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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]. 

 

 
 

 

 

       

 
 

Figure 1.1 Composition of Diesel Particulate Matter [1]. 

 

Soot Ash SOF VOF 
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2 

 

 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. 
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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. 
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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. 

 

 

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

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

 

 

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]. 
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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. 

 

 

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

 

 

 

Figure 2.5 Particle surface area and size distribution from a diesel engine at different 

engine loads [4]. 
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Table 2.1 Factors affecting on diesel particulate matters [6]. 

 
 

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. 
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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. 

 

  
(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]. 
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 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 (Ea) 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. 

 

    

       (a)       (b) 

 

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]. 

 

 

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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(a)           (b) 

 

 

 

(c) 

 

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 

PM 

O2 

CO2 

H2O 

O2 
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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].  

 

 

Figure 2.9 Passive regeneration process in DPF [10]. 

 

 

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].  

 

 

 

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 (ii) Mannich dispersant. The function of dispersants are similar to 

detergents to provide for (i) the suspension of soot particles (ii) reduction of metal wear 

(iii) 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].  

 

 

Figure 2.13 Dispersant chemistry [12]. 
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2.7 Impact of Lube Oil 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. 

 

 
 

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].  

 

 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 

   
  (a) PM from Lamp        (b) PM from diesel engine combustion 

 

  
        (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]. 

 

 

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]. 

 

  

 

  

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). 

 

 

  

 

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 μm 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]. 

 

 

Figure 2.19 (b) SEM image of massive ash penetration in the pores of the channel 

wall of used DPF [19]. 

 

 

 

 
This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



23 

 

Table 2.4 Chemical composition of bulk ash [19]. 

 

 

 
Figure 2.20 TEM images of bulk ash showing straight line 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. 

 

 

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 (TiO2) 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 CeO2 and carbon from soot. 

Regarding to activity series, carbon (C) is more active than cerium (Ce). Therefore, 

oxides from CeO2 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 

CeO2 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. 

 

    
      (a) STM image of TiO2 [26]               (b) Catalytic soot oxidation mechanisms[28] 

 

Figure 2.22 (a) STM image of TiO2 surface showing (Ti) metal ions, oxygen atoms 

and anion oxygen vacancies (Vo ) 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 cm3 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 

Engine type 
1-cylinder, natural aspirated, direct injection, 

compression ignition engine 

Bore x Stroke (97 x 96) mm 

Displacement 709 cm3 

Compression ratio 18:1 

Power 9.2 kW @2400 RPM 

Injection timing 19°CA bTDC 

Injection pressure 22 MPa 

  

          

 

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 

1600, 2000,2400 20, 50, 80, Full load 

Smoke intensity 

Soot powder 2400 Full load 

 

 

 
Figure 3.3 Schematic diagram of engine experiment. 

 

 

Labels: 

1) Propeller shaft 

2) Load cell 

3) Dyno cooling water temperature 

sensor 

4) Crank angle encoder sensors 

5) Data acquisition unit 

6) Fuel beaker 

7) Solenoid valve (1) 

8) Solenoid valve (2) 

9) Fuel supply 

10) Weight scale 

11) Soot powder collector 

12) Smoke meter 

13) Data logger 

14) Computer (Lab-view) 

15) Pressure sensor 

16) Exhaust muffler 
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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/cm3) 

 

ASTM D4052 0.824 0.778 

Kinematic viscosity 

@40°C (mm2/s) 
ASTM D445 3.24 2.64 

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 207.7 227.4 

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 (mm2/s) ASTM D445-15a 154.8 

Viscosity @100°C (mm2/s) ASTM D445-15a 15.05 

Magnesium (%wt) ASTM D6481 0.1816 

Zinc (%wt) ASTM D6481 0.0798 

Phosphorous (%wt) ASTM D6481 0.0856 
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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.  

      

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

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. 

 

    
 

 
 

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. 

 

          
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. 

 
(a) 

 

 
(b) 

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.  

 

   
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, ImageJ software was used. At first, TEM image (25nm x 25nm) 

was cropped into (5nm 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 O2 was introduced to be pure air atmosphere. 

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

   

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. 

 

 

 

 

 

10 nm 
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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 C14.11 H26.23 C14.03 H29.86 

Density@30°C (g/cm3) 0.824 0.778 

Lower Heating Value (kJ/g) 45.86 46.86 

Energy Density (kJ/cm3) 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 

 

 

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.  

 
(a) 

 

 
(b) 

Figures 4.2 Combustion characteristics of (a) Pressure – crank angle (b) PV diagram. This material is reserved for educational use only, not allowed for commercial use. 
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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/cm3) 

and lower heating QLHV (kJ/g) values of diesel and HVO. Energy density (kJ/cm3) 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 Wi for diesel and HVO combustion were 641 

Nm and 515 Nm respectively. 

 
 

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. 

 
 

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 QLHV 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.  

 

 
Figure 4.5 Brake specific fuel consumption. 
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Figure 4.6 Indicated thermal efficiency. 

 

 
Figure 4.7 Brake thermal efficiency. 
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Figure 4.8 PV diagram of diesel and HVO operating under part load conditions. 

 
Figure 4.9 BSFC (indicating as solid lines) and Indicated Thermal Efficiency 

(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 

more complete combustion and less soot contamination. 

 
Figure 4.10 Smoke intensities under part load condition. 

 
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 μm) and PM 10 (less than 10 μm) 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. 

 

    
(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. 

 

 
(a) Single primary nanostructure of diesel PM 

 

 
(b) Single primary nanostructure of HVO 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. 

 

       
(a)                                (c)                                (e)                                (g) 

 

       
(b)                                (d)                                (f)                                (h) 

 

Figures 4.15 TEM images of soot from (a) diesel (b) HVO, (5nm x 5nm) 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 

5 nm 

5 nm 
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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. 

 

 
(a) Fringe length distribution in 12nm x 12nm area 

 

 

 
(b) Fringe length distribution at inner core area 
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(b) Fringe length distribution at outer shell area 

 

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. 

 

Figure 4.17 Oxidation mass conversion of particulate matters. 

 

4.2.7 Oxidation kinetics and apparent activation energy (Ea) 

 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 + 𝑂2 = 𝐶𝑂2      (4.1) 

 
 

−𝑑𝑃𝑀

𝑑𝑡
= 𝐴 𝑒

−𝐸𝑎
𝑅𝑇  [𝑃𝑀]𝑛[𝑂2]𝑚     (4.2) 

 
 

𝑙𝑛 [ 
1

[𝑃𝑀]𝑛  
−𝑑𝑃𝑀

𝑑𝑡
 ] =  

−𝐸𝑎

𝑅
  [

1

𝑇
] + 𝑙𝑛 𝐴 + 𝑚𝑙𝑛[𝑂2]   (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. 

 

 

Figure 4.18 Oxidation rate of diesel and HVO PMs. 

 

 
 

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 mm2/s 154.8 

Viscosity @100°C D445-15a mm2/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. 

 

  
(a) Agglomerate structure of diesel PM 

 

 
 (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. 

 
(a) Ultrafine agglomerate structure of diesel PM 

 

 
(b) Ultrafine agglomerate structure of diesel blending lube oil 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. 

 

 
(a) Single primary nanostructure of diesel blending lube oil PM  

 

 
(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. 

20 nm 

20 nm 

Diesel Soot 

Metal Oxide Ash 

HVO Soot 

Metal Oxide Ash 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



57 

 

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, ImageJ 

software was applied to transform the TEM images into skeletonized images.  Firstly,  

(25nm x 25nm) TEM image was cropped into (5nm x 5nm) image. Secondly, (5nm x 

5nm) image was 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. 

 

    
(a)                                (c)                                (e)                                 (g) 

 

 

    
(b)                                (d)                                (f)                                 (h) 

 

 

Figures 4.22 TEM images of metal oxide ash from (a) diesel-L (b) HVO-L, (5nm x 

5nm) 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. 

 

 
(a) Chemical composition of diesel PM 

 

 
(b) Chemical composition of diesel blending lube oil 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. 

 

 
(a) Elemental analysis of diesel PM 

 

 
(b) Elemental analysis of diesel blending lube oil PM 

 

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. 

Element (keV) 
Composition (%) 

Diesel PM Diesel-L PM 

C 0.277 99.208 97.243 

O 0.525 0.792 1.386 

Si 1.739 - 1.32 

P 2.013 - 0.001 

S 2.307 - 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.  

 

 

Figure 4.25 Qualitative analysis of metal oxide ash.  

 

Metal Oxide Ash 

10 nm 
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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 oil 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.   

 

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. 
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Figure 4.28 Oxidation rate of diesel-L and HVO-L PMs. 

 

 

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 (c and d). 

          
(a) Diesel PM    (b) HVO PM 

 

          
(c) 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. 

5 nm 

5 nm 

5 nm 

5 nm 
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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 

 

 
 

A-1: Designed lube oil test report by Bangchak Corporation BCP 
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 A-2: Designed lube oil test report by FOCUSLAB 
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APPENDIX B : 

 

EXPERIMENTAL ANALYSIS REPORTS 

 

 
(a) 

 
(b) 

 
(c) 

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 isothermal 550°C with pure 

air atmospheric condition. 

 

 

 

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

pure air atmospheric condition. 
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B-4: Thermogravimetric analysis report of HVO PM at isothermal 550°C with pure 

air atmospheric condition. 

 

 

 

 
B-5: Thermogravimetric analysis report of HVO-L PM at isothermal 550°C with pure 

air atmospheric condition. 
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B-6: Thermogravimetric analysis report of Diesel PM at isothermal 575°C with pure 

air atmospheric condition. 

 

 

 
B-7: Thermogravimetric analysis report of Diesel-L PM at isothermal 575°C with 

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

air atmospheric condition. 

 

 

 

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

air atmospheric condition. 
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B-10: Thermogravimetric analysis report of Diesel PM at isothermal 600°C with pure 

air atmospheric condition. 

 

 

 

 
B-11: Thermogravimetric analysis report of Diesel-L PM at isothermal 600°C with 

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

air atmospheric condition. 

 

 

 

 

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

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

air atmospheric condition. 

 

 

 

 
B-15: Thermogravimetric analysis report of Diesel-L PM at isothermal 625°C with 

pure air atmospheric condition. 

 

 

 

 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



79 

 

 
B-16: Thermogravimetric analysis report of HVO PM at isothermal 625°C with pure 

air atmospheric condition. 

 

 

 

 

 

  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



80 

 

APPENDIX C : 
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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) 

 

 
 
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 CeO2 and carbon from soot. 

Regarding to activity series, carbon (C) is more active than cerium (Ce). Therefore, 

oxides from CeO2 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. 

 

 

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

 

 

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

 

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 mm2/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 

 

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. 
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Questions by Dr. Ruangdaj Tongsri 

 

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

ash? 

 

 
 

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. 

 

ln  [ 
−1

[PM]n
 

dPM

dt
 ] =  

−Ea

RT
 + ln A + mln[O2]    (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? 

 

 
 

Revised answer 

 Analysis of soot interlayer spacing between each curve-lined carbon fringes in 

nanometer scales would be useful to estimate the density (g/cm3) 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? 

 

 
 

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 
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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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