

One of the exhaust aftertreatment systems, diesel particulate filter (DPF) is an effective
solution for reducing particle emission. DPF can trap up to (99%) of the PM emitted from the
exhaust gas and a process which can oxidize the trapped soot into carbon dioxide is called
regeneration process of DPF. Although regeneration process can burn the soot effectively,
incombustible metal oxide ashes will be remained at the inlet channels of DPF and causing
engine back pressure. These metal oxide ashes are mainly derived from lubricant additives,
engine wear and a very few amounts of trace metals from the fuel [5, 6].



During combustion, lubricants can also participate inside engine cylinder and affect the
composition of PM emission. Some literatures have already investigated about the impacts of
lubricating oil contamination on particle emissions focusing on not only physical
characterization but also chemical composition. Y. Wang et al., found that the anti-wear
lubricant oil additives changed the nanostructure of emitted particles and led to particles with a
more disordered nanostructure. Besides, oil-related particles have larger aggregate size than
diesel particles [7 — 9].

P. Karin et al., investigated that the nanostructure of soot (Carbon) and ash (Calcium) by
comparing the PM from engine and diesel lamp. The pattern of soot or carbon crystallites looks
like a curve line where as the ash crystallite looks like a straight cross line pattern with round
outlines. The average diameter of soot single primary nanoparticles emitted from engine are in
the range of 10 — 60 nm. The chemical-composition and merphology of lubricant derived ash
have also been reported. The individual ash particles have round shapes and sizes of
approximately 10 — 200 nm[10 — 12].

The objectives of this article are to investigate the physical and ehemical characterization
of diesel particulate matters which are influenced by the impact of engine 0il’s additives using
electron microscopy and electron dispersive x-ray spectroscopy (EDS) analysis. Nanostructure
of metal oxide ash would be briefly discussed which is still not briefly found out among
previous literatures.

2. Experimental

Table 1: Engine specification

Items Details T

LImoke o Blovwer

1-cylinder, DI, Cl engine

Engine type
Bore x Stroke (97 % 96) mm Dsf'_,fm,,,
Displacement 709 cm?
Compression ratio 18:1
Power 9.2 kW @2400 RPM
Injection timing 19°CA bTDC
Fig. 1 Schematic diagram of engine setup
Table 2: Properties of diesel fuel Table 3: Properties of lubricant

Fuel properties Unit Result Test Method Unit Result
Chemical formula - CiazHos Density @15°C ASTM D4052-15 g/imL  0.8960
Auto ignition temperature %G 288 Density @30°C ASTM D4052-15 g/mL  0.8866
Calofificvalie K/kg 46,180 Viscosity @40°C ASTM D445-15a ¢St 154.8
Heat of vaporization klkg 250 Viscosity @100°C ASTM D445-15a cSt 15.05
Density at 25 °C kg/m? §44.8 Magnesium ASTM D6481 %wt  0.1816
Viscosity at 40 °C mm?/s 3.0 Zinc ASTM D6481 %wt  0.0798
Stoichiometric A/F ratio - 14.7 Phosphorous ASTM D6481 %wt  0.0856
D““Tlif]t“’“ temperature " — Pour point ASTMD 6749-02  °C -9

T50 °C 281.5 Viscosity index “ASTM D2270 - 97

T70 @ 3523




A single cylinder natural aspirated direct injection compression engine (Kubota —
RT140) was used to generate the particulate matter (PM). The engine specification are described
in Table 1. Eddy current engine dynamometer was used to control the various engine speed and
load conditions by the aid of Lab-view program. To measure the smoke intensity of the exhaust
emission, opacity smoke meter (Okuda DSM — 240) was introduced between the exhaust
muffler’s outlet and the blower as described in figure 1. Paper filter was inserted into the smoke
meter to measure the soot contamination percentage. A soot collector containing metal netting
was used to collect the soot powder.

To conduct the experiment, conventional diesel was used as an ideal fuel and secondly,
designed lubricant oil containing excess amount of Calcium (Ca) additives were blended
directly into the diesel fuel. The blending condition.is the amount of 10% by mass directly into
the diesel fuel. The purpose of blending designed lubricant containing excess additives is to
obtain more ash formation ameng PM composition since these metal oxide ashes are mainly
originated from engine oil’s additives. Chemical properties of. diesel fuel and blending
lubricating oil are briefly described in Table 2 and 3. For the engine lubricating system,
conventional lubricant 15W-40 API CI-4/SL synthetic engine oil was used.

3. Results and Discussion

3.1 Smoke Intensity
Opacity smoke meter determined the smoke intensities of diesel and diesel blending lube

oil conditions as-shown-in figure 2. Diesel blending lubricant condition showed less smoke
intensity compared to diesel condition especially in high engine load condition. Less smoke
intensity means less soot contamination. Lubricating oils are basically formulated with metallic
additives and acidic compositions. During engine combustion, the effect of excess metallic
acidic composition from blending lubricating oil might promote more complete reaction of fuel
and oxygen molecules.

3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to investigate the agglomerate structure
of particulate matters in micro- scales. Figure 3 (a) deseribes the agglomerate microstructure of
particulate matter from diesel condition and figure 3 (b) shows the agglomerate microstructure
of particulate matter derived from diesel blending lube 0il condition respectively. According to
the SEM images, the agglomerate. structure of lubricant oil-related particles have not shown

significant different in micro- scales.

ity (%6}

Sracke Ifensty %}
Srnoke infens

Load i

Sped (KPR} Speet [RPRR)

(a) Diesel black smoke (b) Diesel blending lube oil black smoke
Fig. 2 Smoke intensities in the engine’s exhaust emission of (a) diesel and (b) diesel blending
lube oil with high concentration of additives



Fig. 3 SEM i images Qf agglomerate structure of (a) dlesel PM and f’ﬁ) Ehgsel blending lube oil
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Fig. 4 Chemical composition of (a) diesel PM and (b) diesel blending lube oil PM showing
unburned metallic additives from lubricating oil.
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SEM-EDS analy%sﬁetgnnme\ﬁ &h‘é“&lj‘&:}li‘gﬂ composition p{? PMS“&’Om diesel and diesel
blending lube oil con&hﬁ&as Gha\yn in figure 4 (a and b). ]ngsél EM;s’were mainly composed
of chemical composition mﬂ“‘@arbéﬁ 4@ from soo‘ft Hdww%w’ chemical composition of
particulate matters from diesel %hﬁmhgdghe oil conghgmﬂﬁmfam not only Carbon (C) but also
unburned metallic elements such as Calcium-(Ca), (Ga), Phosphorous (P), Magnesium (Mg), Silicon
(Si) and Zinc (Zn) which all are derived from lubricant additives as shown in figure 4 (b).
Therefore, SEM-EDS results pointed out that metallic additives from engine lubricating oil
cannot be burned during combustion and these metallic elements can be transformed into metal

oxide ashes.

3.4 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was used to investigate the single primary
nanostructures of diesel and diesel blending lube oil PMs as shown in figures 5 (a and b).
Particulate matters were collected under 2400 rpm engine full load condition and 800k
magnification was introduced to observe the nanostructure of primary particles. As described in
figure 5 (a), nanostructure of diesel soot is a spherical shape composed of curve line crystallites
and the particle sizes are in the range of 10 — 60 nm. Particles from diesel blending lube oil



conditions were combined together with soot and metal oxide ash as briefly described in figure
5 (b). Unlike soot, nanostructure of metal oxide ash has shown small crystallites composed of

lattice fringes.

4. Conclusion

Soot contamination of blending lubricant oil condition showed lower percentage than
neat diesel condition especially in high engine load conditions. The effect of excess metallic
acidic composition from blending lubricating oil might promote more complete reaction of fuel
and oxygen molecules inside engine combustion chamber. As physical characterization, the
agglomerate structures of diesel PM and diesel blending lube oil PM are not significant different
in micro- scales. However, the.single primary nanestructure of soot is a spherical shape
composed of curve line crystallites and particle sizes are in the range of 10 — 60 nm while the
nanostructure of metal oxide ash-is composed of lattice fringes. Chemical composition of
particulate matters from diesel blending Jube oil condition showed that metallic additives from
engine lubricating oil cannet be burned by engine combustion-and these unburned metallic
components might be transformed into metal oxide ash.
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Abstraet. ‘According to increasingly stringent regulations on particulate emission from
automotive vehicles, diesel engine has to be equipped with Diesel Particulate Filter (DPF) to trap
the Particulate Matter (PM) which are very harmful to human health. Diesel particulate matters
are composed primarily of unburned hydrocarbon (soot) and metal oxide ashes as solid fraction.
DPF can trap PM with higher filtration efficiency and the process which.can burn the soot into
carbon dioxide is called regeneration process. Although regeneration process can burn the soot
effectively, incombustible ashes will be remained inside the DPF channel causing engine back
pressure. These metal oxide ashes are mainly derived from lubricant additives, engine wear and
trace metals from diesel fuel. In this article, different nanostructures of diesel soot and metal
oxide ash derived by diesel blending lube oil condition were briefly compared using
Transmission Electron Microscopy (TEM) image  analysis. Electron Dispersive X-ray
Spectroscopy (EDS) analysis.was introduced to investigate the chemical composition of
particulate matters. Thermogravimetric Analysis (TGA) was also conducted to compare the
oxidation kinetics of pure diesel soot and the influence of metal oxide ash on soot oxidation
kinetics. Contamination of metal oxide ashes promoted soot oxidation rate due to the presence
of metallic additives from lube oil acting as a catalyst on soot oxidation kinetics.

Keywords: Diesel Particulate Matter, Metal Oxide Ash, TEM, TGA

1. Introduction
Particulate Matter (PM) emitted from diesel engines are very harmful to human health and

must be removed due to stringent emission regulations. PM are mainly composed of solid fraction (soot
and ash) and soluble organic fraction such as (sulfates and nitrates) organic compounds. Diesel
Particulate Filter (DPF) is one of the most effective aftertreatment system which can perform higher PM
trapping efficiency. There are honeycomb rectangular channels where the exhaust gas flows through its



porous walls. The trapped PMs must be burned out during vehicle running and a chemical oxidation
process which can oxidize the trapped soot into carbon dioxide is called regeneration process. Although
regeneration process can burn the soot effectively, the unburned metal oxide ashes will be remained
along the inlet channels causing engine back pressure. These metal oxide ashes are originated mainly
from lubricant additives and also a very few amount from engine wear and fuel trace metals [1 - 4].

Conventional lubricant additives such as anti-oxidants, rust and corrosion inhibitors, viscosity
index modifiers, anti-wear (AW) agents, detergents and dispersants are well known additives which all
are responsible to get better performance of engine lubricating oil. Among them, detergents help to
prevent the high temperature deposits on the surface of metal walls and also it assists to neutralize acids
that form in the lube oil. They are typically composed of calcium and magnesium as chemical metallic
compounds. During engine combustion, lube oil can also participate and these metallic compounds leave
as an ash deposit when the oil is burned [3, 6].

P. Karin et al., mentioned that nanostructure and oxidation kinetics of biodiesel PM compared
to Diesel PM. A primary soot particle has two distinct parts: an inner core.and an outer shell. The size
of each crystallite and agglomeration might be strongly related to Brownian force of gas molecule, drag
and shear forces of fluid dynamics, electrostatics forces of charge elements. Nanostructure of soot is
composed of curve line crystallites while the ash nanostructure shows straight line structures [7. 8].

During engine combustion, the lubricants can also participate and the-contamination of lube oil
can vary the morphology and oxidation kinetics of particulate matters. Some literatures have already
investigated not only physical characterization like morphology and particle size distribution but also
chemical composition focusing on lube oil related particulate matters [9-11]. Y. Wang et al., found that
the anti-wear lubricant oil additives changed the nanostructure of emitted particles and led to particles
with a more disordered nanostructure. Moreover, oil-related particles have larger aggregate size than
diesel particles [12].

In the previous literatures, oxidation kinetics of carbon black and engine’s PMs were briefly
compared. Engine’s PMS are easier to-oxidize than carbon black nanoparticles because of containing
unburned hydroearbon. Oxidation kinetics of PM is dependent upon both physical (shape of reactant
substance) and chemical composition (oxygen, unburned hydrocarbon and others). The calculated
apparent energy of diesel-engine’s PMs were in-the range of 117-130 kJ/mol. H. Jung et al., also
investigated that the.influences of metals derived from lube oil on‘oxidation kinetics of soot particles by
dosing 2% lube oil and determined apparent activation energy. By using Arrhenius equations, frequency
factor of oil dosed PM were about twice as large as without dosing [13 - 15].

This research mainly compares nanostructure-of diesel soot and metal oxide ash which are
mainly derived from:lubricant additives.. The designed lube.oil consisting excess amount of Calcium
(Ca) additives was blended 10% directly into diesel fuel to obtain more ash formation among PM
composition. Oxidation kineties of diesel PM and diesel blending lube oil PM were also investigated to
compare the influence of metal oxide.ash on soot oxidation kineties.

2. Experimental

Table 1: Engine Specification

Items - Details Control
Uiy i

Engine Type I-cylinder. Direct Injection, CI engine 72319‘”*"

Bore x Stroke (97 x 96) mm Soat
Collectar

Displacement 709 cm®

Compression ratio 18:1

Power 9.2 kW @2400 RPM

Injection Timing 19°CA bTDC

Injection Pressure 22 MPa

Fig. 1. Schematic diagram of engine setup



Table 2: Properties of fuel (Diesel) Table 3: Properties of lubricant

Fuel Properties Unit Result Test Method Unit Result

Chemical Formula - Cia2Hz Density @15°C ASTM D4052-15 g/mL 0.8960

Auto Ignition Temperature G 288 Density @30°C ASTM D4052-15 g/mL 0.8866

Calorific Value kirkg 46180 Viseosity @40°C ASTM D445-15a  mm¥s 1548
i 4

Heat of Vaporization klkg 250 Viscosity @100°C ASTMD445-158  mm¥s 1505

Viscosity 3.0 -

il B Magnesium ASTM D648 Yowt 0.1816
Stoichiometric AF ratio = 123 i AT DR i 06798
Density kg/m? 8448 x ) e '

Phosphorous ASTM Do481 owl 0.0856

A direct injection compression engine (Kubota — RT140) was.used to generate the particulate
matter. Engine specification are described in Table 1. Eddy Current Engine Dynamometer was used to
control the desired engine speed and- load conditions. Lab-View program controlled the engine
dynamometer. A soot collector which contains metal netting inside was.used to collect the PM. The
schematic diagram of the engine setup are shown in figure 1. To conduct the experiment, commercial
diesel containing (C42H2s) was used as an ideal fuel and secondly; designed lube oil was blended 10%
by mass directly into diesel fuel to obtain more ash formation among PM composition. This blending
lubricant was supported by Bangchak Corporation .and it contains excess amount of Calcium (Ca)
additives since CaSOy is the most abundant sulfate compound found in diesel ashes inside used DPF.
The fuel properties and blending lubricant oil properties are briefly described in Table 2 and 3. Density
and viscosity of blending lubricants wete tested under ASTM D4052-15 and ASTM D445-15a
respectively. According to ASTM, viscosity is measured as kinematic viscosity and usually described
in data sheets at 40°C and 100°C, For the engine lubrication system, conventional lubricating oil 15W-
40 API CI-4/SL synthetic engine oil was used.

3. Results and Discussion

3.1 Morphology of ultrafine agglomerate particles

Transmission Electron Microscopy (TEM) image analysis was used to determine the ultrafine
agglomerate primary particle nanostructures as shown in figure 2. Soot powders were collected under
2400 RPM engine full load condition since this engine condition is properable to generate the soot
efficiently accordingto. previous smoke intensity results. TEM image results showed that the
agglomerate structure of ultrafine particles from diesel blending lube oil condition were not significant
different compared to neat diesel.engine’s ultrafine particle. The primary particles from both conditions
were grouped each other with similar agglomerate structures and results have not shown much
differences.

3.2 Nanostructures of soot and metal oxide ash

Figure 3 compare TEM images of different nanostructures of soot (pure carbon) obtained from
the neat diesel condition and metal oxide ash which is derived from diesel blending lube oil condition.
The nanostructure of diesel soot primary particle is a spherical shape composed of curve line crystallites
as described in figure 3 (a).

Different from soot, in figure 3 (b), metal oxide ash nanostructure is not a spherical shape
composed of parallel straight line hatch patterns which shows similar nanostructures among metals. Due
to the fact that blending lubricant oil contains metallic additives and these additives cannot be burned
during engine combustion and finally it might be changed into metal oxide ashes. Therefore, particulate
matters from diesel blending lubricant condition shows d1st1nct straight lined patterns of ash
collaborating with unburned hydrocarbon (soot).



Fig. 2 TEM i
bl

(a) Nanostructure of diesel soot (b) Nanostructure of metal oxide ash

Fig. 3 TEM images of nanostructure of (a) diesel soot and (b) metal oxide ash
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To investigate the cheﬁﬁaai‘élmental comgomugmfﬁf parhculate matter, electron dispersive
x-ray spectroscopy collaborating with SEM-was. introduced. X-ray spectrum detect the sample and
distinguish the elements according to their particular atomic number. Regarding to the results of SEM-
EDS as described in figure 4, particulate matters from neat diesel conditon shows only carbon (soot)
and oxygen as elemental composition. However, particulate matters from diesel blending lube oil
condition contain not only carbon and oxygen but also unburned metallic elements such as Calcium
(Ca), Phosphorous (P), Sulfur (S), Silicon (Si) and Zinc (Zn) respectively. Among metallic additives,
elemental composition amount of Ca expressed highest weight percentage due to the fact that the
blending lubricant was designed with excess Ca additives. Therefore, EDS result pointed out that
metallic additives from engine lubricating oil cannot be burned by engine combustion and these
unburned metallic additives might be transformed into metal oxide ash which cannot be burned by
regeneration process inside diesel particulate filter. On the other hand, these incombustible ashes might

promote soot oxidation kinetics since ash are mainly originated from metallic additives of lube oil.



3.4 Oxidation kinetics of particulate matters

Thermogravimetric analysis (TGA) was conducted to investigate the influence of
contamination of metal oxide ash on soot oxidation kinetics. Mass conversion results of diesel particles
and diesel blending lube oil particles were compared under different operating temperatures (600 °C and
625 °C). Mass conversion rates can be calculated to describe the faster oxidation kinetics of diesel
blending lube oil PMs. Isothermal method was used to maintain the operating temperature. Nitrogen
was introduced before air is injected and the sample was oxidized until 90 minutes. Particles were treated
with increasing temperature about (20 — 30) minutes by nitrogen atmosphere in order to occur
vaporization process. After vaporization, air (oxygen and nitrogen) was start injected and the system
was maintained under isothermal to initiate PM oxidation process. Chemical oxidation reaction of PM
mass conversion results can be expressed by Eq.1 and the amount of mass conversion over time can be
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Fig. 4 Thermogravimetric analysis of mass conversion graphs of diesel PM and diesel blending lube
oil PM at (a) 600°C and (b) 625°C, mass conversion rate of diesel PM and diesel blending lube oil PM
at (c) 600°C and (d) 625°C



calculated as mass conversion rate by using Eq.2, where C is represented as PM mass, t is time, n and
m are reaction order of PM and oxygen during oxidation process.

C+ 0, = CO, (1)

28 = k[cro,m )

Regarding to thermogravimetric analysis results as described in figure 5 (a and b), particles
from diesel blending lube oil condition (represented as Diesel+A) were easier to oxidize than neat
diesel’s particles. The unburned lube oil metallic-additives might be participated as an oxidative catalyst
resulting faster oxidation kinetics under both operating temperatures 600°C and 625°C. As shown in
figure 5 (c and d), mass conversion rates were also calculated to mention sharply for the higher mass
conversion rate of diesel blending lube oil PMs.

4. Conclusion and Discussion

Morphology of ultrafine agglomerate particles, different primary particle nanostructures of
lube oil derived metal oxide ashes compared to diesel soot and also influence of incombustible metal
oxide ashes on soot oxidation kinetics were briefly discussed. The agglomerate structure of ultrafine
particles from diesel-blending lube 0il cendition has not-shown significant difference compared to
agglomerated unltrafine particles from neat diesel condition. Nanostructure of primary soot particle is a
spherical shape composed of curve line crystallites while the metal oxide ash has not shown a spherical
shape composed of parallel straight line'hatch patterns. Nanostructure of metal oxide ash is similar to
the nature of common metals™ nanostructures since these metal oxide ashes are also derived from
unburned metallic additives'of engine lubricating oil.

According to the chemical characterization results, PM from neat diesel condition composed
mainly of carbon and oxygenas elemental composition while PM from diesel blending lube oil condition
contained not only carbon and oxygen but also unburned metallic additives from engine lubricating oil.
Particulate matters from diesel blending lube oil condition were easier to oxidize than PMs from neat
diesel condition. Metallic additives from engine lubricating oil cannot be burned by engine combustion
and it might be changed into metal oxide ash. These metal oxide ashes promote oxidation kinetics
resulting faster mass conversion rate. Moreover, although accumulated metal oxide ashes tend to reduce
effective filtration length of diesel particulate filters, on the other hand, these incombustible ashes might
assist to promote the soot oxidation kinetics-during regeneration process of diesel particulate filter.
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