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Abstract 

 

Increase of air pollution, global warming, petroleum price and 

tougher emission standards and regulations has obliged countries 

and companies to seek for alternative sources of fuels and 

betterment of after treatment systems. Among the alternate fuels, 

biodiesels have been considered as a promising, non-toxic, CO2 

free and renewable source for substitution with petroleum based 

diesel fuel. Diesel engines are widely used all over the globe in 

transportation and industries due to its high efficiency but the higher 

soot or PM production in their emission and filtration of this PM is 

the main challenge. The common method for filtration is application 

of diesel particulate filter (DPF) and investigations of effect of fuel 

properties on PM physical and chemical features can improve 
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designing of DPF and study of its filtration trend. At this study, at first 

step the chemical and physical properties of Thai commercial diesel 

fuel and Palm biodiesel fuel is examined. At the next step the fuels 

were applied at a single cylinder engine and exhaust PM were 

collected. At this study , the PM oxidation kinetics of palm biodiesel 

PM, diesel and carbon black is investigated in the presence of pure 

oxygen and air with isothermal TGA , under five different 

temperatures including ( 400 , 450, 500, 550 , 600o (C ) ) . Mass-

conversion, apparent activation energy and reaction order of 

carbon, n, for each sample is calculated and discussed. Hence the 

composition of the PM of diesel and biodiesel is different the CHN 

analyze is done in order to find out the composition of PM for each 

sample. At the third level of the project, PM micro and nanostructure 

were analyzed by image processing of SEM(Scan electron 

microscope) and TEM ( Transmission electron microscope), 

obtained from PM samples and the diameter of single particles and 

size distributions of single and agglomerated particles were 

measured. At the final step, the same engine was used for PM 

filtration and regeneration monitoring by means of engine pressure 

drop and the filtration and regeneration trends were explained 

based on chemical and physical characteristics of fuels and their 

produced PM. The results of this study can provide a good insight 

about the role of physical and chemical features of diesel and 

biodiesel fuel and the filtration of their PM, which can be applied in 

further investigations regard to after treatment studies of alternative 

fuels. 

Keywords: Soot oxidation, biodiesel, TGA, soot image processing, 

nanostructure. 
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CHAPTER 1 

INTRODUCTION 

1. Background 

The global economic growth is mainly dependent on secure, 

reliable, affordable, clean and renewable source of energy. Increase 

of industrial development and world population growth have resulted 

into increase of fuel demands and thus air pollution and thus global 

warming. The fossil fuel sources are still main source of energy and 

therefore many countries are dependent to foreign petroleum 

suppliers. Besides, increase of the fossil fuel consumption causes 

severe environmental hazards and health related problems. 

According to World Energy Council, WEC, at least by 2050, the 

world will need to double today’s level of energy supply to meet 

increased demand. More primary energy will be needed initially in 

2020, although some regions will moderate this need by more 

energy efficient technologies and to double energy supplies, 

policymakers must consider all energy options [1]. Such factors has 

made countries and companies to find different remedies in order to 

use the fuels and energy sources more efficiently with higher 

performance and  alternative energy sources  to deal with the 

environmental and financial obstacles. Among the power producer 

sources, diesel engines have higher performance in comparison 

with other types of engines and it’s been widely in use in different 

areas of transport and industries. However the soot particle or PM 

and NOx emission from diesel engine is much higher in comparison 
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with other types of engines and therefore betterment is needed at 

this area. 

Energy from renewable sources, especially biofuels, will have an 

important impact on markets during the time period especially in 

South East Asian countries and supply demand tensions rise as 

demand outstrips supply especially for alternative fuels from edible 

sources. Summary of the main drivers of biofuel policies is 

presented in figure 1. The energy sectors of Southeast Asian 

countries have developed significantly over the past two decades. 

Energy demand became more than doubled between 1990 and 

2007, while power generation increased nearly fourfold over the 

same period [2]. With Thailand’s expected diesel consumption at 85 

million liter per day in 2012, the Government of Thailand has 

planned for an installed capacity of 8.5 million liter per day of 

biodiesel production in order to meet the B10 requirements. A key 

element is the plantation development of palm oil and Jatropha. 

Thailand plans to develop plantations totaling 0.7 million ha. In 

addition, there are plans to invest and develop an additional 0.175 

million ha in neighboring Malaysia. Biodiesel production still lags far 

behind ethanol in Thai and due to limited feedstock and a lack of 

Figure 1. Summary of the main drivers of biofuel policies in Asia. 
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clearly defined incentives for biodiesel investment [3]. Large-scale 

commercial production of biodiesel has not yet begun. On the 

community scale, there are biodiesel plants with capacities ranging 

from 5000 to 20,000 liter per day that serve communities in 11 

provinces. These plants use used frying oil and crude palm oil as 

feedstock to produce about 60,000 liter per day [3]. A dual policy 

which is a good solution for reduction of dependency to fossil fuel 

and pollution reduction is utilization of biofuels such as biodiesel and 

application of diesel particulate filters (DPF) in order to improve fuel 

and emission. Improvement in application and production of 

biodiesel can modify the dependency of energy demand to fossil 

fuels and also improve the exhaust emission. Biodiesel is cleaner, 

renewable and domestic which can reduce the dependency to 

importing the fossil fuels. The first application of biodiesel dates 

back to 1900, when Rudolf Diesel, inventor of diesel engine, in his 

first demonstration of first diesel engine at World Exhibition at Paris 

used peanut oil as a fuel. But due to abundance of fossil fuels at that 

time the researches about biodiesel were not persuaded seriously. 

Biodiesels, defined as mono-alkyl esters of long chain fatty acids 

derived from renewable feedstock such as vegetable oils and 

animal fats, for using in Compression Ignition (CI) engines. They are 

commonly composed of fatty acid methyl esters that can be 

prepared from triglycerides, by transesterifcation with methanol. The 

biodiesels are more environmental friendly due to cleaner 

combustion, biodegradability, being non-toxic and lower emission 

profile as compared to petroleum based diesels [4]. Since the 

biodiesel fuel (especially from vegetables) is a renewable fuel, so it 

is non-toxic and does not increase the level of CO2 at all in the 
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atmosphere at global level hence CO2 can be absorbed by 

photosynthesis process by planets.  

Diesel particulate matter or PM is part of a complex mixture of 

combustion of diesel engines product which is consists of 

carbonaceous, unburnt hydrocarbons and other impurities. The  

composition  of  PMs  from  a  diesel  engine  may  vary widely  

depending  on  the  operating  conditions  and  fuel composition. PM  

is  traditionally  divided  into  three  main fractions:  solid  fraction  

(SOL),  soluble  organic  fraction (SOF), and sulfate particulates 

(SO4) that consist of sulfuric acid  and  water.  The  SOL  of  diesel  

PMs  is  composed primarily  of  elemental  carbon,  sometimes  

referred  to  as inorganic  carbon.  This carbon, which does not 

chemically bound with other elements, is the finely dispersed carbon 

black or soot substance responsible for black smoke emission. 

Hydrocarbons (HCs) adsorbed on the  surface of  the carbon 

particles  are  present  in  the  form  of  fine  droplets  from  the SOF  

of  diesel  particulates.  In some researches, this fraction is also 

referred to as the volatile organic fraction (VOF) [5-9]. Many 

diseases can be related to the PM and other products of diesel 

engine exhaust. Increases in ambient airborne particulate matter 

(PM) have been reported to be associated with increased human 

morbidity and mortality in many geographical locations over the past 

and the mortality associated with increases in PM has been 

attributed to exacerbation of preexisting lung diseases in primarily 

older individuals [10].  

While the morbidity has been reported to be increased due to 

hospitalizations for lung infections and asthmatic symptoms. PM is 
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present with many other air pollutants, and the effects induced by 

PM may be possibly influenced by pollutants. The interaction 

between PM and other pollutants in the induction of 

cardiopulmonary responses could occur by atmospheric reactions 

and/or by alteration of cell and organ system hemostasis via 

common biological pathways [10]. The US EPA initiated diesel 

emissions research in 1977 to evaluate the human health impact of 

an increase in diesel vehicle emissions [11]. The first diesel 

characterization research led to the discovery that diesel particles 

contained relatively large quantities of mutagenic organic 

compounds and mutagenesis and carcinogenesis studies of a range 

of diesel particles was published in the early 1980s  as well as 

inhalation cancer and toxicology studies [11]. In utilization of 

biodiesels, differences in the toxicity induced by biodiesel could be 

due to several factors including the chemical composition of 

biodiesel, different additives used in engines, age and operating 

conditions. These parameters could in turn facilitate a number of 

varied health outcomes found in occupational settings of the engine 

[12]. 

For several decades in after treatment systems, the most common 

method to cope with the engine PM has been the application of 

Diesel Particulate filter (DPF). There are a variety of DPFs available, 

such as the wall-flow monolith, wire mesh, and foams. Of these, the 

wall-flow monolith DPF exhibits the highest filtration efficiency (>95 

percent by mass) for the least pressure drop. The wall-flow monolith 

comprises a honeycomb of square channels, typically 1–2 mm in 

square cross-section, with each end of each channel plugged 

alternately. The mechanism of DPF is based on entrapment of 
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exhaust PM by the porous material of DPF. After compiling the PM 

inside DPF, the filter will be regenerated in two main method, active 

and passive method. In active method, the heat of engine exhaust 

is responsible for DPF regeneration and the trapped PM will be 

oxidized by engine exhaust while in passive form, the DPF will be 

regenerated by the heating up the DPF with a high temperature 

system separately after removal from the vehicle. The goal of 

studies on this field is to study the factors which can affect the soot 

oxidation inside the DPF and finding the methods which can enable 

us to oxidize the PMs in a lower temperature. The soot oxidation 

kinetics is the crux of investigations and many researches and 

studies have done on this field. The main goal for all these efforts is 

to improve the DPF filtration ability and reduction of oxidation 

temperature. At this study at first stage the chemical and physical 

characteristics of diesel and Palm biodiesel fuels were investigated. 

In second stage of the study, both of the fuels were used in a single 

cylinder engine at 80% load and the PM were collected by metallic 

filters and TGA isothermal test in presence of air and pure oxygen 

was performed on the soot samples and soot oxidation kinetics were 

analyzed. At the final stage, a sample of DPF was used for soot 

trapping and pressure drop was monitored by data acquisition 

system and then the system was regenerated by high temperature 

tube furnace with application of air, oxygenated air and mixture of 

air and nitrogen. 

 



7 
 

 
 

Literature review 

  Physical and chemical characteristics of fuels such as viscosity, 

density, calorific value, flash point and so on, can affect the engine 

functionality and thus PM composition directly and indirectly. 

Studies in the field of PM also consists of a variety of topics for 

investigation including soot oxidation kinetics and TGA isothermal 

and non-isothermal studies. Studies about soot nanostructures with 

TEM, HRTEM and SEM images is another prevalent area of 

research. Here the summery of literature reviews of previous studies 

are mentioned as below: 

              Preechar Karin et al [9] have investigated the 

nanostructure Investigation of Particle Emission by Using TEM 

Image Processing Method. The primary size distributions as well as 

PM structures were presented by TEM images. The average 

primary sizes of biodiesel and diesel fuels PMs are approximately 

30-40 nm and 50-60 nm, respectively. The average carbon platelet 

sizes of both PMs are in the range of 0.1-7.0 nm. Moreover, 

approximately 830 carbon atoms per cubic nanometer of PMs also 

could be estimated and presented in the present report. Biodiesel 

combustion produces PM about two times lower than that of diesel 

combustion. Therefore, the conventional DPF also can be used for 

about two times of trapping duration. The carbon atom density and 

mass of PM could be estimated by using TEM image processing 

method. The length and density of carbon platelet might be strongly 

depended on the fuel properties and soot generation method. The 

bio-oxygenated fuel plays an important role for agglomerate particle 

and single particle size due to oxygen atom inside fuel molecule. 

Moreover, the impact of oxygenated fuel in the length of platelet also 
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needed to investigate for better understanding. This is an interesting 

result of bio-oxygenated fuel combustion behavior and particles 

emission nanostructure which should be researched in more details 

to discover the useful information for better understanding and 

future designs of modern ICE and DPF configurations.   

             Khalid Al-Qurashi and André L. Boehman [13] have studied 

the effect of EGR on PM nanostructure and oxidative reactivity. 

They use a 4 cylinder direct injection (DI) common rail engine with 

0% and 20% EGR to produce the soot. Earlier studies showed that 

soot derived from oxygenated fuels such as biodiesel carries some 

surface oxygen functionality and thereby possesses higher 

reactivity than soot from conventional diesel fuel. In this work, 

results show that EGR exerts a strong influence on the physical 

properties of the soot which leads to enhanced oxidation rate. 

HRTEM images showed a dramatic difference between the burning 

modes of the soot generated under 0 and 20% EGR. The soot 

produced under 0% EGR strictly followed an external burning mode 

with no evidence of internal burning. In contrast, soot generated 

under 20%EGR exhibited dual burning modes: slow external 

burning and rapid internal burning. The results demonstrate clearly 

that highly reactive soot can be achieved by manipulating the 

physical properties of the soot via EGR. The 0% EGR soot 

underwent a slow surface oxidation process due to its less 

disordered fraction compared to the 20% EGR soot. Presumably, 

the grapheme layers of the 0% EGR soot are more ordered so that 

they resist oxidation at 450 ◦C. The 0% EGR soot exhibits strictly 

external burning by the dissociation of the carbon atoms from the 

edges of the layer planes of the crystallites and does not show any 
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change in the interior of the primary particles, following solely a 

surface burning process. On the other hand, the 20% EGR soot 

exhibited dual simultaneous burning modes: fast internal burning 

and slow external burning. The interior of the primary particles of the 

20% EGR soot are oxidized in preference to the peripheral carbon. 

            Magín Lapuerta et al [14] investigated the effect of fuel on 

the soot nanostructure and consequences on loading and 

regeneration of diesel particulate filters. In their study an automotive 

diesel engine was tested in three representative modes of soot 

accumulation, active regeneration and spontaneous regeneration of 

its catalyzed diesel particulate filter (DPF), among the typical driving 

operation modes. During the engine tests, pressure and 

temperature along the DPF were measured, and soot samples were 

taken from the exhaust manifold upstream of the DPF for their 

thermal, structural and morphological characterization. In order to 

study the morphological analyze, the soot samples were subjected 

to TEM analyze. Thermal heating under oxidant atmosphere for 

studying the oxidation kinetics, Raman spectroscopy for describing 

their nanostructure and X-ray diffraction spectroscopy (XRD) for 

studying their internal lattice parameters. When the engine was 

operated in a typical accumulation mode, the pressure drop across 

the DPF increased up to 80 hPa with diesel fuel, while pressure drop 

stopped increasing after 4000 s of engine testing with biodiesel. In 

the regeneration mode, the DPF regenerated more slowly in the 

biodiesel case as a consequence of lower post-injected fuel energy 

and thus lower exhaust temperature. In the self-regenerating mode, 

the DPF was charged more slowly with biodiesel than with diesel 

fuel and its break even temperature was 40 oC lower with biodiesel 
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fuel. These results showed that biodiesel PM is more reactive to 

oxidation. Although thermo gravimetric results confirmed this 

tendency based on the differences on the pre-exponential factor, 

Raman spectra showed that biodiesel soot reached more ordered 

graphite-like structures and lower amorphous carbon concentration 

and XRD analysis showed that biodiesel soot displayed a higher 

degree of graphitization. The TEM analysis of the agglomerates 

showed that PM primary particles from biodiesel fuel were 

significantly smaller and had higher specific active surface than 

those of diesel soot. From these results, an interpretation of the 

differences in soot oxidation between both soot samples was made 

based on the different length scales, from the carbon fringes to the 

particulate filter. 

              Dongke Zhang et al [15] has investigated the effect of an 

iron-based catalyst homogeneous combustion catalyst on the 

oxidative behavior and nanostructure characteristics of soot emitted 

from a single cylinder CI engine. The results showed that smoke 

opacity 7.3–39.5% lesser soot emissions when the catalyst was 

applied, depending on the catalyst dosage ratio. Also the results of 

TGA that soot from the catalyst treated fuels possessed higher 

oxidative reactivity as indicated by ignition at lower temperatures 

and faster oxidation rates than those of soot from the reference 

diesel and this trend increases by increasing the dosage ratio of 

catalyst. Further kinetic analysis revealed an increase in the 

oxidation rate constant k and pre-exponential factor A for the soot 

from the catalyst treated fuels. Smaller and more narrowly-

distributed primary soot particles with the catalyst treated fuels than 

those of the reference diesel were evident. High-resolution TEM 
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imaging revealed graphitic crystallite structures of the soot samples 

from both catalyst-treated and -untreated fuels with no obvious 

variations in the nuclei core areas, suggesting that the internal 

structure of the soot was not affected by the catalyst. It was evident 

that iron ions from the catalyst were more involved in the soot 

oxidation process, rather than in the early soot formation stage, and 

eventually resulted in smaller and narrowly-distributed primary soot 

particles. 

          Aleksey Yezerets et al [16] investigated the differential kinetic 

analysis of diesel PM oxidation by oxygen, using a step–response 

technique. This technique was applied to soot oxidation by O2 and 

showed that, after decoupling effects due to the sample history, 

carbon oxidation by O2 in the absence of H2O can be well-described 

by an unmodified Arrhenius equation, with similar activation energy 

values for diesel and model soot samples (137 ± 8.7 and 132 ± 5.1 

kJ/mol, respectively). The reaction order in O2 for these samples 

was found to be 0.61 ± 0.03 and 0.71 ±0.03, respectively, and was 

remarkably independent of the temperature, suggesting that the 

fractional order is not due to mixed kinetic control. The reaction 

mechanism was also found to be independent of carbon conversion. 

The density of the reaction sites, however, appeared to increase 

with oxidation. This increase could not be accounted for by the 

changes in the specific surface area, either directly measured or 

derived from such simplified models as the shrinking-core 

formalism. The entire set of obtained experimental results can be 

described using a kinetically uncomplicated model in a broad range 

of temperatures, partial pressures of oxygen and degrees of soot 

oxidation. 
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       J. Jung et al [17] have focused on understanding the 

mechanism of carbon oxidation in their study. They investigated 

carbon black (Printex-U) soot oxidation by designing a simulation 

system which represented as DPF. A flow reactor system that could 

simulate the condition of a diesel particulate filter and diesel exhaust 

gas was designed. In the constant temperature oxidation 

experiments, the reaction order of carbon was 0.75±0.01 in the 

steady oxidation condition and that of NO2 was unity after 15% 

carbon was converted. In the temperature programmed oxidation 

experiments, the reaction rate increased proportionally to NO2 but it 

increased with O2 or H2O concentration nonlinearly. From the 

experiments, the apparent activation energy for carbon oxidation 

with NO2- O2 - H2O was determined to be 40±2 kJ/mole, with the 

first order of carbon in the range of 10~90% oxidation and a 

temperature range of 250~500oC. This value was exceedingly lower 

than the activation energy of NO2- O2 oxidation, which was 60±3 

kJ/mol. When NO2 exists with O2 and H2O, the reaction rate 

increases in proportion to NO2. It increases nonlinearly with O2 or 

H2O concentration when the other two oxidants are fixed. 

         Kuen Yehliu et al [18] studied the impact of fuel formulation on 

PM nanostructure and reactivity. They utilized three types of diesel 

fuels including an ultra-low sulfur diesel fuel (BP15), a pure soybean 

methyl-ester (B100), and a synthetic Fischer-Tropsch fuel (FT) 

produced in a gas-to-liquid process. The collected soot samples 

were characterized using thermogravimetric analyzer (TGA), X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and 

high resolution transmission electron microscopy (HRTEM). 

According to TGA, B100 soot exhibits the fastest oxidation on a 
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mass basis followed by BP15 and FT derived soot in order of 

apparent rate constant. XPS analysis indicates no relation between 

the surface oxygen content and the soot reactivity and fuel 

formulation such as oxygen content and aromatics has an influence 

on soot reactivity. B100 soot exhibits the fastest oxidation on a mass 

basis followed by BP15 and FT soot in order of apparent rate 

constant. When using single injection, B100 soot has twice the 

apparent rate constant compared to FT soot. The basal plane 

diameter obtained from XRD is inversely related to the apparent rate 

constants for soot oxidation. Quantitative analysis of HRTEM 

images also suggests soot nanostructure disorder correlates with a 

faster oxidation rate. XRD and HRTEM analysis results are 

compared, and they both show excellent correlation of soot 

nanostructure and reactivity. 

            C.J. Tighe et al [19] investigated the effect of NO2 on kinetics 

of diesel soot oxidation. Diesel engine fuelled by either Ultra-Low 

Sulphur Diesel (ULSD) or biodiesel, by NO2 have been measured in 

a packed bed at various temperatures (300–550 oC) and NO2 (20–

880 ppm) relevant to regenerating a Diesel Particulate Filter. 

Adsorbed hydrocarbons and oxygen accounted for a significant 

fraction (~20% by mass) of the otherwise carbonaceous material. 

After pre-treatment (heating up to 550 C in a flow of pure Ar and 

holding the temperature at 550 oC for 1 h) to ensure consistency 

between samples, they were subsequently burned at a fixed 

temperature in a flow of NO2 + Ar. For this, a balance on oxygen 

atoms entering and leaving the packed bed showed that during 

oxidation in NO2 any oxygen remaining in a soot after pre-treatment 

was not rapidly liberated as CO or CO2. A mass balance on the 
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element nitrogen demonstrated that no N2 or NO2 was formed below 

550 oC; mass balances on carbon and oxygen demonstrated that all 

the carbon ended up as CO or CO2 and below 550 oC the nitrogen 

yielded only NO. The oxidation of soot in NO2 was found to be first-

order with respect to NO2. Also, the soot derived from biodiesel was 

more reactive than soot from ULSD; nevertheless, the apparent 

activation energies for oxidation by NO2 were the same (70 ± 18 kJ 

mole-1 ) for each carbon. When the distribution of diameters of the 

individual spherules of soot was taken into account, it was not 

possible to tell whether there was internal burning of porous 

spherules or, on the other hand, non-porous, solid spherules were 

burning on their exteriors. 

       Robert L. McCormick et al [20], have studied the impact of 

biodiesel feed stock and its chemical structure on engine exhaust 

pollution. In their study biodiesels produced from a variety of real 

world feedstock as well as pure (technical grade) fatty acid methyl 

and ethyl esters were examined for emissions performance in a 

heavy-duty truck engine. The objective was to understand the 

impact of biodiesel chemical structure, specifically fatty acid chain 

length and number of double bonds, on emissions of NOx and PM. 

A group of seven biodiesels produced from real-world feed stocks 

and 14 produced from pure fatty acids were tested in a heavy-duty 

truck engine using the U.S. heavy-duty federal test procedure 

(transient test). It was found that the molecular structure of biodiesel 

can have a substantial impact on emissions. The properties of 

density, cetane number, and iodine number were found to be highly 

correlated with one another. For neat biodiesels, PM emissions 

were essentially constant at about 0.07 g/bhp-h for all biodiesels as 
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long as density was less than 0.89 g/cm3 or cetane number was 

greater than about 45. NOx emissions increased with increasing fuel 

density or decreasing fuel cetane number. Increasing the number of 

double bonds, quantified as iodine number, and correlated with 

increasing emissions of NOx. Thus the increased NOx observed for 

some fuels cannot be explained by the NOx/Tradeoff and is 

therefore not driven by thermal NO formation. For fully saturated 

fatty acid chains then NOx emission increased with decreasing 

chain length for tests using 18, 16, and 12 carbon chain molecules. 

Additionally, there was no significant difference in NOx or PM 

emissions for the methyl and ethyl esters of identical fatty acids. 

           John P. A. Neeft et al [21], they have investigated the Kinetics 

of the oxidation of diesel soot. This study was and still is a valuable 

reference for soot oxidation kinetics and reaction order. The kinetics 

of the unanalyzed oxidation of a flame soot and diesel soot were 

studied. Oxidation  of  the flame soot could  be  described  by  an  

nth-order  model,  with  an  order  in  carbon  of 0.7.  The  order  in  

molecular  oxygen concentration was  found  to be  1 for the  flame  

soot and  slightly  lower than  1 for the diesel  soot.  This order in 

oxygen concentration was also found to be a function of conversion. 

Water caused a significant increase in oxidation rate of the flame 

soot, which was accompanied by an increase in reaction order in 

carbon and a much higher CO2/CO ratio, whereas the activation 

energy did not change. The oxidation rate of the diesel soot was not 

significantly influenced by the addition of water. Experimental 

results were more reproducible for the oxidation of the flame soot 

than for the oxidation of diesel soot, and the flame soot appeared to 

be a good model for diesel soot in oxidation studies. Therefore it is 
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recommended to use a model soot in (kinetic) studies of soot 

oxidation. 

       B.R. Stanmore [22], have provided a resourceful review study 

on soot oxidation. In this review, the experimental techniques which 

have been used to study the gasification of soot are described and 

the methods and results obtained by analysis of the data from them 

are considered. Firstly, the mechanism of soot formation and its 

structure are briefly discussed. The various scales of particulate 

which comprise it, i.e. spherule, particle and aggregate, influence its 

properties and behavior. Next, the experimental equipment used in 

the study of its gasification is briefly described. Gasification kinetics 

at low temperatures are measured either in fixed beds or by 

thermogravimetry. The apparatus may be operated as a thermally 

programmed desorption system to identify the species involved. 

High temperature investigations have been carried out in 

entrainment burners and shock tubes. The chemistry of soot 

oxidation is discussed for both non-catalytic and catalytic conditions. 

The oxidation pathway involves interaction between adsorption and 

desorption processes, which determine the primary products, the 

order of reaction and the activation energy. The consensus is that 

two types of adsorbed surface species are present in unanalyzed 

combustion. The combustion mechanism of individual spherules is 

considered in terms of basic property changes. During 

thermogravimetry, the influence of the competition between reaction 

and oxygen diffusion in soot beds is analyzed. The reaction of 

catalyzed soot displays a different mechanism, as the primary 

products, the order of reaction and the activation energy all change. 

The lower activation energy and higher reactivity lead to lower 
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ignition temperatures. Catalysts may be incorporated into the soot 

spherules by addition to the fuel, or may be added after formation. 

Two types of contact between the carbon and added catalyst have 

been identified, ‘loose’ and ‘tight’. Tight catalyst, which has been 

mechanically ground with the soot, produces more pronounced 

effects. Finally, the behavior of soot during gasification by other 

oxidants, namely H2O, CO2 and NO2 is summarized. 

         Pierre Darcy et al [23] also investigated the Kinetics of 

catalyzed and non-catalyzed oxidation of soot from a diesel engine. 

This study deals with catalyzed and non-catalyzed oxidation, 

respectively (CSO and NCSO) of diesel soot in laboratory 

conditions, using a ceria–zirconia based catalyst. The soot oxidation 

study is done via temperature programmed oxidations (TPO), 

temperature programmed desorption (TPD) and isothermal 

reactions at ambient pressure in a fixed bed reactor. NCSO of diesel 

soot leads to CO and CO2 formation, in a molar ratio of roughly 0.4. 

Isothermal runs have shown that soot particulates are composed of 

two parts with different reactivity towards O2: oxygenated species 

(VOF) are very reactive. They spontaneously decompose under 

inert atmosphere when they are heated up. Their oxidation in 

oxygen containing gases occurs at low temperature (300 oC in our 

experimental conditions). Carbonaceous core of diesel soot is less 

reactive and is oxidized only above 450 oC. Based on this 

observation, a simple kinetic model has been proposed for non-

catalytic soot oxidation. This model has been successfully used to 

model our TPO results. CSO with a Pt/CeZrO2 catalyst has also 

been studied. The oxidation leads to CO2 production only. Our 

experiments showed that three mechanisms occur in soot 
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consumption: first, a VOF oxidation, which is catalyzed by our 

Pt/CeZrO2 catalyst. The proportion of catalyzed soot mass 

increases with the catalyst: soot ratio. Kinetic parameters of this 

oxidation have been determined. Partial order versus oxygen (0.3) 

and activation energy (114 kJ/mole) are both lower than for the non-

catalyzed oxidation process, whose kinetic parameters are 

respectively 0.9 and 164 kJ/mol. Finally, the whole soot mass reacts 

via slow oxidation, which looks like a non-catalytic oxidation (partial 

order versus oxygen: 0.7, activation energy: 161 kJ/mole). VOF are 

oxidized first, well below 450 oC. Catalyzed part of soot reacts from 

400 oC, with a maximum activity between 520 and 550 oC, while 

slow oxidation occurs when temperature is 30–40 oC higher and 

reaches a maximum for temperatures between 570 and 600 oC. 

Kinetics of these three steps have been determined and 

successfully applied to our TPO results.  
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Objectives 

The objectives of this study is to investigate the impact of fuel 

properties on engine soot oxidation kinetics, DPF filtration and 

regeneration behavior for betterment of DPF design and future 

application in Thailand.  At this study, the fuel physical and chemical 

characteristics of diesel and palm biodiesel fuel is investigated and 

the results were collected and key features.  

For soot preparation, diesel and biodiesel fuels were burnt inside 

the single cylinder engine and the collected soot samples were sent 

for TGA isothermal investigation in presence of pure oxygen and air. 

At final phase, a sample of DPF was used to investigate the filtration 

mechanism of DPF while applying diesel and biodiesel on pressure 

drop. For DPF regeneration trend, the DPF were heated up to 600 o 

C in presence of air and pure oxygen. 

The scopes of research 

 

 Investigation of oxidation kinetics of soot from biodiesel and 

diesel in presence of pure oxygen and air in isothermal 

condition. 

 Investigation of PM morphology and nanostructure with image 

processing 

 Study of effect of diesel and biodiesel fuel on DPF filtration 

and regeneration trend with regard to fuel physical and 

chemical features.  
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CHAPTER 2 

BACKGROUND THEORY 

2.1. Diesel engine 

Diesel engines have an excellent reputation for their low fuel 

consumption, reliability, and durability characteristics. They are also 

known for their extremely low hydrocarbon and carbon monoxide 

emissions. No other internal-combustion engine is as widely used 

as the diesel engine. This is due primarily to its high degree of 

efficiency and resulting fuel economy. The chief areas of use for 

diesel engines are: 

  fixed-installation engines 

  cars and light commercial vehicles 

  heavy goods vehicles 

  construction and agricultural machinery 

  Railway locomotives and Ships 

The diesel engine is the internal-combustion engine that offers the 

greatest overall efficiency more than 50% in the case of large, slow-

running types. The associated low fuel consumption, its low-

emission exhaust and quieter running characteristics assisted, for 

example, by pre-injection have combined to give the diesel engine 

its present significance. However, they have also been rejected by 

many for their odorous and sooty exhaust that is also characterized 

with high nitric oxide and particulate matter emissions. Combustion 

in diesel engines is very complex and until recently, its detailed 

mechanisms were not well understood. In diesel engines, only air is 

send into the combustion chamber during induction. This air is 



21 
 

 
 

compressed during the compression stroke and towards the end of 

compression stroke, fuel is injected by the fuel injection system into 

the cylinder just before the desired start of combustion. Liquid fuel is 

injected at high velocities as one or more jets through small orifices 

or nozzles in the injector tip. The fuel atomizes into small droplets 

and penetrates into the combustion chamber the droplets vaporize 

and mix with high-temperature and high-pressure cylinder air.  

Since the air temperature and pressure are above the fuel’s ignition 

point, spontaneous ignition of portions of already mixed fuel and air 

occurs after a delay period of a few crank angle degrees. The 

cylinder pressure increases as combustion of fuel-air mixture 

occurs.  As the piston continues to move closer to top dead center 

(TDC), the mixture’s (mostly air) temperature reaches the fuel’s 

ignition temperature. Instantaneous ignition of some premixed fuel 

and air occurs after the ignition delay period. This instantaneous 

ignition is considered the start of combustion (also the end of the 

ignition delay period) and is marked by a sharp cylinder pressure 

increase as combustion of the fuel-air mixture takes place. 

Increased pressure resulting from the premixed combustion, 

compresses and heats the unburned portion of the charge and 

shortens the delay before its ignition. It also increases the 

evaporation rate of the remaining fuel. Atomization, vaporization, 

fuel vapor-air mixing, and combustion continue until all the injected 

fuel has combusted.  
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Combustion in Diesel Engines has 4 main stages: 

 Ignition delay period 

 Premixed combustion phase 

 Mixing-controlled combustion phase 

 Late combustion phase 

The period between the start of fuel injection into the combustion 

chamber and the start of combustion is termed as ignition delay 

period. The start of combustion is determined from the change in 

slope on the p ~ α diagram, in figure 2, or from heat release analysis 

of the p (α) data, or from luminosity detector in experimental 

conditions and   Start of injection can be determined by a needle-lift 

indicator to record the time when injector needle lifts off its seat. 

Start of combustion is more difficult to determine precisely.  

It is best identified from the change in slope of heat release rate, 

determined from cylinder pressure data. In DI engines ignition is well 

defined, in IDI engines ignition point is harder to identify. Both 

physical and chemical processes must take place before a 

significant fraction of the chemical energy of the injected liquid fuel 

is released. The physical processes are; atomization of the liquid 

fuel jet, vaporization of the fuel droplets, mixing of the fuel vapor with 

air. The chemical processes are the pre-combustion reactions of the 

fuel, air and residual gas mixture which lead to auto ignition. 

Chemical delay is more effective for the duration of the ignition delay 

period.  
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Figure 2. Four stages of combustion and heat release [24]. 

Combustion of the fuel which has mixed with air within flammability 

limits during ignition delay period, occurs rapidly in a few crank angle 

degrees high heat release characteristics in this phase. If the 

amount of fuel collected in the combustion chamber during the 

ignition delay is much, high heat release rate results in a rapid 

pressure rise which causes the diesel knock. For fuels with low 

cetane number, with long ignition delay, ignition occurs late in the 

expansion stroke results in incomplete combustion, reduced power 

output, poor fuel conversion efficiency. If the pressure gradient is in 

the range 0.4 - 0.5 (MPa/o CA), engine operation is not smooth and 

diesel knock starts. This value should be in the range 0.2 to 0.3 

(MPa/o CA) for smooth operation (max allowable value is 1.0 

(MPa/o CA)). Once the fuel and air which is premixed during the 

ignition delay is consumed, the burning rate (heat release rate) is 

controlled by the rate at which mixture becomes available for 

burning. The rate of burning in this phase is mainly controlled by the 
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mixing process of fuel vapor and air. Liquid fuel atomization, 

vaporization, pre-flame chemical reactions also effect the rate of 

heat release. Heat release rate sometimes reaches a second peak 

(which is lower in magnitude) and then decreases as the phase 

progresses. Generally it is desirable to have the combustion process 

near the TDC for low particulate (soot) emissions and high 

performance (and efficiency). Heat release rate continues at a lower 

rate into the expansion stroke there are several reasons for this: a 

small fraction of the fuel may not yet burnt, a fraction of the energy 

is present in soot and fuel-rich combustion products and can be 

released. The cylinder charge is no uniform and mixing during this 

phase promotes more complete combustion and less dissociated 

product gases Kinetics is slower.  

2.2. Diesel and Biodiesel Fuels: 

Diesel 

Diesel fuel is a mixture of hydrocarbons with boiling points in the 

range of 150 to 380°C which are obtained from petroleum. The term 

“diesel fuel” is generic; it refers to any fuel for a compression ignition 

engine. In common use, however, it refers to the fuels made 

commercially for diesel-powered vehicles. It is composed of a blend 

of different types of hydrocarbons, including paraffin’s, naphthenic, 

olefins, and aromatics. Different types of diesel fuel have different 

blend ratios, depending on what the fuel will be used for, the 

temperature of the area in which it will be used, and regional 

governmental regulations. Diesel is usually produced by distillation 

in oil refineries. Different hydrocarbons of crude oil vaporize at 

different temperatures which are used in making diesel usually 
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vaporize at between 250 and 350°C. When the oil is heated to that 

temperature in a device called a fractional distillate column, the 

specific hydrocarbon chains are vaporized and are pulled out for 

use. This can also be done with the use of chemicals instead of a 

fractional distillate column. After the components are isolated, 

they're blended together in specific ratios to make different types of 

diesel fuel. 

Biodiesel 

In the United States, biodiesel fuel production has grown from 

approximately one half-million gallons (just under 2 million liters) in 

1999 to an estimated 75 million gallons (284 million liters) in 2005 

[25]. This was approximately 0.2 percent of total diesel production 

in 2005. The main reason for the interest is that biodiesel is a 

renewable source of energy. In general usage, the term biodiesel 

covers a variety of materials made from vegetable oils, recycled 

cooking greases or oils, or animal fats. The definition of the term 

“biodiesel” is being debated, but for the purposes of the publication 

the following ASTM International definition applies: “a fuel 

comprised of mono-alkyl esters of long chain fatty acids derived 

from vegetable oils or animal fats, designated B100”. Vegetable oils 

and animal fats consist of three fatty acids hydrocarbon chains of 

varying lengths, bonded to a glycerol molecule. This structure is 

commonly known as a triglyceride. Figure 3 lists a variety of fatty 

acids, indicating hydrocarbon chain length and the number of 

carbon-carbon double bonds. In a process known as 

transesterification, triglycerides react in the presence of a base 

chemical (sodium or potassium hydroxide) with an alcohol, usually 
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methanol, resulting in three fatty acids bonded to the methyl group 

from methanol. These chemicals are referred to as fatty acid methyl 

esters (FAME) with alkyl chain lengths of 12 to 22 carbons. Water, 

base chemical, unreacted triglycerides and alcohol, and glycerin are 

byproducts of the transesterification reaction and must be removed 

from biodiesel fuel. The glycerin (also called glycerol) is purified and 

has uses in the cosmetic, food and other industries, and as an 

animal feed stock. Biodiesel has chemical and physical properties 

similar to those of conventional diesel fuel. In the United States, 

soybean oil is the largest source of biodiesel, although oil from other 

plants is used as well. Canola oil (canola is a hybrid of rapeseed) is 

the source for most of the biodiesel produced in Europe. In countries 

where winters are warm, palm and coconut methyl esters are 

commonly used. Jatropha nut oil esters are becoming important in 

India and Africa, where the jatropha plant tolerates poor soil and is 

disease resistant. 

Figure 3. Transesterification of Vegetable Oil to Biodiesel [25]. 
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2.3. Particulate matter 

 

Particulate matter also known as particle pollution or PM, is a 

complex mixture of extremely small particles and liquid droplets. 

Particle matter is made up of several components, including acids, 

organic chemicals, metals, and soil or dust particles. Carbon is the 

main important part of PM and is found in three distinct forms 

including (a) carbonate (b) myriad organic compounds, referred to 

collectively as organic carbon (OC); and (c) carbonaceous or quasi-

graphitic material dubbed elemental carbon (EC). The first type is a 

minor component associated with rocks and (lime) stone and is 

mineral based. The other two forms of carbon are mostly generated 

in the combustion of carbonaceous materials, chiefly fossil fuels and 

biomass. The carbonaceous part, which is considered as solid part 

of PM, is an agglomeration of much smaller particles. This 

agglomeration is referred as spherules, and the sizes range are 

∼20−50 nm. The microstructures of which are partly amorphous and 

partly graphitic or quasi-graphitic. The morphology of the whole 

particle, or agglomerate, is characteristic of the combustion process, 

e.g. globular for biomass, fractal for diesel and compacted for coal. 

The agglomerate forms a kind of skeleton, onto which organic 

compounds, emitted as gases, condense as the exhaust gas cools. 

The relative proportions of carbonaceous and organic particulate 

are characteristic of the source. Figure 4 shows some characteristic 

particles which are likely to be present in the exhaust stream of a 

motor vehicle. Although this diagram is schematic and conceptual, 

it contains many of the features that would be observed, if the 

exhaust gas were to be passed through a filter and the particles 
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collected thereon were to be examined in an electron microscope. 

The most immediately striking aspect of figure 4 is the presence of 

three distinct types of particle, labelled nucleation mode, 

accumulation mode and coarse mode.  Particles in the atmospheric 

aerosol invariably exhibit this trimodality, and particulate emissions 

from motor vehicles are no exception.Coarse mode particles from 

different compositions are mainly made by attaching the 

predecessors lodge within exhaust system. These particles join 

each other and make a much larger particle which will go out by 

exhaust stream. This trend has a random manner and is 

unpredictable. As shown in figure 4, they may consist of solid core 

and a volatile organic fraction (VOF) layer on the surface. 

Figure 4. Coarse mode (largest, shown in part), nucleation mode 

(smallest); accumulation mode (middling) [26]. 
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Most researchers suggest that nucleation-mode particles consist of 

volatile material and that’s the reason of showing the particles as 

spherical in figure 4. Other research suggests that some nucleation-

mode particles are in fact solid, or at least possess minute solid 

kernels. These questions are being avidly researched in many 

research laboratories at the moment. The most immediately obvious 

feature of accumulation-mode particles is that they consist of a 

collection of much smaller primary particles. These primary particles 

are referred to as spherules, meaning that while not exactly 

spherical, they nonetheless quite closely approximate sphericity. 

The size range for spherules is typically ∼20–50 nm. The 

agglomerate surface is coated by a layer of liquid or semi-liquid 

material which is adhesive and penetrates into the pores and 

internal voids of the agglomerate. This leads to a significant 

difference between surface composition and the core composition. 

The adherence of this volatile or semi volatile layer leads to the 

expression wet particulate which will vaporize by heating, on the 

contrary, the solid core that remains after a heating process, which 

is the dry particulate.  

The factors which affect the chemical composition of PM is 

presented in figure 5.  At the first level, everything is included that 

might be captured when exhaust gas is passed through a filter 

except condensed water. Water droplets contain minute solid 

particles, and also absorb soluble combustion products such as 

aldehydes and ketones. As already mentioned before upon heating, 

some material evaporates and some does not. Alternatively, some 

material dissolves in certain solvents, and some does not. This 
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divides the particulate into that which is volatile or soluble, and that 

which is nonvolatile or insoluble.  

 

 

Figure 5. Shows a conceptual model of particulate composition, 

categorized in five distinct groups or fractions: sulphates, nitrates, 

organics, carbonaceous and ash [26].  

So in general there are five clear subgroups, or fractions: sulphates, 

nitrates, carbonaceous, organics and ash. The chemical 

composition (Figure 5) corresponds, in a large degree, to the 

physical representation (Figure 4). 
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Organic Fraction 

If the composition is dissolve in an organic solvent, then it’s 

considered as a soluble organic fraction (SOF) and if it vaporize by 

heating up, it will be considered as volatile organic fraction (VOF). 

The methods for separation of these two parts are varied thus there 

is no unique method for determination of it, however based on most 

of the researches these two fractions have nearly close 

percentages. The SOL and VOF are made up of many components. 

Most of the major chemical families are represented, although their 

proportions vary widely: alkenes, alkanes, alcohols, esters, ketones, 

acids, esters and aromatics.  

Sulphate Fraction 

This fraction consists of water-soluble sulphates, or the SO2−4 ion, 

but the chief component is sulphuric acid, H2SO4.  Sulphuric acid 

has high tendency to react with water. In fact, the water content of 

the particulate often varies only with the sulphate content, because 

the particulate-bound water is found predominantly with the 

sulphuric acid. So, what sulphates really means is the acid and the 

water. The water content is an important case of consideration 

hence the amount of water usually is not negligible and 

environmental elements can also affect it. 

Nitrate Fraction 

In Nitrate fraction, NO-3 and nitric acid, HNO3, are the key players. 

Normally the HNO3 is formed via reaction between water NO2 and 

overall process is related to NOx chemistry.  
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The typical reaction is: 

2NO2 +H2O →HNO2 +HNO3   

3HNO2 →HNO3 +2NO+2H2O 

Existence of small portions of HNO2 and HNO3 in exhaust gas is 

reported. Water acts as an assistant in catalytic oxidation of carbon 

by NO2. On the other hand, an opposite trend is seen between 

sulphates and nitrates in absorptions of oxygen molecules of engine 

exhaust gas. It should be considered that nitrates have more 

volatility in comparison with sulphates and nitric acid has lower 

boiling point than sulphuric acid. 

Carbonaceous Fraction 

The carbonaceous fraction is mainly consists of carbon as can be 

understood by its name. In this thesis, soot and carbonaceous 

fraction are synonyms. The inky blackness of smoke arises from this 

fraction therefore, emissions regulations framed in terms of smoke 

overlook the other fractions, although measures that reduce smoke 

may also, for example, fortuitously reduce the organic fraction. 

Ash Fraction 

The ash fraction contains inorganic compounds, mainly metals and 

some very small portions of complex compositions which cannot be 

defined easily and clearly. A common method for the ash 

measurement is burning all the particles and examine the remaining 

mass. These five fractions correspond in a large measure to the 

features delineated in Figure 5: the sulphate, nitrate and organic 

fractions form the volatile coatings, and the carbonaceous fraction 
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is largely represented by the spherules. With this regard, the 

accumulation-mode particles are sometimes called an ‘aciniform’ 

type of carbon, or clustered like grapes but the location of the ash 

fraction is less certain it may be atomically dispersed. 

2.3.1. Combustion process and effect on PM formation 

Inside the engine 

Among the five fractions which was mentioned before, ash and 

carbonaceous parts of particulate matters are generated within the 

engine and the rest of the fractions are produced within exhaust 

process. Fuel, lubricant, air and material breakdown are the four 

main source of particles from engine. Figure 6 depicts shows the 

schematic of PM fraction source and its level of importance. There 

are two main modes of combustion in diesel engine functional 

process. If, before combustion, the fuel droplets vaporize, and the 

vapor has ample opportunity to mix with the air, this is a premixed 

flame; and if fuel and air are insufficiently mixed before combustion 

is initiated, this is a diffusion flame. In a premixed flame, the rate of 

combustion is controlled by chemical kinetics, whereas in a diffusion 

flame, it is the physical processes of mixing, i.e. mass transport that 

are rate-determining premixed and diffusion flames are both found 

in diesel engines: the first gives way to the second as the 

combustion proceeds. 
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Figure 6. What happens within the engine: conversion of fuel, 

lubricant, air and engineering materials into carbonaceous, organic, 

ash and sulphate particulate purely subjectively, the line widths 

suggest relative importance; dashed lines suggest poorly explored 

possibilities a less obvious scenario is the entry of foreign material 

(i.e. ash) into the fuel tank during refueling [26]. 

The premixed flame occurs due to ignition delay, the interval 

between start of injection and the start of combustion, during which 

preparatory pre-combustion reactions occur. Therefor a premixed of 

a fraction of injected fuel will reach to a combustible condition. 

However, due to faster burning rate of this premixed fraction than 

the rate of fuel injection replenish, so the flame boosts. After this 

point, flame proceeds slower than the rate of availability of 

combustible mixture and reaches to a condition which is called 

diffusion flame. Another factor for consideration is to know that some 

portion of injected fuel will experience oxygen privation inside diesel 
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engine, even though the global air/fuel ratio is lean, the charge is 

heterogeneous. Heating up the hydrocarbons without sufficient 

oxygen, the reaction undergoes to an endothermic reaction which is 

called pyrolysis. The combustion chemistry then sets out in the 

direction of soot. Pyrolysis includes the reactions between 

hydrocarbons, dehydrogenation to form hydrocarbons of greater 

unsaturation, and cracking of hydrocarbons into fragments. This 

type of reaction is also used in crude oil refinery systems. As the 

amount of oxygen decreases, the tendency for more pyrolytic 

reactions increases. At different ranges of temperatures various 

pyrolytic reactions occurs. When a complex material is subjected to 

pyrolysis, at higher temperatures bond rupture and dehydrogenation 

are the key reactions. This results in generation of species with 

lower molecular weight.  At lower temperatures, polymerization and 

condensation are the prevalent reactions which create species of 

higher molecular weight. In case of hydrocarbons, pyrolysis 

converts the high amount of carbon atoms of fuel molecules to soot 

particles. The original fuel molecules are broken down and rebuilt 

as structures of ever-greater molecular weight. These reactions 

makes the components lesser organic and more carbonaceous by 

reducing the carbon–hydrogen ratio. 

The organic fraction arises from fuel in two ways: direct and indirect. 

The direct path is when fuel escapes combustion and simply passes 

unburned through the engine. For example if some fuel portion is 

over mixed with air some regions of the charge can’t support the 

flame and fuel goes out unburned. Ignition delay can promote over 

mixing. The indirect path is when pyrolysis reactions are for some 

reason interrupted in their conversion of fuel to soot. For example, 
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if they are quenched by continued mixing. In this case the organic 

fraction will contain species not present in the fuel, i.e. those 

synthesized in the combustion. Lubricants are an important none-

fuel source of particulate matter and they also can be a part of PM 

composition. 

Through exhaust  

Particle’s formation process continues after combustion and 

alteration on its composition continues when exhaust valve is 

opened. The exhaust temperature is sufficient enough for ongoing 

reactions among gases and particles. At this phase, particles grow 

by agglomeration and other particles settle in internal surfaces. 

Among the volatile fractions, sulphates, nitrates and organics attach 

to existing particles. The only solid parts of particles are ash and 

carbonaceous fractions hence the exhaust temperature is still high. 

But when the temperature decreases, more volatile fractions join the 

particles. Water is the main condensable component and its 

condensation starts as the temperature goes down. Sulphates are 

the other principal volatile component in exhaust gas but hence they 

are in gas phase and emitted as SO2, without catalytic converters 

they can’t be filtered but oxidation catalyst can convert SO2 to SO3 

which is rapidly hydrolyzed into sulphuric acid, H2SO4.This acid, in 

turn undergoes gas-to-particle conversion. Ash fraction usually 

exists as metal oxides or salts. Wear particles can originate from 

different parts of engine and rust due to the combined action of 

oxidation, thermal cycling, vibration and corrosion by sulphuric acid, 

exfoliate from the walls of the exhaust system. Various wear 
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particles are also released from catalytic converters or other after 

treatment devices, and from mufflers. 

2.3.2. Particle size distribution and number 

The particles are mainly categorized in three groups or modes. This 

division is based on the size of the PM. These three modes are 

nucleation, accumulation and course mode and this order is based 

on increase of size. These modes are presented in figure 7.  

 

Figure 7. Generalized size distributions for typical particles emitted by 

internal combustion engines, taking spheres and constant density as a first 

approximation: by number N, surface area S and mass M (after Kittelson, 

1998). The inset shows, as a function of size, and assuming unit density, the 

required N, in particles per cubic meter, in order to realize M = 20 µg/m3 

[26]. 
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With regard to number of particles, most of the particles are in the 

range of nucleation mode while with regard to mass most of particles 

are within the range of accumulation mode. This difference in size 

can also be related to difference of PM’s composition. The size 

distribution is lognormal. Most particulate, by mass, resides in the 

accumulation mode (100–900 nm), and most particulate, by 

number, resides in the nucleation mode (<100 nm). The coarse 

mode (>900 nm) is not usually significant [26]. Accumulation mode 

particles are made of a solid core of carbonaceous building blocks 

called spherules, which join each other and form agglomerates. 

Spherules are uniform in size, i.e. mostly 20–50 nm, and the 

agglomerates they form contain no defined number. It ranges from 

a very low numbers to several thousand [26]. An outer layer of 

volatile compounds is attached to the agglomerates. The 

nucleation-mode particles are more unclear and most are probably 

formed from nucleated volatiles, but some research suggests that a 

few of them are solid, or contain minute solid cores [26]. The coarse-

mode particles are solid and are formed from the other two modes 

through a process of storage and release in the exhaust system, or 

through material disintegration. There are five distinct fractions as 

mentioned before: ash, carbonaceous, organic, sulphate and nitrate 

which are on a competition condition with each other. The first two 

are nonvolatile and the others volatile. This classification scheme is 

not perfect and separation between the fractions are often difficult. 

The organic fraction contains hundreds or thousands of compounds 

and it’s the most complex part with most of the major chemical 

families such as esters, aromatics, alcohols, etc. The sulphate 

fraction is predominantly sulphuric acid and its associated water, but 
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there can also be metal sulphates. The carbonaceous fraction is 

chiefly carbon. The nitrate fraction denotes nitric acid. The ash 

fraction consists of what is incombustible, and contains mostly 

metals, but also a few nonmetals. 

2.3.3. PM formation and growth  

The compression ratio of diesel engine is higher than other engines 

and rapid combustion of injected fuel inside the chamber occurs. 

Soot is an unavoidable by product of diesel combustion and the 

heterogeneity of charge, rich burning regimes during mixed control 

combustion phase are considered as the chief reasons for soot 

production [26]. The soot formation initiates with fuel molecules 

containing 12 to 22 carbon atoms. This molecules also have 

hydrogen atoms, twice number of carbon atoms and it terminates 

after a few milliseconds with particles or spherules, containing 

thousands of carbon atoms and about one tenth of H atoms. The 

schematics of soot formation is shown in figure 8. The soot 

precursors are made by breaking down of fuel molecules by 

pyrolytic reactions. These precursors go through out a nucleation 

process to make the first noticeable particles which are called Nuclei 

and it’s size is about 3 nm. The nuclei particles are processed 

through out another phenomenon which is called surface growth. At 

this stage carbon is added and hydrogen is removed until spherules 

size reaches to 20 ~ 50 nm of size range. At the surface growth 

process the spherules themselves start agglomeration and the 

smaller particles join each other and make bigger particles. 
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Figure 8. Conceptual scheme for the formation of soot [26]. 
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The soot is generated at a critical air/fuel (A/F) rations and the 

starting point of this critical point is governed by global reaction 

formula of hydrocarbons combustion reaction which is show as 

formula (2.1) and (2.2). α ,β and γ are the number of C,H and the 

C/O ratio. 

      (2.1) 

                                                                                                                                                        

(2.

2) 

Based on this model a supposed critical point is for the ratio of C/O 

when it is unity. This means there is one oxygen for each carbon 

atom thus the CO is formed. If this ratio is more than unity some 

carbon atoms appears as soot. In real condition, this value is often 

lesser than unity and sometimes reaches 0.5 so all of the existing 

oxygen atoms are not used. Practically, the critical A/F ratio required 

for soot generation is depended on several elements such as nature 

of fuel to air (F/A) ratio mixing, structure of the flame and molecular 

structure of hydrocarbons. The nuclei particles begin absorption of 

hydrocarbon fragments and thus grow and the spherules grow into 

a certain range of size, 20–50 nm, and then stop. This growth 

increases the mass of nuclei while keeping the numbers of nuclei 

particles constant. The primary unite of the carbonaceous 

agglomerate is spherules, which is generated by surface growth and 
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is responsible for layered microstructure of outlaying regions where 

the crystallite structures are arranged. This structure of layering is 

different from the microstructure of central regions, which are more 

disordered and amorphous and lesser crystallite. Spherules stick 

together due to collision and make bigger particles. These bigger 

particles also collide with each other and grow. This growth is known 

as agglomeration. Agglomerative growth is physical, rather than 

chemical, and it decreases the particle number without affecting the 

particle mass. At this stage it can be said that the soot is formed. 

Some agglomeration occurs when the spherules are still very 

young, and may be consist of tarry materials or fluid, so that original 

identities are unclear and many nuclei are found within one 

spherule. But even in the absence of fusing, surface growth 

continues concurrently, so that an overlying shared lattice structure 

develops, by which original boundaries are obscured. Clustered or 

chained morphologies are displayed, according to the nature of the 

collisions that generated the agglomerates. 

The last stage which is shown in figure 8 is oxidation. This stage 

reverses the soot production. This is a parallel reaction with soot 

oxidation and makes it harder to distinguish the soot formation. 

Inhibited production and promoted oxidation can result in engine-

out soot production. In engine modelling instantaneous soot 

concentration inside cylinder, which is related to crank angle, is 

computed by subtracting the oxidation model from production 

model. These studies show that soot production is the dominant 

trend in early stages of combustion, while oxidation mainly occurs 

at later phases. The oxidation and formation trend are the important 

factors for determination of emitted products of engine. About 90% 
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of produced soot is destroyed by the combustion and the remaining 

10 % only escape the oxidation. The late combustion stage or burn 

out stage, is the main responsible for oxidation prevention of this 10 

%. Not only O2, but other oxidants such as O, OH, H, CO2 can affect 

the soot oxidation. In flames, O2 is not the only active oxidative 

element. It’s said that OH is a more active oxidant [26]. The fluid 

mechanics which dominates the combustion chamber, controls the 

mixing of air and soot and movement of the soot cloud plays an 

important rule. The oxidation of spherules is generally supposed to 

be kinetically limited and to take place on the surface, as expressed 

by surface recession. Evidence exists, though, that some oxidation 

takes place inside spherules. So overall it can be said the nuclei 

particle gains mass through surface growth and then by 

agglomeration joins other nuclei particles which results in increase 

of the size and decrease of the particles number, while mass gain 

and surface growth still continue, and a mature particle will be 

created. Most of these particles will be oxidize by engine combustion 

and a small portion goes out via exhaust. 
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PM structure geometry  

sThe structure of PM is the result of adherence of carbon atoms to 

each other in a bonding hexagonal shape. Each edge of these 

hexagonal shape is known as carbon platelet or fringe. These 

platelets make a crystallite structure by bonding with two to three 

layers. These formations proceed further and creates a spherical 

shape which forms the particle. The schematic of this structure is 

depicted in figure 9. 

   Figure 9. The structure of soot PM (a) a carbon hexagonal layer 

(b) carbon platelet (fringe) [27]. 

2.3.4. PM formation and different combustion phases 

From commence of combustion, the portion of soot inside the 

cylinder rises rapidly and reaches a peak. After reaching to the peak, 

this amount decreases with a diminishing trend and reaches to an 

asymptote. This trend shows the equal importance of soot formation 

and oxidation. The soot formation is favored at early stage of 
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combustion while the oxidation is dominant at the later phase. These 

two parameters are affected by engine functions and working 

condition such as injection pressure, injection timing and EGR, thus 

the net effect is not clear. It can be said that the formation of more 

soot in higher peak, can be balanced by higher rate of oxidation 

which ends in lesser engine exhaust soot. So it’s necessary to have 

an eye on the different stages of combustion on soot formation. 

Premixed Burn 

At the premixed burning phase, the first soot particles are formed in 

a well-mixed section of air and fuel vapor, toward the combusting 

plume. This soot is seen in multiple zones, which the whole region 

is immediately overspread. The soot which is formed at premixed 

phase has significant contribution to exhaust soot. The conceptual 

model of ignition, premixed combustion and the emergence of soot 

is shown in figure 10. At the beginning of injection, a jet of liquid fuel 

grows inside the combustion chamber with extreme velocity but then 

slows down due to collision with hot air, which results to vaporization 

of injected fuel and increases the air-vapor segment. Before ignition 

there are two types of contiguous zones which are an unmixed 

segment of liquid fuel and a mixed segment of air and vaporized 

fuel. The air-vapor segment continues to expand immediately inside 

the chamber before the ignition and at that moment it has a mixed 

ratio of 1/4< ʎ <1/2. Ignition occurs at the air-vapor segment under 

stoichiometric condition. At this segment the break down and 

pyrolysis of fuel occurs and this results in production of PAH. These 

PAH rapidly covers the whole segment of air-vapor. The first soot 

particles appear within pockets of combustion plume varies in size 

and shape and location of formation in each cycle from another. 
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These soot particles multiply and cover the whole air-vapor 

segment. The concentration of soot arises temporarily within the 

combusting plume and spatially toward the leading edge.  An 

Important change in plume structure takes place and various 

particles emerges around the periphery. This variety is due to the 

larger size of particles and faster growth rate in comparison with 

their kind inside the combusting plume. The zone of peripheral soot 

becomes thicker due to localized turbulence mixing. This can be an 

indication of some relations between peripheral and diffusion flame 

envelope that is established around the combustion plume. At this 

condition peripheral soot and enveloping diffusion flame are 

generated just prior to peak in premixed burn heat release. The 

process of soot formation in premixed phase is extremely fast. For 

example the interval between commence and ending the 

combustion plume is 70µs or 0.50CA, reported by Dec and Epsy 

[26].  So simultaneous formation of soot at multiple points has 

become possible due to this rapid trend. 
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Figure 10. Conceptual model of plume development: (a) 

immediately prior to ignition; (b) just after ignition ;(c) early phase of 

premixed burn; (d) late phase of premixed burn. A, liquid fuel; B, fuel 

vapor; C, PAH; D, low concentration of soot; E, diffusion-flame 

envelope (Dec, 1997) [26]. 

Mixing-Controlled Burn 

An ideal mixed control combustion is illustrated in figure 11. The 

majority of emitted soot originates from inside the combusting 

plume. The conceptual models of diesel engine combustion 

confirms that during a mixed control phase soot generation occurs 

in a rich premixed flame which stands off from injector nozzle. Those 

particles then grow while moving down the combusting plume alone 

the plume stem toward the head of vortex. In the vortex then, the 

particles are burned by an enveloping diffusion flame. The 

concentration of soot particles and their size increases with distance 

along the plume, but, at any particular cross-section, both appear to 

be roughly constant. The laser imaging investigations also show that 

peak of particle concentration is in the vortex  .These particles are 
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agglomerates and their features vary with distance from the nozzle 

.The spherules size range is 20 ~ 50 nm. 

Late Burn 

All the soot inside combusting plume cannot be burned and thus this 

soot particles forms engine exhaust PM. At the end of injection the 

combusting plume vanishes and the head of vortex is taken apart 

into many soot filled pockets which are quenched too early before 

complete oxidization. At this condition the temperature is too low to 

handle oxidation, therefore soot particles last until exhaust valve 

opening. Figure 12 (a) shows a schematic of folding up and collapse 

of combusting plume. The plume stem moves into the head of 

vortex, then a collision occurs between cylinder wall and head vortex 

Figure 11. 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 envelope 

(Dec, 1997, and subsequent papers) [26]. 
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which spreads out the stem circumferentially. This is a terminating 

trend and divides the head vortex into many segments, which ends 

up in the elimination of combusting plume by soot pockets. It shall 

be considered that the location of these pockets varies in each 

cycle. In figure 12 (b) the residing soot particles in pockets are 

depicted. 

Those pockets may be still burning by diffusion flame, however, as 

mentioned before, this diffusion flame is quenched earlier than the 

required time for complete oxidation which leads to failure of burning 

all the soot particles and thus emitting the soot out to atmosphere.  

 

Figure 12.folding up and collapse of combusting plume: (a) 

immediately following end of injection; (b) late burn-up of soot-

containing pockets, partially surrounded by diffusion flames. 

Sketched from ideas developed by Dec and Kelly-Zion (2000)[ 26]. 
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4. Diesel Particle Filter (DPF) 

Diesel particulate traps are devices that physically capture diesel 

particulates to prevent their Release to the atmosphere. Although 

they are not a new technology, they are most effective control 

technology for the reduction of particulate emissions with high 

efficiencies. Particle traps are effective in controlling the SOL 

fractions of diesel particulates, including elemental carbon (soot) 

and the related black smoke emission precisely, due to the particle 

deposition mechanisms which is applied in these devices. Lower 

bulk density of diesel PM, which is depended on the degree of 

compactness, enables the DPF to filter diesel PM quickly, which 

results in higher accumulation volume of trapped PM inside the 

DPF. Several liters of soot per day may be collected from a heavy-

duty truck or bus engine. The compiled soot can cause high exhaust 

gas pressure drop and thus impact the engine negatively and to 

cope with this bad trend a method for soot removal is required. This 

removal of particulates, known as the filter regeneration, can be 

done actively or passively. In active method the regeneration occurs 

while the engine is still functional while in passive form it is done 

after a pre-determined quantity of soot has been accumulated. 

In both conditions, the operator/driver has no hand in the process 

and the regeneration phase won’t intervene the engine function. In 

most cases, thermal regeneration of diesel filters is employed, 

where the collected particulates are removed from the trap by 

oxidation to gaseous products, primarily to carbon dioxide (CO2) 

[28]. The thermal regeneration, schematically represented in Figure 

13, is undoubtedly the cleanest and most attractive method of 

operating diesel filters. 
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In order to provide a suitable condition for oxidation, the enough 

temperature and oxidative materials such as oxygen or nitrogen 

dioxide (or its precursors) are required. In passive regeneration, the 

heat source is the engine exhaust temperature and the filter is 

regenerated continuously during engine working time. Application of 

catalyst in filters, in order to decrease the oxidation temperature of 

trapped soot, is prevalent. In Active form of regeneration of DPF, the 

filter is dismantled from the system periodically and is heated up in 

order to burn the trapped particles. 

 

4.1. Principle of Operation 

The wall-flow monolith is the most common design of diesel 

particulate filter. It is an extruded, usually cylindrical ceramic 

structure with many small, parallel channels running in the axial 

direction. Indeed, the design of diesel filter monoliths has been 

derived from automotive, “flow-through” catalyst substrates [28]. 

Figure 13. Schematic of Particulate Filter with 

Thermal Regeneration. 
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There are, however, two important differences between these 

structures: (1) the wall-flow monoliths are made of ceramics of 

higher and more precisely controlled porosity, and (2) adjacent 

channels in the wall-flow filters are alternatively plugged at each 

end, thus forcing the gas to flow through the porous walls which act 

as a filter medium. The flow pattern difference between the flow-

through and the wall-flow substrate is illustrated in figure 14. 

 

 Figure 14. Wall-Flow and Flow-Through Substrates: Flow Pattern 

[28]. 

The wall-flow filter substrates are easily distinguished from catalyst 

substrates by the Characteristic checkerboard pattern created by 

the open and plugged cells at their inlet (as well as outlet) face, 

Figure 15. Regardless of the type of material or design, the filter 

media is ultimately packaged into steel container which is installed 

in the exhaust system of the vehicle. The DPF can be packaged as 

a stand-alone unit resembling a catalytic converter but usually of 

bigger size. In an alternative design, the DPF is placed inside a 

muffler. However, due to the good noise attenuation properties of 

many filter media, the filter unit can frequently replace the muffler 

without any additional provisions for noise attenuation. An example 

design of a diesel particulate filter is shown in figure16.  
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Figure 15. Wall-Flow and Flow-Through Substrates: Inlet Cell 

Pattern [28]. 

 

 

 

 

 

 

 

Figure16. Cutout of Catalyzed DPF for Urban Bus and Non-road 

Applications [28]. 
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4.2. Filtration Mechanisms 

The general mechanism of filtration is depicted in Figure17, from 

engine to exhaust, with schematic and real microscopic image.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure17. Schematic diagram of Diesel Particulate Filter (DPF) [29]. 
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As seen in picture, exhaust flow passes throw out the DPF and the 

soot particles are trapped inside the DPF pores and a cleaner flow 

goes out. For better illustration of the soot trapping stages inside the 

pores wall, a schematic of the four filtrations stages are presented 

in figure 18. 

As explained in the picture, at first step the DPF is clean and all the 

pores are free to capture the PM. In second stage, the exhaust flow 

is passing throw the filter. As the flow passes the soot particles are 

trapped inside the pores and first pores are filled. The third phase is 

the result of continuing of the second stage. At third stages the soot 

Figure 18. Conceptual model of PM trapping on the DPF wall [30]. 
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particles cover and block the pores so the incoming PM are trapped 

on the PM which are captured at an earlier time and soot cake 

formation begins at this stage and filtration efficiency is promoted. 

At the final stage, the soot cake starts to grow and expand on the 

wall surface and covers the filter. In order to connect this concept to 

pressure drop its better to refer to figure 19. As seen in figure 19, 

the pressure drop starts to boost from 1-2 stage. The larger pores 

of filter will host the PM at this stage. From stage 2-3 the pressure 

drop increase with large scope and the necking occurs on the 

surface pores. Further trapping in stage 3-4 shows that the pressure 

drop increase with constant slope and this trend indicates the soot 

cake layer forming and the filter wall is completely covered by soot. 

 

 

 

 

 

 

 

Figure 19. Conceptual model of pressure drop during particulate 

trapping [30]. 

 

The governing mechanism of filtration in any kind of DPF is based 

on based on separation of the gas-borne particles from the gas 

stream by deposition on a collecting surface [28]. This process 
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includes passing the gas flow within a porous barrier which blocks 

the PM particles [28]. DPFs are usually categorized by type of 

filtering barrier in two main groups: (1) deep-bed filters and (2) 

surface-type filters. In the first group the average pore size of DPF 

is larger than the average size of trapped PM and these trapped 

particles are affected by different force fields. These force can be 

related to velocity or concentration gradients in the gas. In second 

group the PM diameter is larger than the pore size of DPF. At this 

type of DPF, the PM are trapped by sieving. A schematic of these 

two types of DPF is shown in figure 20[28]. 

 

 

                 Figure 20. The two types of filtration mechanism [28]. 

The main filtration method is depth filtration which is applied in most 

of dust collection devices such as engine intake-air cleaners and 

DPF. The trapped PM on the surface of DPF, which is called soot 

cake layer or filtration cake, can act as a surface-type filter and this 

process is known as cake filtration. Although pure cake filtration is 

not seen among DPF in general, ceramic wall-flow monolith type 

DPFs may work through a combination of depth and surface 
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filtration [28]. At higher soot load, a filtration cake or a soot cake 

layer is formed on the surface of filter and then after the filtration 

capacity is reaches to its limit, a particulate layer starts covering the 

filtration surface. Diffusional deposition, inertial deposition and Flow-

line interception are three controlling mechanisms of aerosol 

deposition. All these three mechanism are pictured in figure 21.  

 

e big gray circle in the middle represents a collecting body in the 

filter media. The lines around the circle indicates the exhaust gas 

flow and the small black-red dots indicate PM traveling the gas 

stream. 

Diffusional deposition 

As depicted in figure 21 (a), the Brownian movement governs the 

particulates especially those with size lower than 0.3 µm in diameter. 

The movement of particles along the stream is not uniform and they 

diffuse from the gas toward the surface of collecting body. 

Inertial Deposition 

In figure 21 (b), the inertial deposition is depicted. This mechanism 

turns more significant as the PM size increases.  On approaching 

the collecting body, particles carried along by the gas stream tend 

(b) (c) (a) 

Figure 21. (a) Diffusional Deposition (b) Inertial Deposition(c) Flow-line 

Interception [28]. 

 



59 
 

 
 

to follow the stream but may strike the obstruction because of their 

inertia. 

Flow-line interception 

This mechanism, as pictured in figure 21 (c), may occur as a flow 

stream crosses through one particle radius of the collecting body 

and after that ,the particle moves along the streamline and collides 

the body and may be trapped without being affected by Brownian 

diffusion or inertia. 

Another term related to DPF is expressed as the filtration efficiency 

(E). It’s defined as is the mass ratio of the particulate matter 

collected on the filter to the particulate matter entering the filter. 

Another term is penetration which is the mass ratio of the 

particulates escaping to the particulates entering the filter. Both of 

these mentioned terms are expressed as percentages. The depth 

filtration is characterized by somewhat lower filtration efficiency and 

lower pressure drop than the cake filtration. The trapped PM on 

deep-bed filter may be also re-entrained by the gas causing a 

decrease in the observed filtration efficiency. This process is known 

as blow-off of trapped PM. This trend occurs at high exhaust flow 

rates. The cake filtration is characterized by higher filtration 

efficiency and relatively high pressure drop. The pressure drop 

steadily increases with the increase of filtration cake thickness as 

mentioned before. 
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CHAPTER 3 

EXPERIMENTAL SYSTEMS AND 

METHODOLOGY 

 

3.1. Technical data 

3.1. 1.  Fuel samples  

Fuel properties has significant effect on engine function and 

emission and they can alter the PM of diesel engine directly, by 

changing the chemical composition of PM, and indirectly, by 

changing the engine function. In order to know the chemical and 

physical characteristics of the applied fuels in the study the samples 

of commercial diesel, Palm biodiesel (PB100) and 10% and 20 % 

blends of these fuels (PB10, PB20) were tested. Features such as 

viscosity, density, calorific value, acid value, cloud point, flash point, 

pour point, Iodine value and other features were tested and the 

results were calculated and compared. The results are discussed in 

later chapters. 

3.1.2. Engine  

The engine which is used in this project is a single cylinder 

agricultural diesel engine, four stroke 638 cm3 displacements, and 

direct injection with a rated output of 8.8 kW at 2400 rpm. The 

compression ratio of engine cylinder is 16.1 per 1.  The fuel injection 

pressure was approximately 19.6 MPa. More technical data is 

shown in figure 22. 
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Figure 22.  Yanmar single cylinder Diesel engine and specification. 

3.1.3. Dynamometer  

The dynamometer which is used is Tokyo Planet 60 KW. This is an 

Eddy current type dynamometer which is cooled by water 

recirculation.  The mechanism of dynamometer is depicted in figure 

23. When electric current flows in a ring-type coil which is fixed to 

the casing, an electromagnetic path shown in red is generated. And, 

a brake force is obtained by the eddy current created when the 

electromagnetic path is cut by a gear teeth shaped rotor. The heat 

generated in this process is carried away by cooling water flowing 

in the casing. The torque which acts to rotate the casing by the brake 

force is detected by a load cell. 
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           Figure 23. The schematic picture of ED current 

dynamometer. 

3. 1. 4. Thermo gravimeter analyze  

Thermo gravimetric analysis or thermal gravimetric analysis (TGA) 

is a method of thermal analysis in which changes in physical and 

chemical properties of materials are measured as a function of 

increasing temperature (with constant heating rate), or as a function 

of time (with constant temperature and/or constant mass loss). TGA 

can provide information about physical phenomena, such as 

second-order phase transitions, including vaporization, sublimation, 

absorption, adsorption, and desorption. Likewise, TGA can provide 

information about chemical phenomena including chemisorption’s, 

desolvation (especially dehydration), decomposition, and solid-gas 

reactions (e.g., oxidation or reduction). One of the common use of 

TGA is the study of oxidation of different materials in various 

temperatures and soot oxidation studies are prevalent among the 

studies. The test can be done in inert environment with application 

of inert gases such Helium and Argon or in active condition with 
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utilization of air or pure oxygen. Also analyze can be done 

isothermal, in which the temperature remains constant, and non-

isothermal, which temperature changes as time passes. A picture of 

the TGA device is shown in figure 24. The TGA device which is used 

is TGA /SDTA 85 METLLER TOLEDO. 

 

 

 

 

 

 

 

 

 

 

               Figure 24. Thermo gravimetric analyses device. 

At this phase, the soot samples from diesel and biodiesel were 

collected and tested under isothermal condition. The samples were 

tested at 5 different temperatures including 400,450,500,550 and 

600 o C. The nitrogen gas is used as an inert gas and then after 

reaching to the desired temperature, the oxygen is introduced into 

the system. Same procedure is repeated in second time but this time 

air was applied instead of oxygen. 
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3. 1. 5. Diesel Particulate Filter (DPF) and 

A sample of conventional DPF used as the filtration device .The 

technical data and the picture of the DPF is shown in table 1 and 

figure 25. 

Table 1. The specification of conventional diesel particulate filter 

 

(a)                                                   (b) 

                                                                                 

Figure 25. (a). A cut of DPF sample which is used in 

this project.(b) the conventional DPF . 

Type  Ceramics cordierite  Type  Ceramics cordierite  

Wall thickness  300 

micrometer  

Wall thickness  300 

micrometer  

Porosity (%)  52%  Porosity (%)  52%  

Average pore size  10 - 50 

micrometer  

Average pore size  10 - 50 

micrometer  

Cell density (cpsi)  300  Cell density (cpsi)  300  
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A sample of DPF with 10 cm diameter and 1cm thickness is cut form 

the DPF filter and attached to a ceramic container in order to be 

used for trapping and regeneration.  

3. 1. 6. High temperature furnace 

In order to provide enough temperature for soot oxidation inside the 

DPF, a high temperature furnace is applied at this study. The picture 

and the technical data of the furnace is shown in figure 26 and in 

appendix. 

 

 

 

 

 

 

 

                       Figure 26. The high temperature furnace. 

                                    

3. 1.7. Differential pressure sensor 

In order to measure the pressure drop ,which is cused by soot 

filtraion mechanism of DPF, its requiered to use Differential pressure 

sensor, to measure the pressure before and after DPF. The picture 

of pressure sensor and its technical data is illustrated in figure 27. 

As the pressure drop increases in trapping phase, it can be 

indication of soot compiling on the DPF and as it decreases in 
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regeneration phase, its indication soot oxidation and thus PM 

reduction, which leads to an easier air flow passage.  

                         Figure 27. Technical data of pressure sensor. 
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3.1.8. The ceramic pipe 

Figure 28 shows the ceramic pipes which is held inside the high 

temperature tube furnace. The two ceramic pipes are joined each 

other by high temperature cement. The DPF holder also is made by 

same Ceramic and is attached at one end of one of the pipes. Both 

ends of the pipes which are located at both ends of furnace are 

sealed by high temperature tapes in order to seal them from thermal 

loss.  

3.1.9. Data acquisition system 

In order to monitor the collected data from thermocouple and 

pressure sensors and plot them with time, a Data acquisition system 

(DAQ) National instrument 6009 is used .This system operates with 

national instruments Lab VIEW program. The picture of the DQ card 

is shown in figure 29 and the technical data of program and DAQ 

card is presented in the appendix. The pressure signal from 

Figure 28. The ceramic inside the tube furnace.  
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differential pressure sensor is 0 - 5V and pressure drop range is 0-

45kPa and signal from thermocouple is 0 -10 V. 

 

Figure29. Data acquisition system (DAQ) National instrument 6009. 

3.1.10. Thermocouple 

A type K thermocouple, which is tuned 0-10 V to DAQ with a 

transmitter TM – 004 controller is used. The head of thermocouple 

is put as close as possible to DPF, in order to measure the 

temperature DPF surrounding inside the ceramic pipe. A picture of 

thermocouple and its controller is shown in figure 30. The technical 

data of controller is presented in appendix. 

Figure 30. (a) K type thermocouple. (b) Temperature controller. 

 

(a) 
(b) 
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3.2. Methodology  

3.2.1. Soot collection 

In order to know the oxidation reactivity and other chemical features 

of the exhaust soot, it’s required to collect the soot from the engine 

exhaust. To do so, the engine and dynamometer was set at 80 % 

load and 2400 RPM. A metallic filter is used to trap the exhaust PM. 

after running the engine for a while, the collected soot were moved 

to a sealed container and sent to the lab for TGA and CHN test. This 

process is done for both diesel and biodiesel fuel, and for biodiesel 

the exhaust filter was changed in order to prevent the mixing up the 

diesel and biodiesel PM. The schematic of the soot collection 

apparatuses is illustrated in figure 31. 

  

                            Figure 31. The soot collection apparatus. 

3.2.2. Soot filtration and regeneration test 

To measure the filtration of the DPF and effect of diesel and 

biodiesel fuel it, the engine and dynamometer was set on similar 

condition of soot collection test and then the filtration was 

commenced. A vacuum pump was used to suck the exhaust from 
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the engine and guide it through the ceramic pipe and DPF. At first 

step, the furnace was set to 200 o C and the pump was started. Then 

the temperature was increased up to 600 o C while the pump was 

working in order to know the permeability of the DPF. Then this 

process was repeated for diesel and biodiesel fuel and trapping was 

measured by pressure drop. A picture of the real system and a 

schematic of the apparatuses is depicted in figure 32. 

 

 

     

 

 

 

Figure 32.(b)the schematic of testing. 

apparatuses . 

 

(a) 
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Figure 32. (a) , (1) The engine (2) high temperature tube furnace (3) Pressure 

and temperature sensor (DAQ system) (4) vacuum pump. 

(b) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Fuel chemical and physical properties  

The physical and chemical features of fuel play key role in engine 

function. These features can alter injection, ignition delay, engine 

wear and emission. Such changes can alter PM composition and 

morphology directly, by changing the PM composition, or indirectly, 

with changes in combustion behavior. At this chapter several 

physical and chemical characteristics of diesel and palm biodiesel 

and blends of 10 and 20 % of it was tested. The viscosity, density, 

pour point, cloud point, flash point, oxidation stability, acid value, 

and water content and calorific value of all samples were tested. 

Gas chromatography test and iodine value test for biodiesel and 

CHN test for all pure samples is done in order to make the relation 

between physical and chemical properties of fuel more clear. At this 

chapter, each tested feature is discussed and its effects on PM 

formation and composition is explained. 

4.1.2. Chemical Properties 

Fatty Acid Composition 

It’s said that the most important element, which alters the chemical 

and also chemical features of biodiesel is the fatty acid composition. 

The performance of an ester (biodiesel) as diesel fuel depends on 

the chemical composition of the ester, particularly on the length of 

carbon chain and the degree of saturation (and unsaturation) of fatty 

acid molecules. Properties such as cetane number, cold flow 
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characteristics and oxidation stability are affected by the 

composition according to earlier researches [4]. There are three 

main types of fatty acids including saturated, unsaturated and 

polyunsaturated. Vegetable oils with higher degree of unsaturation 

tend to have higher freezing point, poor flow characteristic and can 

become solid. The composition of palm biodiesel was analyzed by 

gas chromatography, Shimadzu GC-2010. The results of PB100 are 

shown in the table 2. For the PB100 the results show that Palmitic 

acid, which is a saturated acid, is dominant (38.77%) and Oleic acid 

percentage is (37.612%). 

                        Table 2. Fatty acid composition of palm biodiesel. 

 

 

 

 

 

 

 

Oxidation Stability 

One of the key features of fuels is the oxidation stability which can 

help to determine the quality of fuel. It can also affect some of fuel 

physical and chemical properties such as density, viscosity and 

water content. Biodiesel s usually have 10% more oxygen in their 

Lauric acid methyl ester C12:0 0.8735 

Myristic acid methyl ester C14:0 0.036 

Palmitic acid methyl ester C16:0 38.7725 

Stearic acid methyl ester   C18:0 3.158 

Oleic acid methyl ester    C18:1 

 

37.612 

 

Linoleic acid  methyl ester C18:2    8.783 

Linoleic acid  methyl ester C18:3 0.1625 

Arachidic acid methyl ester C20:0 0.2125 

Eicosenoic acide methyl ester C20:1 0.092 

Molecular weight 240 
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structure which can result in poor oxidation stability.  The fuel 

composition can also affect the oxidation stability. Studies show the 

vegetable oils which are rich in poly unsaturated acids can weaken 

oxidation stability [4]. Oxidation occurs in the forms of aldehydes, 

alcohols, carboxylic acids, insoluble gum and sediments in biodiesel 

[4]. Another affecting factor is temperature, which controls oxidation 

rate. The thermal oxidation is determined by the rate of oxidation 

reaction at high temperature when the fuel is exposed to air and as 

the temperature increase the rate of oxidation increases [4].The fuel 

samples were tested by Ranciment instrument method by heating 

up to 110 °C and a schematic of Ranciment and picture of device is 

shown in figure 33. The results of the test are shown in figure 34. 

The results show the induction period (IP) of PB100 is (22.86 h) and 

for commercial diesel is (158.21h) which is significantly higher than 

the rest of fuel samples. This can be due to various percentages of 

saturated fatty acids in biodiesel [4]. The induction period decreases 

by increase of unsaturated fatty acids [4] so stability improves by 

blending. This can be due to reduction of unsaturated components 

and amount of oxygen. Storage time and condition, pressure of the 

air, heat, trace of metal and exposure of light also can affect 

oxidation of biofuels [4]. Oxidation cannot be avoided completely but 

can be postponed by applying antioxidant [4]. 
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 Figure 33. Schematic of Ranciment mechanism and the 

device. 

         

Figure 34. Comparison of induction period of different fuel samples. 
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Iodine Value 

The iodine value is a measure of unsaturation of fats and oils. Iodine 

value is expressed in terms of number of centigrams of iodine 

absorbed per gram sample of biodiesel. The iodine is introduced in 

biodiesel reacts with the double bonds within the fatty acid structure. 

Therefore, higher the percentage of unsaturation, the larger will be 

the iodine value. The iodine numbers can influence oxidation 

stability and the polymerization of glycerides. This can lead to the 

formation of deposits formed in diesel engines injectors [8]. The 

results shows that the Iodine value for palm biodiesel 51.5 (g I2/100 

g). Studies shows Increase of Iodine value can be related to 

increase of PM and NOx emission [20].  

Elemental analyze 

Elemental analysis on carbon, hydrogen and nitrogen is the most 

essential - and in many cases the only investigation performed to 

characterize and prove the elemental composition of an organic 

sample. Numerous compounds include no additional elements 

besides C, H and N. Both diesel and palm biodiesel samples were 

subjected to CHN analyze and the results are presented in table 3.  
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Table 3. Results of elemental analyze of PB100 and Commercial 

diesel. 

Fuel sample 

mass 
C% H% O% 

Molecular 

formula 

PB100 78.322 13.281 8.3749 
C15.2635H29.479 

O1.706 

Commercial 

diesel  
85.177 14.047 0.776 C16.165  H32.006 

 

As seen in table, the diesel fuel has higher amount of carbon in 

comparison with the palm biodiesel. This can affect the calorific 

value of fuel and thus fuel consumption and thus PM formation. The 

A/F ratio of biodiesel is A/F=5.75 and for diesel A/F=7.2 for one unite 

of the each fuel sample. 

Calorific Value 

Heat released in a chemical reaction can be determined 

experimentally by using an adiabatic calorimeter. Thereaction must 

proceed without any side reactions and sufficiently fast that the heat 

exchange with the surroundings is negligible. The heat of 

combustion can be most conveniently measured using an adiabatic 

bomb calorimeter. In such calorimeter, the combustion reaction 

occurs in a closed container under constant volume (“bomb”). The 

bomb is immersed in a weighted quantity of water and surrounded 

by an adiabatic shield that serves as a heat insulator. Continuous 

stirring ensures that heat is distributed evenly in the calorimeter. The 

bomb and the water bath, which are in direct thermal contact, 
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constitute an adiabatic bomb calorimeter. In this experiment the 

heat of combustion of an organic compound is determined using a 

commercial Parr adiabatic bomb calorimeter. The heat of 

combustion is directly related to important quantities such as the 

internal energy and enthalpy of a chemical reaction.A schematic of 

bomb calorimeter is depicted in figure 35 and the results are plotted 

in figure 36.  As seen in figure 34, the highest calorific value belongs 

to the commercial diesel (45.8 MJ/kg). 

 

 

Figure 35.schematic of bomb calorimeter and a test sample 

container with wire. 

 As percentage of biofuel in the blends increases the calorific value 

decreases. The calorific value of pure biofuels PB100, is the lowest 

among the rest. The calorific value of PB100 is 39.900 (MJ/kg). 

Such trend is also seen among the blend of palm. The main reason 

for these phenomena is related to the elemental composition of the 
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fuels. The lower calorific value of biofuels in comparison with 

commercial diesel is due to the higher oxygen content of the biofuels 

[4]. The diesel fuel is made up a mixture of various hydrocarbon 

molecules and contains very little oxygen percentage (0.3%) but for 

the biofuels the amount of oxygen is about 10% of the fuel 

composition. The increase of oxygen in fuel structure results in 

reduction of carbon and hydrogen in the fuel and this will result in 

lower energy content. Oxygen is ballast in fuel and carbon and 

hydrogen are source of thermal energy. It can also verify this 

explanation that biofuels have higher concentration of oxygen and 

lower Concentration of carbon in comparison with commercial 

diesel. Presence of more oxygen can also cause lower 

stoichiometric air/fuel ratio. This can ensure improvement of 

combustion. 
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 Figure 36. Results of calorific value of each fuel sample from 

calorimeter bomb. 

Acid Value 

Acid value is defined as the number of milligrams of potassium 

hydroxide required to neutralize the free fatty acid presents in 1 

gram of the sample. The main acid component could possibly be 

found in biodiesel are: 1-residual mineral acids from production 

process. 2-residual free fatty acids from hydrolysis process or post-

hydrolysis process of esters. 3-oxidation byproducts in forms of 

other organic acids [4]. Acid value can also be an indication of 

lubricity degradation and higher acid value can cause fuel system 

deposits and reduces the lifelong of fuel pump [4]. Acid value test is 

done by typical titration method with KOH solvent and Metro-ohm 

acid value meter device was used to determine the acid value and 

each test is done thrice for each sample. The test was done in 
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typical titration method with a potassium hydroxide (KOH) solvent 

with known concentration. Phenolphthalein is used as a color 

indicator. The results are shown in figure 37and the device is shown 

in figure 38. As the concentration of biodiesel increases in the fuel 

samples the acid value increases. The acid value of PB100 is (0.115 

mg of KOH). The lowest value is for commercial diesel. The main 

reason for this trend can be due to unsaturation level of the biofuels, 

the fuels containing unsaturated fatty acid with double bonded long 

chain hydrocarbons have more susceptibility to oxidation and 

oxidation has an inverse relation with acid value [4]. Increase of acid 

value can be considered as a result of oxidation of the fuel which 

may lead to gum and sludge formation besides corrosion. 

Temperature can also affect the acid value. If fuel is exposed to high 

temperature oxidation  

     Figure 38. The acid value measurement device. 
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occurs due to higher rate of reaction of fuel molecules with oxygen 

in the air, resulting in increase of acid value [4]. 

        Figure 37. Results of acid value test of the biodiesel fuels, 

blends of biodiesel fuel and commercial diesel. 
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Water Content 

Water content is an indication of purity of fuel. The absorbed 

moisture in biodiesel increases the free fatty acid concentration 

which can cause corrosion of metallic parts of engine and fuel 

system [4]. Biodiesel fuels are much more hygroscopic than diesel 

oil fuels which absorbs moister .This can also cause troubles in 

handling the fuel and storage. Water in biodiesel can also facilitate 

the growth of microbiological components and formation of 

sediments [4]. Water and sediments can shorten the fuel filter life or 

plug fuel filter, which lead to engine fuel starvation. The results of 

water content test are shown in figure 39. By decreasing of biodiesel 

in blends reduces level of water content. Storage time and condition 

and oxidation stability can be one of the affecting factors for this 

trend. The water content generally increases with storage time and 

initiation of oxidation instability which is governed by peroxide chain 

mechanism [4]. Another reason can be related to the fatty acid 

composition of biodiesel s. Decomposition of unsaturated fatty acids 

can extend formation of primary oxidation products such as hydro-

peroxide which results in increase of water content [4]. The 

production process and feed stock of biodiesel s also can be 

considered as an affecting factor. Studies shows biodiesel samples 



84 
 

 
 

with lower M/H (methanol/hydrogen) ratio have higher water content 

[4]. 

Figure 39. Results of water content analyze of fuel samples. 

 

4.1.3. Physical Properties 

Density 

The density of biofuels is one of the main concerns in widely 

utilization of them. Density is defined as the ratio of mass per unit of 

volume of an object. The higher density, the tighter particles are 

packed in the substance. Fuel injection devices work on a volumetric 

system, hence a higher density for biodiesel s results in delivery of 

slightly greater mass of fuel into combustion chamber higher density 

of biodiesel can also cause more PM production due to deterioration 

of fuel atomization [4]. The results of density test are shown in the 

figure 40. The highest value is for PB100 (0.8748 g/cm3). This trend 
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can be connected to saturation level of fatty acids. Saturation of fatty 

acids can increase the density. Since the fuels containing shorter 

chain length of hydrocarbon and more saturated fatty acid have 

more prone to be crystalized, therefore cause of reduction of its 

volume and consequently increase of density [4]. Palm biodiesel is 

saturated and this can be a reason of having higher density. As the 

amount of biodiesel decrease in fuel samples by blending with 

commercial diesel, the density decreases. The density of vegetable 

oil based methyl esters from different source, reported in many 

studies is very close to each other [4]. The density also is affected 

by oxidation of fuel. The density has direct relation with fuels 

molecular weight, thus oxidation of fuels can increase the mass of 

fuel by producing by products and sediment, and therefore it results 

in increase of density [4]. The higher density can cause more fuel 

consumption due to advance of injection [4]. In comparison between 

PB100 and commercial diesel we can refer to molecular weight of 

the fuels. As molecular weight of biodiesel s is higher in comparison 

with commercial diesel and therefore their density should be higher. 
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Figure 40. Density of biodiesel fuel, blends of biodiesel fuel samples 

and commercial diesel. 

Viscosity 

Viscosity is defined as the resistance of a liquid to flow. Viscosity is 

one of the main obstacles in widely usages of biodiesel fuels hence 

fuels with higher viscosity, impact engine durability negatively. Soot 

deposit formation on injectors (injector clogging), certain 

components of piston (rings), inlet and outlet valves and fuel filter 

plugging are common problems caused by high viscos fuels [4]. The 

higher amount of biodiesel concentration partly dissolves the 

lubricant, resulting in increased friction of engine moving parts. Fuel 

atomization and volatility is also affected by viscosity. Higher 

viscosity results in poorer fuel atomization which leads to 

combustion deterioration [4]. Low temperature flow problems, cold 

engine start up and ignition delay are caused by higher viscosity [4]. 
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The results of viscosity test are shown in figure 41. The viscosity 

values of pure biodiesel is higher than the blends and commercial 

diesel. By blending with the commercial diesel and decrease of 

biodiesel percentage the viscosity value decreases. As the 

proportion of saturated fatty acids with longer carbon chain 

increases, it can increase the viscosity [4]. Viscosity is reduced by 

blending with commercial diesel due to decrease of unsaturation 

level. Oxidation stability of fuels is another important parameter. 

Oxidation of fuel leads to formation of free fatty acids, double 

bounds isomerization, saturation and production of higher molecular 

weight and thus can increase the viscosity [4].Hence biofuels are 

more oxygenated; blending can reduce the amount of oxygen and 

consequently improvement of oxidation stability and viscosity.  
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Figure 41. Results of viscosity test at 40 °C biodiesel fuels, blends 

of biodiesel samples and commercial diesel. 

Flash Point 

Flash point is another important property of any fuel. It is defined as 

the temperature at which a fuel can provide a combustible mixture 

with air while exposed to fame or spark. The results of flash point 

test are shown in figure 42. The lowest flash point is for commercial 

diesel (65.5 °C) and highest belong PB100 (198 °C) which are more 

than 3 times .Flash point has an inverse relation with fuel's volatility 

[4]. Flash point is an important factor to consider in handling, storage 

and safety of fuels [4]. As amount of biofuel increase in the blends 

the flash point increase too. This ensures the safety of biofuels. The 

reason for this trend can be related to fuel composition of the 

samples. Diesel consists of hundreds of different hydro carbon 

components but biofuels are usually consisting of 4 to 5 major 
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components that will boil at the same temperature [4]. Flash point 

can also decrease by oxidation and storage time [4]. 

 

Figure 42. Flash point of biodiesel fuels, blends of biodiesel fuels 

and commercial diesel.  

 

 

 

 

Cloud Point 

The cloud point is an important feature of fuels in winter application 

and it is defined as the temperature at which first crystals starts to 

form in the fuel. The results of cloud point test are shown in figure 

43. Among the samples, PB100 has the highest cloud point (15.2 

°C).The saturation of fatty acids increases the cloud point [4]. The 

cloud point is most commonly used as a measure of low-
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temperature operability of the fuels. Typically the cloud point of 

biofuels is higher than the cloud point of conventional diesel due to 

more saturated compositions. As amount of biofuel decreases in the 

samples the cloud point becomes lower and closer to the 

commercial diesel which make the application of the biodiesel 

blends easier especially in cold climates.  

 

Figure 43. Results of cloud point test biodiesel fuels, blends of 

biodiesel fuels and commercial diesel. 
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Pour Point 

Pour point is the lowest temperature that the fuel is observed to flow 

and it’s an important property in winter use and cold climate 

application. The results of the pour point test are shown in figure 44. 

The highest pour point belongs to PB100 (12.1 °C). By blending with 

commercial diesel pour point falls drastically. The lowest value 

(−11.2 °C) belongs to commercial diesel which can cope with cold 

climate flow problems. Biodiesel has poor flow trend at low 

temperature. The structural properties of biodiesel that can affect 

the pour point are degree of unsaturation, chain length and degree 

of branching [4]. The blends also show improve in pour point. Fuels 

with higher pour point will face difficulty in cold climates [4]. The 

higher level of saturation increases the pour point. As palm biodiesel 

has higher level of saturation it shows higher pour point. 

        Figure 44. Results of pour point test for biodiesel fuels, blends 

of biodiesel fuels and commercial diesel. 
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Distillation 

The distillation test of both fuels were done in an earlier study at our 

lab. The results are shown in figure 45.  It was clearly observed  that 

diesel   fuel  could be  distilled  in wide  range  of  temperature  due  

to  complexity   of  molecules  whereas biodiesel  is quite pure 

molecule which results in its distillation at almost a constant 

temperature.  The vaporize temperature of biodiesel is higher than 

that of diesel.  Therefore, the high temperature inside the biodiesel 

engine combustion chamber will be reduced.  Although biodiesel 

has a higher distillation temperature, the lower boiling point of 

biodiesel enhances the probability of the lower soot or tar formed 

from the heavy HC compounds. The standards of fuels in Thailand 

for diesel and biodiesel is mentioned in the appendix.  

 

             Figure 45. Distillation of conventional and biodiesel test fuel. 
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The overall summary of test and the effect of each feature is 

presented in table 4.  

Feature Diesel  Biodiesel effect 

Oxidation 

Stability 

 

158.21 hr 22.86 hr Altering the fuel composition 

Fuel life reduction 

Affecting viscosity and density  

in negative way 

Calorific Value 

 

45.8 (MJ) 39.9 (Mj) Fuel  generated power 

Fuel consumption 

Acid Value 

 

0.015 (mg of KOH) 0.115 (mg of KOH) lubricity degradation and wear 

 

 

Water Content 

 

81.93 PPM 297.66 PPM Affects the purity of fuel 

Reduces the calorific value 

Increases  the acidity in biodiesel 

Increases corrosion 

Negative impact of fuel filtration 

Density 

 

0.82649 (g/cm3) 0.87482(g/cm3) More fuel injection 

Deterioration of fuel atomization 

 

Viscosity 

 

3.205 4.452 Injector clogging 

Advance of injection 

Poor atomization 

Ignition delay 

Flash Point 

 

65.5 (°C) 198( °C) Fuel safety  

Poor atomization 

 

Cloud Point 

 

7.8 (°C) 15.2 °C Engine winter work and cold start 

Pour Point 

 

−11.2(°C) 12.1 (°C) Engine winter work and cold start 

Table 4. The summary of fuel analyze 
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4.2. Oxidation kinetics and chemical features 

 

TGA with pure oxygen and Air 

Thermo gravimetric analyze (TGA), as mentioned before, is the 

most prevalent method to determine samples reactivity trend, 

especially oxidation sensitivity. This gives a more transparent 

picture about the soot oxidation kinetics in presence of different 

oxidants. In order to have reference, the carbon black N330 is also 

tested to compare with soot samples. 

The overall results of the TGA test of diesel  and biodiesel  soot 

samples, mass conversion and with oxygen in figure 46 and 47 and 

air in figure 48 and 49  is depicted for diesel  and biodiesel  soot.  

For both fuel samples, with both air and oxygen, increase of 

temperature results in increase of mass conversion due to presence 

of more thermal energy for oxidation process. In comparison 

between the soot samples, biodiesel shows faster and higher 

percentage of conversion in comparison with diesel in all 

temperatures and in presence of air and pure oxidation. The graphs 

can be divided into two main parts, isothermal and non-isothermal. 

The non-isothermal part starts from the initiation of the experiment 

until reaching the desired temperature. At this phase, only nitrogen 

is used and there is not any oxidant, so the only change in mass of 

the PM sample is due to vaporization of VOF and humidity. The 

differences in conversion percentage and amount of it is affected by 

the heating time and the elemental compositions of the soot 

samples from diesel and biodiesel. As isothermal stage begins, the 
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oxygen at first TGA test and air at second TGA test is introduced the 

mass conversion changes to mass oxidation and the mass 

percentage reduces as time passes. The oxidation becomes more 

complete for both soot samples as temperature increases and at 

550 and 600 0 C all soot samples are burnt. In all temperatures, as 

seen in figure 47 and 48 biodiesel shows better and faster 

conversion trend in comparison with diesel. In comparison between 

air and oxygen, the mass conversion and oxidation is much faster 

in presence of pure oxygen due to abundance of oxygen. 
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           Figure 46. The isothermal TGA test of biodiesel samples with pure oxygen. 
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           Figure 47. The isothermal TGA test of diesel samples with pure oxygen. 
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           Figure 48. The isothermal TGA test of biodiesel samples with air. 
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           Figure 49. The isothermal TGA test of diesel samples with air. 
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For better clarification, it’s required to refer to rate of conversion and 

elemental analyze of PM samples, in order to know the chemical 

composition. The rate of conversion of each soot sample at any 

temperature is plotted in figure 50. The first small peak in the rates 

belongs to the non-isothermal phase, where there is no oxidant. The 

second, larger, peak is indication of isothermal condition with 

presence of oxygen. Advent of oxidant into the system boosts the 

reaction and thus the crest of the peak goes up higher and faster. 

As temperature increase the rate graph becomes smoother and 

lesser fluctuates, which is due to faster conversion and mass 

consumption. For all conditions biodiesel soot has better reactivity 

and thus smoother graphs are seen.  

(a) 
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(b)

) 
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(d)  

(e)  
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(f)  

(g)  
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(h)  

(i)  
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Comparing between air and oxygen, the rates of oxidation with pure 

oxygen is smoother due to better oxidation trend, which is result of 

abundance of oxygen in comparison with air. As seen in figure 50, 

in all conditions the biodiesel has higher oxidation rate in 

comparison with diesel and in all conditions also, the reactivity with 

pure oxygen is much more than air, especially at higher 

temperatures .Presence of oxygenated functional groups to the soot 

surface of soot particles enhances their oxidation rate by desorption 

of CO and CO2 on the application of heat [31]. It’s not possible to 

(j)  

Figure 50. The rate of mass conversion (a) biodiesel at 400 0C (b) diesel at 

400 0C (c) biodiesel at 450 0C (d) diesel at 450 0C (e) biodiesel 500 0C 

(f)diesel at 500 0C (g)biodiesel at 550 0C (h) diesel at 550 0C (i) biodiesel at 

600 0C (j) diesel at 600 0C. 



106 
 

 
 

estimate the VOF, SOF and SOL fraction part of soot samples with 

Isothermal condition test. In an earlier study at our lab, soot 

samples, produced at same condition, were analyzed by the non-

isothermal TGA test [5]. The PM of biodiesel  consists of 4% 

moisture, 40% HC and 56% C  while composition of diesel  PM is 

made of 4 % moisture, 29%  HC  and  67 %  C  at  80%  load  from  

non-isothermal  TGA  rate curves [5].It’s hard to differentiate 

between VOF and SOF, however most of the VOF is made of 

moisture and unburnt hydrocarbon and majority of it vaporizes 

during non-isothermal phase. As amount of VOF and SOF becomes 

higher, the oxidation and evaporation becomes easier in 

comparison with higher SOL condition, which is mostly solid carbon 

and needs high temperature for complete oxidation.  

The percentage of VOF inside the PM from diesel  engine is affected 

by several factors such as engine design character (DI, IDI, 

turbocharged) ,fuel injection system (injection principle, injection 

pressure and timing, nozzles characteristics).EGR, engine load and 

speed and exhaust temperature [32]. At higher loads and speeds, 

more incomplete combustion is seen due to higher rate of 

combustion and lack of time for complete combustion. At this 

condition also, fuel injection rate is higher and thus much more 

unburnt hydrocarbon or fuel will go out by exhaust flow. This trend 

becomes worse when biodiesel is applied. As discussed in earlier 

section, biodiesel has lower calorific value in comparison with diesel 

fuel, thus in order to compensate the energy loss more fuel shall be 

consumed. Higher viscosity and density of biodiesel also results in 

longer evaporation time and ignition delay, therefore more unburnt 

HC will be seen in the exhaust PM of biodiesel in comparison with 
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diesel. As  biofuels  are  oxygenated  fuels,  they may  have more  

oxygen content in the PM and this can boost oxidation and thus 

biodiesel  shows  faster  oxidation  rate  in  comparison  with  diesel 

[5].The conversion range of moistures and VOF  is  from  25-100   

o(C),  soluble  fraction  (SOF)  parts which mainly  consists  of  HC  

oxidizes  from  100-500 o(C)  and carbonaceous part of PM or solid 

(SOL) oxidizes at higher peak of  temperature  between  500-600  

o(C) [5] .So at 600o C for both of soot samples the oxidation trend is 

much more similar hence at this point the main composition is SOL 

,which is carbon black and thus the difference is composition has 

not significant rule while in lower temperatures the importance of the 

composition difference is much more apparent. In order to show the 

impact of non-carbonaceous compositions on the PM oxidation, all 

soot samples were compared with carbon black N330 and the 

results are plotted in figure 51 and 52. 
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Figure 51.The comparison of engine soot with carbon black in TGA 

with Oxygen 
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 Figure 52.The comparison of engine soot with carbon black in TGA 

with Air. 
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As seen in figure 51 and 52, in all temperatures, carbon back has 

the lowers reactivity and biodiesel has the fastest and highest trend. 

It clearly illustrates that VOF and SOF of diesel engine PM affects 

the oxidation and improves it while for pure carbon the oxidation 

trend is slower. The effect of temperature on the rate of oxidation of 

a carbon may be expressed by an overall activation energy, which 

is, in fact, a weighted average of the activation energies of several 

elementary reactions. The activation energy of the reactions are 

discussed in next section. The figure 51 and 52 showed that the 

chemical reactions, which governs the carbon oxidation will be 

altered by VOF and SOF compositions, therefore the activation 

energy of the soot will be affected by its chemical component. 

Calculation of activation energy is discussed in next section. 

 

4.2.1. Reaction Order of Carbon, n, and Activation Energy 

Then Chemical kinetics of TGA results were analyzed by relations 

below: 

 

PM+O2→CO2                                        (1) 

 

The chemical reaction rate in eq.1 can calculate from the TGA curve 

based on the chemical kinetic in eq.2. 

  

                              (2)     

                                                                                         

 
   

n m
2

d PM
k PM O

dt
 
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 Where PM is particulate matter mass, t is time, k is specific rate 

constant, m, n are the reaction order. The dependence of the 

specific rate constant k is expressed by eq.3. 

 

K= A e –Ea/RT                             (3) 

  

Where A is the frequency factor, Ea. is the activation energy, R is 

the gas constant. The apparent activation energy can be calculated 

by eq.4. 

     

                    

 

                  (4)                                                                                                                                           

 

a
2n

1 d[PM] E
ln (lnA mln[O ])

[PM] dt RT
 

    
 
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Reaction order, n 

The reaction order of carbon varies between different experiments 

and samples. Neeft et al [21] found a range of 0.65-0.80 for reaction 

order of Printex-U. In their research they have also mentioned that 

the water can affect the order of reaction and in absence of water 

the reaction order of carbon for diesel soot 0.56 while the value was 

0.69 in presence of water. In order to calculate the order of reaction 

for carbon, the natural logarithm of the rate formula (eq.2) is used 

and the results are shown in Figure 53 and the results are presented 

in table 5.  

 Figure 53. Carbon reaction order, n for diesel and biodiesel 

soot in air and oxygen TGA. 
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Table 5. The results of carbon reaction order. 

 

 

 

 

 

 

 

According to table 5, for both TGA condition biodiesel has higher n 

value in comparison with diesel soot and thus it shows better 

reactivity. None of the samples meet the shrinking core value (2/3) 

and it can be claimed that the soot particles do not have a complete 

spherical shape. 

Activation Energy (Ea) 

Activation energy (Ea) is the minimum energy which is required to 

initiate and complete a chemical reaction. The lower Ea, the better 

reactivity. At this study the, it’s tried to divide the soot mass 

conversion in three main groups and then the Ea for each division 

is calculated. This can clarify the different compositions of soot, 

VOF, SOF and SOL, by difference of Ea value.  The soot conversion 

of all samples is divided to three parts, based on equal percentages 

of conversion rate of the samples including (80-60%), (60-40%) and 

(40-20%). The activation energy of soot samples at each division is 

calculated from Arrhenius graphs which are depicted in figure 54, 

for oxygen, and figure 55 for air. The overall Arrhenius and the 

results of Ea for each division are presented in figure 56 and 57. 

Soot sample  n value 

Biodiesel  Oxygen 500 0.76 

Biodiesel  Air 550 0.74 

Diesel  Air 600 0.57 

Diesel  Oxygen 550 0.56 



114 
 

 
 

Figure 54. Arrhenius plot of three fractions of PM of Diesel   and Biodiesel  

PM with oxygen. 
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        Figure 55. Arrhenius plot of three fractions of PM of Diesel   and 

Biodiesel  PM with air. 
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Figure 57.The results of activation energy of soot samples from air 

and oxidation TGA. 

The elemental composition of soot sample is one of the factors 

which affects the Ea and thus soot reactivity. The results of 

elemental analyze  of  PM  samples  shows  that  the  PM  of 

biodiesel  is made of 1.1% H and 74.1% C while for diesel  PM its 

consists of 1.1% H and 81% C. The Ea corresponds to the energy 

barrier to be overcome during the reaction. Its maximum value 

corresponds to the bond energies in the molecule the Ea [5].   

The H/C ratio can be correlated to the oxidative reactivity of soot 

particles. The higher H content per unit C atom increases the 

possibility of H abstraction by O2 or the radicals present  in  the 
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combustion environment  such as H, OH, CH3  and  C3H3  to  create  

a  radical  site  on  soot  to facilitate O2 addition  on  it, which  can  

enhance  soot  oxidation  rate [31].  The diesel  fuel is mainly 

consists of aromatic components and poly aromatic hydrocarbons, 

PAHS, generally have lower H/C ratios and thus lower reactivity but 

in biodiesel  the presence of saturated components chains in the 

soot can increase its H/C ratio as well as its oxidative reactivity[30]. 

In the literature the published values of activation energy of 

unanalyzed soot oxidation is found to cover a range between 140 

and 210 kJ/mole [32]. For TGA with air, the Ea of first division (20-

40%) is lower in comparison with the two remaining divisions and is 

146.97 kJ/mole for biodiesel in air and 146.74 kJ/mole in oxygen 

and for diesel 195.92 kJ/mole in oxygen and 152.91 kJ/mole in air. 

This can be due to presence of more VOF and SOF in the first stage 

of conversion ,while in later stages most of SOF and VOF are 

consumed and most of the composition is SOL or carbonaceous 

,especially at last stage and therefore the higher values for Ea can 

be seen in figure 56. In comparison between diesel and biodiesel 

soot samples, the Ea of biodiesel is lower in all divisions and thus it 

can be a good reason for better reactivity of the biodiesel soot hence 

lower Ea is indication of easier oxidation at lower temperature. In 

other word, the bigger the Ea, the harder the soot oxidize. However, 

the exact and precise reason for difference of Ea can’t be obtained 

and needs more detailed experiments. 
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4.3. Morphology and Image Processing   

In order to know the micro scale and Nano scale of the PM and the 

pores of DPF, image processing was done on obtained SEM and 

TEM images from DPF and soot samples. At first step the SEM 

image of DPF sample was subjected to analyze by changing the 

gray scale to binary (black & white) format. The open architecture 

image processing program, ImageJ, was used for image 

processing. 

 

 

 

 

 

 

Dark threshold image at calculation 

phase 
Original SEM image of DPF sample  

Figure 58. Image processing for pore size measurement of DPF from 

SEM image. 

 

Original DPF sample  

Processed binary image of the SEM image. 
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For DPF SEM image efforts were concentrated on measuring the 

pore size of the DPF. The stages of this process is shown in figure 

58. The results of the calculation and size distribution is plotted in 

figure 59.                                                    

As seen in figure 59, most of the pores of DPF sample are placed 

within the range of 1-1000 µm which consists of up to 250 while the 

rest of the size range covers only a few numbers which at most 

reaches to 13 number.  

 

 

Figure 59.Pore size distribution of DPF sample. 
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 Macrostructure & Microstructure:  

Similar process was done for TEM images from diesel and biodiesel 

soot samples. The TEM images were subjected to image processing 

and the PM surface area was measured. Two TEM image with equal 

resolution and scale were used for image processing for diesel and 

biodiesel soot samples. The TEM pictures of diesel and biodiesel 

soot samples and an example of the process is illustrated at figure 

60 and 61. 

 

Figure 60. TEM images of soot samples in agglomerate mode (a) & (b) 

biodiesel PM, (c) & (d) diesel PM 

(a) (b) 

(c) (d) 
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Original TEM image 

 

Selected area of the image 

 

Processed selected image 

 

Final calculated & processed image 

 

Figure 61. The overall process of image processing for 

measurement of PM surface area. 
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the results of image processing which are depicted in figure 62 

shows that the surface area of agglomerated PM from biodiesel  are 

mostly within the range of 2~44  (µm2) and more concentrated  while 

for diesel PM the range is wider and reaches up to 186 (µm2) and 

size distribution is more dispersed. Although TEM image does not 

allow for the three-dimensional nature of agglomerates, and will 

generally underestimate the true maximum values of length of the 

agglomerate but the measurement of 2D area still gives a good 

picture for better illustration of size difference between two PM 

samples. Similar approach was done to determine the PM length in 

nano scale. The measurements process and the size distribution 

results are shown in figure 63 and 64. As seen in figure 64, the range 

of agglomerate length of biodiesel PM is within the range of 40~650 

nm while the range of diesel agglomerate length is between 

Figure 62. The surface area of agglomerated particles 
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100~200k nm. The size distribution of diesel soot is much more 

scattered in comparison with biodiesel soot sample in which most of 

particles are within a close range. The number of counted particles 

for biodiesel PM is more than diesel while this trend is invers for the 

length of agglomerate particles. In figure 65 and 66 also, the 

combined graph of length and cross section area of diesel and 

biodiesel PM and the normalized size distribution of them is 

illustrated. Agglomerate surface area and length of biodiesel PM are 

smaller than diesel and this can result in better oxidation trend in 

comparison with diesel PM. The size of PM samples and their  

belonging  parts  can  be  related  to  each  other  and  studies shows 

the amount of volatile matter is a function of particle size. Most of 

the material in the accumulation mode above about 100 nm is 

nonvolatile, presumably mainly elemental carbon [5, 34]. 

 

Figure 63. Measurement of length of agglomerated particles with image 

processing 
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The oxygenate components of biodiesel can end up in more 

complete combustion resulting in the smaller size of agglomerate 

and single particle of PMs and it’s also possible that the remnants 

of these oxygenated agent affect the PM surface oxidation [9]. 

  

 

Figure 64. Measurement of length of agglomerated particles from 

diesel and biodiesel with image processing. 
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(a) 

Figure 65. (a) The combined graph of length and cross sectional 

area (b) normalized chart of agglomerated PM size distribution. 

(b) 
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(a) 

(b) 

Figure 66. (a) The combined graph of length and cross sectional 

area (b) normalized chart of agglomerated PM size distribution of 

biodiesel. 

(b) 
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The size of agglomerated particles can also be contributed to their 

compactness and the more compact particle, the smaller size of 

agglomerate particles. Based on this theory the compactness can 

be categorized in two main types. The first type is reaction limited 

cluster aggregation (RLCA) and the second type is diffusion-limited 

cluster aggregation (DLCA). A schematic of RLCA and DLCA is 

shown in figure 67.                            

This phenomenon is depended on rate of soot aggregation. If the 

rate is fast then the DLCA regime is governing and the particle is 

lesser packed and ramified, leading to open, branching fractal 

aggregates , while in slower rate RLCA is occurring and the 

agglomerate is more compact.  

 

 

As seen in TEM images in figure 60 and size Distribution graph in 

figures 62, 64 and 65 and 66, the diesel PM seems lesser compact 

and has bigger size in comparison with biodiesel. The fuel 

composition can alter this trend. Fast pyrolysis allows less time for 

mixing prior to particle formation and thus RLCA will be dominant 

and amount of oxygen can is accelerate the pyrolysis. Hence 

Figure 67.The schematic of DLCA and RLCA [33]. 
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biodiesel is oxygenated fuel it has faster pyrolysis and therefore an 

RLCA. At next step, the size of primary particles (single particles) is 

measured. Two images at 50 nm scale were selected for each soot 

samples and then they were subjected to image processing with 

different color them in order to visualize single particles and then 

area and the diameter of PM samples were calculated and the 

chosen images are depicted in figure 68. One image processing 

procedure is shown in figure 69 as an example of method. The 

results of size distribution of single particle area is plotted in figures 

70.In this method particles were selected randomly and procedure 

was done manually. As seen in figure 70, the area of single particles 

of biodiesel is smaller than the ones from diesel soot samples.  

Figure 68. TEM images of soot samples (a) diesel PM, (b) biodiesel PM 
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Selected TEM image. 

Choosing the single particles after modifying 

the color them. 

The LUT (look up table) processed image. 

Figure 69. The single particle area measurement method. 

Hand chosen method 
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Figure 70. The single particle area size distribution with 

manual drawing method. 

Figure 71. The size distribution of particles diameter. 
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At this procedure the selected particles were assumed as complete 

sphere and the diameter of the particles were measured by this 

assumption and the results were showed in figure 71. Similar to area 

size distribution, biodiesel PM has lower diameter size. This trend is 

similar to previous study in our lab [9] but with a different size range. 

The manual process with ImageJ software could give a general 

overview about the size of single and agglomerated PM but for 

better and more precise results another software, Icy, were applied 

and more details of PM size and shape were obtained Image 

processing with Icy software is shown in figure 72. Hence the single 

particles are not real spherical, the assumption of full shpericity, 

which were applied to ease the calculation may be far from reality. 

For more exact results it’s better to refer to minor and major 2D 

diameter, X&Y length, max Feret diameter and Chord length. Feret 

diameter is used to measure the size of a particle or object in an 

especial direction. Generally it’s defined as the distance between 

two parallel planes restricting the object perpendicular to that 

direction. This measure is used in study of particle sizes, in 

microscopic scale, where it is applied to projections of a three-

dimensional (3D) object on a 2D plane. This is not a diameter in its 

actual sense but the common basis of a group of diameters. A chord 

length is defined by the distance of two points of the contour, 

measured exactly across the center of gravity of the projection area. 

This is why all methods of evaluating the chord length imply an 

evaluation of the center of gravity of the projection area.  
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Schematic of chord length and Feret diameter is depicted in figure 

73. These results are compared with the average size of selected 

particles, obtained with Icy software.  

                        

Figure 72. Image processing with ICY software (a) diesel PM, (b) biodiesel 

PM original TEM image (c) processed image of diesel (d) processed image 

of biodiesel. 

(a) (b) 

(c) (d) 
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The particle size in X and Y direction and the average of them was 

acquired and compared between diesel and biodiesel. The results 

are shown in figure 74. For X direction biodiesel PM shows 

increasing trend in size in comparison with diesel but the trend is 

vice versa in Y direction and diesel PM length overweight the 

system.  

The Feret diameter, chord length and major diameter is compared 

with each other for each soot sample. The result of this comparison 

is illustrated in figure 75. Each of the mentioned parameters also is 

compared with each other between different PM samples. The trend 

for Feret diameter and major diameter is similar for both samples 

but for diesel PM more fluctuations between the two mentioned 

parameter is seen while for biodiesel the trend is much closer to 

each other. In figure 76 the average of the mentioned parameters 

for both soot samples is illustrated.  

 

(a) (b) Figure 73. The schematics of (a) Feret diameter (b) chord length. 
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(a) 

(b) 
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Figure 74. Size of PM in (a) X direction (b) Y direction.(c) average 

value. 

 

 

(c) 
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Figure 75. Feret diameter, Major diameter and Average chord length 

(a) diesel (b) biodiesel 
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The trend of size distribution of primary particles are also alike the 

agglomerated type and similar reasons can be affecting too. 

Pyrolysis reactions are generally endothermic resulting in the fact 

Figure 76. Average of Feret diameter, Major diameter and chord length (a) 

biodiesel (b) diesel. 
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that their rates are often highly temperature dependent. The rate of 

pyrolysis of fuel is a function of concentration. One possible reason 

can be the pyrolysis of fuel. Fuel pyrolysis results in the production 

of some species which are precursors or building blocks for soot. 

Soot precursor formation is a competition between the rate of pure 

fuel pyrolysis and the rate of fuel and precursor oxidation by the 

hydroxyl radical, OH. Both pyrolysis and oxidation rates increase 

with temperature, but the oxidation rate increases faster. As 

biodiesel have more oxygenate component they have faster 

pyrolysis. It is expected that small amounts of O, O2 and OH might 

accelerate pyrolysis since many of the reactions take place by 

means of a free radical mechanism [34]. Temperature has the 

greatest effect of any parameter on the soot forming process by 

increasing all of the reaction rates involved in soot formation and 

oxidation and the higher load of engine (higher rate of combustion) 

and higher amount of oxygen of biodiesel can results in more 

complete combustion and thus higher temperature and faster 

oxidation and pyrolysis, which results in smaller PM size. Petroleum 

based diesel is a mixture of many types of hydrocarbons and 

normally contains no oxygenate composition and a small amount of 

sulfur so the trend of soot formation, which governs the biodiesel 

soot formation is not present in formation of diesel soot. Studies 

shows that sulfur involves in soot indirectly but alters PM mass by 

oxidizing and attaching to soot particles, which ends in increase of 

PM size and mass [34]. The diesel fuel is consists of sulfuric 

components and thus this can be a reason for larger size of diesel 

PM hence sulfur in the fuel is oxidized to SO2, which can combine 

with unburned hydrocarbon and become absorbed by neighboring 
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soot particles. Therefore, the PM from biodiesel, which is smaller, 

can oxidize faster than diesel PM. However, in order to be sure 

about the effect of these elements especial experiments and 

investigations is needed which is out of scope of this research and 

can be investigated in future projects.  

 

 

Chemical and Physical relation and PM shape  

The chemical characteristics, which were discussed earlier are 

dominant at lower temperatures, however at higher temperature 

most of the impurities oxidize or vaporize and the carbonaceous part 

of PM remains, thus the chemical features lose their importance and 

physical characteristics of PM will play a key rule. At this study it’s 

tried to relate the chemical parameters of soot oxidation to the 

physical shape of soot particle. The reaction order of the carbon and 

shrinking core model have impact on each other and the spherical 

shape of the soot particle. As the reaction order, n, increases the 

importance of that element in reaction and as its higher the 

reactivity. 
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Figure 77. Schematic picture of reaction order and PM reactivity. 
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(a) 

(b) 

Figure 78. (a)Results of sphericity of particles.(b) Average of 

sphericity. 
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The n value is between 0 ~1 and as it’s closer to 1, it means higher 

reactivity is possible, and in unity, all the element (here carbon) will 

be consumed. As mentioned in previous section, the n value for 

biodiesel soot is 0.74~0.76 and for diesel is 0.56~0.57 , while the 

shrinking core model value is about 0.63 and values higher and 

lower than this can indicated an incomplete spherical shape of soot. 

This trend is schematically depicted in figure 77. It’s also tried to 

measure the sphericity of particles with Icy software and the results 

were exhibited in figure 78. Sphericity of particles is defined as ratio 

of the sphere surface to the real surface of the particle which means 

for complete spherical PM the sphericity is equal to 1 and lower for 

other different shapes. In other words The sphericity, S, is the ratio 

of the perimeter of the equivalent circle, PEQPC, to the real perimeter, 

Preal and is defined by formula below with regard to figure 79:  

  

 

 

As seen in figure 78, sphericity of biodiesel selected particles have 

a constant trend and most of the particles have similar sphericity 

and closer to 1 but diesel PM shows lesser sphericity for some of 

particles and the sphericity of some particles (about 25% of 

Figure 79.Schematic of a real PM and its perimeter. 
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particles) are far below 1. 

This trend seems to be parallel with the reaction order, n, but yet it 

may need more investigation for repeatability. The average 

sohericity of biodiesel is 97% while for diesel it’s about 92%. 

 

Nano structure carbon platelet  

For investigation of carbon platelet of the soot samples in nano 

scale, the image processing was done, with ImageJ, to obtain the 

skeletonized images of TEM images and then the length of the 

carbon platelets (fringe length) and the size distribution of them was 

acquired. The example of image processing and the results are 

shown in figure 80, 81 and 82. The carbon platelet of biodiesel is 

shorter and has more unique shape and they more twisted in 

comparison with diesel, as can be understood from figures 81 and 

82. This trend is match with the compactness trend of the PM 

samples. As seen in figure 82, the platelet of biodiesel are closer to 

each other and thus the PM is more compact in comparison with the 

diesel PM and the order of platelet formation is more erratic for 

biodiesel PM while for diesel PM its seems more uniformed shape. 

Size distribution also has similar trend with our previous study [9] in 

which a Matlab image processing code was used to calculate the 

fringe length.  
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(a) (b) 

Figure 80.The image processing of skeletonizing images for study of 

carbon platelets (a) selected TEM image area (b) Binary image of 

selected image (c) The skeletonized image. 

(c) 
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Figure 81.The size distribution of carbon platelet length.  
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 In order to have a better idea about the Nano particles, the inner 

shell of single particles from diesel and biodiesel were subjected to 

image processing. The inner core of particles were approximately 

studied and skeletonize image of fringes of carbons of both diesel 

and biodiesel soot were obtained. In figure 83 and 86 the procedure 

(a) 

(c) (d) 

(b) 

Figure 82.The skeletonized image samples from image processing,(a) 

,(b) biodiesel carbon platelet (c)and (d) diesel carbon platelet.   
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of this measurements is pictured. The inner core diameter of diesel 

soot is 11.02 nm in X direction and 13.93 nm in Y direction.  

 

 

 

(a) 

 

(b) 

(c) (d) 

Figure 83. Inner shell of diesel PM. (a) original TEM (b) selected inner core area 

(c) length in X direction (d) Length in Y direction. 
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(a) 

 

(b) 

(c) (d) 

Figure 84. Inner shell of diesel PM. (a) original TEM (b) selected inner core 

area (c) length in X direction (d) Length in Y direction. 
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For biodiesel, the size in both directions is equal and almost half of 

diesel. The size in both direction 6.22 nm. The skeletonized images 

of the inner cores of both samples were also obtained and illustrated 

in figure 85 and figure 86.  

 

 

(a)The diesel PM single 

particle 

(b) Approximate inner core particle  

(d) Skeletonized image of selected 

part  

(c) Zoomed and separated of selected 

zone  

(e) Approximate fine particle  (f)  Skeletonized image of 

selected part fine particle 

e  

Figure 85. The procedure of making skeletonized image of inner core 

of diesel PM. 
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The peripheral region of particle (surface layer) is made of 

crystalline structure of carbon. The inner structure consist of a nuclei 

particle, at the chosen pictures, which consists of several small 

carbon platelet (fringes), formed in a compact condition. In core 

structure of both diesel and biodiesel PM, carbon platelets have 

turbostratic formation. The diesel PM inner core shows more 

uniformed and compact structure in comparison with biodiesel but 

hence none of the PM samples have a pure single particle, this 

(a)The diesel PM single 

particle 

(b) Approximate inner core particle  
(c) Zoomed and separated of 

selected zone  

(d) Skeletonized image of selected 

part  

(e) Approximate fine particle  (f)  Skeletonized image of 

selected part fine particle 

e  

Figure 86.The procedure of making skeletonized image of inner core of 

biodiesel PM. 
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compactness level can’t be compared correctly. This inner nuclei or 

fine particle, is covered by the inner core, which consists of several 

carbon chain, in a better ordered form, but still not well arranged and 

can be considered as amorphous structure. The bending structure 

of these fringes may indicate that they may not made of 6 carbons 

,C6 , but also a five carbon structure [35] and development of this 

inner core stops the growth of nuclei fine particle. The outer core, is 

made up well organized carbon fringes and has crystallites structure 

and has a uniform pattern and it can be seen in figures 82, 83 and 

84. This is can be due to surface reaction and condensation of small 

chemical species. The pyrolysis can play a key role in the difference 

of the structure of these parts. The chemical elements, which are 

responsible for generation of inner and outer shell would be different 

due duration of fuel pyrolysis. The inner core is formed by nucleation 

of none planar molecules and the growth, while for outer shell, the 

formation is governed by molecules, radicals or ions, consists of two 

to four carbon atoms, which leads to surface reaction boost up and 

promotes the polycyclic growth of the graphitic crystallites. 

 A more amorphous structure is seen in biodiesel core in comparison 

with diesel soot. As the amorphous structure increase the reactivity 

trend also increases [31] and therefore this can be another possible 

reason for better oxidation of biodiesel PM. At lower temperatures, 

soot oxidation begins from the inner core towards the outer surface, 

possibly due to the higher reactivity and higher active surface area 

of the amorphous part rather than the graphitic part therefore, by 

increasing the amorphous content of soot through the reduction of 

crystallite thickness, its reactivity can be increased [31].So this may 

enable the biodiesel soot to oxidize easier and faster, in lower 
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temperature in comparison with diesel soot but it shall be considered 

that the reasons which were mentioned above each one need 

specific and independent study to be sure whether they are affecting 

in this case or not. 

 

4.4 Filtration and regeneration behavior  

Soot production rate  

The rate of soot production has a key role in DPF filtration trend and 

this feature is also the main outcome of diesel and biodiesel 

difference in emission. The measurement of soot production rate 

usually requires high tech and high precision devices which was not 

available for this project, thus it was tried to design a system based 

on the available facilities which is able to provide us an overview 

about the soot production rate of both fuel samples. A system based 

on filtration system was designed with air filter material. This 

filtrations system was attached at the end of the exhaust pipe and 

every 60 seconds the filter was changed. The filters were weighted 

before and after test and the difference of the weight was accepted 

as the rate of soot production per minute. The average rate of soot 

production for diesel is 0.224 (g/min) and for biodiesel this rate was 

0.131 (g/min) which is almost twice lower than diesel. The pictures 

of filters for both fuel samples is shown in figure 87.  

In picture (a) and (b) it’s clearly seen that diesel has higher soot 

production and in picture (c) also the both graphs apparently show 

the difference of soot production rate which is dominated by diesel 

within 1000 seconds.     
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Figure 87 .The results of soot production rate measurement (a) diesel 

(b) biodiesel (c) comparison of soot production in an equal time. 

(a) (b) 

(c) 
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Filtration  

In order to investigate the filtration, the permeability of the DPF was 

tested by a vacuum pumps, 50 (lit/min). The test tube temperature 

was set to be 200 o C and the pressure drop was measured. The 

results are shown in figure 88.   

                             

Figure 88. The permeability of the DPF vacuum pump. 

 The graph shows that the pressure drop without engine run is within 

the range of 3 to 5 kPa. The superficial velocity of the pump in front 

of DPF is 6.41(m/s). The diesel and biodiesel were tested in similar 

condition, as mentioned in methodology chapter. It shall be 

considered that the controlling parameters at this experiment are 

pressure drop, time, and temperature and soot mass accumulation. 

The soot mass and the pressure drop can’t be kept constant at same 

time so at first phase the equal pressure drop was set as the 

reference of comparison. So the fuels were burnt until pressure 

drop, caused by diesel PM and biodiesel PM reaches almost the 

same level and then comparison and regeneration were done. 
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For diesel fuel the test of trapping was done three times to ensure 

repeatability and results were shown in figure 89 but for biodiesel, 

due to lack of fuel, only one time trapping was done and the result 

of filtration trend of DPF is depicted in figure 90. Figure 89 shows 

that the filtration trend of diesel fuel is not significantly different in all 

three conditions. As depicted in figure 90, the trapping time for 

biodiesel is much longer than the one with diesel fuel about 6 times 

in order to reach same level of pressure drop as diesel. This is an 

indication of better filtration behavior and enables the system to 

work for a longer period of time when biodiesel is applied. This can 

be due to faster soot production rate of diesel fuel and in figure 91 

it’s tried to show the pressure drop trend with regard to soot 

accumulation rate. Due to more aromatic content and absence of 

oxygenated components in diesel fuel, the combustion produces 

higher amount of soot in comparison with biodiesel, in an equal 

period of time. While for biodiesel, cleaner combustion, which can 

be the result of oxygenate molecules of biodiesel and thus more 

complete combustion. So it needs a longer time for trapping due to 

lesser soot production rate of biodiesel. Although at the end of 

filtration more amount of trapped soot from biodiesel is trapped, with 

regard to longer filtration time, pressure drop level is still same as 

diesel filtration test. This trend may be an indication of more porosity 

of biodiesel PM too but more investigations is needed for obtaining 

accurate results about porosity.  
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                  Figure 89. Repeatability of diesel filtration trend. 

Smaller size of biodiesel PM may enable it to settle in the deeper 

pores of DPF and thus surface filtration becomes slower which can 

lead to longer filtration time and absorption of higher amount of PM. 

Due to bigger size of diesel PM, as discussed before, the soot 

aggregation of the surface of DPF porous media has a higher rate 

and this may lead to faster surface filtration which can prevent PM 

to be trapped in the inner pores and block the air flow(exhaust flow) 

path faster and thus ends in higher pressure drop level in a shorter 

time with lesser amount of trapped soot. Meanwhile, the oxidation 

of trapped PM inside the DPF by exhaust temperature is more 

probable for biodiesel PM due to higher reactivity of biodiesel PM, 

which is already discussed in earlier sections. 
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Figure 90. Regeneration of DPF for both diesel and Biodiesel PM. 
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        Figure 91. The comparison of pressure drop and soot 

accumulation. 

In order to have a general view about the soot accumulation in DPF 

,it’s been tried to estimate the different phases of filtration based on 

soot generation and pressure drop and then the results were shown 

in figure 92 for diesel and in figure 93 for biodiesel. As seen in the 

figures, the slopes of different parts of the graph indicates the rate 

of soot accumulation. For biodiesel, the trend of soot accumulation 

is much slower, thus the longer time and more fuel is needed to be 

used and therefore the slop of the graph, which is indicator of soot 

accumulation rate has a slower trend. 

  But for diesel, as seen in figure 93, the trend is much faster and the 

graph moves turns to linearity and at the end of soot cake layer 

formation phase about 7.44 grams of diesel soot is trapped while for 
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biodiesel the final estimated amount of soot mass 27.88 grams, 

which  is about 3.75 times more than diesel. For better 

understanding, both of the graphs were depicted in one picture and 

illustrated in figure 94. The trend lines in the graphs show the rate 

of soot accumulation inside the DPF. 

Figure 92 .Filtration estimation of diesel fuel. 
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Figure 93 .Filtration estimation of biodiesel fuel. 
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Figure 94.The comparison of diesel and biodiesel filtration 

with regard to soot formation rate.  
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Regeneration  

The regeneration phase is done with the high temperature tube 

furnace. As temperature increase up to 600 o C, the pressure drop 

falls and regeneration begins. The result of regeneration graph is 

pictured in figure 95. As seen, regeneration trend of biodiesel is 

faster than diesel with regard to more amount of biodiesel PM. Also, 

the regeneration duration of biodiesel is also shorter than diesel 

about one hour. This allows an easier regeneration and thus faster 

operability. The reason for this trend is related to the reactivity of 

soot samples and their activation energy. As discussed in previous 

section, the biodiesel has higher and faster reactivity due to 

difference of fuel composition, PM size, soot composition and VOF 

and SOF ratio. This results in lower resistance to oxidation which 

enables the DPF regeneration becomes easier at lower 

temperatures and thiserefore results in faster oxidation and 

regenration behavior. As showed in previous part,the diesel fuel 

makes more soot,about twice more than biodiesel, and this also can 

be one reason for slower oxidation of diesel soot. 

The regenration trend of DPF is similar to oxidation trend of PM 

samples in TGA. For better explanation, a combined graph of TGA 

and regeneration is depicted in figure 96. Although its not possible 

to conect TGA and regenration graphs mathematically ,the 

regeneration trend of soot samples show a similar trend to their TGA 

reaction results with air and for both conditions, the diesel  soot has 

slower reaction trend and longer duration. 
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Figure 95.Regeneration of DPF for both diesel and Biodiesel PM. 
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Figure 96.combined graph of TGA and regeneration. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

At this study the chemical and physical features of diesel and 

biodiesel fuel and their soot was investigated. The chemical 

characteristics of soot generated by diesel and biodiesel 

combustion were subjected to study by TGA and CHN. The physical 

features and morphologies of soot samples also analyzed by image 

processing. At the later phase of project, the filtration and 

regeneration trend of a sample of DPF while utilizing diesel and 

biodiesel by means of engine back pressure drop. The regeneration 

trend of DPF also, was tested by high temperature tube furnace. 

 

5.1. Fuel properties: 

 The molecular structure of both fuel is significantly different 

and biodiesel is mainly made of several fatty acids which can 

alter fuel physical and chemical properties such as viscosity 

and density and oxidation stability. 

 Blending with commercial diesel can improve the physical and 

chemical properties of fuels and makes it more convenient for 

using in conventional and agricultural engines. 

 Calorific value of biodiesel is lower than commercial diesel, 

however, blending with commercial diesel improves it. Lower 

calorific value is due to higher percentage of oxygen in 

biodiesel but this also leads to cleaner combustion due to 

more complete combustion, although more fuel shall be used. 
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 Higher kinematic viscosity and lower boiling point which make 

fuel atomization and evaporation more difficult under cold start 

conditions. Pure biodiesel can’t be used in low temperature 

due to poor cold flow trend which is related to higher cloud 

point and pour point. 

 

 Elemental analyzes shows that biodiesel has higher oxygen 

content which improves more complete combustion and 

lesser soot production but adverse oxidation stability and 

rancidity.  

 

5.2. Oxidation kinetics and chemical features 

 The carbon black N330, as a reference, and soot, obtained 

from combustion of diesel and biodiesel fuel in a single 

cylinder engine, at 2400 rpm and 80% load, were subjected to 

TGA and CHN analyze. TGA test was done in six different 

temperatures (400 o C, 450 o C, 500 o C, 550 o C and 600 o C) 

in isothermal condition. The nitrogen gas was used as the inert 

gas for heat up phase and then in active phase, oxygen at first 

test and air at second test were done. 

 The acquired results shows that in all temperatures and in 

both testing conditions (oxygen and air), the biodiesel PM 

shows higher reactivity and has higher rate of 

conversion/oxidation in comparison with diesel and carbon 

black. This is indication of higher amount of VOF and lesser 

carbonaceous compositions of biodiesel PM in comparison 

with diesel. As temperature increases, the reactions becomes 
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more complete and at 550 and 600 ( o C) all amount of 

samples oxidizes but still the biodiesel PM has faster rate of 

conversion in comparison with diesel. This trend is due to 

different chemical composition of PM samples. Higher amount 

oxygenated agents and lesser carbonaceous parts and higher 

H/C ratio can be possible reasons for better oxidation. 

 The Activation energy of soot samples were calculated. At this 

study it is tried to separate the conversion zones in three main 

divisions including 80-60%, 60-40% and 40-20% of total mass 

conversion and activation energy of each division was 

obtained. In all conditions, biodiesel PM has lower activation 

energy in comparison with diesel and this will result in lesser 

resistance against oxidation and thus better reactivity 

regardless to other factors.  

 Reaction order of carbon, n, was calculated for both fuel 

samples. Biodiesel has higher value, 0.74~0.76 while for 

diesel its lower, 0.56~0.57. This can indicate that none of the 

soot samples have complete spherical form which is match 

with shrinking core value, 0.66. However higher value of n is 

indication of more participation in reaction and as its closer to 

unity this trend be more but this assumption is not so clear yet 

and needs more investigations. 
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5.3. Morphology and Image Processing   

Morphology of soot samples was studied by manual image 

processing of TEM images of the soot samples. Macro and micro 

structures features such as agglomerate particle area, Feret 

diameter, chord length, cross sectional area and PM compactness 

was studied and results were plotted and compared. In Nano scale, 

carbon platelet length (fringe length), inner core structure was 

investigated. 

 

 Image processing of TEM pictures shows that agglomerate 

PM form biodiesel combustion has smaller length and cross 

sectional area in comparison with diesel PM. Such trend can 

be contributed to presence of more oxygen in biodiesel 

molecules which leads to more oxidation and more complete 

combustion.  

 The Feret diameter, Chord length and cross sectional area of 

biodiesel is lower in than diesel. All these elements prove the 

smaller size of biodiesel PM which can be the main physical 

reason of better oxidative trend of biodiesel PM. 

 One probable reason for better oxidative trend of biodiesel can 

be related to oxygen molecules of biodiesel which promote the 

rate of oxidation in combustion and reduce the pyrolysis 

duration in comparison with diesel. This provides the suitable 

condition for reaction limited cluster aggregation (RLCA) of 

PM and aggregation is slower and better ordered while for 

diesel it seems diffusion limit cluster aggregation (DLCA) is 

more prevalent and agglomerate PM shape is lesser packed 

and thus bigger size of PM can be observed however this 
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hypothesis needs precise study and modeling and cannot be 

concluded only by the experiments of this project. 

 The fringe length of carbon structure in biodiesel is shorter 

than which can make oxidation easier. The inner core of diesel 

PM is slightly larger than biodiesel but this result may not be 

free from errors.  

 For biodiesel a more amorphous structure is seen in the core 

and thus higher reactivity while for diesel the core has more 

crystallite structure and therefore higher resistance for 

oxidation. But in general the outer core has more crystallite 

structure in comparison with inner core for both PM samples, 

based on observations from image processing. 

 The sphericty of biodiesel PM is higher than diesel PM. This 

is parallel with higher n value of biodiesel PM and the more 

the Pm is close to complete sphere the more participation in 

reaction is expected but more mathematical modeling and 

study is needed for this assumption. 
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5.4 Filtration and regeneration behavior  

Filtration and regeneration trend of diesel and biodiesel fuels 

were studied by application of a sample of DPF and high 

temperature tube furnace and a single cylinder agricultural 

engine at high load (80%) and 2400rpm. The soot production 

rate of both fuels were also measured. 

  

 

 The diesel soot production rate, based on the 

measurement method of this project, was 0.224 (g/min) 

while for biodiesel the rate was 0.131 (g/min). 

 The base of experiment was set according to equal level 

of pressure drop. Filtration trend of diesel fuel is much 

faster than biodiesel and engine back pressure drop 

peaks much faster than biodiesel and then becomes 

linear. This is due to more PM production of diesel fuel 

(in an equal time period) and bigger agglomerate size of 

diesel PM in comparison with biodiesel. Bigger PM size 

increases the rate of soot cake layer formation on the 

porous media of DPF. On the other hand, due to higher 

reactivity of biodiesel PM, some trapped PM can oxidize 

by engine exhaust temperature during filtration and 

longer time and much more biodiesel is needed to burn 

to reach pressure drop level same as diesel .  
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 Higher amount of biodiesel trapped PM (to reach the 

equal level of diesel pressure drop) may be indication of 

more porosity of biodiesel PM which can enable the air 

flow passes throw the filter easier and thus slower 

filtration trend can be seen ,however this can only be 

considered as an assumption. 

 

 Although the soot production rate of biodiesel is lower 

than diesel, but due to longer time of engine run(to reach 

equal level of pressure drop same as diesel) more 

amount of PM is trapped at the end of filtration test( about 

4 times more ). 

 

 The biodiesel PM oxidizes faster in comparison with 

diesel and the filter can be clean faster with regard to this 

important parameter that the amount of biodiesel trapped 

PM is about 4 times more than diesel. This trend, along 

with filtration trend, makes biodiesel more convenient for 

application in DPF and provides a longer filtration 

duration and shorter regeneration period.  

 This is basically related to chemical and physical features 

of fuels and consequently their soot. Although more PM 

from biodiesel is trapped, the regeneration is faster and 

it’s alike to the oxidation rate of PM samples in TGA. The 

smaller size of and higher reactivity of the biodiesel PM 

can be the main reasons for better oxidation but for more 

accurate results more investigation is required.  
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 Slower filtration and faster regeneration of biodiesel PM 

(with regard to more amount of trapped soot from 

biodiesel) makes biodiesel a promising fuel for wide 

usage and helps environmental protection. 
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