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Abstract 
Diesel engine emission of particulate matter (PM) is probably one of the most 

critical issues which have a large impact on the environmental and human health. The 

concern increases with the increasing number of vehicles on the roads and leads to greater 

attention being paid to the control and understanding of PM characteristics.  

The use of renewable fuels (biodiesel and butanol blend) and aftertreatment 

systems in diesel engines are the main requirements for reducing and controlling the 

pollutant emissions. Decoupling the dependences between emission reduction technologies 

and engine fuel economy in order to improve them both simultaneously has been proven as 

a major challenge for the vehicle research communities. To understand the effect of 

alternative fuels on PM characteristics and a diesel oxidation catalyst (DOC), rapeseed oil 

methyl ester (RME) biodiesel and an alcohol blend (butanol-diesel blend) were used for 

various engine operating conditions (engine load, speed, injection strategies). The 

platinum:palladium (Pt:Pd)-based DOC was used during this study to understand the effect 

of promotion/inhibition of tailpipe emissions (gas and solid) on its activity at lower exhaust 

gas temperatures and to meet the strict emissions’ legislation. 

Particulate matter emission reduction cannot be achieved without improved 

understanding of the PM’s characteristics (size distribution, morphology, and 

microstructure) in the diesel engine. This thesis presents a method to calculate the soot 

particle morphology (number of primary particles (npo), the radius of gyration (Rg), and the 

fractal dimension (Df)) and microstructure parameters (interlayer spacing (d002), and 

the thickness (Lc) and width (La) of the graphene layer) from the combustion of renewable 

fuels compared with diesel fuel. High-resolution transmission electron microscopy (HR-

TEM) and subsequent image processing was used to analyse the soot samples, as well as 

to obtain the key parameters such as the morphology and structure of the soot particles.  
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The first work of this research was focused on the influence of a DOC on the 

engine-out particulate matter (PM) characteristics (morphology and structure) from the 

combustion of alternative fuels (including butanol blends and RME) in single fuel injection 

diesel engine. The results revealed that the combustion of alternative fuels produces lower 

emissions of unburnt hydrocarbons (UHC), carbon monoxide (CO), and PM number 

concentration, which enhanced the catalyst activity at lower temperatures. 

In the second part, the experimental work was carried out on a common rail 

diesel engine equipped with a DOC. By studying the effect of oxygenated fuel and fuel 

injection strategies on the combustion characteristics and PM characteristics, and hence the 

catalyst’s performance, can unveil synergies that can benefit vehicle emissions and fuel 

economy, as well as guide the design of the next generation of sustainable fuels. It was 

found that post-injection incorporation with a butanol blend produced lower PM 

concentration and modified the soot’s morphological parameters by reducing npo, Rg and 

Df. 

Finally, the research continued with work on a modern single cylinder 

experimental diesel engine to demonstrate how insignificant changes in the commonly 

used aftertreatment system architecture and the small addition of oxygenated fuels in the 

diesel fuel (butanol in this case) can provide meaningful low temperature catalyst activity 

improvements. Lower temperature catalyst light-off and higher conversion efficiencies 

with the combustion of the diesel-butanol blend were achieved. 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1 OVERVIEW 

Diesel engines have been used for over one hundred years and have penetrated 

daily life. Definitely, all commercial products and everything over the oceans, such as 

cargo, are transported by at least one machine powered by a diesel engine. Practically, 

diesel engines offer many advantages over gasoline fuelled spark ignition (SI engines), for 

example, they are perceived to be more durable and do not require an external ignition 

system. However, the level of particulate matter (PM) and nitric oxide (NOx) emissions 

produced by diesel engines are higher than those from conventional gasoline fuelled 

engines; which makes it more difficult to meet the strict emissions standards. The main 

motivations behind modern diesel engine design are the desire for lower exhaust gas 

emissions and noise, and for improved fuel economy. These desires are often conflicting 

and it is believed that they can be satisfied through the application of biofuel in diesel 

engines, as well as the implementation of exhaust aftertreatment technologies and optimum 

matching of fuel injection and air motion in the cylinder. Recent research also focuses on 

how the combustion processes can improve catalyst aftertreatment systems in diesel 

engines and how they affect the goals of low emissions and optimum operation. The 

reduction or oxidation of particulate matter (PM) emissions from compression ignition (CI) 

diesel engines is a major contemporary research challenge. Recently, the role of alternative 

fuels in meeting engine emissions and performance targets has become more widely 

recognised [1]. 
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With a view to improve air quality standards, new engine and vehicle systems 

and technologies are under development in order to reduce pollutants emitted to the 

atmosphere especially in the very challenging transportation sector [2, 3]. In road transport, 

replacing fossil fuels with greener fuels such as biofuels (biodiesel and alcohol blends) also 

provides cleaner combustion and consequently, improves the efficiency of the catalytic 

aftertreatment systems; which in turn helps vehicle manufacturers to achieve the 

emissions’ legislative limits such as the EURO 6 and CARB (LEV III) [4]. The fuel for 

better efficiency such as bioalcohol, biodiesel and other oxygenated fuels are a promising 

option for reducing emissions in diesel engines. More recently, these cleaner fuels have 

been studied as a substitute for diesel fuel [5] and the presence of oxygen-born fuel 

contributes in the reduction of the engine-out emissions such as CO, UHC (unburned 

hydrocarbons), total PM emissions and sometimes NOX (nitrogen oxides) emissions [6]. It 

is reported that the hydroxyl group present in alcohols is more efficient in reducing diesel 

engine PM than other functional groups with the same oxygen content, especially at high 

engine loads [7-9]. The combustion of diesel-ethanol blends for example has been widely 

reported to reduce PM emissions [5, 10]. Butanol in diesel has shown more promising 

characteristics as an alternative fuel than ethanol [5] due to the higher cetane number and 

better solubility in diesel fuel as a consequence of being less polar than other alcohols with 

a shorter chain. Furthermore, it has a higher heating value, lower volatility and less 

hydrophilic character [11, 12]. 

Due to the recent popularity of diesel-powered vehicles, increased particulate 

matter (PM) emissions have become a major concern to human health and the 

environment. Solid soot particulates make up the majority of the content of diesel PM; they 

are carbonaceous particles with sub-micron scales [1, 13, 14]. Particulate emissions from 

compression ignition (CI) engines are variable in size and morphology, making their 
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control challenging. It is reported that the small size of the soot particles causes various 

diseases by penetrating deep into the respiratory system (Figure 1.1 and Figure 1.2) and 

they can reach the vital organs [15-17]. The reduction of soot particles emissions is 

essential to meet the stringent regulations on pollutant emissions through the consideration 

of three aspects: (1) improve fuel quality with additives (e.g. oxygenated fuels); (2) high 

pressure common-rail injection systems; (3) and using advanced aftertreatment 

technologies (e.g. Diesel Particulate Filter -DPF, Diesel Oxidation Catalyst (DOC), and 

Exhaust Gas Recirculation (EGR)). The development of catalysts in vehicles started from 

1975 after it was found that they made a significant contribution to the removal of 

poisonous lead contained in gasoline. The first application of a diesel oxidation catalyst to 

reduce CO and HC in automotives (1989) was the diesel Volkswagen Golf “Umwelt”

(German for“ environment”).  

Modern engine aftertreatment systems consist of different components such as 

the DOC and DPF. The number of publications on this subject has continuously grown due 

to the increase in the emissions legislation which can help to minimize the adverse health 

and environmental impacts of air pollutants from different power sources. The main focus 

of the stringent regulations for diesel engines has been to reduce PM and NOx as well as to 

control hydrocarbon (HC) and CO emissions. The DOC is considered the first type of 

diesel catalyst and has been commercially established in a number of light and heavy duty 

applications.  It is able to enhance a wide range of oxidation reactions’ (chemically convert 

all emissions’ components to CO2 and water vapour) emissions through the diesel exhaust 

emissions under all engine operating conditions. DOCs have a honeycomb monolith shape 

with high cell density (large surface area) and with suitable loading of a catalyst material, 

such as platinum and/or palladium, is able to almost eliminate CO, HC and much of the 

particulate organic fraction [18, 19]. A DOC can also oxidise NO to produce NO2 that can 
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then be utilised in the DPF to passively oxidise soot at low temperatures [20, 21]. The 

DOC’s activity depends on the exhaust gas temperature, the residence time of the exhaust 

gas in the catalyst, the level and nature of the gaseous and particulate matter exhaust 

species and the inhibition/synergies between the different species contained in the exhaust 

gas [21, 22]. In the same way, the DPF’s performance is also influenced by the size and 

morphology [fractal dimension (Df), radius of gyration (rg), and number of primary 

particles (npo)] of soot particles, making the understanding of their control challenging [23]. 

Therefore, understanding PM characteristics is likewise necessary for the design of control 

technologies such as particle traps.  

 

Figure 1.1: Transport of the diesel soot particles in the respiratory system according to 

their size [24] 
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Figure 1.2: Particle size and their deposition rate in the human body location, fitted with a 

typical PSD (particulate size distribution) from the engine  [24, 25] 

Previous experimental studies have corroborated that the presence of oxygen in 

fuels contributes a significant reduction in soot formation and this is in agreement with 

both experimental [7, 26-31] and numerical [32, 33] studies. More recently bioalcohols and 

other oxygenated fuels have been studied as substitutes for diesel fuel to reduce engine 

emissions [5, 34, 35] and improve aftertreatment systems (e.g. DOC’s performance) [20]. 

It is reported in some studies that the soot emissions reduction also depends on the 

molecular structure of the oxygenated fuel and not only on the oxygen content. It is 

important to understand the impact of combustion chemistry in soot formation towards the 

smart selection of the next generation of alternative fuels [36]. The effect of combining 

oxygenated fuels and aftertreatment systems is essential in order to fulfil the stringent 

emissions regulations and also to help in decoupling mutual dependences between 

pollutant control and fuel economy. Most of the studies on alternative fuels combustion 

published in the literature are focused on the influence of fuel properties on the engine 

combustion performance and on the engine emissions; including PM characteristics [37] 

which influence passive and active DPF regeneration [18] as well as DPF trapping 
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efficiency [38]. Meanwhile, a few studies have documented work on the influence of 

gaseous emissions’ interaction [20] and also on trapping/oxidising the volatile component 

of PM over a DOC. Furthermore, the majority of those studies are performed only for 

conventional diesel fuel [39, 40] and the issues associated with PM characteristics 

(morphology, size and microstructure) in a DOC have not been addressed in depth. 

Therefore, the PM characteristics have been addressed during this thesis from the 

combustion of different fuels over a DOC in more detail. 

Combined advances in alternative fuels and engine operating parameters such as 

injection settings (number of injection, injection timing, injection pressure, injection 

quantity), are required to be understood in order to improve not only the engine 

performance (power/torque) characteristics but also the function of the aftertreatment 

system [41]. Several studies have shown that post-injection in combination with the DOC 

is commonly used to increase the exhaust gas temperature (EGT) in order to aid the DPF 

regeneration (i.e. active regeneration) [42]. It has also been documented that post-injection 

contributes in an increasing of soot oxidation in the combustion cycle, due to the 

enhancement of the gas mean temperature and air/fuel mixing, which leads to a reduction 

in PM (number and diameter) [43, 44]. However, there is still scarce information regarding 

the effect of alternative fuels (e.g. alcohol blends) on both PM characteristics and DOC 

activity with simultaneous use of a fuel post-injection strategy; that required in diesel 

vehicles for catalyst heat-up in active and DPF regeneration.  

Broday et al. [15] and Zhang et al. [45] stated that the morphological parameters 

have a significant effect on the size and shape of soot particles. The morphology of soot 

particles is characterized by the size and the shape, and quantified by the fractal dimension; 

while the microstructure is quantified by interlayer spacing (d002), and the thickness (Lc) 
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and width (La) of the graphene layer. The size of the soot particles of the engine’s exhaust 

influences the environment in several ways; such as optical properties of the particles, 

resident time of the particles, surface area and ability of particles to participate in 

atmospheric chemistry and the health effects of the particles [13].   

1.2 DIESEL ENGINE COMBUSTION AND SOOT FORMATION  

Direct injection diesel engines depend primarily on different parameters such as 

fuel properties, engine operating conditions, combustion chamber design and the fuel 

injection system; it is considered as an unsteady process. The ignition and combustion 

processes in a diesel engine are controlled by the fuel injection timing and rate. The typical 

direct injection (DI) diesel engine combustion with one injection per cycle is shown in 

Figure 1.3 [1] and can be described in four distinct phases. The first phase (A-B) is ignition 

delay; defined as the period between the start of fuel injection (SOI) into the combustion 

chamber and the start of combustion (SOC). This can be determined from the analysis of 

rate of heat release (ROHR), which can be used to describe the overall diesel combustion 

process from the pressure against crank angle data. The second phase (B-C) is premixed 

combustion; defined as the fuel combustion that has been mixing with air during the 

ignition delay period, which occurs rapidly in a few crank angle degrees (CAD). This is 

because the mixture achieves its flammability limit, it begins to auto-ignite and burn, 

leading to the high ROHR characteristics of this phase. Subsequently, the diffusion 

combustion phase (C-D) occurs in a short time, when the fuel-air pre-mixture during the 

ignition delay has been consumed. The ROHR can only be controlled at this point by the 

rate at which the mixture becomes available to burn. Finally, there is the late combustion 

phase (D-E). In this phase the combustion extends into the expansion stroke and heat 

release continues at a lower rate. This is due to a small amount of fuel remaining unburned 
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and also to incomplete combustion products. The end of the diffusion phase and the 

beginning of late combustion represent the end of injection (EOI). The end of combustion 

(EOC) occurs when the ROHR reaches to lower levels as the pressure and temperature 

inside cylinder reduces due to the expansion of the stroke.  

 

Figure 1.3: Pressure-crank angle (timing) diagram of the combustion phases in a direct 

injection diesel engine [1]  

The formation of soot starts through pyrolysis of unburnt aromatic HC during the 

extreme heat produced during the combustion of fuel in a diesel engine, as described by 

Dec’s conceptual model [46]. Figure 1.4 provides an understanding of the description of 

the reacting diesel jet structure, soot formation and oxidation processes from the model 

during the “quasi-steady” period, which occurs between autoignition and the end of fuel 

injection. The lift-off is the axial distance from the nozzle exit to the diffusion flame. 

Within the jet interior, the net soot formation is strongly affected by mixing upstream of 

the lift-off length. The cross-sectional slice describes the soot formation of a diesel fuel jet, 

taken between the end of the premixed-burn phase until the end of fuel injection. The flame 
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occurs through the injection fuel as a number of high velocity jets into the engine cylinder, 

towards the end of the compression stroke, forming a liquid jet. The fuel atomizes into 

small droplets (rich fuel/air vapour), it vaporises and is mixed at temperatures from 700-

900 K for diesel fuel and high pressure cylinder gases. The fuel breaks down and large 

quantities of PAH (polycyclic aromatic hydrocarbons) are formed during the premixed 

phase at temperatures from 1300-1600K (pale blue) [32]. Within Dec’s model, an

exothermic reaction occurs around several stages which are depicted and the oxygen 

available is consumed which lead to the start of soot formation. Stone [47] reported that the 

PAHs are a strong function of temperature and formed during the combustion process. The 

soot particles take root and grow through the turbulent fuel jet as they move down towards 

the head vortex. They increase in soot size and concentration at the jet periphery from the 

injector nozzle and continue increasing to reach their highest (black) at the centre of the jet 

plume [48]. As plenty of oxygen is present in the air, an orange coloured diffusion flame 

develops around the fuel jet’s periphery, which further increases the local temperature [48, 

49]. These conditions are very suitable for NO formation  (green) on the lean side of the 

diffusion flame and nearby soot is oxidised inside the peripheral flame. 
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Figure 1.4: Dec’s conceptual model of DI diesel combustion during the quasi-steady 

period related to the soot formation within the premixed flame [32, 46, 50] 

 

Diffusion flame (mixing controlled) combustion as suggested by Dec’s model

occurs between the products of the fuel rich premixed combustion and air. A large quantity 

of soot is first formed during the diesel diffusion burning process, just downstream of the 

lift-off length. During the diffusion burn phase, it is thought that the soot particles start 

oxidation along the outside of the flame where oxygen is present and there is a high 

temperature to enhance the pyrolysis reactions. During the final stage of combustion, the 

particulate matter (PM) leaves the engine to go into the exhaust as soot particles form. 

Physical properties such as density, vaporisation range and viscosity are among 

the important factors that have a significant impact on diesel combustion. All processes 

described above are dependent on the mixing of the injected fuel with air and some of 

Lift-off Length 
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residual gases present in the cylinder. Furthermore, it is necessary to enhance the fuel 

properties or to have consistent properties of the fuels such that the engine performance 

(combustion characteristics) and emissions do not suffer. In the case of the ignition 

characteristics of a fuel, the chemical composition of a fuel is considered more important 

than the physical properties [51]. The useful property which indicates the ignition quality is 

the cetane number (CN). More discussion about soot formation and oxidation are provided 

in Chapter 2. 

1.3 RESEARCH AIM AND OBJECTIVES 

The aim of this thesis is to gain a deeper understanding of the particulate matter 

(PM) characteristics (morphology and microstructure) from a diesel engine fuelled with 

alternative fuels. The work presented in this thesis focuses on the proposing various 

strategies to control and reduce pollutant emissions through using the diesel oxidation 

catalyst, oxygenated fuels and injection strategies. The specific objectives of this thesis are 

to: 

a) Investigate the effect of renewable fuels (e.g. biodiesel (RME) and butanol 

blends) on PM characteristics (morphology and microstructure) and gaseous 

emissions over a diesel oxidation catalyst. 

b) Study the impact of combined fuel injection strategy and oxygenated fuel 

blending on particulate emissions and environmental catalysts’ performance in 

modern diesel engines. 

c) Study the effect of exhaust gas composition, temperature and reactant residence 

time on a diesel oxidation catalyst’s light-off performance. 

d) Examine the effect of the absence solid particles in the exhaust gas on a diesel 

catalyst light-off temperature and oxidation rate of gaseous emissions over DOC. 
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The outcomes of these objectives should provide a better understanding about the 

PM characteristics in an exhaust system and over a diesel oxidation catalyst. This will 

make it possible to identify the comprehensive characterisation of soot particulates in order 

to expand the knowledge about the effect of soot characteristics (number and size) on 

human health and the environment. 

1.4 THESIS OUTLINE 

Figure 1.5 describes the structure of this thesis based on a single cylinder diesel 

engine (one fuel injection event) and a new common-rail diesel engine (three fuel injection 

events). This thesis is categorised into seven chapters and a brief description of the 

remainder of this thesis will be organized as follows: 

Chapter 1: Introduction 

Chapter one introduces the overview on particulate emissions, oxygenated fuels 

and diesel exhaust aftertreatment systems. This chapter also provides the fundamentals of 

the diesel engine, which includes combustion and soot formation. In addition, it gives 

outlines of the research motivation and presents research objectives. 

Chapter 2: Literature Review 

In chapter two a literature review of diesel emissions legislation as prescribed by 

European standards is presented. This chapter also provides the background and literature 

review related to the diesel exhaust aftertreatment systems and soot formation and 

oxidation mechanism including soot morphology and microstructure parameters. Finally, 

an overview of using alternative fuels (e.g. biodiesel and alcohol blends) in diesel engines 

is also presented. The motivation for reducing the particulate emissions through the use of 

oxygenated fuel and an efficient environmental catalyst is also explained in this chapter. 
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Finally, there is a brief overview on injection strategies (pre, main, and post-injection) in a 

diesel engine including injection timing, and pressure. 

Chapter 3: Experimental Facilities Set-up and Materials 

This third chapter presents the experimental set-up including the engine test rig, 

the fuels used and their properties, engine instrumentation, gaseous and particulate 

emissions’ analytical equipment and the diesel oxidation catalyst (DOC) characteristics. 

Furthermore, the details of the MATLAB code used in the analysis of the physical 

properties of the soot particles are also provided in this chapter. 

Chapter 4: Role of Alternative Fuels on Particulate Matter (PM) Characteristics and 

Influence of the Diesel Oxidation Catalyst 

This section of the research covers the characteristics of soot morphology and 

microstructure emitted from the combustion of biodiesel: in this case rapeseed (RME) and 

alcohol fuel blends with ultra low sulphur diesel (ULSD). The first part of this study 

focuses on the impact of the DOC (light-off and conversion efficiency) on PM reduction 

and oxidation, as well as the PM characteristics (size distribution, morphology and 

structure). The second part of this chapter focuses on understanding the interaction 

(promotion/inhibition) between various gaseous emissions (CO, HC, THC, and NO to 

NO2) and the influences on the DOC’s activity. The outcomes from this chapter provide a

better understanding of exhaust species interaction within the catalyst and how they affect 

thec atalyst’sa ctivity. 
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Chapter 5: Manipulating Modern Diesel Engine Particulate Emission Characteristics 

Through Butanol Fuel Blending and Fuel Injection Strategies For Efficient Diesel 

Oxidation Catalysts.  

In Chapter five presents a study of the influence of the combined effect of fuel 

injection strategies and butanol blending on particulate matter (PM) characteristics (size 

distribution, morphology and structure) and performance of the DOC in a modern common 

rail diesel engine. The outcomes of this study provide cleaner exhaust gas from the 

combustion of oxygenated fuel which helps in decoupling dependences between emission 

reduction technology and engine fuel economy, i.e. will lead to reduced requirements for 

active control and enhance catalyst activity. 

In this chapter, the changes in the fuels’ properties from the incorporation of 

butanol into diesel fuel, led to cleaner combustion that eased species (i.e. HCs/fuel and 

engine-out emissions) oxidation in the DOC. These trends will favour the active control 

strategies in the aftertreatment systems and will positively impact on their performance (i.e. 

increase activity, improve durability) and overall engine fuel economy.  

Chapter 6: Interactions Between Aftertreatment Systems Architecture and 

Combustion of Oxygenated Fuels in Diesel for Improved Low Temperature Catalysts 

Activity 

In this chapter, the effects of the PM/soot and post-injection strategy on the 

oxidation efficiency of the DOC in a modern common rail diesel engine fuelled with  a

butanol blend (B20) are examined. This chapter shows how potentially insignificant 

changes in the common rail fuel injection system and aftertreatment systems architecture 

and/or small additions of oxygenated fuel in diesel fuel, can provide meaningful low 

temperature aftertreatment systems and catalyst activity improvements. Furthermore, 
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investigate the combination of a filtration (DPF) upstream oxidation (DOC) within 

aftertreatment at various space velocities to evaluate the risk of soot accumulation within 

the catalyst and how this affects the diesel oxidation catalyst’s activity . 

The results from this chapter help to understand the potential effects of PM/soot 

accumulation on the DOC’s light-off performance. This study gives guidelines to design 

more efficient compact aftertreatment systems architecture and cleaner fuels. The absence 

of solid particles in the exhaust gas and the control of some of the HC species played a key 

role in improving catalyst light-off temperature and enhancing the oxidation rate of 

gaseous emissions.  

Chapter 7: Conclusions and Recommendations 

Finally, a summary of the most important conclusions from the research are 

discussed and recommendations are outlined for future work, to continue improve the 

understanding of soot emissions characteristics and catalyst performance for future 

research.
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CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1 EXHAUST GAS EMISSIONS LEGISLATION 

 

With a view to improve air quality, new engine and vehicle systems and 

technologies are under development in order to reduce pollutants emitted to the 

atmosphere, especially in the very challenging transportation sector [2, 3]. During many 

decades vehicles have been the subject of continued interest due to environmental and 

health concerns. Exhaust emissions (THC, CO, NOX, and PM) are responsible for the 

majority of pollutants and are becoming the major driving factor in diesel engine 

development; where vehicles produce several pollutants such as combustion products and 

losses from evaporation (evaporative emissions, refuelling emissions). Therefore, 

emissions’ legislation is becoming more and more stringent, as stipulated by the relevant 

governing bodies. The legislation of emissions has been led by some countries (e.g. Euro 

and Japan emissions’ standards) in order to fulfil the standard of future emission 

regulations. There are different levels of European emission standards for NOX and PM for 

both light and heavy duty diesel engines, as shown in Figure 2.1.  

The current pollution levels have led to the appearance of laws and regulations 

which are employed to control the environmental and health impacts from the 

petroleum industry and engine emissions. The EPA (environmental protection agency) has 

developed rigid guidelines for both the petroleum industry and for the engine emissions 

that are allowed from combustion products. Recently, the relationship between the particle 

size and health effects has been the focus of much public debate. The legislation is going to 
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get tougher and tougher as shown in Figure 2.1; therefore countries will try to minimize 

local problems (smog, toxins etc.) and global problems to work towards the tighter and 

tighter emission levels. To meet these new levels, new technologies will be required with 

consideration to the efficiency, cost effectiveness and durability of the technology. 

 

Figure 2.1: European emission standards for (a) light diesel commercial vehicles (b) 

heavy-duty diesel vehicles over a time period [52, 53] 

 

(a) 

1992 1996 2000 2005 2009 2016  2017 

1.0 0.9 0.50 0.25 0.08 0.18 

0.14 0.08
4 

0.05 0.025  0.005 0.005 

NOx 
(g/Km) 

PM 
(g/Km) 

Euro I Euro II Euro III 
(a)

Euro IV Euro V Euro VI European 
Standard 

   -    -    -    - 6.0x1011 6.0x1011 PN 
(#/Km) 

2.72 1.0 0.64 0.50  0.50 0.50  CO 
(g/Km) 

 

1992 1998 2000 2005 2008  2016  2017 

8.0 7.0 5.0 3.5  0.4 2.0 

0.36 0.15 0.1 0.024  0.01 0.024 

NOx 
(g/Km) 

PM 
(g/Km) 

Euro I Euro II Euro III Euro IV Euro V Euro VI European 
Standard 

(b) 

   -    -    -    - 6.0x1011 6.0x1011 PN 
(#/Km) 

2.72 1.0 0.64 0.50  4.0 0.50  CO 
(g/Km) 
 



 CHAPTER 2: LITRATURE REVIEW 

19 
 

2.2 TAILPIPE EMISSIONS FROM COMPRESSION IGNITION (CI) 

DIESEL ENGINES 

Tailpipe emissions emitted by internal combustion (IC) engines for both 

compression ignition (CI) diesel engines and spark ignition (SI) engines are a main concern 

for both human health and the environmental. Compression ignition engines have base 

emission levels, which are prescribed by the European Union (EU). Diesel engines produce 

different levels of raw exhaust gas due to various conditions (heterogeneous mixtures non- 

and stoichiometric fuel-air ratios), such as total hydrocarbons (THC), nitrogen oxides 

(NOX), carbon monoxide (CO) and particulate matter (PM) [1]. Some of these emissions 

are the result of the incomplete combustion of the fuel [54]. 

Presently, THC, NOX, CO, and PM are the source of concern for the 

environment when these emissions react with smog and ozone levels. Particulate matter 

emissions have a chemical complexity that makes them a serious issue for engine 

emissions. Attention has been drawn to the soot particles in exhaust emissions, which has 

led to the introduction of controls on smoke and particulates in diesel engines due to their 

associated health risks [55]. The generation of small particles is initiated via the pyrolysis 

of unburnt hydrocarbon during the combustion process of the fuel. They are products that 

are difficult to eliminate, as they are of a small size about 10 µm or less. The smaller size 

of particle is more active than large size and stay for a long time in the atmosphere. Most 

of the soot particles can contaminate lubricant oil as a result of blow-by gases when reacts 

with engine oil [56, 57]. 
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The soot particle sizes and their distribution inside the engine combustion cycle are 

affected during the steps of the soot particles’ formation (growing from nucleation

to agglomeration) and oxidation; hence its influence the size of the soot particles at 

the exhaust tailpipe. Further understanding about the size and structure of soot particles 

and their formation and oxidation mechanism becomes an urgent necessity to find the ways 

to reduce or control the harmful effects of soot emissions. This thesis will completely 

focus on the evolution of PM characteristics (size and structure) under different engine 

conditions and with renewable fuels (e.g. biodiesel (RME) and butanol-diesel blends). The 

morphological and structure analysis was carried out based on MATLAB programming 

code which will be explained in greater detail in this thesis (Chapter 3). 

2.2.1 Carbon Monoxide (CO) 

 

Carbon monoxide (CO) emissions are odourless, tasteless, colourless, poisonous, 

and noncorrosive. The formation of CO is as a consequence of incomplete combustion 

from oxygen deficient combustion and is mostly prominent in the fuel-rich combustion 

regions. Therefore, CO formation can be controlled by the air/fuel (A/F) equivalence ratio 

as a result of incomplete combustion (there is not enough available oxygen to burn all the 

fuel). This CO formation is usually accompanied from the progressive combustion 

mechanism of HC radicals (�̇�), which is represented by the reaction shown below [58]: 

 �̇�𝐻 → �̇� → �̇�𝑂2 → �̇�𝐶𝐻𝑂 → �̇�𝐶𝑂 → 𝐶𝑂 (2.1) 

 

The formation of CO emissions is low or negligible during lean burn combustion 

due to the ratio of air/fuel always being lean (λ>1). In diesel combustion engines, may be 
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the temperature is high enough for oxygen and carbon monoxide to form carbon dioxide 

(CO2), following the principal of CO oxidation as described below: 

 𝐶𝑂 + 𝑂𝐻 ↔ 𝐶𝑂2 + 𝐻 (2.2) 

 

The oxidation of CO emissions cannot take place in the exhaust system without 

the use of a diesel oxidation catalyst (DOC) due to the low temperature of diesel exhaust 

gas. Miles et al. [59] presented a depiction of CO emission formation conditions from a 

diesel engine. However, CO is strongly associated with both human health problems and 

environmental pollution. Strauss et al. [60] reported that CO can accumulate in red blood 

cells and drastically reduce their capability to carry oxygen to the cells, resulting in 

asphyxiation. In the environmental case, CO can contribute to low-level ozone and global 

warming through reactions with other gases in the low atmosphere. 

2.2.2 Hydrocarbons (HCs) 

 

Hydrocarbon emissions are formed from unburned fuel or partially burned 

fuel and recombined intermediate compounds, which result from the incomplete 

combustion of hydrocarbon fuel that is emitted from diesel engines. The fuel composition 

can determine the quantity and composition of the HC emissions, when fuel containing a 

high percentage of olefins and aromatics produces relatively higher concentrations of 

reactive HC [1]. However, THC emissions do not have a great effect on the overall 

pollutant emissions. A heated flame ionisation detector (HFID) is used to measure 

hydrocarbon emissions of exhaust gaseous. The HC remains in the vapour phase when the 

temperature is set at 190 °C in the heated sampling line. The total hydrocarbon (THC) 
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formation mechanism has two critical sources in a diesel combustion engine: fuel injected 

during the combustion cycle and fuel injected late (timing aTDC) during the combustion 

cycle [1, 61]. 

Lubricant oil is a source of HC emissions, a small amount of lubricant film on 

the cylinder wall can dissolve in the expansion stroke to participate in THC formation [62]. 

Mjewaski and Khair [63] stated that the shorter carbon chain hydrocarbons are produced 

from hydrocarbon fuel in exhaust emissions, while the heavier, longer hydrocarbon 

emissions generate from lubricant oil. Ferguson et al. [64] exhibited that some of the 

vaporised fuel that has a lower equivalence ratio than the lean limit of combustion (over-

mixing between air and fuel more than (ϕ ᴝ 0.3), upsets the main combustion process. In 

general, a low level of HCs is produced from the lean burn combustion in diesel engines. 

The HCs cause a variety of negative effects on ozone levels when they react with NOx 

[63]. 

2.2.3 Nitrogen Oxides (NOX) 

 

Emissions of NOX are toxic and produced from diesel combustion; they are 

considered as one of the most critical emissions [1]. They mainly consists of nitric oxide 

(NO) and nitrogen dioxide (NO2) specifically in automotive aftertreatment, contributing to 

90% and 10 of the total NOX emissions respectively. The reaction of nitric oxide with 

molecular oxygen to form nitrogen dioxide was explained in Equation (2.3). The NO 

formation is considered the main component of the total NOX emissions in CI diesel 

engines. The NO can be formed at a high combustion temperature (2000 K) [47]. The 

oxidation of atmospheric nitrogen (N2) is a source of NO formation. The main source of 
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NO formation is the thermal NO mechanism which can be explained through the extended 

Zeldovich mechanism [1].  

 

 2𝑁𝑂 + 𝑂2 → 2𝑁𝑂2 (2.3) 

 

The primary pathway of NO formation is explained by the extended Zeldovich 

mechanism in which the hydroxyl radicals, atomic oxygen, and N2 are all in equilibrium. 

The reaction of NO formation is shown below: 

 𝑂 + 𝑁2 → 𝑁𝑂 + 𝑁 (2.4) 

 

 𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂 (2.5) 

 

The reaction of the hydroxyl radicals with nitrogen can be explained by the thermal NO 

mechanism [65]. 

 𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻 (2.6) 

The formation of NO2 is the final reaction of the NOX emissions; however, it can 

be formed at low temperature through the reaction of NO and HO2 (hydroperoxyl radicals) 

through this reaction: 

 𝑁𝑂 + 𝐻𝑂2 → 𝑁𝑂2 + 𝑂𝐻 (2.7) 
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Although after NO2 formation, it is followed by conversion back (destruction) to 

NO at high temperatures, as shown in the reactions below: 

 𝑁𝑂2 + 𝑂 → 𝑁𝑂 + 𝑂2  (2.8) 

 

 𝑁𝑂2 + 𝐻 → 𝑁𝑂 + 𝑂𝐻 (2.9) 

 

Bowman Craig [58] explained that the NO2 formation occurs at lower peak 

combustion temperature, while the destruction of NO2 at high combustion temperature. 

Soot emissions can be oxidised by NO2 at temperatures as low as 250 °C, NO2 is present at 

very low concentration in a diesel raw exhaust (5-15% of total NOX), thus this is are not 

sufficient to provide the required reaction rates. The reaction of NO with excess oxygen in 

the exhaust via diesel catalyst technology can facilitate NO2 formation. Normally, NOX is 

created depending on the nitrogen content in the fuel components, for example diesel fuel 

has a very low concentration of nitrogen. 

 

2.2.4 Diesel Particulate Matter 

 

Particulate matter (PM) emissions are emitted from diesel engines as a result of 

the incomplete combustion of hydrocarbon fuel because some of the fuel droplets do not 

burn and are vaporised inside cylinder. The PM from diesel fuel combustion consists of 

soot and other liquid or solid phase substances from the fuel or lubricant oil [13, 14]. Then, 

they become partly burned fuel droplets in the combustion cycle and subsequently they 

will be found in the exhaust gas as heavy liquid droplets or solid carbonaceous matter. In 

addition, some of the PM produced from partially burned lubricating oil is exhausted in 



 CHAPTER 2: LITRATURE REVIEW 

25 
 

form of the soluble organic friction (SOF). Particulate matter sizes vary from several 

nanometres to several hundred microns; which is strongly linked to human health issues 

[66]. For example, the size distribution of particulate materials range from 20 nm to 10 µm 

and the diameters of particle in the range of  50 nm and 1000 nm (mostly less than 100 nm) 

from the combustions of diesel fuel [67, 68]. Based on the aerodynamic diameter of 

particles in the exhaust, the distribution of size and mass (Figure 2.2) can be 

classified into three main categories: firstly, nuclei-mode when the diameter ranges from 5-

50 nm (usually formed from volatile precursors). Secondly, accumulation mode when the 

range is in the diameter from 50-100 nm; finally, coarse mode (accumulation particles 

deposited on cylinder and exhaust system surfaces) where the particles’ diameter in this 

mode is larger than 1000 nm [13]. The atmospheric particle size distributions (PM10) are 

also identified in Figure 2.2 as particles smaller than 10 µm. PM is a complex type of 

emission that includes many components (Figure 2.3), which include three categories: 

1) Solid Particulate Matter (SPM) (Solid Fraction) 

a) Carbonaceous soot 

b) Ash (including metallic) 

2) Liquid Particulate Matter (LPM) (Soluble Organic Fraction) 

a) Organic material derived from the fuel  

b) Organic material derived from the engine lubricating oil  

3) Water Particulate (WPM) 

a) Water 

b) Sulphuric acid SO4 (when fuel sulphur is present) 
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Figure 2.2: Schematic of mass and number based particle size distributions from 

combustion of diesel engines [24, 69] 

 

Figure 2.3: Illustrate representative composition of diesel particulate matter during 

combustion cycle [70] 

Numerous research groups have described that the size distribution of 

particulates and their composition in a diesel engine depend on the combustion process and 

Carbon  
41% 

Ash and other 
13% 

Sulfates and water 
14% 

Unburnt oil 
25% 

Unburnt fuel 
7% 
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the exhaust process. The source of particulates is a combination of two parameters which 

are soot and other products from the exhaust gas, such as liquid or solid phase materials 

[71-73]. To describe soot formation in DI engines, compression ignition combustion and 

commonly identified processes involve in six steps: fuel pyrolysis, PAHs (polycyclic 

aromatic hydrocarbons), solid nucleation, surface growth (coalescence), coagulation of 

primary particles, and agglomerates, as shown in Figure 2.9 (these steps will be discussed 

in more detail through this chapter). Krahl et al. [74] and Smith [75] adds that the 

PAH  (polycyclic aromatic hydrocarbons) are a heavy organic compound and are easy to 

find in particulate matter (PM); it increases the carcinogenic potential when PAH are 

combined together with soot, compared to the effect of each component alone. In general, 

diesel fuel combustion emits many toxic ultrafine particles in different sizes, some of a 

diameter less than 100 nm; most of these small sized particles can be easily deposited in 

the human respiratory system [68, 76]. Carbonaceous soot is one of the main components 

of particle composition, its location upstream of the catalyst can directly effect on the 

oxidation catalyst activity by accumulating soot particles on the front face and in the 

catalyst channels. This could obstruct the exhaust emissions from accessing the coated 

catalyst material, which can reduce the oxidation rate over the catalyst and decrease the 

conversion efficiency of the catalyst [3, 20, 77]. 

Solid carbon particles and other chemical species agglomerate together to form  

particles of PM. In the high combustion temperature, the carbon particles agglomerate and 

mix with condensed heavy hydrocarbons, nitrogen oxides, sulphur oxides and metallic ash 

formed and moving through the exhaust pipe. The schematic diagram of the resulting 

particles (soot particles) is shown in Figure 2.4. 
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Figure 2.4: Schematic representation of diesel PM [78, 79] 

 

 

2.3 EXHAUST GAS EMISSIONS CONTROL (AFTERTREATMENT 

SYSTEMS) 

Driven mainly by tightening emission regulations, current emissions’ control 

strategies and aftertreatment technologies are rapidly advancing with the aim to clean-up 

the gaseous and PM emissions from diesel engines. To meet the diesel emission’ regulation 

there is a required improvement in fuel properties and the incorporation of aftertreatment 

systems. In this chapter, the details of the role of catalysts technologies used in CI engines 

will be explained and how these technologies clean-up the exhaust emissions.   

 

2.3.1 Diesel Oxidation Catalyst (DOC) 

 

The purpose of using a diesel oxidation catalyst (DOC) is to control engine 

emissions (e.g. HC and CO, and PM), several HC-derived emissions (aldehydes or PAHs 

and organic fraction of PM) and unpleasant odours of a diesel exhaust [63, 80]. The 

internal form of a DOC is similar to a monolith honeycomb substrate coated by Platinum 

(Pt): Palladium (Pd) and zeolite washcoat, with high cell density (large surface area) and 
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suitable loadings of a catalytic material, such as platinum (Pt) and/or palladium (Pd) that is 

able to almost eliminate CO, HC and much of the particulate organic fractions depicted in 

Figure 2.5. The DOC also oxidises NO to produce NO2 that can then be utilised in the DPF 

to passively oxidise soot at low temperatures [18, 19, 77].  

Several exhaust species can be oxidised by contact with the catalytic active sites 

coated on the channel walls in the DOC. Its activity depends on the exhaust gas 

temperature, the residence time of the exhaust gas in the catalyst, the level and nature of 

the gaseous and particulate matter exhaust species and inhibitions/synergies between the 

different species contained in the exhaust gas [20, 21]. Diehl et al., Al-Harbi et al., 

Patterson et al., Voltz et al. and Yao et al. [81-85] documented and modelled the 

interactions between several exhaust species within a catalyst by using synthetic mixtures 

of gases to represent engine exhaust gas to understand the DOC’s activity, and the outcome 

from these studies are agreement with role of the catalyst that used in this thesis.  
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Figure 2.5: Schematic diagram of diesel oxidation catalyst : a) a typical diesel oxidation 

catalyst; b) a larger segment of the top view of DOC; c) a cross section of a square 

monolith channel [24] 

 
A DOC with high suitable loadings of a catalytic material, such as platinum and 

high cell density, could also physically trap and oxidize the volatile component of PM [20, 

39, 86]. The majority of the studies are performed only for conventional diesel fuel [39, 40, 

87] and the issues associated with particulate matter oxidation/reduction in a DOC have not 

been addressed in depth. The pollutant removal could still take place when the exhaust 

temperature is limited, which leads to a reduction in the DOC’s activity during engine 

operation. Additionally, the conversion efficiency could be affected from different 

compounds of gaseous exhaust and soot particles. A DOC reduces the particulate matter 

(a) 

(b) (c) 
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(PM) through the oxidation of the soluble organic fraction (SOF) of PM [88]. In the case of 

solid soot particles, the oxidation catalyst can directly suffer from the soot emissions 

(produced by diesel engines) that could accumulate in the catalyst channels. The catalyst’s 

monolith channel and surface interaction with the soot particles is still the major problem 

with regards to the catalyst’s efficiency reduction [89]. Consequently, the soot particles 

could obstruct the access to the coated catalytic material (loose contact between catalyst 

and soot) and reduce the active sites in the catalyst; which leads to reduce the catalyst’s 

efficiency and possibly increase the backpressure. 

As the hot gaseous emissions pass through an oxidation catalyst, different 

exhaust pollutants will be oxidised and controlled as well as converted into harmless 

substances (carbon dioxide and water) during chemical oxidation for these emissions. The 

processes of chemical reactions for these emissions over the active catalytic sites can be 

described by the following oxidation reactions [63]: 

 HCs + O2  → CO2 + H2O (2.10) 

 

 𝐶𝑂 +
1

2
 𝑂2  → 𝐶𝑂2 (2.11) 

 

As described in reaction (2.10) and (2.11), the heat is generated (exothermic) 

during the oxidation of CO and HCs. In many modern diesel emission control systems, 

oxidation of NO to NO2 through a catalyst is considered an essential for the engine 

operation and the chemical oxidation is illustrated in equation (2.12). Furthermore, DOC 

systems are specifically designed for the generation of high NO2 in modern diesel engines 
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to support the regeneration of the diesel particulate filter (DPF) and enhance the 

  .performance of selective catalyst reduction (SCR) at low temperature

 𝑁𝑂 +  
1

2
 𝑂2  =  𝑁𝑂2 (2.12) 

 

At low diesel exhaust temperatures (about 200 °C), the oxidation rate of some of 

the exhaust gases are reduced and may pass through the catalyst without oxidation. At the 

exhaust gas temperatures (250-300 °C), the light-off (conversion efficiency) can reach the 

maximum value and the HC and CO species catalytic combustion takes place (Figure 2.6). 

The DOC light-off temperature, defined as 50% conversion, is usually located at 

temperatures higher than 200 °C. A new technology of a Pt:Pd catalyst with a new state of 

the art washcoat type was proposed for use by Johnson Matthey [90] to improve the 

catalyst oxidation activity (thermally durable) for unburned diesel fuel at low exhaust 

temperature. 

 

Figure 2.6: Catalytic conversion efficiency (light-off) of carbon monoxide and 

hydrocarbons [20] 
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In practical applications, the activity of the catalyst is reduced due to 

simultaneous thermal and chemical deactivation. There are many sources of catalyst 

deactivation such as sintering, reaction between catalytic species and the carrier, washcoat 

losses, poisoning and fouling. However, the chemical deactivation occurs when substances 

(derived from the fuels’ components, soot emissions, and lube oil components) present in 

the exhaust gases from internal combustion and chemically deactivate the catalytic sites. In 

contrast, thermal deactivation is caused due to reactions between catalytic species and the 

carrier, or by loss of active catalytic sites as well as catalyst sintering (changes in the 

structure of the catalytic component with high temperature). Furthermore, the temperatures 

between 300-700 °C can be used to decrease the rate of catalyst sintering by producing less 

mobile particles on the catalyst surface and thus allowing it to provide large active sites. 

The conversion efficiency versus temperature curve of a new catalyst is changed by 

 deactivation of the catalyst. The trend of the curve can be shifted towards higher

temperature (delay) as shown in Figure 2.7 [91]. This is due to various deactivation modes 

that affect the conversion profile of the catalyst, such as loss of active sites, increased pore 

diffusion and masking (pore blocking). 
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Figure 2.7: Effect of various deactivation modes on conversion efficiency [91] 

 

2.3.2 Diesel Particulate Filter (DPF) 

 

The DPF is the principle technology used to reduce/remove soot (solid PM) 

contained in diesel exhaust gas flow. The accumulation of the PM within the filter walls 

during the trapping process causes an increase in back-pressure. The most popular DPFs 

are the wall-flow monolith with alternately plugged inlet and outlet channels (Figure 2.8). 

This device forces the exhaust gas flow to enter the filter from the left (Figure 2.8) through 

porous walls, thus the exhaust cannot exit the cell directly. In addition, the soot particles 

are gradually reducing the pore porosity and permeability of the filter; which leads to 

plugging the filter pores (accumulated soot particles in the inlet channels of the DPF). This 

process leads to an increase in the backpressure and fuel penalty. Johnson Matthey have 

successfully designed the CR-DPF (catalysed continuously regenerating technology) which 

has shown high efficiency in removing 99% of PM by mass and 85-99% by PM number 

from the combustion of diesel fuel [76]. In Chapter 6 of this thesis DPF technology (not the 
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focus of this thesis) will be applied to remove the soot before the DOC, in an attempt to 

assess the role of soot particles on the DOC’s performance from the combustion of 

different fuels. 

 

Figure 2.8: Schematic diagram of soot particles through a diesel particulate filter (DPF) 

[92] 

2.4 SOOT FORMATION PROCESSES AND OXIDATION IN CI 

ENGINES 

The transition from the gaseous to the solid phase is known as a soot formation 

process during fuel combustion. Soot formation and oxidation begins in the fuel-rich 

premixed zone [93] due to the high-temperature of liquid fuel pyrolysis which causes the 

decomposition of fuel molecules [94]. Therefore, soot is formed from unburned fuel and 

defined as a solid substance (solid graphite) mainly consisting of around eight parts of 

carbon with a minor part of hydrogen. Choi et al. [95] reported that the density of soot is 

1.84±0.1 g/cm3. The complex phenomenon of the soot process (soot formation and 

oxidation) can be divided into several steps: pyrolysis, formation and precursors, 

nucleation, particle surface growth, particle coagulation, particle agglomeration and 

particle oxidation, as shown in Figure 2.9. The soot particles have different shapes and 
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sizes (varying from nanometres to several hundred microns). This issue has a negative 

impact on both the environment and human health and has initialised studies aiming at the 

reduction of soot generation and improvement of soot oxidation. Active soot oxidation 

(conversion carbon or hydrocarbons to combustion products) can take place at any time 

during the soot formation process and depends on the process and state of the mixture at 

the time. Furthermore, the formation and oxidation of soot are affected by in-cylinder 

temperature, when the temperature inside the cylinder reduces the soot formation and a 

significant increase in the rate of soot oxidation [14]. 

2.4.1 Pyrolysis 

 

Pyrolysis is the process of decomposition of organic material (such as fuels) in 

high temperatures without oxidation. During this process, fuels change their molecular 

structure and produce species such as unsaturated hydrocarbons, polycyclic aromatic 

hydrocarbons (PAH), and acetylene. In the first process, the molecular structure of the fuel 

is changed by exposure to the high temperatures. This process can be considered as 

pyrolysis of fuel since a significant oxidation does not occur, but may present some 

oxidation species. It is reported that the soot formation reduces with decreasing the 

residence time in the pyrolysis zone [96]. Glassman et al. [97] adds that during pyrolysis, 

radicals are formed and larger molecules increase the radical pool size. Pyrolysis increases 

at elevated temperatures in the absence of oxygen and this explains why soot is form in 

diffusion flames (no oxygen present in the pyrolysis region). Some species are produced 

such as precursors or building blocks for soot results from fuel pyrolysis.  
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2.4.2 Formation and Precursors 

 

The soot precursor particles’ stage in the diffusion flame region of ethane, 

methane, and acetylene was observed by Dobbins et al. [98]. The competition between 

both pyrolysis and oxidation rates (rate of pure fuel pyrolysis and precursor oxidation) by 

the hydroxyl radical (OH) is called soot precursor formation. The rates of soot precursors’ 

production and oxidation is largely depends on the reaction temperature (increase with 

temperature) during fuel pyrolysis, but the oxidation rate increases faster. At the high 

temperature region of the flame, the soot precursor particles underwent conversion to 

carbonaceous soot by the process of carbonization. Furthermore, the remarkable changing 

in both chemical and physical properties of precursor particles leads to their transformation 

to mature soot. However, the precursors are easier to oxidise than mature soot; it was 

suggested that soot particle formation is more reactive when maintaining low combustion 

temperature [99]. Through the reactions of PAH-PAH and the addition of acetylenes onto 

PAH molecules, the small molecules grow to form larger PAH molecules. Furthermore, 

two-dimensional PAHs are formed from a combination of larger PAH molecules which 

will be the precursors for soot nucleation. Richter et al. [94] and other studies have 

generally agree that heavy polycyclic aromatic hydrocarbons (PAHs) of molecular (weight 

500-1000 molecular amu) are the primary molecular precursors of soot particles. 

The formation and evolution of the first aromatic ring from the small aliphatic 

compound is the main part in the soot precursors’ formation, which has been established by 

several studies [94, 100]. It is reported that there is less soot precursor formation from the 

combustion of oxygenated fuels because of the remarkable effect on short chain fuel [66, 

101, 102]. Westbrook et al [33] developed a chemical kinetic model to study the detail of 

reducing the amount of soot by adding n-heptane to different oxygenated groups (ester, 
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ether and alcohol). Soot emissions are reduced from the combustion of oxygenated fuels 

and this is attributed to the decreasing of the formation of soot precursor species due to the 

carbon atoms attached to an oxygen atom which inhibiting precursors from forming. 

Pepiot-Desjardins et al. [103] simulated the effectiveness of the reduction of soot formation 

(via the reduction of the formation of precursors) in mixtures of various oxygenated fuels, 

with a base fuel comprising n-heptane and 30% by volume toluene. Later, Cheng et al. 

[101] concluded that the effectiveness of alcohol is greater than that of ether in inhibiting 

the formation of precursors.  

2.4.3 Nucleation/ inception of Particles 

 

The nucleation process is defined as transitions of gas-phase precursors to the 

first particles (soot particle growth) which can occur at flame temperatures higher than 

1300 K [14, 104]. The process of particle inception starts from the smaller fuel molecules 

after oxidisation and pyrolysis of the fuel [96]. The nuclei step is the process of the 

condensation reactions of gas phase species which lead to the first recognizable soot 

particles. This process generally involves the addition of small hydrocarbon radicals 

(acetylene and other precursors in the gas phase) to aromatic large molecules until they 

reach sufficient size to become a core particle with a diameter in the range of 1-2 nm [96] 

and 1000 amu [56]. The study presented by D’Anna et al. [105] proposed a model to 

describe the chemical growth for soot nuclei formation. Aromatics are rapidly formed in 

the main flame region according to the D’Anna model and they grow up to 2-, 3-rings 

attaining a concentration level in flames. The nucleation is still a complex process in the 

soot formation development and remains the least understood step during soot formation.  
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The particle core contains a large proportion of hydrogen (rate carbon/hydrogen) 

and later in the stage of surface growth will gradually decline (to about eight parts of 

carbon and hydrogen) [14]. Furthermore, the small size of these particles will not 

contribute significantly to the total soot mass [96], but they have a very significant 

influence on the final production of soot, as they act as nuclei for further growth surface. 

The nucleation occurs near the primary reaction zone where the temperature and the 

concentration of radicals and ions are maximum, for both premixed flames and diffusion 

[14]. Only nucleation rates are different depending on the amount of fuel-rich regions, and 

the amount of formed particle species in the previously mentioned processes (formation of 

precursors, formation of the first aromatic ring and growth PAHs). The nucleation particles 

are dependent on growth PAH and attached together with other PAHs to form nuclei 

particles. The nucleation/inception of particles (formation of precursor and involved in the 

growth of PAH species) from the oxygenated fuels is lower during the combustion process 

than for conventional diesel fuel.  

2.4.4 Soot Particle Surface Growth  

 

In this process, the soot mass is added to the surface of nucleated soot and the 

majority of soot mass (solid phase material) is generated in this step. Therefore, surface 

growth involves the attachment of gas phase species to the surface of the particles which 

comprises their incorporation into the particulate phase [94]. It is suggested by Harris and 

Weiner [106] that acetylene is the dominant growth species which makes the main 

contribution to increasing the soot mass. The general agreement in this process is that the 

major species in hydrocarbon flames is acetylene (C2H2); surface growth occurs by 

reactions of certain compounds in the gas phase through the reactive sites on the surface of 
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soot particles, which appear to be mostly acetylenes [56]. Hence, the soot mass is increased 

in this process, while the trend of the number of primary particles remains constant. 

  This stage usually occurs simultaneously to nucleation and in reality, the two 

processes are concurrent, as there is not clear distinction between the end of the nucleation 

and start of surface growth. Therefore, the length of the particles formation is important at 

this stage to determine the mass and volumetric amount of soot; whereas the number of 

particles is not affected by this process [96]. The surface growth rates of smaller particles is 

higher than the larger particle size because they have more active radical sites per unit 

mass [14]. 

Frenklach et al. [107] employed a simulation model to study the growth of PAHs 

and soot formation and also to calculate the growth rate of soot particles. They used the 

Monte Carlo method (or Monte Carlo simulation) to simulate collisions between the 

reactive species H, H2, and C2H2 with the surface of the soot particles [51]. 

2.4.5 Soot Particle Coagulation 

 

The growth of the primary particle can be produced by surface or by coagulation 

growth. Coagulation or coalescence occurs after collision between two approximately 

spherical primary particles to yield a larger single spherical particle via the physical 

process of coagulation [14, 108]. Therefore, the collisions between particles leads to a 

reduction in the numbers of soot particles, but an increase in the size of the particles, while 

maintaining a constant total of soot mass [96]. The particles are usually assumed to be 

spherical in this regime because they collide and coalesce to form new spherical particles. 

Regarding the fuel effect in this process, it is reported that the fuels with no aromatic 

content such as those obtained by the Fischer-Tropsch process and oxygenated fuels, 
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produced lower core soot, and therefore the rate of coagulation between particles is less 

than that for conventional diesel. 

2.4.6 Soot Particle Oxidation 

 

This process can be occurring at any time during the soot formation, the process 

of soot particle and PAH oxidation process is parallel to the surface growth. Soot oxidation 

starts from fuel pyrolysis to the agglomeration process and takes place when the 

temperature is higher than 1300 K. During fuel combustion, most carbon or hydrocarbon is 

converted to combustion products through the post-oxidation process; which generally 

become CO (partial oxidation), CO2 (full oxidation), and H2O. [14]. The oxidation process 

is divided into stages; (1) chemical oxygen with the attached fuel component (absorption); 

(2) desorption of the oxygen with the attached fuel component. The potential oxidation 

reactants of soot are molecular oxygen (O2), radical (OH), and under fuel-rich and 

stoichiometric conditions. Furthermore, OH is mostly the largest contributor to the soot 

oxidation process under fuel-rich conditions via oxidative destruction of precursors; while 

soot is oxidised by both OH and O2 under fuel-lean conditions [14, 94]. In addition, 

Haynes and Wagner [96] stated that about 10-20% of all OH collisions with soot could be 

effective at gasifying a carbon atom. Kennedy et al. [56] pointed out that other oxygenated 

species included O atom, H2O, and CO2 under some conditions probably have a vital role 

in soot oxidation. The time required for soot oxidation is highly dependent on two main 

factors: the mixing rate and temperature mixture. It is mentioned by Glassman et al. [109] 

that the temperature required for particulate oxidation is higher than 1300 K. According to 

the previous reports, soot formation rate reduces significantly with higher temperature 

during post-oxidation while increasing the oxidation rate [110]. 
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Puri and Santoro [111] concluded that OH is an important for soot oxidant, 

particularly in areas of high temperature and low ratio A/F diffusive flame. Also, it is 

mentioned that the OH radical appears to be the main oxidant in stoichiometric and rich 

fuel conditions [14]. The use of oxygenated fuels leads to the reduction of the formation of 

precursors’ soot and it also has a beneficial effect for the soot oxidation process. For 

example, the work by Cheng et al. [101], they studied the effect of various oxygenated 

groups on soot particle production; it was concluded that the use of oxygenated fuels 

increases the production of radicals such as O, OH and HCO, which enhances the oxidation 

of precursors and aromatic compounds. This leads to decreasing rates of nucleation and 

surface growth of soot particles. A phenomenon that should be considered in the oxidation 

is the aggregation or agglomeration.  

Several documents [77, 101, 112] reported that combustion of oxygenated fuels 

(e.g. biodiesel and butanol blends) improved the oxidation of the soot particles more than 

the combustion of conventional diesel fuel (without oxygen content in the fuel molecule). 

It is anticipated that better oxidation is related to the greater amount of oxygen found in the 

surface of the primary particles, which makes them form a capsule type structure with an 

inner hole in the outer surface of the primary particle, and allows faster access of oxygen 

into the particle. Consequently, the soot particles are oxidized at a lower temperature and in 

less time. 

 

2.4.7 Soot Particle Agglomeration and Aggregation 

 

Although the concepts of agglomeration and aggregation are slightly different, 

both processes occur by particles combining into a single bigger spherical particle. 
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Furthermore, an aggregation is a combination of two roughly spherically shaped particles; 

while agglomeration occurs when primary particles stick together to form a cluster of soot 

(large group of primary particles) which may not be spherical. Agglomeration is the 

extension of the soot particle coagulation process. The soot particles may form a chain of 

discrete spherules (spherical agglomerate of particles) at a final stage of agglomeration, 

which is likely to be due to electrostatic activity [113]. In most situations, the terms 

aggregation (aggregate) and agglomeration (agglomerate) are used interchangeably to refer 

to the result of collisions and coalescence between particles. 

The soot particles combine together to form chain-like structures; it has been 

observed in some cases that they have a clumping form. It is reported that the primary 

particles have a spherical shape from the diesel engine, which then agglomerate to form 

long chain-like structures [14]. The size of the primary soot particles depends on the 

operating condition, injection type and injection conditions. It ranges between 20 to 50 nm 

with an average diameter of about 30 nm as documented by Lee et al. [114] and Bruce et 

al. [115]. The shape of the particles’ agglomeration is seen to be chain-like at the end of 

combustion and typically ranges in size from 100 nm to 2 µm [116]. Once the primary 

particles have formed, larger compounds of several sizes of primary particles collide 

together to forming agglomerates. Hence, the collisions between the primary particles and 

agglomerates and then collisions between agglomerates together may occur. This is 

depending on the relationship between the particles’ distance, size of the particle, 

agglomerates between successive collisions, pressure and temperature. There are different 

types of agglomeration shape depending on the fractal dimension (Df) [117]. 

In most of the references, the values of the fractal dimension are obtained 

from two-dimensional images by using a TEM (Transmission Electronic Microscope). The 
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values of the fractal dimension depend on the engine type, mode of operation and fuel 

used; the type of the majority of the collisions was found from the final shape of the 

agglomerates [114, 118]. A brief literature review will be presented in this chapter which 

will show and discuss the fractal dimension values. 

 The fuel properties can exert some effect on the agglomeration according to the 

size and number of the primary particles. For example, the combustion of oxygenated fuels 

produces a lower number of primary particles than conventional fuels and a smaller size of 

primary particles, as well as the agglomerates also being less [77, 119]. It is believed that 

for diesel combustion the enhanced net formation rate of particles increases the likelihood 

of collisions and further aggregation, leading to a higher number of primary particles.  
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Figure 2.9: Schematic representation of the fundamental formation and oxidation mechanism of diesel soot particle in combustion [94, 120] 
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2.5 SUMMARY OF SOOT FORMATION PROCESS 

 

Figure 2.9 displays an indication of the changes that occur in soot formation 

processes with time from the pyrolysis process to soot agglomeration, within the diesel 

combustion process. Amann et al. [113] indicated that a complex series of chemical and 

physical processes represent the steps of soot formation and oxidation which may occur 

concurrently in a given elemental mixture packet. Under a normal operating condition, the 

elementary soot particles from various combustion processes do not show much variation 

in size within the range of 20-40 nm. The size of soot particles (primary and agglomerated) 

from different combustion systems are listed in Table 2.1 with different measuring 

methods. For example, the average size of primary soot particles and agglomerated soot 

from engine-out can be in the range of (10 to 70 nm) and (100 to 300 nm) respectively as 

shown in Table 2.1. 
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Table 2.1: Size of primary and agglomerated soot particles from different combustion 

systems using different measuring methods 

Type of 
combustion 

Method of  
measurement 

Soot 
primary size 

(nm) 

Soot 
agglomerate 

size 
Ref. 

In-cylinder 

Optical diagnostic 
(scattering/extinction, 
& radiation/scattering) 

10-40 nm  [121] 

Optical diagnostic 
(scattering/extinction, 
& radiation/scattering) 

10-40 nm  [122] 

Laser-induced 
incandescent (LII) 30-100 nm  [123] 

Time-resolved laser-
induced incandescent 
(TR-LII) 

25-80 nm  [124] 

Engine out 

Transmission Electron 
Microscopy (TEM) 17.5-32.5 nm  [125] 

Scanning Mobility 
Particle Analyser 
(SMPS) 

 

10-400 nm 

Peaks around 
50-60 nm 

[125] 

Scanning Mobility 
Particle Analyser 
(SMPS) 

 

7-250 nm 

Peaks around 
50-90 nm 

[126] 

Scanning Electron 
Microscope (SEM) 

35-45 nm 
(SMD)  [127] 

Centrifugal 
sedimentation analysis  120 nm [127] 

Scanning Mobility  
Particle Analyser 
(SMPS) 

 10-500 nm [127] 
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Transmission Electron 
Microscopy (TEM) 

10-45 nm 

(mean 25 
nm) 

 [55] 

Scanning 
Mobility Particle 
Analyser (SMPS) 

 10-120 nm [128] 

Transmission Electron 
Microscopy (TEM) 10-50 nm  [124] 

 

2.6 SOOT PARTICLE MORPHOLOGY AND NANOSTRUCTURE 

 

Due to the stringency of the forthcoming emissions’ regulations, engine 

manufacturers have focused more attention on diesel exhaust particles (mass and number) 

because it’s now considered a serious problem in diesel engines [129]. The physical 

properties of soot particles can be described by the measurement of the total mass, number 

concentration and size distribution through the exhaust gas pipe. A scanning mobility 

particle sizer (SMPS) is used to measure the particle size distribution (PSD). More detailed 

information can be obtained by collecting soot particles by inserting a TEM (Transmission 

Electron Microscopy) compatible grid (copper grids) into the tailpipe flow of an engine 

and then analysing them by HR-TEM (high resolution transmission electron microscopy) 

imaging [55, 125, 130]. Hence, TEM analysis is considered the best method for analysis of 

soot particles and it has been widely used to better understand soot particle morphology. 

However, the TEM image technique has been improved by the increase in the level of the 

magnification of the microscope, which reveals the structure of soot particles along the axis 

of tailpipe emissions during the combustion process. Furthermore, it shows the shape and 
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internal structure (with high magnification) of the primary particle composed from an 

agglomerate of soot particles (see Figure 2.10 a-c).   

 

Figure 2.10: Sizing method of primary soot particles from diesel fuel combustion [77, 
117] 

 

2.6.1 Soot Particle Morphology  

 

As discussed above, the fractal dimension parameter is used to quantify the 

irregularity of particles. This section provides a brief literature review on the effect of the 

mode of operation and fuel on parameters related to the morphology of the soot 

agglomerates (see equation (2.13)), such as fractal dimension (Df), the average number of 

primary particles (npo), and radius of gyration (Rg). Lapuerta et al. [117] presented a 

method to obtain the morphological parameters (e.g. Df , Rg, and npo) of individual 

agglomerates. Soot particles generated from diesel combustion have a fractal structure that 

(a) 

(b) 

(c) 

10 nm 
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can be characterised based on the following power law relationship, as shown in equation 

(2.13). 

 𝑛𝑝𝑜 = 𝐾𝑓 (
𝑅𝑔

𝑑𝑝𝑜
)

𝐷𝑓

 (2.13) 

 

Where npo is the number of primary particles; Rg is the radius of gyration of the 

agglomerate; Kf is the dimensionless prefactor of the power law relationship; and dpo is the 

average diameter of the primary particles. It reported that the fractal dimension decreased 

with the increasing of both air/fuel ratio and exhaust gas recirculation (EGR) [68]. On the 

other hand, the fractal dimension increases with a higher engine load. The distance 

between the centroid of the aggregate and the centre of primary particles is defined as a 

radius of gyration. It is reported that the overlapping factor should provide variations (0-

0.8488) depending on the number of primary particles and fractal dimension of the soot 

agglomerate [117]. Medalia and Heckman [131] proposed the overlapping effect by means 

of another type of expression as explained below.  

 𝑛𝑝𝑜 =  (
𝐴𝑝

𝐴𝑝𝑜
)

𝑧′

 (2.14) 

 

Where z’ is the overlapping through a potential expression and also defined as an 

overlapping exponent. The overlapping exponent has different values according to the 

literature; for example, Medalia and Heckman [131] proposed that z’ = 1.15, while it is 

coincidentally obtained by many authors [132-134] that z’ = 1.09 from different 
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experimental procedures. Finally, Meakin et al. observed that for a fractal dimension 

higher than 2, the exponent appeared as z’ = Df / 2. 

 𝐾𝑓 . (
𝑑𝑔

𝑑𝑝𝑜
)

𝐷𝑓

=  (
𝐴𝑝

𝐴𝑝𝑜
)

𝑧′

 (2.15) 

 

The size and morphological characteristics of the soot particles is studied via a 

heavy engine by Lee [114, 135] and a light engine by Zhu et al. [136] in different modes of 

operation. Lee et al. [114, 135] analysed the effect of engine speed on morphological 

parameters, and they concluded that the dominant factor on the primary particles is the 

pressures and temperatures reached in the cylinder. Lapuerta et al. [68] presented results on 

the effect of the air/fuel (A/F) ratio, EGR, and engine speed on the number of primary 

particles that make up the agglomerates. They found that the number of primary particles 

decreases exponentially with the increasing of the A/F relationship; while it increased with 

the increasing of the EGR. Also, there was an increase in engine speed resulting in a slight 

decrease in the number of primary particles, because the less time available for collisions 

between particles resulted in a lower number of collisions and therefore agglomerates were 

formed by a smaller number of primary particles. Ishiguro et al. and Al-Qurashi et al. [130, 

137] showed that the physical properties of the soot were strongly influenced by exhaust 

gas recirculation (EGR), which leads to enhanced soot oxidation rates [130]. The oxidation 

behaviour of the diesel soot decreased as the time of regeneration increased during the 

regeneration process of a DPF [138]. 

The fractal dimension can be calculated from the soot agglomerates that collect 

from the exhaust gas (see the methodology in Chapter 3). It is stated that the values of the 

fractal dimension of the agglomerates from a light engine are consistently lower than those 
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of a heavy engine [136]. The Df is calculated by a method published in [117] (the same 

used in this thesis) from the radius of gyration and projected agglomerates using TEM 

micrographs for the area and the number of primary particles.  

Luo et al. [139] calculated the Df of soot agglomerates that collected in diluted 

conditions from different vehicles, characterized by having a different number of cylinders. 

In addition, the values of the fractal dimension were obtained in the range between 1.64 

and 1.77, matching values with those obtained in a study where agglomerates were 

collected in an undiluted condition. Furthermore, it was found in the same work that the 

fractal dimension is approximately constant with the same number of cylinders; while if 

increasing the number of cylinders, the volume of each cylinder leads to increases in the 

fractal dimension. This is due to greater volume per cylinder which results in more power, 

higher temperature, producing more efficient combustion, and increased oxidation. 

Park et al. [140] also calculated the fractal dimension and density of 

agglomerates effectively emitted by a diesel engine in different modes of operation. The 

fractal dimension is calculated from the relationship between the diameter and 

mass mobility, by a SMPS system and APM (Aerosol Particle Mass Analyser), as well as 

obtained from TEM micrographs using an agglomerate in diluted conditions. In operating 

modes tested, it concluded that fractal dimension decreases with the increasing of 

the degree of loading and this is in agreement with Maricq et al. [141]. In fact, Virtanen et 

al. [112] obtained fractal dimensions between 2.6 (high load) and 2.8 (low load) and these 

are larger than the other studies presented. However, the decrease of the fractal dimension 

with the degree of loading is justified because a higher degree of load implies an increase 

in fuel consumption and a decrease in the air/fuel relationship. This results in an increase in 

the number of primary particles and the agglomeration produces irregular particles with 
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less fractal dimension. In the case of oxygenated fuels, Song et al. [142] and Fayad et al. 

[77] indicated that the combustion of oxygenated fuels produced a lower number of 

primary particles, radius of gyration, and fractal dimension of the soot agglomerate than in 

the diesel fuel combustion. 

2.6.2 Soot Particle Nanostructure 

 

Both the size of the primary particles and the microstructure are the result of 

formation processes of precursors, nucleation, surface growth and oxidation, and therefore 

monitoring or observing these features leads to obtaining information about how were 

these processes. Over the years, knowledge and interpretations related to the 

microstructure/nanostructure of the primary particles have changed and there have been 

new techniques incorporated along with micrographs obtained by TEM to discover more 

information about soot particles. The structure of soot particles emitted from the 

combustion of diesel engines can be analysed from high resolution TEM images (see 

Figure 2.10-(b) & (c)) by using HR-TEM. Usually, the soot agglomerate particles consist 

of tens to hundreds of primary particles agglomerated together, forming chain-like 

structures. The primary particles are considered to be the fundamental unit of the soot 

agglomerates with diameters of 10-50 nm (composed of elemental carbon). The 

nanostructure of primary soot particles is formed from long fringes arranged concentrically 

at the edges and short fringes randomly oriented in the centre [143]. A significant amount 

of the soot formed is subsequently oxidized in the diesel combustion process. The varied 

oxidation rates that were observed in the literature from using HR-TEM images can be 

attributed partly to the differences in nanostructure between the soot particles. The end of 

soot’s nanostructure develops during the inception and growth events. Also, it was found 

that the interlayer spacing of the carbonaceous soot was in the range of 0.365 nm and this 
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value is higher than graphite at a value of 0.3354 nm. Many of the studies have been 

devoted to investigating the effects of fuel composition with additives and engine operating 

conditions on soot formation, through experiments and soot models [56, 144, 145]. 

Meanwhile, less attention has been given to the impact of these parameters on soot’s 

nanostructure.  

Lipkea, et al. [146] and Kawaguchi, et al. [147] proposed some basic information 

about the microstructure of primary particles. The fundamental structure of the primary 

particle is atomic, forming carbon networks of a multitude of hexagonal cells, which in 

turn are joined together to form graphene sheets (Figure 2.11-(a)). Furthermore, these 

graphene sheets join together to form crystals (Figure 2.11-(b)), which in turn bind with 

different orientations to form primary soot particles (order of 103- 104 crystals and 105-106 

carbon atoms per primary particle) (Figure 2.11-(c)).  

 

Figure 2.11: Schematic of primary soot particle formation (strucure); adopted from [148] 

 

The platelet represents the basic unit of the crystallites which is a hexagonal 

face-centred array of carbon atoms. The HR-TEM image shows the internal structure of a 
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soot particle; which includes the outer shell and inner core as shown in Figure 2.12. The 

structure of the outer part of the spherule is rigid, more than the inner core and for this 

reason the inner core is considered structurally less stable. 

 

Figure 2.12: HR-TEM shows the diesel particle with finer resolution [149] 

 

The parameters of size, orientation, and organization of the graphene layers 

represent soot nanostructure. In another common study related to soot nanostructure, Lee et 

al. [135] analysed the nanostructure properties of diesel soot by using HR-TEM and Raman 

spectroscopy. Al-Qurashi et al. [130, 150] showed that the nanostructure of soot particles 

(average number of graphene layers) changed according to the rate of soot oxidation. The 

nanostructure parameters of soot particles (Figure 2.13) such as interlayer spacing (d002), 

thickness of the graphene layer (stacking height) (Lc) and the crystalline basal plane 

diameter (La) are derived from an HR-TEM image [151-153]. High-resolution transmission 

electron microscopy provides direct information on the graphene layers of soot particles 

[130, 154, 155].  
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Figure 2.13: Schematic diagram of magnified extracted structure showing example 

measurement of microstructure parameters (diesel combustion): interlayer spacing (d002) 

and lattice length (La) [77] 

 

The microstructure of the primary particles is similar to that of graphite, in which 

the crystal lattice is formed as hexagonal structures which are defined as graphene sheets. 

In the case of the diesel particulate, some authors agree that the diesel soot inter-layer 

distance is similar to that of graphite structures [156], and also have stated by others that 

the different heat treatments of particles can change the internal structures (number of 

layers, length and alignment) [157]. When the crystal orientation is random and 

unsystematic it will lead to a different form of soot structure such as onion-like 

morphology, which proposed by [154, 158, 159] as shown in Figure 2.14-(a). Lipkea et al. 

[146] observed that some soot structure occurs less frequently than others (turbostratic 

graphite structure) and is formed by small plates of undefined orientation (see Figure 2.14-

(b)). Crookes et al. [160] and Zhu et al. [161] suggested that soot structure has purely 

turbostratic layers (see Figure 2.14-(c)); while other authors observed that primary particles 

from diesel engines have two distinct regions (inner core and outer shell) [73, 154, 162-
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164] (see Figure 2.14-(d)), which are formed by multiple spherical nuclei surrounded by 

several graphite layers (multi core structure).  

 

Figure 2.14: Types of internal structures (microstructure) of the soot primary particles: (a) 

onion type structure, (b) turbostratic graphitic structure, (c) purely turbostratic structure, 

and (d) multi core structure [55] 

 

The interlayer spacing and internal structures of primary soot particles are 

measured from TEM images with high magnification (Figure 2.13, left), which allows the 

assumption that the particles are formed by spherical layers. The interior layers of soot 

particles are easily oxidizable; whereas the outer region has a rigid structure [165]. This 

seems to indicate that the primary particles can be easily oxidized at the beginning of their 

formation (before this structure becomes more rigid) [166]. Vander Wal et al. [163] studied 

the microstructure of the particles that collected in a DPF; it has been found that particles 

have a crystalline structure in the outer region, while the inner region appears to be hollow. 

The inner and outer regions of the crystalline structure are greater or lesser extent structure 

depending on the degree of oxidation (oxidation rate), which it has been subjected in the 

DPF. Therefore, the microstructure of the diesel primary particles may be different in terms 

of the distance between the sheets forming the crystals; while the orientation can determine 

the degree of crystallinity of the particles. Additionally, all these aspects seem to present 



CHAPTER 2: LITRATURE REVIEW 

58 
 

more variation depending on the fuel and modes of engine operation, which defines the 

orientation of the crystals. This can provide information on how they have been through 

the processes of particle formation among other things such as oxidation/reactivity of soot. 

Most studies find that particles produced from a low load of engine operation are more 

reactive than at high load [167]. The reactivity of soot particles depends on the temperature 

and time necessary to oxidize the soot [142, 158, 168, 169]. For example, a microstructure 

with a high degree of organization would be more difficult to oxidize due to lower 

temperature and shorter time for soot oxidation [142, 158]. 

Soot planar graphitic layers are less reactive than soot and are more curved and 

disorganized. It is reported that there is a great difference in soot structure derived from 

different fuels [169]. The different organisation of soot from different fuels is a feature of 

the crystallite structure of soot particles. It was found by Vander Wal and Tomasek et al. 

[169] that there is a remarkable difference in soot microstructure and correspondingly 

oxidation rates from pyrolysis of benzene, ethanol, and acetylene under the same operating 

conditions. Soot nanostructure from benzene fuel combustion has a lesser degree of 

curvature than that for acetylene soot.  

Boehman et al. [168] studied the effect of oxygenated fuels (mixture of 20% 

biodiesel with diesel) on soot oxidation and reactivity. The authors concluded that the 

particles’ oxidation was emitted from the combustion of biodiesel more easily than to the 

diesel fuel combustion. In other work by Fayad et al. [77], it was established that the 

particles emitted from the combustion of a butanol blend were easier to oxidise than those 

emitted from the combustion of biodiesel and conventional diesel. The oxygenated fuels 

begin by the oxidation of the outer surface of the primary particles (which is in contact 

with oxygen). This outer part of soot particles usually has an onion type structure and 
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therefore is difficult to oxidize. The oxygen molecules’ content in oxygenated fuels can 

reach inside the primary particle that have structure which is more disordered than the 

external layer (more rigid) in which approximately 75% is reached by oxidation. The 

characteristic of particulates from butanol blend reach this stage of the oxidation process 

before those issued by diesel fuel, due to groups as many oxygenates present on the surface 

of the particles. Also, Raman spectra have showed that the butanol-diesel blend (20% and 

100) produces soot with of more disorder than soot produced from diesel fuel combustion. 

Therefore, the oxidation stage of the inner part of the particle leads to a large decrease in 

the mass of particles but not the diameter. Subsequently, coalescence occurs between the 

surfaces of the various primary particles at the last step of oxidation and takes minimum 

energy for configuration. 

2.7 RENEWABLE FUELS IN DIESEL ENGINES 

 

A renewable fuel is defined as a fuel synthesized from a sustainable source (from 

biomass source) with no adverse effects on engine operation and maintenance. It is more 

attractive and has a lower environmental impact [170] in terms of exhaust emissions than 

the other potential energy sources because it delivers a similar performance to the diesel 

fuels. Biofuel production is derived from various sources and can be considered as a 

short/medium term alternative to diesel fuel in the future energy chart. Nowadays, 

bioalcohol and biodiesel are receiving wide attention as well as having the largest 

production and consumption rate in the world fuel market in terms of the transport sector. 

The European Union market targets for biofuels to be available in the transportation sector 

by up to 10% by 2020. Biofuel production statistics in European countries in 2014 are 

shown in Figure 2.15 and there is a high level of production in Germany and Spain 

compared with the rest of Europe. Furthermore, the transformation of vegetable oils is the 
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most common process to produce biofuel by the transesterification process; while 

bioalcohol can be produced via the alcoholic fermentation of sugar rich cereal crops. The 

first generation biofuels (biodiesel and bioalcohols) are generally obtained from edible 

feedstock. To increase the amount of biofuel, new technologies are being developed to 

produce second-generation biofuels which can be achieved by utilising non-edible 

feedstock (waste cooking oil, jathropa, castor oil and grease tallow) to reduce the 

competition with food production.  

 

Figure 2.15: Biofuel production statistics in European countries in 2014, [171] 
 

2.7.1 Butanol as a biofuel in diesel engines (production and combustion) 

 

Butanol (first-generation fuel) is a competitive candidate to be used in engines 

and can be produced from fermentation of renewable feedstock [5, 172]. It can be produced 



CHAPTER 2: LITRATURE REVIEW 

61 
 

from maize, sugar cane, sugar beets and conventional production processes. Furthermore, a 

lignocellulosic process can be used to produce butanol through the fermentation because it 

has the ability to diversify potential feedstocks for bioalcohols enormously. In diesel 

engines, butanol has also been considered as a feasible fuel for use due to its higher energy 

density, higher miscibility in diesel fuel and better blending stability than ethanol [12, 173]. 

A ternary blend alcohol-diesel-biodiesel is considered to compensate for the low cetane 

number and lubrication properties of the alcohol fuels. On the other hand, the engine 

performance, exhaust emissions, lubricity and fuel miscibility are affected by variations in 

butanol composition in fuel blends [174, 175]. Some properties of butanol fuel such as its 

short chain and oxygen content can provide a significant reduction in unburnt 

hydrocarbons (HCs), PM and carbon monoxide (CO) emissions [12, 176]. 

In particular, butanol has good indissolubility (alcohol molecules contain alky, 

hydroxyl, and length of carbon chains) with diesel fuel and it can be blended with diesel 

without co-solvents. Yao et al. and Dogan [177, 178] studied the performance and 

emissions of a direct injection diesel engine fuelled with different butanol percentages (0%, 

5%, 10%, 15%, and 20%) in diesel fuel. However, the butanol showed similar thermal 

efficiency when used in compression ignition engines [11, 179] compared to that of diesel 

fuel, due to the presence of the oxygen content in the molecule fuel and the high burning 

velocity of butanol [180]. Furthermore, more oxygen content in butanol allows cleaner and 

more complete combustion, which enhances soot oxidation, as well as more premixed and 

lower C/H; which can be another reason used to support the soot emissions’ reduction. As 

a consequence, it is reported that a butanol blend produces lower PM (number, 

concentration, size) in an internal combustion engine than conventional diesel fuel [77]. 

Likewise, oxidation rates inside the crucial zones increase with higher temperature and 

lower C/H ratio [12].  
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Also it is reported that the THC emissions level is higher from the combustion of  

ethanol blends than butanol blends, due to the higher heat of vaporization of ethanol [5]. 

Furthermore, it is indicated that ethanol blends’ combustion produces lower carbon 

monoxide (CO) emissions than diesel fuel combustion and higher than butanol blend [181, 

182]. On the other hand, regarding to the CO, it is suggested that butanol blends in some 

cases increase the CO emissions due to the heat of vaporization [183].   

The NOX in the exhaust is considered as one of the most difficult substitutes to 

be reduced in IC engines. Butanol blends have conflicting effects on NOx emissions in 

diesel engines as suggested by some researchers [10, 12, 184]. However, the temperatures 

inside cylinder, oxygen concentration and residence time for the reaction to take place are 

significant parameters which can affect NOX formation. Also, the relatively low cetane 

number of butanol has a potential to increase the ignition delay which results in increasing 

the combustion temperatures (premixed combustion mode) and this leads to higher NOX 

emissions. Additionally, the oxygen content in butanol could be another reason it assists in 

the NOX formation inside the combustion cycle. Another work by Xing-cai et al. and Li et 

al. [10, 184] documented that the high heat of vaporization of butanol tends to decrease the 

flame temperature, which results in lower NOX emissions. 

2.7.2 Butanol- diesel blends  

 

Butanol has excellent properties (including good stability, higher energy density, 

good indissolubility, reduced ignition related problems, and provides easy distribution 

through existing pipelines) and is thought to be an important future fuel [185, 186]. Higher 

miscibility of butanol in diesel fuel at any percentage without a blend stability problem 

over a wide range of temperatures and water content when compared with ethanol [187]. 
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The physical and chemical properties (cetane number, heating value, and bulk modulus 

related to the density) which have a direct noticeable effect on emissions and combustion 

characteristics of a diesel engine are listed in Table 3.3 (in Chapter 3). However, biodiesel 

can be added to the blend (alcohol-diesel blends) to avoid any problems caused by the 

density of fuel blends. 

To define the percentage of butanol in diesel fuel, B factor is commonly used to 

classify the blend, such as B20 which composed of 20% butanol and 80% conventional 

diesel. The low cetane number in some of alcohols will reduce the total cetane number of 

the fuel blends and this is not recommended for use directly in an engine without 

modification. He et al. [183] recorded that ethanol reduced the cetane number by 10% 

when blended more than 10% with diesel fuel. A consequence of that, the longer carbon 

chain and high cetane number of butanol, can be more attractive than the shorter carbon 

chain of ethanol for use in diesel engines. 

2.7.3 Biodiesel 

2.7.3.1 Biodiesel production and motivation 

 

Biodiesel is a fuel produced from straight vegetable oil, waste cooking oil, 

animal (oil/fats), tallow and renewable resources; it can be considered an environmentally 

friendly alternative fuel. Also, it is the most important biofuel in European countries and 

represents around 80% of the total transport biofuels market. In the EU, biodiesel was the 

first biofuel used as a fuel in the transport sector in the 1990s. Figure 2.16 shows how the 

biodiesel production increased in the EU, mainly in Germany, Spain, and Benelux. 
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Figure 2.16: Biodiesel production in the EU from 2009 to 2016 [188] 
 

The production of a sample form of biodiesel is outlined in Figure 2.17. 

Renewable feedstock in the form of triglycerides reacts with an excess of alcohol in the 

presence of a catalyst to yield biodiesel with a high oxygen content, which reduces the 

viscosity and degradation of renewable feedstock in the form of triglycerides [189]. The 

biodiesel supply and demand in the EU are illustrated in Figure 2.18. 

 

Figure 2.17: Transesterification reaction [190] 
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Biodiesel can be used directly in compression ignition (CI) engines or by being 

blended with petroleum diesel at any percentage level to create a biodiesel blend with little 

or no modifications [191]. To meet the European standard EN 14214, a pure form of 

biodiesel (R100) or neat biodiesel (rapeseed crop) is used as an automotive fuel. Table 2.2 

presents the specific fatty acid profile of rapeseed methyl ester, reference [192] is from a 

recent work (RME used in Chapter four). The physical and chemical properties of neat 

RME and the blend are detailed in Chapter 3 (Table 3.3). In addition, biodiesel is simple to 

use and has advantageous properties (high oxygen content, biodegradable, nontoxic, good 

lubricating properties) which can be a benefit for complete combustion in diesel engines [5, 

32]. The chemical composition of biodiesel depends on the source of feedback which is a 

mixture of saturated and unsaturated methyl esters.  

Table 2.2: Fatty acid profiles of Rapeseed Methyl Ester (RME) 

Fatty Acid 

RME 

Structure 
References 

 [193]  [194]  [195]  [192] 

Myristic acid C14:0 0.0 - 0.1 - 

Palmitic acid C16:0 5.0 3.3-6.0 4.4 4.51 

Palmitoleic acid C16:1 - 0-3.0 - - 

Stearic acid C18:0 3.0 4-6 1.5 1.47 

Oleic acid C18:1 59.0 52-65 63.4 63.12 

Ricinoleic acid C18:1 OH -   - 

Linoleic acid C18:2 21.0 18-25 19.9 19.85 

Linolenic acid C18:3 9.0 10-11 7.9 9.03 

Gadoleic acid C20:1 1.0 - - 0.55 

Erucic acid C22:1 1.0 - - 1.47 
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Figure 2.18: Development of biodiesel trend for supply & demand EU (Million Liters)

[188] 

2.7.3.2 Engine emissions from first generation biodiesel combustion 

 

Biodiesel (RME) combustion and emissions in direct injection CI engines have 

been studied by many authors in the case of pure biodiesel or blends with petroleum 

derived diesel [77, 182, 196-198]. Higher fuel consumption was recorded with biodiesel 

compared to diesel, to produce the same power output due to the lower heating value [199, 

200]. Furthermore, biodiesel has a higher cetane number and higher bulk modulus which 

can improve the combustion process due to an advance in the start of combustion.  

It is reported in the majority of the publications that biodiesel contributes to 

reduce gaseous emissions (THC and CO) and to produce less soot emissions but gives a 

minor increase in NOX emissions [196, 201-203]. Additionally, many researchers have 

reported that the higher oxygen content of biodiesel is an important factor contributing to a 

reduction of THC and CO emissions, compared to diesel fuel operation. On the other hand, 
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there are some works which disagree and show no reduction in CO emissions [204, 205]. 

Numerous researchers have documented that significantly lower solid emissions 

(soot/carbon) are produced from biodiesel combustion with a higher portion of unburned 

fuel in the soluble organic fraction (SOF) [32, 74, 206]. Schaberg et al., Lapuerta et al., and 

Tsolakis, et al. [55, 198, 207] reported that the properties of biodiesel such as higher 

density and higher bulk modulus can affect the engine operating conditions (start of 

injection timing, injection pattern and the amount of injected fuel). However, it has been 

shown that there is no difference recorded in injection timing in a high pressure common 

rail diesel engine between biodiesel and diesel fuel [208]. 

2.8 EFFECT OF FUEL INJECTION STRATEGY ON SOOT 

EMISSIONS IN DIESEL ENGINES 

The common rail fuel injection system is widely used in diesel engines, due to its 

capability of controlling the injection parameters (injection pressure, timing, duration and 

number of injections). Therefore, this system is able to inject fuel at high pressures, select 

the number of injections as well as splitting the injections, which can effectively control 

the spray characteristics and the combustion process [47].  A wide range of injection 

pressures can be used in common rail systems and this expands the potential for reducing 

exhaust emissions and improving combustion efficiency [209]. At high injection pressure 

and advanced injection timing conditions, they have been shown to produce lower levels of 

soot or smaller particle sizes in diesel engines fuelled with diesel fuel [144, 210, 211]. 

Previous reports also stated that the maximum pressure inside the combustion chamber 

improved combustion performance and reduced the particulate emissions [212, 213]. 

It is previously known that the fuel injection parameters are significantly impact 

on the engine-out soot emissions. It is reported that optimisation injection timing and 
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increasing the injection pressure leads to lower soot levels or smaller particle sizes [144, 

211]. Furthermore, advanced fuel injection timing has caused a significant impact on soot 

formation in diesel engines because of the main combustion event moving backwards 

towards TDC during the expansion stroke which results in improvement of thermal 

efficiency [214]. To explain, a greater fraction of the fuel would be burned with high 

temperature as well as soot oxidation being increased [97]. Advanced injection timing 

makes a significant impact on soot formation because a greater fraction of the fuel would 

be burned with higher ambient temperature. It is reported by Pickett and Siebers [210] that 

increased temperature results in reducing soot formation, as well as increased soot 

oxidation. Another important parameter in diesel engines is injection pressure, which has a 

significant influence on soot formation and oxidation. Several studies have been published 

highlighting the influence of the advanced injection timing [215] and high injection 

pressure [212, 213] on reducing the soot emissions. This occurs because of enhanced fuel-

air mixing, shorter combustion duration (faster time to reach the maximum pressure), 

shorter residence time for soot to form and grow [210, 211]. 

To get a better understanding of size and structure of soot particles in diesel 

engines under different injection strategies, researchers have conducted TEM [55, 118, 

125, 161, 216] to measure soot characteristics with different injection timings and 

pressures [217].  

 

 

 



CHAPTER 2: LITRATURE REVIEW 

69 
 

2.8.1 Post-injection Emission Reduction 

 

Post-injection or secondary injection is originally used in diesel engines for the 

purpose of diesel particulate filter regeneration, which starts after the main injection and 

takes place during the expansion or 200° after TDC. Kong et al. [218] proposed many 

methods on temperature control for the DPF regeneration. Common rail fuel injection 

systems in modern diesel engines provide good flexibility by multiple injection strategies 

(pilot, main and post-injection), which can be interesting for better combustion and 

emissions. Many studies have been reported that the multiple injections reduce the peak 

cylinder pressure, combustion noise and pollutant emissions in a single cylinder diesel 

engine [1, 219]. Yamamoto et al. [41], Chen et al. [44] and Benajes et al. [220] stated that 

the injected fuel late in the cycle leads to an increase in hydrocarbon (HC) emissions and 

slightly increased fuel consumption, due to a proportion of the fuel not being combusted. In 

addition, it is found that the exhaust gas temperatures (EGT) increased with late 

combustion caused by post-injection [221]. The impact of fuel post-injection on engine out 

gaseous emissions and PM has also been investigated [44, 222, 223]. The temperature 

increase late in the combustion cycle due to the post-fuel injection, which can enhance 

soot oxidation, was produced during the main combustion event [44, 224-227]; but this is 

reported to be dependent on the engine calibration and operation conditions. Some studies 

have reported PM increase with post-injection at high engine loads and speeds [222]. In 

some cases post-injection also contributes in the reduction of engine-out NOX due to the 

formation of nitrated-hydrocarbons through the reactions of NOx with HC radicals [228, 

229]. It is reported that CO and THC are reduced with post-injection and sharply increased 

with later post-injection timing (after 70 CAD ATDC) [42]. Late combustion caused by 

post-injection increases the level of THC emissions as the late injected fuel is not burnt in 
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the combustion chamber [41, 221, 223]. In this way, HCs are oxidized in the DOC, 

increasing considerably the temperature of the exhaust upstream of the DPF and trapping a 

high proportion of the soot flowing in the exhaust stream [42, 230, 231]. It is documented 

that the main-post-injection increases the rate of soot oxidation in the combustion cycle 

due to the enhancement of the gas mean temperature and air/fuel mixing; this leads to the 

reduction in number and diameter of the primary particles [43, 232]. Storey et al [233] 

studied the effect of post-injection on hydrocarbon speciation from 40° crank angle (CA) to 

100° CA after top dead centre (ATDC). They observed that delayed post-injection timing 

increases the light hydrocarbons; while the change in heavy hydrocarbons was negligible. 

In addition, it was more beneficial for the production of light and reactive hydrocarbons 

(e.g propylene) for NOX aftertreatment. 

Some universal conclusions can be drawn from studies reported on the benefits 

of post-injection on PM reduction. There are four main theories that are used to define this 

trend: first, small amount of fuel quantity (10%) is injected after the main injection event 

(10-40 °CA) leading to an increase in the temperature late in the combustion cycle, which 

in turn starts to promote the soot oxidation [223, 234]. Secondly, there is improved 

combustion by late fuel injection in the cycle and this is due to the enhancing of air-fuel 

mixing [44, 223]. Thirdly, a reduced main injection duration leads to reduction of the soot 

emissions, as can often be done when using post-injection [220, 223]. Finally, post-

injection can accelerate the main combustion according to the combustion acceleration 

phenomenon which in turn leads to reducing soot emissions [235]. 
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2.9 LITERATURE SUMMARY 

In this chapter, mainly concerns the impact of diesel engine emissions (mainly 

particulate emissions) on human health and the environment and methods for their 

reduction/oxidation have been reviewed. More advances systems will need to be developed 

to meet the long-term emission targets, even though significant advances for control of 

diesel exhaust gas emissions which have been reviewed during this chapter.  

Firstly, many studies have focusing on the PM emissions’ phenomenon, but still 

a gap in the literature on the PM characteristics (morphology and microstructure) needs to 

be understood. Therefore, the knowledge contained in the soot particle characteristics was 

highlighted to further understand about soot formation and oxidation from different fuels 

operating in a diesel engine. Secondly, improve diesel oxidation catalyst (DOC) activity 

and faster light-off was highlighted at low exhaust gas temperatures through individual or a 

combination of oxygenated fuels and injection strategies, while keeping a good 

compromise between efficiency, cost and emissions. Consequently, particulate matter (PM) 

is one of the main problems currently faced the catalyst; however there are still obstacles 

that need to be solved and understand, the methods to implement these on-board the 

vehicle need to be made practical. 

Finally, the oxygenated fuels improve the combustion and reduce engine 

emissions without impairing engine performance. The oxygen content in the fuels 

molecules can provide major reduction in the PM as well as change the shape and structure 

of soot particles. However, investigate the incorporation between oxygenated fuels and 

aftertreatment systems were presented to increase the catalyst activity and reduce the 

dependence on active regeneration. 
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CHAPTER 3 

3. EXPERIMENTAL FACILITIES SET-UP AND MATERIALS 

 

  This chapter describes the experimental procedure and tests and facilities 

(instrumentation and equipment) that have been used within this research. The information 

about the diesel engine specifications, instruments, emissions’ analysers and fuel properties

are introduced in this chapter. The engines’ instruments, the various test criteria, 

emissions’ analysers, diesel catalysts and the analytic sampling methods for PM collection 

will be explained. 

 

3.1 RESEARCH DIESEL ENGINE TESTS AND INSTRUMENTATION 

 

Two research diesel engines are presented in this chapter, their details and 

specifications will be explained via this experimental study. The first engine (Lister Petter) 

is a single fuel injection diesel engine and was used for the first experimental test discussed 

in Chapter 4; while the second engine is a common rail modern diesel engine used for the 

experimental tests presented in Chapters 5 and 6.  

 

3.1.1 Experiments with Single Fuel Injection Compression Ignition (CI) DI   

Diesel Engine 

 The first experiments (section 4.1) were carried out on an air-cooled single 

cylinder, DI CI engine that has been designed for petroleum diesel combustion, as shown 
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in Figure 3.1, with engine parameters listed in Table 3.1. The pump-line-nozzle DI fuel 

system is used in this engine and located at the top of the combustion chamber; which 

enables directly fuelling into the piston crown bowl and provides a 180 bar of injection 

pressure. The test engine consists of a thyristor-controlled DC electric dynamometer 

coupled with a load cell, which provides the engine with various load conditions. The 

variable engine conditions (speed and loads) were fed via electric sensors which are set by 

the control panel and the signals of the actual running conditions. A Romet G65 rotary air 

flow meter was used to measure the intake air flow. A K-type thermocouple was used to 

record the engine oil temperature as well as to check that the engine was fully warm as a 

means to reduce the engine condition. The engine was equipped with various standard 

engine test rig instrumentation to measure and monitor the engine temperatures (oil, inlet 

manifold and exhaust gas temperature), intake air, exhaust gas recirculation (EGR) and 

pressures. To change the exhaust gas temperature, flow rate and composition, the engine 

was essentially used as an exhaust generator and operated at different conditions (engine 

load, speed, EGR rate, type of fuel). To monitor the engine operating parameters on the 

computer, LabVIEW code-based software interface was used. The engine load was 

maintained at a constant level when changing between different fuels.  
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Figure 3.1: Lister Petter TR1 single cylinder diesel engine instrumented with a 

dynamometer 

Table 3.1: Engine Specifications 

Diesel engine parameter Specifications 

Type One-cylinder 

Maximum power 8.6 (kW @ 2500 rpm-1) 

Maximum torque 39.2 (Nm @ 1800 rpm-1 ) 

Bore/Stroke (mm) 98.4/101.6 

Displacement (cm3) 773 

Compression ratio 15.5:1 

Injection timing (obTDC) 22 

Maximum injection pressure (bar) 180 

Injection system Three holes pump-line-nozzle 

Injection system diameter Ø 0.25 mm 

Engine piston Bowl-in-piston 
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3.2.1 Experiments with a Common Rail Direct Injection (DI) Modern 

Diesel Engine 

The second and third experimental parts of this thesis (sections 5.1 and 6.1) were 

implemented with a modern single-cylinder, water cooled, common rail fuel injection 

system, four-stroke experimental diesel engine (Figure 3.2), fuelled by diesel fuel and a 

butanol-diesel blend (butanol blend). The main specifications of the test research 

diesel engine can be found in Table 3.2. The combustion characteristics and emissions 

(CO, THC, NOx and PM) of the diesel engine  were measured. An AVL GH13P was used 

to record the in-cylinder pressure [236]. The charge from the pressure transducer (mounted 

in the cylinder head) was amplified by an AVL FlexiFEM 2P2 Amplifier [237] as well as 

monitored and stored on a PC for processing. A digital shaft encoder producing 360 pulses 

per revolution was used to measure the crank shaft position. The data from the crank shaft 

position and pressure was combined to create an in-cylinder pressure trace. A bespoke 

LabVIEW based code was developed to control, collect and monitor the additional data 

acquisition and combustion analysis based on external sensors. During all test, the engine 

load was maintained at a constant level when changing both fuels and injection strategies. 
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Figure 3.2: Single cylinder diesel engine equipped with common-rail fuel system 

 

Table 3.2: Research engine specifications 

Engine parameters Specifications 

Engine type Diesel 1- cylinder  

Stroke type  Four-stroke  

Cylinder bore x stroke (mm)  84 x 90  

Connecting rod length (mm)  160  

Compression ratio  16.1  

Displacement (cc)  499  

Engine speed range (rpm)  900 – 2000  

IMEP range (bar)  < 7  

Fuel pressure range (bar)  500 – 1500  

Number of injections   3 injection events 

Engine Injection process 
systems 
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The flow chart of engine lines equipped with a common rail fuel injection system 

is presented in Figure 3.3. The common rail fuel system allows the control of 

three injections events per cycle (pre, main, and post fuel injection) and provides 1200 

bar maximum rail pressure. The injection parameters and exhaust gas recirculation (EGR) 

valve are controlled and monitored on a PC by the engine’s ECU (electronic control unit) 

as shown in the flow chart of Figure 3.3. The high-pressure fuel rail is measured by a 

sensor (see component 5 in Figure 3.3) through the signal which is controlled by the ECU. 

The amount of injected fuel in the combustion chamber by the common rail system can be 

regulated via a solenoid valve. The ECU illustrated in Figure 3.3 has the ability to open 

each injector electrically and control the amount of fuel injection. It can reduce the engine 

noise by injecting a small amount of diesel fuel before the main injection event; this can 

reduce the vibration, as well as optimising injection timing and quantity. Much effort has 

been made in the industry sector to control and monitor the amount of fuel injected in the 

common rail system of a diesel engine. Combustion characteristics and emissions are 

influenced by the rate of fuel injection in a diesel engine.  

This kind of system gives the opportunity to go into the control computer’s 

software and adjust injection timing, amount of fuel, or number of injections. The injection 

strategy is maintained at a constant desired pressure, and then distributed to the injector. 

Furthermore, the common rail injection system offers split injection (fuel volume injected 

into multiple injections) which can improve the fuel economy, engine torque, engine 

combustion, noise and exhaust gas emissions [238, 239]. Regarding these benefits, Mahr 

stated that one or two pilot injection resulted in reduced noise and NOx emissions at low 

injection pressure. Soot emissions reduced with coupled post-injection and high injection 

pressure. Late post-injection contributes by increasing considerably the temperature of the 
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exhaust upstream of the DPF and trapping a high proportion of the soot following in the 

exhaust stream [41, 223]. The injection strategies (pilot, main and post) were found to be 

very effective in reducing soot emissions and increasing the soot oxidation. The injection 

timing and amount of injected fuel are controlled by the ECU via signals controlling the 

valve in the injector. 

 

Figure 3.3: Flow chart of common-rail DI diesel engine with lines and a common rail fuel 

injection system 

 The engine’s fuel consumption rate can be calculated under steady-state 

engine conditions. The indicated specific fuel consumption (ISFC) is calculated from the 

ratio that compares the fuel used by the engine to the amount of power the engine produces 

(the mass flow rate per unit power output) and can be calculated by using the following 

equations (3.1) and (3.2) (Equation (3.1 correct for 4-stroke engines):  

 𝑃𝑖 =  
𝐼𝑀𝐸𝑃 × 𝐴𝑐  × 𝐿 × 𝑛 × 𝑁

120
 (3.1) 
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Where Pi (Pa) is the indicated engine power; N (rpm) is the engine speed; Ac is 

the area of the piston head; L (m) is the stroke length; and n is the number of cylinders.  

 𝐼𝑆𝐹𝐶 (𝑘𝑔/𝑘𝑊ℎ) =  
𝑚𝑓̇  (𝑘𝑔/ℎ)

𝑃𝑖  (𝑘𝑊)
 (3.2) 

 

Where �̇�𝑓 is the mass flow rate of fuel consumption. 

The brake specific fuel consumption (BSFC) can be calculated by the fuel 

consumption divided by the brake power (Pb) using the equation below: 

 𝑃𝑏 = 𝑇 × 𝑤 (3.3) 

 

Where w is the engine speed (𝑤 = 2𝜋𝑁
60⁄ ); and T is the engine torque. 

 𝐵𝑆𝐹𝐶 (𝑘𝑔/𝑘𝑊ℎ)  =  
�̇�𝑓 (𝑘𝑔/ℎ)

𝑃𝑏 (𝑘𝑊)
 (3.4) 

 

Engine brake thermal efficiency (BTE) is defined as the brake power developed 

by combustion of fuel in the engine cylinder. It is used to evaluate how an engine converts 

the heat from a fuel to mechanical engineering and can be expressed by the equation as 

shown below: 

 𝐵𝑇𝐸 =
𝑃𝑏 (𝑘𝑊)

�̇�𝑓 (
𝑘𝑔
ℎ

) × 𝐶𝑉(𝑘𝐽/𝑘𝑔)
 (3.5) 

Where CV is the calorific value of a kilogram of fuel. 
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The data of the cylinder pressure is recorded for 200 consecutive cycles under 

stable engine operating conditions. It is recorded with higher resolution used for the 

analysis of steady state engine tests. The evaluation of combustion characteristics is based 

on individual analyses of the pressure trace for each engine cycle. A MATLAB code was 

used to analyse the average in-cylinder pressure inside the engine for 200 cycles. The 

overall diesel combustion process can be described by analysis of the rate of heat release 

(ROHR). The ROHR is calculated from the filtered cylinder pressure traces. The model 

used to expression and calculated for ROHR in this research is presented by the following 

equation: 

 
𝑑𝑄

𝑑𝜃
=  

𝛾

𝛾 − 1
𝑝

𝑑𝑉

𝑑𝜃
+  

𝛾

𝛾 − 1
 𝑉 

𝑑𝑝

𝑑𝜃
 (3.6) 

 

Where p is the instantaneous cylinder pressure; 𝛾 is the ratio of specific heats 

(Cp/Cv); and V is the instantaneous cylinder volume at crank angle 𝜃.  

3.2. LIQUID FUELS 

 

The fuels and fuel blends used (Figure 3.4) were ultra low sulphur diesel 

(ULSD), biodiesel derived from rapeseed oil (RME) and was supplied by Shell Global 

Solutions UK. Butanol used in blending with diesel and RME and was purchased from 

Fisher Scientific. The physical and chemical properties of the pure components of the fuel 

and fuel blend were calculated or obtained from the Company or publications (Table 3.3 

and Table 3.4). In the first test (Chapter 4) of this thesis, the alternative fuel was operated 

with the fixed fuel injection timing in order to produce a variety of exhaust gases and not 

the optimisation of the combustion. In the second and third tests of this thesis (Chapter 5 
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and 6) common rail fuel injection system was used in order to study the effect of injection 

strategies particulate emissions with alternative fuels. The particular diesel fuel used in the 

second and third investigation as a reference fuel was selected without any 

biodiesel  (thereby with zero oxygen content) in its composition (Table 3.4); in order to 

study the effect of the oxygen in the combustion process when diesel fuel is blended with 

butanol. 

 

  

Figure 3.4: Ternary diagrams representing the test blends 
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Table 3.3: Specification of tested fuels [5, 77] 

 

 

 

 

 

 

Properties ULSD 
100% 

RME 
100% Butanol B16R15D  

Chemical formula C14H26.1 C19H35.3O2 C4H9OH C11H21.4O0.5 

Cetane number 53.9 54.74 17  

Latent heat of vaporization 
(kJ/kg) 243 216 585  

Bulk modulus (MPa) 1410 1553 1500  

Density at 15 °C (kg/m3) 827.1 883.7 809.5 835.2 

Kinematic viscosity at 40 °C 
(cSt) 2.70 4.53 2.23 2.54 

Lower calorific value (MJ/kg) 43.11 37.80 33.12 39.97 

Lubricity at 60 °C(μm) 312 205 620 405 

C (wt %) 86.44 77.09 64.78 81.56 

H (wt %) 13.56 12.07 13.63 13.34 

O (wt %) 0 10.84 21.59 5.08 

O from OH group (wt %) 0 0 21.59 3.36 

Boling point (°C) - - 117.5  

50% distillation (°C) 264 335 117  

90% distillation (°C) 329 342 117  
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Table 3.4: Specification of tested fuels with particular diesel fuel (without any biodiesel in 

its composition) [5, 77] 

 

Properties Method ULSD Butano
l 

B20D8
0 

Cetane number ASTM D7668-14 50.2 17 41.98 

Latent heat of vaporization (kJ/kg)  243 585 - 

Bulk modulus (MPa)  1410 1500 - 

Density at 15 °C (kg/m3) EN 12185 840.4 809.5 833.2 

Upper heating value (MJ/kg)  45.76 36.11 43.5 

Lower heating value (MJ/kg)  43.11 33.12 40.91 

Water content by coulometric KF 
(mg/kg) EN 12937 40 170 389.4 

Kinematic viscosity at 40 °C (cSt) EN ISO 3104 2.564 2.23 2.27 

Lower Calorific Value (MJ/kg)  43.11 33.12 39.95 

Lubricity at 60 °C(μm) EN ISO 12156 424 571.15 444.5 

Fatty acid methyl ester % (v/v) NF EN 14078-A <0.05    

Cold filter plugging point (CFPP) ASTM D-6371 -18 <-51 -18 

C (wt %)  86.44 64.78 81.56 

H (wt %)  13.56 13.63 13.35 

O (wt %)  0 21.59 4.318 
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3.3 ENGINE EXHAUST AND AFTERTREATMENT SYSTEM 

3.3.1 Exhaust System and Instrumentation 

The exhaust gas properties were measured at different positions along the 

exhaust line by using thermocouples and pressure sensors in different sampling points. The 

diesel oxidation catalyst studies were carried out using a one inch in diameter monolith 

catalyst that was placed in a reactor inside a furnace and was fed with real engine exhaust 

gas. During this research work, two engines were used for the same DOC catalyst which 

was located in the exhaust line as shown in Figure 3.5. The temperature and the engine 

exhaust gas flow can be controlled by a thermocouple (located upstream of the catalyst) 

and a flow meter respectively. The engine is used for this research as a source of exhaust 

gas, in order to obtain a diverse spectrum of exhaust gas compositions from different fuels 

(diesel, RME, alcohol blends). The temperature upstream and downstream of the DOC was 

monitored using K-type thermocouples. The temperature of the mini-reactor inside a 

tubular furnace (Figure 3.6) was set at a rate of 2  °C/min during every test. The oxidation 

catalyst was subjected to different exhaust gas space velocities of 35000 h-1 (Chapter 4 and 

5), 25 000/h-1 and  50 000/h-1 (Chapter 6). To ensure consistency between the gas hourly 

space velocity GHSV (exhaust gas divided by the volume of the monolith catalyst) for all 

tests, calibrated flow meters were used to control the exhaust gas volumetric flow rate 

over the DOC. To avoid any changes in the exhaust gas composition during the test, the 

engine-out exhaust species’ concentrations were measured at the beginning and at the end 

of each experiment. The exhaust gas concentration after the DOC was continuously 

recorded during the test to calculate the conversion efficiency based on the inlet emissions’ 

concentration. To measure the emissions from the engine exhaust directed towards the 

aftertreatment, the exhaust gas sampling line at a temperature of 200 °C was made to limit 
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any water and hydrocarbon condensation, as well as preventing any reaction between the 

exhaust gas species in the sampling line. 

 

Figure 3.5: Schematic representation through overall experimental setup 

 
3.3.2 Diesel Oxidation Catalyst and Particulate Filters 

 

 Johnson Matthey Plc developed the catalyst for a dual purpose: i) to adsorb 

hydrocarbons and oxidize CO at low exhaust temperatures; and ii) to release hydrocarbons 

and/or oxidize C-containing species (C, PM and some HC species) at high exhaust gas 

temperatures. The diesel oxidation catalyst (DOC) is sequentially connected with the diesel 

engine during this study. The DOC used in this research is a 120 g/ft3 Platinum: Palladium 

(weight ratio 1:1) with alumina and zeolite washcoat (2.6 g/in3 loading). The diameter, 

length and wall thickness of the DOC are 25.4 mm, 91.4 mm and 4.3 mil respectively, as 

shown in Figure 3.7. The monolithic catalyst substrates are made ceramics material with 
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square cells (see Appendix A). The DOC used in this thesis was supplied by Johnson 

Matthey Plc, and more details about catalyst are provided in Chapter 2. The temperature 

upstream and downstream of the DOC was monitored using K-type thermocouples. The 

diesel particulate filter (DPF) used for the aftertreatment throughout this study was also 

supplied by Johnson Matthey Plc. As a part of the research, the DPF was installed 

downstream of the DOC and linked directly to the exhaust gas of the engine. The 

diameter and length of the DPF that was used in this research was 24.2 mm and 75.2 mm 

respectively, with a channel density of 289 channels/si (Figure 3.7). 

 

 

Figure 3.6: The mini reactor and furnace showing the main components of the system 
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Figure 3.7: Pictures of the aftertreatment (DOC and DPF) components studied 

 

 

3.4 EXHAUST GAS EMISSION ANALYSIS 

3.4.1 Scanning Mobility Particle Sizer  

A scanning mobility particle sizer (SMPS) was employed to measure the size of 

the particulate matter (PM) concentration and size distribution emitted from the diesel 

engine. A model TSI SMPS 3080 particle number and size classifier with thermodiluter 

was utilized to evaluate the two parameters of the PM emissions: the number of 

concentration and size. A rotating disk thermodiluter (TSI 379020A) was connected with 

the exhaust gas by small portion to dilute the air and control the dilution ratio. The 

principle measurement of particle size distribution within SMPS, based on the ability of the 
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particles to traverse an electric field, known as its electrical mobility, is directly related to 

the particle’s size. The thermodiluter was fitted with an air dilution temperature of 150 °C 

in order to prevent hydrocarbon condensation and nucleation which occur during sampling 

and the dilution ratio was set at 1:100 for all tests. The range of particle size diameters was 

measured between 10.4 and 379 nm according to the sample and sheath flow rates. The 

number of particles for each size range was counted by the Condensation Particle Counter 

(CPC) eventually. The time required to measure the size distribution in SMPS is about 120 

sec (upscan and downscan time) and then it waits another 120 sec to make another 

measurement. The following parameters were used to measure the particle size 

distribution: 

Sheath Flow Rate: 6.00 L/min 

Aerosol Flow Rate: 0.60 L/min 

Lower Size: 10.4 nm 

Upper Size: 378.6 nm 

Scan Time: 120 sec 

  

The particle size distribution of PM emitted from a diesel engine can be detected 

through employing the SMPS (Figure 3.8). The particulates obtained from diesel exhaust 

gas are divided into three groups (small, medium, and large particulates) based on the 

particles’ size as shown in Figure 3.8. 
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Figure 3.8: Particulate size distribution for the diesel engine 

 

3.4.2 High-resolution Transmission Electron Microscopy (HR-TEM) 

 

High-resolution transmission electron microscopy (HR-TEM) with a Philips 

CM-200 microscope is a sophisticated technique that can provide sufficient information on 

the morphological and microstructure parameters of the agglomerate, as shown in 

Figure 3.9. The soot particulate samples used in morphology studies have been collected 

from the exhaust gas stream at different points in 3-mm copper grids attached to a 

sampling probe for a short time. These soot particulates were analysed using HR-TEM 

with a Phillips CM-200 microscope which have high resolution about 2 Å at 

an accelerating voltage of 200 kV. The HR-TEM imaging and steps (1-4) of the image post 

processing of the soot particles are illustrated in Figure 3.10. The TEM image is formed 

from the interaction of the electrons’ beam passing through the soot particles and the 
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carbon film, where the soot image form is magnified and focused onto a fluorescent screen. 

The soot particle images are detected by a sensor such as a CCD camera (11 mega pixels) 

with high resolution. The HR-TEM allows for two-dimensional images of extended grids 

up a million times over the original size (see Appendix C). Therefore, this technique allows 

the agglomerates’ structure of soot to be seen as well as the microstructure of the primary 

particles and subsequently, obtains the different morphological characteristics of the soot 

agglomerates. The morphological parameters of the soot agglomerates (radius of gyration, 

number of primary particles and fractal dimension) and microstructural 

parameters  (interlayer spacing and thickness of the graphene layer) were obtained from the 

TEM micrographs using homemade MATLAB software (digital image analysis software) 

[117, 240].  

 

Figure 3.9: A picture of high-resolution transmission electron microscopy (HR-TEM) 
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Figure 3.10: Image post processing steps (1-4) from HR-Transmission electron 

microscope imaging and analysing with MATLAB code 

Figure 3.11 shows the TEM image for different ranges of magnification in order 

to reveal the morphological features and the soot particles’ sizes. To observe the 

morphological features for TEM images, the applied magnification range is 125000 at the 

accelerating voltage of 120 kV; while for the case of the microstructure, the range of 

magnification is between (800000 - 1200000) at an accelerating voltage of 200 - 300 

kV (see Appendix C). To calculate the statistical morphological results it is necessary to 

have at least 30 images for each soot sample and for the microstructure around 4 images 

for each soot sample are needed; three seconds were used to take each TEM image. The 

results obtained from the photographs showed at least 20 agglomerates for each engine 

operating condition.  
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Figure 3.11: Different high magnifications of TEM micrographs of diesel soot 

agglomerate and the spherical primary soot particles 

According to the method that is shown in Figure 3.12 [117], the fractal 

dimension can be calculated iteratively and then the number of primary particles and the 

bulk density of the agglomerates. The following assumptions of this method are 

summarized:  

 It is assumed that the primary particles are spherical [241]. 

 There is an average size of primary particle agglomerates under the same 

conditions and fuel used [242]. 

 Primary particles have homogeneous density. 

 Finally, neglect the moment of inertia of the mass enclosed in the image pixels.  

 

There are two criteria that may cause the agglomerate image to be rejected by the 

program. The first is that the number of primary particles is less than five (the program 

rejects the particles which are too small) [243, 244]. The second criterion is that the fractal 

dimension is out of the theoretically acceptable range (Df <1 or Df >3). After calculating 
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the fractal dimension, the number of primary particles can be calculated by Equation 2.13. 

The calculation method is outlined in Figure 3.12. 

 

 

Figure 3.12: Block diagram of the method of calculation; adapted from [117] 
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3.4.3 Fourier Transform Infrared Spectrometry (FTIR) 

 

The measurement starts when the sample is introduced in the FTIR gas analyser; 

the infrared beam is partially absorbed by the gas species present. The FTIR is capable of 

percent sensitivity for measuring multiple gases in a variety of the following applications: 

 Catalysis and combustion process monitoring 

 Stack and abatement system emission monitoring 

 Process monitoring 

 Ambient air monitoring 

 Purity applications 

The FTIR can perform analysis in gas streams containing up to 30% water and 

can simultaneously analyse and display more than 30 gases. When a gas sample is 

introduced in the gas cell, the infrared beam is partially absorbed by the gas species 

present. The absorption spectrum is unique for each infrared-active gas. The MultiGas 

analyser is equipped with a Helium Neon (HeNe) laser located along the side of the FTIR 

spectrometer, used for synchronizing the digitization of the measurement. For the 

measurement specifications refer to Appendix B: Table B-1. 

Before taking measurements on a sample line, it is necessary to connect the gas 

cell to dry nitrogen gas. The FTIR requires a constant flow of dry nitrogen to purge the 

interferometer and transfer optics (Figure 3.13 (-c)). This will help to ensure optimal 

lifetime and operation of the instrument. The flow meter on the left controls the purge for 

the interferometer; while the flow meter on the right controls the purge for the transfer 

optics and detector chamber (see Figure 3.13 (-a)). Both flow meters are set between 0.2 
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and 0.3 LPM (litres per minute). The FTIR is equipped with a liquid-nitrogen-cooled 

detector (Figure 3.13 (-b)) and the detector should be completely filled with liquid nitrogen 

each time the instrument is used. Depending on the detector selected, it will operate for 

approximately eight or twelve hours on a single fill before the liquid nitrogen is exhausted. 

 

 

Figure 3.13: Different sides of the FTIR (MultiGas Model 2030) 

 

The setup utility is used to configure the collection and processing data; for 

example which gases are selected for analysis, if and how the data are saved, where the 

data are stored. The collection and processing data are divided into four sections: gas 

analysis, data storage, gas cell, and external devices. The following table (Table 3.5) 

describes the functions of the four sections in the FTIR set-up:  

(a) (b) 

(c) 



CHAPTER 3: EXPERIMENTAL FACILITIES SET-UP AND MATERIALS 

96 
 

 

Table 3.5: MG2030 set-up sections 

 

After the software set-up is finished, then by selecting the run button from the 

MultiGas main tab, this allows the user to initiate the collection and automated data 

analysis. The run button should be used only after the set-up has been completed. The gas 

measurements can be viewed in the screens as illustrated in Figure 3.14.  

Sections Definition 

Gas analysis  Displays the name of the currently used recipe  

Data storage 
Allows the system to store the computed gas concentration (as well 
as temperature, pressure) in one or several files. This can be read by 
spreadsheet programs such as Microsoft Excel 

Gas cell 

Specifies the gas cell temperature in degrees Celsius 

Specifies the gas cell pressure in atmospheres 

Specifies the gas cell path length in metres 

External 
devices 

External devices allow for additional functionality of the MG2030 
software, such as: data output, external display, temperature and 
pressure measurements, and depend on the analyser type and 
configuration 
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Figure 3.14: Gas measurements screen 

 

Gaseous emissions emitted from the diesel engine such as: carbon monoxide 

(CO), carbon dioxide (CO2), nitrogen oxide (NO and NO2), nitrous oxide (N2O), and 

individual hydrocarbon species such as methane (CH4), ethane (C2H6), ethylene (C2H4), 

ethylene (C2H4) and acetylene (C2H2) were measured using a MultiGas 2030 FTIR 

spectrometry based analyser. A filter was used in the FTIR to avoid any possible damage in 

the optical lenses by the PM from the exhaust gas. The FTIR was maintained at 190 °C to 

prevent the condensation of HCs and water in the heated lines. The relation between light 

absorption at a certain wavelength and species concentration was adopted in the 

measurement technique. Medium and long-chain hydrocarbon concentrations were 

measured as a single exhaust group due to spectrum interfernces 
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3.5 ANALYSIS OF THE UNCERTAINTIES IN THE RECORDED DATA 

 

To ensure confident about the results, each test was repeated for two or three 

times. The data was averaged and then the standard deviation was determined. The error 

was defined according to the following equations: 

 𝑥𝑎𝑣𝑔 =  
∑ 𝑥𝑖

𝑁
𝑖=1

𝑁
 (3.7) 

Where, mean (xavg) is the average of all values of x. 

   ∆𝑥 =  𝜎 =  √
∑ (𝑥𝑖 − 𝑥𝑎𝑣𝑔)2𝑁

𝑖=1

𝑁
 (3.8) 

Where, Δx is the uncertainty in a measurement of x. The vast majority of your 

data lies in the range 𝑥𝑎𝑣𝑔 ± 𝜎 

 ∆𝑥𝑎𝑣𝑔 =  
𝜎

√𝑁
 (3.9) 

Where, 𝑥𝑎𝑣𝑔 is the uncertainty in the mean value of x. The actual value of x will 

be somewhere in a neighbourhood around 𝑥𝑎𝑣𝑔 . This neighbourhood of values is the 

uncertainty in the mean. 

 𝑥𝑚 = 𝑥𝑎𝑣𝑔 ± ∆𝑥𝑎𝑣𝑔  (3.10) 

 

Where, xm is the measured value. 

The final presented value of a measurement of x contains both the average value 

and the uncertainty in the mean. The analysis of the uncertainties in the data recorded for 

this thesis, please refer to Appendix B.   
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CHAPTER 4 
 

4. ROLE OF ALTERNATIVE FUELS ON PARTICULATE MATTER 

(PM) CHARACTERISTICS AND INFLUENCE OF THE DIESEL 

OXIDATION CATALYST 

In this work, the influence of a Pt:Pd based diesel oxidation catalyst (DOC) on 

the engine out particulate matter (PM) emissions morphology and structure from the 

combustion of alternative fuels including alcohol-diesel blends and RME biodiesel 

(Rapeseed methyl ester) have been studied. PM size distribution was measured using a 

scanning mobility particulate spectrometer (SMPS) and the PM morphology and 

microstructure including size distribution, fractal geometry and number of primary 

particles was obtained using a high resolution transmission electron microscopy (TEM). 

All tests were performed at a constant engine speed of 1500 rpm, 4 bar of 

indicated mean effective pressure (IMEP) and 180 bar of injection pressure. In order to 

study the effect of alternative fuels on particulate matter (PM) characteristics and gaseous 

emissions within a diesel oxidation catalyst and compared with reference fuels (diesel 

fuel). 

4.1 METHODOLOGY 

 The schematic diagram of the engine and aftertreatment system set-up is 

shown in Figure 4.1. The catalyst activity studies have been carried-out using exhaust from 

a naturally aspirated single cylinder four stroke, direct injection diesel engine; the main 

specifications of diesel engine are presented in Table 3.1. Intake air flow, fuel 
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consumption, exhausts pressure, and exhaust temperature were also measured. The 

physical and chemical properties of the pure components of diesel fuel and fuel blends 

were presented Table 3.3. The details of DOC catalyst used in this research were explained 

in chapter 3. The DOC was loaded inside a furnace and exposed to the engine exhaust 

keeping a gas space velocity of  35000/h and a heating temperature of about 2 °C/min. 

 

 

Figure 4.1: A simplified schematic diagram of Lister Petter diesel (single fuel injection) 

engine and DOC system 
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4.2 RESULTS AND DISCUSSION ON THE STUDY PARTICULATE 

MATTER (PM) CHARACTERISTICS 

Particulate matter (PM) concentration and some exhaust gas species such as CO, 

HCs, and NOX in the exhaust gas can effect on the catalyst oxidation efficiency. Analysis 

of PM emissions in terms of size, morphology and microstructure and their effect could 

support the correlation between soot emissions and aftertreatment system in 

reduction/oxidation. This study eventually gives understanding for the future design of 

environmental catalyst to trap and oxidise efficiently pollutant emissions including 

particulate matter agglomerates emitted from the combustion of alternative fuels. 

4.2.1 DIESEL OXIDATION CATALYST (DOC) EFFECT ON 

PARTICULATE MATTER 

Particulate matter size distributions and morphology from the combustion of the 

different fuels have been studied in order to identify the possible effects of the DOC on the 

(i) oxidation of gaseous hydrocarbons which can later be nucleate, adsorbed or condensed 

to form particulate matter, (ii) oxidation or desorption of the hydrocarbon already present 

onto the particulate matter, (iii) agglomeration of particulates increasing the number of 

particulates and increasing the size of the agglomerates, (iv) trapping effect due to the 

deposition by diffusion of particulates in the DOC channels and (v) oxidation of soot 

particulates.  

The particulate number concentration in exhaust system for diesel combustion is 

significantly higher for all the particulate sizes compared to RME and the butanol blend as 

depicted in Figure 4.2. This lower particulate number concentration in the case of 

oxygenated fuels has been previously reported in the literature [142]. The oxygen content 
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in the ester group of RME and in the hydroxyl group of butanol are the main reasons to 

justify the lower engine output PM emissions. 

It is reported that the number of rich regions in the combustion reduced due to 

the presence of oxygen in fuel molecules and this lead to diminishing particle precursors 

and formation and also enhancing the process of particle oxidation [182]. Furthermore, it is 

obtained that the combustion of oxygenated fuels shifted (in horizontal axis) the size 

distribution to smaller particles leading to a reduction in the mean particle diameter. This is 

due to reduction in the soot formation and also a reduction in the likelihood of collisions 

between particles thereby less chance to form the large particles through agglomeration. 

 

Figure 4.2: Particulate size distribution for different fuels 
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Figure 4.3 and Figure 4.4 show the number of particulate matter reduced in the 

DOC from the combustion of the four fuels when the catalyst inlet temperature is 400 and 

500 °C, respectively. For temperatures lower than 400 °C (i.e., 100, 200, 300, °C) and the 

results are not shown to avoid duplication. The reduction in the number of particulates over 

the DOC reaches a constant level around 30% for particulates larger than 50 nm.  

 

 

Figure 4.3: Particulate matter reduction in the DOC for different fuels at 400 °C 
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Figure 4.4: Particulate matter reduction in the DOC for different fuels at 500 °C 

 

The average particulate electrical mobility diameter (obtained with SMPS) and 

average gyration radius (obtained from the TEM images, Figure 4.5) has been compared in 

Figure 4.6. Furthermore, the number of primary particulates that obtained from the TEM 

micrographs which compose the aggregates is also plotted in Figure 4.6. In all the cases 

(Figure 4.6) the values of the average mobility diameter and gyration diameter are similar 

and of the same rank, even though they are based on different measurement methods (e.g. 

mobility diameter is obtained from particulates after dilution, while TEM analysis is 

obtained directly from exhaust agglomerates). The average particulate size for butanol 

blend and RME is lower than in the case of diesel fuel combustion. However, the smaller 

average agglomerate size of the particulates emitted with RME and the butanol blend is not 

due to an increase in the number of small particulates but due to a significant reduction in 

the number of larger ones [5, 174]. 
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There is also an increase in the average particulate size along the catalyst trend that 

is supported by the mobility diameter (SMPS) and to lesser extent by the radius of gyration 

results obtained by (TEM). This increase is obtained at both 400 and 500 °C temperatures 

for all the studied fuels. This increase in the mean particulate diameter is due to the higher 

diffusion losses associated to the particulates of smaller diameters (below 20 nm) as well as 

due to the collision of particulates in the DOC channels. This leads to the formation of 

larger size agglomerate from the high number of primary particles as it was also confirmed 

from the TEM results (Figure 4.6). The trapping effect of the small particulates is the major 

effect in the exhaust gas from the combustion of RME and butanol blends exhaust as the 

agglomerates analysed with TEM upstream and downstream the catalyst have similar size 

(Figure 4.6). However, the increase in the agglomerate size in the case of diesel is 

dominated by the collision and further aggregation between them as it is shown in the TEM 

results (Figure 4.6). The higher number of particulates in the case of diesel combustion 

increases the likelihood of collisions between them. The larger reduction in the number of 

particulate matter when the DOC temperature is 500 °C with respect to 400 °C in the case 

of RME cannot be due to the oxidation of gas phase hydrocarbon as the DOC oxidation 

efficiency was the same for both temperatures. It could be interpreted as an indication of 

the oxidation of organic material already contained in the particulates or an indication of 

soot oxidation activity due to the lower soot oxidation temperature from RME combustion 

as it has been previously reported [142, 168]. This should be confirmed by the 

morphological and microstructural results discussed below. 
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Figure 4.5: TEM micrograph of particulates matter collected at the exhaust gas (a) diesel, 

(b) RME, (c) butanol blend 

 

(a) (b) 

(c) 
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a DOC: after DOC, b DOC: before DOC 

Figure 4.6: Particle size of SMPS results Vs. Gyration radius (Rg) and number of 

primary particles (npo) for (a) diesel fuel, (b) RME, and (c) butanol blend 
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The fractal dimension (Df) results obtained for all the conditions are in the 

typical range of diesel particulates (1.7-1.8) which is characteristic of diffusion-limited 

aggregation mechanism growth [245]. According to the results, the fractal dimension of the 

aggregates of particulates produced from the combustion of diesel is larger than those 

produced from the combustion of RME, and the butanol blend (Figure 4.7). Soot 

aggregates from the diesel combustion have a more pronounced spherical shape compared 

to the rest of the fuels [117, 245]. Therefore, it is expected that the particulates emitted 

from the alternative fuels would be more easily to be trapped in the filters due to their 

chain-shape morphology (e.g. Figure 4.5). The PM shape was also changed over the DOC 

due to the aggregation as well as thermal restructuration of the agglomerates resulting from 

the temperature increase within the catalyst. As a result, the particles downstream the DOC 

have slightly more spherical shape, especially in the case of those emitted from diesel fuel. 

It can be noted that the DOC has considerable reduction and a significant influence on the 

size and concentration of particulate emissions, which in turn enables to reduce tail pipe 

PM emission. 
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a DOC: after DOC, b DOC: before DOC 

 
Figure 4.7: Fractal dimensions of particulates matter from TEM for all fuels tested 

 

The size of primary particulates (dpo) and microstructural parameters for all the 

studied fuels has also been investigated. Figure 4.8 shows the primary particulate size 

distributions for all the fuels. A statistically significant number of primary particulates 

(around 150-200) for each fuel and condition (before and after the DOC) has been 

measured to produce the fitted log-normal/normal distribution (Figure 4.8) and calculate 

the mean primary particulate size (Figure 4.9). It can be obtained that the size of primary 

particulates is bigger in the case of diesel fuel, while the smallest primary particulate size is 

obtained from the combustion of butanol blend. This is a result of the lower rate of 

production of soot precursors, which limits the soot formation and the increased rate of 

soot oxidation during the combustion process of the oxygenated fuels. This result together 

with the morphology results demonstrates that the smaller size agglomerates in the case of 

oxygenated fuels is due to the lower number of primary particulates as well as the smaller 

size of the primary particulates which composed the agglomerates. It can also be concluded 
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that the DOC does not modify the primary particulate size in any of the fuels. This result 

supports the idea that the DOC only affects the particulate agglomerates rather than the 

primary particulates which would need higher temperatures and residence time in the 

catalyst to be oxidised.  

   

 

Figure 4.8: Primary particles size distributions for (a) diesel fuel, (b) RME(c) butanol 
blend 

(a) (b) 

(c) 
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a DOC: after DOC, b DOC: before DOC 

 

Figure 4.9: Size of primary particulate (dpo) for all fuel tested 

 

PM microstructure (see a high resolution micrograph in Figure 4.10-a) has been 

quantified by the average interlayer spacing (d002) and average thickness of the graphene 

layer which composed the soot primary particulates (Figure 4.10-b). It is shown that the 

interlayer spacing from the soot produced from RME and butanol blends combustion is 

smaller than those found in the soot produced from diesel combustion (Figure 4.10-b). 

However, there are no statistically significant differences between the average thicknesses 

of the graphene layer derived from the combustion of the studied fuels. The smaller 

interlayer spacing for the soot derived from oxygenated fuels is an indication of a more 

ordered structure, as supported by the literature [20, 130]. Figure 4.10-b also shows that the 

DOC does not produce any statistically significant effect on the microstructural parameters 

obtained from the PM of all the fuels. On the basis of the morphology and microstructural 
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results of particulate matter upstream and downstream of the diesel oxidation catalyst, it 

can be concluded that the influence of the DOC in the (i) oxidation of gaseous 

hydrocarbons which can later be nucleate , oxidizes the adsorbed hydrocarbons on PM 

(effect (ii)), leads to agglomeration of particulates (effect (iii)), and traps by diffusion some 

of the solid particulates (effect (iv)). However, the DOC is not able to oxidise the soot 

(effect (v)). It is proposed that the residence time between the soot and the catalysed active 

sites within the DOC is not enough to oxidise soot being only able to trap some particulates 

and oxidise the gas-phase volatile components irrespective of the fuel used. 

 

(a) 10 nm 
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a DOC: after DOC, b DOC: before DOC 

 

Figure 4.10: Particulate matter microstructure (a) High resolution TEM micrograph, 

(b) Interlayer spacing  (d002) and graphene layer thickness (Lc) 

 

4.2.2 CARBON MONOXIDE (CO) REDUCTION IN THE DOC 

 

It has been previously reported that the DOC performance depends on the 

exhaust temperature and composition [20] as some of the exhaust emissions are competing 

each other to be adsorbed into the active site of the catalyst. Therefore, by changing the 

exhaust temperature and composition by using different fuels for combustion will have an 

influence on the oxidation performance of the DOC catalyst. The CO and HCs engine 

output emissions from the combustion of conventional diesel fuel are higher compared to 

the rest of the tested fuels Figure 4.11. 
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Figure 4.11: Engine gaseous emissions 

 

The high level of CO and HCs for diesel combustion hampers the CO adsorption 

onto the catalyst (zeolites) at low exhaust gas temperatures [20] leading to a delay in the 

start of CO light-off compared to the other fuels (Figure 4.12). In contrast, the lower engine 

output HC and CO concentration from the combustion of RME and alcohol blend 

(Figure 4.11) reduces the possibility for obstruction from CO and HC competition and 

improved the catalyst CO light-off. At low temperatures, the CO oxidation in the DOC is 

kinetically limited (poor accessibility to active sites by other component inhibition) [246]. 

Once the oxidation has started, there are some plateaus in the CO light-off curves 

for most of the fuels (around 100 - 150 °C). At high exhaust temperatures, CO is not 

thermodynamically limited and the heat release from its oxidation increases the local 

temperature of the catalyst. This higher active site temperature helps the oxidation of CO 

(Figure 4.12), especially in the case of diesel combustion where the level of CO emission is 

higher. Moreover, this higher rate of CO oxidation for the case of diesel at this temperature 
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could be due to high medium-heavy hydrocarbon depletion as shown in Figure 4.13. At 

higher temperatures (approximately 180 °C), the CO oxidation in the DOC catalyst for 

diesel combustion reaches 100 % at lower temperature compares to the rest of the fuels, 

especially for RME (Figure 4.12). The exhaust from the RME combustion has the lowest 

level of CO and the highest levels of NOx leading to reduced exothermic and increased 

competition for active sites between CO and NO [87]. 

 

Figure 4.12: CO light-off curves from exhaust gas produced for different fuels 

 

4.2.3 HYDROCARBONS (HCs) REDUCTION IN THE DOC 

 

The low temperature hydrocarbon conversion seen in the DOC is due to the 

trapping effect by the zeolites (‘virtual conversion’) [87]. When temperature increases and 

the conversion efficiency for CO is high, the catalyst active sites become available for HCs 

adsorption and oxidation. It can be seen that HCs oxidation for all the fuels increased once 

CO was fully oxidised (Figure 4.12 and Figure 4.13-a).   

0

20

40

60

80

100

50 100 150 200 250 300

Co
nv

er
si

on
 e

ffi
ci

en
cy

 C
O

 (%
) 

DOC Inlet Temperature (oC) 

Diesel RME Butanol blend



CHAPTER 4: ROLE OF ALTERNATIVE FUELS ON PARTICULATE MATTER (PM) 
CHARACTERISTICS AND INFLUENCE OF THE DIESEL OXIDATION CATALYST 
 

116 
 

 

The lowest HCs conversion efficiency over the DOC occurs for the case of diesel 

combustion. This is due to the higher upstream concentration of engine out aromatic 

hydrocarbons which have been reported to be more difficult to be adsorbed and oxidised 

[87, 174, 247, 248]. Meanwhile, higher HC conversion in the DOC was noted when 

exhaust gas from the combustion of the RME was used and this is due to the absence of 

aromatic hydrocarbons in the fuel structure. Moderate HC conversion is obtained when 

exhaust gas from for the combustion alcohol blends was used and this is due to the large 

presence of diesel in the fuel blend, partially compensated by the presence of the alcohol.  
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Figure 4.13: DOC conversion efficiency for a) THC and b) heavy HCs 

 

4.2.4 NO TO NO2 OXIDATION IN THE DOC 

 

The oxidation of NO to produce NO2 in the DOC (Figure 4.14) is influenced by 

the different concentrations of CO, NO and by the concentration and type of HCs. It can be 

observed that at low temperature the NO2 concentration downstream the DOC is lower 

than the engine output NO2. This is the effect of NO2 reacting with CO and HC in the DOC 

catalyst. The increase in the NO2 concentration downstream the catalyst starts around the 

same temperatures (approximately 220 °C) for all the studied cases, once the CO has been 

completely oxidised by oxygen in the catalyst active sites. Hence, it is evident the 

inhibition of CO on NO2 production occupying the catalyst active sites as well as the 

consumption of any NO2 created by reaction with CO and HCs to form CO2.  
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It is noticeable the higher NO2 concentration downstream the catalyst at 

temperatures below 350 °C was seen in the case of butanol combustion. The formation of 

some very active oxygenated hydrocarbon components which could be formed in the 

catalyst can enhance NO2 production. A similar effect has been already reported in the case 

of Ag/Al2O3 catalyst where the formation of NO2 is highly promoted under the addition of 

alcohol fuels [249, 250]. At temperatures higher than 350 °C the NO2 production is not 

further increasing forming a plateau as the NO2 production from NO oxidation is 

thermodynamic limited [251]. 

 

Figure 4.14: NO and NO2 catalyst outlet concentration from engine operation 
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4.2.5 SUMMARY  

The purpose of the present work was to investigate the effects of a diesel 

oxidation catalyst on particulate matter characteristics and gaseous emissions from the 

combustion of alternative fuels. This study gives an insight regarding of the effects of 

alternative fuels on the DOC performance over (i) particulate matter 

reduction/modification, (ii) pollutant emissions oxidation such as CO and THCs to CO2 

and H2O and (iii) NO oxidation to NO2 which can be further used in the catalytic reduction 

of NOx in the SCR or in the DPFs passive regeneration.  

The combustion of alternative fuels produces lower emissions of unburnt 

hydrocarbons, CO, and PM number concentration which enhances the catalyst activity at 

lower temperatures by limiting the CO and HCs inhibition effect and DOC performance in 

long-term operation by reducing the PM accumulation effect. PM agglomerates and their 

primary particles emitted from the combustion of alternative fuels are on average smaller 

and with a lower fractal dimension, thus more easily trapped or oxidised. It has to be 

noticed that the average smaller size of the agglomerates emitted from the combustion of 

alternative fuels is due to the production of lower number of large particulates rather than a 

high number of small particulates, being less detrimental for the environment and/or 

downstream diesel particulate filter.  

Analysis revealed that results from SMPS and TEM support the larger size of 

particulates downstream the DOC catalyst for all fuels due to the higher filtration 

efficiency for small particulates as well as the aggregation taken place within the DOC. 

Furthermore, the SMPS and TEM analysis revealed that the PM filtration efficiency in the 

DOC is higher for the small particles and that there is a PM aggregation process that takes 
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place within the DOC. Furthermore, DOC does not modify the primary particulates size 

and microstructural parameters for any of the studied fuels. Therefore, it is thought that the 

DOC only has a trapping effect on soot and oxidises the PM volatile components, while a 

longer residence time is needed to oxidise the soot. The combustion process proved that 

when using alternative fuels are most effective, not only creating lower gaseous and PM 

emission levels in the exhaust gas which enhances the low temperature DOC performance 

but also PM with characteristics being easier to be trapped or oxidised.
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CHAPTER 5 
 

5. MANIPULATING MODERN DIESEL ENGINE PARTICULATE 

EMISSION CHARACTERISTICS THROUGH BUTANOL FUEL 

BLENDING AND FUEL INJECTION STRATEGIES FOR  

EFFICIENT DIESEL OXIDATION CATALYSTS 

 

Decoupling the dependences between emission reduction technologies and 

engine fuel economy in order to improve them both simultaneously has been proven a 

major challenge for the vehicle research communities. Additionally, the lower exhaust gas 

temperatures associated with the modern and future generation internal combustion engines 

are challenging the performance of road transport environmental catalysts. In this work the 

effect of fuel properties and fuel injection strategies on the combustion characteristics, 

emissions formation, and catalysts performance has been studied. The impact of the fuel 

post-injection strategy that is commonly used as part of the aftertreatment system function 

(i.e. regeneration of diesel particulate filters or activity in hydrocarbon selective reduction 

of NOX), combined with butanol-diesel fuel blend (B20) combustion on engine emissions 

formation, particulate matter characteristics (size distribution, morphology and structure) 

and oxidation catalyst activity were studied.  

This experimental study focuses on the role of the fuel post-injection and diesel-

butanol fuel blends combustion on PM characteristics (number, size, morphology) and the 

impact on the DOC activity at exhaust gas temperature (300 °C). The DOC catalyst activity 
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was assessed under the same temperature, space velocity and pressure conditions with the 

only comparative parameter being the exhaust gas composition.  

5.1 METHODOLOGY 

 

For this study, a modern single-cylinder, water-cooled, common rail fuel 

injection system, four-stroke experimental diesel engine equipped with a diesel oxidation 

catalyst (DOC) were employed in this investigation. A schematic diagram of the 

experimental set up is shown in Figure 5.1. The physical and chemical properties of diesel, 

butanol and fuel blend properties are presented in Table 3.4 (in chapter 3). The particular 

diesel fuel used in this research as reference fuel was selected without any 

biodiesel  (thereby with zero oxygen content) in its composition, in order to study the effect 

of the oxygen in the combustion process when diesel fuel is blended with butanol.  

All tests were performed under a constant engine speed of 1800 rpm with an 

engine load of 3 bar IMEP (Indicated Mean Effective Pressure). The injection was split in 

pre, main, and post fuel injection with injection timing of 15 and 3 deg bTDC and 60 deg 

aTDC, injection pressure of 650 bar, and post-injection duration of 0.1 ms. The pre and 

main injection for this test were set at 0.15 ms and 0.48 ms respectively. The temperature 

of the reactor inside a tubular furnace was set at 300 °C while maintaining constant gas 

hourly space velocity (GHSV) of 35000 h-1. The details of diesel oxidation catalyst (DOC) 

and instruments are presented in Chapter 3. 



CHAPTER 5: MANIPULATING MODERN DIESEL ENGINE PARTICULATE EMISSION 
CHARACTERISTICS THROUGH BUTANOL FUEL BLENDING AND FUEL INJECTION 
STRATEGIES FOR EFFICIENT DIESEL OXIDATION CATALYSTS  
 
 

123 
 

 

 

Figure 5.1: Schematic diagram of test platform and sampling system 

 

5.2 RESULTS AND DISSCUSSION  
 

Most of modern diesel engines in Europe countries operate at lower cylinder 

pressure and thus lower temperature to comply with stringent NOx emissions requirements. 

In addition, lower load operations of diesel engines cause lower cylinder pressure and thus 

lower temperature. Therefore, low temperature can lead to ignition problems and poor 

combustion which causes increased soot formation and aggregation of unburned fuel in the 

cylinder, and intuitively presenting a significant challenge to DOCs.  

The influence of fuel and post injection effects on catalysts activity is 

minimal. This experimental study is conducted with various injection strategies for diesel 

fuel and butanol blend (B20) at exhaust gas temperature (300 °C). This work focuses on 
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how these parameters effect on the morphological parameters of soot particles and diesel 

catalyst performance under the same temperature.  

 5.2.1 COMBUSTION CHARACTERISTICS  

 

Figure 5.2 shows the effects of the injection strategy on the in-cylinder pressure 

and the rate of heat release (ROHR) versus crank angle degree (CAD) for the combustion 

of diesel and B20. It has to be noted that neither the post-injection nor the fuel properties 

notably affected the combustion events. It is though that this is due to the effect of the pre-

injection which thermally conditioned the in-cylinder, thus minimizing the effect of the 

worse autoignition properties (Table 3.4) of the B20 blend with respect to diesel fuel. 

Small increase of the in-cylinder pressure and heat release was obtained from the 

combustion of B20 that may also explain the changes in emissions later on. 
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Figure 5.2: Effect of fuel post-injection strategy and fuels structure on combustion 

characteristics 

5.2.2 INFLUENCE OF FUEL POST-INJECTION AND FUEL 

STRUCTURE ON ENGINE OUT PM (SIZE DISTRIBUTION 

AND CHARACTERISTICS) 

The PSDs were obtained upstream the DOC in order to understand the influence 

of B20 and post-injection on the particle formation and oxidation processes. The 

combustion of the alcohol blend (B20) reduced the number of particles along the whole 

distribution with respect to combustion of the diesel fuel with and without post-injection 

(Figure 5.3). A slight reduction is observed in the average particle diameter, from 94 nm 

for diesel down to 64 nm for B20 in the absence of post-injection. These results are in 

agreement with previous studies of butanol-diesel blends combustion [33, 77] justified by 

the presence of the hydroxyl group in the butanol molecule [77] leading to lower rates of 

-10

10

30

50

70

90

110

130

0

10

20

30

40

50

60

340 350 360 370 380 390 400 410 420 430

Ra
te

 o
f H

ea
t R

el
ea

se
 (J

/d
eg

 C
A)

 

In
-C

yl
in

de
r P

re
ss

ur
e 

( b
ar

 ) 

Crank angle (Ɵ) 

Diesel W/O PI Diesel with PI B20 W/O PI B20 with PI



CHAPTER 5: MANIPULATING MODERN DIESEL ENGINE PARTICULATE EMISSION 
CHARACTERISTICS THROUGH BUTANOL FUEL BLENDING AND FUEL INJECTION 
STRATEGIES FOR EFFICIENT DIESEL OXIDATION CATALYSTS  
 
 

126 
 

PM formation [5, 77] and to enhanced PM oxidation rates [77, 252]. Reductions of the soot 

in the exhaust are often reported when post-injection is introduced due to increased 

expansion temperature and enhanced mixing within the cylinder that increases oxidation of 

soot produced from the main injection [44, 225-227].  

 

Figure 5.3: Effect of post-injection on particle size distribution for diesel and B20 fuels 
 

The particles emitted from diesel engine have a variety of shapes and sizes and 

consist of tens to hundreds of primary particles agglomerated together, forming irregular 

clusters [114, 135]. Figure 5.4 depicts representative examples of HR-TEM micrographs 

from particles sampled from the exhaust gas at the different conditions studied in this 

research. PM morphological parameters (radius of gyration (Rg), number of primary 

particles (npo) and fractal dimension (Df)) for Diesel and B20 are calculated from the 

obtained HR-TEM images (Figure 5.4). Trends observed in these representative examples 

0.00E+00

1.00E+06

2.00E+06

3.00E+06

4.00E+06

5.00E+06

6.00E+06

7.00E+06

10 100 1000

N
or

m
al

is
ed

 n
um

be
r c

on
ce

nt
ra

tio
n 

(#
/c

m
3)

 

Diameter (nm) 

Diesel W/O PI Diesel with PI B20 W/O PI B20 with PI



CHAPTER 5: MANIPULATING MODERN DIESEL ENGINE PARTICULATE EMISSION 
CHARACTERISTICS THROUGH BUTANOL FUEL BLENDING AND FUEL INJECTION 
STRATEGIES FOR EFFICIENT DIESEL OXIDATION CATALYSTS  
 
 

127 
 

are in agreement with the statistical trends discussed below. Figure 5.5 shows the results of 

the average particles electrical mobility diameter obtained with SMPS jointly with soot’s

average radius of gyration and number of primary particles. According to these results the 

average agglomerate size (quantified by radius of gyration and mobility diameter) and the 

number of primary particles are lower for B20 than for diesel fuel independently of the 

injection strategy. It is believed that for diesel combustion the enhanced net formation rate 

of particles increases the likelihood of collisions and further aggregation leading to higher 

number of primary particles. It is thought that oxygen content in butanol blend (B20) 

improves the soot oxidation [160] while the incorporation of the post-injection leads to 

enhanced oxidation resulting in the disappearance of a fraction of the primary particles 

already formed (Figure 5.5). The reduction in number of particles as measured by the 

SMPS and the reduction in number of primary particles in the particle aggregate for B20 

are also associated with the reduction in the formation of soot precursors due to the 

chemical structure of butanol and the lack of PAH in butanol, besides the effect of the 

oxygen content of butanol. 
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Figure 5.4: Typical examples of HR-TEM micrograph of particles matter collected at the 

exhaust gas for (a) diesel fuel, and (b) B20 
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Figure 5.5: Effect of fuel injection strategy and fuel characteristics on particle size from 

SMPS, radius of gyration (Rg) and number of primary particles (npo) 

 
The influence of the fuel and injection strategy (with and without post-injection) 

on the fractal dimension (Df) is shown in Figure 5.6. The fractal dimension of the 

agglomerates produced from the diesel fuel is higher (by 1.62-1.66) than that from B20 for 

both injection strategies (Figure 5.6) and this is in agreement with the work described by 

both Fayad et al. [77] and Choi et al. [253]. As a general rule [216] a reduction of the 

fractal dimension should be expected when there is a high concentration of particles as a 

result of the increased likelihood of collisions between agglomerates. However, in the case 

of agglomerates from oxygenated fuels, despite the lower particle concentration (and the 

consequent reduced likelihood of collisions) fractal dimensions were not found to be 

higher, but were systematically lower instead, probably due to some internal oxidation of 

agglomerates occurring after being formed. Similarly, the fractal dimension is also lower 
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when post-injection was introduced for both fuels, despite the higher particle concentration 

also in this case (Figure 5.6). A conceptual model is suggested here to justify these trends. 

In the early stage of nuclei and primary particle formation fractal dimension is close to 3 

and the primary particle size continuously increases (spherical nuclei and spherical primary 

particles). Collisions between particles and agglomerates and between agglomerates and 

agglomerates will increase the size of the agglomerate and reduce their fractal dimension 

(particle growth dominant over particle oxidation). This phenomenon will be more intense 

in the case of diesel without post injection conditions due to the higher rate of particle 

formation. Afterwards, the oxidation of particles will become dominant over the particle 

formation and the size of both primary particles and agglomerates could decrease, while 

the fractal dimension will deeply decrease, for the reason pointed out above. In this case, 

the decrease in fractal dimension will be more intense for the case of oxygenated fuels and 

post-injection conditions. Therefore, it is speculated that the resultant agglomerates from 

oxygenate fuels and post-injection conditions will have lower fractal dimension as the 

oxidation will remain being the dominant mechanism in front of particle formation and 

growth for longer time, as a consequence of the enhanced reactivity of soot particles (in the 

case of oxygenated fuels) or of the enhanced temperature conditions in the exhaust flow (in 

the case of post-injection). More research and some in-cylinder sampling techniques should 

be used for a more comprehensive justification. 
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Figure 5.6: Fractal dimensions of particulate matter from the HR-TEM images 
 

The primary particle diameter (dpo) size distribution for both fuels with or 

without post-injection has been measured by selecting around 200 primary particles (more 

than 33 HR-TEM photographs for each condition and fuel) in order to fit normal 

distribution as shown in Figure 5.7. Figure 5.8 shows smaller size primary particles from 

the combustion of B20 for both injection setting (with and without post-injection) 

compared to diesel primary particles due to lower rate of production of soot precursors, 

soot formation and soot growth, and to the increase soot oxidation during the combustion 

of oxygenated fuel [77]. This result is in agreement with results obtained from biodiesel 

fuel [254] and butanol [77, 119] fuel blends without post-injection using other engine 

technologies [77, 119]. The size of primary particles is slightly reduced when post-

injection was used for both fuels (Figure 5.8). It is believed this is due to an enhancement 

in the soot oxidation rate in the expansion stroke under post-injection conditions. 
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Figure 5.7: Primary particles size distributions for (a) diesel fuel, and (b) B20 
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Figure 5.8: Average size of primary particles (dpo) for diesel and B20 

 

5.2.3 INFLUENCE OF FUEL POST-INJECTION AND FUEL 

STRUCTURE ON ENGINE GASEOUS EMISSIONS 

Figure 5.9 shows the CO, heavy HC, and THC engine-out emissions for the two 

studied fuels at both injection strategies. It can be noticed that THC emissions were lower 

from the combustion of the alcohol blend (B20) for both injection strategies. The higher 

HC emissions observed with diesel can be attributed to several reasons including absence 

of oxygen in the fuel molecule, and less efficient oxidation. The THC emissions in the case 

of post-injection are much higher compared to the case without post-injection. This 

confirms that the quantity and timing chosen for the post-injection allows to keep most of 

them unburnt and available to be oxidised in the DOC. Yamamoto, et al. and Chen, [41, 

44] reported that the late post-injection lead to high level of THC emissions. It is reported 

that the reason of the increase in CO emissions observed for B20, especially without post-

injection, can be attributed to the expected lower local in-cylinder temperature (Figure 5.2) 
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and less CO oxidation during the combustion process due to the higher enthalpy of 

vaporisation of butanol with respect to diesel fuel [42]. Therefore, it seems that at this 

engine load operation the oxygen content and high reactivity of the butanol molecule 

enables to partially oxidise most of the HC species to CO, but the colder in-cylinder 

conditions due to the enthalpy of vaporization of butanol hinders the complete oxidation 

from CO to CO2. 

 

Figure 5.9: Engine exhaust gaseous emissions  
 

The concentration of HC species in the engine exhaust upstream the catalyst 

differs for diesel and B20 engine fuelling (Figure 5.10). The concentration of the light HC 

species studied including saturated (methane, ethane) and unsaturated (ethylene) species is 

higher for B20 with respect to diesel fuel combustion, conversely to the THC emissions 

presented earlier. It is thought that this is due to the thermal decomposition of the butanol 

component to light HC species and CO rather than forming heavy HC components as in the 
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case of diesel fuel combustion. The level of HC emissions was lower from the combustion 

of B20 compared to the diesel fuel combustion. This can be due to improved combustion 

efficiency of the fuel in the presence of oxygen in the fuel as has also been described in 

[119] and due to the combustion patterns described in Figure 5.2, where a small increase in 

the in-cylinder pressure was obtained. From the results it can be also observed that with the 

incorporation of the fuel post-injection, higher concentration of the total and selected HC 

species were measured for both fuels due to the late timing of the post-injection [41]. 

 

Figure 5.10: Engine exhaust hydrocarbon species measured upstream the DOC 
 

A slight increase in NOX (NO+NO2) was measured for the B20 combustion with 

respect to diesel combustion for both injection strategies (Figure 5.11). This can be due to 

the slight increase of in-cylinder pressure as seen in Figure 5.2 and the presence of the 

chemically bound oxygen content in B20 as it has been previously reported in the case of 
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oxygenated fuels [119]. In addition, the oxygen content and lower cetane number of 

butanol enhanced the burning rate (faster burning). Chen et al [255] reported similar trends 

in NOx emissions from the combustion of n-butanol-diesel blends and suggested that this 

was a result of the increased ignition delay that was then led to wider high-temperature 

combustion region. In addition, the oxygen content and lower cetane number of butanol 

enhanced the burning rate (faster burning). Although both fuels have similar NO 

concentration, it seems that B20 blend has higher oxidation from NO to NO2 than diesel 

fuel due to the oxygen in the molecule. When post-injection was utilised the emissions of 

NO were decreased with simultaneously increasing in NO2 for both fuels (Figure 5.11). 

This is can be explained because a portion of NO was oxidised to NO2 by hydroperoxy 

radical (HO2) formed during post combustion [256] and because of the reduction of NOX 

with some of the HCs post-injected. It was noted that the engine out NOX emissions 

decreased under post-injection due to the possible formation of nitrated-hydrocarbon by 

reacting NOX with radical HC [256]. 
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Figure 5.11: NOX species concentrations of each gas species for with and without post-

injection 

5.2.4 BRAKE SPECIFIC FUEL CONSUMPTION AND BRAKE 

THERMAL EFFICIENCY 

The brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE) 

for both diesel and butanol blends are summarized in Table 5.1. It was noticed that post 

injection strategy increased the brake specific fuel consumption  (BSFC) compared to that 

of main injection for both fuels. Moreover, BSFC slightly increased with B20 for both 

injection strategies when compared to the diesel fuel. The mean increase in BSFC for B20 

when compared to the diesel under the same condition is 0.02811 and 0.02903 kg/kWh for 

without post-injection and with post-injection respectively. This is due to the lower 

calorific value recorded for B20 (see Table 3.4 in chapter 3) compared to the diesel fuel. 

Lapuerta et al. [6] and Hajbabaei et al. [257] reported that the oxygenated fuels increases 
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the BSFC mainly due to the reduced calorific value when compared to the 

diesel. Furthermore, the smaller increase in BSFC for B20 its compensated by its lower 

calorific value resulting in an increase in brake thermal efficiency. This could be due to 

the oxygen content in the B20 that improves the combustion efficiency and this 

is consistent with other researchers cited in introduction. It is clear from Table 5.1 that the 

post-injection reduce brake thermal efficiency and increase the exhaust gas temperature 

(EGT) for both fuels. 

Table 5.1: Brake specific fuel consumption and thermal efficiency 

Fuel Diesel fuel B20 

Parameters W/O PI With PI W/O PI With PI 

Brake specific fuel consumption, 
BSFC (kg/kWh) 0.3484 0.3645 0.3765 0.3935 

Exhaust gas temperature, EGT 
(°C) 283 291 272 284 

Brake thermal efficiency (BTE)  23.97 23.25 25.44 24.83 

 

 

5.2.5 INFLUENCE OF FUEL POST-INJECTION AND FUEL 

PROPERTIES ON DOC ACTIVITY 

Combustion by-products in the exhaust gas are competing with each other to be 

adsorbed into the active sites of the catalyst [20, 77], effects that is highly depends on the 

temperature, flow conditions, space velocity and concentration and nature of the exhaust 

species. In active control aftertreatments such as diesel particulate filters (DPFs) the ability 

of the DOC to effectively oxidise the fuel and hydrocarbons and provide the required heat 
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is important for the efficient operation of the engine system (including aftertreatment and 

engine fuel economy and emissions). The gas hourly space velocity (GHSV) and 

temperature of the DOC in this study were controlled and set at 35000 h-1 and 300 °C, 

respectively in order to isolate the effect of exhaust gas composition.  

The DOC is very effective in reducing CO in the engine exhaust from the 

combustion of both fuels, with the catalyst’s CO conversion efficiency being higher for

B20 blend. In the case of post-injection,thec atalyst’sC Oox idationef ficiency was reduced

(Figure 5.12), this is due to increased concentration of species that are now competing for 

the same number of active sites. The HC species presented in Figure 5.12 are light 

saturated (methane, ethane), light unsaturated (ethylene) and heavy HCs. The results 

confirm the differences in reactivity of the hydrocarbon species. Methane (CH4) as a short 

chain saturated hydrocarbon was the most difficult component to oxidise in the catalyst due 

to its low oxidation reactivity [21, 81]. Particularly, it can be observed that the conversion 

efficiency of methane over the catalyst was even lower than 10% at 300 °C for all the 

conditions studied. In addition, the increased concentration of heavier HCs and fuel in the 

exhaust that reaches the DOC leads to its non-selective poisoning (i.e. fouling or masking).  

The catalyst active sites are now occupied by the increased concentration of HCs 

and fuel that are interfering with the reactants transport phenomena to the catalyst active 

sites. This non-selective poisoning limits the catalytic surface area and obstructs access of 

the reactants to the pores. In this case the effect is reversible as for the B20 fuel 

combustion, the catalyst has the highest HC conversion efficiency at 300 °C compared with 

diesel fuel (Figure 5.12). This could be due to several reasons such as lower concentration 

of HC upstream the catalyst, higher reactivity of butanol and its derivatives, higher level of 



CHAPTER 5: MANIPULATING MODERN DIESEL ENGINE PARTICULATE EMISSION 
CHARACTERISTICS THROUGH BUTANOL FUEL BLENDING AND FUEL INJECTION 
STRATEGIES FOR EFFICIENT DIESEL OXIDATION CATALYSTS  
 
 

140 
 

NO2 emissions to catalytically oxidise the HC species [77, 187], lower PM/soot levels that 

can be responsible for blocking the active sites. 

 

Figure 5.12: Diesel oxidation catalyst (DOC) activity at 300 °C 

 

5.2.6 SUMMARY 

 

The effect of fuel post-injection and butanol-diesel fuel blends (B20) on PM 

characteristics (including size, fractal dimension, radius of gyration, and size of primary 

particles) and gaseous emissions were analysed and their influence on DOC activity was 

investigated at exhaust temperature of 300 °C. Due to reduced PM number concentration 

and HC emissions from the combustion of B20 the catalyst activity was improved. The HR 

-TEM analysis showed that the number of primary particles of PM agglomerates emitted 
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from B20 combustion was lower than that from the combustion of diesel fuel. As B20 has 

oxygen-containing compounds, they contribute to inhibit the rate of soot formation and to 

increase the rate of oxidation, resulting in particles with smaller average size and fractal 

dimension. It is observed that the fuel post-injection has more clear benefits on PM 

reduction, resulting in enhanced soot oxidation with similar trends on the morphology of 

agglomerates as the presence of oxygenated compounds. HR-TEM analysis supports the 

results from SMPS and revealed that B20 produces particles with smaller average size 

compared to diesel fuel. 

The fuel components as has been highlighted from the use of primary alcohols in 

this study, can improve engine systems performance by providing a chain of beneficial 

effects; from the combustion process to emissions formation processes to their abatement 

processes in the aftertreatment systems. In this case the changes in fuels properties from 

the incorporation of butanol into diesel fuel, led to cleaner combustion that eased species 

(i.e. HCs/fuel and engine out emissions) oxidation in the DOC. These trends will favour 

the active control strategies in the aftertreatment systems and will positively impact on 

their performance (i.e. increase activity, improve durability) and overall engine fuel 

economy.
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CHAPTER 6 
 

6. INTERACTIONS BETWEEN AFTERTREATMENT SYSTEMS 

ARCHITECTURE AND COMBUSTION OF OXYGENATED FUELS 

IN DIESEL FOR IMPROVED LOW TEMPERATURE CATALYSTS 

ACTIVITY 

 

Diesel engine vehicles, despite their good fuel economy and reduced CO2, are 

receiving significant attention and negative publicity in recent years due to their inability in 

achieving the emissions regulations. This has widely been linked to undesirable 

environmental impact and premature deaths. In addition, the lower exhaust gas 

temperatures associated with modern more efficient hybrid powertrain and diesel engines 

makes current technology catalytic aftertreatment systems inactive under range of vehicle 

operating conditions. It is possible to optimise the mechanisms that enhance the lower 

temperatures of catalyst activity by understanding the interactions (promotion/inhibition) 

between exhaust gas species from oxygenated fuel and catalyst performance. 

In the current chapter, the engine is operated with alternative fuel (butanol blend) 

and diesel fuel as a reference fuel to produce a variety of exhaust gases such as CO, HC, 

NOx, and PM. In this test examine three main dominant parameters of the diesel engine 

exhaust gas, the composition, temperature and reactant residence time on catalyst light-

off performance using butanol-diesel blend (B20). Furthermore, the combination of a 

filtration unit (DPF) upstream an oxidation catalyst (DOC) at various space velocities is 
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also studied. The combination of cleaner combustion (i.e. butanol blend) and 

unconventional aftertreatment architecture allows to study the impact of carbon species 

accumulation within the catalyst and the effect on its catalytic activity. 

6.1 METHODOLOGY 

 

 The details of diesel engine used in this chapter are explained in chapter 3 

(see Table 3.2). A simplified schematic layout of the representative experimental set-up is 

detailed and illustrated in Figure 6.1. The engine exhaust is linked to a bespoke catalyst 

research and development test rig that allows catalyst activity and characterisation studies. 

The set-up of mini reactor and catalyst position inside furnace were explained in chapter 3. 

The combined arrangement of DPF and DOC aftertreatment systems inside furnace are 

also shown (see Figure 6.1). 

 

Figure 6.1: Schematic diagram of experimental test and sampling point 
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The other details of engine operating parameters, including injection strategy (i.e. 

post injection timing, main/post injection ratio, and injection pressure) were controlled by 

using an in-house developed LabVIEW programme and these conditions are listed in 

Table 6.1. During this work, the engine was running under post-injection and speed was 

controlled at 1800 rpm for all tests with an engine load of 3 bar indicated mean effective 

pressure (IMEP) which representing approximately 50% of the maximum load. The 

oxidation catalyst was subjected for two exhaust gas space velocity of 25,000 h-1 and  

50,000 h-1 and heating temperature ramp of around 2 °C/min during every test. The ratio 

between the volumetric gas flow rate and the reference volume of the aftertreatment system 

is called the space velocity (SV) and is given in s-1  [258].  

Table 6.1: Injection system characteristics. 

Injection parameters Specifications 

Injection system  Common rail 

Pre, main injection timing 15, and 3 deg bTDC 

Pre, main, and post injection quantity 0.15, 0.48, and 0.1 ms 

Injection duration 0.250 ms 

Injection pressure 650 bar 

Post-injection timing 60 aTDC 

 

The conversion efficiency calculated according to the continuously recorded of 

exhaust gas concentration at the catalyst. In order to remove any remaining fuel from the 

previous experiment, the test fuel was changed as well as the fuel tank and fuel lines were 
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cleaned through run the engine was running for a period of time (30 min) with the same 

test fuel. During the test the engine exhaust gas concentration were measured at the 

beginning of engine outlet and at the beginning of the reactor (before DOC) at each test 

with a view to compare any changes in the exhaust gas concentration. The outlet exhaust 

gas concentration of DOC was continuously recorded throughout the experiment to 

calculate the conversion efficiency. The experiments engine research was carried out to 

explore the post-injection activation aptitude to produce hydrocarbons at the exhaust which 

are needed by DOC and for the regeneration DPF. The details of DOC and DPF used for 

the aftertreatment throughout this study were presented in chapter 3. 

6.2 RESULTS AND DISCUSSION  

 

The presence particulate matter (PM) in the exhaust gas can affect the catalyst 

oxidation activity by accumulate soot particles in the catalyst channels. This is could be 

effect the interactions of some exhaust gas species (CO, HCs, NOX) with each other over 

catalyst and delay the light-off catalyst. Understanding this effect could eventually support 

the design of the aftertreatment system to enhance the removal pollutants at low 

temperatures and improve the catalyst activity. The combined effect of oxygenated fuels 

and changes in the commonly used aftertreatment position has been studied. In this 

chapter, the effect of butanol blending on particulate matter size distribution and 

gaseous emissions in the engine exhaust was analysed under post-injection strategy. 
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6.2.1 INFLUENCE OF FUEL ON PM AND GASEOUS EMISSIONS AT 

LOW SPACE VELOCITY (25,000 h-1)  

6.2.1.1 Particulate Size Distribution (PSD)  

Figure 6.2 shows particle number concentrations and particle size distributions 

for ULSD and B20 measured from the engine exhaust. Lower particle number 

concentrations are observed when B20 was used, as well as a lower mean particle diameter. 

The average particle diameters were 79.71 nm for diesel and 74.81 nm for B20, 

respectively. The main reason for the reduction in the particulate number is the oxygen 

content in the butanol molecule, which promotes soot oxidation from the internal bond-

oxygen, leading to the elimination of most of the soot particles previously formed, and to 

the reduced size of the remaining particles [66, 259]. In addition, the reduction in the 

particle concentration contributes to reduce the probability of collisions between particles, 

thus further producing smaller agglomerates compared to the diesel fuel, in agreement with 

previous studies with alcohol blends [225, 259, 260]. The use of fuel post-injection it is 

also reduces the production of soot emissions due to better air/fuel mixing within the 

cylinder and as a result enhances the soot oxidation process [225, 227, 259]. 
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Figure 6.2: Effect of fuel on particulate size distribution 

 

6.2.1.2 Engine Output Gaseous Emissions 

 

The effect of fuel properties on gaseous emissions for diesel and butanol blend 

are shown in Table 6.2. The NOX emissions remain constant independently of the fuel 

used. It is thought that the potential increase of NOX due to the lower cetane number and 

presence of the internal oxygen in the butanol molecule is compensated by a reduction in 

local temperature because of butanol’s higher enthalpy of vaporization. However, an 

increase in the NO2 emissions from the combustion of B20 was observed [261] as 

compared to the diesel fuel combustion, effect that has been also described by Chen et al. 

[255] and Fayad et al. [259]. CO emissions increase slightly and THC emissions decrease 

when B20 is used instead of diesel fuel. The presence of butanol in the blend has a twofold 
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effect: on the one side, internal oxygen enhances combustion efficiency and as a 

consequence THC emissions decrease with respect to diesel fuel combustion. 

However, these THC emissions could not be completely oxidised to CO2, leading 

to partially oxidised CO, because of the higher vaporization enthalpy of the alcohol. 

For a more comprehensive analysis of the THC, some relevant 

light saturated hydrocarbons  (methane and ethane) and unsaturated hydrocarbons 

(ethylene, propylene, acetylene) species have been analysed independently, while the rest 

of species have been grouped as heavy hydrocarbons  (HCs). Table 6.2 shows that HCs, 

which represent around 65% of THCs for both fuels, have the same tendency as THC. 

However, a higher level of light HCs species (saturated and unsaturated) can be observed 

from the combustion of the butanol blend (B20) compare to diesel fuel, 

which could influence the DOC light-off [255]. This is likely to be a result of the butanol’s

thermal decomposition to light HC species and CO while in case of diesel fuel combustion 

it produces heavier HC components. 
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Table 6.2: Engine output emissions at 1800 rpm and 3 bar IMEP 

 

6.2.2 EFFECT OF FUEL COMBUSTION AND DPF INCORPORATION 

ON THE DOC LIGHT-OFF 

 In this section the effect of B20 and diesel fuel combustion on the DOC light-

off performance has been analysed with and without a DPF under 25,000 h-1 of space 

velocity. The incorporation of an upstream DPF to the DOC implies removing or not large 

Engine output concentration (ppm) Diesel (100%) Butanol blend B20 

Nitric oxide (NO) 163.512 160.126 

Nitric dioxide (NO2) 44.421 50.754 

Nitrogen oxides NOX 207.933 210.881 

Carbone monoxide (CO) 391.215 475.142 

Total hydrocarbons (THCs) 1129.232 890.251 

Heavy hydrocarbons (HCs) 757.621 570.614 

Methane (CH4) 5.814 8.324 

Ethane (C2H6) 4.7124 6.231 

Acetylene (C2H2) 3.581 4.681 

Ethylene (C2H4) 21.921 26.532 

Propylene (C3H6) 8.241 8.732 

Formaldehyde (HCHO) 23.942 25.542 
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part of the soot and heavy hydrocarbons from the exhaust before they reach the oxidation 

catalyst. As it has been previously reported the DPF can trap more than 99% of solid PM 

by mass and number from a diesel engine exhaust derived from diesel and oxygenated fuel 

combustion [18]. The prevention of soot and those heavy HC reaching the DOC could 

improve transport limitations of the reactants to the active sites and will allow a better 

study of the adsorption of gaseous emissions in the active sites of the DOC. Furthermore, 

these tests add further understanding to identify and evaluate the different 

factors which contributed to the improved catalyst oxidation activity previously reported 

with B20 engine fuelling with respect to diesel fuel combustion. 

6.2.2.1 DOC Ability to Oxidise CO and HCs 

 

Figure 6.3 and Figure 6.4 show that the DOC is more efficient in oxidising CO 

and THC, respectively when the DPF is introduced upstream the DOC for both fuels 

studied. Particularly, the placement of the DPF in front of the DOC and the incorporation 

of B20 improved the CO catalyst light-off by up to around 70 °C (temperature are 

compared when catalyst reach 50% conversion efficiency) when compared to diesel fuel 

combustion. It can be noticed that the oxidation of the THC wasn’t complete over the 

catalyst and their oxidation started at higher temperature than the CO, especially for the 

combustion of diesel fuel without the use of an upstream DPF. It is thought this is due to 

incomplete conversion for some of HC species, which are difficult to oxidise 

over the catalyst. Potential condensation of heavy hydrocarbons enhanced through the 

presence of zeolite within the catalyst’s washcoat enable to trap medium-heavy 

hydrocarbons at low temperature, being released at higher temperature [20, 21]. 
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Therefore, the DOC’s light-off temperature is highly dependent on the exhaust 

gas composition, as the cleaner combustion of B20 and the filtering of the exhaust gas with 

the DPF shifted CO and THC light-off towards lower temperatures. The results have 

shown in Figure 6.3 and Figure 6.4 (at low space velocity) enable to differentiate 

the effects of active sites availability (e.g. different particle and HC concentration 

level upstream DOC) with respect to the effect of the different diffusivity and reactivity 

between the combustion products. It is obtained that the negative effect of particle 

and heavy hydrocarbons blocking the active sites influence the catalyst activity for 

both fuels, but being more influential for diesel exhaust with respect to B20. From 

the comparison between the DOC catalytic activity with the DPF for both fuels, it is found 

the contributions to DOC’c improved activity are (i) the higher reactivity and diffusivity of 

butanol and its combustion derivatives [77, 187], (ii) the lower HC concentration upstream 

the catalyst and (iii) the higher NO2 concentration in the butanol exhaust gas [187, 259].

Therefore, it is confirmed the combined effect of the enhanced active site aavailability 

reducing the competition for actives sites [41, 259] and higher reactivity and diffusivity of 

butanol combustion products to obtained an improved and steeper catalyst light-off 

conversion efficiency.  

It can be noticed that CO has steeper light-off trends from the combustion of B20 

at different light-off conditions than to the diesel fuel combustion. This is due to higher 

reactivity of CO with respect to some hydrocarbon species [262] and the oxygen content in 

the fuel blend reduced HC concentration upstream catalyst hence increases the catalytic 

surface area and encourage access  of the reactants to the pores (reduce the competition for 

the same number of active sites). 
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Figure 6.3: CO oxidation light-off temperature in the DOC (with and without DPF) for 

diesel and B20 fuels 

 

Figure 6.4: THC oxidation (light-off) temperature in the DOC (with and without DPF) for 

diesel and   B20 fuels 
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6.2.2.2 DOC Ability to Reduce the Individual HCs Species  

 

The conversion of the individual HC species in the DOC from the combustion of 

diesel and B20 are presented in Figures started from Figure 6.5 to Figure 6.11. The 

incorporation of the DPF upstream the DOC, also reduces it’s light-off temperature for the 

individual HC species  (Figure 6.6 to Figure 6.11). The individual hydrocarbon species 

light-off form the combustion of B20 started earlier than those obtained for diesel fuel. The 

oxidation process of the individual HC species in the DOC started with acetylene, followed 

by propylene and then the rest of HC species (Figure 6.6 to Figure 6.11). In the studied 

temperature range methane was not oxidised or affected by the differences in the exhaust 

gas composition, higher exhaust gas temperature are required (Figure 6.5). Furthermore, 

the presence of some long chain hydrocarbons classified as “heavy HC” contribute to the 

incomplete conversion of THC, resulting from their reduced diffusivity to reach 

the catalyst active sites [20]. This sequence in hydrocarbon oxidation, with short chain 

saturated hydrocarbons being the most difficult to control agrees with the results found to 

Diel et al. and Herreros et al. [21, 81]. From the results, it can be concluded that the same 

factors and contributions to the case of CO and THC emissions also apply to the oxidation 

of the individual hydrocarbon species [81].  
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Figure 6.5: Methane light-off temperature in the DOC (with and without DPF) for diesel 

and B20 fuels 

 

Figure 6.6: Acetylene light-off temperature in the DOC (with and without DPF) for diesel 

and B20 fuels 
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Figure 6.7: Ethylene light-off temperature in the DOC (with and without DPF) for diesel 

and B20 fuels 

 

Figure 6.8: Ethane light-off temperature in the DOC (with and without DPF) for diesel and 

B20 fuels 
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Figure 6.9: Propylene light-off temperature in the DOC (with and without DPF) for diesel 

and B20 fuels 

 

Figure 6.10: Formaldehyde light-off temperature in the DOC (with and without DPF) for 

diesel and B20 fuels 
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Figure 6.11: Heavy HCs light-off temperature in the DOC (with and without DPF) for 

diesel and B20 fuels 

 

6.2.2.3 DOC Ability to Oxidise NO/NO2 

 

NO2 concentration in the untreated exhaust is dependent on the fuel used and 
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trend that was also reported in [21]. Pioneering work by Murakami et at. 1982 [263, 264] 

investigated several additives as promotes, including CH3OH, H2, H2O2, CH2O, CH4, and 

they found that the degree of NO to NO2 conversion was dependant on the production rate 
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amongst other have observed in catalytic processes in vehicle pollutants reduction [266, 

267]. The oxygenated organic compounds such as methanol, methylamine, acetaldehyde, 

acetone and ethane were found to affect the rate of NO to NO2 conversion but also the 

width of the temperature window for oxidation. They reported that the efficiency of a given 

compound in oxidizing NO could be attributed to its oxidation mechanism as it depends on 

the production of peroxyl radicals, HO2. Parameters such as the ratio of organic 

compounds to NO, reaction temperate, reaction time, and presence of water are all found to 

influence the NO to NO2 oxidation [265]. For example methanol/NO ratio of around 1 

provided high NO to NO2 promotion efficiencies i.e. (80% to 90%), at lower molar ratios 

the conversion was reduced.  

A CFD investigation by Zhang et al. [268] and Lilik et al. [269] confirmed that 

combustion temperature changes alone are not sufficient to explain the increase in NO2 

with increasing H2. Their CFD results are also consistent with the hypothesis that in-

cylinder HO2 enhances the conversion of NO to NO2 in the diesel engine exhaust. The 

same trend was noticed in this work with the introduction of butanol in diesel combustion, 

where the OH in the oxygenated fuels can increase the OH2 radicals in the combustion 

process and thus promote the formation of NO2. 

The DOC catalyst can be designed to promote the NO to NO2 [270-272] in order 

to enhance the low temperature passive soot oxidation, and reaction that it is also 

influenced by the concentration of CO and the type of THC in the catalyst [20, 21]. The 

production of NO2 is also temperature dependant, with approximately 250 °C being the 

starting for the DOC under investigation for both fuels. It has to be emphasised that at 

low temperature, the engine out NO2 of approximately 44 and 50 ppm from the diesel and 

B20 combustion (see Table 6.2) is preferentially used to oxidize HCs in the DOC. The 
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presence of the DPF  upstream the DOC also enhances the NO2 production in the DOC for 

both fuels. This is can be attributed to a) the reduced reaction rates of the produced NO2 

with carbon contained species and b) the enhanced catalyst oxidation activity, as evidenced 

from the earlier CO and HC light-off curves, due to improved reactant and products 

transport to and from the active sides, respectively due to the reduction in carbon species 

reaching the DOC [272, 273]. On the other hand, it can be noticed from Figure 6.22 that 

B20 slightly increased in NO production after 250 °C without DPF than to the with DPF. 

The improved CO and THC oxidation with the incorporation of the DPF, does not promote 

the increase in the NO2 emitted to the atmosphere. The higher CO and THC oxidation 

when the DPF is introduced, consumed more O2 and NO2, therefore, as higher 

NO2 concentration has been utilised in the carbonaceous species oxidation [265]. 

Higher values of NO2 downstream the catalyst from B20 combustion with 

increasing catalyst temperatures due to a higher oxidation of NO to NO2, while NO level 

was reduced downstream the catalyst with respect to the inlet value as shown in 

Figure 6.12. This is due to a higher NO to NO2 oxidation as there is lower competition 

between the different exhaust component as well as NO reacting preferably with molecular 

oxygen and lower rate of NO2 consumption over the catalyst through reaction with HC 

species as the HC level from B20 combustion is lower than for diesel fuel (Figure 6.12). In 

case of using Ag/Al2O3 catalyst, a similar effect has been already reported by Fayad et al. 

[77] where the formation of NO2 is highly promoted under the addition of alcohol fuels. 
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Figure 6.12: NO to NO2 oxidation light-off temperature in the DOC (with and without 

DPF) for diesel and B20 fuels 

6.2.3 EFFECT OF FUEL AND FLOW RATE OVER DOC 

PERFORMANCE LIGHT-OFF 

In this section the effects of B20 and diesel fuel combustion over the DOC light-

off performance with an upstream DPF have been analysed with different flow rates (i.e. 

space velocities of 25,000 h-1 and  50,000 h-1) (Figure 6.13). This allows to investigate the 

effect of the residence time of the exhaust products on their adsorption and oxidation in the 

DOC active sites, while the temperature in the DOC inlet was varied from 50 °C to 400 °C. 
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Figure 6.13: CO oxidation light-off temperature in the DOC at different space velocities 

for diesel and B20 fuels 
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their combustion products favour the accessibility and reaction of CO and THC in 

the catalyst active sites [233].  

 

Figure 6.14: THC oxidation light-off temperature in the DOC at different space velocities 

for diesel and B20 fuels 

6.2.3.2 HCs Species Oxidation over DOC at Different SV 

 

The concentration of the individual of the HC species and heavy HCs 

downstream the DOC at both space velocities is shown in figures from Figure 6.15 to 

Figure 6.21. According to the catalyst light-off temperatures, the oxidation rate of HC 

species was slower at HSV compared to LSV for both fuels as a result of limited residence 

time of the exhaust gas within the catalyst. For both SV, the unsaturated HCs are oxidised 

at lower temperatures than saturated ones a results that agrees with [227]. Eventually, at 
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space velocity, the conversion efficiencies in the case of B20 operation are similar to 

those obtained with diesel for most of the HC species. Therefore, with the exception of 

acetylene, it seems that the earlier catalyst light-off for B20 with respect to diesel fuel does 

not happen at high space velocity, with the exception of acetylene (see Figure 6.15 to 

Figure 6.21). 

 

 

Figure 6.15: Methane light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 
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Figure 6.16: Acetylene light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 

 

Figure 6.17: Ethylene light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 
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Figure 6.18: Ethane light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 

 

Figure 6.19: Propylene light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 
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Figure 6.20: Formaldehyde light-off temperature in the DOC at different space velocities 

for diesel and B20 fuels 

 

Figure 6.21: Heavy HCs light-off temperature in the DOC at different space velocities for 

diesel and B20 fuels 
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6.2.2.3 NO/NO2 Oxidation over DOC at Different SV 

 

For both fuels the NO2 production was promoted at low space velocity 

(Figure 6.22), which is in accordance with the oxidation of the carbon containing species. 

This trend confirms the findings that oxidation of the organic compounds and NO to NO2 

occurs simultaneously [265]. They have also suggested that reduced reaction time (i.e. 

increased space velocity) also reduces the production of OH2 radicals and hence NO2 

production. The effect of space velocity is even more pronounced at high temperature 

when the concentration of NO2 increases as the formed NO2 is not consumed in THC 

oxidation, which reacts preferably with molecular oxygen when the temperature increases 

[77, 256, 276]. Furthermore, for both SV’s the NO to NO2 oxidation over DOC is slightly 

higher for B20 than for diesel fuel due to the higher reactivity and diffusivity of the 

combustion products of B20 in comparison to diesel fuelling which enhance the oxidation 

rate over catalyst [277].  
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Figure 6.22: NO/NO2 oxidation light-off temperature in the DOC at different space 

velocities for diesel and B20 fuels 

 

6.3 SUMMARY 

 

This study reports the effects of butanol blends (B20) properties and soot particles 

on diesel oxidation catalyst performance; by investigating the effect of soot accumulation 

on the channels of a high cell density catalyst. The research also covered the effect of 

different space velocities (SV) on conversion efficiency (light-off) of engine emissions 

such as CO, THC, HC species and NOx.  

Through fuel blending and aftertreatment systems architecture the engine exhaust 

gas composition can be manipulated in order to improve the catalysts activity especially at 

low temperatures. Our finding can be used to guide the design of both more efficient 
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compact aftertreatment systems architecture and cleaner fuels. By identifying the role of 

the individual species (i.e. reaction promoter, spectators or distractor) during the 

combustion process and catalytic processes, fuels composition, engine operation and 

catalyst design can be optimised. Improved catalyst activity can also be translated in the 

design of catalytic technologies and overall cost. 

The absence of solid particles in the exhaust gas played a key role in improved 

the catalyst light-off temperature and enhances the oxidation rate of CO, THC, and HC 

species at low temperatures by eases accessibility to the coated material and active sites 

(without soot) in the catalyst. Therefore, positioning DPF upstream DOC leads to a great 

benefit on CO and HCs light-off temperature, starting their oxidation at lower temperatures 

than without DPF. This work has shown that B20 has favourable synergetic effect in 

promoting CO and HCs oxidation over catalyst and enhancing the catalyst light-off 

temperature by providing a chain of beneficial effects at both SV. In general, CO and HCs 

species emitted from the combustion of B20 were easier oxidized over catalyst compared 

with diesel fuel over different condition tested. A higher ratio of NO2/NO upstream the 

DOC can be observed from B20 combustion with DPF+DOC because as 

the THC concentration is lower for B20, less NO2 is needed to their oxidation.  

The catalyst activity was affected by the space velocity. Light-off temperatures 

for CO and THC oxidation start at higher temperature in the catalyst  (DPF upstream DOC) 

with high space velocity for both fuels. This is because of the reduction of the exhaust gas 

residence time of the in the catalyst which leads to lower contact time between the active 

sites and exhaust species in the catalyst. NO2 concentration at HSV is lower 

than the concentration at LSV for both fuels studied because at high temperature, 

THC reacts preferably with O2 and consequently, as NO is oxidised to NO2 in the catalyst 
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but NO2 is not used to oxidise THC, NO2 concentration increases. It can be concluded that 

B20 has higher oxidation rate than diesel at LSV and HSV, also the rate oxidation of CO, 

THC, and HC species with high space velocity are slightly higher in B20 than to the diesel 

fuel. It is suggested that using oxygenated fuel blends can promote the DOC activity by 

reducing the soot formation in the exhaust and enhanced the emissions oxidation with low 

catalyst temperatures.  
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CHAPTER 7 

7. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

7.1 INTRODUCTION 

 

 The summary and details of the main research results are provided in this 

chapter in an attempt to understand the role of alternative fuels (butanol-diesel blend) on 

particulate matter (PM) characteristics and on a diesel catalys’t performance in a 

compression ignition diesel engine. The soot particles generated from the combustion of 

the oxygenated fuels were of a smaller size and lower number compared to thos produced 

from diesel fuel combustion. The oxygenated fuel exerts a strong influence on soot 

morphology and nanostructure parameters. The catalyst light-off temperatures shifted 

towards lower temperatures with the addition of butanol fuel to the diesel fuel (butanol 

blend) compared to the conventional diesel fuel. The outcome from these results 

encourages further investigation of PM’s characteristics. More study has been performed 

on the oxygenated fuel and the incorporation of a post-injection  strategy which helps in 

reducing PM and simultaneously modifies the soot’s morphology characteristics. The 

recommendations for future work are also presented in this chapter. 
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7.2 CONCLUDING REMARKS 

 

 In this research thesis, the results from the experimental investigation into the 

reduction and understanding of PM emissions’ characteristics (from a diesel engine’s 

exhaust) have been presented and discussed. Various types of fuels (diesel, RME, butanol 

blend) and combustion modes were used in this experimental investigation to produce a 

variety of exhaust gases (including PM) and show the adsorption competition between the 

exhaust gas pollutants and PM onto the same catalytic sites. Understanding the PM 

characteristics in the exhaust and over the catalyst were the singularity point in this 

investigation to reduce the inhibitions effect and improve the catalyst’s activity at low 

temperatures. This study also gives an insight regarding the effect of alternative fuels on 

the DOC’s performance on PM reduction/modification and pollutant emissions’ oxidation, 

which can help identify synergies between fuel specifications and catalyst efficiency. It can 

be concluded that the use of oxygenated fuels is a very effective way to improve the engine 

output emissions, combustion, and conversion efficiency of a diesel oxidation catalyst at 

low temperatures. Ultimately, this will lead to achieving levels of emissions’ legislation 

limits. The soot HR-TEM imaging results are consistent with the SMPS results; where the 

combustion of oxygenated fuels produces a lower level of PM emissions (number and size) 

than the diesel fuel combustion.  

The soot particles collected from the exhaust system in a diesel engine have 

shown that the butanol blend and biodiesel (RME) have produced a lower number of 

primary particles (npo) and smaller sized (dpo) soot agglomerate. It can be concluded that 

when the oxygen content increases in the fuel (also reducing the number of aromatic 

compounds) it leads to a reduction in the average mobility diameter and the total number 

concentration of the PM. In addition, it enhances the soot particle oxidation and reduces the 
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soot particle formation. For the same oxygen content (around 5 %) in the fuel, it was found 

that a butanol blend reduces the number of primary soot particles, the size of the primary 

particles, and produces smaller fractal dimension of soot agglomerate compared to the 

biodiesel (RME). Also, the butanol blend was very beneficial for light-off catalyst 

temperatures compared to the other fuels used in this research. In the case of the primary 

particulates’ size and microstructure parameters, the diesel oxidation catalyst does not 

show any clear effect on these parameters at different catalyst temperatures for all the fuel 

studies. Regarding the PM, the main role of the diesel catalyst was the reduction of the 

total PM to 30% (trapping effect) and oxidization of the PM volatile components; while the 

DOC needed a longer residence time to oxidize the soot.  

Further studies on the effect of injection strategies and oxygenated fuel were 

conducted on a common rail modern diesel engine to understand how the post-injection 

and butanol blend (B20) affected the PM’s characteristics (size of primary particles and 

fractal dimension). Thorough further investigation on the particulate emissions of the 

oxygenated fuel reported that the presence of the oxygen content in the fuel blend 

incorporated with post-injection was more effective in restraining the rate of soot formation 

(lower PM) and increasing the rate of soot oxidation, which resulted in particles with a 

smaller average size and fractal dimension. It can be concluded that the use of primary 

alcohol in the fuel blend can improve the combustion process and lead to cleaner 

combustion that eases the species’ (HCs/fuel and engine out emissions) oxidation in the 

diesel catalyst (DOC). Additionally, these trends will positively impact on the catalyst’s 

performance and favour active control strategies in the aftertreatment systems. Another 

conclusion from this work is that the soot accumulation in the catalyst’s active site

channels can reduce the diesel oxidation catalyst’s activity. The catalyst’s activity can be 

improved at low temperatures by the addition of fuel blending and a change of the position 
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of the aftertreatment systems. This thesis has provided a guide to the design for both 

compact aftertreatment systems’ architecture and cleaner fuels, with the aim of improving 

combustion performance and reducing the particulate emissions. 

 Finally, the conclusions include consideration of some relationships among 

several of the dependent variables used in this thesis. The characteristics of PM have been 

described in this thesis from the combustion of various oxygenated fuels in a diesel engine, 

with the aim to understand the soot particles’ size and structure. It was found that the 

oxygenated fuel had a positive effect on PM reduction and a favourable synergetic effect 

on the diesel oxidation catalyst. The lower PM emissions’ levels with oxygenated fuels are 

consistent with less soot formation in the combustion chamber and the increase of oxygen 

radicals that favour oxidation, as explained throughout the literature review. The post-

injection strategy has also alleviated the impact of the increase of PM by increasing the 

soot oxidation inside the engine. The implementation of a DPF upstream of the DOC with 

oxygenated fuel is an attractive approach to improve the catalyst light-off at lower 

temperatures, as it removes the soot accumulation from the exhaust system.  

7.3 RECOMMENDATIONS FOR FUTURE WORK 

 

 There are some potential topics which are worth further study and may act as 

a continuation and extension to this thesis. According to the research results presented in 

this thesis, to expand the study of PM’s characteristics (size and structure) to other 

interesting fuels and other equipment, the following recommendations are suggested: 

 For further work, it would be desirable to extend the current study and develop a 

strategy to collect fresh soot from an exhaust system in an appreciable amount to 

analyse the chemical structure parameters of soot particles. Understanding the 
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nanostructure changes from the oxidation process is a key to gain knowledge 

about soot oxidation behaviour. Application of Raman spectroscopy and XRD 

techniques can be used for such a study and can provide information about 

nanostructure changes in soot particles with oxidation. The data from the 

analyses of the chemical properties of soot agglomerates could support the 

results from the physical properties to find confident results. Limited methods 

available to collect fresh soot samples from exhaust systems were the obstacle 

towards continuing with this measurement. 

 It is also suggested that the impact of different levels of exhaust gas recirculation 

(EGR) with the use of post-injection strategy on the soot particles’ characteristics 

could be establised. The use of aftertreatment systems is recommended to 

investigate a diesel catalyst’s performance with active regeneration. Furthermore, 

the level of nitrogen increased in the combustion process from reforming (by 

applying high level of EGR) and it will be interesting to study how the nitrogen 

percentage affects the size and shape of soot particles’ agglomerates. The results 

from this test would be a great contribution to the engine research and emissions’ 

community.  

 Fuels produced from new raw materials (those not destined for food) and 

mixtures with a higher percentage of biobutanol could be studied. These fuels 

allow an independent effect from different properties such as oxygen content, 

amount of aromatics, volatility. This can probably improve the combustion 

characteristics, emissions, catalyst activity, and an increase of fuel economy. 

 In the present thesis, a common rail fuel injection system was available that 

allows the control of the injection parameters (injection timings, pressures, 

duration); therefore, it would be interesting to carry out tests on all the injection 
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parameters and try to see the effect of injection characteristics (timing, duration, 

quantity, and pressure) on the size, shape and nanostructure of the soot particles’ 

agglomerates. 

 It is advised to make a mathematical model (simulation model) that studies the 

collisions between the particles’ agglomerates in the exhaust system, based on 

measurements of size distributions in different locations. It would need the 

ability to predict and identify changes of the final shape of the soot agglomerates 

in the tailpipe from the user specified fuel injection strategy and combustion 

characteristics.  

 Additional engine tests are also recommended to measure the size and shape of 

soot agglomerates in engine oils with different fuels. Post-injection can be 

applied to increase the level of unburned hydrocarbons and fuel dilution in the 

engine sump.  
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Appendix A 

 

Appendix A: Diesel Oxidation Catalyst (DOC) Properties 

Catalysts can be characterized by two fundamental properties: 

 Activity, and 

 Selectivity. 

Activity relates to the catalyst’s ability to enhance reaction rates. If two

catalysts influence the rate of the same chemical reaction, the more active catalyst will 

produce higher reaction rates. Selectivity refers to the catalyst’s ability to accelerate certain

reactions in preference to others. This behaviour is illustrated by the influence of different 

catalysts upon the decomposition of ethyl alcohol. In the presence of an activated alumina 

(Al2O3) catalyst, ethylene and water are formed, whereas, with a copper (Cu) catalyst, 

acetaldehyde and hydrogen predominate 

The catalytic converter is composed of three main constituents: the substrate, 

the washcoat and the catalytic component. The purpose of the substrate is to support and 

provide a surface area for the coated material. The most commonly used substrate shape is 

the cylindrical honeycomb monolith, composed of channels running along the length of the 

component onto which the catalytic material can be coated. 

Catalyst Substrates: 

The substrate is used to support and provide a surface area for the coated 

material. The cylindrical honeycomb monolith is the common substrate shape, composed 

of channels running along the length of the component onto which the catalytic material 

can be coated. 
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The catalytic component is responsible for reducing the temperature required 

for a reaction to take place. Different groups of materials can be found in automotive 

catalysts: precious metals (such as platinum (Pt), palladium (Pd), rhodium (Rh), iridium 

(Ir) and ruthenium (Ru)) or base metals (iron (Fe), cobalt (Co), nickel (Ni), silver (Ag) and 

cupper (Cu)). The choice of catalytic components depends on the nature of the reaction that 

needs promoting (oxidation or reduction), as different catalytic converters are used for the 

removal of specific exhaust pollutants. 

Monolithic catalyst substrates (Figure A-1) are made of ceramics or metal. 

Ceramic substrates (honeycombs) usually have square cells, while most metallic substrates 

have sinusoidal channels. Other channel cross sections are possible, including triangular, 

hexagonal, trapezoidal and round. The number of cells can vary between 10 and over 1000 

cells per square inch (cpsi). Parts that were commercially used for internal combustion 

engine applications in the 1990s had cell densities between 200 and 600 cpsi. With parts in 

excess of 1000 cpsi being available for both ceramic and metallic designs. Most substrates 

for diesel applications remain in the 300-400 cpsi range. Compared to materials used in 

catalysis, the walls of ceramic honeycombs have large pores and very low specific surface 

areas of about 0.3 m2/g. Foils used for metal substrates have no porosity. 

 

Figure A-1: Monolithic Catalyst Substrates 
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That coating, called the washcoat, is composed of porous, high surface area 

inorganic oxides such as gamma-Al2O3. The washcoat layer on a metallic foil and on a 

ceramic substrate is illustrated in Figure A-2. The thickness of the washcoat layer is 20-40 

μm. Much thicker washcoat deposits (“fillets”) are formed in the cell corners, especially in

the sinusoidal channels of metallic substrates. In some technologies, the metal foil is 

washcoated prior to forming the honeycomb. These technologies produce clean channels 

with no fillets in the corners but tend to compromise the mechanical strength and durability 

of the substrate. The washcoat can increase the catalyst heating time by as much as 40% 

compared to an uncoated support. 

 

Figure A-2: Catalyst Washcoat 
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Appendix B 

 

Appendix B: Measuring Equipment Technical Data 

The data collected in this thesis is accurate and also the accuracy of the main 

components of the engine test rig and equipment that used for emissions measurements 

have been collected from the relevant manufacturer instruction manuals. Regarding to the 

gaseous emissions, the MultiGas Analyser (FTIR) was used to analyse these emissions 

were accurate to within ± 1% as shown in Table B-1. The SMPS system was used to 

measure the PM emission. The condensing particle counter (CPC 3775) had a particle 

count accuracy of ±20% for particle concentration lager than 5x104 while ±10% for particle 

concentration lower than 5x104 particles/cm3 but smaller than 1x107 particles/cm3.  

 

Table B-1: Measurements Specifications for MultiGas Analyser (FTIR) 

Specification Comment 

Gas Analyser MKS MG-2030 

Measurement Technique FT-IR Spectroscopy 

Range 
Concentrations between high ppb and 100% 

full scale 

Spectral Resolution 0.5-128cm-1 

Scan Time/ Speed 1-300sec / 1 scans per sec @ 0.5cm-1 

Gas Cell MKS 5.11 Meter fixed path length heated cell 

Detector 
Infrared Analysis 0.25mm Liquid Nitrogen 

cooled MCT, digitally linearised 

Pressure Transducer ± 1% uncertainty 
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Table B-2:  Technical data for the SMPS 

Specification Value 

Particle Type Solids and non-volatile liquids 

Particle size range 10 – 1000 nm 

Maximum input concentration 108 particles/cm3 at 10 nm 

Voltage 10 – 10000 VDC 

Sheath Flow Rate 6.00 L/min 

Aerosol Flow Rate 0.60 L/min 

Time Measurement 120 Sec 
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Appendix C 

 

Appendix C: HIGH-RESOLUTION TEM (HR-TEM) IMAGES  

 
Table C-1: TEM Images from Different Fuels 
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Table C-2: TEM Images with high resolution from Different Fuels 

  

Fuels TEM Imaged Soot Agglomerates With High Resolution 
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