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Investigation the Morphological 

Characteristics of the Particulate Matter 

Emissions from the Oxygenated Fuels 

Combustion in Diesel Engines 

Abstract- Understanding the size and morphological properties of particulate 

matter (PM) is essential to improve analysis of the process of PM formation in 

diesel engines. These will help to reduce undesirable environmental impact and 

health effects. A scanning mobility particle sizer (SMPS) and thermal 

gravimetric analysis (TGA) were used to study the changes in size 

characteristics of PM/soot and soot reactivity. Furthermore, improve the 

oxidation of soot particles in diesel engines is necessary under the range of 

different fuel combustions. Oxygenated fuels (e.g., ethanol blend, E10 and 

butanol blend, B16) were used in this experimental study to show how 

insignificant changes in morphological characteristics and activity of PM . 
The oxidation and activation energy of PM was achieved at the lower 

temperature from the combustion of oxygenated fuels compared with diesel fuel 

combustion. Besides, it was found that both the size of soot particulate and the 

number of primary particles are reduced with increasing the oxygen content in 

oxygenated fuels than the diesel fuel. The shape of primary soot particle for PM 

is a bit more spherical in the case of diesel fuel than to the oxygenated fuels. 
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1. Introduction 

Some of the particulates in the air are of inorganic 

composition, hence are stable and cannot be 

reduced [1]. In recent years, the researchers have 

been deeply focused on reducing/control the 

particulate matter (PM) due to the significant 

concerns on public  health, which can lead to 

respiratory cardiovascular diseases [2]. The 

improvement in engine combustion temperature 

and reduction of PM remains still need more 

search and analysis [3,4]. It is reported that the 

temperature and residence time for soot oxidation 

can be changing the morphological characteristics 

of soot particulates [5, 6]. The size and structure 

of PM have received attention in recent years 

because of its implication for diesel after 

treatment systems, especially in Diesel Particulate 

Filters (DPF) [7]. Most of the studies have been 

conducted on only diesel fuel and analysis of the 

number and amount of the produced PM [8]. In 

general, the internal analysis structure of soot 

particle is indispensable during the soot particle 

oxidation and formation to estimate the methods 

of PM reduction [9,10]. 

Two suggested strategies (fuel composition and 

engine operating conditions) have a high potential 

effect of increasing diesel soot reactivity and 

structure. It is reported that the physicochemical 

properties have a vital role in soot reactivity [11]. 

In previous experimental work, it is documented 

that the soot particles from biodiesel fuel 

combustion are more reactive than those emitted 

from the combustion of conventional fuel [6,12]. 

For example, the rate of soot particle oxidation 

increases from biodiesel fuel combustion. 

Therefore, the lower temperature is required for 

regeneration of the DPF [12]. The soot oxidation 

behavior from the diesel fuel combustion was 

studied by Fang and Lance [7]. They concluded 

that the increases time of DPF regeneration leads 

to reduce the soot reactivity. 

 On the other hand, the soot generated from high 

engine load is oxidized slower than soot 

generated from low engine load for the same fuel 

[13,14]. Consequently, it is confirmed that the 

combustion conditions have a direct effect on the 

reactivity of diesel soot particles under which the 

PM was formed. It is reported that the activation 

energies are 110 and 162 kJ/mol for both diesel 

soot and flame soot, respectively [15]. Yezerets et 

al. [16] reported that the soot particulate produced 

from diesel fuel combustion for different engines 

are not the same soot morphology and reactivity 

between samples. The structural characteristics of 

diesel soot primary particles were investigated 

and evaluated during the oxidation process by 
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Ishiguro et al. [17]. The unique oxidation 

mechanism of soot particulate generated from 

biodiesel was identified in experimental work by 

Song et al. [12].  

Oxygenated fuels (butanol and ethanol) are 

attractive alternative fuels for use in diesel 

engines. In recent years, oxygenated fuels have 

become a good alternative to diesel fuel due to 

meet the stringent emission regulations. There are 

some obstacles [3,18] to use alcohol fuel in diesel 

engines such as low cetane number, high latent 

heat of vaporization, and lower calorific value. In 

contrast, it is reported that butanol has good 

lubricity properties when blended with biodiesel. 

In comparison between alcohol fuels, butanol has 

good chemical and physical properties than 

ethanol such as higher energy density, better 

solubility in diesel fuel, less prone to water 

contamination and higher cetane number 

compared to the ethanol. Therefore, alcohol fuels 

mixed with diesel fuel or biodiesel in different 

percentage to improve the cetane number and to 

extend use in compression ignition (CI) diesel 

engines [19,20]. Moreover, it is stated that the 

butanol blended with diesel fuel in percentages 

from 10-20% by volume without any 

modification in diesel engines. Several 

experimental works documented that the 

oxygenated fuels lead to increase the fuel 

consumption and increases the thermal brake 

efficiency. It is reported that the energy crisis and 

environmental degradation can be addressed by 

using oxygenated fuels. Also, the carbon 

monoxide and soot particulate are significantly 

reduced when addition butanol to the pure diesel 

fuel [21-23] with a high decrease in PM 

emissions due to the oxygen content in the fuel 

molecules [24, 25]. In recent studies by Fayad et 

al. [3] and Zhang et al. [26] presented that 

oxygenated fuels increased the soot oxidation and 

reduced the soot particulate formation during the 

combustion cycle, hence change the shape and 

size of soot agglomerates. The present work aims 

to investigat the factors affecting the 

morphological characteristics of PM/soot and 

activation energy of soot particles from the 

oxygenated fuels. Furthermore, analysis of the 

activation energy (reactivity) of PM from the 

combustion of oxygenated fuels and comparing 

with diesel fuel. 

 

2. Experimental setup 

I.  Research Engine Specification 

The single-cylinder direct fuel injection 

diesel  engine was used in this experimental work, 

equipped with instruments to measure both 

engine load and speed. The schematic diagram of 

the experimental setup and equipment is shown in 

Figure 1. The engine specifications used in this 

study and details are illustrated in Fayad et al. 

[27] and Sukjet et al. [18]. The soot generated 

from this engine under 1500 rpm and load with 

3bar Indicated Mean Effective Pressure (IMEP). 

The samples of PM/soot from different fuels were 

collected from the exhaust duct of the engine. The 

quartz filters were used to collect the high-

volume of gram-sized samples of diesel soot. The 

diameter of the quartz filter is 47 mm and taken 

45 min to collect the sample of PM. The engine 

was run at constant engine speed of 1500 rpm, 

180 bar of injection pressure, and 4 bar of IMEP 

for all engine tests. 

 

 
Figure 1: Schematic diagram of single cylinder 

diesel engine 

 

II. Fuels and Fuel blends 

The diesel fuel and alcohol fuels (butanol and 

ethanol) were used in this experimental study to 

understand the effect of different fuels on soot 

particle reactivity and structure. The diesel fuel 

was mixed with butanol, ethanol, and biodiesel to 

produced fuel blends. Besides, the biodiesel was 

used in the mixture to avoid the problem of phase 

separation in fuel blends and enhance fuel 

properties [18]. The fuel blends are freshly 

prepared before the experimental test. The basic 

properties of diesel fuels and blended fuels are 

presented in Table 1. The proportion of butanol 

and ethanol to the fuel blend was 16 % and 10% 

by volume respectively to produce the same value 

of oxygen content in the fuel blends. The total 

percentage of fuel blends are summarized below: 

Butanol blend (B16R15D): 69% Diesel fuel + 

15% RME + 16% Butanol 

Ethanol blend (E10R15D): 75% Diesel fuel+ 

15% RME + 10% Ethanol.  
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Table 1. Characteristics of the test fuels [18, 27]. 

 
 

III. Experimental equipment used 

The size and concentration of particulate matter 

(PM) emissions were measured along the exhaust 

gas duct of diesel engines by employing the high 

accuracy equipment of SMPS (scanning mobility 

particle sizer). The number, concentration, and 

size of PM were evaluated by using model TSI 

SMPS 3080-particle number and size classifier 

with thermodilution. Thermal Gravimetric 

Analysis (TGA) was used to determine the 

thermal stability of PM/soot collected from the 

exhaust duct. It was used to investigate the soot 

reactivity from the PM samples collected from 

the combustion of different fuels. The level of 

program temperature for TGA was set at 650 ˚C 

in the air atmosphere to oxides the soot and to 

limit the filter decomposition. The venture nozzle 

diluter was located at the exhaust pipe to collect 

the sample of PM. Glass fiber filter (47 mm 

diameter) was used to collect PM in the exhaust 

duct for 45 min at a flow 9 L/min. The heating 

program in TGA is presented in Table 2. 

 
Table 2: Thermal Gravimetric Analysis (TGA) 

heating program 

 
 

3. Results and Discussion 

I. Particle size distribution PSD 

The size distributions of particulate matter (PSD) 

at the exhaust pipe were obtained for different 

fuels to produce a variety PM along the exhaust 

pipe, as shown in Figure 2. It was observed that 

the number of particulates was considerably 

reduced from oxygenated fuel combustion when 

compared to the combustion of the reference fuel 

(diesel fuel). Oxygen content in fuel blends is the 

main reason to reduce the number of PM in the 

combustion chamber [19,27]. Besides, reduce the 

particle precursors and formation of soot particle 

as well as improving the particle oxidation 

supports the PM reduction. It is documented in 

the earlier experimental studies that the 

oxygenated fuels reduce the particulate number 

concentration inside the combustion cycle and 

along the exhaust duct [28]. In the case of 

oxygenated fuels, it can be observed that the PM 

produced from the butanol blend (B16) 

combustion was slightly lower than the ethanol 

blend (E10) combustion. This is due to the high 

cetane number and bulk modulus in B16 

compared to the E10 resulting in complete 

combustion [29,30] and thus enhancing 

particulate oxidation. 

 

 
Figure 2: Particle size distribution (PSD) for diesel, 

E10 and B16 blends 

 
II. PM oxidation and activation energy 

The temperature of PM oxidation and activation 

energy for different fuel blends are shown in 

Figure 3. It can be observed that the temperature 

of PM oxidation for oxygenated fuels is lower 

than the diesel fuel. The oxygen-born can explain 

this in fuel [31], which can increase PM oxidation 

at lower temperatures. For the same oxygen 

content, it can be reported that the oxidation 

temperature of PM for B16 is lower when 

compared to the E10. Furthermore, it is believed 

the oxygen content in the hydroxyl group of B16 

is more efficient in soot particulate oxidation 

[12,32]. In addition, the high combustion 

temperature of B16 enhances the PM oxidation in 

the combustion cycle and along the exhaust pipe 

then to the E10. The same trend was achieved in 

the case of activation energy. It can be said that 

oxygenated fuels have hydroxyl radical 

contributes to reducing the temperature required 

for PM oxidation as well as the lower activation 

energy for start soot particulate oxidation [12,33]. 

This can be beneficial for after treatment design 
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and how they PM oxidized in lower temperature 

and energy over diesel oxidation catalyst (DOC) 

and diesel particulate filter (DPF). 

 

Figure 3: Activation energy and oxidation 

temperature of PM for diesel, E10 and B16 blends. 

 

The oxidation of PM for different fuel blends 

with time, as presented in Figure 4. It noticed that 

the PM produced from the combustion of 

oxygenated fuels are more reactive than those 

produced from diesel fuel. This could be due to 

the internal structure of these particles (a disorder 

of graphene layer form), which leads to 

improving the particulate soot oxidation [23]. It 

can be noticed a slight difference in PM oxidation 

time between oxygenated fuels. For example, 

B16 is oxidation at a slightly lower time than E10 

for the same oxygen content [34]. This could be 

for many reasons like the effective oxygen 

content in the fuel molecule and enough resident 

time of PM for soot oxidation. 

 

 
Figure 4: Particulate matter (PM) oxidation time 

for diesel fuel, E10 and B16 blends 

 

III. PM Morphology 

Figure 5 shows the physical properties of PM for 

oxygenated fuels and diesel fuel. The average 

radius of gyration and the number of primary 

particles are lower from the combustion of 

oxygenated fuel than for diesel fuel, as shown in 

Figures 5 and 6, respectively. It is believed that 

oxygen content in E10 and B16 leads to enhance 

PM oxidation and reduced the formation of PM 

[35,36] as well as oxidize the primary soot 

particles that already formed by disappearance 

the fraction of primary particles. Also, 

oxygenated fuels inhibited the likelihood of 

collisions between particles and agglomerates. As 

well as between soot agglomerate with resulting 

in lower number of primary particles [27,37] and 

reduces the size of PM agglomerate [3,35]. It is 

stated that the formation rate of PM increases 

from diesel fuel combustion leading to produces 

the high number of primary particles [38]. A 

slight reduction in morphological parameters was 

noticed with B16 than to the E10 for the same 

amount of oxygen content, as shown in Figures 5 

and 6. It justified because of the chemical 

structure of the B16 blend and the lack of 

polycyclic aromatic hydrocarbon (PAH) as well 

as high combustion temperature, resulting in 

decreases in the formation of soot precursors 

more than E10 blend. 

 

 
Figure 6: Effect of oxygenated fuels on radius of 

gyration (Rg) 

 

The average diameter of primary particle (dpo) in 

PM for both diesel fuel and oxygenated fuels 

(B16 and E10) are shown in Figure 7. According 

to the results, it can be observed that oxygenated 

blends have a smaller average size of primary 

particles (from 21-24 nm) than diesel fuel (28 

nm). This is due to the higher oxidative reactivity, 

lower rate of PM precursor’s production and 

particulate soot growth over the fuel blends 

combustion (oxygenated fuels) compared to the 

diesel fuel combustion. The general trends of dpo 

resulting from Figure 7 are an agreement with 

previous experimental works by Park et al. [36] 

and Qu et al. [39] that oxygenated fuel produces 

the smaller size of primary particles than 

conventional diesel fuel (bigger size). 

Furthermore, a slight difference in the size of the 

primary between oxygenated fuels was observed 

in Figure 7. 
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Figure 7: Average size of soot primary particles for 

diesel fuel, E10 and B16 blends 

4. Conclusions 

The effect of oxygenated fuels (B16 and E10) on 

morphological characteristics of particulate soot 

matter (PM) was studied.  It noticed that the PM 

agglomerates from the oxygenated fuel’s 

combustion have a lower number of primary 

particles than those formed from the diesel fuel 

combustion. This work shows that oxygenated 

fuels enhance soot particle oxidation at lower 

temperatures and short time compared to diesel 

fuel; therefore, this will improve the lower 

temperature in engine exhaust and catalyst 

activity. Furthermore, it can be concluded from 

the current results that oxygen content in E10 and 

B16 has a positive aspect in enhancing the soot 

oxidation rate and inhibit the rate of soot 

formation, resulting in soot particles, being less 

effect on diesel particulate filter and environment. 

Moreover, the diameter size of the primary 

particulate is more spherical from the diesel fuel 

combustion than to the oxygenated fuels due to 

the higher value of PM size. 

Comparing the same oxygen content (5 wt%) for 

two oxygenated fuel, B16 has slightly effective in 

reduction size and nanostructure parameters of 

soot particulate than E10 blend. The chemical 

properties and efficient oxygen content from B16 

fuel used in this experimental study lead to 

providing beneficial effective on soot particle 

reduction (size and number) and oxidation (lower 

activation energy) than E10. In general, the 

positive results from oxygenated fuels will 

positively influence the combustion process and 

after treatment, systems (increase the lifetime). 
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