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ABSTRACT 

 

The exhaust emissions from diesel combustion are the sources of particulate matter 

emitted to the atmosphere, which are components of air pollution that implicated in 

human health. At present, the diesel particulate filter (DPFs) can remove PM from the 

exhaust gas before emitted to the atmosphere. This research is investigating 

morphology and structure of acicular mullite to develop the fabrication process filter in 

order to study particulate matters trapping and oxidation mechanisms. This paper used 

two main substances to study the structure of DPFs; Aluminum oxide (Al2O3) and 

Silicon dioxide (SiO2). These are mainly in the conventional DPFs. The variable 

substances are Titanium dioxide (TiO2) Aluminium fluoride (AlF3) and Vanadium 

oxide (V2O5), which added to investigate producing the acicular mullite DPFs structure. 

The mullite samples sintered at 1300 oC with holding time of 1 h. Moreover, a constant 

amount of carbon black (CB) used to open the porosity of mullite DPFs. The images of 

mullite porous microstructure surface investigated using Scanning Electron 

Microscopy (SEM). In addition, the oxidation kinetics behavior of soot investigated by 

using isothermal Thermo-gravimetric analysis (TGA) method. The results of this paper 

provided useful information about impact of TiO2 AlF3 and V2O5 on mullite DPFs. 

Therefore, the results able used for the DPFs development of advanced academic and 

the practical in industry. 

Keywords: Particulate Matters, Diesel Particulate filter, Acicular Porous Media, 

Sintered Mullite  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Research Background 

At present, the major source of global energy comes from fossil fuels Oil is currently 

the most consumed form of fossil fuel for energy conversion. Therefore, this is the one 

of main pollutants problem in the world. Figure 1.1 Show energy consumption that 

divided by sector refers to Annual Energy Outlook 2009 (AEO 2009) they estimate the 

Energy Information looking in 2030. According to the chart of energy, not much is due 

to change And Oil still use around 34% and we consume in sector of transportation 

about 87%.  

 

Figure 1.1 Energy consumption divided by sector [1] 

 

For transport sector of figure 1.2 Industrialization and growing power demand in 2030. 

Transportation still being use and increasing in the future. So that demand for diesel 

engine is expect to continue to increasing in medium-upper car segments because 

thermal efficiency is more than 30%, when compare with other internal combustion 

engine at the same load. However, the transportation sector is one of the main sources 

contributing to emissions of air pollutants, when compared gasoline, emissions for 

diesel exhaust – mainly for oxides of nitrogen (NOx) and particulate matter (PM) 
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emitted to the atmosphere, which is a component of the air pollution implicated in 

human cancer, heart and lung damage, and mental functioning. In 1 January 2012, the 

government of Thailand regulates to use the standard level 7 or Euro 4 to control the 

emission which release from diesel engine by the particulate matter must be not over 

0.025 g/km and nitrogen oxide must be not over 0.25 g/km. However, the increasing 

numbers of vehicles in Bangkok has countered all the above efforts. Particulate matter 

levels in Bangkok still exceed the ambient air quality standards of Thailand. To further 

improve air quality in Bangkok and other parts of Thailand by reducing the emission of 

PM and nitrogen oxides, implementation of more stringent fuel quality and vehicle 

emission standards of Euro 5/6 are inevitable. 

 

Figure 1.2 Industrialization and growing power demand [2] 

Diesel engines in figure 1.3 are provide the highest thermal efficiency for internal 

combustion engines used in cars and Trucks when compared at the same load. However, 

diesel engines emit high levels of Particulate Matter (PM) particles and oxides of 

nitrogen (NOx) compared to gasoline engines of figure 1.4. These two types of 

pollution are a very bad effect on human politeness, whether it is cause of lung cancer 

and toxic environment Therefore, it is necessary to eliminate these two types of 

pollution. Particle pollution from diesel engines has a physical structure and very 

complex chemistry consisting of two parts: Solid Organic Fraction (SOL) is the main This material is reserved for educational use only, not allowed for commercial use. 
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component of carbon and metal ash (Metallic Ash). The second part is liquid (Soluble 

Organic Fraction; SOF) have main components are hydrocarbons from incomplete 

combustion 

 

Figure 1.3 Diesel Engine [3] 

Figure 1.4 Soot or particulate matter emitted from Diesel Engine [4] 

The largest size of particle agglomeration and can be seen with the naked eye, which is 

in the range of 1-10 microns, sometimes called PM10 (size not more than 10 microns) 

and PM2.5 (not more than 2.5 microns), PM10 and PM2.5 can be seen in the general. 

Therefore, the after treatment technology is necessary to be used with diesel engines. 

This research deals with the development of equipment to eliminate particle pollution 

from engines. Nowadays diesel cars have Diesel Particulate Filter (DPF) in the exhaust This material is reserved for educational use only, not allowed for commercial use. 

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



4 

 

gas to stop a soot passing into the atmosphere. Figure 1.5 shown the flow direction of 

particulate matter pass through into DPF. The structure of DPF consisting of many 

rectangular channels with alternate channels blocked at each end. The exhaust gas is 

forced to flow through the porous filter wall and PM ware trapped in this stage and 

regeneration. 

 

Figure 1.5 Diesel Particulate Filter (DPF) in the exhaust gas and DPF structure [5] 

Normally, there are two materials for produce conventional DPFs in the markets 

Cordierite and SiC. However, In the future we need to find another option for new 

material to produce Diesel Particulate Filter (DPF) with improvement PM filtration 

efficiency. Therefore, the Mullite (Mullite DPFs) is one of new material to use for study 

a prototype particulate pollution filter and device manufacturing. The Mullite has two 

main components of Aluminium oxide (Al2O3) and Silicon dioxide (SiO2) mixed with 

Titanium dioxide (TiO2), Aluminium fluoride (AlF3) and Vanadium oxide (V2O5). 

There is created with the technology currently available to be a guideline for advanced 

academic development and practical application in the industrial sector. 
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1.2 Objectives 

 To fabrication and characterization acicular structure of mullite filter by using 

Titanium dioxide (TiO2), Aluminium fluoride (AlF3) and Vanadium oxide 

(V2O5) 

 To characterization the impact of Titanium dioxide (TiO2), Aluminium fluoride 

(AlF3) and Vanadium oxide (V2O5) on soot oxidation kinetic 

 

1.3 Work Scope 

This research is investigating morphology and structure of acicular mullite (ACM) as 

Figure 1.6 to develop the fabrication process filter in order to study particulate matters 

trapping and oxidation mechanisms.  

 

Figure 1.6 Acicular Mullite (ACM) [6] 

 

Researches have been employed the ceramic mullite and concluded an advantages such 

as increased porosity and high mechanical strength with addition TiO2. The results 

showed that microstructure of mullite (ML) DPFs is improved by using 4wt.% AlF3 

and 3wt.% V2O5 contents at sintering temperature of 1300oC. The porosity is increased 

up to 50% . One of researched showed mullite sintered at 1000oC with 3 h holding time. 
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This study reported that the mullite exhibited acicular mullite (ACM) with 0.06-0.3 μm 

in acicular diameter.  

Previous research has shown that the mullite structures have high opened porosity and 

mechanical strength. However, the investigation on the morphologies, microstructures 

and mechanical properties of ACM have insufficient data. Further research is need to 

provide more evidence to support ACM design throughout the operation and trapping 

mechanism of DPFs.  

The objective of this paper is to investigate the porosity and pore size distribution of 

mullite with TiO2, AlF3 and V2O5 additions 10wt.% of each. Moreover, a constant 

amount of carbon black (CB N330) will use to open the porosity of mullite DPFs. Then 

using SEM and image processing and to develop the fabrication process of ACM in 

order to study DPFs structure and oxidation mechanisms. The samples of mullite are 

sinter at constant temperature of 1300oC with a holding time of 1 h. The image 

processing will do by using the Image J processing program. The compositional 

analysis of ACM structures will do by using SEM combined with an energy dispersive 

X-ray analyzer (EDX). The permeability will be evaluate by use airflow and difference 

pressure measurement. 

In addition, Thermo-Gravimetric Analysis (TGA) have perform to study chemical 

kinetics of soot oxidation kinetics. The results will present in terms of morphologies of 

SEM and two-color image, porosity, pore size distribution, amount of pore percentage 

of mass conversion and rate of mass change of soot oxidation kinetics. 

 

The results of this paper provided useful information about impact of Titanium dioxide 

(TiO2), Aluminium fluoride (AlF3) and Vanadium oxide (V2O5) on mullite DPFs. 

Therefore, the results should be useful for the DPFs development of advanced academic 

and the practical in industry. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Internal Combustion Engine 

Internal Combustion Engine (ICE) is a heat engine that acts to change the chemical 

energy contained in the fuel molecules into thermal energy by combustion, which is a 

chemical reaction between oxygen molecules obtained from the air and molecules of 

hydrocarbon compound used as fuel. The interaction between the two molecules of the 

above reactants will cause internal energy that is chemical energy in the form of heat. 

This chemical reaction is called Exothermic Reaction. The heat energy received during 

combustion chamber will cause molecular dynamics of the gas in the combustion 

chamber to increase. The force that the molecules of the gas carry on the combustion 

chamber wall, which is called the pressure in the combustion chamber, will be much 

higher. 

The internal combustion engine can change the force that the gas molecules act on the 

mechanical energy of the combustion chamber wall using engineering mechanisms. 

Most of the current internal combustion engines are piston engines or Reciprocating 

Engines, which is to have a piston running outward and return in the cylinder within 

the combustion chamber. The surface of the piston acts as a force from the gas 

molecules. Therefore the movement of the piston, which is transformed into mechanical 

energy with the following mechanism to drive the motor 

Diesel engines are engines that provide the highest thermal efficiency in internal 

combustion engines used in cars and trucks when comparing the same load as shown 

in Figure 2.1. However, diesel engines release particulate pollutants or Particulate 

Matter (PM) and oxides of nitrogen (NOx) in high volumes compared to gasoline 

engines. These two types of pollutants have a very detrimental effect on human 

politeness, whether it is the cause of lung cancer and toxic environment. Therefore, it 

is necessary to eliminate these two types of pollution. 
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Figure 2.1 Efficiency of the ideal engine [7] 

 

2.2 Morphologies and Nanostructures of Particulate Matter 

Particulate matter contains microscopic solids or liquid droplets that are so small that 

they can be inhaled and cause serious health problems. The particle size is important as 

the particles smaller than 2.5 micrometers can reach lungs along with the inhaled air 

and cause health problems. The particles smaller than 2.5 micrometers constitute more 

than 90 percent mass of the total particulate matter in the diesel exhaust. Composition 

of particulate matter collected on a filter is schematically shown on Figure 2.2 various 

components adsorbed on the surface of spherical soot particles are shown. 
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Figure 2.2 Composition of particulate matter [8] 

Particulate emissions from diesel engine [9]   

Figure 2.3 shows the diesel particulate matter consists of two types of particles: (a) 

fractal-like agglomerates of primary particles 15–30 nm in diameter, composed of 

carbon and traces of metallic ash, and coated with condensed heavier end organic 

compounds and sulfate; (b) nucleation particles composed of condensed hydrocarbons 

and sulfate. Structure of agglomerated particle contains a lot of soot in primary particle. 

The structure of the soot is composed of carbon platelet. Which we analyzed from 

images taken by the electron microscopy. 

 

Figure 2.3 Artist’s conception of diesel particulate matter [9] 
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Particulate matter (PM) consists of microscopic solids or liquid droplets, which are so 

small size that can cause serious health problems. Particulate matter is the most 

important characteristics of diesel emissions, which is responsible for black smoke 

traditionally associated with diesel-powered vehicles. Diesel particulate matter 

emission is usually abbreviated as PM or DPM. Size of PM particles can classified into 

various types. Particles normally found in the atmosphere can be derived into four 

types; PM10, fine particles, ultrafine particles and nanoparticles. The particle size is an 

important factor as considerable as PM smaller than 2.5 μm. The particles smaller than 

2.5 μm constitute more than 90% by mass of the total PM in the diesel exhaust. 

Composition of PM collected on a filter. The various components adsorbed on the 

surface of spherical soot particles. From this reason, PM particles must remove before 

releasing to the environment. One of technique for removing PM is to develop the 

trapping mechanism process by enhancement of DPF filter. 

 

2.3 Particulate Matter Quantity 

Particulate Matter Quantity [10] Figure 2.4 shows measurement results of smoke 

intensity, which is an indirect method to estimate PM’s quantity. The intensity is 

strongly dependent on the engine load. The more engine load, the greater smoke 

intensity due to more fuel supply for combustion. In this research, much amount of 

particle was used to determine the integrity of combustion process. The biodiesel 

produces less smoke than the diesel at almost all engine operating conditions because 

oxygenated fuel promote more complete combustion and better fuel-oxygen’s 

reactivity. 
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Figure 2.4 Quantity of PM using opacity smoke meter [10] 

 

2.4 Single particle and Agglomerate particle 

Single particle and Agglomerate particle [11] 

Figure 2.5 show TEM images of biodiesel engine’s agglomerate ultrafine particle and 

Figure 2.6 show primary nanoparticle in the condition 80% of engine load and 2400 

rpm of engine speed. The agglomerate ultrafine particle and primary nanoparticle size 

were micron and submicron scale, respectively. Engine’s agglomerate ultrafine 

particles consist of several uniform primary nanoparticles. Most of engine’s primary 

nanoparticle diameter is smaller than 60 nm. The average agglomerate ultrafine particle 

sizes of both diesel and biodiesel engine’s PMs are approximately 100-500 nm. 
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Figure 2.5 TEM images of biodiesel engine’s ultrafine particles [11] 

 

 
Figure 2.6 TEM images of biodiesel engine’s nanoparticles [11] 

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

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



13 

 

Figures 2.7 show biodiesel and diesel engine’s primary nanoparticle size distribution in 

the condition 20, 40, 60 and 80% of engine load 2000 rpm of engine speed, respectively. 

The primary nanoparticle diameters are in the range of 10-60 nm. It was clearly 

observed much amount of particle diameters are in the range of 30-40 nm. 

 

 

Figure 2.7 Size distributions of biodiesel and diesel [11] 
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Particle diameter size decreased when increasing engine speed for both of diesel and 

biodiesel’s engine PMs. The exhaust gas temperature also gradually increased when 

increasing engine speed. It means PM oxidation rate inside combustion chamber 

increased when increasing engine speed (increasing temperature) due to lower heat loss 

on cylinder surface compare to lower engine speed. Similarly, particle diameter size 

decreased when increasing engine load for both of diesel and biodiesel’s engine PMs. 

The exhaust gas temperature also gradually increased when increasing the engine load. 

It means PM oxidation rate inside combustion chamber increased when increasing 

engine load (increasing fuel injection quantity) resulting in higher combustion 

temperature compare to lower engine load. Moreover, the average diameter of biodiesel 

engine’s PMs are significantly smaller than that of diesel engine’s PMs because of bio 

oxygenate fuel. 

 

2.5 Nanostructures of Particulate matter 

Nanostructures of Particulate matter [12] 

Figure 2.8 (a) shows TEM images of engine 80% load diesel and biodiesel single PMs. 

Single particles are nearly sphere shape even though surface are not so smooth. Carbon 

platelets in the surface of particle are not so close distance and look like not so strong 

contact with other platelets. TEM image shows the different structure of inner core zone 

and outer shell zone of PMs. The inner core diameters are approximately 5 to 10 nm. 

 Moreover, the structure of carbon platelet inside inner core zone shows short 

length and non-homogeneous platelets; whereas long length and homogeneous platelets 

could be clearly observe in outer shell zone. Single particle could be observe two to 

four inner core portions. In the first process of PM formation, agglomerated inner core 

portion might be accumulate to be a single primary particle. After that, surface of single 

primary particle growth up by carbon atom with time until approximately 100 nm of 

diameter depended on engine operation condition, which might be strongly effect on 

density of carbon atom per volume. In the last process, surface of PM is oxidized by 

oxygen molecule during combustion process. In addition, images show carbon platelet 

structures of connection zone between two single primary particles are also quite 

homogeneous platelet density compare to the inner core zone. 
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Figure 2.8 TEM Images of diesel and biodiesel and image processing [12] 

 

PM is investigated for number of carbon atom include in the particle. TEM image is 

used for numerate platelet number that aggregate layered in the particle. Each of platelet 

is consisted properly by carbon atom from incomplete combustion product. Figures 2.8 

(b) (c) and (d) are the images of original 10 nm2 focused area, after post processing of 

two colors and after post processing of skeleton carbon platelet length estimation. The 

focused areas of all images are homogeneous platelet area in each outer shell zone. 

Original gray color could be successfully change to two colors images in the first step. 

The lengths of each platelet in each sample are quite different, whereas the distances of 

each platelet are also not too different. From the skeleton images, the carbon platelets 

inside the PM were measured by image processing program. The skeleton carbon 

platelets, which have 1unit pixel width for each platelet, were measured for the white 

area in the image to be a carbon platelet length that shown in Figure 2.9 
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Figure 2.9 Platelet sizes distribution of diesel and biodiesel [12] 
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2.6 Oxidation kinetics 

Oxidation kinetics [13] 

The oxidation behavior of PMs has been investigated using thermogravimetric analysis 

(TGA) and temperature program oxidation (TPO) to evaluate reaction activity. The fit 

curve results of reaction order for both oxygen and carbon, and the activation energies, 

were defined and reported. The order in carbon is close to the order of 2/3 (0.67), 

making it applicable for the shrinking-core model. The order of reaction rate in oxygen 

is close to 1. The activation energy (Ea) of carbon oxidation is around 150170 kJ/mole 

Chemical kinetics of PM oxidation is studied by using mass conversion behavior from 

TGA. As figure 2.0 the chemical reaction rate in equation (1) can be calculated from 

the TGA mass conversion curve based on the chemical kinetic in equation (2). Where 

PM is PM mass, t is time, n, m are the reaction order of PM and oxygen, respectively. 

The reaction order n is assumed to be 2/3 as shrinking core model because PM is like 

spherical shape. In order to calculate the apparent activation energy (Ea) of PM 

oxidation, the chemical reaction rate constant k at each temperature in equation (2) is 

expressed by equation (3). Where A is the frequency factor, Ea is the activation energy, 

R is the gas constant. Finally, the apparent activation energy can be calculated by 

equation (4) using the Arrhenius plot. 

 

Figure 2.10 Equation of Oxidation Kinetics 

Figure 2.11 shows the estimation results of chemical consistent inside diesel and 

biodiesel PM in each operation condition of the engine by TGA method. PM of the 

diesel engine is consisted approximately of 4% moisture, 68% unburned HC and 28% 

carbon of no-load condition while medium load condition has 6% moisture, 54% 

unburned HC and 40% carbon and high load condition has 4% moisture, 38% unburned 
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HC and 58% carbon, as shown in Figure 2.11 (a). Figure 2.11 (b) shows the results of 

PMs emitted from the biodiesel engine. PM of biodiesel combustion is consisted 

approximately of 4% moisture, 83% unburned HC and 13% carbon of no-load condition 

while medium load condition has 9% moisture, 77% unburned HC and 14% carbon and 

high load condition has 4% moisture, 49% unburned HC and 47% carbon. 

  

 

Figure 2.11 Chemical consistent by using PMs Mass conversion by TGA [13] 

PM in the high load condition has lower unburned HC fraction than that of the lower 

load condition. It might be expected that the combustion temperature, the temperature 

of gas in high load condition is higher than from low load condition, are strongly impact 

to unburned HC fraction. Some of unburned HC might be oxidized with remain oxygen 

in high temperature inside the combustion chamber and exhaust gas in exhaust 
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manifold. PM from biodiesel engine combustion has more unburned HC fraction than 

that of diesel engine combustion. According to that biodiesel fuel has lower heating 

value than that of diesel fuel. In the same load condition, biodiesel must be used more 

for fuel injection to combustion chamber in combustion duration. More of fuel 

remaining in combustion duration is burned to be more HC in PM. 

 

Isothermal PMs Oxidation Kinetics of PMS [5] 

The result of isothermal TGA at higher temperatures including 450, 500, 550 and 600oC 

is plotted at Figure 2.12 for oxygen and air, respectively. The conversion rate of all 80% 

engine load PM samples including diesel and biodiesel increases by increase of 

temperature. The conversion rate of biodiesel and diesel PMs is almost the same while 

after introduction of oxygen at desired temperature the PM sample from biodiesel 

shows a relatively faster conversion rate in comparison with the diesel. The main reason 

for all these behaviors is due to difference in composition of PM from diesel and 

biodiesel. 

The PM from biodiesel consists of unburned oxygenated hydrocarbon (HC) in 

comparison with unburned non-oxygen hydrocarbon from diesel fossil fuel. As biofuels 

are oxygenated fuels, they may have more oxygen content in the PM, this can boost 

oxidation, and thus biodiesel shows faster oxidation rate in comparison with diesel. The 

increase in temperature is also responsible for increase in rate of conversion. 

 

Figure 2.12 PMs oxidation with pure oxygen and pure air [13] 
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2.7 Diesel Particulate Filter 

Nowadays Figure 2.13 diesel cars have to be fitted with a Diesel Particulate Filter (DPF) 

in the exhaust to stop this soot passing into the atmosphere. The after-treatment 

technology is appropriate to use in particulate emission reduction. Diesel particulate 

filter is new technology for particulate matter removing application. Diesel particulate 

filter has two main types presently use. Full flow filter is high trapping efficiency, 90% 

removing by mass and 99% removing by number. Second, the partial flow filter collects 

some particulate matter out of engine while the residue is flow through to the air. The 

trapping efficiency of the partial flow is approximately 50%. 

 

 

 

Figure 2.13 Diesel Particulate Filter system [14] 
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Diesel Particulate Membrane Filter [15] 

Through microscopic visualization experiments, a process generally known as depth 

filtration was shown to be caused by surface pores. Moreover, the existence of a soot 

cake layer was an important advantage for filtration performance because it could trap 

most of the particulates. We proposed an ideal diesel particulate filter (DPF), in which 

a silicon carbide (SiC) nanoparticle membrane (made from a mixture of 80 nm and 500 

nm powders) instead of a soot cake was sintered on the DPF wall surface; this improved 

the filtration performance at the beginning of the trapping process and reduced energy 

consumption during the regeneration process. The proposed filter was called a diesel 

particulate membrane filter (DPMF). 

Figures 2.14 (a) and (b) show the conventional DPF and a proposed DPMF, 

respectively. Three kinds of DPFs were tested. The conventional DPF is made of SiC 

micron particles, and it has a wall thickness of 300 µm and porosity of 42%. On the 

other hand, the DPMF has a membrane composed of SiC nanoparticles with mixed sizes 

of 80 and 500 nm, sintered on the conventional DPF at 1700 °C. The membrane has a 

wall thickness of 20 µm and porosity of 60%. For the conventional catalyzed DPF 

(CDPF), a Pt/Pd catalyst was coated on the conventional DPF 
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Figures 2.15 show time-sequenced surface views during particulate trapping using the 

conventional DPF (porosity of 42%), and DPMF, respectively. In the case of the DPMF, 

fine surface pores will trap the diesel particulates. The DPMF, the soot cake developed 

faster than in conventional DPFs with porosities of 42%, due to the very fine and very 

shallow surface pores. The particulates trapped inside the fine surface pores of the 

membrane and large surface pores of the conventional DPF decrease gradually with 

time along the contours of the pores. 

 

Figure 2.15 Optical surface views of trapping by conventional DPF and DPMF [15] 

Recycling of waste fly ash for production of porous mullite ceramic membrane supports 

[16] this research studied about low-cost porous mullite ceramic membrane support that 

fabricated from recycling coal fly ash with addition of natural bauxite are AlF3 and 

V2O5. Because fly ash is generated during the combustion of raw coal in thermal-
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electric power plants, which cause of serious problem related to environmental 

pollution. And main components of fly ash are Al2O3 and SiO2, its quite suitable for 

fabrication of porous mullite membranes. The results show achieved addition 4% by 

weight of AlF3 and 3% by weight of V2O5. It can open porosity about 50% and have 

mechanical strength around 70 MPA at temperature 1300C that show in Figure 2.16 

 

Figure 2.16 Surface SEM image of Mullite [16] 

 

2.8 Diesel Particulate Trapping 

Diesel particulate after-treatment technology that helps reduce emissions of diesel 

engine emissions is a Diesel Particulate Filter (DPF). DPF plays an important role in 

trapping particles and oxidation. These processes involve complex behavior of particle 

pollution and reaction phenomena. The engine particle trapping mechanism and the 

oxidation on the DPF wall surface were analyzed by real-time microscopy 

Basic principles for filtering particulate matter movement mechanism is the 

particles caught and attached to the fibers. The filter material by the four major 

mechanisms is diffusion, impaction, interception and scalping. As shown in Figure 2.17 

and Figure 2.18 
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Figure 2.17 Movement mechanism of particle matter [17] 

 

 

Figure 2.18 PM of exhaust gas caught by various mechanisms [17] 

Diffusion    

The diffusion of particles is a Brownian movement caused by collisions between 

particles, causing particles to move in an uncertain direction until colliding with the 

fibers of the filter. This Brownian movement has an increased rate when the particles 

are smaller. Therefore, the diffusion mechanism helps to eliminate small particles. 

Impaction 

The impact occurs when a particle cannot break through an obstacle causing the 

particles themselves to fall out of the air streamline. Therefore collided and buried with 

that obstacle because of the momentum of the particle. Most mechanisms occur with 

particles that are large and have high speeds. 
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Interception 

Interception is airflow when passing through the filter fibers. The current line of air will 

flow around the fibers. The Particles mixed with air may flow along the current line or 

may fall out of the current line adjacent to the fiber. Which depends on the distance 

between the stream and the fiber, if this distance is equal to the radius of the particle. 

The particles are attached to the fibers because of the Van Der Waals forces. The Van 

Der Waals forces is the gravitational attraction between molecules. Moreover, there are 

will increase when the distance between molecules is less. 

Sieve 

Sieve occurs when the particle is larger than the sieve hole, which cannot passed 

through. The speed of this particle can calculated from the distance that the particle 

penetrates into the sieve hole until the point stops. Because most particles have uneven 

shapes, therefore there is a conflict in the edge of the sieve. There are causing the hole 

of the sieve to be smaller, which makes it possible to capture smaller particles. 

 

The factors affecting particulate matter filter trap of diesel engine particles such as 

particle density, density of filter trap, speed and pressure drop across the gas before 

entering the filter trap. Moreover, the size and physical characteristics of the filter trap. 

From previous studied, it was found that the soot particle size small group size nano-

scale pollution, which is a very small size compared to the size of the pore on filter 

surface as shown in Figure 2.19 

 

Figure 2.19 The DPF pore diameter compare to particle size [18] 

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

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



26 

 

The causes of the DPF filter device able to trap the incoming particles due to soot 

pollution, when moving through the filter pore, the force will come from 3 types of 

movement include drag force (FD), force from non-chaotic motion (FB) and static 

electricity Electrostatic force (FC) as shown in Figure 2.20 

 

 

Figure 2.20 Characteristics of the movement of soot particles [18] 
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The particles small size will have a non-directional motion. It’s can occur much more 

than large particles due to the small soot particles will be the molecules of the gas 

exhaust to cause able move in a more direction compared to the large soot particles. 

Therefore, the particles small size have large distance (r.m.s. displacement) due to 

increased particle movement as shown in Figure 2.21 

 

 

Figure 2.21 Characteristics of the movement of soot particles with different sizes [18] 

 

According to the result of large distance will make the soot particles easier to move into 

the pore surface. Moreover, may have a chance of being trap if the FD lower than FD. 

Normally, the FD force is lower than that of the FC force will occur at the boundary 

layer of the flow. Causing the resistance to flow at the boundary layer (FD boundary 

layer) is lower until the force from the electrostatic is greater and can overcome the 

flow resistance. Thus causing soot particles can attached to the surface in porous as 

shown in Figure 2.22 
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Figure 2.22 Trapping characteristics of PM in DPF filters [18] 

 

Therefore, at the beginning of the process of particulate matter trapping. The large 

particles may pass through a certain amount of DPF porosity because there is less 

displacement in movement than small particles. Therefore, it is not easy to move into 

the surface of the porous surface and can trapped by force from static electricity. 

However, in the case of small particles that can intercepted since small particles have 

large displacement; there is a greater chance of moving to the surface of the pore and 

can trapped by FC force. However, over time, the large particles will intercepted as well 

because the internal pore dimension of DPF is getting smaller and smaller. Which is the 

result of the small particles being trapped can be captured as shown in Figure 2.23 

 

Figure 2.23 Trapping characteristics of PM in DPF filters over time [18] 
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CHAPTER 3  

RESEARCH METHODOLOGY 

3.1 Experimental conditions 

In the experimental condition, this research implements 5 conditions: 

(1) Mullite (Al2O3 mixed with SiO2) 

(2) Mullite mixed with TiO2 

(3) Mullite mixed with TiO2 and AlF3 

(4) Mullite mixed with TiO2 and V2O5 

(5) Mullite mixed with TiO2, AlF3 and V2O5 

as shown in Table 3.1 and The mullite sample has been prepared and burned at a 

constant temperature 1300 oC and 1hour holding time. The structure of mullite is 

consists of 72wt.% Aluminum oxide (Al2O3) and 28wt.% Silicon dioxide (SiO2).  The 

Al2O3 and SiO2 are main substances to prepare the chemical structure of mullite. The 

Titanium dioxide (TiO2) Aluminium fluoride (AlF3) and Vanadium oxide (V2O5) as 

additives were used to mix with mullite diesel particulate filter to prepare Acicular 

Mullite (ACM) structure as an additive, used to analyze porosity and pore size. 

Including the official features of the filter trap structure. Moreover, the TiO2, AlF3 and 

V2O5 additions were applied at a constant amount of 10wt.%. This are precisely 

measure and evaluate for each step of mixing substance by digital weight scale. In 

addition, carbon black (CB) was also applied to mullite diesel particulate filter for open 

porosity in the same direction at constant amount of 35wt.%.  

Samples 
Main components Sub components Addition 

Carbon black N330  Mullite (Al2O3+ SiO2) 
 

TiO2 AlF3 V2O5 

1 100wt.% - - - 35wt.% 

2 90wt.% 10wt.% - - 35wt.% 

3 80wt.% 10wt.% 10wt.% - 35wt.% 

4 80wt.% 10wt.% - 10wt.% 35wt.% 

5 70wt.% 10wt.% 10wt.% 10wt.% 35wt.% 

Table 3.1 Mullite conditions 
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3.2 Materials Fabrication Process 

The fabrication process and characterization of the mullite structure have investigated 

in this research. The schematic diagram of mullite fabrication process is show in Figure 

3.1. The mullite substances of TiO2, AlF3, V2O5 and CB are measure to ensure the 

chemical proportion with weight scale. The substances were ground and mixed all until 

homogeneous with 5wt.% organic binder PVA-1750 in the manually alumina mortar. 

The grinding and mixing time were around 10min per each sample. The hydraulic press 

machine at constant pressure of 500 psi was used to press the mixture into cylindrical 

pellet with approximately diameter of 25 mm, 2 mm in thickness by following 

experimental conditions. In this process of pressure substance to pellet, it should beware 

the sample broken every time because the sample still not have strength for fabricate 

all substance together and it is easy to crack from external force.   Then, the cylindrical 

pellet is ready to sinter at constant heating rate 5 oC/min by an electrically heated 

furnace. The mullite was kept at a constant temperature of 1300 oC with holding time 

of 1 hour. Finally, measurement and record data of mullite sample. 

 

Figure 3.1 Schematic diagram of mullite fabrication process 
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For the mullite sample making methodology. Firstly, mixing and grind all the substance 

together according to the calculated ratio figure 3.2a. Then, filled 5wt.% organic binder 

PVA-1750 for better combination and grind it all again until homogeneous as figure 

3.2b. In this process use time around 10min per each sample. Then, move the mixing 

substance to the cylindrical tooling that for press substance to pellet figure 3.2c. The 

cylindrical tool can make pellet with approximately diameter of 25 mm, 2 mm in 

thickness by following experimental conditions. 

 

Figure 3.2a Grind and mix all substance 

 

Figure 3.2b Filling binder PVA-1750 

 

Figure 3.2c Move the mixture to the cylinder tool 

Secondly, the figure 3.2d show the cylindrical tool that have all mixing substance inside 

and pressing machine. The pressure force was setting at 500psi because if use higher 

force the sample might be crack after sintering. It to pellet by use this tooling for control 
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shape and put it on pressing machine. Finally, after pressed by machine take sample out 

from tooling as figure 3.2e. The final sample have diameter of 25 mm, 1.9-2.0 mm in 

thickness as show in figure 3.2f 

 

Figure 3.2d Cylinder tool and press machine 

 

Figure 3.2e Take mullite sample out from cylinder tool 

 

Figure 3.2f Mullite sample diameter 25mm thickness 2mm 

Figure 3.3a show the mullite sample before sintering. All mullite sample are shown in 

black color because there are consisting of carbon black 35wt.%.  However, after 

sintering the color of the sample has changed because the carbon powder was burned 

out if sintering temperature more than 1000oC. The colors of mullite sample number 1 

are 100% pure muliite changed to white. The mullite sample number 2 are mullite 

consisting of TiO2 and sample number 3 are mullite consisting of TiO2, AlF3 changed 

to light brown color. However, the colors of sample number 4 and 5 are change to dark 

gray. There are might be effected from filling V2O5 as show in figure 3.3b 
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Figure 3.3a Mullite samples 

Figure 3.3b Sintered mullite samples 

Table 3.1 show the sintering condition at temperature 1300 oC with holding time 1 hour. 

The sintering condition used rate of temperature at 5 oC/mins.  Figure 3.4 show furnace 

machine that used to sinter the sample of mullite. Firstly, started from room temperature 

until 200 oC with holding time 34mins. Then, continue increasing of temperature to 500 

oC with holding time 1hour. The mullite was kept at a constant temperature of 500 oC 

with holding time of 2 hour to eliminate the organic binder PVA-1750. Then, increasing 

temperature again to 1300 oC with holding time 1hour and kept at a constant 

temperature of 1300 oC with holding time of 1 hours. Finally, decreasing temperature 

from 1300 oC to 50 oC with holding time 4hours and 10mins. 
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Table 3.2 Sintering condition  

 

 

 

Figure 3.4 Furnace machine 
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3.3 Scanning Electron Microscopy Image Analysis 

The Scanning Electron Microscopy (SEM, JSM-6400 model) is tungsten filament 

source, 3.5 nm resolution at 30 kV, magnification of 10-30000, SE and BE detector as 

figure 3.5, was used to observe the mullite and acicular mullite structure. The scanning 

electron microscope (SEM) uses a focused beam of high-energy electrons to generate 

a variety of signals at the surface of solid specimens. The signals that derive from 

electron-sample interactions reveal information about the sample including external 

morphology (texture), chemical composition, and crystalline structure and orientation 

of materials making up the sample as figure 3.6. In most applications, data are collected 

over a selected area of the surface of the sample, and a 2-dimensional image is generated 

that displays spatial variations in these properties. Areas ranging from approximately 1 

cm to 5 microns in width can be imaged in a scanning mode using conventional SEM 

techniques.  

 

Figure 3.5 Scanning electron microscopy 
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Figure 3.6 The sample for SEM preparation and gold coating 

 

The main SEM components include: Source of electrons, Column down which 

electrons travel with electromagnetic lenses, Electron detector, Sample chamber and 

Computer and display to view the images as shown in Fig. 3.6. Electrons are produced 

at the top of the column accelerated down and passed through a combination of lenses 

and apertures to produce a focused beam of electrons, which hits the surface of the 

sample. The sample is mounted on a stage in the chamber area and, unless the 

microscope is designed to operate at low vacuums, both the column and the chamber 

are evacuated by a combination of pumps. The level of the vacuum will depend on the 

design of the microscope. Scan coils situated above the objective lens control the 

position of the electron beam on the sample. These coils allow the beam to be scanned 

over the surface of the sample. This beam scanning, as the name of the microscope 

suggests, enables information about a defined area on the sample to be collected. 

Because of the electron-sample interaction, a number of signals are produced. Then, 

appropriate detectors detect these signals. 
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Figure 3.7 Schematics of scanning electron microscopy operation 

Figure 3.8a show SEM images (1260 x 870 pixels, 300X) of mullite that used to analyze 

experimental data by image processing analysis using the Image J processing program. 

This SEM images shows the raw image of sintered mullite surface. The analytical 

image was used to measure quantitative data of the porosity and pore size distribution. 

The threshold of image is defined and setup 20-30% of background. The determination 

of porosity was evaluated as same as the determination of particle number by using 

SEM. In this paper, each point of black color is used to fine pore size as illustrated in 

Fig 3.8b. 

The analytical data were presented in the term of morphologies of SEM images, 

porosity and pore size distribution. The porosity percentage is percentage of the black 

volume to total volume ratio based on Archimedes’ principle of water substitution. In 

addition, using SEM applied the energy dispersive X-ray analyzer (EDX) technique to 

study and characterize the chemical composition of the mullite after sintered. 
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Figure 3.8a Raw SEM images 

 

Figure 3.8b Two-color images 
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3.4 Thermogravimetric analysis 

Thermogravimetric Analysis or Thermal Gravimetric Analysis (TGA) is a type of 

testing that is performed on samples to determine changes in weight in relation to 

change in temperature. Such analysis relies on a high degree of precision in three 

measurements: weight, temperature, and temperature change. As many weight loss 

curves look similar, the weight loss curve may require transformation before results 

may interpreted. Derivative of weight loss curve can be used to tell the point at which 

weight loss is most apparent. Again, interpretation is limited without further 

modifications and deconvolution of the overlapping peaks may be required. Typically, 

TGA analysis has 2 types; Isothermal TGA and Non Isothermal TGA. Isothermal TGA 

works at constant temperature and weight loss is recorded with time, meanwhile Non-

isothermal TGA performs on continuous increasing temperature with time. In addition, 

weight change is recorded. Simultaneous TGA-DTA/DSC measures both heat flow and 

weight changes (TGA) in a material as a function of temperature or time in a controlled 

atmosphere. Simultaneous measurement of these two material properties not only 

improves productivity but also simplifies interpretation of the results. The 

complementary information obtained allows differentiation between endothermic and 

exothermic events, which have no associated weight loss and those, which involve a 

weight loss (e.g. degradation). Figure 3.9 shows schematics of Thermogravimetric 

Analysis operation. 

 

Figure 3.9 Schematics of thermogravimetric analysis operation 
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The oxidation kinetics behavior of soot was investigated by using TGA method. In this 

research, soot is assumed to be the 50wt.% of each sintered mullite powder mixed with 

50wt.% Carbon black (N-330) as show in figure 3.10. 

 

Figure 3.10a Mullite mixed with 50wt.% Carbon black 

 

Figure 3.10b Mullite sample for TGA 

   

 

The oxidation kinetics of Caron black was studied based on the soot oxidation kinetics 

as shown in Karin et al. work [3], [5]. Chemical kinetics of Carbon black on mullite 

and acicular mullite are studied by using mass conversion behavior. The chemical 

reaction rate can be calculated from the result of mass conversion curve from TGA 

analysis, as shown in Eq. (1). Mass conversion can be based on the chemical kinetics, 

as expressed in Eq. (2). Where PM is mass of samples: (1) 50wt.% CB and 50wt.% ML 
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and (2) 50wt.% Carbon black and 50wt.% acicular mullite mixture, t is time, n and m 

are the reaction order of soot and oxygen, respectively.  

22 COOPM 
    (1) 

mn OCk
dt

PMd
][][

][
2

 (2) 

 

3.5 Archimedes method for porosity 

The porosity of porous materials can be measured using the Archimedes buoyancy 

technique with dry weights as show in figure 3.11a, saturated weights as show in figure 

3.11b and immersed weights in water as show in figure 3.11c  

 

                             

Figure 3.11a Weight dry                     

 

 Figure 3.11b Weight saturated 
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Figure 3.11c Weight immersed 

 

Figure 3.12 shown the mullite sample weight. Then the porosity can be calculated from 

different weights as use below equation. 

Weight of water in pore space  

Wwtr = Wsat-Wdry 

Pore volume 

Vp = Wwtr/ρwtr 

Bulk volume (from previous example) 

Vb = πr2h 

Porosity 

Φ = Vp/ Vb 
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Figure 3.12a The sample weight dry 

   

Figure 3.12b The sample weight immersed 
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3.6 Permeability equipment 

This test method covers the measurement of the air permeability--the rate of airflow 

passing perpendicularly through a known area under a prescribed air pressure 

differential between the surfaces of a material. It was expressed in liters/min. Air 

permeability is an important factor in the performance of such textile materials as gas 

filter, fabrics for air bags, clothing, mosquito netting, parachutes, sails, tentage, and 

vaccum cleaners. It can also be used to provide an indication of the breathability of 

weather-resistant and rainproof fabrics. In this research used permeability equipment to 

evaluated difference pressure of mullite in each case (mullite and acicular). 

Figure 3.13 shown the Permeability equipment needed: 

1) Air tank 

2) Flow switch to use control air flow rate 

3) Difference pressure sensor 

4) Monitoring, Its show data of difference pressure in every second 

5) Airflow pipe 

6) Relief valve 

 

Figure 3.13 Permeability equipment 
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How the Test Works: 

A circle of mullite sample is clamped into the middle of pipe between coupling as 

shown in figure 3.14 and through use of a relief valve; the air pressure is made different 

on one side of the mullite sample. Airflow will occur from the side with higher air 

pressure, through the mullite sample, to the side with the lower air pressure. From this 

rate of airflow, the air permeability of the mullite sample is determined in term of 

difference pressure as show in diagram figure 3.15. 

 

Figure 3.14 Airflow pipe This material is reserved for educational use only, not allowed for commercial use. 
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Figure 3.15 Difference pressure diagram 

For the pipe, it have to made new design for coupling and gasket to match with the 

mullite sample. Because cylindrical pellet of the mullite sample have approximately 

diameter of 25 mm, 2 mm in thickness.  

 

Figure 3.16 New coupling design 
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CHAPTER 4  

RESULTS AND DISCUSSIONS 

4.1 Morphologies of Fabricated Porous Mullite 

Figure 4.1 show the morphologies of SEM images of the sintered mullite samples. e.g., 

TiO2 (10wt.%), AlF3 (10wt.%) and V2O5 (10wt.%) at constant sintering temperature 

and holding time. The figure shows SEM images with 300X magnification. The mullite 

sample (1), (2) and (3) are look similar in morphologies and pore size as show in figure 

4.1a, 4.1b and 4.1c. There have uniform pore structure same as conventional DPF made 

by SiC. For the mullite sample (4) and (5) have non-uniform pore structure look like 

conventional DPF made by cordierite as show in figure 4.1d and 4.1e. Moreover, 

sample (4) and (5) have pore size larger than sample (1), (2) and (3) because it could 

be effected from addition V2O5 

    

 

Figure 4.1a SEM images 300X of sintered Mullite 
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Figure 4.1b SEM images 300X of sintered Mullite + TiO2 

    

 

Figure 4.1c SEM images 300X of sintered Mullite + TiO2 + AlF3 
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Figure 4.1d SEM images 300X of sintered Mullite + TiO2 + V2O5 

    

 

Figure 4.1e SEM images 300X of sintered Mullite + TiO2 + AlF3 + V2O5 
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 Figure 4.2 show effects of TiO2 10wt.% AlF3 10wt.% and V2O5 10wt.% 

contents on morphologies of mullite DPFs with 35wt.% CB at 1300 oC and holding 

time of 1 h. The left figure shows SEM images with 1000X magnification. The right 

figure shows 3000X magnification. The mullite DPFs with TiO2 and AlF3 content 

resulted in more rough surface structures as figure 4.2b, 4.2c than pure 100% mullite 

as figure 4.2a. However, the morphologies structure of the sample (1), (2) and (3) looks 

like a small and large circle plate combined. In case of sample, (4) and (5) the results 

showed that the mullite DPFs with V2O5 10wt% added clearly observed acicular mullite 

structure, there are found very small pin shape on the mullite surface as figure 4.2d. In 

addition for sample (5) have width less than 1micron as figure 4.2e. 

 

    

    

Figure 4.2a SEM images 1000X and 3000X of sintered Mullite 
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Figure 4.2b SEM images 1000X and 3000X of sintered Mullite + TiO2 

    

    

Figure 4.2c SEM images 1000X and 3000X of sintered Mullite + TiO2 + AlF3 
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Figure 4.2d SEM images 1000X and 3000X of sintered Mullite + TiO2 + V2O5 

    

    

Figure 4.2e SEM images 1000X and 3000X of sintered Mullite + TiO2 + AlF3 + V2O5 
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4.2 Images processing for pore size distribution 

The left figure 4.3 shows SEM images with 300X magnification. The qualitative 

SEM images is used to analyzed and determined pore size distribution.  In the two-color 

images, the black color indicates the size of pore. It was found that pore size of mullite 

and mullite with 10wt.% TiO2 in mullite sample (1), (2) are the same as show in figure 

4.3a and 4.3b. The mullite with 10wt.% TiO2 and 10wt.% AlF3 in sample (3) content 

provides slightly higher number of small pores as show in figure 4.3c. However, the 

mullite smple (4) and (5) with 10wt.% V2O5 contents as acicular mullite observes large 

pore size and melted grains in the structure at surface of mullite as show in figure 4.3d 

and 4.3e. This resulted should be in high open porosity. The acicular mullite structure 

is observed with adding V2O5 content. This characteristic contributes to a higher 

permeability and lower backpressures into DPFs configuration. 

 

 

 

Figure 4.3a SEM and B&W images of sintered Mullite 
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Figure 4.3b SEM and B&W images of sintered Mullite + TiO2 
 

 

 

Figure 4.3c SEM and B&W images of sintered Mullite + TiO2 + AlF3 
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Figure 4.3d SEM and B&W images of sintered Mullite + TiO2 + V2O5 
 

 

 

Figure 4.3e SEM and B&W images of sintered Mullite + TiO2 + AlF3 + V2O5 
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Figure 4.4 shows pore size distribution of the sintered mullite samples. At range 

pore diameter 2 μm to 10 μm, the higher amount of small pore is observed. In addition, 

in this range of the pore number of mullite in sample (1) is slightly higher than mullite 

with TiO2 content. However, when it added AlF3 in mullite sample (3) number of pore 

in small range was highest. On the other hand, the mullite with adding V2O5 in sample 

(4) and (5) observed the lowest amount of pore. This is due to higher porosity. The 

mullite with adding V2O5 can created larger pore size at 50 μm to 60 μm due to V2O5 

enhancement. In addition, the muulite with adding V2O5 observed largest pore size 

because V2O5 provide more melted grains in the mullite structure.   

 

 

Figure 4.4 Pore size distribution 
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Table 4.1 shows the amount of pore the sintered mullite samples. The mullite in 

sample (1), (2) and (3) show high amount of pore. Moreover, I mullite sample (3) with 

adding AlF3 shown highest amount of because it observed high amount of small pore. 

However, when adds V2O5 in mullite sample (4) and (5) the amount of pore reduced 

about two times because V2O5 caused melted grains in structure explicitly. Increasing 

pore quantity also increases the efficiency of filtration. The mullite samples with the 

addition of AlF3 into the sample (3) and (5) will notice that the overall number of pores 

has increased. In fact, that the small pore diameter influences effectively to the filtration 

efficiency and pressure loop characteristics in DPFs. In addition, the small pore size 

might contribute to easier to trapped PM but might attribute to obstruct the gas flow. 

 

Samples Details Amount of pore 

1 Mullite (Al2O3+ SiO2) 1138 

2 ML + TiO2 1100 

3 ML + TiO2 + AlF3 1238 

4 ML + TiO2 + V2O5 507 

5 ML + TiO2 + AlF3+ V2O5 702 

Table 4.1 Total amount of pore  
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4.3 Porosity of Mullite 

Table 4.2 shows porosity of the sintered mullite samples at constant sintering 

temperature 1300oC and 1-hour holding time. The porosity percentage is percentage of 

the empty volume to total volume ratio based on Archimedes’ principle of water 

substitution. In this table, The mullite sample (1) shows 35.69% porosity while mullite 

with adding 10wt.% TiO2 in mullite sample (2) increases 4.13% porosity percentage. 

However, the mullite sample (3) and (4) with addition TiO2 AlF3 and TiO2 + V2O5M 

respectively. The porosity are 38.85% and 39.82% that are not effected to porosity   

Moreover, the sample of acicular mullite in sample (5) shows 46.08% the highest 

porosity that are the muulite contain add substance TiO2, AlF3 , and V2O5. 

 

Samples Details % Porosity 

1 Mullite (Al2O3+ SiO2) 35.69 

2 ML + TiO2 39.51 

3 ML + TiO2 + AlF3 38.85 

4 ML + TiO2 + V2O5 39.82 

5 ML + TiO2 + AlF3+ V2O5 46.08 

Table 4.2 Porosity percentage of Mullite  

 

When compare the porosity with totalnumber of as graph show in figure 4.5. It can be 

seen that in mullite sample (1), (2) and (3), the porosity will be in the range of 35.69%- 

39.51% and the number of pore will be in the range 1100-1238, which is likely in the 

same way. But while the results of the mullite sample (4) and (5) did not show that 

same way. This sample has a porosity value of 39.82%-46.08 show high porosity, but 

the number of pore is clearly a small value, which is in the range 507-702. According 

to the comparison of the graph showing that the amount of pore does not affect the 

porosity that occurs at all. 
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Figure 4.5 Graph porosity compare with number of pore 

 

Figure 4.6 Graph porosity compare with black area 
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4.4 Pressure drop by permeability testing 

The permeability testing is a measure of the amount of air that passes through a 

mullite sample and can vary dramatically from substance to substance and air to air. In 

this Research experimental the air will be pass through a hole diameter 15mm and 

mullite sample have thinness 2mm. The condition of airflow will start from 0.5 L/min 

to 15 L/min. Then the data recorded in term of difference pressure in unit kPa  and 

recorded every one second. Figure 4.7 show the difference pressure results of  

1. sample of mullite with addition TiO2,  

2. sample of mullite with addition TiO2 and AlF3,  

3. sample of mullite with addition TiO2 and V2O5  

4. sample of mullite with TiO2, AlF3 and V2O5   

The results show that in case of mullite sample (1) have trend of difference pressure 

graph highest and maximum pressure at 11.34 kPa. The second is mullite sample (2) 

have maximum pressure at 9.25 kPa. This both sample have high number of small pore, 

therefore the air is likely to be difficult to flow through, causing back high backpressure. 

On the other hand, mullite sample (4) and (5) have larger pore size, causing low 

difference pressure and have maximum pressure at 7.98 kPa and 3.12 kPa respectively. 

Moreover, mullite sample (5) is the best in low backpressure because it have high 

porosity as well. 

 

Figure 4.7 Graph pressure drop 
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4.5 Energy Dispersive X-ray Analyzer 

EDX is a tool used to analyze the amount of elements that we analyze. By 

analyze the percentage, can set 2 analysis points: 

1. Area Analysis is analyzed as a square micron area. 

2. Point Analysis is analyzed as a small analytical point is small to micron 

level, up to nanometer level. 

From Figure 4.8 is a space analysis. The analysis results according to Table 4.3, it can 

be seen that in the mullite sample (4) and (5), Mullite has a acicular structure. There 

will be a quantity of vanadium (V) 6.17% and 19.68%, respectively. Notice clearly that 

the mullite sample (5) has a very high percentage of vanadium (V) and have a lot of the 

small needle shape. However, besides to the effects of vanadium, the addition of AlF3 

should have an impact on the size and the number of needles significantly. 

 

Conditions Weight (%) 
C O Al Si Ti V 

Mullite (Al2O3 + SiO2) 6.54 44.45 27.42 21.24 - - 
ML + TiO2 6.32 44.19 34.07 4.93 10.5 - 

ML + TiO2 + AlF3 5.9 44.24 32.63 9.21 7.58  
ML + TiO2 + V2O5 4.76 46.72 20.31 11 11.04 6.17 

ML + TiO2 + AlF3 + V2O5 4.42 44.99 13.17 8.22 9.51 19.68 

Table 4.3 Display quantitative results with EDX 
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Figure 4.8a EDX of sintered Mullite 

 

 

Figure 4.8b EDX of sintered Mullite with TiO2 
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Figure 4.8c EDX of sintered Mullite with TiO2+AlF3 

 

 

Figure 4.8d EDX of sintered Mullite with TiO2+V2O5 
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Figure 4.8e EDX of sintered Mullite with TiO2+AlF3+V2O5 
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4.6 SEM of carbon black trapping  

For the carbon black trapping test, There are conducted a simulation experiment to 

detect particulate matter by using carbon back instead. The method of experiment is 

that it starts with preparing two sample types. Is for carbon black Mullite and acicular 

mullite. In order to compare the efficiency of the trap between needle and without 

needle. There are two types of testing method as show in figure 4.9. 

1. Mixing test – Mixed mullite with carbon black 1:1 

2. Sprinkle test – Sprinkle carbon black on mullite surface and blow out. 

     

Figure 4.9 Carbon black trapping test; Mixing(left) Sprinkle(right) 

 

Figure 4.10 show the trapping results of SEM image of mixing test. From the SEM 

image, it looks like the mullite sample is covered by carbon black with both of mullite 

and acicular mullite. It mean that carbon black or particulate matter can be attached or 

trapped to mullite. 

Figure 4.11 show the trapping results of SEM image of sprinkle test. From the SEM 

image, the sample of mullite without needle shape carbon black will be trapped on the 

surface of mullite wall. On the other hand, in case of acicular mullite that have needle 

structure on the surface. Almost the carbon black will be trapped at the tip of the needle 

in both of single and agglomerate. 

Therefore, the needle structure in acicular mullite could be more efficiency for trapping 

particulate matter in both of singer particle and agglomerate particle as show in figure 

4.12. However, it need to test on real engine to clarify the trapping performance in case 

of acicular mullite.  
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Figure 4.10a SEM of mullite with CB by mixing 

 

 

Figure 4.10b EDX of acicular mullite with CB by mixing 
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Figure 4.11a SEM of mullite with CB by sprinkle 

 

 

Figure 4.11b EDX of acicular mullite with CB by sprinkle 
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Figure 4.12a Particulate matter trapped on acicular mullite 

 

 

Figure 4.12b Movement of PM into the acicular mullite 
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4.7 Oxidation kinetics 

The oxidation kenetic of mixing mullite with carbon black 1:1 tight contact, impact on 

only surface of the mullite sample. It was analyzed by isothermal TGA method to 

investigate oxidation behavior of the particulate matter. The carbon black mass 

conversion is plotted with respect to time as shown in Figure 4.12. Graph shows mass 

conversion of soot oxidation on sintered mullite by using isothermal TGA technique at 

550°C, 575°C, 600°C and 620°C. Soot oxidation on acicular mullite is faster than that 

of mullite in all of temperature due to oxygenated chemical structure in V2O5 as seen 

as the mass conversion is dramatically drop. This is contributes to faster oxidation in 

DPFs. On the other hand, mullite with TiO2 added made the slowed oxidation compared 

to mullite. 

 

Figure 4.13a Normalized mass conversion of CB with mullite 550°C 

 

Figure 4.13b Normalized mass conversion of CB with mullite 575°C 
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Figure 4.13c Normalized mass conversion of CB with mullite 600°C 

 

 

Figure 4.13d Normalized mass conversion of CB with mullite 625°C 
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Chemical kinetics of TGA is analyzed by a simple relationship as Eqn.4.1 

 

 C(PM) + 𝑂2 → 𝐶𝑂2    (4.1) 

 

Global chemical reaction rate equation or rate of PM mass conversion is described as 

relationships as Eqn.4.2 

 

−𝑑[𝐶]

𝑑𝑡
= 𝑘𝐶𝑛𝑂2

𝑚
              (4.2) 

According to the Arrhenius expression form of Eqn. 2.5, rate constant in this research 

can be expressed as Eqn.4.3 

 

𝑘 = 𝐴𝑒(
−𝐸𝑎
𝑅𝑇

)
     (4.3) 

Modification of Eqn. 4.2 and Eqn. 4.3 yields Arrhenius linear equation form expressed 

as Eqn. 4.4 

 

𝐥𝐧 |
−𝒅[𝑪]

𝒅𝒕
| = −

𝑬𝒂

𝑹𝑻
+ 𝒍𝒏𝑨 + 𝒏 ∙ 𝐥𝐧[𝑪] + 𝒎 ∙ 𝐥𝐧[𝑶𝟐]  (4.4) 

where ; 

n is order of reaction with respect to [C]   

[c] is PM concentration which is equivalent to PM % mass 

[O2] is oxygen concentration 

m is order of reaction with respect to [O2]   

k is rate constant which depend on A , Ea , R , T 

A is particle collision frequency factor   

Ea is activation energy  

R is gas constant  

T is reaction temperature (K) 
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Activation energy (Ea) is the minimum energy which is required to initiate and complete 

a chemical reaction. The lower activation energy means the better reactivity. From the 

mass conversion graphs (Figure 4.12), rate of mass conversion was selected within the 

zone of constant slope for accurate Ea estimation. From the equation form of Eqn. 4.4, 

it can be simplified as a linear equation form of Y = m · X + c. where Y axis is 

equivalent to ln |
−𝑑[𝐶]

𝑑𝑡
|, m is equivalent to −

𝑬𝒂

𝑹
 , X is equivalent to  

1

𝑇
 , and C- intercept 

is responsible for the remaining terms; 𝑙𝑛𝐴 + 𝑛 ∙ ln[𝐶] + 𝑚 ∙ ln[𝑂2]. As a result, the 

data of PM mass conversion rate can be plotted as a graph in Figure 4.13 and activation 

energy can be calculated as shown in Table 4.4. 

 The activation energy needed in acicular mullite condition is lower than mullite. 

 The impact of mixing acicular mullite might be acting as catalyst on CB oxidation 

kinetics. 

 The physical impact in acicular mullite is lower than mullite (i.e. LnA) 

 

Figure 4.14 Graph for Ea determination 

 

50% Burned soot Mullite Acicular mulite 

Ea (kJ/mol) 176 146 

LnA 21 18 

Table 4.4 Calculated activation energy 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

This research presented the morphologies and microstructure of mullite DPFs 

by using SEM and image processing. The effects of TiO2, AlF3 and V2O5 contents on 

the mullite structure were investigated. The compositional analysis was done with EDX 

to analyze the composition of acicular mullite. The image processing was done by 

Image J program. The oxidation kinetics behavior of soot has been successfully 

investigated by using TGA. 

 The carbon black helped to open the porosity in the Mullite structure that might 

useful for DPF operation. The optimal amount of carbon black 35%wt . It can 

produce porosity is in the range of 35% - 45% base on the sintering temperature 

1,300oC.  

 The Mullite with the addition of V2O5 results in the formation of many small 

needle structures (Acicular mullite). However, it found large pores around 60-

70 um, therefore increasing V2O5 may reduce the mechanical strength of DPFs. 

 The Mullite with the addition of AlF3 results increase the number of pore on the 

Mullite structure about 10% when compare with Mullite. Which will result in a 

higher surface area for PM trapping as well.  

 Relation of all factor, pore size, porosity, pore number, pin shape, pressure drop 

can be controlled by addition the amount of TiO2, AlF3 and V2O5 into the 

mullite. We can increase mechanical strength by add TiO2, Increase pore 

number by add AlF3. Finally, we can increase amount of pin and control pin 

size by add V2O5. Therefore, In the nearly future AlF3 and V2O5 are the key 

materials to develop pin shape in next generation of diesel particulate filter. 
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APPENDIX E :  

COMMENT AND QUESTION FROM THESIS DEFENSE 

Q1: Why you have to use TiO2 for all? Moreover, why you have to added AlF3 and 

V2O5? 

 Regarding to previse studied TiO2 is usually used as a sintering aid to lower the 

sintering temperature of porous alumina membrane support. Two ways of the addition 

of TiO2 are chosen: in-situ precipitation and in-situ hydrolysis. The results show that 

the distribution status of TiO2 has an important effect on the property of porous alumina 

membrane support. In in-situ hydrolysis method, the nano-meter scale TiO2 distributes 

evenly on the alumina particles’ surface. The bending strength of the support increases 

sharply and the pore size distribution changes more sharply along with the content of 

TiO2 which slightly increases percent weight. Currently, the mechanical properties of 

the alumina supports are improved by increasing the sintering temperature, prolonging 

sintering time, or using sintering aids and so on. Under the view of engineering, it has 

been proved that adding a sintering aid is a simple and feasible way which could balance 

the bending strength and the porosity. TiO2 is chosen because TiO2 has similar lattice 

parameters to Al2O3. The solid solution can be easily formed during the sintering 

process. At the same time, the lattice defects are generated in the solid solution due to 

the valence difference, which promotes the mass transport and reduces the sintering 

process. 

For the addition of AlF3 and V2O5, I found previse research mention about low-cost 

porous mullite ceramic membrane supports were fabricated from recycling coal fly ash 

with addition of natural bauxite. V2O5 and AlF3 were used as additives to cause the 

growth of mullite crystals with various morphologies. Dynamic sintering micro 

structure and phase evolution of the membrane supports were characterized in detail 

and open porosity, pore size, were determined. It showed an interlocking microstructure 

composed of an isotropically grown mullite whiskers. Addition of more V2O5 lowered 

the secondary mullitization temperature, resulting in more mullite formation at lower 

temperatures. The fabricated membrane supports feature high porosity without 

mechanical strength degradation, possible strengthening mechanism of the mullite 

whiskers was further discussed. 
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Figure A Fresh fracture surface SEM images of A0V0 and A4V3 membrane supports 

sintered at different temperatures after biaxial flexural strength tests: (a)A0V0-1300 

(sintered at 1300◦C), (b) A4V3-1300 (sintered at 1300◦C), (c) A0V0-1400 (sintered at 

1400◦C), (d) A4V3-1400 (sintered at 1400◦C). 

 

Fig. A shows the fresh fracture surface SEM images after biaxial flexural strength tests 

of A0V0 and A4V3 membrane supports sintered at different temperatures. For A0V0-

1300 and A0V0-1400 (Fig. A a and c), most of the fractures upon failure occurred from 

larger glassy phase regions between partially-sintered mullite crystals, which absorb 

lower fracture energy during strength testing because of lower intrinsic strength of 

glass. No fractured mullite crystals were observed even after etching with HF solution 

suggesting that fracture is completely intergranular. Due to the addition of V2O5and 

AlF3, though open porosity is greater, there is a significant change in the microstructure 

of the fabricated mullite membrane supports, which are entirely composed of inter-

locked mullite whiskers with increased aspect ratio with-out any appearance of the 

presence of glassy phase (see Fig. 9band d). Fresh fracture surfaces of these mullite 

whiskers were identified by SEM (see the inserted SEM images in Fig. A b and d).  

 

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

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



119 

 

Q2: Page 28 as the graph of pore size distribution. What is the criterial of pore size? 

 

I used the raw image from SEM. In this paper, the SEM of model JSM-6400 is tungsten 

filament source, 3.5 nm resolution at 30 kV, magnification of 300. Figure B shows two 

color image. The images were analyzed by image processing with software called 

“Image J” to measure quantitative data of the porosity size and pore size distribution. 

The determination of porosity size was evaluated as same as the determination of PM 

by using SEM. In this research, the each point of black color is used to calculate the 

pore dimension. Finally summarized to pore size distribution. 

Image-J criteria:  

 Image size 1270 x 870 pixels 

 Threshold 20%-30% 

 Remove outliers Bright 5pixels 

 Remove outliers Dark 3pixels 

 Analyze particle size 3.3um2 for average diameter not less than 2um 

 

Figure B calculation of pore diameter 
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Q3: About Archimedes method still have some bubble inside sample. Do you have any 

reference? 

 

The open porosity percentage was considered as the ratio of blank volume to total 

volume which presents in the range of 0-100%. The open porosity was analyzed using 

Archimedes’ principle of water substitution.The open porosity increases with addition 

the carbon black 35% by weight. It can produce porosity is in the range of 35% - 45% 

base on the sintering temperature 1,300oC. About experiment of wet condition, it should 

be confirmed that the bubble is not in the mullite. Therefore, I tested by dipping the 

water for 10 minutes and then shaking it to chase the bubble with all of sample 

conditions. 

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

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



122 

 

Then the porosity can be calculated from different weights as use below equation. 

Weight of water in pore space  

Wwtr = Wsat-Wdry 

Pore volume 

Vp = Wwtr/ρwtr 

Bulk volume (from previous example) 

Vb = πr2h 

Porosity 

Φ = Vp/ Vb 

Q4: Page 30 the pressure drop should be test at low velocity. In addition, the graph 

should be linear. Why it is not strength line? 

 

The relationship of pore size, pore number, porosity, permeability and pressure drop.  

Summary as result of pressure drop. 

 High porosity filter offers lower pressure drop increase during filtration. 

 When the pore size in downstream region is smaller, the flow is difficult to pass 

through, resulting in the higher pressure drop. 

 On the other hand, the pressure change is smaller in the downstream region 

where the pore size is larger. 

About the question why graph of pressure drop is not strength line. I think in my 

permeability equipment have setup the relief valve at the end of pipe. Moreover, it had 

control by fix only one condition. Then, if the airflow are increasing too much, the air 

cannot flow out at relief valve. Therefore, the graph of pressure drop at high flow rate 

will be decreasing continuously. 
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Q5: Page 28 as the graph the number of pore. Why AlF3 and V2O5 effected to the 

number of pore?   

   

 Regarding to SEM image of the sample with addition of ALF3 and V2O5 .We 

can found acicular or pin structure in the mullite sample. For AlF3 can perform pin size 

around 5um .So I think the area between pin can increase pore number. For the 

condition no4 and no5 with added V2O5 appeared big pore around 50-70mm. I think 

V2O5 have effect to melting point of mullite. That why the number of pore of condition 

no4 and no5 are decreasing. 
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