IMPACT OF ENGINE OIL CONTAMINATION IN DIESEL AND HVO ON
PARTICULATE MATTER’S MICRO- AND NANOSTRUCTURE USING
ELECTRON MICROSCOPY IMAGE ANALYSIS

PHYO ZIN KO KO

A THESIS REPORT SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF ENGINEERING IN AUTOMOTIVE ENGINEERING
~ INTERNATIONAL COLLEGE ; |
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
' ACADEMIC YEAR 2018
KMITL-2018-1C-M-004-009




IMPACT OF ENGINE OIL CONTAMINATION IN DIESEL AND HVO ON
PARTICULATE MATTER’S MICRO- AND NANOSTRUCTURE USING
ELECTRON MICROSCOPY IMAGE ANALYSIS

PHYO ZIN KO KO

A THESIS REPORT SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF ENGINEERING IN AUTOMOTIVE ENGINEERING
INTERNATIONAL COLLEGE
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
ACADEMIC YEAR 2018
KMITL-2018-1C-M-004-009



COPYRIGHT 2019
INTERNATIONAL COLLEGE
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



THESIS TITLE Impact of Engine Oil Contamination in Diesel and HVO on
Particulate Matter’s Micro- and Nanostructure using Electron
Microscopy Image Analysis

STUDENT NAME Mr. Phyo Zin Ko Ko

STUDENT ID 60610031

DEGREE Master of Engineering
PROGRAM Automotive Engineering
ADVISOR Asst. Prof. Dr. Preechar Karin

CO-ADVISOR Dr. Nuwong Chollacoop

CO-ADVISOR Prof. Dr. Katsunori Hanamura

ABSTRACT

Combustion and particulate emission characteristics of synthetic biodiesel:
hydrotreated vegetable oil (HVO) were compared with conventional diesel fuel
combustion. Combustion pressure, brake specific fuel consumption, engine
performance, heat release rates and thermal efficiency of HVO combustion were
successfully investigated. Compared to conventional diesel, HVO is a synthetic
paraffinic fuel with higher cetane index and lower fuel density that might achieve more
complete combustion and resulting less smoke intensity. Fuel vaporization of HVO was
better than diesel leading to greater fuel atomization which could significantly reduce
the heat release rates. Physicochemical characterization of particulate matter influenced
by engine oil additives from engine combustion of diesel and HVO were successfully
investigated using electron microscopy, electron dispersive x-ray spectroscopy and
thermogravimetric analysis (TGA). The agglomerate structure of diesel PM, HVO PM
and diesel blending lubricant PM are similar in micro- scales. However, nanostructure
of soot is composed of curve line crystallites while the metal oxide ash nanostructure
was found out lattice fringes composed of parallel straight-line hatch patterns. The
oxidation kinetics of fuel blending lubricant PMs are higher than pure fuel PMs due to

catalytic effect of metal oxide ash on soot oxidation kinetics.
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CHAPTER 1

INTRODUCTION

1.1 Research Background
Among internal combustion engines that are used in automotive vehicles, diesel

engine has higher thermal efficiency due to its attaining higher compression ratio. On
the other hand, diesel engines trail black smokes containing much amount of particulate
matter (PM) which are derived from incomplete combustion around single fuel droplets
during spraying the fuel inside the engine cylinder. Diesel particulate matters are
harmful to human health and must be removed owing to increasingly stringent emission
regulations. As shown in figure 2.1, particulate matter are composed of solid fraction
(soot and ash), soluble organic fraction (SOF) and volatile organic matters (VOF) which
are composed of sulfates and nitrates organic compounds. Each PM morphology and
chemical composition are commonly varied by the engine operating conditions, fuel

properties and types of lubricating oil used [1, 2].

@ s v D osor VOF

Figure 1.1 Composition of Diesel Particulate Matter [1].
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Regarding to decrease the consumption of fossil diesel and reduce the
particulate emission, a synthetic biodiesel: hydrotreated vegetable oil (HVO) is
presented as a second generation of biodiesel which is the absence of oxygenated
molecules. Combustion characteristics, thermal efficiency and smoke intensity of HVO
were significant advantages compared to conventional diesel.

Among aftertreatment emission control systems, diesel particulate filer (DPF)
is one of most effective ways to trap the particulate matter emitted from the exhaust
gas. A conventional DPF is composed of honeycomb shape rectangular channels
(containing inlet and outlet channels) which is made up of silicon carbide or cordierite
ceramic materials. Exhaust gas with particulate matters enter into the inlet channels and
passing through the channel wall then exit to the atmosphere through the outlet
channels. When the exhaust gas passing through the channel wall, PM must be trapped
and accumulated at the wall surface. The trapped PMs have to be removed from DPF
by using regeneration process. Regeneration process is a chemical oxidation process
which can burn the soot into carbon dioxide. Although regeneration process can burn
the soot effectively, unburnt metal oxide ashes are still available inside the inlet
channels while engine’s PMs are composed of soot and ash as a solid fraction. In fact,
ash is incombustible material. These metal oxide ashes are originated from engine oil’s
additives, engine wear and fuel trace metals. However, it is mainly originated from

engine oil’s additives.



1.2 Objectives

1) To investigate the combustion characteristics and particulate emission of synthetic

biodiesel: Hydrotreated Vegetable Oil (HVO)

2) To analyze the physicochemical characteristics of diesel particulate matters

focusing on metal oxide ashes which are mainly derived from engine oil’s additives

1.3 Scope of Works

In the first part of thesis, combustion characteristics such as combustion
pressure analysis, brake specific fuel consumption, engine performance, heat release
rates and thermal efficiency of Hydrotreated Vegetable Oil (HVO) were investigated
by referencing with the characteristics of conventional diesel. Soot quantity were also
measured by using opacity smoke meter. Physical characterization as well as
morphology and analysis of single primary particle nanostructure of particulate matter
emitted from HVO fuel combustion were compared with diesel particulate matter using
electron microscopy. Thermogravimetric analysis of both PMs were investigated to
analyze the influence of metal oxide ash on soot oxidation kinetics.

Secondly, impact of contamination of engine oil additives on particulate
emission were investigated not only on physical characterization but also chemical
composition by using electron microscopy and electron dispersive x-ray spectroscopy.
To investigate the influence of metal oxide ash which are derived from unburned engine
oil additives, isothermal thermogravimetric analysis was used under pure air

atmospheric condition.



CHAPTER 2

LITERATURE REVIEWS

2.1 Particulate Matter Emitted from Diesel Engine
Diesel engines trail black smokes containing much amount of particulate matter

(PM) which are the result of incomplete combustion around fuel rich zone where fuel
is injected from the nozzle. Diesel particulate matters are harmful to the human health
and it can cause lung cancer, asthma and so on. Owing to strictly legislation on emission
regulations of automotive vehicles, PM must be removed. Alternative fuels as well as
biofuels are present in order to reduce the consumption of fossil diesel and reduce the
particulate emission. Physical characteristics and chemical composition of PM emitted
from internal combustion engines are mainly dependent upon engine operating

conditions, fuels and types of lubricating oil used.

2.1.1 Composition of particulate matter
Composition of particulate matters emitted from automotive vehicles can be

divided into (2) parts; solid and soluble organic fraction. Soot (formed by incomplete
combustion of unburned hydrocarbon) and ash fraction (derived from lubricant

additives engine wear and fuel trace metals) are regarded as solid fraction of PM.

Particulate

Volatile
or Soluble

Sulphate Organic
Fraction Fraction
Nitrate

Fraction

H,S0,.nH,0 (i.e. SO42)
+ metal sulphates
HNO;4 (i.e. NO57)
+ metal nitrates

Nonvolatile
or Insoluble

Carbonaceous
Fraction
(Soot)

~CgH, CgH
+N,Oand S

Numerous metals (e.g. Fe, Cr, Cu,
Zn, Ca)
A few nonmetals (Si, P, S, Cl)

Figure 2.1 Conceptual model of particulate composition, terminating in five distinct

groups or fractions: sulphates, nitrates, organics, carbonaceous and ash [1].



Soluble organic fraction is composed of sulphate, nitrate and organic
compounds which are mainly originated from the acidic composition fuel and lubricant
as shown in figure 2.1. As soluble organic fraction, sulphate and organic compounds
are originated from fuel and lubricant. Carbonaceous fraction (soot) mainly comes from
unburned hydrocarbon of fuel while the ash fraction is mainly derived from metallic
engine oil additives, material disintegration such as engine wear and a very few

amounts is derived from aerosol particles [1].

Carbonaceous
Fuel .
NN Fraction
/I
”

N : Organic
Lubricant Fraction

AT L P NGOV Gose. oV |

’
/
7
/
P
: o0 Sulphate
: Matenaln —————T Fraction
Disintegration

Figure 2.2 Origination of solid fraction (soot, ash) and soluble organic fraction

(sulphate, nitrate compounds) [1].

2.1.2 Initial diesel soot formation
John E. Dec [2] proposed a conceptual model using laser-sheet imaging which

identifies the specific areas (i.e. rich vapor-fuel/air mixture, fuel-rich premixed flame,
initial soot formation and so on) during the fuel mixing controlled phase as described
in figure 2.3. A mixture of fuel vapor and air is formed at the downstream of fuel jet
from the nozzle. Initial soot formation is occurred at the fuel-rich premixed flame where

this zone has a high concentration of soot precursors [1, 2].



lift-off length premixed plume stem head vortex
zone

Pl
~

Figure 2.3 Conceptual model of combustion during the mixing-controlled phase: A,
liquid fuel; B, mixture of fuel vapor and air; C, fuel-rich premixed flame; D, initial

soot formation; E, F, G, in order of increasing soot concentration; H, diffusion-flame

[1].

2.1.3 Soot agglomerated particles formation process
Figure 4.24 demonstrates the process of agglomerated structure of soot from the

liquid (or) vapor phase fuel hydrocarbons comparts pyrolysis, nucleation, coalescence
and agglomeration process. In pyrolysis process, molecular structure of fuel are
changed by the presence of high temperature resulting as soot precursors. These gas-
phase species of soot precursors are transformed into solid-phase soot particle in
nucleation process. Surface growth process is followed by nucleation process to achieve
more concentration of solid-phase soot particles resulting as single primary particle of
soot. Single primary particle of soot is sizing in the range of 10 — 60 nm [3]. Theses

primary particle of soot are agglomerated to become soot agglomerated particles.

Precursors Nuclei PrimaryParticles Agglomerates
| CZHQ L) [} y
W Pyrolysis Nucleation . .: Coalescence ®e'J® «* Agglomeration -f' .;
E B — —_— il E— ..:',:o. _— ". of
Surface  *9"s % o L
PAH Growth

Figure 2.4 Schematic diagram of the steps in the soot formation process [3].



2.2 Engine Operating Parameters Effecting on Particulate Matter
Physical and chemical properties of particulate matter emitted from internal

combustion engines is varied by engine operating conditions, fuels and types of
lubricating oil used. Many literatures have investigated the effects of engine operating
parameters on morphology, particle size distribution and oxidation kinetics of diesel
particulate matters. When the engine load is increased, particle size ranges were
increased. Smaller particles sizing in the range of 40 — 50 nm were found out under no
load condition while 60 — 70 nm particles were found out under engine full load
condition as shown in figure 2.5. Due to higher engine load condition, combustion
chamber temperature and amount of injected fuel is higher. This effect might promote
initial soot formation and also accelerate the agglomeration process [4, 5]. Moreover,
lower engine speed produce larger particle size with slightly aggregate structure. The
impact of engine load at constant engine speed is more prominent than various engine
speed. The oxidation kinetics of diesel PMs emitted from higher engine speed with
lower engine load was faster than the PM emitted from lower engine speed with higher

engine load condition as described in table 2.1 [6].
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Figure 2.5 Particle surface area and size distribution from a diesel engine at different
engine loads [4].



Table 2.1 Factors affecting on diesel particulate matters [6].

Test speed Torque | Dy(sd) L, (sd) T;(sd) D, (sd) | Volatiles T; E A

mode  (1pm) (Nm) (nm) (nm) (nm) (nm) (%) (°C) (kJ/mol) s
26.08 0.754 1.226 0387 | ., . " ! .

(2.50) (0.0637) (0.0521) (0.011) 14.3£0.72 5377 110.6£1.51 8.97x10"
23.87 0.747 1215 0.382
(2.29)  (0.0409) (0.0589) (0.010)
. 2446 0.749 1.237 0.383 . 4
) 1920 224 (197) (0.0873) (0.0705) (0.011) 17.0+0.85 5289 107.0£1.28 6.36%10
21.30 0.731 L1317 0.375
(1.91) (0.0213) (0.0296) (0.008)
20.52 0.707 1.391 0.373

5 5 5 485 »10°
: 1920 56 2.13)  (0.0212) (0.0413) (0.015) 58.5+2.63 4858 77.8£2.09 1.50x10

1 1280 216
2 2560 216 17.84098 533.6 1142+1.54 1.84x10°

4 1920 112 479254 5085 90.6+1.78  8.12x10°

2.3 Alternative Fuels
Fossil diesel is produced from fractional distillation process of petroleum (or)

crude oil. Diesel engines are more efficient than gasoline engines. In fact, diesel
requires less refining than gasoline resulting cheaper alternative. However, fossil diesel
combustion produces particulate matter (PM) emission from incomplete combustion
and depletion (limited availability) are the major downsides of diesel fuel.

Regarding to reducing particulate emission and fossil diesel consumption,
biodiesel stands for the renewable form of energy. Due to attaining higher cetane
number, biodiesel can be used in compression ignition engine without engine
modification. Biodiesel or fatty acid methyl/ethyl ester (FAME/FAEE) is derived from
vegetable oil or animal fat through transesterification process. As a modern biodiesel
manufacturing process, partially hydrotreated to FAME (H-FAME) can obtain a high-
quality biodiesel. In this process, the conventional biodiesel (FAME) was hydrogenated
by hydrogen and a catalyst at low temperature and pressure. The purpose of H-FAME
process is to reduce the number of double bonds/unsaturated fatty acids and
transformed to be monounsaturated FAME. Some researchers have been reported that
high quality biodiesel (H-FAME) also has satisfactory properties such as reducing CO,
HC, NOx and soot, less fuel consumption and oxidation stability was significantly
improved as a blending percentage of 10% (B10).

Unlike first generation biodiesel, hydrotreated vegetable oil; HVO (second
generation biodiesel) is produced from hydrotreating of vegetable oils as well as
suitable waste and residue fat fractions. In this process, hydrogen is used to remove
oxygen from the triglyceride vegetable oil molecules and to split the triglyceride into
three separate chains, thus creating hydrocarbons which are like existing diesel fuel
components. Moreover, the different manufacturing process from biodiesel is that HVO

is free of aromatics made by Fishcher Tropsch synthesis after gasification process.



Therefore, HVO is represented as second generation biodiesel (or) synthetic biodiesel

with the absence of oxygen molecules.

2.4 Particulate Matters Emitted from Biodiesel Combustion
As a pre-treatment for reducing particulate emission and saving fossil diesel

consumption, switching to biodiesel usage is a good option. In general, biodiesel is
produced from palm oil, sugar cane, molasses and so on. Ethanol can also be produced
from sugarcane, molasses and cassava roots. Diesel blending biodiesel fuel stands for
an effective way to be either saving fossil diesel consumption or attaining less
particulate emission from the automotive vehicles (E.g. Thailand use diesel vs biodiesel
blending fuel with a proportion of 7% biodiesel blended fuel as conventional diesel for

domestic application in 2019).

2.4.1 Effect of Biodiesel on Combustion Characteristics
One of the main prominent characteristics of biodiesel combustion can be

regarded as less soot contamination from vehicle emission. J. Boonsakda et al. [7]
investigated the effect of biodiesel blended fuel combustion on particulate matter
quantity and nanostructure analysis by blending biodiesel proportion as 20%, 40%,
60% and 80% compared to conventional diesel B7 and also with B100. Less soot
contamination was found out by increasing the blending proportion of biodiesel as

shown in figures 2.6.

)uantity of biod# | B100 PMs
Quantity 6f éonventional diesel Piis Quantity of biodiesel B100 PMs

= !' ol ‘ e
. ...‘ e s 2 :‘ :‘_5_3‘ !]T
Te- @ iy

(a) Smoke intensity of B7 (b) Smoke intensity of B100

Figures 2.6 Soot contamination percentage of diesel blending biodiesel in proportion

of (a) conventional diesel B7 and (b) 100% Biodiesel B100 [7].



P. Karin et al. [8, 9] investigated the oxidation kinetics of biodiesel particulate
matters compared to diesel PMs using isothermal thermogravimetric analysis (TGA)
under pure air atmospheric condition. Biodiesel PM were easier to oxidize than diesel
PM due to presence of oxygenated molecules inside biodiesel PMs as shown in figure
2.7. Faster oxidation kinetics of biodiesel need lower activation energy and the author
concluded with the calculation of apparent activation energy (E.) as shown in table 2.2.
Activation energy between carbon verses oxygen molecules during TGA of diesel PM

and biodiesel PM were 124 kJ/mol and 121 kJ/mol respectively.
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i
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Figures 2.7 (a) Isothermal thermogravimetric analysis of carbon black, diesel PM and
biodiesel PM under pure air atmosphere showing faster oxidation kinetics of biodiesel
PM and (b) Arrhenius plot of diesel and biodiesel engine’s PMs compared with
carbon black [8].
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Table 2.2 Apparent activation energy (Ea) of engine’s PMs [8].

Apparent Activation Energy
Ea (kJ/mole)

PMs Oxidize with DPF Powder

PMs Burned Fraction

Biodiesel Engine’s PMs 12T
Biodiesel 20-40% burned 109
Biodiesel 40-60% burned 121
Biodiesel 60-80% burned 131

Diesel Engine’s PMs 12447
Diesel 20-40% burned 117
Diesel 40-60% burned 124
Diesel 60-80% burned 130

Pure PMs Oxidize without DPF Powder
Biodiesel Engine’s PMs 1525 (Karin et al., 2015)
Diesel Engine’s PMs 15946 (Kamn et al., 2015)

2.5 Aftertreatment Technologies for Diesel Particulate Emission
Regarding to strictly legislation of emission regulation on particulate emission

(i.e. Euro 5, Euro 6) emitted from automotive vehicles, diesel particulate matter must
be removed due to its harmful effects for human health. Among post-treatment (or)
aftertreatment technologies for controlling exhaust gas and particulate emission,
exhaust gas recirculation (EGR), diesel oxidation catalyst (DOC) and diesel particulate
filter (DPF) are commonly used in diesel engines. In this article, fundamentals and

working principles of DPF will be mainly discussed.

2.5.1 Operating principle of diesel particulate filter
A diesel particulate filter is composed of honey-comb shape rectangular

channels which are made up of cordierite (or) silicon carbide ceramic materials.
Exhaust gas containing particulate matters enter into the inlet channel and passing
through the channel wall then exit to the atmosphere through the outlet channel [9].
When PM passing through the channel wall, all of PM must be trapped at the surface

of inlet channel wall as shown in figures 2.8.
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Figures 2.8 (a) A truck equipped with DPF (b) Inside structure of DPF and
(c) Working principle of DPF [10].

2.5.2 Regeneration process in diesel particulate filter
Due to continuous entering of particulate matter into the inlet channels during

vehicle running, much PMs are accumulated and trapped inside the inlet channels of
diesel particulate filter. The trapped PMs must be removed in order to get effective
filtration length for all the time. A chemical oxidation process which can oxidize the
trapped soot (carbon) into carbon dioxide is termed as DPF regeneration process. There
are two types of regeneration: (i) passive regeneration and (ii) active regeneration.
Passive regeneration uses catalyst that is added into diesel fuel as additives or the
catalyst is coated on the ceramic filter wall. In fact, the exhaust gas temperature inside
DPF will be increased and this effect leads to resulting more soot oxidation as shown

in figure 2.9. In active regeneration, engine throttling and burner regeneration are the

12



popular technologies in order to burn the trapped soot into carbon dioxide effectively.
Wider throttling increases combustion temperature resulting in higher exhaust gas
temperature. Burner regeneration system is equipped with computer controlled
electronic burner and it is fitted at the front of the filter to increase the exhaust gas
temperature as shown in figure 2.10. This burner can increase the exhaust gas
temperature around 650°C which is the sufficient temperature for burning the trapped
soot completely. Active regeneration is designed to initiate when passive regeneration

is not enough for certain soot loading condition [10].

HC,CO,PM

HC,COPM

Figure 2.10 Active regeneration process with burner in DPF [10].
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2.6 Lubricant Chemistry
Lubricating oil that are used in automotive vehicles are responsible for reducing

the friction, heat and metal wear for the moving parts inside the engine. There are two
types of lubricants as well as mineral and synthetic oils. Mineral oil is extracted from
the crude oil while the synthetic oil is formulated by humans.

The components of conventional lubricants can be mainly divided into base oil
and lubricant additives which can promote the performance of base oil. A typical
lubricant contains about 80% of base oil and 20% of additives such as dispersant,
detergent, anti-wear agent, fiction modifier and others. Composition of both detergents
and dispersants are around 70% of the performance package and these are the main
components of lubricant additives. Although these metal additives can improve the
performance of base oil, drawbacks of formation of ash derived from these metal

additives are still challenging matter [11, 12].

Dispersant: 40 - 50%
Detergent: 15 - 20%
DIL Qi 10 - 20%
Antiwear Agent: 8-12%
Ashless Inihibitor: 5-15%
Friction Modifier: 1-2%

Figure 2.11 Composition of lubricant additives in a typical engine oil [12].

2.6.1 Detergents
The function of detergents from lubricant additive package is to solubilize polar

components and overcome corrosion through neutralization of acids. The major
components of additives are Calcium (Ca), Magnesium (Mg) or Sodium (Na). Another
important function of detergent is the prevention of temperature deposit. Figure 2.12

shows the effect of high temperature deposits on the surface of piston [12].
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Figure 2.12 Detergents prevent high temperature deposits [12].

2.6.2 Dispersants
Major responsibility of dispersants is to suspend soot to be less (or) small

particles inside the crankcase. There are two types of dispersants: (i) succinimide
dispersant and (i1) Mannich dispersant. The function of dispersants are similar to
detergents to provide for (i) the suspension of soot particles (ii) reduction of metal wear
(ii1) increasing viscosity of base oil and (iv) prevention of low temperature deposits.
The chemistry of dispersant can be defined that the combination of longer hydrocarbon
chain and the polar amine head group provide to suspend the soot particles to be smaller

as discussed in figure 2.13 [12].

polymer tail dispersant
molecuie

polar head

W

soot

/\/\/\/\/\/\/\/\/\/\/\/‘;@ E
particle

; v Suspension of Soot / Reduced Wear & Vis
Long hydrocarbon tail + v i i
Bt e head :> Solubilize Polar Contaminants

v Prevent Low Temperature Deposits

Figure 2.13 Dispersant chemistry [12].
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2.7 Impact of Lube Qil Contribution on Diesel Particulate Matter
During combustion in internal combustion engines, lubricants can also

participate, and this effect can vary either physical or chemical properties of particulate
matters. Y. Wang et al. [ 13] found that the effect of contribution of lube oil changes the
particulate matters’ morphology to become more disorder layers, shorter fringe lengths
and looser stacked graphite structure compared to PM emitted from pure diesel
condition as shown in figures 2.14. L. Dong et al. [ 14] also found that the concentration
of small PM nanoparticles were apparently present when combustion of diesel was

blended (0.5% by weight) with lubricating oil as summarized in table 2.4.

BMEP (bar)<3.49 .

7

S5nm -.S_Bﬂfﬂg{_'_baf) =6.98

Figures 2.14 Typical HRTEM images of primary particles [13].
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Table. 2.3 Diesel blended lube oil particles formation comparison [14].

Load 25% 75%
_ Primary particle 23.63nm  2721nm
Pure diesel diameter
Total numper 4.30¢7 1.216°
concentrations
Diesel E rim?lr ¥ particle 27.32nm 28.46nm
blended with diameter
oil Total numper 1916 1.81¢°
concentrations

P. Karin et al. [15] investigated the physical and chemical composition
difference between lamp PM and engine PM to point out the effect of soluble organic
fraction from the engine. This paper mainly compares the lamp’s PM (pure carbon) and

engine’s PM (soot and ash) as shown in figures 2.15. TEM images of soot from lamp

10 nm
——

100 r 928
o L 79.0
JPM Lamp
& o T W PM Engine
t -
& a0 -
g I 18.7
2 30 | :
~ is i eang I
0 1 o — | SIS 1
; c H N Others
L) :
252 ; &« Composition
(c) Ash from engine combustion (d) CHN analysis

Figures 2.15 Nanostructure and composition of PMs from lamp and engine [14].
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and engine are similar nanostructures. The agglomerated ash was found out from engine
PM, and the author concluded that this metallic ash might be derived from lube oil
composition of the engine lubrication system. CHNO analysis had conducted to analyze
the chemical composition difference between lamp’s PM and engine’s PM. Carbon
composition of lamp’s PM was distinctly high while the engine’s PMs contain not only
soot (carbon) but also higher percentages of soluble organic fraction (Hydrogen,

Nitrogen and others such as ash) [15].

2.7.1 Effect of metal additives on particulate matter
According to the discussion that have described in article 2.6, lubricant

additives compart as an essential role to promote the performance of base oil. On the
other hand, the effect of contamination of lube oil additives can change the particle size
distribution, morphology and nanostructures. PM emitted from combustion of fuel
dosing with ani-wear additive (0.5 wt%) changed the primary particles’ nanostructured
to be more disordered nanostructure [16]. H. Jung et al. investigated the influence of
cerium additive contamination on number-weighted distribution, light-off temperature
and PM oxidation kinetics. The author concluded the oxidation kinetics of PM derived
from cerium additive dosing condition has not shown any significance on overall

activation energy [17].

x10? x1010

L4 Tl Dicsol 8 Dicsel ' 4/
1.2 4 B8 Blended B Blended F 1.2
o ) 1200rpm 2 I
A\ rp 2400rpm (10
=
Q? 1 L
ot 0.8 B 3 0.8
) ] !
2 0.6 - 0.6
E |
> 0.4 - 0.4
0.2 4 - 0.2
0.0 - - 0.0

Total NucleationAccumulation Total Nucleation Accumulation

Figure 2.16 Particle number concentration under different conditions [16].
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2.8 Ash in Diesel Particulate Filter
Particulate matter emitted from diesel engines mainly composed of solid

fraction (soot and ash) and soluble organic fraction (sulfate and nitrate organic
compounds). Diesel particulate filter plays an important role to trap the soot and oxidize
into carbon dioxide by utilizing DPF regeneration process (as explained in article 2.5.2)
effectively. Although DPF regeneration process can oxidize the soot, ash still remains
along the inlet channel since ash is incombustible material. Metal oxide ashes are
derived from engine oil additives, engine wear, fuel trace metals and some aerosol
particles. However, these ashes are mainly derived from engine oil additives and the

sources of metal oxide ash shown in percentages are described in figure 2.1.6 [16].

Fuel Trace Metal
5%

Engine Wear
2%

Engine QOil
Additives
90%

m Engine Oil Additives & Engine Wear ® Fuel Trace Metal = Other

Figure 2.17 Composition of ash from used DPF [16].
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2.8.1 Ash accumulation along inlet channels of DPF
Owing to accumulation of incombustible ashes along the inlet channels of DPF,

exhaust back pressure is increased due to the blockage of metal oxide ashes upon the

pores of DPF channel wall’s surface. This effect is leading to reducing the effective

soot filtration length. The amount of ash blockage is dependent upon user’s

regeneration frequency and types of regeneration (i.e. passive regeneration and active

regeneration). S. D. Bagi et al. [18] proposed ash build up steps depending on types of

regeneration. In this paper, the author discussed the steps of ash bridges formation

starting from the ash precursors and concluded that the ash build up by active

regeneration get worse impact than passive regeneration as compared in figures 2.18 (a

and b).

S Particulate Matter

Step1: Soot from

- engine-out is trapped

in filter along with oil
generated ash

- Step 2: Ash pre-cursors

adhere to substrate
after soot oxidation

°3 ‘aoh:o

0000y
Se00,

Step 3' Ash particle
agglomeration and
sintering during
vehicle operation

Step 4: Thick ash layer
with low permeability

iU

Figure 2.18 (a) Ash distribution in DPF (predominant passive regeneration strategy)

[18].
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Figure 2.18 (b) Ash distribution in DPF (predominant active regeneration strategy)
[18].

2.9 Investigation of Diesel Ash inside Diesel Particulate Filter
A. Liati et al., [19] investigated the electron microscopy analysis of diesel ash

on morphology, SEM images of ash accumulated in DPF and chemistry of ash
components. Accumulated ash were found out either in loose and powdery or brittle
agglomerates sizing in the range of hundreds of nm to a few pm as shown in figure 2.19
(a). Besides, a very fine powdery ash particles were also penetrating through the pores
of DPF as described in figure 2.19 (b). SEM images of ash particles showed the minor
components such as drop-like particles, glassy particles of Al-silicate composition and
a few spherical Fe-oxide particles. The composition of bulk ash was also investigated
by using EDX and concluded that various metal oxide compositions were found inside
bulk ash as described in table 2.5. Moreover, TEM images of nanostructure of bulk

ashes were found out in straight line structures as shown in figures 2.20.
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Figure 2.19 (a) SEM image of ash agglomerates in the pores of the channel wall of
used DPF [19].

¥ channel wall

Figure 2.19 (b) SEM image of massive ash penetration in the pores of the channel
wall of used DPF [19].
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Table 2.4 Chemical composition of bulk ash [19].

Element Concentration: mol% - (wt%)

Light truck Passenger car

center periphery
Cao 15.7 (9.16) 17.3(10.2) 20.9 (9.74)
Zn0 9.33 (7.94) 10.5 (9.00) 7.67 (5.20)
P205 9.50 (14.1) 8.23 (12.3) 8.17 (9.66)
MgO 22.4(9.45) 226 (9.57) 2.47(0.83)
SO3 23.0(19.2) 326 (27.5) 5.18 (3 45]
Fe,03 10.3 (17.2) 4.69 (7.88) =50 (70
Al,O4 492 (5.24) 1.35 (1.45) 1.13 (0. 96)
Cry04 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 (0.21)
Si0, 1.10 (0.69) 0.21 (0.13) 0.94 (0.47)
MnO 0.34 (0.25) 0.19 (0.14) 0.05 (<0.1)

Figure 2.20 TEM images of bulk ash showmg stralght llne structures [19].
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2.10 Surface Chemistry and Application of Metal Oxide Catalysts
Metal oxides are used as catalysts due to its great catalytic effects. Naturally,

surfaces of metal oxides are very rare to exist as an ideal homogeneous surface. In fact,
structure defects (i.e. steps, kink edges and corners) and point defects (i.e. oxygen
vacancies) are present [20 — 23]. Bolis. V [20] proposed a schematic diagram of metal
oxide’s (MgO) surface imperfection presenting surface defects and point defects are

shown in figure 2.21.

surface
vacancy
corner T
vacancy
anion
vacancy

substitutional
cation

Figure 2.21 Cartoon of a piece of realistic MgO nanocrystal, which exhibits both
structural (steps, kinks edges and corners) and point (oxygen vacancy) defects [20].

Among surface defects, oxygen vacancies can adsorb more oxygen. The more
oxygen adsorption leads to more desorption and reaction rat is increased. Therefore,
metal oxides are widely used as catalysts by increasing the number of oxygen vacancies
using doping or nano-structuring. To measure the amount of adsorbed oxygen on metal
oxide surfaces, temperature programmed desorption (TPD) method was commonly
applied [24]. Scanning tunneling microscope is an essential tool to analyze the oxide
surfaces by magnifying until atomic resolution [25]. Diebold. U [26] investigated metal
oxide surface’s imperfection of Titanium dioxide (TiO:) surface using scanning
tunneling microscopy (STM) images. The author concluded that the oxygen does not
stick to fully oxidized surface and the oxygen vacancies on Titanium dioxide’s surface
were increased by metal oxide reduction. The location of metal ions, oxides and oxygen
vacancies obtained from STM images were described as shown in figure 2.22 (a). By

presenting point defects (i.e. oxygen vacancy), metal oxide catalyst can offer great
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catalytic effects. Solid-gas reaction mechanism, Mars-Van Krevelen mechanism, the
oxide surface is directly involved in a solid-gas reaction by using its most reactive
oxygen atoms. A weakly bound surface oxygen atom is added to the reactant forming
oxygenated compound leaving as anion oxygen vacancy [27].

As shown in figure 2.22 (b), three possible catalytic soot oxidation mechanisms
of metal oxide were proposed by Uchisawa, J. et al. [28]. In mechanism (1), active
oxygen is released from the lattice by redox reaction of CeO> and carbon from soot.
Regarding to activity series, carbon (C) is more active than cerium (Ce). Therefore,
oxides from CeO: can be diffused into carbon as active oxygen. In mechanism (2),
oxygen molecules from supply gas are dissociative adsorbed on metal oxide surface,
move onto the soot surface and reacts with soot. In mechanism (3), active oxygen
species (0O77) are formed on surface oxygen vacancy sites generated by the reduction of
CeO: and the vacancies can accept the oxygen molecules from supplied gas and oxidize
the soot. Moreover, phenomena of oxygen vacancy from mechanism (3) is mainly

based on solid-gas reaction of Mars-Van Krevelen mechanism.

Co,

2 B ,(
0o

4+

Ce
Mechanism 3

V,

sample™

=+0.8 V, const. height, T=78 K =
(a) STM image of TiO [26] (b) Catalytic soot oxidation mechanisms[28]

Figure 2.22 (a) STM image of TiO» surface showing (T1) metal ions, oxygen atoms
and anion oxygen vacancies (V, ) and (b) Catalytic soot oxidation mechanisms.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Experimental Equipment

3.1.1 Engine specification
A natural aspirated, single cylinder, direct injection, compression ignition

engine (Kubota RT 140 DI) was used to generate the particulate matters. Engine
displacement volume is 709 cm?® and compression ratio is 18:1. Details of engine
specifications are briefly described in Table 3.1 and engine performance curves are

shown in figure 3.1.

Table 3.1 Engine specification
Items Details
I-cylinder, natural aspirated, direct injection,

Engine type compression ignition engine
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
rislv £
= ol
[ —] i E
2 S /"'
13 =
= :; : 7 ) CONTINUOUS
wi
=

RT140DI

Figure 3.1 Engine performance curve of Kubota RT-140 DI CI engine.
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3.1.2 Engine dynamometer
As shown in figure 3.2, an eddy current engine dynamometer (Tokyo plant

model ED-60-Horizontal) was used to control the desired engine speed and load
conditions. Engine propeller shaft (drive shaft) is mounted on the dynamometer and the
torque arm is connected to the load cell to measure the outcoming torque from the
engine. The measurable torque can be converted into power for calculating the brake
power of the engine. Dynamometer is controlled by control unit which is worked by
the aid of Lab-view program. Various speed and load conditions was applied to obtain
the information under different engine operating conditions. Details of various engine
operating conditions for each experiment are described in Table. 3.2 and schematic

diagram of engine dynamometer is shown in figure 3.3.

Figure 3.2 Eddy current engine dynamometer.
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Table 3.2 Various engine speed and load conditions.

Experiments Speed (rpm)

Load (%)

Engine performance

Smoke intensity

1600, 2000,2400

20, 50, 80, Full load

Soot powder 2400

Full load

9

x

B

2

\

| Dynamometer |

E.ﬁ 11
13 \V /WA= T @

8 7[—_1 6 To Blower
-~ [f 10 I

v

Diesel engine

Lo/

Figure 3.3 Schematic diagram of engine experiment.

Labels:

1)
2)
3)

4)
5)
6)
7)
8)
9)

Propeller shaft

Load cell

Dyno cooling water temperature
sensor

Crank angle encoder sensors
Data acquisition unit

Fuel beaker

Solenoid valve (1)

Solenoid valve (2)

Fuel supply

10) Weight scale

11) Soot powder collector
12) Smoke meter

13) Data logger

14) Computer (Lab-view)
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15) Pressure sensor
16) Exhaust muffler



3.1.3 Test fuels
Conventional diesel (B7) and hydrotreated vegetable oil (HVO) were used as

ideal fuels. Secondly, designed lubricating oil with excess oil additives were blended
directly into diesel and HVO fuels by the exact amount of (10%) by mass. The
properties of test fuels and blending lubricant oil properties are shown in Table 3.3 and

Table 3.4.

Table 3.3 Properties of test fuels.

Properties Standard Diesel HVO
Density

@30°C (g/cm?®) ASTM D4052 0.824 0.778
Kinematic viscosity ASTM D445 394 7 64
@40°C (mm?/s)

Carbon content (%) ASTM D5291 85.73 84.24
Hydrogen content (%) ASTM D5291 13.22 15.05
Oxygen content (%) ASTM D5599 0.00 0.00
Cetane Index ASTM D4737 60.43 76.89
Distillation T10 (°C) ASTM D8611b 207.7 2274
Distillation T50 (°C) ASTM D8611b 287.9 278.2
Distillation T90 (°C) ASTM D8611b 352.3 293.2
Auto ignition temperature (°C)  ASTM 659 288 288

Table 3.4 Properties of blending lubricant tested by Bangchak Corporation.

Test Method Result
Density @15°C (g/mL) ASTM D4052-15 0.8960
Density @30°C (g/mL) ASTM D4052-15 0.8866
Viscosity @40°C (mm?/s) ASTM D445-15a 154.8

Viscosity @100°C (mm?/s) ASTM D445-15a 15.05

Magnesium (%wt) ASTM D6481 0.1816
Zinc (%wt) ASTM D6481 0.0798
Phosphorous (%wt) ASTM D6481 0.0856

29



3.1.4 Smoke meter
Okuda DSM - 240 was introduced to measure the smoke intensity of the exhaust

emission. At first, engine was controlled under desired operating condition for (3)
minutes running time. After that, gas detector was inserted into the exhaust muffler for
(7) seconds in order to reach the exhaust gas along the pipe. Finally, the pump must be
released by pressing the lever and waiting for (3) seconds. At last, after the exhaust gas
passed through filter paper, it was detected by light detector to measure the soot
contamination by expressing percentage. Smoke meter and filter paper that are used in

this experiment are shown in figure 3.4.

Figure 3.4 Opacity smoke meter (Okuda DSM — 240) and filter paper.

3.1.5 Pressure sensor
Kistler high temperature pressure sensor (Type 6052C) was used at a pre-

installed pressure mounting sleeve as shown in figure 3.5. Sensor was mounted directly
in the cylinder head with a tightening torque of 1.5 Nm. Sensor’s front is (M5x0.5) bore
and it was installed prescribed guidelines to obtain the optimal pressure measurements

inside cylinder through the experiments.

@4 8

- Mounting sleeve

Figure 3.5 Engine combustion pressure analyzer and location of mounting sleeve.
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3.1.6 Encoder sensors

To observe the combustion pressure according to the crank angle position, crank
angle encoder (CA-RIE-360) was used. The marker disk with 360° slits (outer diameter
120 mm) was installed at the end of the flywheel path. An infrared beam is emitted and

the marker disk including slits will pass inbetween the sensor unit. Encoder sensor and

marker disk are shown in figure 3.6.
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Temp. Range -10 °C to 60 °C
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1P65 protected
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(end to end hollow shaft)

incl. fixturing and 10 m cable
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(2.81x1,76x2in.)

Temp. Range -20 °C 1o 85 °C
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Combustion Analysis

Torsional Vibration
Rotational Vibration

Cu:nm}slian Analysis

" The DEWE-CRANKANGLE-CPU is already integrated in DEWE xxxx-CA2-PROF systems!

Figure 3.6 Encoder sensors (CA-RIE-360).

3.1.7 Data acquisition (DAQ) system

DAQ system connects the data information between engine and computer. As

shown in figure 3.7, “DEWESoft SIRIUSi-HS-CA” was used in this experiment.

g g g g o
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Figure 3.7 Data acquisition (DAQ) system.
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3.2 Experimental Procedure

3.2.1 Combustion characteristics
For the combustion characteristics analysis, 12 various engine speed and load

conditions (as previously described in Table 3.2) were conducted to investigate the
performance of the engine for each fuel conditions. Measureable torque, brake specific
fuel consumption, engine speed values resulting from lab-view program were used to
calculate the brake specific energy consumption and brake thermal efficiency to
compare each fuel. By using pressure — crank angle data from pressure sensor, Pressure-

Volume relationship (PV diagram) can be transformed as shown in figures 3.8.
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Figure 3.8 Combustion pressure analysis of (a) Pressure-Crank angle and (b) PV
diagram.
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3.2.2 Physical characterization of particulate matters
Scanning electron microscope (FE — SEM SU8030: magnification 20X to 800,

000X) as shown in figure 3.9 was used to investigate the agglomerate structure of
particulate matters (in the range of PM2.5, PM10) in micro- scales. Particulate matters
trapped by the filter paper was used to investigate the morphology of PM in micro-
scales. (1000x, 10,000x) magnification was introduced to observe the agglomerate
structure of PM.

Transmission electron microscope (JEM — 2100 Plus) as shown in figure 3.10
was used to investige the nanostructure of ultrafine agglomerate particles and single
primary particles in nano-scales. PM powders which was collected by the soot collecter
were used. (30,000x) magnification was introduced to observe the ultrafine
agglomerate particles and (600,000x and 800,000x) magnifications were introduced to

observe clearly the single primary nanostructure of particulate matters.

[

5 =

= _;.u. ik ( - 7
M&u:“

Figure 3.9 Investigation of agglomerate structure of PM using Scanning Electron
Microscopy (SEM).

Figure 3.10 Investigation of single primary nanostructure of PM using Transmission
Electron Microscopy (TEM).
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To investigate the skeletonized nanostructure of single primary particles as
shown in figure 3.11, Image] software was used. At first, TEM image (25nm x 25nm)
was cropped into (Snm x 5nm) image. This (5nm x 5nm) image was transformed into
black and white binary image without outliers. Finally, black and white binary image

was transformed into skeletonized image to see the different crystallites structure of

particulate matters in nano- scales.

Figure 3.11 Investigation of skeletonized nanostructrure of diesel soot and metal
oxide ash using ImageJ.

3.2.3 Chemical composition analysis of particulate matters
To investigate the chemical composition of particulate matters as shown in

figure 3.12, electron dispersive x-ray spectroscopy was introduced by the aid of
scanning electron microscopy. PMs from filter paper were detected by electron beam
and it was determined by their x-ray energies. (3) spectrums were observed to each

samples for fairly comparison.

Figure 3.12 Chemical composition analysis of diesel blending lube oil PMs showing
unburned metallic additives by using Electron Dispersive X-ray Spectroscopy (SEM-
EDS) analysis.
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3.2.4 Elemental analysis of particulate matters
To investigate the elemental analysis of particulate matters in nano- scales,

electron dispersive x-ray spectroscopy was introduced by the aid of transmission
electron microscopy as shown in figure 3.13. Electron beam with the intensity of (0 —
40 keV) was chosen according to different x — ray energies of each elements. Same
magnification as TEM image (600,000x and 800,000x) was introduced to observe the

elemental composition in nano- scales.

Figure 3.13 Elemental analysis of EDS spectra focusing on metal oxide ash showing
metallic elements.

3.2.5 Oxidation kinetics of particulate matters
Thermogravimetric analyzer (NETZSCH) was used to investigate the oxidation
kinetics of particulate matters. Operating temperature was increased by isothermal and
the operating atmosphere was maintained with pure air. Only nitrogen gas was
introduced until the operating temperature was reached. After reaching operating
temperature, the properable amount of O> was introduced to be pure air atmosphere.

(550, 575, 600, 625, 650) degree celcius were chosen to oxidize the PM.

Diesel ($50C) Diesel (550C)
Diesel (600C) Diesel (600C)
i Diesel (625C) Diesel (625C)
\ ——DiesekL (550C)

E -8 —— Dieset L (800C)
—— Diesel-L {625C)

—— Diesel-L (550C)
— Diesei-L (600C)
Diesel-L (625C)

Normalized oxidation mass. conversion (%)
-dPMidt (/sec)

] 500 1000 1500 2000 2500 3000 3500 2500 3000 3500

Time (sec) Time (sac)

Figure 3.14 Thermogravimetric analysis of diesel blending lube oil PMs showing
faster mass conversion rate due to influence of metal oxide ash acting as catalyst on
oxidation kinetics.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Combustion Characteristics of Diesel and HVO Fuels
Engine combustion characteristics of diesel and Hydrotreated Vegetable Oil

(HVO) fuels were successfully conducted using 1-cylinder small CI engine.
Combustion pressure, brake specific fuel consumption, engine performance, heat
release rates and also indicated and brake thermal efficiency of HVO fuel combustion
were analyzed by comparing diesel fuel combustion characteristics. Soot contamination
percentage under different engine operating conditions were also measured using a
smoke meter. Regarding to second generation biodiesel properties of HVO, oxygen
molecules has been removed to be mostly identity with diesel fuel properties. Not only
combustion characteristics but also less smoke intensity advantages of HVO fuel

combustion were found out in this experiment.

4.1.1 Chemical properties of test fuels
Conventional diesel (B7) and synthetic biodiesel: Hydrotreated Vegetable Oil

(HVO) were used as reference fuels in the experiment. Chemical properties of each fuel
are described in Table 4.1. HVO fuel has lower fuel density and lower energy density
compared to conventional diesel since auto ignition temperature are identity. One of the
prominent advantages of HVO is higher cetane index which could shorten the ignition
delay during combustion. As shown in figure 4.1, fuel distillation test was conducted
to analyze the fuel molecules. During fuel distillation experiment, test fuel was placed
inside the distillation column and temperature was increased steadily. Results are
recorded as volume fraction in percentage. Fuel with lower fuel molecules are easier to
distillate than the fuel composed of greater fuel molecules and the results are described
as T10, T50 and T90 which is meant for distilled volume fraction of (10%, 50% and
90%). According to fuel distillation result, HVO needs lower temperature to reach the
distilled volume fraction of 50% and 90%. This information confirmed that HVO is

composed of smaller fuel molecules compared to conventional diesel.
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Table 4.1 Chemical properties of test fuels.

Properties Diesel HVO
Chemical formula Ci4.11 Ha6 23 Ci4.03 H29.86
Density@30°C (g/cm?) 0.824 0.778
Lower Heating Value (kJ/g) 45.86 46.86
Energy Density (kJ/cm?) 37.79 36.45
Carbon content (%) 85.73 84.24
Hydrogen content (%) 13.22 15.05
Oxygen content (%) 0.00 0.00
Cetane Index 60.43 76.89
Distillation T10 (°C) 207.7 227.4
Distillation T50 (°C) 287.9 278.2
Distillation T90 (°C) 352.3 293.2
Auto ignition temperature (°C) 288 288
400
Sed T —#— Diesel =
-+ HVO o
© ~
&\ % T4 g5 e——
2 ==
g 250 4 - 2
- el
200 A -
150

0 10 20 30 40 50 60 70 80 90 100
Distilled Volume Fraction (%)

Figure 4.1 Fuel distillation test result.
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4.1.2 Combustion pressure
Combustion characteristics analysis of diesel and HVO fuel combustion have

been initiated with pressure — crank angle measurement which gives rise to the pressure
— volume (PV) diagram. Pressure — crank angle and PV diagrams from various speed
condition (1600, 2000, 2400) rpm under full engine load condition are described in
figures 4.2. According to each operating engine speed under full load condition, HVO

fuel combustion offers slightly greater combustion pressure.
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Figures 4.2 Combustion characteristics of (a) Pressure — crank angle (b) PV diagram.
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4.1.3 Engine performance
Engine performance curves of both diesel and HVO combustion are described

in figure 4.3 in terms of speed (rpm) and torque (Nm). When the engine speed is
increased, the torque delivered by the engine is decreased. HVO fuel combustion
produce lower torque compared to diesel especially in high engine load condition (i.e.
2400 rpm). This result might be related to different fuel properties of density (g/cm?)
and lower heating Qruv (kJ/g) values of diesel and HVO. Energy density (kJ/cm®) can
be calculated as shown in Table 4.1 by using density and lower heating values. Diesel
nozzle inject same volume of fuel in the cylinder. Energy density means how much
energy can be obtained according to each fuel injected volume. Lower fuel density of
HVO can offer lower energy per volume (i.e. energy density) and this effect might be
leading to lower torque. Therefore, indicated work of HVO is lower than diesel fuel
combustion. Calculated indicated work W; for diesel and HVO combustion were 641

Nm and 515 Nm respectively.
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Figure 4.3 Engine performance curve.
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4.1.4 Heat release rate
Heat release rates of diesel and HVO fuel combustion under full engine load

condition with various speed conditions were briefly described in figure 4.4. Heat
release rate curves can be divided into 3 different stages such as (i) vaporization (ii)
premix combustion (iii) mixing control combustion. The injected fuel is start vaporized
at vaporization stage and premix combustion occurs where the peak of heat release rate
can be produced. Finally, mixing control combustion is followed by the continuous fuel
injection. Fuel vaporization of HVO was better than diesel and it leads to greater fuel
atomization which could significantly reduce the heat release rate at the vaporization
stage as shown in figure 4.4. Moreover, HVO fuel offers shorter ignition delay due to

attaining the higher cetane number compared to convention diesel.
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Figure 4.4 Heat release rates under engine full load condition.
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4.1.5 Brake specific fuel consumption and thermal efficiency
Brake specific fuel consumption, indicated and brake thermal efficiency of

diesel and HVO fuel combustion results were compared as shown in figures 4.5 to 4.7.
Less fuel consumption, higher cetane index and greater Qruv of HVO might be the
reasons to achieve better thermal efficiency compared to conventional diesel. Engine
experiment has also been conducted under part load operation which is operating under
20%, 50% and 80% of engine full load condition at 2400 rpm. Brake specific fuel
consumption, combustion pressure data and indicated thermal efficiency were
measured to confirm the previous variable speed and engine full load condition as

shown in figures 4.8 and 4.9.
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Figure 4.5 Brake specific fuel consumption.
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Figure 4.6 Indicated thermal efficiency.
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Figure 4.7 Brake thermal efficiency.
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Figure 4.8 PV diagram of diesel and HVO operating under part load conditions.
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(indicating as dashed lines) under part load condition.
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4.1.6 Smoke Intensity
The amount of unburned hydrocarbon (soot) contamination percentage were

compared between diesel and HVO fuel combustion under different engine’s speed and
load conditions as shown in figures (4.10) and (4.11) . Contamination of soot (smoke
intensity) was increased according to higher engine’s speed and load conditions. Engine
combustion from HVO fuel emits less smoke intensity than diesel. HVO fuel is
composed of smaller hydrocarbon molecules and injected fuel were more efficiently
vaporized due to better fuel atomization. Unlike conventional diesel, HVO fuel is a

synthetic paraffinic fuel, lower density and higher cetane index which might lead to

J oo
HVO

Figure 4.10 Smoke intensities under part load condition.

more complete combustion and less soot contamination.
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Figure 4.11 Smoke intensities under engine full load condition.
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4.2 Characterization of Particulate Emission from Diesel & HVO
Physicochemical characterization of particulate matters emitted from diesel and

HVO fuel combustion were briefly compared. Physical characterization such as
agglomerate structures in micro- scales, ultrafine agglomerate structures in nano- scales
and morphology of single primary particles nanostructures using electron microscopy
(SEM and TEM). Measurement of fringe lengths by applying Image-J software were
investigated. As a chemical characterization, isothermal thermogravimetric analysis
was conducted to analyze the oxidation kinetics of particulate matters and also

activation energy were calculated by using Arrhenius equation.

4.2.1 Agglomerate structure of particulate matters
Figures 4.12 compare the SEM image of agglomerate structure of diesel and

HVO PM emitted from 2000 rpm engine full load condition which were collected by
paper filter using opacity smoke meter. As in the micro- scales, PM sizing in the range
of PM 2.5 (less than 2.5 pm) and PM 10 (less than 10 um) were grouped to become an
agglomerated structure. Regarding to SEM image, there is no significant difference

between the agglomerate structure of diesel and HVO PMs.

; s T T
E(L) 2.00um

(a) Agglomerate structure of diesel PM (b) Agglomerate structure of HVO PM

Figures 4.12 SEM image of agglomerate structure of (a) diesel PM and (b) HVO PM
emitted from 2000 rpm engine full load condition.
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4.2.2 Ultrafine agglomerate particles
Morphology of ultrafine agglomerate particles were also analyzed by the aid of

TEM image of PM nanoparticles which is derived from 2400 rpm engine full load
condition. Single primary particles were combined each other to become an ultrafine
agglomerate particle. According to TEM image of ultrafine agglomerate structure of
diesel and HVO PMs, single primary particles from both PMs were agglomerated in

similar structures.

(a) Ultrafine agglomerate structure of diesel PM

(b) Ultraﬁne agglomerate structure of HVO PM

Figures 4.13 TEM image of ultrafine agglomerate structure of (a) diesel PM and (b)
HVO PM emitted from 2400 rpm engine full load condition.
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4.2.3 Nanostructures of single primary particles
Transmission electron microscopy was used to investigate the single primary

particle nanostructure of diesel and HVO PMs. PM powders were collected under 2400
rpm engine full load condition. 600k and 800k magnifications were introduced to take
the TEM images. A single primary particle nanostructure from both diesel and HVO
soot are spherical shapes composed of curve-line crystallites and single primary
particles from both PMs are sizing in the range of 10 — 60 nm. Therefore, single primary
particle nanostructure of diesel and HVO soot are also physically similar morphologies

as shown in figures 4.14.

(b) Single prmay nantrue of O PM
Figures 4.14 TEM images of single primary nanostructure of (a) diesel PM and (b)
HVO PM emitted from 2400 rpm engine full load condition.
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4.2 .4 Skeletonized nanostructure of particulate matters
As in figures 4.15, transformation of TEM image of soot into skeletonized

nanostructure is described to investigate mainly for the carbon fringe lengths and
crystallite structures. Image J software was used to achieve the skeletonized patterns.
First, TEM image was cropped into 10nm x 10nm image to cover either inner core or
outer shell and this cropped image was changed into black and white textures and
finally skeletonized structure was transformed. The skeletonized nanostructure of both

diesel and HVO soot has similar curve line carbon crystallites.
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Figures 4.15 TEM images of soot from (a) diesel (b) HVO, (5Snm x Snm) cropped

images of soot from (c) diesel (d) HVO, black and white binary images of soot from
(e) diesel (f) HVO, skeletonized images of soot from (g) diesel (h) HVO.

4.2.5 Fringe length distribution
Carbon fringe lengths from soot were measured using TEM image by the aid of

Image J software. Single primary particle nanostructure of engine’s soot can be divided
as inner core and outer shell. Inner core has much number of shorter fringe lengths
while the outer shell is composed of less number of longer fringe lengths. Carbon fringe
lengths were measured upon (3) different zones such as (i) 10nm x 10nm cropped area
which covers for both inner core and outer shell (ii) inner core and (iii) outer shell.
Measurements has been conducted on (3) different samples for all focused zones.
According to 10nm x 10nm cropped area, the average fringe lengths from both diesel
and HVO were mostly in the range of 0.3 — 1.8 nm. Besides, the fringe lengths from

the inner core were mostly in the range of 0.3 to 1.0 nm while the outer core fringe
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lengths were 0.9 to 1.8 nm. Moreover, the average fringe lengths derived from both
diesel and HVO soot in all (3) different zones are not significantly different as shown

in figures 4.16.
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Figures 4.16 Fringe length distribution of (a) 10nm x 10nm(b) inner core (c) outer
shell.

4.2.6 Oxidation mass conversion of particulate matters

Isothermal thermogravimetric analysis was conducted to investigate the
oxidation kinetics of particulate matters. PM samples were heated with increasing
temperature starting from 550°C which is the enough amount of temperature to initiate
the soot burning by pure air atmosphere according to previous literatures. Nitrogen gas
was used until reaching the operating temperature and operation has been done under
pure air atmospheric condition with different temperatures such as 550°C, 575°C,
600°C, 625°C and 650°C. Mass conversion of test sample was recorded for each 0.3
seconds discrepancy. Mass conversion of TGA can be distinguished into (3) sections
such as vaporization, carbon oxidation and unburned fraction oxidation. Less than 10%
of soluble organic fraction and water vapor are vaporized during increasing temperature
with nitrogen atmosphere. When the operating temperature has reached, oxygen was
injected, and carbon oxidation is initiated. After all of the combustible carbon is
oxidized, a very few fractions of incombustible materials will be oxidized, and the
process is terminated. Regarding to TGA mass conversion result, particulate matters
derived from HVO fuel combustion were easier to oxidize than diesel PM as described
in figure 4.17. Chemical properties of particulate matters are mainly dependent upon
the engine operating conditions, fuel properties and types of lubricant. Unlike

conventional diesel, HVO fuel has no aromatic since it is a paraffinic fuel with lower
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fuel density. Besides, smaller fuel molecules composition of HVO might become the

advantages to oxidize faster.
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Figure 4.17 Oxidation mass conversion of particulate matters.

4.2.7 Oxidation kinetics and apparent activation energy (Ex)
Higher PM oxidation rates of HVO can be found out due to faster mass

conversion as shown in figure 4.18. HVO PM oxidation rate at 650°C is the highest
oxidation rate since oxidation rate is directly proportional to temperature according to

Arrhenius equation as shown in following equations.

PM + 0, = CO, (4.1)
-dPM —Eq
—— = AeF [PM]*[0,]™ (4.2)
1 -dPM -E; [1
In [ T e ]: T [;]+lnA+mln[02] (4.3)
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Apparent activation energy between the reaction of carbon and oxygen
molecules can be estimated by using different temperature oxidation rates which is
linearly straight line corelated as in figure 4.19. Regarding to the calculation from
Arrhenius equation, faster oxidation kinetics of HVO PMs utilize lower activation
energy compared to diesel PM. Calculated activation energies of diesel and HVO PMs
were 154.9 kJ/mol and 140.6 kJ/mol respectively.
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Figure 4.18 Oxidation rate of diesel and HVO PMs.
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Figure 4.19 Arrhenius plot of PM oxidation rates.
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4.3 Impact of Engine Oil’s Additives on Particulate Emission
During combustion inside the engine cylinder, lubricants can also participate.

Contamination of lubricants can vary the physical and chemical properties of particulate
matter. In this study, physicochemical characterization of impact of engine oil’s
additives on particulate matter formation were investigated by using electron
microscopy, electron dispersive x-ray spectroscopy and thermogravimetric analysis
Contamination of engine oil during engine combustion can cause the formation
of metal oxide ash among particulate matter composition. These metal oxide ashes
cannot be burnt by DPF regeneration process and it reduces effective filtration length
of DPF leading to blockage overtime. In this study, a designed lubricating oil containing
excess amount of additives were blended 10% by mass directly into the reference fuels
(i.e. diesel and HVO). The chemical composition and properties of designed lube oil is
shown in Table 4.2. According to lube oil additive composition test (ASTM D5185),
composition of sulfur could not be detected for designed lube oil. The purpose of
blending excess additive lube oil directly into the fuel is in order to increase the ash
formation percentage amongst particulate matter composition since these metal oxide

ashes are mainly originated from the unburned engine oil additives.

Table 4.2 Chemical properties of designed lubricating oil.

Test Test Method Units Result
Density @15°C D4052-15 g/mL 0.896
Density @30°C D4052-15 g/mL 0.8866
Viscosity @40°C D445-15a mm?/s 154.8
Viscosity @100°C D445-15a mm?/s 15.05
Viscosity index D2270 - 97
Calcium D5185 PPM 1942
Phosphorous D5185 PPM 757
Zinc D5185 PPM 846
Silicon D5185 PPM 5.6
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4.3.1 Agglomerate structure of particulate matter
Scanning electron microscopy (SEM) was used to investigate the agglomerate

structure of particulate matters in micro- scales as shown in figures 4.19. Figure (a)
describes the agglomerate microstructure of particulate matter from diesel condition
and figure (b) shows the agglomerate microstructure of particulate matter derived from
diesel blending lube oil condition respectively. According to the SEM images, the
agglomerate structure of lubricant oil related particles has not shown significant
different in micro- scales. In other words, the agglomerate structure of lubricant oil

related particles was similar to agglomerate structure of diesel PM.

5.4m E(L)

(a) Agglomerate structure of diesel PM

5.5mm x10.0k SE(L)

(b) Agglomerate structure of diesel blending lube oil PM

Figures 4.19 SEM image of agglomerate structure of (a) diesel PM and (b) diesel
blending lube oil PM emitted from 2000 rpm engine full load condition.
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4.3.2 Ultrafine agglomerate structure of particulate matter
Transmission Electron Microscopy (TEM) images were used to determine the

ultrafine agglomerate primary particle nanostructures as shown in figures 4.20. Soot
powders were collected under 2400 rpm engine full load condition since this engine
condition is suitable 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.

(b) Ultraﬁne agglomerate structure' of diesel blendlng lube 011 PM

Figures 4.20 TEM images of ultrafine agglomerate structure of (a) diesel PM and (b)
diesel blending lube oil PM emitted from 2400 rpm engine full load condition.
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4.3.3 Single primary particle nanostructures of fuel blending lube oil PMs
As described in figures 4.21, nanostructure of diesel blending lube oil PM in

figure (a) and HVO blending lube oil PM in figure (b) were analyzed using TEM
images. Particles from both fuel blending lube oil conditions were combined together
with soot and metal oxide ash. These metal oxide ashes are mainly derived from engine
oil additives. Nanostructure of metal oxide ashes were composed of lattice fringes

showing parallel straight-line hatch patterns.

:;‘ ?;P‘?%Eﬂ

2

() Single imar nanostructure of disel blding lube oil P

HVO Soot "

Metal Oxide ARRL

(b) Single primary nanostructure of HVO blending lube oil PM

Figures 4.21 TEM images of single primary nanostructure of metal oxide ash from
(a) diesel blending lube oil PM and (b) HVO blending lube oil PM.
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4.3.4 Skeletonized nanostructures of metal oxide ashes
To investigate the skeletonized nanostructures of metal oxide ash derived from

diesel blending lube oil conditions and HVO blending lube oil conditions, Imagel
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 transformed 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 figures 4.22. According to the skeletonized images, primary
particle’s skeletonized nanostructure of ashes from both fuel blending lube oil PMs

were composed of parallel straight-line lattice fringes.

b @ (h)

Figures 4.22 TEM images of metal oxide ash from (a) diesel-L (b) HVO-L, (5nm x
Snm) cropped images of metal oxide ash from (c) diesel-L (d) HVO-L, black and
white binary images of metal oxide ash from (e) diesel-L (f) HVO-L, skeletonized

images of metal oxide ash from (g) diesel-L and (h) HVO-L.
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4.3.5 Chemical composition of diesel blending lube oil PMs
SEM-EDS analysis determined the chemical composition of PM from both

blending and without blending lubricant oil condition as shown in figures 4.23 a and b.
Results showed that diesel PM mainly contains elemental composition of Carbon (C)
from soot which is unburned hydrocarbon (HC) derived from engine combustion.
However, SEM-EDS result of diesel blending lubricant oil condition showed not only
Carbon (C) but also additional metallic elements such as Calcium (Ca), Phosphorous
(P), Magnesium (Mg), Silicon (Si) and Zinc (Zn) which all are originated from engine
lubricant additives. Therefore, SEM-EDS result pointed out that metallic additives from

engine lubricating oil cannot be burned during engine combustion.

PM

Figures 4.23 SEM-EDS analysis of chemical composition analysis of (a) diesel PM
and (b) diesel blending lube oil PM emitted from 2000 rpm engine full load condition.
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4.3.6 Elemental composition of diesel blending lube oil PMs
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 EDS, the electron
beam is exerted onto the particles and determined the elements according to x-ray
energies. PM nanoparticles from diesel blending lube oil condition as in figure 4.24 (b)
contain not only carbon but also unburned metallic additive elements which all are
derived from engine oil additives and confirmed as an identity with previous SEM-EDS

analysis. Quantitative TEM-EDS analysis results are summarized in table 4.3.
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Figures 4.24 Qualitative TEM-EDS spectrums of elemental analysis of (a) diesel PM
and (b) diesel blending lube oil PM.
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Table 4.3 Quantitative analysis of PM nanoparticles.
Composition (%)

Element (keV) Diesel PM Diescl-L PM
C 0277 99.208 97.243

0 0.525 0.792 1.386

Si 1.739 ; 1.32

P 2.013 ; 0.001

S 2307 , 0.021

Ca 3.690 ; 0.036

Zn 8.630 , 0.003

4.3.7 Elemental analysis of metal oxide ash
Either qualitative or quantitative elemental analysis of metal oxide ash has been

conducted to determine the composition by using TEM-EDS as shown in figure 4.25.
A single primary ash particle was exerted by electron beam as a focused point and
investigated the elemental components. The intensity of electron beam was within (0 —
40) keV which is sufficient to analyze all of the elements containing in the sample. 600k
magnification was used to focus only on the single primary particle of ash. TEM-EDS
qualitative result showed that ash is composed of metallic components coordination

with higher composition of oxygen to become metal oxide ash.
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Figure 4.25 Qualitative analysis of metal oxide ash.
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Among metallic composition, highest number of Calcium (Ca) was found out
since the designed blending lubricant consists of excess amount of Ca additives.

Therefore, these metal oxide ashes found out in this research can be regarded as plenty

of Calcium Oxide (CaO) ashes.

4.3.8 Oxidation mass conversion of fuel blending lube oil PMs
In order to investigate the contamination of metal oxide ash on soot oxidation

kinetics, thermogravimetric analysis was introduced using pure air atmospheric
condition. Isothermal method was used under (3) different temperatures such as 550°C,
575°C and 625°C as shown in figure 4.26. Nitrogen gas was used to reach the operating
temperature and oxidation process was started by injecting oxygen gas. Starting from
oxidation, mass conversion data were recorded for each 0.3 seconds.

Particulate matters from diesel blending lube oil condition have faster oxidation
kinetics compared to pure diesel PMs as shown in figure 4.26. Furthermore, particulate
matters from HVO blending lube oil condition (HVO-L) were easier to oxidize than
diesel blending lube o1l PMs as described in figure 4.27 since pure HVO PMs were also

faster carbon mass conversion than pure diesel PMs that have discussed in article 4.2.6.
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Figure 4.26 Oxidation mass conversion of particulate matter.
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Figure 4.27 Oxidation mass conversion of particulate matter.

4.3.9 Oxidation kinetics and apparent activation energy
As shown in figure 4.28, HVO blending lube oil PMs have higher oxidation rate

compared to diesel blending lube oil PMs. Arrhenius plot for both fuel blending lube
oil PMs were plotted in figure 4.29. Activation energy of diesel blending lube oil PMs
and HVO blending lube oil PMs were 134.1 kJ/mol and 121.8 kJ/mol respectively.

As a summary, influence of metal oxide ash contamination on soot showed
prominent faster oxidation kinetics in both diesel and HVO blending lube oil conditions
due to presence of ashes acting as catalyst on soot oxidation kinetics. Among four
different conditions of (diesel, HVO, diesel-L and HVO-L) PM, fastest mass
conversion rate can be found out in HVO blending lube oil condition with lowest

activation energy.

62



-dPM/dt (/s)

0.30

Bl owr & & e Sl kR R S Bl el bl
- ~ DieseL 550C |
T 5 ‘:‘ — Diesel-L 575C i
1 : ! —— Diesel-L 600C 1
o P HVO-L 550C |
; P | e HVO-L 575C
1 e HVO-L 600C 1
0.15 - :
0.10 -
| ¥
0.05 4 il
0.00 &Ry
1500
Figure 4.28 Oxidation rate of diesel-L and HVO-L PMs.
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Figure 4.29 Arrhenius plot of Diesel-L and HVO-L PMs.
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CHAPTER 5

CONCLUSIONS AND DISCUSSION

5.1 Combustion Characteristics of Hydrotreated Vegetable Oil
In this research, combustion characteristics of Hydrotreated Vegetable Oil

(HVO) fuel such as combustion pressure, brake specific fuel consumption, engine
performance, heat release rates and thermal efficiency have been investigated by
comparing with conventional diesel.

HVO fuel has higher cetane index and lower fuel density than diesel.
Combustion pressure of HVO fuel is slightly higher and it delivers lower torque.
However, less fuel consumption and better fuel atomization of HVO can be regarded
as great advantages that might lead to higher thermal efficiency. Besides, a synthetic
paraffinic fuel containing no aromatics with higher cetane index of HVO delivered

more complete combustion with less soot contamination.

5.2  Particulate Emission of HVO Fuel Combustion
Electron microscopy image analysis was used to investigate the physical

morphology of particulate matters by capturing agglomerate structure of PM in micro-
scales and ultrafine agglomerate structure in nano- scales. Single primary particles from
both PMs were spherical shape sizing in the range of 10 — 60 nm and these are
composed of curve line crystallites. Fringe length distribution within three different
zones were measured and the results showed similar fringe lengths between diesel and
HVO PMs. The inner core is made up of large number of shorter fringe lengths (ranging
between 0.3 to 1.0 nm) while the outer shell has less number of longer fringe lengths
(ranging between 0.9 to 1.8 nm).

According to isothermal thermogravimetric analysis under pure air atmospheric
condition, particulate matters emitted from HVO fuel combustion were easier to oxidize
than diesel PMs and the apparent activation energies for diesel and HVO PMs were

154.9 kJ/mol and 140.6 kJ/mol respectively.
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5.3 Impact of Engine Oil Additives on Particulate Emission
To investigate the impact of contamination of engine oil’s additives on

particulate matter, physicochemical characterization has been conducted by using
electron microscopy, electron dispersive x-ray spectroscopy and thermogravimetric
analysis.

According to electron microscopy, morphology of agglomerate structure in
micro- scales and ultrafine agglomerate structure in nano- scales were not significantly
different between diesel PMs and diesel blending lube oil PMs. However, the single
primary particle nanostructure from both diesel and HVO PMs were spherical shapes
composed of curve line crystallites (carbon fringes). Regarding to the TEM images of
diesel blending lube oil PMs and HVO blending lube oil PMs, metal oxide ashes were
combined together with soot. Unlike soot, single primary particle nanostructure of
metal oxide ashes were composed of lattice fringes showing parallel straight-lined hatch

patterns as described in figures 5.1 (¢ and d).

*

P gk ¥
e

(©) Diesel-L PM

(d) HVO-L PM
Figures 5.1 TEM images of nanostructures of soot from (a) diesel PM (b) HVO PM,

nanostructure of metal oxide ashes from (c) diesel blending lube oil condition and (d)
HVO blending lube oil condition.

65



Chemical composition analysis of SEM-EDS and TEM-EDS pointed out that
metallic additives from lubricating oil cannot be burnt by engine combustion.
Qualitative and quantitative elemental analysis also confirmed that these metal oxide
ashes were contained unburned metallic composition and higher composition of oxygen
to become metal oxide ash.

Regarding to investigate the influence of metal oxide ash contamination on soot
oxidation, isothermal thermogravimetric analysis was conducted using pure air
atmospheric condition for all of four different PMs (diesel PM, HVO PM, diesel
blending lube oil PM and HVO blending lube oil PM). Results showed that particulate
matters derived from blending lube oil condition has higher oxidation kinetics than pure
diesel and HVO PMs. In fact, the contamination of metal oxide ashes might promote
soot oxidation rate acting as catalysts on soot oxidation kinetics. By following
Arrhenius equation, a reaction which has faster oxidation rate needs lower activation
energy. The faster oxidation kinetics and lower activation energy of diesel and HVO
blending lube oil PMs were found out due to the impact of metal oxide ash acting as

catalyst on soot oxidation kinetics.
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APPENDIX A :

BLENDING LUBE OIL TEST REPORTS
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APPENDIX B :

EXPERIMENTAL ANALYSIS REPORTS
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B-1: TEM-EDS analysis reports of (a) Diesel (b) Diesel-L and (c) Ash focus point
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B-2: Thermogravimetric analysis report of Diesel PM at isotherm.
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Main 201808020827 User DSC
Instrument : NETZSCH STA 440F5 STA440F5A 0045 M File : G \NFTZSCH\Protaus6i\datalN CLIT rapote:2018:T GB1-011'87_A ngb-ss5
Project:  TGG1008 Sample © B7 A, 087 mg Sample car TG © DSC/TG 00105 /5 TG corrim_range : 03035000 mg
Identity : 01 Material : carbon M odeftype of meas. : DSC-TG / Sample DSC corr/m. range : 090/5000 pV
Dateftime :  7/312018 6.38.15 PM Correction file : Segments : 1272 Pre Mment Cycles : OxVac
Laboratory : NCL Temp.Cal./Sens. Files : Temp.Cal._2017.ngb-s5/ Sen.Cal._2017.ngb-es5 Crucible : DSC/TG pan Al203
Operator: TR Range : 25°C/20.0(K/min)/550°G/00 01/550°C/ Atmosphere : 02/N2/N2

Crealed with NETZSCH Proleus software

B-3: Thermogravimetric analysis report of Diesel-L PM at isothermal 550°C with

pure air atmospheric condition.
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Main  2016-08-0208:27 User DSG
Instrument : NETZSCH STA 449F5 STAMOFEAD045 " FEe: CNETZSCH'ProteusBldataNCLIT irapolei2018WGE1-0111HVO ngb-ss5
Project:  1G61-008 Sample : HVO, 088 mg Samplecar/TC:  DSC/1G OcloS /S TG corrJm. range : 090/35000 mg
Identity : 02 Material : camon Mode/type of meas. : DSC-TG / Sample DSC corrm. rangs : 090/5000 pV
Dateftime :  7/317201892048PM  Correction file : Segments : 1272 Pre Mment Cycles : DrVac
Laboratory : NCL Temp.Cal./Sens, Files : Temp Cal_2017.ngb4s5/ Sen Cal _2017.ngb-es5 ~ Crucible : DSC/TG pan ARO3
Operator: TR Range : 25°0/20 C/00-01/550°C Atmosphers : 02/ N2/ N2
Created with WETZSCH Profeus soware

B-4: Thermogravimetric analysis report of HVO PM at isothermal 550°C with pure
air atmospheric condition.
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Main 2018-08-02 0828 User DSC
nstr : NETZSCH STA 449F5 STA449F5A-0045-M File : CINETZSCH\Proteust 1\dalaiNCLITirapote'2018TG61-011HVO_A ngb-ss5
Project : TG61-008 Sample : HVO_A 06mg Sample car./TC DSC/TG OctoS /S TG corr./m.range |  090/35000 mg
Identity : 03 W aterial carbon Mode/type of meas. : DSG-TG / Sample DSC corr/m. range : 090/5000 V.
Dateftime :  8/1/2018 12:21.52 AM Correction file : Segments 1272 Pre Mment Cycles OxVac
Laboratory : NCL Temp.Cal./Sens. Files : Temp Cal_2017 ngb-s5/ Sen Cal_2017 ngb-es5 Crucible : DSC/TG pan AZO3
Operator: TR Range : 25°%G/20 0(K/min)/550°C/00 01/550°C/ Atmosphere : 02/H2/N2
Created with NETZSCH Proleus software

B-5: Thermogravimetric analysis report of HVO-L PM at isothermal 550°C with pure
air atmospheric condition.
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Instrument : NETZSCH 5TA 449F5 STA4497 5A-00454 B " File 1 GANETZSCH \ProteusbTidatail GLITirapote 2019\ G62-001187_575.ngb-555
Project TGa1008 Sample - B7,08mg Sample car/TC:  DSC/1G OcloS15 TG corr/m. range 1 090735000 mg
Identity : 00 Material : sarbon Mode/type of meas. : DSCTG /Sample DSC corr./m. range : 090/5000 v
Dateftime :  10/28/2018 1031:59 Al Correction file Segments : 122 Pre Mment Cycles : OxVac
Laboratory : NEC Temp.CalSens. Files : Temp.Cal_2017 ngb-ls5 / Sen.Cal_2017.ngb-685 — Crucible : DSC/TG pan AI203
Operator:  TG62.001 Range : 25°C/20,0(KiminY575°G/00:01 575°C/ Atmosphere : 02 /N2 /N2

reated wilh NETZSCH Profeus software

B-6: Thermogravimetric analysis report of Diesel PM at isothermal 575°C with pure
air atmospheric condition.
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Main 2018-11-06 1122 User DS
Instrument : NETZSGH STA 449F5 STA449F 5A-00451 File : GONETZSGH'PIoleUst 1 dataiN GLLT rapote 201911 G62-001'67_A_575.105-555
Project:  1G61-008 Sample : B7_A 123mg Sample car/TC:  DSC/GOclo8/6 TG corrJm. range: 080/35000 mg
Identity : 01 Material : carbon Modeitype of meas.: DSC-TG / Sample DSC corr./m. range : 090/5000 yV'
Dateftime :  10/20/2018 11938PM  Correction file : Segments : 1-212 Pre lment Cycles : Ox\ac
Laboratory : NEC Temp Cal/Sens. Files : Temp Cal_2017 ngb-s5 / Sen Cal_2017.ngb-esé  Grucible : DSC/TG pan A203
Operator:  TGGZ 001 Range : 25°C/20 O(Kimin¥575°C/00-01/575°C/ i 02/N2/N2

Created with NETZSCH Profeus software

B-7: Thermogravimetric analysis report of Diesel-L PM at isothermal 575°C with
pure air atmospheric condition.
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Main  2018-11.08 11:22 User DSC
Instrument : NETZSCH STA 449F5 STA449F 5A-0045-M File : CNETZSCH\Proteusfi\dataiN CL\Tirapoie\2019'TGE2-001HVO_575 ngb-ss5
Project : TG61-008 Sample : HVO, 146 mg Sample car./TC : DSCTG Qeto 5SS TG corrJm. range :  090/35000 mq
Identity : 02 Waterial : carbon Modeftype of meas. : DSC-1G / Sample DSC corr./m. range : 090/5000 pV
Dateftime :  10/29/2018 407 38 PM Correction file : Segments : 1-212 Pre Mment Cycles : OxVac
Laboratory : NEC Temp.Cal./Sens.Files : Temp Cal _2017 ngb-fs5 / Sen Cal _2017.ngb-es5 Crucible : DSC/TG pan AI203
Operator:  TGH2-001 |Range : . 25°CI20 QUKMIN)/S75°C/00.01/575°C) Atmosphere : _02/N2/N2

" Grealed wilh NETZSCH Profeus sofware

B-8: Thermogravimetric analysis report of HVO PM at isothermal 575°C with pure

air atmospheric condition.
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Main 20181106 1125 User DSC
Instrument : NETZSCH STA 449F5 STA440F SA-0045-h File : CNETZS5CH \Proteus6idatalNGLTT irapote\20191T G62-0011HVO _A_575 ngb-ss5
Project:  TGA1008 Sample - AVO_A 137mg Samplecar/TC:  DSGAG Oaions /8 TG corrJm_range - 000/35000 ma
Identity : 03 Material carbon Wodeltype of meas.: DSC-TG / Sample DSC corr.im. range : 090/5000 pV
Datefime : 1029/2018 64924 PM  Correction file Segments 1212 Pre Mment Cyeles : OxVac
Laboratory : NEC Temp Cal/Sens. Files : Temp Cal_2017 ngb-is5/ Sen Cal_2017 ngb-es5  Crucible : DSC/TG pan Ai203
Operator:  TG62-001 Range : 25°C/20 0(Kmin)/575°C/00:01/575°C/ Atmosphere : 02 /N2 /N2

Crealed willh NETZSCH Proleus software

B-9: Thermogravimetric analysis report of HVO-L PM at isothermal 575°C with pure

air atmospheric condition.
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Instrument : NETZSCH STA 449F5 STA449F 5A-0045-M File : CINETZSCH'\Proteustii\data'NCL\T irapote\ 2018 GE1-013B7_600 ngb-555
Project : TG61-008 Sample B7,068mg Sample car.iTC DSC/TG OctoS /8 TG corr./m_range :  020/35000 mg
Identity : 00 Material - carbon Mode/type of meas. - DSC-TG / Sample DSC corr/m_range = 000/5000 pV
Dateftime :  8/27/2018 32755 PM Correction file : Segments 1-2i2 Pre Mment Cycles : (xVac
Laboratory : NCL Temp.Cal./Sens. Files : Temp.Cal. _2017.ngb4s% / Sen Gal._2017.ngb-es5 Crucible : DSC/TG pan Al203
Operator TR Range : 25°C/20 0(K/min)/600°C/00:01/600°C/ Atmosphere 02/N2 /N2

Created with NETZSCH Proteus soffware

B-10: Thermogravimetric analysis report of Diesel PM at isothermal 600°C with pure
air atmospheric condition.
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Man  2018-08-28 07:59 User DSC
Instrument : NETZSCH STA 448F5 STAZA0F 5A 00451 File : C NETZSCHProteusé 1 dalaNCLITRapole 201811 GE1-0131B7_A_bUD ngb-555
Project - TGE1-008 Sample B7_A_600, 115 mg Sample car.iTC DSC/TG Octo S /5 TG corr./m_range : 09035000 mg
Identity o1 M aterial - carbon Modeltype of meas : DSC-TG / Sample DSC corrim. range : (90/5000 pV
Dateftime : 827201861208 PM Correction file : Segments : 122 Pre Mment Cycles : (xVac
Laboratory : NCL Temp.Cal./Sens. Files : Temp.Cal_2017.ngb-s5 / Sen.Cal._2017.ngb-es5 Crucible : DSC/TG pan AlZO3
Operator: TR Range : 25°C/20 0(K/min)/600°C/00:01/600°C/ Atmosphere : 02/N2/N2

Treated with NETZSCH Prateas soiware

B-11: Thermogravimetric analysis report of Diesel-L PM at isothermal 600°C with
pure air atmospheric condition.

76



TG /%
120

1104

100

90 1

Temp. /°C

" . 9 . . .1l goo
500

'} 400

Mass Change: -32.32 %)

80 ~ [ 300
200
60 1
r 100
50
O
T T T T T T T T y
0 10 20 30 40 50 60 70 80
Time /min
Main  2010-08-20 08:00 User: DSC
Instrument : NETZSCH STA 449F5 STA440F 5A-0045-M File : C'NETZSCHProfeuséiidataNCL Tirapoie\2018'TGE1-013\HYO_600.ngb-555
Project:  1GO1008 Sample HVO_600, 2.88 mg Sample car/TC : DSCTGOctoS/8 TG corrim. range : 090/35000 mg
Identity : 02 Material : carbon Modeftype of meas. : DSC-TG / Sample DSC corr./m. range : 090/5000 pV/
Dateftime :  8/27/2018 856:17 PM Correction file : Segments : 1212 Pre liment Cycles : DxVac
Laboratory : NGL Temp.Cal/Sens. Files : Temp.Cal _2017.ngb4s5 | Sen Cal _2017.nigb-6s5 Crucible : DSC/TG pan AIZ03
Operator: TR Range : 25°G/20.0(K/min} 500°C/00-01/600°C/ Atmosphere : 02/N2/N2

T Creaied wilh NETZSCH Profeus software

B-12: Thermogravimetric analysis report of HVO PM at isothermal 600°C with pure

air atmospheric condition.
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Instrument : NETZSCH STA 449F5 ST A449F 5A-0045-M File : CNETZSCH Proleust 1'0ata NG LT irapote'20181 G61-0131HVO_A_B00.ngb-555
Project:  TGG1-008 Sample : HVO_A_600, 134 mg Sample car/TC DSCTG OcloS /5 TG corrim. range : 080/35000 mg
Identity : 03 Material : carbon Modeltype of meas.: DSC-TG / Sample DSC corr./m. range : 090/5000 pV
Dateflime : 8272018 11:4023PM  Correction file : Segments : 1212 Pre Mment Cycles : OxVac
Laboratory : NCL Temp.Cal./Sens. Files : Temp.Cal_2017.ngb-1s5/ Sen.Cal._2017 ngb-es5 Grucible : DSCTG pan Al203

Operator: TR Range 25°C/20.0(Kimin)/600°C/00:01/600°C/ Atmosphere : 02/NZ /N2

Treated with NETZSCH Profeirs seftware

B-13: Thermogravimetric analysis report of HVO-L PM at isothermal 600°C with

pure air atmospheric condition.
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: NETZSCH GTA 449F5 STA449F 5A-0045-1

File : C NETZSCH Proteusé 1\datalNCLITrapole\20 18T GB1-0116-3-625B7_625 ngb-s55

Project:  1GG1-008 Sample - B7_625, 182 mg, Sample car/TC:  DSC/TG Oclo§/5 TG corrJm. range : 080735000 myg
Identity o Material : carbon M odeftype of meas. : DSC-TG / Sample DSC corr/m. range : 020:5000 WY
Dateftime :  9/11/20186:18:35 PM Correction file = Segments : 122 Pre MmentCycles : OiVac
Laboratory : NCL Temp.Cal/Sens. Files : Temp Cal_2017 ngb4s5/ Sen Cal 2017 ngbesS  Cruclble : DSCITG pan AZO3
Operator: TR Range : 25°C/20 O(K/MINY6I5°C/00°01/625°C) Atmosphere : 02/N2/ N2

Creafed with NETZSCH Profeus soffware

B-14: Thermogravimetric analysis report of Diesel PM at isothermal 625°C with pure

air atmospheric condition.
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Main  2018-09-12 08:18 User DSC
Instrument : NETZSCH STA 449F5 STA449F 58-0045-M File : CNETZSCH'Proteusti\data'NCL'T rapole\2018'TG6 1-01115-3-625B7-A_625 ngh-ss5
Project : TG61-008 Sample : B7-A 625 127 mg Sample car/TC : DSC/TG Octo 5 /5 TG corr/m._range : 090/35000 mg
Identity : 02 Material - carbon Modeltype of meas. : DSC-TG / Sample DSC corr.im. range : 090/5000 V'
Dateftime :  9/11/2018 9.07:40 PM Correction file Segments 1-2i2 Pre Mment Cycles : 0xVac
Laboratory : NCL Temp.Cal/Sens. Files : Temp.Cal_2017.ngb-s5 / Sen.Cal._2017.ngb-es5 Crucible : DSC/TG pan ARO3
Operator: IR Range : 25°C/20 O(K/min)/625°C/00-01/625°C/ Atmosphere : 02/N2/N2
“Treated wilh NE 12 SCH Proleus software

B-15: Thermogravimetric analysis report of Diesel-L PM at isothermal 625°C with
pure air atmospheric condition.
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Instrument : NETZSCH STA 449F5 STA440F SA-0045-0 File : CINETZSCH \Proleusi\dal@NCL\Tirapote\2018TG61-011\5-3625'HV0_625 ngb-ss5
Project - TGE1-008 Sample - HVO_625,145mg Sample cariTC - DSC/TG Octo S 18 TG corr/m_range : 000/35000 mg
Identity : 03 Material carbon Mode/type of meas.: DSC-TG /Sample DSC corr./m. range : 090/5000 pV
Dateftime :  9/112018 11 5644 PM Correction file : Segments 1-272 Pre Mment Cycles : (xVac
Laboratory : NGL Temp.Cal./Sens. Files : Temp.Cal._2017 ngb-ts5 / Sen Cal._2017 ngb-es5 Crucible DSC/TG pan AlZO3
Operator TR Range 25°C/20 O(K/min)/625°C/00:01/625°C/ 02/N2/N2

Created with NETZ SCH Prafes sofware

B-16: Thermogravimetric analysis report of HVO PM at isothermal 625°C with pure
air atmospheric condition.
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Abstract, According to increasingly stingent ermssion mepulations on particle emssions from

-awbomotrve velicles, a diesel anzine mmst be equipped with diesel particulate fitter (DFF} to trap the
pariiculate matters: (FAs) which can be hammfual to human bealth Meorphology and chemiseal
composition of partioulate matters were successfully studred using elecron oucroscopy and slectron
disparsive ®-ray spectroscopy (EDS) analyms Microstructhwre of particulate matters derived from
diese] blending lubricating cil were not significant different compared to diesel M. Nanostructure
of zoof 152 sphencal shape composed of curve hne crystallites and the particle sizes were m the
range of 10 — 60 noywinle the metal exide ach is composed of lathce fiinges. Chemacal composition
analysis of EDS result showed that metallic additrres from lubnicatme ool cannot be bumed dunng
combusten and nught be transformed mto metal conda ash

L. Introduction

Dhiesal enmine has higher thermal effictency among wtermal combustion enmines (ICEs) nsed
i antomobiles dus to attaiming higher compression 1ato. However, diesel engnes trail black
smokes containng much amount of parhiculate matter (PR resulting from incomplate combuston
around single fiel droplets and are very harminl to buman health such as lung cancer, asthma and so
o PM are composed pnmanly of unbumed hydrocarbon, pure carbon (soot) and metal coide ash as
sobid fractrons. Each PM frachon s mamly dependent upon the chemical properhies of fusl and
Iubnecant, enzine operating conditions, engine wear and exhanst after-reatment technologies [1 —4].

Cme of the exhanst afterireatment systems, diesel parhculate filter  (DFF) 15 an effective
sohotion for reducing particls ermizsion. DPF can frap up to (99%0) of the PIM emmitted from the
exhaust gas and a process which can oxidize the frepped soot mmte carbon diomide 15 called
regeneration process of DPFF. Although regeneraton process can bum the soot effectively.
incombustible metal scide ashes will be remainad at the mlet channels of DPF and causing engine
back pressure. These metal oxide ashes are mainky dermved from lubnicant addioves, engine wear
and a very few amounts of trace metals from the fuel [5, 6]

Dhoing combustion, lubncants can also participate mside engme cvlinder and affect the
composthon of PM emussion Some literatwes have already mweshgated zbout the mmpacts of
Iutmcating o1l contaminaton on parbcle emmssions focusing on not only physical charactenzation
but alse chemucal compositon. Y. Wang et al., found that the ant-wear lubnicant ol additives
chanped the nanostuchuoe of emutted parhecles and led to parficles wath a3 more disordered
nanostuchwe. Sesides, oll-related particles have larger agzregate size than diesel particles [7 - 5]

&l gty rematved. Mo il of corlets of Bk i -] exduond of Fafvimiled ity o0 of by afry msiis withs! e el paifoboesh of Thsts
Tamch Pobibcaicio, wety. s coed e nel (4 1?.‘?&%!‘5‘#: ]
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P. Eamm et al., mvestgated that the nanostucthuoe of soot (Carbon) and ash (Caloram) by
comparng the PM from engine and diesel lamp. The pattern of soot or carbon crystallites locks hke
a curve lime where as the azh eryvstallite locks hke a straaght cross hme pattern wath round outlines.
The average diameter of soot single primary nanoparticles smitted from enzine are in the range of
10 - 60 pm. The chemical composibon and morphology of lubneant derived ash have alzo been
reported The mdradual ash particles have round shapes and mizes of apprommately 10 — 200 nm
[10-12]

The objectives of this article are to mvestigate the physical and chemmeal charactenzation of
diesel particulate matters which are influenced by the mpact of enzine oil’s additives using electron
microscopy and electron dispersive x-rav spectroscopy (EDS) amabysis. Nanostructure of metal
omde ash would be bnefly discussed which 15 still not bnefiy found out among previouws literatures.

1. Experimental

Table | Enzine spectficaton
iamns Detadls
Engize bype I-cylmdar, D7, C1 sngize
Bom x Stroke (57 x 96) mm
Displacemisns T o’
Compression matio [E1
Powar 32 EW @240 KPM
Injection Hming 19 CAWTDC
Fiz. | Schemahic diagram of enmive setup
Table 2 Properties of diesel fuel Table 3 Properties of lubricant
Foal propertiz: Uit Eaanlt Taad Ieiotiod Unit  Eesalt
Chansical Sormmia = CrHa Dieniry @157C ASTMD4G52-15 gml. | 0BG
Aute iguition rr-paratme "G 88 Demgity@30°C ~ ASTMD4052-15  gml  (.EE6S
Calerife valne kike 45 150 TI.'-iEWE".j' @-10'I: ASTM D445-15a =1 154.E
Hsar of vaporiration klke 130 Viscosity ARTM DH45-10a ot 1303
e B @hone
Jumity i 23 Roiy ESE Magmaeiuz ASTMDS48]1 | %t 0.E16
Hfincouky WL il Sk 2 b, ASTM DS Swr 0.0798
Haichirmatit AT iy - il Phificphotis ASTMDSS! | wro 00836
Diiztillation emparaiers
Tl i 2143 Pour pomt ASTM L 5728-02 “C 9
Ti0 i IELS ] i
TTO o 1523 Viscosty index ASTM D2270 - a7

A single cyhnder patwal aspuated direct injection compression engine (Kubota — RT140}
was nsed to penerate the particulate matter (FM). The enmine specification are desenbed m Table 1.
Eddy cuwrrent engine dymamometer was nsed to conirol the vanous enmine speed and load condiions
by the aid of Lab-view progam. To measue the smoke mmfensity of the exhaust emussion, opacity
smoke meter (Okuda DSM — 240) was introduced between the exhaust mmffler’s outlet and the
blower as described 1n fimure 1. Paper filter was inserted into the smoke meter to measuwre the soot
confaminzhon percentage. A soot collector comtaimng metal nething was wsed to collect the soot
powder.

To conduct the expenment, comentional diesel was used as an 1deal fuel and secondly,
desipned ibricant o1l contziming excess amount of Calenmm (Ca) addifrves were blended directly
into the diesel fuel The blending condition 1= the amsount of 1086 by maszs dwectly into the diesel
fuel The pwpese of blending desipned lubncant containmg excess addifives is to obtam more ash

scientific.net/ KEM.798.412

81



414 Materials Science and Technology X

formation among PM composihon since these metal oxide ashes are mamly onginated from engine
oll’s additives. Chemmeal properties of diesel fiel and blending lubnicating o1l are brefly descnbed
iz Table 2 and 3. For the enzine lnbricating system, conventional lubricant 15W-40 APT CT-4/5L
synthetic engine o1l was used.

3. Bezults and Dizeuszzion

31 Smoke Intensity

Opacity smoke meter determined the smoke imtensities of diesel and diesel blending lube o1l
condiions zs shown in figure 2. Diesel blending nbricant condiion showed less smoke intensity
compared to diesal condition especially m high enmine load condition. Less smeoke mbensity means
less soot contamination. Lubnicating ouls are basically formulated with metallic addifives and acidic
composthons, Dunng enmne combustion, the effect of excess metallic acidic composition from
blending mbncating oal mught promote more complete reaction of fuel and cxyvgen molecules.

3.2 Scanning Flectron Microscopy (SEARD)

Scanming electron mucroscopy (SEM) was used to investigate the agglomerate structure of
pariculate matters m micro- scales. Figure 3 (3} descmbes the apglomerate mucrestruchure of
particulate matter from diesel conditton and fizmre 3 (o) shows the agglomerate mucrostuchue of
particulate matter derved from diesel blending hube 01l condinon espectively. According to the
SEM mmazes, the agplomerate shucture of lubneant o1l related parficles have not shown sigm ficant
different in micro- scales.
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(2) Diasel black smoke {b) Diezel blending lube oil black smoke

Fiz 2 Smoke intensines in the engine’s exhanst emission of (2) diese] and (b)) diesel blending lnbe
oil wth lagh concentration of additves
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"{a) Dhesel PM 1) Dhieme? Blenchime inbe oit PAL
Fig. 3 SEM mmages of agglomerate structure of () diesel PM and (b) diesel blending lube odl PM
under 2000 1prn enmne full load conditon
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{2} Dhesel PM () Dhesel blending lube oil PM
Fig. 5 TEM mmage: of (a) diessl soot nanostruchire showing curve bne crystallifes and (B)
nanostructure of metal oxde ash showing lathee franges

3.3 Electron Dizperzive X-ray Spectrozcopy (SEM-EDS)

SEM-EDS analysis determined the chemical composition of FMMs from diesel and diesel
blending labe cal conditions az shown m fipure 4 (z and b). Dhiesel FA= were mamly composed of
chemmcal composition of Carbon (C) from soot. However, chemical composiion of particulate
matters from diesel blending hibe ol conditions contan not onby Carbon (C) but also wmbumed
metallic elements such as Caleiwm (Ca), Phosphorows (P, Magnesiwm (Wz), Siheon (51) and Zine
(Zn) which all are derived from lnbricant additives as shown m fizmure 4 (b} Therefore, SEM-EDIS
result= pointed out that metallic additves fom enpme lubnicatng o1l comnot -be bwwed dunng
combustion and these metalhc elements can be transformed 1mto metal coside ashes.

3.4 Transmizsion Electron AGeroscopy (TEAD)

Transmissicn Electton Micrescopy (TEM) was used to mvestizate the singls primary
nanostruchires of diesel and desel blending lube ol PMs as shown in fizures 5(a and b). Parhiculate
matters were collected mnder 2400 pm engmme full load condifion and 800k marmfication was
introduced to observe the nanostuchure of pnmary particles. As descnbed n fizure 5 (a).
nancstoehre of diesel soof 15 3 spherical shape composed of omve hne orystallites and the particle
sizes are m the range of 10 - 60 nm. Paricles from diesel blending lube ol condiions were
combined together wath soot ard metal oxde ash as bnefly desenbed 1n fizure 5 (b). Unhke soot,
nanostruchre of metal coride ash has shown small cryvstallites composed of lathice fimpes.
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4. Conclusion

Soot contaminabon of blending lubncant o1l condibion showed lower percentage than neat
diesel condition especially in high engine load conditions. The effect of excess metzllic acidic
composiion from blending lubncabmz ol might promote more complete reaction of fuel and
oxyzen molecules inside enpme combustion chamber. As physical charactenization, the agglomerste
stuctures of diesel PM and diesel blending lube cil PM are not sigraficant different i nmero-
scales. However, the single primary nanostructure of soot 15 a spherical shape composed of curve
line crystallites and particle sizes are m the range of 10 — 60 nm while the nanostruchure of metal
oxide azh 15 composed of lathee fimpes. Chenweal composthon of parficulate matters from diesel
blending lube oil condifion showed that metallic additves from engpime lubncatng ol cammot be
bwrned by engine combustion and these wnbumed metallic components might be transformed inte
metal cxide ash.
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Abstract Accordmz to increasingly stringest rezulations on partioslate emission from
auinmodve vehicles, diese] enmine bas to be eguipped with Diesel Part cudate Filter (TPF) to rap
the Pamrcalate Matter (PM} which are very harmfil to buman health Diesel particulase marters
e composad primarnily of mnbumed hydrocarbon [zoet) and metal omide azhes as solid facton.
DPF can map PM with higher fltration eficiency ind the process which can bamn the soot into
carbon dioxide i= called regeneration process. Although repeneration process can bam the soot
efecdvely, incombustible ashes will be remained mside the DPF channel casinz ensins back
pressure. Thess metal oxide ashes are mainly derived fom labricant additives, engine wear and
mace mells fom desel fiel In this anicle, different nanosmactares of diesel soot and meml
pxide ash derwed by diesel blemding lube oil condiion were briefly compased usmg
Transomssion  Elecmon Micrescopy (TEM) image analysis, Electron: Dispersive X-ray
Spectoscopy (EDE) analysis was inmoduced to mvestipate the chemical composition ef
Fariioniate marters. Thermopravimetric Amalysis {TGA) was alse conducted to compare the
oxidation kinetics of pure dizsel soot and the mfluence of mefal oxide ash oo soot oxidation
kinetics. Contminadon of meial owide ashes promoted soot oxidation rate due to the presence
of merllic additves from lube oil actng as a catalyst on soot oxidation kinetics.

Kevwords: Diesel Particulate Matter, Metal Oride Ash. TEAL TGA

1. Introduction

Particulate Matber (FA) emitted from diesa] engines are very harmfinl to bumsn health and
mmist be remaoved doe o stmingent emission regulations. PA are mainly composed of solid fraction (soot
and ash) amd soluble oresmic fraction sach as (solfates snd niates) cozanic compounds. Dhiesel
Particulate Filter (DFF) is coe of the most effective aftenmeatment system which can perform higher PAL
trapping efficiency. There are honeyvoomb rectansular channels where the exhawst gas flows throngzh its
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porous walls. The trapped PMs must be burned owt duning vehicle nnning and a chemical oxdation
process which can oxidize the wapped soot info carbon diecide is called regeneration process. Althouzh
regenerafion process can bumn the sootf effectively, the umbumed mets]l oxide ashes will be remained
along the mlet chanmels cansing engine back pressure. These metal omide ashes are originated mainty
from Inbricant additives and also a very few amount from engine wear and fuel ace metals [1 - 4].

Comventional lobricans additives such as anti-cocidants, mist and commosion imhibitors, viscosity
index modifers, anti-wear (AW) agents, deteTgents and dispersants are well known additives which all
are responsible to get better performance of engine lnbrcatng oil. Among them detergents help to
prevent the hizh tempersmure daposits on the surface of metal walls and also it assists to nentralize acids
that form in the labe oil. They are typically composed of caldum and magnesinm as chemical metallic
compounds. Dharing engine combuston, habe oil can also partcipate and these metallic compounds leave
ac an ash deposit when the edl is bumed [5, 4]

P. Earin ef al., mentioned that nanostrucnure and oxidation kinetics of biodiesel PM compared
to Diesel PM. A primary soot particle has two distinct parts: an inner core and an onter zhell. The size
of each crystallite and agglomeration mizht be strongly related to Brovwnisn force of gas molecule, drag
and shear forces of finid dynsmics, elecoostatcs forces of charge elements. Nanostmcmre of soot is
composad of curve line crystallites while the acsh nanostructure shows straight line stroctares [7, 8]

Dring exgine combmstion, the lubricants can also participate and the contamination of hube odl
can vary the morpholozy and cxidation kinetics of particulate matters. Some literatares have already
investizated not cnly physical characterization like morphology and particle size distriboton bat also
chemical composition focnsing on habe oil related particulate matters [9 - 11]. Y. Wang et al |, found that
the anti-wear hubricant oil additives chanzed the nanostactre of emited partcles and led to particles
with a more disordered nanosmacture. Moreover, oil-relzted particles have larger aggregate size than
diesel particles [12].

In the previcus literatores, coddation kinetics of carbon black snd engime’s PAls were brefly
compared. Engine’s PM: are easier to oxidize than carbon black nanoparticles because of containing
mnbumed bydrocarbon Oxidatien kinefics of PM is dependent upon both physical (shape of eactant
substance) and chemical compositon (oxygen wnburmed hydrocarbon end others). The caloulated
apparent energy of diesel enpine’s PMs were in the range of 117-130 kJmmel. H hung et al., also
investizated that the mfusnces of matals derived Som Inbe oll oo oxddation kinetics of 200t partic les by
dasing 2% lube oil and determined apparent acavadon energy. By using Arrthenius equations, Sequency
factor of oil dosed PM were about tadce as large a5 without dosing [13 - 15].

This research mainly compares nanosmaciure of diesel soot and metal oxide ash which are
mainly derived fom lubricant addidves. The designed lube oil consisting excess amount of Caloom
(Ca) additives was blended 10%: directly into diesel fuel to obtain more ash formation smong PM
composition. Oxidation kinetics of diese]l P and diese]l blending hibe oil PM were also investizated to
compare the inflaence of metal exide ash on soot oxidation kinetics.

1. Experimental

Table 1: Engine Specification
lizmn Tiguils
Engme Tyge T-eyfirder, Dirard Injecton, | sogise
Boore x Stk 197 5 i
TP Ly
Canpreion i 151
Pawer #2e0 Eaaih KPM
Ingcton Toming Vs BT
I — 1hPa

Fig. 1. Schematic diagram of engine ssmp
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Table 2: Properties of fuel (Diesel) Table 3: Properties of lnbricant

Fuaci PFroportics Unit o Tt icibrel Uni ot
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Azl lgpmiirn Tomponten ' HE Dvcrmity (G400 ASTM[M0E21S  ghmi  ddiEe
Cudorific Vakc Ky bl Wincradty @Y ASTM D4i-lin  mod 1HE
P o Vogeronitn Ly iy Vimcradiy (3 1T ASTMDeS-15a men'h 1508
i o | ity n Magraeem ATM D1 Wt OIS
?::T'h“m“h t.,-n' g:;; T ASTM D1 LT

P et ASTHA Dl Sl RS

A direct injection compression engine (Fubota — BT 140) was used to generate the parficulate
matter. Engine specification are described in Table 1. Eddy Current Enpine Dynamometer was nsed o
conol the desired engine speed and load condidoms. Lab-View program controlled the engine
dynamometer. A soot collector which contains metal nefting inside was used to collect the PM. The
schemanic dizgram of the engine semp are shown m figure 1. To conduct the experiment commercial
diessl containing (. :Hw) was nsed as an ideal fuel and secondly, desizned labe oil was blendad 10%4
by mass directly imto diesel foel to obtzin more ash formation ameong PM compositdon. This blending
Inbricant was supported by Bangchsk Corporation and it contains excess amount of Calciom (Ca)
additives since CaS0; is the most abundant sulfate compound found in diesel ashes inside used DFF.
The fuel properties and blending lubricant oil propertes are briefly described in Table 2 and 3. Densiny
and viscosity of blemding hbricants were tested under ASTM D4052-15 and ASTM D445-15a
respectvely. According to ASTA, viscosity is measured as kinemafic viscosity and usually described
in data sheets ar40°C and 100°C. For the engine lnbricadon system. conventional lnbricating oil 15W-
4 AFI CT4/5L synthenc angine oil was nsed.

3. Results and Discussion

3.1 Morphology of ultrafine aprlomerate particles

Transmizsion Electron Microscopy (TEM) imape analysis was used to detenmins the ultrafine
agelomerate primary paricle nanostmactures as shown in figure 2. Soot powders were collected under
2400 FEM engine full load condition since this enzine condifion is propershle to menerate the soot
efficdently according to previous smoke imtensity resalts. TEM imsge results showed that the
agglomerate smacmre of nlirafine particles from diesel blending abe oil condition were not significan:
different comnpared so neat diesel engine’s ultrafine particle. The primary particles from both conditions
were grouped each other with similar agglomerste stmachmes snd results bsve et shown much
differences.

3.1 Nanostmchmes of soot and metal oxide ash

Figuze 3 compare TEM ima zes of different nanostructures of soof (pure carben) obtained from
the neat diesel condition and metal eedde ach which iz derived from diesel blending lube oil condition.
The nanostructure of diese] soot primary particle is & spherical shape composed of oarve line arystallites
as described in fgure 3 (a).

Different from soot, in figure 3 (b)), metal oxide a:h nanostructure i oot 2 spherical shape
compesed of parallel siraizht line hatch patterns which shows sinilar nanosmachares among metals. De
to the fact that blending hobricant oil contains metallic additives and these additives cammot be bomed
during engine combusnon and Snally it might be changed inte metal oxide ashes. Therefore, particulate
matters from diesel blending lnbsicant comdition shows distinct smaight lined patferne of ash
collaborating with unbarmed hydrocarboen (soot).
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{a) DM from neat diesel (b} PMs from diese] blending hibe il

Fig 2 TEM images of ulirafine agzlomerate particles from small enzine (a) diesel and (b)) diesel
blending lubncating oil conditon under 2400 FPM enzine full load condition

{a) Nenostracnure of diesel soot {t) Nanostrucnire of metal oxide ash.

Fig. 3 TEM imsges of nanosmucture of () dissel mmiﬂ:ﬁrmalm azh
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(b} Chemical composition of dissel blending habe oil PM

Fig. 4 Elemental analysis of (2} Diesel PM and (b} Diezal Hending lube oil PMh]rusmgelecm
Mxmwmmmmmm&mh Iubricant additives derived
From engine lobricating oil

3.3 Elemental composition of particulate matters

To imrestigate the chemiral alamental composition of partioutate matter, elecoon disperzive
x-Tay specroscopy collaberating with SEM was inooduced. X-rzy spectrom detect the sample and
distinguish the elements sccording to their partioular atomic pumber. Feganding to the results of SEM-
EDS as described m figure 4, particulate matters froom nesat diesel conditon shows anly carbon (soot)
and oxygen as elemental comrpesition. However, particulste matters from diesel blanding lube odl
condition contain not onky carbon and oxygen bt also unbumed metallic elements such as Calchom
{Ca), Phosphorous (F), Solfur (5), Silicon (5i) and Zine {Zn) respectively. Among metallic additives,
elements] composiion amount of Ca expressed highest weight percentaze due to the fact that the
blending lubricant was desizned with excess Ca additwes. Therefore, EDS result pointed out that
metallic additives from engine hibricatmg oil cannot be bumed by engine combustion snd these
promete soot oxddation kinetics since'ash are mainly originated from mesallic additives of nbe oil.
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3.4 Onddation kinetics of particulate matters

Thermogravimetric  smalysis (TGA) was conducted fo iovestgate the infloence of
contamimation of metal oxide ash on seot oxidaton kinetics. Mass cooversion resalts of diesel particles
and diesel blending lube il particles were compared under different operating temperatares ($00 “C and
625 °C). Masz comversion rates can be calculated to describe the faster coddation kinetics of diesel
blending lube odl PMs. Isothermal method was nsed to maintain the opersting temperamre. Nirogen
was introduced before air is injected and the sampls was oxidized unal 90 minntes. Parmicles were Teatad
with increasing temperanme about (20 — 30} numites by niropen ammosphere in order to ooour
vaEporization process. Afer vaponizstion air (oxygzen snd nirogen) was start injected and the system
was maintained under isothermal to initiate PM oxidation process. Chemical oxidation reaction of PAL
mass comversion results can be expressed by Eq 1 and the amount of mass conversion over time can be
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Fiz. 4 Themmogravimetric anatysie of mass conversion graphs of diesal PM and die:sl blending lube
otl PM at (2) $00°C and (0) 625°C, mass cooversion rate of diesel PM and diesel blending ok oil PA
ae {cy 600°C and {d) 625°C

IOP Conf. Series: Materials Science and Engineering 501 (2019) 012016

92



calculsted as mass comversion rate by using Eq 2, where C is represented as PM mass, £ is time, n and
m are reaction order of FA{ and oxygen during ceddation process.

C+ .0, =+ C0;z (1
=8 = eperro™ (2

Eegarding to thenmopravimemic analysis results as described in Sgure 5 (a3 and b)), partcles
from diesel blending lube oil conditon (Tepresented as Dhesel+A) were easier to oxidize than neat
diesal’s particles. The unbumed lube oil metallic additves might be participated as an coddadve catalyst
resulting faster oxidation kinetics under both operating temperstures S00°C and 625°C. As chown in
figure 5 (c and d), mass conoversion rates were also caloulated to mention sharply for the higher mass
comversion rate of diesel blending lube oil PAs.

4. Conclusion and Discnssion

Morphology of ultrafine agzlomerate particles, different primary particle nanostmachares of
lnke oil derived metal oxide ashes compared 1o diesel soof and also influence of incombustible metal
oxide ashes on oot coddation kinetics werne brisfly disoussed. The agzlomerate stuchore of ulrafine
particles from diesel blending lube oil condidon has not shown significant difference compared to
agglomerated ultrafine particles from neat diesel conditon Nanostucure of primary sodt particle is a
spherical shape composed of curve tme crystallites while the meatal codde ash has not shown a spherical
shape composed of parallel smaight line hatch patterns. Manostoactare of metal oxide ash is similar to
the namre of conmmon metals’ nanostuctures since these mets] coide ashes sre also derwed from
nnbumed metallic addidves of engine lubricaong eil

Arcording to the chemical characterization results, FM from neat diese] condition composad
mainly of carbon and cocygen as elemental compositon while PM from diesel blending Iobe odl condition
confamed not only carbon snd oxyzen but alzo noburmed metallic additives fom engine ubricanng oil.
Particulate matters from diesel blending lube oil condition were easier to eoddize than PMs from neat
diesal condition Metallic additives fiom enmine lubricating oil carmot be burned by engine combustion
and it might be changed into metal oxide ash. These metal oxide ashes promote oxidation kinstics
resuling faster mass conversion rate. Moreover, althoush acconmlated meial codde ashes tend to reduce
efective filtration length of diesal particulate filters, on the other hand these incombustible ashes might
assist o promote the w00t oxidation kinetics during repeneration process of diesel partculate filter.
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ABSTRACT

Physicochemical characteristics of particulate matters
which are influenced by engine of additves from
engine cxmbuston of diesel and synthetc bodiesel:
hydrotreated vegetable oil (HVO]} were successiully
inwestigated wsing electron microscopy, electron
dispersive x-ray specitroscopy and themmogravimeinc
analyss. The agglomerate struchure of diesel PM,
HWD PM and diesel blending lubricant PM are similar
in micro- scales. Howewver, nanostrichure of sootis a
spherical shape composed of curve line crystallites
while the metal oxide ash nanostructure is composed
of paraliel straight line hatch pattemns. The oodation
kinetics of fuel blending lubricant PMs are higher than
nieat fue PMs due to catalybic effect of incombustible
mietal additves from engee lubricating il

INTRODUCTION

Among  iniemal  combustion  engines  used in
automaotive vehicles, diesel engine has higher thermal
efficiency due to is higher compression ratio. On the
cther hand. diese! engines fral black smokes
containing much amount of particulate matter (PM)
which are derived from mncomplete combuston
arcund single fuel dropbets durng spraying the fuel
inside the engine cylinder. Diesel particulate matiers
are harmfid to human health and must be remowed
owing to mcreasingly stringent emission regulations.
PM are mainly composed of solid fraction (soot and
ash) and sofuble organic fraction {sulfates and nitrates
organic compoumds ). Each PMmorphology  and
chemical compesition are commonly varied by the
engine operating conditions, fuel properties and types
of lubricating oil [1, 2]. As an after-reatment emission
control system. diesel particulate flkers (DPF) can be
used to trap the particulate matters effectively. Inside
DPF. honeycomb shape rectangular channels made
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up of silicon carbide (SiC) or Cordierite ceramic
materials. Exhaust gas contaming (PM, CO and HC)
enter nto e OPF's inlet ehannel and passing throwgh
the channel wal and exit to the atmosphere throwgh
the outiet channed. When the exhswst gas passing
throwgh the channel wall, PM must be frapped at the
wall surface. The trapped PM must be burmed out by
the - chemical - oxidation process called DPF
regeneration process, Although regeneration process
can bum the soot efficientty. incombustible metal
oxide ashes will be remained along the inlet channel
ower time and causing engne back pressure [3, 4]

Many literatures have besn reported  about
mempholegy and quankty of particulate matters from
the engine ecombustion of diesel and  varicus
alternative fuels. The quantity of particulate emission
iz increased by higher engine lcad conditions.
Besides. the number of partidles = decreased in
biodiesel combustion due to presence of cuygenated
mobecules. The sizes of single primary nanoparticles
are i the range of (10— 30} nen [5 - 7). Regarding to
decrease the consumption of fossi diesel and reduce
the particulate emissicn, a synthetic biodiesel
hydrofreated vegetable oil [HVO) is presented as a
second generation of bidiese! which is the absence

Fig. 1. Schematic diagram of engine setup
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of oxygenated modecules. Combustion behawiors,
exhaust gases and particulate emissions of HVD fuel
are much better due to its higher cetane number and
heating value compared to conwentional diesel 8 —
11]. Cwring engine combuston inside the cylinder,
lubricant il ean also participate in the combustion

process. Engmne |ubncating of are  basically
formadated with base oil and metal additives.

Table 1. Engine specifications

Items Detalis

Engine Typ= 1-cylimder, Direct injacton, Cl engine
Baore ¥ Siroke {97 ¥ =) mm
Cispacement 709 ot

Compression ado a1

Power S.Z BN E2400 RPM
Injeciion Timing 159" CADTODC

Injection Pressune 2 FE

Table 2. Properties of test fuels

Properties Diecel HYD
Chemical formula CranHms CumHan
Cersity
#eatc igiom’} 0.834 0738
&’E’;‘fm"fﬂw 224 gk
Cartan cament (%) B5.73 Be.22
Hydrogen conbent (5] 1333 1508
Ciygen content (%) o.o0 o.oa
Catare indey 50.43 T5.E3
Distliafion T18 [*C) 2073 T4
Distiafion TS (*C1 287.3 2782
Distliaton T90 (%G| 3523 2332
g £l e s

Table 3. Properties of blending lubricant
oot Units Rzt
Censity @15°C Qi 8-
Censity @30°C oL 03858
Wiscasity g40c mis 154.8
Wiscosity @00°C mimis 1505
Caicium EEM 1843
Phosphomes EEL 757
onc EFEL 45
Siicon EEM 5.5

According to the contamination of lubricant in engine
combustien, not only morphology and size distribubion
but also chemical composition of parbiculate matters
can be affected [12 — 17]. Owxidation kinetics of each
PMs are dependent uwpon shape of reactant
substance. chemical composiion and operafing
atmosphere. The impact of metallic elements which
are orginated from dosed lube ol were also
imvestigated and determined activation energy by
using Arthenius equations {13, 19].

This research investigates on physical and chemical
characterization of particulate matters which are
influenced by lubricant additves. Morphologes and
different nancstructures of soot and metal oode ash
were mainly compared which are still a few numbers
of research in cument literatures. Themogravimetric
analysis (TGA) of neat fusi PMs and fuel blending fube
oil PMs were also investigated to describe the impact
of metal ouxide ash on soot cxidation kinetics.

METHODOLOGY
EMGINE SETUF

A single cyfinder direct injection compression ignition
(El) engine was used to generate the PM
Specifications of engine are shown in Table 1. Eddy
curent engine dynamometer was used to control the
desired engine speed and load conditions by using
lab-wiewr program. Opacity smoke meter (Okuda DSM
— 240} was used to measure the scot contaminaton
from the exhaust gas by passing through the filter
paper under each vamous engine speed and load
conditions. A soot collector with metal netting was
installed at the outlet of exhaust muifler to sollect the
PM powder. The schematie diagram of engine sebup
is described in figure 1.

TEST FUELS

Conventional diesel and hydrofreated wvegetable ol
[HWVC ) were used as ideal fuels. Desgned lubrcating
oil including excess amount of additives supported by
Bangchak Corporation (BCP) was blended by the
amount of (10%) by mass directly nto the diesal and
HVD fuels respectively. Chemical properties of test
fueds and blending lubncating oil properties are shown
in Table 2 and 3 respectively. Blending lube oil is the
designed lubricant which is supported by Bangchak
Corporation (BCP) containing excess amount of
Calcium as a composition of 1842 parts-par-million
[PPM). The purpose of blending lubricating of with
Excess 3dditives drectly nte the fuels is toinvestigate
the physicochemical charactenistics of metal owide
ash by promating the compasition of ash i particulate
matiers since these metal oxide ashes are mainly
originated from engine oil additives. For the lubncating
system, corventional engine oil 15W —40 AP Cl-4/5L
synthetic engme oil was used,
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{b} Ghemical

ion of desel blending lube o PM

Fig. 2 Chemical compostion of (a) diesel PM [b) diesel-L PM trapped by paper fiter using SEM-EDS

‘ A
Fig. 3 SEM mages of

THERMOGRAVIMETRIC AMALY SIS

A TGA instrument (NETZSCH STA 448F5) was used
fo mwestigate the oxidation kinetics of particulate
matiers. PM powder sample is placed inside the
aluminum cecde crucible pan and the sample weight is
about 2 milligrams for each condition. PM powders
were  omidized isothermally and maintained the
operating femperature at 575°C under pure air and
pure cawgen atmospheres. Samples were heated wntil
reaching desired operating temperamme ([575°C})
about 20 minutes with nitrogen atmosphere to
vaporize water and voladle organic matters. Then,
oxygen was uniformiby injected to nitiate the oxidation
process for an howr. Oxidation mass conversion data
were collected between each 3 seconds using fop
Izading balance system.

mmmm:a&me matters {PM 2.5} and (PM 10}& the engine
combustion of {a) diese! (b} HVO {c) diesel-L under 2000 rpm engine full load condition

RESULTS AND DISCUSSION

ELECTRON MICROSGOPY AND ELECTROM
DISPERSIVE ¥-RAY SPECTROSCORY

Diesel PM and diesel blending fube cil F'Mh'q:pedhy
paper filker were investigated using electon
dispersive x-ray spectroscopy (SEM-EDS). As shown
in figures 2, diesel PM is mainly composed of carbon
while diesel blending lube il PMs contain not only
caroon but also additicnal metallic elements such as
Calcium (Ca), Phosphorous  (P), Sulfur (3).

Magnesium [ng Silicon (Si) and Zing {Zn) which all
are derived from lubricant additives. Therefore, SEM-

EDS resufts confirmed that the metalbic additives from
engine lubricating oil cannot be bumed cut by engine
combustion.
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Trapped soot on the paper fiter were observed under
scanning ebectron microscope and { 10k) magnification
was introduced to compare the apglomerate
microstrsctures of particulate matter. According fo
SEM mage described in figures 3, the erate
structures of HYO PM and diess! blending kube oil PM
hawe mot shown significant different compared to
diesel PM in microscales. Transmission Electron
Microscopy (TEM) was conducted to investigate the
ulrafine agglomerate particles. Soot powders were
collected by soot collector and the engine was
operated at 2400 rpm under full engine load condition.
Figures 4 show the uirafine agglomerate structure of

=) :
Fig. 4 TEM image of uftrafine agglomerate structure of

diesel PMs, HVQ PMs and diess! blending lube od
PMs. Single primary particles were connected each
other with similar momphologies o become
agglomerate particles. Regarding to  electon
microscopy, morphology and struciures
of particulate matters from diesel, HVO and diessl
blending lube of conditions ame simiar. Figures 5
compare e nanostructures of single pomary
particulate matters. The nanostrecture of soot from
both diesel and HVD fuel deseribed in figure 5 {3 and
b) are spherical shapes compesed of curve Fine
crystallites. PMs. derived from fuel blending hebricant
condition are bnefly described in figures & {c and d).

li:-a}rﬁmlae rmatters from engine mﬂhuﬁé:}:l of (3} diesel

[b) VO {2} diesel-L under 2400 rpm engine full load eenditicn

id) '
Fig. 5 TEM mage of nanesiruchere of single primary particulate matters from (a) diesel (b) HVO (c) diesal-L {d)
HVO-Lunder 2400 rpm engine full load condition

JSAE Paper Number: 20199226

98



v/, "
AR
(U | .cl L A

_2] - _U_!JIII

§ ‘5( i
b Wi
'ﬁf”ﬁ}” g

(
1
/7

. d 4 |
(d} ih] . ip)
Fig. & TEM images of soot from (a) diesel {b) HWO, metal cxide ash from (] diesel-L {d) HWO-L, (Som x Snm)
cropped images of soot from (&) diesel (f) HVO, metal oxide ash from (g) diesel-L (h) HVO-L, black and white
pinary images of soof from (1) diese! (j) HVO, metal cxide ash from (k) diesel-L {T) HVO-L, skeletonized images
of spot from (m} diessd (n} HYO, metal cxide ash from (o) diesel-L and {p) HVO-L

.l
== | -
-] f wi}
2 | *T]
\ | g2
\ - (&
| : |
= i g -2 A
w | N EY LT T _‘_ gl
. . - i .
.l k. .:. & ___;_:_,,.:._..'._‘... i ,J,.-,-

(a} (b}
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Tabble 4. Quantitative elemental anatysis of

PM nanoparticles using TEM-EDS
Composition (%)
Elerment Clesel Dzl
[ 59,208 57.243
[u] o.raz 1.38&
=] 132
P 0.ooh
2 0.021
ca 0.03&
Zn 0.003
00 . ' T
= S e gl
RO \ :ﬁlg
N R
E "-\.\ \\ T e J
g N "\ = e
5 . N\
£ R
i- x\x_\_“\.
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Fig. 8 Cradation of PM with pure air
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Fig. 11 Owidation rate of PM with pure orygen

Due to blending kibe oil inte fuel, metal oxide ash
showing parallel straight-line hatch pattems with
round cutlines are combined with scot. These metal
mode ashes are manfy derved from metal additives
of engine lubnicating od. The diameters of single
primary nanostructure of metal oxide ashes are in the
range of 10-30 nm while single soot nanostructure is
in the range of 10-60 nm. To investbgate the different
crystallite struchre of soot and metal oxide ash, TEM
images were cropped e (5nm x Snm) scales and
changed into Black and white images and finally into
skeletonized imapes by the ad of ImageJ software as
shaowm in figures . The skeletonized images of soot
are composed of cunve line carbon fringe crystafites
while the ash shows parallel straight-fine hatch
pattemns. Inter-planer spacing of both soot and metal
mode ash crystalies are approxmately 035 nm. The
elemental compositon of particulate matters from
neat diesel condition and diesel blendng lubnzant
condition were analyzed using TEM-EDS. Regarding
to the gualitatve analysis of EDS. the slectmon beam
is exerted onto the particles and detemmined the
elements according to x-ray energies. As described in
figures T (a). pure diesel soot is composed manly of
carbon. . However, particles from blending lube oil
condition a5 i figure T (b) contain not only carbon but
alsa wnbumed metafic additive elements. Raganding
to thermogravimetric analysis of PM oxidation, solubls
organic fraction (less than 107% of wotal sample) wers
heated and vaponized with nilrogen  atmosphers
before the ocxidation occims. From CHNSMO
analysis, chemical compositien percentage of carbon,
pexygen and hydrogen were (82.87%, 582% and
1.51%) respectively. Quanfitative elemental analysis
of PM panoparticles was also conducted o analyze
the =lemental compositon of nanoparticles using
TEM-EDS. Elemental compasition percentage for
both diesel and diesel blending lube od PMs are
described i tabis 4 to TEM-EDS
guanttative elemental analysis, diesel PM mainly
contain carbon whise diesel blending lube il (Diessd-
L} PM contams higher Galcium (Ca) composition
compared to other unburmned metal additives elements
such as Phosphoroars (P). Zinc (Zn) and Sulfur (5) due
to blending the designed lube oil with excess Ca
additwes.
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OXIDATION KINETICS OF PARTICULATE
MATTERS

Figure 8 and B briefly describe the oddation kinetics
of dgiesel PM, HVO PM, diesel blending lube oil PM
and HVO blending kebe oil PM (indicating as Diesal,
HWO, Diesel-L and HWO-L). During oxidation, oxygen
was start mjected uniformly when the sample was
heated wsing nitrogen untd reaching
desired temperature {i.e. 575°C). Different oxidation
kinetics of PM mass conversion can be observed
according to different atmosphere conditons. PMs
from pure cxygen atmosphere show higher cxidation
rate compared to pure ar atmosphere in which
injected oxygen compart as one of e mostimportant
parameters duning cxidation. HVO PMs were easierto
cxidize than diesel PM in both pure air and oopgen
atmospheres. Different fusd properties might generate
PM with different chemical compesition, morphology
and nanostructure which is strongly affect on oadation
kinetics. Unlike conventional diesel fuel, PM derived
from paraffinic properties of HVO fusd might be easier
to oxidize. In fact, HVO fuel contains no aromatics,
lower fuel density and higher cetane number. Phs
from both fuel blending lube oil conditions were faster
cxidation kinetics than PMs from neat fuel conditions.
Electron microscopy anafysis proved that PMs from
fuel blending lube eil condition contan metal oxide
ash which are derved from unbumed metal additives
of lbncating oil. The impact of contamination of
incombustible metal oxide ashes might  promote
oxidation rate acting as catalysts on soot oxidation
kinetics. Faster oxidation rate of ash catalytic PM from
fuel blending lube oil condibons under pare oxygen
and pure ar atmospheres can be interpreted by mass
conversion rate as shown in figures 10 and 11.

CONCLUSIONS

Physicochemical characterization of engmne il
additives contamination on particulate emissions such
as morphology, nanostruciure, chemical composition
and cwidation kinetics were bnefly  discussed.
According to electron microscopy. the apglomerate
micro- siuctures and witrafine parbicles of diesel PM,
HVO PM and diese! biepding kibe od PM. are not
significant different. Skeletonized images were clearly
described that the nanostructure of soot from diesel
and HWJ are spherical shapes composed of curve
line crystallites while the metal oxide ashes are
composed of paralel straight-line haich pattems.
Chemizal elemental analysis frerm SEM-EDS and
TEM-EDS confirmed that the metal additives from the
lubsicant cannct be bumed by engine combuskon and
right be transformed o metal oxide ashes.
Fegamding bo thermogravimetric - analysis, soof
oxidation rate was increased due to the contamanation
of metal oxdde ashes acting as calalyst on soot
cxidation kinetics.
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ABBREVIATIONS

ASTM: American Society for Testing and Materials
Diesel-L- Dies<! blending lubricating il

EDS: Blectron Dispersive X-ray Spectroscopy
HWO: Hydrotreated Vegetable Ol

HVO-L: HVO blending lubricating oil

SEM: Scanning Electron Microscopy

TEM: Transmission Electron Microscopy

TGA: Thermogravametric analyss
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APPENDIX D :

Revised Questions and Answers
Questions by Prof. Dr. Katsunori Hanamura

Q1. How to confirm the reaction mechanism? How to measure adsorption and
desorption of oxygen vacancy by using this idea? Why and what kind of catalytic
impact (physical/chemical) might be possible?

(Same question with Dr. Ruangdaj Tongsri)

Background  Objective — Results & Discussion Conclusions

Soot Oxidation Mechanism (Adsorption and Desorption)

| ® Carbon (C) ®® Oxygen (03) @ed Carbon Dioxide (CO5,) O Oxygen Vacancy (Vo)l

Revised answer
By using only the information of TEM image, specific explanation for the

reaction mechanism may not be enough. Therefore, the articles about this mechanism
would be removed in thesis book and replaced by some possible catalytic mechanisms
of metal oxides from literature which is reviewed by J. Uchisawa et al. [ 1] as described
in figure 1.

In this literature, the author reviewed among catalytic reactions on various metal
oxides by summarizing with (3) common mechanisms. In mechanism (1), active
oxygen is released from the lattice by redox reaction of CeO> and carbon from soot.
Regarding to activity series, carbon (C) is more active than cerium (Ce). Therefore,
oxides from CeO> can be diffused into carbon as active oxygen. In mechanism (2),
oxygen molecules from supply gas are dissociative adsorbed on metal oxide surface,
move onto the soot surface and reacts with soot. In mechanism (3), active oxygen

species (O2) are formed on surface oxygen vacancy sites generated by the reduction of
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CeO2 and the vacancies can accept the oxygen molecules from supplied gas then oxidize
the soot. Moreover, the phenomena of oxygen vacancy from mechanism (3) is mainly

based on solid-gas reaction of Mars-Van Krevelen mechanism.

~ Mechanism 2 02 ]
Mechanism 3 gl 1’
02 &Og 2
Zi Ce4+ Qg
$

w

Fig. 1 Three possible catalytic effect of metal oxide on soot oxidation [1].

Q2. How much sulfur composition is included in designed lubricating 0il?

Revised answer

The composition of sulfur (%Wt.) is added in designed lubricant properties as

shown in table 1.

Table 1. Chemical properties of designed lubricating oil

Test Units Result
Density @30°C g/mL 0.8866
Viscosity @40°C mm?/s 154.8
Viscosity index - 97
Sulfur %Wt. 0.411
Magnesium PPM 1190
Calcium PPM 1942
Phosphorous PPM 757
Zinc PPM 846
Silicon PPM 5.6
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Q3. What is the reason for lower activation energy of HVO PM compared to diesel
PM?

Revised answer

50 ] i
—— Diesel 1600rpm

—— Diesel 2000rpm
—— Diesel 2400rpm
------- HVO 1600rpm 1
------- HVO 2000rpm =
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Fig. 2 Heat release rates of diesel and HVO fuel combustion

According to fuel distillation tests of diesel and HVO, HVO fuel is composed
of lower fuel molecules than diesel fuel. As shown in figure 2, HVO fuel combustion
has lower combustion temperature than diesel fuel combustion due to lower fuel
molecules of HVO which might be leading to better fuel atomization and greater fuel
vaporization. Furthermore, HVO PMs that are derived from lower combustion
temperature might be easier to oxidize than diesel PMs because the particles derived
from higher combustion temperature might become more dense than that of lower
combustion temperature.

Different fuel properties might generate PMs with different chemical
composition, morphology and nanostructure which is strongly related to soot oxidation
kinetics. Unlike conventional diesel fuel, PM derived from paraffinic properties of
HVO fuel might be easier to oxidize. Therefore, the oxidation kinetics of HVO PMs
were faster than diesel PMs and apparent activation of diesel PMs and HVO PM were
155 kJ/mol and 141 kJ/mol respectively.
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Suggestions by Prof. Dr. Katsunori Hanamura

1. To explain clearly about that the experiment is accelerated ash experiment in order
to investigate the physical and chemical characteristics of metal oxide ash which are

mainly derived from engine oil additives.

2. To mention clearly about the collected PM were passed through diesel oxidation

catalyst (DOC) or not.

3. If possible, please describe the composition of sulfur from designed lubricant.

References

[1] Uchisawa, J. et al. (2015). Soot Oxidation in Particulate Filter Regeneration.
Handbook of Advanced Methods and Process in Oxidation Catalysts. pp. 25 — 50.
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Questions by Dr. Ruangdaj Tongsri

Q4. How to confirm the experimental result of soot oxidation kinetics with and without

ash?
Background Objective Results & Discussion Conclusions
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Thermogravimetric Analysis of PMs (w/ and w/o ash) il
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Revised answer

Soot oxidation kinetics, dPM/dt is dependent upon operating temperature,
physical and chemical impacts as discussed in equation 1. Physical impact is the size
of particulate matter and it is also termed as pre-exponential factor (Ln A). As physical
size (Ln A) is increased, oxidation rate would be increased since larger surface area can
be reacted with gas molecules. On the other hand, the amount of oxygen either from
test sample or injected oxygen molecules during TGA experiment would become
chemical impact. The more oxygen is composed, higher soot oxidation kinetics would

be achieved.

-1 dPM

In [0 &

1= _RETa +In A + min[0,] (1)

TEM image and TEM-EDS results confirmed that diesel blending lube oil PM
(indicating as Diesel-L) were composed of metal oxide ashes which are mainly
originated from unburned engine oil additives. These ashes are capable to adsorb more
injected oxygen molecules from the supply gas due to their catalytic properties of metal

oxides as discussed in figure 1. Therefore, faster oxidation mass conversion result in
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the case of Diesel-L condition (i.e. with ash condition) might be more influenced by
chemical impact.
Questions by Asst. Prof. Dr. Chinda Charoenphonphanich

Q5. What is the purpose of comparison between interlayer spacing of soot and lattice
spacing of metal oxide ash?

3ackground  Objective  Results & Discussion Conclusions

Comparison of Interlayer and Lattice Spacings

Interlayer spacings of soot

- (nm)
=
El Diesel 0.33

HYO 0.34

Lattice spacings of ash

4] (nm)
=
F Diesel-L 0.38

HVO-L 0.35

Fig. Diesel-L Ash Fig. HVO-L Ash
KMITH 32

Revised answer

Analysis of soot interlayer spacing between each curve-lined carbon fringes in
nanometer scales would be useful to estimate the density (g/cm’) of the soot. The
information of estimated soot density would be applicable to be considered in soot
oxidation kinetics, soot trapping mechanism for diesel particulate filter and mechanism
of engine wear due to soot contamination inside engine oil. Fringe length distribution,
number of fringes per unit volume and interlayer spacing between each fringes are
important parameters to determine the density of the soot.

In metal oxide materials, the information of lattice spacing (also called lattice
parameter or lattice constant) are represented as physical dimension to describe the
structural compatibility. Different materials have different lattice spacings and are

mostly in the range of 0.3 nm to 0.7 nm.
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Questions by Dr. Nuwong Chollacoop

Q6. Is there significant physical impact (Ln A) on PM when the ash is contaminated
with?

Results & Discussion Conclusions
uzs | Summary of Activation Energy
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Revised answer

According to Arrhenius plot in figure 3, physical impact values (also termed as
pre-exponential factor or Ln A) would be found out in table 1. Pre-exponential factors
of diesel PM and diesel blending lube oil PM were 15.9 and 14.3. Besides, pre-
exponential factors of HVO PM verses HVO blending lube oil PM were 14.4 and 12.9
respectively. Smaller physical sizes (i.e. Ln A) could be found out when metal oxide
ashes are combined together with soot. Because spherical soot can be covered by ashes

and this effect might reduce the possible reactive surfaces of the soot.

Table 1. Summary of oxidation rate, Ea and Ln A

50% Burned (PM) Diesel HVO Diesel-L HVO-L
Oxidation rate

(at 600 C) 0.035 0.048 0.153 0.24

E, (kJ/mol) 154.9 140.6 134.1 121.8
Ln A 15.9 14.4 14.3 129
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Fig. 3 Arrhenius plot of PMs

Suggestions by Dr. Nuwong Chollacoop
1. Slightly lower engine performance of HVO fuel combustion could be related to the

compressible impact of HVO with lower fuel density on mechanical pump of small
diesel engine.
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