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Abstract  

   

This study aimed to evaluate the effect of oxygenated compounds concentration and the length of 

their carbon chains, on the structure and reactivity of soot. These particles, which were obtained from 

diesel/biodiesel surrogates, in an atmospheric Santoro-type burner with a diffusion flame, were called 

“model” particles. A comparative analysis was carried out between “model” samples and soot produced 

on an engine bench, representative of heavy-duty vehicle engine. Soot characteristics were studied 

through diverse techniques, such as laser granulometry, elemental analysis (CHNS/O), 

thermogravimetric analysis (TGA), Raman spectroscopy and transmission electron microscopy (TEM). 

Higher content and/or carbon chain length of the studied compounds promoted the formation of smaller 

particles. Oxygen and Soluble Organic Fraction (SOF) content in soot samples decreased with higher 

concentration and/or chain length. No significant dissimilarities were registered in the graphitic 

structures. Temperature Programmed Oxidations (TPO) were performed to correlate soot composition 

and structure with oxidation reactivity. Soot from surrogates with higher oxygenated compounds 

concentration revealed a lower reactivity. During a catalytic study, the impact of the presence of MnOx-

CeO2- type catalyst on soot oxidation was analysed. The temperature to obtain 10% of carbon 

conversion showed considerable modifications. The decrease of temperature in the case of “real” soot 

was probably due to the oxidation of the Soluble Organic Fraction. The synergetic effect of oxygen and 

nitrogen dioxide was evaluated. Finally, the impact of the soot-catalyst contact was assessed. Generally, 

the obtained results revealed that “model” particles had a structure and reactivity comparable to particles 

produced in real conditions. 
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Resumo  

 

Este estudo pretendeu avaliar o efeito da concentração de compostos oxigenados e do 

comprimento das cadeias de carbono, na estrutura e reatividade da fuligem. Estas partículas, obtidas 

a partir de substitutos de diesel/biodiesel, num queimador de Santoro à pressão atmosférica com uma 

chama de difusão, foram designadas partículas “modelo”. Uma análise comparativa foi realizada entre 

amostras “modelo” e fuligem produzida em banco de ensaio, representativa de um motor de veículo 

pesado. As suas características foram estudadas através de diversas técnicas, como granulometria 

laser, análise elementar, análise termogravimétrica, espectroscopia Raman e microscopia eletrónica 

de transmissão. Um maior teor e/ou comprimento de cadeia dos compostos promoveu a formação de 

menores partículas. O conteúdo em oxigénio e fração orgânica solúvel diminuíram com o aumento da 

concentração e/ou comprimento de cadeia. Nenhuma diferença significativa foi registada na estrutura 

grafítica. Oxidações a temperatura programada foram efetuadas para relacionar a composição e 

estrutura da fuligem com a oxidação. A fuligem obtida com maiores concentrações de compostos 

oxigenados revelou uma menor reatividade. Durante um estudo catalítico, o impacto da presença de 

catalisadores MnOx-CeO2 na oxidação das partículas foi analisado. A temperatura para obter 10% de 

conversão de carbono mostrou modificações consideráveis. A diminuição de temperatura para a 

fuligem “real” deveu-se provavelmente à oxidação da fração orgânica solúvel. O efeito sinérgico do 

oxigénio e dióxido de azoto foi avaliado. Finalmente, estudou-se o impacto do contacto fuligem-

catalisador. De modo geral, os resultados obtidos revelaram que as partículas “modelo” possuíam uma 

estrutura e reatividade comparáveis às produzidas em condições reais. 
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1 Context and Objectives  

 

Over the years, global energy consumption has been continuously increasing. According to the U.S. 

Energy Information Administration (EIA), a rise of 28% between 2015 and 2040 shall occur [1]. 

Renewables are expected to be the fastest-growing energy source, with a world consumption increase 

of 2,3% per year between 2015 and 2040 [1]. However, fossil fuels will still account for more than three-

quarters of global energy use in this time gap [1]. 

Liquid fuels (especially petroleum-based) are the most widely used energy resource by world´s 

population, exceeding natural gas, coal, nuclear energy and renewable materials. They achieved a 

global consumption of 33% in 2015, among all energy sources [1]. Unfortunately, this development has 

been accompanied by numerous issues from the environmental point of view, representing the major 

emissions source of greenhouse gases (GHG) in the automobile sector [2,3]. In fact, due to the 

worldwide extreme growth of this area, CO2 emissions into the atmosphere have almost doubled over 

the last 30 years and are still expected to increase in the following ones [4]. Thus, innumerable 

improvements related to the emissions from engines have been carried out over the past 25 years. Air 

quality limits started to be controlled and some measures have been implemented at the local level to 

manage transport use, such as improvement transport planning and public transport incentives [2]. 

Despite the notorious break down of GHG emissions from all other main sectors in the last decades 

(Figure 1.a), emissions from transportation didn´t experienced the same gradual decline. They just 

started to decrease in 2007 and remained higher than in 1990 (Figure 1.a) [5]. In particular, road 

transport accounts for almost 73% of the total emissions from the transport area (Figure 1.b) [5], 

contributing about 23% of the EU´s total emissions of CO2, 30% of NOx and 12% of PM [2]. 
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Figure 1. a) Evolution of GHG emissions between 1990 and 2015 in the EU-28 (emissions from 

transport include those from international aviation but exclude international shipping) [5]. b) Share of 

GHG emissions by transport mode, EU 28, 2017 [5]. 



 

2 
 

Global warming and climatic changes have been such a sensitive and important issue that the 

European governments decided to implement new procedures to control the current situation. In 1992, 

the Euro standards were introduced. At the moment, the heavy-duty standards are numbered with 

Roman numerals (Euro I – Euro VI), whereas light-duty standards use Arabic numbers (Euro 1 – Euro 

6) [6]. In Table 1 and Table 2 are summarised the limits of emission established in each Euro standard 

for passenger cars and heavy-duty (HD) vehicles, respectively [6].  

 

Table 1. European Emission Standards for diesel passenger cars [6]. 

 

Table 2. European Emission Standards for Heavy-Duty diesel engines [6]. 

 

Among the regulated pollutants, particulate matter (PM) is one of the most important concerning 

combustion of hydrocarbon fuels. Their emissions from current diesel technologies are close to the limits 

permitted by regulations and will be even more stringent in the next future. Furthermore, the presence 

of such particles in urban air poses a serious public health problem even at low concentration. In fact, 

risks of cardiac arrest, pulmonary diseases, pregnancy complications and asthma are increased. Some 

studies also highlight their critical role in global warming due to the ability to absorb the incoming solar 

radiation [3]. Therefore, since Euro 5b standard for diesel passenger cars and Euro VI for HD vehicles, 

particulate emissions are not just considered in mass anymore, but also in number due to the hazardous 

effect of smaller ones (nanoparticles) [6]. 

Standards Date 
CO 

(g/km) 

NOx 

(g/km) 

HC 

(g/km) 

NOx + HC 

(g/km) 

PM 

(g/km) 

PN 

(#/km) 

Euro 1 1992 2,72 - - 0,97 0,14 - 

Euro 2 
1996 (IDI) 1,0 - - 0,7 0,08 - 

1996 (DI) 1,0 - - 0,9 0,10 - 

Euro 3 2000 0,64 0,50 - 0,56 0,05 - 

Euro 4 2005 0,50 0,25 - 0,30 0,025 - 

Euro 5a 2009 0,50 0,18 - 0,23 0,005 - 

Euro 5b 2011 0,50 0,18 - 0,23 0,005 6,0×1011 

Euro 6 2014 0,50 0,18 - 0,17 0,005 6,0×1011 

Standards Date 
CO 

(g/kWh) 

NOx 

(g/kWh) 

HC 

(g/kWh) 

PM (mass) 

(g/kWh) 

PN (number) 

(#/kWh) 

Euro I 
1992 (<85kW) 

1992 (>85kW) 

4,5 

4,5 

8,0 

8,0 

1,1 

1,1 

0,612 

0,36 

- 

- 

Euro II 
1996 

1998 

4,0 

4,0 

7,0 

7,0 

1,1 

1,1 

0,25 

0,15 

- 

- 

Euro III 2000 2,1 5,0 0,66 0,10 - 

Euro IV 2005 1,5 3,5 0,46 0,02 - 

Euro V 2008 1,5 2,0 0,46 0,02 - 

Euro VI 2013 1,5 0,4 0,13 0,01 8,0×1011 
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An improved knowledge of the potential to reduce these types of emissions could help engine 

manufacturers to develop more ecologic systems and to adapt their engines, readjusting the 

compromise between efficiency, cost and emissions. Thus, some progresses in terms of motorisation 

and post-treatment systems have been accomplished [7]. Moreover, the scientific community has 

worked to find alternative sustainable and more efficient sources of energy, which generate reduced 

emissions. In this way, biofuels have emerged as one of the most strategically important fuel sources. 

Obtained by natural resources, biofuels are renewable and can recycle carbon dioxide. In other 

words, emissions of CO2 from combustion engines correspond to the amount that was already absorbed 

by plants through photosynthetic ways, representing a source of energy for biofuel growth [8]. Therefore, 

the use of biofuels becomes a solution to limit greenhouse gas emissions, improve air quality and 

prevent global warming. In fact, CO2 emission can be reduced by 78%, CO by 46,7%, HCs by 45,2% 

and PM by 66,7% when compared with fossil fuel [8]. Additionally, they are more evenly distributed 

geographically than fossil fuels, providing to developed and developing nations energy supply 

independence and increased employment opportunities [9,10]. Finally, they can be blended with 

conventional fossil fuels, reducing emissions with any or little modifications in the vehicles and engines, 

unlike other renewable energy sources. 

In 2009, the EU adopted the Renewable Energy Directive (RED –  directive 2009/28/EC) [11], 

imposing to the Member States to provide 10% of renewable energy in transport by 2020. Additionally, 

the Fuel Quality Directive (FQD – Directive 2009/30/EC) [12] was adopted, obliging fuel suppliers to 

reduce greenhouse gas emissions by at least 6%, also by 2020, compared to the EU-average level of 

life cycle greenhouse gas emissions per unit of energy from fossil fuels in 2010.  

Biofuels use has also some disadvantages. They rely mainly on agricultural crops (first-generation 

biofuels) and therefore compete with food production, promotes monocultures and use large quantities 

of fertilizers. Both RED and FQD directives did not consider the GHG emissions linked to Indirect Land 

Use Change (ILUC). Consequently, in October 2012, the European Commission published a proposal 

(COM (2012) 595) [13] to limit the use of agriculture-based biofuels to 5%, keeping the 10% renewable 

energy target of the RED. The remainder of the biofuel required to meet the 10% target would then have 

to come from wastes and other renewable sources. However, some heavy-duty vehicles (buses, trucks) 

can work exclusively with pure biodiesel.  

At present, to produce liquid fuels, only first-generation biofuels are in commercial production and, 

despite several pilot-scale second-generation plants and plans for large-scale demonstration plants, it 

is generally recognised that second-generation biofuels (from biomass) are at least 10 years away from 

commercial-scale production. Furthermore, there are reasons to be concerned about the use of biomass 

to produce transport fuel. Second-generation biofuels, derived from the inedible or woody parts of plants 

have potential, but are limited by the amount of material that can be supplied sustainably as feedstock 

and by demand for material, for example straw and fodder. On the other hand, third-generation biofuels, 

using advanced biotechnology, for example to produce algae as feedstock, are a still longer-term 

prospect and there is much research to be done before they become viable [14]. 

To conclude, it seems that the major burden of providing biofuels for the EU 10% target in 2020 will 

fall on first-generation biofuels and for now, despite their disadvantages, first-generation biofuels are 

http://ec.europa.eu/clima/policies/transport/fuel/documentation_en.htm


 

4 
 

still the most practical and realistic option. However, this transition to the renewable energy must be 

done progressively since the effect of intensive use of biofuels in emission of pollutants and post-

treatment systems is still a subject of investigation. 

The aim of this work is to widen the current knowledge about the reactivity of soot. It is focused on 

the comparison between particles produced with an academic burner of Santoro [15], which are 

classified as “models”, and particles resulting from the combustion of fuel in an engine bench, which is 

representative of an engine on a heavy-duty vehicle on road (Renault-Volvo Trucks). These last ones 

are classified as “real” soot. Given the fact that trucks operate with diesel fuel, use of biodiesel as an 

alternative to diesel is investigated. Along this study, the influence of different structures of ester 

molecules present in biodiesel and different concentrations of these compounds, on soot composition 

and structure is investigated. Then, soot properties are correlated with soot oxidative reactivity. 

Furthermore, with the aim to improve the efficiency of Diesel Particulate Filters and consequently to 

reduce soot emissions, the regeneration process is studied as well as the interaction between a catalyst 

(representative of a catalytic DPF) and soot. 
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2 State of the Art  

 

2.1 Biodiesel 

 

Biodiesel, composed by long carbonaceous chains highly saturated in alkyl esters, is produced from 

vegetable oils or animal fats. It is formed through a transesterification reaction between a triglyceride 

and an alcohol, yielding fatty acid methyl-esters (FAME) as biodiesel and glycerol as by-product. 

Globally, the stoichiometry of the reaction is 3:1 alcohols to triglycerides, which forms 3 moles of esters 

and 1 mole of glycerol (Figure 2). In practice, a higher molar ratio is used due to the reversibility of the 

reaction, while a catalyst is employed to increase the reaction rate and yield [16,17]. 

 

 

Figure 2. Transesterification reaction [17]. 

 

It must be kept in mind that the characteristics of biofuels depend on the raw-materials. Each plant 

leads to the formation of a different ester, with different properties. Currently, biodiesel is mainly 

prepared from soybean in USA, sunflower and rapeseed in Europe and palm in Southeast Asia [8]. 

In compression-ignition engines, biodiesel is mostly used in diesel blends with different proportions. 

The international practice led to the adoption of a single nomenclature to identify the concentration of 

biodiesel in blends, known as the “BX” nomenclature, where X is the percentage on volumetric basis of 

biodiesel in the blend. For instance, “B20” represents fuel with a concentration of 20% of biodiesel and 

80% of pure diesel [8]. 

Concerning solid and gaseous pollutants, several investigations have been carried out to correlate 

their emission with the use of biodiesel. Table 3 shows some statistics about the effect of biodiesel on 

pollutant emissions compared with conventional fuel [18]. 

 

Table 3. Statistics of effect of pure biodiesel on engine emissions [18]. 

Emissions Number of References 
Increase Similar Decrease 

Number % Number % Number % 

PM 73 7 9,6 2 2,7 64 87,7 

NOx 69 45 65,2 4 5,8 20 29,0 

CO 66 7 10,6 2 3,0 57 84,4 

HC 57 3 5,3 3 5,3 51 89,5 
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As it can be observed in Table 3, most of the references disclose a decreasing tendency in PM, CO 

and HC emissions, when substituting diesel fuel by biodiesel. However, there are still some doubts 

relatively to NOx emissions. Some authors observed that these emissions decreased with the 

percentage of biodiesel [19,20] while others have observed the opposite trend [21,22]. 

Due to the uncertainty about biodiesel effect on pollutant emissions, numerous studies have been 

carried out [23-26]. Among them, several works are focused on the impact of particulate matter, 

especially soot. Considered as one of the major emissions in diesel engines, significant insights into the 

understanding of soot formation, growth and reactivity are still required. This knowledge is the key to 

reduce or suppress soot emission. 

The notorious reduction of soot emissions when using biodiesel or biodiesel blends instead of 

conventional diesel fuel, can be mainly explained by the oxygen content of biodiesel. In fact, it promotes 

a more complete combustion, even in combustion chamber areas with fuel-rich diffusion flames [27-29]. 

Furthermore, an increase in oxygen content is generally accompanied by an elevated flame temperature 

and higher particles residence time, which increases soot oxidation during the combustion process [30]. 

Schmidt and Van Gerpen [31] observed a decrease in aromatic content by blending petroleum diesel 

with a methyl ester-based biofuel. These aromatic molecules, considered as soot precursors, are absent 

in biofuels, lowering soot emissions. Results of Flynn et al. [32] investigations showed some decrease 

in the formation of soot precursors when increasing the oxygen content in the fuel. They justified this 

tendency explaining that large fractions of the fuel carbon were directly converted to CO/CO2, leading 

to fewer carbons available for precursors formation.  

Mueller et al. [33] concluded that oxidation rate of biodiesel soot was up to six times higher than the 

diesel soot one. They detected on biodiesel soot samples the presence of carbon-oxygen functional 

groups like C=O, C-O-C or C-OH, which promote soot oxidation. The slower oxidation rate of diesel soot 

was attributed to the oxidation of the remaining C-C bounds of the carbon atoms within the particles.   
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2.2 Mechanism of soot formation 

 

Particulate matter consists of a combination of soot (~50%), and other liquid/ solid phase materials. 

It is classified according to the size (from PM2.5 to PM10 for diameter smaller than 2.5µm and 10µm, 

respectively) and it is divided in ultrafine (<0.1µm), fine (<1µm) and coarse particles (≥ 1µm) [34]. 

In diesel engines, soot is obtained by a reaction of pyrolysis at elevated temperature and under high 

pressure (50-100 atm), from incomplete combustion of fuel [35]. In fact, as the reaction zone has a finite 

thickness and the reaction takes place in a finite amount of time, the combustion is usually incomplete, 

forming incomplete combustion products, such as soot. 

Due of the way that fuel is injected and ignited, soot formation occurs more commonly in diesel than 

in gasoline engines. Unlike gasoline engines where the fuel/air mixture is ignited with a spark, fuel and 

air entering the diesel cylinder ignite almost spontaneously from the high pressure in the combustion 

chamber. The fuel and air mixture in diesel engines typically do not mix as thoroughly as they do in 

gasoline engines. This creates fuel-dense pockets that produce soot when ignited. Furthermore, fuel 

used for diesel has compounds with much longer carbon chains than for gasoline, which complicates 

the occurrence of a complete combustion reaction.    

Even though soot production continues to be at the centre of many investigations, its formation is 

not yet completely understood due to high temperature and pressure conditions, as well as high 

complexity of fuel composition. Additionally, numerous elemental molecules undergo several 

simultaneous reactions, which makes the mechanism hardly traceable [36,37]. However, there is 

sufficient knowledge to assume that the conversion of liquid phase hydrocarbons to soot and finally to 

gas phase happens in five steps (Figura 3). 

                

Figure 3. a) Chemical reactions and physical processes involved in soot formation [38].  

 b) Evolution of soot along the centreline of a co-flow diffusion flame [39]. 
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1. Formation of molecular precursors of soot: 

Pyrolysis of fuel leads to the formation of small molecular units, ionic species and radicals (ex.: C4*, 

C3H3*, CH3*), which grow through reactions of addition and radical recombination. Then, first cycles are 

formed. They suffer mechanisms entitled HACA (Hydrogen-Abstraction/Carbon-Addition), leading to the 

formation of polycyclic aromatic hydrocarbons (molecular weight of 500-1000 a.m.u.), which are the 

most probable soot precursors [39,40].  

 

2. Particles nucleation/ inception from heavy PAH molecules: 

This step, which corresponds to the transition of a molecular system to a particulate system, occurs 

in the most reactive zone of the flame and it is promoted by the content in aromatic compounds present 

in the fuel. It leads to the production of a large number of very small particles, formed from gas phase 

reactants, via their oxidation and/or pyrolysis products, such as PAHs (polycyclic aromatic 

hydrocarbons). These soot precursors originate nascent soot particles with a molecular weight of 

approximately 2000 a.m.u. and a diameter in the range of 1,5-2 nm [41-43]. 

 

3. Surface growth: 

After the formation of nascent soot particles, the mass increases due to the attachment of gas phase 

hydrocarbons, such as acetylene and PAHs, to the particles surface, with their incorporation into the 

particulate phase. It leads to a larger soot diameter and an increase of its mass fraction, but the number 

of particles remains untouched [41,43,44]. 

 

4. Coagulation and agglomeration:  

Once particles have been formed, they can collide and merge (coagulation). After a certain point, 

several hundreds of spherical primary particles can agglomerate and form well defined chains. This 

phenomenon was suggested by Lahaye [45] as the main mechanism for soot formation. This leads to a 

decrease in the number of particles and an increase in their size, without changing the total mass of 

soot present. Mature particles are almost spherical with diameters of 50 nm or even larger [41-43]. 

 

5. Oxidation: 

Carbon or hydrocarbon molecules are oxidized into products of combustion, such as CO and CO2, 

decreasing the mass of PAHs and soot. The main oxidizing species are radicals such as OH*, O* and 

O2. Particulate emissions from any combustion device depend on the balance between soot formation 

and oxidation [40]. 
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2.3 Properties of diesel soot 

 

2.3.1 Composition 

Diesel soot is found to be in the form of agglomerates. These structures are composed by smaller 

particles, which are in turn a collection of smaller carbonaceous spherules [46]. These spherules present 

an onion structure, with an amorphous carbon core and a structured outer shell with graphitic crystallites, 

parallel to the spherule surface (Figure 4). 

 

 

Figure 4. Elemental particle of soot produced in the combustion chamber of a diesel engine [47]. 

 

In a macroscopic point of view, each elementary particle can be represented by a carbon sphere 

(10-50 nm), which is the solid fraction of soot, and where the Soluble Organic Fraction (SOF) is adsorbed 

and condensed (Figure 5). Globally, aggregates are composed by three fractions. The IOF (Insoluble 

Organic Fraction) is composed by solid particles, mainly carbon compounds obtained by incomplete 

combustion inside the diesel engine. SOF results from fuel and/or the lubricating oil that was evaporated 

and then condensed after the combustion. It consists of unburned hydrocarbons, oxygenated 

compounds (ketones, esters, aldehydes, ethers…) and PAHs. Sulphate species (SO2), metallic 

compounds, vapor phase hydrocarbons, water and nitrogen (from the introduction of nitrogen oxide into 

the carbonated chains) are also included. Finally, VOF (Volatile Organic Fraction) has the same 

compounds as SOF but these are vaporized without any thermic transformation [48-50].  

 

 

Figure 5. Schematic representation of diesel particulate matter (soot) [51]. 
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2.3.2 Impact of biodiesel on soot nanostructure and reactivity 

It is well known that characteristics such as composition, structure and morphology depend on the 

particles origin and production conditions. In turn, these properties, which are specific for each soot, can 

affect the aggregates reactivity. Several investigations have been conducted to determine the major 

factor responsible for the reactivity observed in diesel/biodiesel soot particles. Consequently, it was 

observed that their reactivity is influenced by the nanostructure. 

Concerning soot internal structure, the spectrum of carbonaceous materials goes from graphite, with 

highly ordered carbons, to an amorphous material, with highly disordered carbons. Graphite is defined 

as a form of pure carbon consisting of parallel layers of hexagonally arranged carbon atoms in a plane 

(graphene layers), in a three-dimensional crystalline long-range order [52,53]. On the other hand, 

amorphous carbon is a material without long-range crystalline order. Graphitised carbons tend to have 

more orderly stacked crystalline layers and consequently fewer exposed active sites, which are 

characteristics of amorphous carbon. 

Figure 6 demonstrates that reactivity of diesel particulate matter is to be expected somewhere in 

between graphite and amorphous carbon [54], which can be characterised by the degree of 

graphitisation.  

 

 

Figure 6. Internal structure of diesel soot [55]. 

 

Diverse research [56-58] evidenced the influence of the chemical structure on soot reactivity via 

number and location of carbon active sites, which seems to be the predominant factor determining the 

reactivity of carbon material. Indeed, reactivity has been found to be higher on carbon surfaces 

containing many exposed edge sites [57,59,60]. Carbon atoms in edge sites can form bonds with 

chemisorbed oxygen due to the availability of unpaired sp2 electrons [54]. Similarly, Vander Wal and 

Tomasek [57,61] attributed the loss of reactivity in particles with higher degree of graphitisation to the 

fact that graphitised carbons have longer graphene layers and, therefore, a lower proportion of atoms 

in edge positions.  

The interplanar spacing, which is defined as the distance between parallel layers, also influences 

soot reactivity. Liati et al. [62] examined, through HR-TEM analysis, primary particles from pure biodiesel 

(B100) and diesel fuel (B0). They observed that the space between layers was smaller for diesel soot. 

The increase of distance between layers makes it easier for the combination of oxygen to the edge sites, 

promoting soot oxidation. Such results prove that particles from biofuel are more prone to be oxidized. 
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Their investigations also led to the conclusion that soot from B100 have a higher percentage of short 

graphene layers in comparison with soot obtained by diesel fuel (Figure 7). 

 

 

Figure 7. HRTEM images of soot from B100 and B0 [62]. 

 

Some researchers studied the impact of oxygenated compounds present in biofuels on soot 

reactivity. They found that the presence of oxygenated functional groups enhances soot oxidation, which 

can explain the better reactivity of soot from biofuel [48,60,63]. 

Barrientos et al. [64] studied by thermogravimetric analysis (TGA) and by Raman spectroscopy, 

model soot produced by the combustion of methyl-esters, n-alkanes, diesel and biodiesel in a non-

premixed flame. It was found that ester compounds contained in biodiesel had an impact on soot 

oxidation reactivity and characteristics. Along the combustion of shorter alkyl chains of methyl esters, 

soot particles exhibited higher soot oxidation reactivity and lower structural order. 

Recently, Ess et al. [65] analysed, by Raman spectroscopy, soot provided by B100, B7 and B0. The 

analysis showed similar spectra for the different samples, which implies that different soot particles have 

a similar graphitic structure, with exception of B100, which showed a structure slightly more organised. 

The analyse by temperature programmed oxidation (TPO) demonstrated that B100 presented the best 

reactivity, though.  

It is therefore evident that detailed knowledge of the nature, physical and chemical properties of PM 

emissions related to the use of bio- and diesel-fuel can contribute to the improvement of engine 

performance and optimization of the operational characteristics of DPF systems. The results of this 

study are expected to be useful for improving post-treatment strategies and engine performance. 

Moreover, they can contribute to a better understanding of the impact of diesel PM on the environment. 
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2.3.3 Diesel soot oxidation 

Several components of diesel exhaust gases are relevant for soot oxidation. The most prominent 

ones are O2, NO2, CO, H2O and HCs due to their affinity for reaction with the particles. However, this 

work will focus on the strongest oxidizers, namely O2 and NO2.  

 

2.3.3.1 Oxidation with oxygen (O2) 

Several studies were carried out to better understand the carbon oxidation mechanism in presence 

of oxygen [66-70]. Oxygenated complexes were proposed as intermediaries for CO and CO2 production. 

In general, the reaction between oxygen and carbonaceous compounds, such as soot particles, occurs 

in two main steps. Firstly, the oxygen (reactive molecule) is transferred from the reaction gas to the soot 

surface, where it is adsorbed and form a complex in the solid phase. Subsequently, this complex is 

decomposed, and an atom of carbon is removed from the surface, leading to CO2 and CO as products. 

According to Haynes et al. [68], the soot oxidation mechanism is composed by three steps: 

• Reaction between a free carbon site 𝐶(−) and O2, in gaseous phase, to form an oxygenated site 

𝐶(𝑂) and CO (1.1) 

• Production of another free carbon site and CO/CO2, in gaseous phase, with the formed 

oxygenated site (1.2) 

• The oxygenated site can also react with O2 and produce an additional site, releasing CO and 

CO2 (1.3) 

 

𝐶(−) + 𝑂2 = 𝐶(𝑂) + 𝐶𝑂  (1.1) 

𝐶(𝑂) = 𝐶(−) + 𝐶𝑂, 𝐶𝑂2  (1.2) 

𝐶(𝑂) + 𝑂2 = 𝐶(𝑂) +  𝐶𝑂, 𝐶𝑂2 (1.3) 

 

Ahmed et al. [69] suggested a mechanism in which stable carbon complexes are produced. In fact, 

they explained that a free carbon site Cf should react with O2 and form an adsorbed molecule C(O2) 

before formation, at soot surface, of the stable complex (CO)c (2.1-2.5). 

 

𝐶𝑓 + 𝑂2 = 𝐶(𝑂2)  (2.1) 

𝐶𝑓 + 𝐶(𝑂2)  = 2(𝐶𝑂)𝑐  (2.2) 

(𝐶𝑂)𝑐 = 𝐶𝑂(𝑔) + 𝐶𝑓 (2.3) 

𝐶𝑓 + 𝐶(𝐶𝑂)𝑐 + 𝑂2 = 𝐶𝑂2 + (𝐶𝑂)𝑐 + 2𝐶𝑓 (2.4) 

(𝐶𝑂)𝑐 + (𝐶𝑂2) = 𝐶𝑂2 + (𝐶𝑂)𝑐 + 𝐶𝑓 (2.5) 

 

Neeft et al. [71] and Yezerets et al. [72] are among those who proposed the global reactions (3,4):  

 

2𝐶 + 𝑂2  = 2𝐶𝑂 (3) 

𝐶 + 𝑂2  = 𝐶𝑂2 (4) 
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Different mechanisms are proposed in the literature to explain the reaction between the oxidant and 

carbonaceous compounds. According to Tighe et al. [73], there are two complementary stages. Initially, 

there is a transitory and fast reaction due to the pyrolysis of SOF before soot exposition to oxygen. The 

second stage, which is the slowest part of oxidation, is characterized by diffusion of O2 into the internal 

pores of the spherules. Yezerets et al. [72] proved that any modification in the carbon reactivity could 

be due to an increase of the specific soot surface during the oxidation process and due to chemical 

phenomena linked to the complexes formed at the soot surface during adsorption of O2. 

 

2.3.3.2 Oxidation with nitrogen dioxide (NO2) 

In general, the oxidation mechanism promotes the formation of CO, CO2 and NO with a 

concentration that depends on the oxidation temperature [74]. The mechanism of direct interaction 

between soot carbon and NO2, established by Jeguirim et al. [75], is composed by equations (5.1-5.6). 

The following mechanism is valuable in the 300-450ºC temperature range. 

 

−𝐶∗ + 𝑁𝑂2 = −𝐶(𝑁𝑂2) (5.1) 

−𝐶(𝑁𝑂2) = −𝐶(𝑂) + 𝑁𝑂 (5.2) 

−𝐶(𝑂) + 𝑁𝑂2 = −𝐶(𝑂𝑁𝑂2) (5.3) 

−𝐶(𝑂𝑁𝑂2) = −𝐶(𝑂) + 𝑁𝑂2 (5.4) 

−𝐶(𝑂𝑁𝑂2) = 𝐶𝑂2 + 𝑁𝑂 (5.5) 

−𝐶(𝑂𝑁𝑂2) = CO +  𝑁𝑂2 (5.6) 

 

Where −𝐶∗ represents an active carbon site. It was proved, by adsorption and desorption of NO2, 

that two types of oxygenated complexes are present, −𝐶(𝑂) and −𝐶(𝑂𝑁𝑂2), which are likely to form at 

the surface. Then, their decomposition leads to CO2, CO and NO production. The global reactions of 

carbon oxidation in presence of NO2 are (6,7). 

 

𝐶 + 2𝑁𝑂2 = 𝐶𝑂2 + 2𝑁𝑂 (6) 

𝐶 + 𝑁𝑂2 = 𝐶𝑂 + 𝑁𝑂  (7) 

 

Diverse research proved that NO2 is a more active oxidant than O2 at low temperatures (<450ºC) 

and that it can react directly on the carbon surface [76-78]. It was also demonstrated that soot oxidation 

by NO2 occurs at temperatures close to those from the exhaust of diesel engines (300-400ºC). On the 

opposite, oxidation by O2 occurs at temperatures higher than 450ºC [76,79]. 

Many attempts were made to understand the effect of each oxidant in soot combustion. Results from 

high-resolution transmission electron microscopy (HR-TEM), Raman spectroscopy and from the 

evolution of specific surface area (BET) during the oxidation process, demonstrated that O2 and NO2 

oxidized soot differently. In fact, molecular oxygen promotes an internal burning-out process. This 

model, called “core-shrinking model”, consists on the development of micropores on the surface, 

allowing O2 to penetrate and oxidize the amorphous core (Figure 8). Consequently, particles show an 
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empty core and a more ordered crystalline structure in the periphery. On the opposite, NO2 reacts 

immediately on soot surface through an external burning process [60]. 

 

 

Figure 8. Internal combustion process of B100 soot with O2, proposed by Song. et al. [60]. 

 

 

2.4 Exhaust post-treatment system  

 

To meet the increasingly stringent regulations on pollutant emissions, engine development alone is 

not sufficient. Instead, the combination of optimizing interior combustion and exhaust post-treatment 

has become the mainstream method for diesel emission control. Therefore, it becomes imperative to 

obtain a better knowledge about these systems to achieve the maximum of goals and to know which 

trade-offs must be done. 

Nowadays, concerning treatment of gaseous emissions, a Diesel Oxidation Catalyst (DOC) and a 

Selective Catalytic Reduction (SCR) are commonly used (Figure 9). In the first one, unburned 

hydrocarbons, CO and volatile organic compounds are transformed into CO2 and H2O. It also contributes 

to the oxidation of NO to NO2. On the other hand, SCR reduces NOx by injecting a liquid reducing agent 

(namely AdBlue®) into the exhaust stream. The reducing agent is usually urea, which enables a 

chemical reaction that converts NOx into nitrogen, water and CO2. To manage particulate emissions 

(PM), a Diesel Particulate Filter (DPF) is adopted (Figure 9). 

 

 

Figure 9. After-treatment system of exhaust emissions [80]. 
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2.4.1 Diesel Particulate Filter (DPF)  

Removal of soot from the exhaust stream of diesel engines is a long-standing goal, accomplished 

by means of different exhaust post-treatment methods. Diesel Particulate Filters have been applied in 

production vehicles since 2000. Some buses and trucks meeting the Euro IV, V an EEV (Enhanced 

Environmentally-friendly Vehicle) emissions standards were equipped with these filters. Now, all Euro 

VI HD vehicles have a DPF meeting the PM mass and particle number emissions requirements. This 

technology is the current and most efficient solution to reduce this type of emissions, with a filtration 

efficiency between 70% and 95% of total particulate matter. Higher efficiency, between 95% and 99% 

is reported in the literature for the solid particulate fraction, which involves elemental carbon and 

inorganic ash (mainly from trace metals in diesel fuel, engine wear and corrosion) [81]. 

A DPF is generally made of porous materials, such as Silicon Carbide (SiC) or cordierite (2MgO, 

2Al2O3, 5SiO2) (Figure 10.a). These supports are currently used due to their low thermic dilatation 

coefficient and good resistance to high temperatures (1100ºC) [82]. Among the different available 

configurations, wall-flow type filters (Figure10.b) are the most common ones. They are honeycomb 

monoliths with parallel channels plugged alternatively at each end to force the exhaust gas to flow 

through the porous filter wall, where soot is retained (soot cake) [81-84].  

 

 

Figure 10. a) Cordierite honeycomb ceramic [85]. b) Schematic view of a wall-flow filter [81]. 

 

As the accumulated soot in the filter increases, the back pressure also increases, and it will 

progressively originate a decrease of engine power, penalizing the fuel consumption. In the end, the 

engine can stop if the soot is not frequently or constantly removed by combustion reactions. To restore 

the filter efficiency, it must be cleaned through a regeneration process, burning the particles [86-88]. 

Diesel particulate spontaneously burns in air at high temperatures (500-600ºC), in the diesel exhaust 

gas, and converts carbon and oxygen into CO and CO2 with a significant rate. These conditions are 

required because of the high activation energy (Ea) for the direct oxidation of soot by oxygen (100-210 

kJ/mol). Unfortunately, this temperature range is not regularly achieved in typical diesel vehicle 

applications for sufficient periods of time to enable self-regeneration. Usually, the exhaust temperature, 

during normal driving conditions, are in the 150ºC-240ºC range [84]. To overcome this limitation, two 

solutions are presented: 

a) b) 
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• Thermic regeneration: The exhaust gas temperature is raised up to the point that soot oxidation 

can be self-sustained in the filter until fast enough rates by external heating strategies: electric 

heating, additional burners, recirculation of the exhaust gas… Such approaches incur additional 

energy costs (high-energy consumption). In some cases, it can lead to sufficiently high local 

temperature excursions that might damage the DPF. 

• Catalytic regeneration: The ignition temperature of accumulated soot is decreased with the 

impregnation of catalysts on the internal channels of the DPF. These catalysts can be 

permanently located inside the filter or periodically introduced injecting fuel in the exhaust. 

 

2.4.1.1 Continuously Regeneration Trap (CRT) – Passive Regeneration 

Particulate oxidation by NO2 from diesel exhaust was first reported by Cooper and Thoss [89]. They 

reached the conclusion that nitrogen dioxide oxidized particles of soot more easily than the oxygen. 

However, it is difficult to achieve an optimal usage of NO2 during DPF regeneration because of the lower 

emissions of this gas in modern engine combustion modes. Consequently, to obtain high enough 

reaction rates to consume considerable amounts of soot, the concentration of NO2 must be increased 

by placing a DOC upstream of the particulate filter. This configuration, which is named CRT 

(Continuously Regenerating Trap), was developed and patented by Johnson Matthey [90]. This system 

showed an excellent performance in reducing the amounts of CO, HC and PM during a road test over 

700 000 km in the presence of ultra-low sulphur diesel fuel [90]. Nitrogen dioxide emissions are used to 

continuously oxidize the particles deposited inside the filter at much lower temperatures than by O2. 

CRT is made up of two parts [89]: 

 

1. A DOC upstream of the filter is coated with a platinum-based catalyst (ex.: Pt/Al2O3) to induce 

the catalytic oxidation of NO into NO2 (8), which becomes crucial nowadays for SCR systems, 

and of course the total oxidation of CO and unburned hydrocarbons to CO2 (9) and to CO2 and 

water (10), respectively. 

 

𝑁𝑂 +
1

2
𝑂2 = 𝑁𝑂2 (8) 

𝐶𝑂 +
1

2
𝑂2 = 𝐶𝑂2 (9) 

𝐻𝐶 +
3

2
𝑂2 = 𝐻2𝑂 + 𝐶𝑂2 (10) 

 

2. A wall-flow filter (DPF) lets the exhaust gases pass through the pores, while soot is trapped 

inside the channels. Then, particles are removed by the NO2 produced in the first chamber (11). 

 

2𝑁𝑂2 + 𝐶(𝑠𝑜𝑜𝑡) = 2𝑁𝑂 + 𝐶𝑂2 (11) 

 

Despite many benefits, the system has also some restrictions. Andersson et al. [91] found that at 

temperatures of 300ºC or below, the NO2-particulate reactivity is very low, and even when NO2 
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concentrations are increased, the oxidation rate is not still capable of being increased. To have a higher 

oxidation rate, the temperature needs to be at least greater than 300ºC, which does not occur in normal 

driving conditions. Furthermore, the fuel can´t have any trace of sulphur because it contributes to the 

inhibition of the catalyst activity. The catalyst can oxidize sulphur-dioxide (SO2) present in the exhaust 

to sulphur-trioxide (SO3) (12), which can be absorbed by the particles surface or combine with water 

vapour to produce sulfuric acid (H2SO4) (13). Formation of H2SO4 is undesirable due to its adverse 

impact on health, increase of nuclei-mode particles and total PM downstream of the DOC. Moreover, 

oxidation of SO2 to SO3 involves the use of catalytic sites, which decreases their availability for oxidation 

of HCs, CO and NO. Finally, as the time of the regeneration is relatively important, the technology is 

mainly used by HD engines, which are better adapted due to their working conditions (high load). 

 

2𝑆𝑂2 + 𝑂2 = 2𝑆𝑂3 (12) 

𝑆𝑂3 + 𝐻2𝑂 = 𝐻2𝑆𝑂4 (13) 

 

2.4.1.2 Active Regeneration 

Sometimes the exhaust gas temperature can drop to a point where continuous regeneration can no 

longer be completely guaranteed. In this case, active regeneration is required. 

To avoid the DPF to overload when operating for a long time, introduction of an additional thermal 

energy is required. This procedure can be performed by injecting fuel into the combustion chamber in 

one or more post injection sequences or by injecting fuel directly into the exhaust system. Through a 

thermic and periodic regeneration (~ each 850 km), the heat release is enough to raise the exhaust 

temperature of the particulate filter around 600ºC. As a result, the deposited diesel soot oxidizes with 

the surplus oxygen present in the exhaust gas (14,15). The major disadvantage of this method is the 

necessity to evaluate the total soot load in the DPF at its conception time, to determine the regeneration 

frequency [92]. In general, it is always desirable to maximize the amount of passive regeneration that 

can be achieved since passive regeneration doesn´t require additional energy. 

 

𝑂2 + 𝐶(𝑠𝑜𝑜𝑡) = 𝐶𝑂2 (14) 

 
1

2
𝑂2 + 𝐶(𝑠𝑜𝑜𝑡) = 𝐶𝑂  (15) 

 

2.4.1.3 DPF regeneration with additives 

On May 2000, PSA Peugeot Citroën introduced additives in the DPF of high quality cars (607 Diesel 

2,2L HDI) [92]. This type of technology is based on a catalytic regeneration with the combination of two 

strategies. It occurs each 1000 km and last just some minutes. However, an additional reservoir is 

needed in the vehicle for the additive. 

 

1. Increase of the exhaust temperature in two steps:  Firstly, a fuel post-combustion occurs, which 

rises the temperature from 200ºC to 250ºC. Then, HCs and CO are burned with an oxidation 

catalyst installed upstream the filter, which allows an additional increase of approximately 100ºC. 
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2. Decrease of the activation energy of soot with the introduction of a catalyst (Eolys®, cerium-

based additive) directly in the fuel. The natural combustion temperature of soot is lowered to 

450ºC. 

 

2.4.1.4 Catalytic DPF  

It is difficult to ensure that the soot collected in the DPF is completely burned at the low exhaust 

temperature. On the other hand, soot combustion at high temperature (>500ºC) can lead to a large 

energy consumption [93-95]. Thus, the advanced catalysts [96-98] coated on DPF have been widely 

investigated to decrease the temperature of soot combustion [99,100]. A literature review finds that 

global activation energy values for catalytic combustion by O2 are comprised between 13 and 209 

kJ/mol, compared to the 100-210 kJ/mol for the non-catalytic reaction [101]. That means that much 

lower values of Ea are possible with a catalyst. 

Many catalysts have been reported for soot oxidation [94,95,97]. Even if noble metal-based (ex.: Pt) 

catalyst exhibits higher activity in comparison to oxide catalysts, they are more expensive, and their 

thermal stability is not satisfactory even at low temperatures [102-104]. Consequently, use of oxide 

catalysts represents a more reasonable alternative. Among the tested single oxides in combustion, 

CeO2 is one of the most studied. Ceria oxide exhibits excellent catalytic activities due to its special 

oxygen storage capacity [105,106]. It is able to store and release active oxygen species. This property 

of CeO2 makes it highly effective in catalytic applications. On the other hand, manganese oxide also has 

been used in oxidation reactions due to its strong oxidative property. The high activity of Mn is attributed 

to the element´s multivalent oxidation states (mainly Mn2+, Mn3+ and Mn4+) and to the high mobility of 

lattice oxygen. Therefore, catalysts containing such elements as manganese and cerium belong to the 

most promising ones [107-109]. 

Compared with pure CeO2 and MnOx, MnOx-CeO2 catalyst has showed higher efficiency owing to 

the strong synergetic effect between the bimetal oxides in the solid solution. The soot oxidation 

temperatures are much lower, and the oxidation rates are significantly higher on the mixed oxides than 

on the individual oxides. Tikhomirov et al. [110] observed that the MnOx-CeO2 mixed oxides with the 

Mn:Ce ratio of 1:3 exhibited a high activity for NO-assisted soot oxidation. This can be explained by the 

ability to store NO at low temperature in form of nitrates, followed by a release of NO2 as a strong 

oxidizing agent, through the decomposition of those nitrates. In his investigation, Setiabudi [111] found 

that the decomposition of nitrates resulted in not only the production of NO2 but also in the desorption 

of active oxygen during CeO2 catalysed soot oxidation, which played a key role on the promotion of soot 

oxidation. Figure 11 shows the soot combustion mechanism in presence of Ce-based catalysts. 
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Figure 11. Schematic representation of the soot combustion mechanism of the Ce-based 

catalysts. a) active oxygen mechanism. b) NO2-assisted mechanism [112]. 

 

It was proved that the incorporation of Mn into the ceria lattice accelerated the active oxygen mobility 

and promoted soot oxidation. In fact, Mn is introduced into the CeO2 lattice, replacing Ce ion. Thus, it 

causes the relocation of adjacent oxygen anion from its lattice position to an interstitial position, leaving 

a vacancy behind. Then, Mnn+ is reduced to Mn(n-1)+ through the transfer of an electron from the interstitial 

oxygen. Due to the loss of one electron, the unstable interstitial oxygen escapes from the lattice and 

becomes an active oxygen (O*). The escaped active oxygen will act on soot oxidation. Then, Ce4+ 

captures one electron from Mn(n-1)+ , leading to the formation of Ce3+ and Mnn+. Finally, gas phase O2 

molecules act as oxygen storage cavern to supplement the consumed active oxygen, to re-oxidize the 

catalyst and guarantee the metal ions reduction-oxidation reaction cycle. Ce3+ is also oxidized to Ce4+, 

back to the original chemical state [104] (Figure12). 

 

 

Figure 12. Introduction of Mn in the CeO2 lattice and evolution of oxygen vacancies in soot 

oxidation [107]. 

 

In catalytic studies, particles of soot are usually physically mixed with a catalyst. The catalytic soot 

oxidation occurs at the soot-catalytic interface and the rate strongly depends on the intensity of contact 

between soot and catalyst. In turn, the type of contact depends on how the mixture is prepared. The 

main types of physical contact used are “loose” and “tight” contact. Mixing soot and catalyst powders 

with a spatula is defined as “loose” contact, while “tight” contact means that the powders are mixed in a 

mortar or through ball milling. It is well known that a soot-catalyst mixture obtained by “tight” contact 

shows lower activation energy and oxidation temperature than by “loose” contact due to the higher 

number of contact sites. Thus, the impact of the soot-catalyst contact on soot oxidation and therefore, 

on DPF regeneration, should be studied. 
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3 Experimental methodology 

 

In the present study, different soot samples were analysed through different characterization 

techniques. Their size, composition and structure were determined and then correlated with particles 

oxidative reactivity, in presence or not of a catalyst. This approach also had the objective to demonstrate 

the similarity between “model” and “real” soot properties, which were generated in two different ways. 

 

3.1 Soot generation 

 

“Model” soot was produced through incomplete combustion in a previous work [113], in non-

premixed diffusion flames over an axisymmetric co-flow burner (Santoro burner [114-116]) at 

atmospheric pressure. In this burner, the carrier gas was diluted with nitrogen (33,33% CH4 (purity > 

99,995%) / 66,67% N2 (purity = 99,999%)) and then, it was doped with vapours of different surrogates 

(Figure 13). Soot particles were collected in the post-flame region on an isolated glass microfibre filter. 

 

 

Figure 13. Configuration of the burner to establish a non-premixed flame as described by Santoro 

et al. [117]. 

 

Due to the complexity of diesel composition, a diesel surrogate «Aref», consisting of a binary mixture 

of 70% (mole%) of n-decan and 30% of α-methylnaphthalene (α-MN), was used to produce “model” 

diesel soot. This surrogate was already used in many studies to simulate combustion in diesel engines 

and was tested to reproduce the soot formation process during the combustion of commercial diesel 

[118-120]. “Model” biodiesel was prepared by adding oxygenated additives to the reference surrogate 

«Aref», namely methyl butanoate (C5H10O2), methyl octanoate (C9H18O2) and methyl decanoate 

(C11H22O2), in two different proportions (7 and 30 mole%). Obtained surrogates were named «MB7», 

«MB30», «MO7», «MO30», «MD7» and «MD30», respectively. 
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Simple compounds of high purity were used to produce biodiesel surrogates, which are 

representative of real biodiesel, to better understand the different factors affecting biodiesel combustion 

in diesel engines and consequently, their soot emission and reactivity. 

Table 4 shows the produced surrogates with their correspondent chemical composition, while Table 

5 exhibits the chemical formula and structure of the studied methyl ester-based additives that have been 

selected to formulate three types of biodiesel surrogate mixtures. 

 

Table 4. Composition of diesel and biodiesel surrogates [113]. 

Surrogates Composition (mole%) Additive content (mole%) 

Aref 70% n-decan + 30% α-methylnaphthalene - 

MB 

MO 

MD 

Aref + methyl butanoate 

Aref + methyl octanoate 

Aref + methyl decanoate 

 

7% and 30% 

 

 

Table 5. Chemical formula and structure of methyl ester-based additives used for biodiesel 

surrogates [113]. 

Methyl ester Chemical formula Structure 

Methyl butanoate C5H10O2 
 

Methyl octanoate C9H18O2 
 

Methyl decanoate C11H22O2 
 

 

“Real” soot was provided by Renault-Volvo Trucks. They were removed from the exhaust of an 

engine bench, blowing them out from the particulate filter with a pneumatic blower FSX© (Trap BlasterTM 

7). Then, they were collected in a vacuum bag (~2/3 in mass of the total particles). The DPF was placed 

downstream of a Diesel Oxidation Catalyst (DOC) to ensure the removal of adsorbed hydrocarbons. 

The system worked with a low loading cycle operating at low temperatures, which is representative 

of very severe cold real drive cycles. During this cycle, temperature of exhaust gases upstream the filter 

was 160ºC. Particles of soot (B7-BM and B100-BM) were produced by combustion of fuel with 7% and 

100% (volume), respectively, of methyl ester from rapeseed oil. The used diesel fuel was a standard 

Euro VI fuel (EN 590). 
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3.2 Laser particle size analysis 

 

The size of particles emitted by the exhaust has different impacts on the environment and health. 

Furthermore, their influence on the post-treatment system performance, particularly on the DPF, has 

been demonstrated [121,122]. Since soot has different granulometries, laser diffraction spectroscopy is 

a useful tool to measure the size distribution of such particles [123,124]. 

Measurement of particle size distribution of soot aggregates was carried out fully automatically by a 

ANALYSETTE22 FRITSCH NanoTec, under wet dispersion in which water was used as a suitable liquid. 

In this equipment, the sample is continuously recirculated and dispersed in a close circulatory system 

unit. For the support of the dispersion process, an integrated ultrasonic generator is used, and the 

intensity is adjustable via operating software (MaS™ control). The agglomerates are readily 

disaggregated into individual particles as far as possible by treatment in an ultrasound bath. The 

measurement is automatically launched since the quantity of soot is enough to have a value of adsorbed 

beam between 7% and 15%. 

The total measuring range of 0,01-2100 µm can be detected without converting the optical elements: 

the distance between the detector and the measuring cell, which contains the sample particles, is 

adjusted automatically. For the smaller particles, the measuring cell is located only a few millimetres 

away from the detector whereas the coarse range is measured with a large distance from the measuring 

cell to the detector (Figure 14). 

This type of analysis is based on the physical effect of diffusion and diffraction of electromagnetic 

waves by the particles. An infrared laser (λ= 532 nm) is responsible for picking up the scattered light 

with a small scattering angle, and thus for measuring large particles (Figure 14.a). The measurement of 

smallest particles down into the nano-range is performed by a green laser (λ= 850 nm) light for backward 

scattering (Figure 14.b). 

Before each experiment, a sample was prepared to ensure a complete dispersion of the particles. 

Therefore, some milligrams of soot were mixed with a few drops of surfactant (Dusazin 901). Then, the 

mixture was diluted in water until complete dissolution.  

  

 

Figure 14. Optical structure of the ANALYSETTE 22 FRITSCH NanoTec. a) IR laser active.  

b) Green laser active. 

 

 

 

 

a) b) 
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3.3 Elemental Analysis: CHNS/O 

 

This analysis was performed by the Centre Commun de Mesures (CCM) of Dunkerque, with a 

Thermo Fisher Scientific Flash 2000 analyser (Figure 15). The elemental composition of soot samples 

was determined in terms of organic compounds: carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and 

oxygen (O).  For the CHNS analysis, samples were weighed in a tin capsule and introduced into the 

combustion reactor (950-1000ºC) via a Thermo Scientific MAS 200R Autosampler. The resulted gases 

(CO2, H2O, N2 and SO2, respectively) were separated by a chromatographic column (GC) and detected 

by a thermal conductivity detector (TCD). The analytical method is based on the complete and 

instantaneous oxidation of the sample by “dynamic flash combustion”, which converts all substances 

into combustion products. For oxygen determination, the sample was weighed in a silver capsule and 

the system operated in pyrolysis mode. The reactor contained nickel coated carbon and was maintained 

at 1060°C. The oxygen present in the sample, combined with the carbon, formed carbon monoxide 

which was then separated from other products and detected. 

 

 

Figure 15. Layout for CHNS/O determination [125]. 

 

 

3.4 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis is a thermic analysis technique, which consists on measuring the 

variation of mass of a sample in function of the temperature. An alumina crucible with a weighted amount 

of sample (~5 mg) was placed in a thermo-balance (TA TGA Q500) and heated until a targeted 

temperature with a 5ºC/min ramp, under a gaseous mixture with a predefined concentration. 

In order to measure the ash content in the soot samples, some tests were performed under air with 

a heating ramp up to 700ºC. For the water as well as volatile and adsorbed organic compounds, an inert 

atmosphere (N2) and a heating ramp up to 400ºC were used.  

The mass loss observed at temperatures lower than 110ºC was assumed to be due to desorption 

of water and poorly chemisorbed compounds. This analysis was done by the Haute Alsace University. 
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3.5 Raman Spectroscopy 

 

Raman spectroscopy is a technique based on inelastic scattering of monochromatic light from a 

laser source. Inelastic scattering means that the frequency of photons in the monochromatic light 

changes upon interaction with a sample. They are absorbed by the sample and then reemitted. 

Frequency of the reemitted photons is shifted up or down in comparison with original monochromatic 

frequency, which is called the Raman effect. This shift provides information about vibrational and other 

low frequency transitions in molecules. 

The Raman effect is based on molecular deformations in electric field E determined by molecular 

polarizability α. The laser beam can be considered as an oscillating electromagnetic wave with electrical 

vector E. Upon interaction with the sample it induces electric dipole moment P=αE, which deforms the 

molecules. Thus, molecules start vibrating with characteristic frequency 𝜈𝑚. The monochromatic laser 

light with frequency 𝜈0 excites molecules and transforms them into oscillating dipoles. Such oscillating 

dipoles emit light of three different frequencies (Figure 16) when: 

• A molecule with no Raman-active modes absorbs a photon with the frequency 𝜈0. The excited 

molecule returns to the same basic vibrational state and emits light with the same frequency 𝜈0 

as an excitation source. This type of interaction, which is the most common, is called an elastic 

Rayleigh scattering. 

• Due to some interaction with the matter, photon with frequency 𝜈0 can be absorbed by Raman-

active molecule which at the time of interaction is in the basic vibrational state. Part of the 

photon´s energy is transferred to the Raman-active mode with frequency 𝜈𝑚 and the resulting 

frequency of scattered light is reduced to 𝜈0 - 𝜈𝑚 . This Raman frequency is called Stokes 

frequency.  

• A photon with frequency 𝜈0  is absorbed by a Raman-active molecule, which at the time of 

interaction is already in the excited vibrational state. Excessive energy of excited Raman active 

mode is released, the molecule returns to the basic vibrational state and the resulting frequency 

of scattered light goes up to 𝜈0 + 𝜈𝑚. This Raman frequency is called Anti-Stokes frequency. 

 

 

Figure 16. Jablonski Diagram representing the working principle of Raman spectroscopy [126]. 
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Stokes shifted Raman bands involve the transition from lower to higher energy vibrational levels and 

therefore, they are more intense than Anti-Stokes bands and hence are measured in Raman 

spectroscopy. The obtained spectrum is presented as an intensity-versus-wavelength shift.  

Raman spectroscopy can be applied to get detailed information about the reactivity of soot by 

determining the structure. This technique is sensible to molecular structures and to crystalline ones, 

allowing to find the structural order and graphitisation degree of soot. In this work, a quantitative spectral 

analysis was obtained through the five curves deconvolution model, proposed by Sadezky et al. [52]. 

This technique is based on the combination of four Lorentzian-shaped, G, D1, D2 and D4, bands at 

about 1580, 1350, 1620 and 1200 cm-1, respectively, and one Gaussian-shaped D3 band at about 1500 

cm-1 [127,128]. Figure 17 shows an example of Raman spectrum for a EURO IV soot, with the 

combination of the five bands and their adjustment. 

• The G band is attributed to ideal graphitic lattice. The intensity of this band is related to the 

abundance of crystalline components. 

• The D1 band arises from carbon atoms of a graphene layer in immediate vicinity of a lattice 

disturbance. It is associated with a vibration mode involving graphene layer edges. 

• The D2 band is attributed to a vibration mode involving surface graphene layers. 

• The D3 band is associated to the amorphous carbon content of soot (organic molecules, 

fragments, functional groups). 

• The D4 band is assigned to vibration of disordered graphite lattices, sp2- and sp3- hybridized 

carbon bonds, C-C and C=C stretching vibrations of polyenes, and ionic impurities. 

 

 

Figure 17. Example of the decomposition of a Raman Spectre (λ0=514 nm) of untreated EURO VI 

soot, in five Lorentzian bands [129]. 

 

The analysis and curve fitting were carried out by the solid characterization service of Carboquimica 

(Spain). Raman spectroscopy measurements were performed with a Raman Microsystem (Horbina 

Jobin Yvon HR 800 UV), operating with a green sourced laser excitation at 532 nm. The output power 

was fixed at 0,1 mW in the scanning range of 800-3500 cm-1. The spectrometer included a grating with 

600 grooves.mm−1 and a CCD detector with 50 ×  magnification objective lens. To improve the 

confidence interval, 15 measures of the spectrum were done for “model” soot, and 10 for the “real” one. 

Observed spectrum and curve 
fit 
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3.6 Transmission Electron Microscopy (TEM) 

 

A transmission electron microscope is a versatile analytical microscope for material characterization, 

providing valuable information about the morphology, aggregate form and internal structure of particles 

and materials. This type of microscopy uses electrons, which have much smaller wavelength than visible 

light, allowing the microscope to achieve a high resolution. 

In TEM, electrons are produced at the top of the microscope and travel through vacuum in the 

column. Electromagnetic lenses are used to focus the electrons into a monochromatic beam of 

electrons, which is accelerated and transmitted through an extremely thin sample. Then, the beam 

interacts with the material when passing through it. Once the sample is crossed by the electron beam, 

some of the electrons are scattered and disappear from the beam. At the bottom of the microscope, the 

unscattered electrons hit a fluorescent screen, which will produce an image. The formation of these 

images can be explained by the diagram in Figure 18.a. 

The magnification depends on the adsorption of the electrons, which is primarily due to the thickness 

or composition of the material. Denser areas and areas containing heavier elements scatter more 

electrons and the respective image appears darker. 

In order to obtain information about the internal structure of soot particles, a tungsten-filament 100kV 

transmission electron microscope (JEOL JEM 100CX), with a point resolution of 3 Å, was used to make 

high resolution bright field images (Figure 18.b). The images were acquired under 500,000 × 

magnification. 

 

 

Figure 18. a) Diagram of the optical electron beam in a TEM microscope [130]. b) JEOL JEM 

100CX transmission electron microscope. 
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The HR-TEM results were treated on Image J® (a free Java-based software), allowing the 

measurement of carbon fringes (projection of graphitic layer planes) length as well as the distance 

between parallel carbon planes. This software consists on several operations and transformations to 

optimize the images contrast and to facilitate TEM images observation (Appendix A). 

 

 

3.7 Temperature Programmed Oxidation (TPO) 

 

Soot reactivity was studied by performing temperature programmed oxidation experiments under 

different reaction gases: 

• A mixture of 9% by volume O2 diluted in argon 

• A mixture of 400 ppmv of NO2 and 9% by volume O2 diluted in argon 

 

3.7.1 Non-catalytic oxidation  

After weighing the samples (2mg of soot + 80 mg of SiC), TPO experiments were performed in a U-

shaped quartz reactor (internal diameter 8 mm) as shown in Figure 19.a, forming a fixed bed with a 

depth of approximately 2 mm, on a porous frit. Each sample was placed in the reactor and heated by a 

thermally isolated furnace (Figure 19.b) from room temperature until 800ºC, with a 10ºC/min ramp. The 

temperature was monitored by a K-type thermocouple located in a thermowell centred in the particle 

bed. The temperature program was regulated by a EUROTHERM 2404 heating controller. Total flow 

rate through the reactor was maintained at 15 l/h by calibrated Brooks 5850TR mass flow controllers. 

Concentrations of CO and CO2 (ppmv) present in the outlet gas stream were measured by an Ultramat 

6 analyser.  

 

 

Figure 19. a) Quartz reactor. b) Installation diagram for TPO experiments under 9% O2 /Ar. 
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The aim of this analysis was to compare the oxidation behaviour of different “model” soot samples 

with “real” soot, in order to establish a reactivity order in function of the maximal oxidation temperature 

(Tm), which corresponds to the temperature of maximal CO and CO2 emission [131]. Additionally, T10, 

T50 and T90 were also determined. These values are the temperatures at which 10, 50 and 90% of carbon 

soot conversion is reached (Appendix B). Finally, ∆T was calculated (∆T =T90-T10), which means the 

oxidation interval between 10 and 90% of carbon conversion.  

For each experiment, the carbon specific oxidation rate was normalized to the mass of soot initially 

introduced in the reactor (Vspec in mg/(s.gin)) and was calculated with CO and CO2 emissions (𝑋𝐶𝑂 and 

𝑋𝐶𝑂2
 in ppmv) through equation (16). Moreover, the selectivity of CO2 (𝑆𝐶𝑂2

 in %) in soot oxidation was 

obtained through equation (17). 

 

𝑉𝑠𝑝𝑒𝑐 =
(𝑋𝐶𝑂 + 𝑋𝐶𝑂2

) × 𝐷 × 𝑀𝐶

106 × 3600 × 𝑉𝑀 × 𝑚𝐶,𝑖𝑛

 (16) 

𝑆𝐶𝑂2
=

𝑋𝐶𝑂2

𝑋𝐶𝑂 + 𝑋𝐶𝑂2

× 100 (17) 

 

Where 𝑋𝐶𝑂: CO molar fraction (ppmv) 

𝑋𝐶𝑂2
: CO2 molar fraction (ppmv) 

𝐷: Flow rate (L/h) 

𝑀𝐶: Carbon molar mass (mg/mol) 

𝑉𝑀: Molar volume = 22,4 L/mol 

𝑚𝐶,𝑖𝑛: initial mass of soot introduced in the reactor (g) 

 

 

3.7.2 Catalytic oxidation  

In an attempt to understand the interaction between soot and catalysts and its impact on particles 

reactivity, TPO experiments were carried out with MnOx-CeO2 mixed oxides (1:4 Mn/Ce molar ratio), 

which were synthesized via a co-precipitation method in a previous work [132,133].  Ce(NO3)3.6H2O 

(solid, 95% pure) and Mn(NO3)2 (liquid, 50 wt.%) as the precursors were firstly dissolved in deionized 

water, then the dispersants PVA (polyvinyl alcohol) and PEG (polyethylene glycol) were added. Finally, 

the solution was mixed with the precipitant (pH>9,0) consisting of NH3.H2O and (NH4)2CO3 (chemical 

reagents, Beijing). The obtained precipitants were filtered and dried by a spraying apparatus, then 

calcinated in static air at 500ºC for 3h in a muffle furnace. 

For temperature programmed oxidation experiments, soot and MnOx-CeO2 catalyst powder were 

mixed with a weight ratio of 1/10 (2,0 mg/20 mg) by “loose” and “tight” contact. The “loose” contact 

sample was obtained by mixing the solids with a spatula for 2 minutes. The “tight contact” sample was 

prepared with a pestle in an agate mortar grinding for 2 minutes too. To minimize the impact of hot spots 

and to prevent reaction runaway, the soot-catalyst mixture was diluted with 80 mg of SiC powder. 
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A third type of contact was tested to have an intermediate effect on soot oxidation, between “loose” 

and “tight” contact. Therefore, the sample was prepared with the same soot/catalyst ratio via using a 

spatula grinding for 2 minutes and loading about 60 bar pressure in a pneumatic press. 

The TPO conditions were the same as for non-catalytic oxidation. For each experiment, the carbon 

specific oxidation rate was normalized to the mass of soot initially introduced (Vspec in mg/(s.gin)) and 

was calculated with CO and CO2 emissions (𝑋𝐶𝑂 and 𝑋𝐶𝑂2
 in ppmv) through equation (16). Tm, T10, T50, 

T90 and ∆T were also determined, as well as the selectivity of CO2 (𝜂𝐶𝑂2
 in %) in soot oxidation. 
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4 Results and discussion  

 

In this chapter, the effect of addition of oxygenated compounds in a diesel surrogate, on soot 

properties and oxidative reactivity is evaluated. Different structures of ester molecules with different 

concentrations are tested. Particles, called “model” soot, generated through the incomplete combustion 

of diesel and biodiesel surrogates, on a Santoro-type burner with a diffusion flame, are compared with 

those obtained on an engine bench (Renault-Volvo Trucks). Therefore, some physico-chemical 

techniques are employed. Laser diffraction analysis and transmission electron microscopy (TEM) are 

used to obtain the particle size at different scales. In addition to TEM analysis, Raman spectroscopy 

gives information about internal structure of soot. Thermogravimetric (TGA) and elemental analysis 

(CHNS/O) provide information about soot composition in terms of elemental compounds, ash and 

soluble organic fraction (SOF). This part of the study allows to better understand the process of soot 

formation and oxidation and to establish a link between particles properties and their oxidation in a 

Diesel Particulate Filter (DPF). Furthermore, through the comparison between “model” and “real” soot, 

the use of the Santoro academic burner in production of soot can be validated for future studies.  

In a second step, the regeneration process of a DPF is simulated with temperature programmed 

oxidation (TPO) experiments, in presence of oxygen and nitrogen dioxide. Finally, the interaction 

between a catalyst and soot, under different atmospheres and different contact conditions, is analysed. 

 

4.1 Soot structure and composition 

4.1.1 Particles size distribution: Aggregates 

Research has tended to focus on the size distribution of primary particles (nanometric scale), 

produced in the combustion chamber of diesel engines. However, a reduced number of experiments 

were carried out at the micrometric scale. Few attempts have been made to collect information about 

the size of soot agglomerates collected in the exhaust line output.  

Particles size is an important feature on human health and urban pollution. Smallest ones have an 

increased residence time in the atmosphere. Biggest ones can lead to building soiling. On the other 

hand, smaller particles are more dangerous for the respiratory system because they can reach more 

critical area (pulmonary alveoli for the smallest ones). Therefore, the influence of biodiesel on soot size 

distribution has become the research focus in recent years. The laser diffraction analysis was used in 

the present work to determine the size distribution of “model” and “real” soot aggregates (Figure 20).  
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Figure 20. TEM images of «Aref» soot at 200, 50 and 10 nm, respectively. 

 

The dimension of soot particles can be represented as a continuous distribution density curve 

(𝑑𝑄3(𝑥)), in which the area below the curve corresponds to 100% of the population. Index 3 means that 

the mean diameter is pondered by volume. The Y-axis represents the percentage of total sample volume 

with a specific diameter (µm), identified on the X-axis. The particle size (geometrical dimension) is 

measured as an “equivalent diameter”, considering the particle as a sphere. 

Figure 21 shows the size distribution of soot aggregates obtained through the combustion of 

biodiesel surrogates with 7% of methyl ester-based additives («MB7», «MO7» and «MD7»), as well as 

the diesel surrogate «Aref». 

 

 

Figure 21. Size distribution of “model” soot aggregates from the diesel surrogate and biodiesel 

surrogates (7%). 

 

According to Kittelson et al. [124], diesel particles can be divided in three size modes. The “Nuclei 

Mode” is composed by particles in the 0,003-0,03 μm diameter range. It usually consists of volatile 

organic and sulphur compounds formed during exhaust dilution and cooling, which may also contain 

solid carbon and metal compounds. This mode typically represents 1 to 20% of the particle mass and 

more than 90% of the particle number. In the “Accumulation Mode” (0,03-1 μm), carbonaceous 

agglomerates and associated adsorbed materials are found. Most of the particles mass is present in 

this mode. Finally, the “Coarse Mode” (>1 μm) is composed by accumulation mode particles that have 

been deposited on cylinder and exhaust system surfaces. It represents 5 to 20% of the particle mass. 
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Interestingly, it can be observed through Figure 21 that soot samples present a bell shape 

distribution with two peaks – Bimodal distribution (each mode represents a different soot population). 

Tested model soot particles are between the “Accumulation Mode” and the “Coarse Mode” even though 

«MD7» soot has lower particles size than the other models. 

The studied biodiesel surrogates are composed by molecules with the same functional group, and 

only differ on the carbon chain length in the following order: «MB7» < «MO7» < «MD7». According to 

the results, when a methyl ester-based additive is added to the diesel surrogate to form a blend with 7% 

of biodiesel surrogate, the combustion of the fuel produces smaller soot particles. However, this effect 

is far more relevant when the biodiesel surrogate is composed by molecules with longer carbon chains. 

In fact, the effect of decreasing particles size is greater when a «MD7» surrogate is used. «Aref» 

distribution has its principal mode at 11,5 µm, whereas for «MB7» and «MO7» it´s at 10,5 µm. This 

difference can be considered as negligible. Concerning «MD7» soot, there is a first mode at 0,4 µm and 

another one at 2,1 µm. 

The same comparison was made between “model” soot samples with 30% of methyl ester-based 

additives («MB30», «MO30» and «MD30» – see Appendix C). Several modes were observed in the 

distribution and an increase of the carbon chain length was associated to smaller particles. 

Several works were developed to understand and explain the correlation between the particles size 

and the nature of the fuel. Coniglio et al. [4] proposed a mechanism, presented in Figure 22, to explain 

the main reaction pathways of CO and CO2 formation through the pyrolysis and/or oxidation of methyl 

esters. According to the scheme, CO and CO2 formation derived from the decomposition of the fuel 

molecule, is divided in two main steps: 

 

1. Consumption of the methyl ester through either unimolecular reaction (at high temperature) or 

bimolecular H-abstraction reactions (at high and/or low temperature). The unimolecular route 

leads to the formation of two radicals *CH3 and R(CH2)3C(O)O* (P1). Regarding the bimolecular 

route, the reactions mainly occur at position 3 or 4 of the carbonyl group, leading to the formation 

of radicals (P3) and (P4) by successive β-scission reactions. These two radicals are key species 

responsible for CO and CO2 production. 

 

2. Unimolecular β-scission reactions of the already formed radicals (P1, P3 and P4). Radical (P4) 

may undergo two channels of decomposition, which lead to either CO2 through various low-

temperature routes (P7 and P8) or CO through successive β-scission reactions (P9). The (P3) 

radical can lead to CO (P5) or CO2 (P6) and determines the extent of the ratio CO2/CO produced, 

and therefore, the efficiency of the fuel to reduce soot precursor formation. 
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Figure 22. Main pathways of CO and CO2 formation via pyrolysis or oxidation of methyl ester 

compounds at high and/or low temperature as proposed by Coniglio et al. [4]. Dashed arrows mean 

several successive reactions. 

 

Emission of CO2 implies that the oxygen is used to produce this gas instead of inhibiting the atoms 

of carbon, present in the ester structure, to be available to form soot precursors [134]. Consequently, a 

better effectiveness in reducing soot precursors and therefore, in reducing soot growth, is attained with 

the pathways leading to the formation of small amounts of CO2 coming directly from the decomposition 

of the methyl ester-based compound. Oxygenated radicals will contribute thereafter to the oxidation of 

soot precursors and prevent the carbon atoms contained in the ester structure from becoming available 

to produce new ones. 

Additionally, according to Szybist et al. [135,136], the decarboxylation process, which leads to CO2 

formation directly from the oxygenated fuel, just happens after the complete consumption of the aliphatic 

carbon chain of the methyl ester. Consequently, fuels with long carbon chains (such as «MD» ones) 

have the production of CO2 delayed, keeping the oxygenated radicals available in the flame during a 

longer time and resulting on a more efficient reduction in soot production and growth.  

This trend is in accordance with the results obtained by Pepiot-Desjardins et al. [137]. They studied 

the tendency of soot production and growth through the combustion of a diesel surrogate (n-

heptane/toluene). They correlated the molecular structure of oxygenated compounds present in the 

surrogate with the concentration of aromatics, produced during the combustion process. For the same 
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oxygen mass fraction in the surrogate and the same functional groups, they found that oxygenated 

additives with longer carbon chains were more effective in reducing soot formation and growth.  

Beside the carbon chain length, the concentration of oxygenated compounds in the Biodiesel and/or 

Biodiesel surrogate also plays an important role on the particles size. Figure 23 shows the size 

distribution of different soot samples, namely “models” from the combustion of surrogate with 

methyldecanoate («MD7», «MD30») and those obtained on engine bench. 

  

 

Figure 23. Size distribution of “MD” soot aggregates with 7% and 30% of additives and of “real” 

soot. 

 

It can be visibly seen that the different soot samples show different size distribution profiles. «B7-

BM» and «B100-BM» samples present a wide distribution and have also two modes. Concerning «B7-

BM» soot, two peaks are separately centred at about 1,6 µm and 7 µm. For soot from pure biodiesel, 

the main peak is about 2,9 µm. In the overall, soot from engine bench seems to have smaller aggregates 

than “model” soot samples except for those obtained by a surrogate with methyl decanoate («MD7» and 

«MD30»). Moreover, it is clearly observed that the increase of oxygenated compounds percentage in 

the biodiesel surrogate leads to the production of smaller particles. Despite the presence of two modes 

for bigger particles, which is due to the unavoidable agglomeration effect, «MD30» soot aggregates are 

globally smaller than «MD7» ones. The same tendency was observed with «MB» and «MO» samples 

(Appendix C). 

These results are consistent with those presented by Lin et al. [138], who analysed the impact of 

different biofuels on the size distribution of soot produced in a HD-vehicle engine. They also concluded 

that the addition of biodiesel to a diesel fuel promoted a decrease in particles size and an increase in 

the percentage of small particles. In fact, the pyrolysis of fuel with oxygenated compounds leads to the 

production of O* and OH* radicals, which promote higher oxidation of soot [63,139]. Therefore, the 

higher the additive content, the higher the oxygen content and consequently, the higher the oxidation 

process. Soot particles size also depends of different phenomena occurring inside the flame (Figure 24) 

and of different parameters, such as rate, burner diameter and nature of the combustible.   
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Figure 24. a) Typical locations of soot formation in a diffusion flame [140]. c) Santoro burner used 

to obtain “model” soot, with a stable diffusion flame. 

 

Furthermore, the pyrolysis of fuel with oxygenated species leads to a high production of carbon 

monoxide. This gas, in which one atom of oxygen reacts with one atom of soot carbon [141], is a stable 

molecule that doesn´t decompose during the pyrolysis step. In the case of carbon dioxide, two atoms of 

oxygen are required to form the molecule and consequently, the oxygen is mostly used to produce CO2 

and not soot precursors [141]. Consequently, it is expectable to produce smaller soot particles from 

surrogates with a higher content of oxygenated compounds. 

In addition to the chemical effect, addition of oxygenated compounds to the diesel surrogate implies 

the substitution of aromatic compounds (α-MN) by others producing less soot precursors. Therefore, the 

dilution effect leads to the reduction of particles growth through coagulation and surface reactions, due 

to the low concentration of PAH and acetylene inside the flame [118,142]. 

Globally, these results illustrate that the combustion of biodiesel surrogate is beneficial to the 

formation of smaller soot particles aggregates. Furthermore, it can be assumed that the results 

concerning the size distribution of “model” and “real” soot aggregates are present on a comparable 

scale. However, pure biodiesel was expected to have smaller particles than the diesel fuel, but it can be 

observed that they are approximately in the same range. During soot particles emission through the 

exhaust line, agglomeration phenomena occur, which can´t be controlled. Diverse compounds are 

adsorbed, such as gas phase hydrocarbons, sulphates, water and metallic compounds. Therefore, this 

study is considered as a comparative analysis. To go further in detail, soot composition and internal 

structure were investigated. 
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4.1.2 Soot composition 

The composition of soot particles is a key factor that governs their reactivity. Soot composition was 

determined by elemental analysis (CHNS/O) and TGA under air and nitrogen for the ash, water and 

soluble organic fraction (SOF) content. Table 6 shows the composition of soot samples obtained through 

the combustion of surrogates, diesel and pure biodiesel. The evolution of mass loss (wt%), under air 

and under nitrogen, can be visualized in Appendix D. 

 

Table 6. Composition of soot. 

Sample %C1 %H1 %O1 %ash2 %H2O3 %SOF4 % Sum 

Aref 87,2 1,0 6,2 0,58 0,59 3,09 98,66 

MB7 

MO7 

MD7 

87,4 

87,8 

89,5 

1,2 

0,9 

0,9 

4,7 

4,4 

3,5 

0,39 

0,16 

0,00 

0,60 

0,59 

0,45 

3,26 

3,01 

2,09 

97,55 

96,86 

96,44 

MB30 

MO30 

MD30 

88,3 

89,7 

91,4 

1,0 

1,0 

0,8 

4,2 

3,6 

3,2 

0,52 

0,09 

0,62 

0,53 

0,29 

0,37 

3,29 

2,39 

1,45 

97,84 

97,07 

97,84 

B7-BM 

B100-BM 

89,5 

83,1 

1,2 

1,3 

3,8 

6,2 

1,84 

7,78 

0,28 

0,42 

3,02 

4,15 

99,64 

102,95 

1 Elemental composition CHNS/O 

2 Determined from the mass loss between 30 and 700ºC in TGA under air 

3 Determined from the mass loss between 30 and 110ºC in TGA under nitrogen 

4 Determined from the mass loss between 110 and 400ºC in TGA under nitrogen 

The other elements weren´t detected. 

 

According to the results, it can be noted that all “model” soot samples have a similar elemental 

composition. Carbon content is comprised between 87,2 and 91,4 wt%, hydrogen content is around 1 

wt% and for oxygen is between 3,2 and 6,2 wt%. A low quantity of water is adsorbed on the soot surface 

(< 1 wt%) and, in agreement with their production mode, all soot samples have a very low ash content 

(< 1 wt%). In fact, ash can come from different metallic elements, provided by the additives in the 

lubrication oil and fuel or by engine wear.  

Concerning carbon, higher proportion of oxygenated compounds and/or longer carbon chain leads 

to higher carbon content. On the contrary, the content of oxygen decreases when the concentration 

and/or the carbon chain length of such additives increases. For instance, «MD7» soot has 3,5 wt%, 

while «MD30» one has 3,2 wt%. This means that during their formation, «MD30» particles were 

subjected to higher oxidation, leading to higher consumption of this gas. This phenomenon can be 

explained by the predominance of soot oxidation over the formation of soot precursors, due to the 

abundance of oxygenated radicals produced during the pyrolysis of biodiesel surrogate [59,63,141]. As 

complementary explanation, longer carbon chains and therefore, higher number of carbons in the 

surrogate, lead to a higher residence time of soot particles in the flame and consequently, to a higher 

consumption of oxygen.  
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Finally, the SOF content follows the same tendency as oxygen and seems to be linked to the additive 

content. In the overall, the content of soluble organic fraction decreases when increasing the 

concentration of oxygenated compounds and/or their carbon chain length. This fraction is mainly 

composed by heavy aromatics compounds that were not incorporated in the IOF fraction, aliphatic 

chains and oxygenated compounds. Thus, as already explained, addition of oxygenated additives to the 

diesel surrogate implies the substitution of aromatic compounds (α-MN) by others with less tendency to 

produce soot precursors (dilution effect) [118,142]. Consequently, the SOF content decreases with the 

addition of additives to the surrogate of reference. Concerning the evolution of this fraction in function 

of the carbon chain length, such occurrence is dependent of each type of molecule and the chemical 

reactions taking place in the laminar diffusion flame. However, it seems that the longer the carbon chain 

is, more complete is the combustion in the flame, resulting in a lower amount of SOF content. To obtain 

further information, a continuous monitoring of the soot composition and structure along the flame should 

be carried out.  

Concerning “real” soot, particles from pure biodiesel have a higher oxygen content due to the higher 

presence of oxygen complexes is this fuel. Consequently, and due to the higher oxidation process, they 

have a lower carbon content. They also have higher SOF content because of the additives used in 

biodiesel. Additionally, the increase of biodiesel concentration leads to an increase of the ash content. 

In fact, «B7-BM» soot has 1,84 wt%, while «B100-BM» has 7,78 wt%. In general, soot from the engine 

bench has more ash content than the “model” one, due to the presence of additives and corrosion 

phenomena. On the other hand, an increased biodiesel concentration is generally accompanied by an 

increase of inorganic compounds content, which promote ash formation. 

 

 

4.1.3 Raman Spectroscopy 

In addition to the size and composition, soot nanostructure can also give valuable information about 

particles formation and oxidation. Therefore, Raman spectroscopy was used. This technique is sensitive 

to molecular structures and to crystalline ones. Thus, it generally informs about the abundance of 

amorphous and graphitized carbon and consequently, about the organization degree in the internal 

structure of soot. In Appendix E, the main results for “model” soot with 7% and 30% of methyl ester-

based additives, as well as “real” soot, can be analysed. The Raman spectrums show two overlapping 

peaks, as observed in Figure 25. The graphitic G-peak of the graphite-like structures of soot occurs at 

around 1580 cm-1 and the D-peak for the disordered structures occurs at 1340 cm-1. 

 



 

39 
 

 

Figure 25. Raman spectrum of «B100-BM» soot sample. 

 

In Raman spectroscopy, the ratio of intensity between D and G bands (ID/IG), the FWHM value (Full 

Width at Half Maximum), as well as the distance of G band from the band that represents ideal graphite 

(1580 cm-1) provide information about structural defects on the basal plane of graphene layers and, 

consequently, about the carbon organisation degree in the internal soot structure. It has been shown 

that D1 FWHM and D3 band intensity are the spectroscopic parameters which give most information 

about the chemical structure and reactivity of different types of soot. A decrease of D1 FWHM indicates 

an increase of structural order. A high D3 peak intensity relatively to the G peak is related to a more 

amorphous soot internal structure. On the other hand, a bigger distance between the G band and the 

band that represents an ideal graphite is also related to a less graphitic structure [128,129,143,144].  

These parameters can then be correlated with soot oxidative reactivity. It is known that a less 

organized and more amorphous structure allows to a better accessibility of oxygen to carbon active sites 

and consequently, to an easier soot oxidation [57,61]. Table 7 shows the main results from Raman 

Spectroscopy for all samples. 

 

Table 7. FWHM (cm-1) of D1 band, Raman shift (cm-1) of G band and ID3/IG ratio obtained through 

Raman spectrums of the studied soot samples. 

Soot D1 FWHM (cm-1) G Raman shift (cm-1) ID3/IG 

Aref 120 1589 0,59 

MB7 

MO7 

MD7 

130 

126 

118 

1590 

1590 

1593 

0,62 

0,54 

0,65 

MB30 

MO30 

MD30 

128 

121 

113 

1587 

1591 

1585 

0,59 

0,60 

0,54 

B7-BM 

B100-BM 

141 1590 0,56 

134 1588 0,57 
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According to the results in Table 7, the different soot particles have similar structures. The major 

difference is observed for the D1 FWHM. Concerning “model” soot, it is observed that «MD» particles, 

and especially «MD30» ones, have the lowest FWHM for the D1 band, which demonstrates that their 

structure may be more ordered. About particles collected on engine bench, the Raman results are also 

very similar. The major difference is also the D1 FWHM, which suggest a higher structural order in 

«B100-BM» particles than in «B7-BM» ones. Globally, due to the similarity of results between the 

different samples, Raman spectroscopy is not enough to conclude about significant differences in soot 

structure and oxidation reactivity. Thus, further studies about the internal structure of soot particles must 

be carried out. 

 

 

4.1.4 Nanostructure 

A comparative study between different soot structures can be done by the observation of the 

morphology and surface carbon spherules. Internal structure (nanometric scale) can be correlated with 

the reactivity during the oxidation process. Indeed, soot reactivity is dependent on its nanostructure [67]. 

Therefore, images obtained by Transmission Electron Microscopy (TEM) were analysed. Figure 26 

shows HR-TEM images of «MD7» and «MD30» samples and soot from the surrogate diesel «Aref». 

 

   

 

Figure 26. HR-TEM images of «MD7», «MD30» and «Aref» soot samples. 
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As other investigations have highlighted [60,145,146] through HR-TEM analyses, soot undergoes 

an internal combustion in presence of oxygen. Particles show an empty core and a more ordered 

crystalline structure on the periphery, with graphitic carbon layers parallel to soot surface. According to 

Song et al. [60], oxidation of soot is divided in three steps (Figure 8): 

 

1. Firstly, the dominant process is surface burning, leading to a decrease of particle size and 

development of micropores. In fact, some organic compounds are adsorbed on the particle 

surface or filled in the gap between adjacent primary particles or in the defects of orifices due to 

phenomena of adsorption and condensation during soot formation. Volatilization and gasification 

of these species exposes the available internal surface of soot and the defects/orifices develop 

into micropores through further oxidation. 

 

2. The second step corresponds to an internal oxidation of the amorphous carbon core, which is 

far more reactive than the graphitic carbon.  

 

3. Then, a more ordered layer arrangement in the outer shell appears. Consequently, long layers 

oriented parallel to the external surface are observed at the periphery whereas in the central 

core region there are shorter layers randomly oriented. Furthermore, multiple particles start to 

coalesce. 

 

Through Figure 26, it is observed that this process happens with «MD7» and «MD30» soot, 

especially with «MD30», where the core is amorphous due to a higher oxidation while the periphery has 

a graphitic structure. In the case of «MD7» and «Aref» samples, their oxidation in the flame were not 

enough to produce this type of structure. They have still a blurry and highly disordered surface. It is clear 

that the oxidation was more advanced for soot from a surrogate with 30% of oxygenate additives. This 

comparison is also available for «MB» and «MO» samples (Figure 27). These observations are in good 

agreement with the results obtained by Raman spectroscopy (Appendix E), where it is concluded that 

«MD30» soot as a more ordered structure than «MD7» one. They are also coherent with those obtained 

by thermogravimetric analysis (TGA) and by elemental analysis (CHNS/O) about the composition of 

soot particles, confirming the higher oxidation reactivity of soot from surrogates with higher oxygenated 

compounds content. 
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Figure 27. HR-TEM images of «MB7», «MB30», «MO7» and «MO30» soot samples. 

 

Internal oxidation can also be observed in soot collected on engine bench. In Figure 28, well defined 

graphene layers are present in the outer part of the spherules, while amorphous carbon can be seen in 

the internal core.  Comparing “model” and “real” soot micrographs, “real” ones seem to show a more 

ordered structure. 

 

 

Figure 28. HR-TEM images of soot collected on engine bench. 

 

 

4.1.4.1 Dimension of spherules 

Aggregates are composed by smaller particles, called spherules (primary particles). As the name 

implies, most of these particles are almost spherical but a number of less regular shapes may be found. 

Figure 29 exhibits the size distribution of soot spherules from the diesel surrogate «Aref» and biodiesel 

surrogates with 7% and 30% of methyl ester-based additives. «MB», «MO» and «MD» soot spherules 

were joint together in the same category due to the low amount of collected data. Furthermore, due to 

the agglomeration effect of soot particles, some TEM micrographs couldn´t be used for this 

measurement. 
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Figure 29. Size distribution of soot spherules from the diesel surrogate «Aref» and surrogates 

biodiesel with 7 and 30% of additives. 

 

According to the results, the size of spherules seems to be mainly in the 16-22 nm range. Smaller 

spherules are expected when oxygenated additives are added to the diesel surrogate. As it was already 

mentioned, the addiction of such additives increases the oxygen content and therefore, also increases 

the oxidation reactivity. However, the difference can be considered almost negligible. 

There is some degree of uncertainty concerning interpretation of the results. TEM images are only 

projections of soot aggregates, therefore interpretation of the three-dimensional (3D) features from the 

two-dimensional (2D) TEM images is a nontrivial task and loss of information is unavoidable. Some 

spherules can be superimposed with others and/or agglomerated. Additionally, analysis of particle size 

from the micrographs is an operator-dependent task and therefore obtained results include user 

subjectivity. In Figure 30, the size of spherules from biodiesel surrogates, with 7 and 30% of methyl-

ester based additives, is compared with those obtained on an engine bench.  

 

 

Figure 30. Size distribution of soot spherules from biodiesel surrogates with 7 and 30% of additives 

and from the combustion of a fuel on an engine bench (B7-BM and B100-BM). 
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Pure biodiesel has more surface oxygen functional groups and therefore, it should lead to a higher 

oxidation reactivity of soot [60,62,147,148], resulting in primary particles with smaller dimensions. 

However, the opposite trend is observed. According to Song et al. [60], oxidation of «B100» particles 

tend to coalesce during reorganization of the internal structure. This can explain the higher spherules 

size of biodiesel soot. Additionally, through the comparison between soot samples obtained on engine 

bench and “model” ones, it is deduced that “real” soots tend to have spherules with higher dimensions. 

Primary particles from surrogates with 7% of additives are clearly the smallest, while «B100-BM» are 

the biggest ones.  

Conventional biodiesel is mainly composed by a complex mixture of long chain fatty acid methyl 

esters (FAMEs – Figure 31), which are produced through methanol-based transesterification [16,17].  

 

Figure 31. Common fatty acid methyl ester (FAME) found in biodiesel [149]. 

 

Biodiesel components have three unique characteristics compared to conventional diesel: absence 

of aromatics, presence of the ester moiety and possibly C=C double bonds in their alkyl chain. 

Concerning rapeseed oil, which is the raw material of «B7-BM» and «B100-BM», it is mainly composed 

by methyl oleate (18:1), and some considerable percentage of methyl linoleate (18:2) [150,151]. These 

molecules with C=C double bonds tend to produce higher levels of unsaturated hydrocarbons, which 

are important for soot formation and growth [152]. This can explain the higher dimension of particles 

from pure biodiesel. 

Nevertheless, as it was already mentioned for the agglomerates size distribution, it must be kept in 

mind that results from TEM analysis are subjective and the measurement of spherules, which can be 

superimposed with others, is a difficult task. Furthermore, the number of measurements is not enough 

to do an accurate comparison. 
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4.1.4.2 Length of graphitic layer planes 

To assess the reactivity of carbon towards oxidation, analysis of soot structure at the nanometric 

scale can be used. In turn, the number and accessibility of edge sites can be linked to soot 

nanostructure. Edge sites are those that are potentially accessible for H-atom abstraction followed by 

molecular (acetylene) addiction (HACA mechanism) [153,154], potential rearrangement and/or bonding 

with adjacent layer planes (graphitization) [155] or for reaction with oxidizer gases. It is well known that 

in graphite oxidation, the reactivity of basal plane carbon atoms is far lower than that of edge site carbon 

atoms.  

According to Levy and Wong [156], the increased activity of the edge site atoms is likely due to 

residual valence of those atoms and greater accessibility of edge positions. Geometrically, carbon atoms 

in edge sites can form bonds with chemisorbed oxygen due to the availability of unpaired sp2 electrons. 

Carbon atoms in basal planes have only shared π electrons forming chemical bonds. 

Vander Wal and Tomasek [58,61] used HR-TEM to show the difference in the nanostructure of soot 

generated under various growth conditions and fuels. They concluded that as the layer plane size 

decreases, the number of edge site carbon atoms necessarily increases in proportion to the number of 

basal plane carbon atoms, allowing the overall reactivity to increase. 

The Image J® software was used to analyse and manipulate TEM images, in order to have a better 

contrast and to facilitate the detection and measurement of carbon fringes (2D projection of carbon 

layers). Each sample of soot can have different fringe lengths, so it is important to collect different 

measures from several images for the same sample. Then, the results can be exhibited as a distribution, 

in which the number of fringes is a function of its dimension. Furthermore, the law followed by the 

distribution of carbon fringe length must be known. Each law can be characterized by a group of statistic 

parameters, such as the mean value, standard deviation and variance. 

Firstly, a cumulative curve was built with the experimental values. In other words, a curve was drawn 

with the cumulated number of fringes (%) as a function of its length. Figure 32 represents the cumulative 

curve with the experimental results of carbon fringe length for the «MD30» soot. 

 

 

Figure 32. Experimental cumulative curve of «MD30» size distribution. 
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The second step consists in using a law for the distribution and then, verify if it correlates well with 

the experimental results. As fists assumption, a normal distribution was tested for the soot fringe length. 

The cumulative function of the normal distribution, which is characterized by the mean value (µ), 

standard deviation (𝜎) and variance (𝜎2), is represented by equation (18). 

 

𝐹(𝑥) = ∫
1

𝜎√2𝜋
𝑒

−(𝑡−𝜇)2

2𝜎2 𝑑𝑡
𝑥

−∞

, 𝜎 > 0 (18) 

 

Figure 33 shown the theoretical cumulative curve and the experimental one, based on the 

experimental results of carbon fringe length for the «MD30» soot. In Appendix F, the cumulative curves 

for the other samples can be observed.  

 

 

Figure 33. Theoretical and experimental cumulative curves of «MD30» size distribution. 

 

As observed in Figure 33, the two curves are almost completely superposed. Therefore, the 

hypothesis of a normal distribution for the carbon fringe length of soot is validated. However, to compare 

the results from different types of soot, a cumulative curve is not the best option. Instead, a probability 

density function is more convenient. It depends on the same parameters as the cumulative curve and 

can be represented by equation (19). 

 

 

Each numerical result is associated to a probability. In other words, it gives the probability for each 

value of a random variable in the form of a continue curve. This function, also called Gaussian 

distribution, describe a bell-shaped curve, which gives a probability of 68,3% of being within one 

standard deviation of the mean, which corresponds to the maximum of the curve. 

Figure 34 represents the distribution of carbon fringe length of soot particles from different samples, 

namely from the diesel surrogate «Aref», and from biodiesel surrogates with 7% of methyl ester-based 

additives («MB7», «MO7» and «MD7»).  
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Figure 34. Carbon fringe length distribution of soot produced by combustion of the diesel surrogate 

«Aref» and biodiesel surrogates with 7% of methyl ester-based additives. 

 

«Aref» soot, which comes from the combustion of a diesel surrogate without any trace of additives, 

has the narrowest fringe length distribution, with a mean value of 1,95 nm. On the other hand, soot 

particles obtained from biodiesel surrogates have a larger distribution and at the same time, they have 

higher mean values of fringe length than the soot of reference. Furthermore, comparing the different 

additives, an increase of the fringe length is observed when increasing the length of the carbon chain. 

The mean value and corresponding standard deviation are present in Table 8. The distribution is shifted 

to higher dimensions and the mean fringe length respects the following order: 

 

L«Aref» < L«MB7» < L«MO7» < L«MD7» 

 

Table 8. Mean value (nm) and standard deviation (σ) of the normal distribution of soot fringe length 

from diesel surrogate «Aref» and biodiesel surrogates «MB7», «MO7» and «MD7». 

Sample Mean value (nm) Standard deviation (σ) 

Aref 1,95 0,14 

MB7 2,01 0,20 

MO7 2,06 0,24 

MD7 2,17 0,28 

 

The same tendency is observed for samples obtained through the combustion of biodiesel 

surrogates with 30% of additives (Appendix F). However, with 30% of oxygenate compounds, the 

difference of fringe length is not so considerable. In fact, the mean value for «MB30» and «MO30» soot 

is almost the same. The mean value for fringe length has the following order: 

 

L«Aref» < L«MB30» ~ L«MO30» < L«MD30» 
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It can be suggested that there is a correlation between the fringe length of soot and the length of the 

aliphatic carbon chain of additives present in the biodiesel surrogate. The longer the chain, the larger 

the distribution of fringe length and higher the mean value. Thus, it is supposed that an increase in the 

dimensions of the segments correspond to a lower number of edge sites, higher graphitization and a 

parallel decrease in oxidation reactivity. These results are coherent with Raman spectroscopy.  

Figure 35 represents the carbon fringe length distribution of soot obtained from biodiesel surrogates 

with two different concentrations of oxygenate compounds («MD7» and «MD30») and the two “real” 

soot samples («B7-BM» and «B100-BM»).  

 

 

Figure 35. Carbon fringe length distribution of soot produced by combustion of «Aref», biodiesel 

surrogates with 7 and 30% of methyl decanoate and fuel on engine bench (7 and 100%). 

 

«MD7» and «MD30» distributions belong to soot obtained by surrogates that only differ on the 

oxygenated additives content. As observed, when the concentration of such compounds is increased, 

the distribution is shifted to smaller fringe length. In fact, with a higher oxygen content, soot is more 

prone to be oxidized in the flame and consequently, fringes become smaller. In Appendix F the same 

tendency can be deduced between «MB7» and «MB30» soot as well as between «MO7» and «MO30».  

Concerning soot particles obtained from the combustion of biodiesel on an engine bench, the same 

interpretation can be done. «B100-BM» is a pure biodiesel, with a higher oxygen content. Thus, it leads 

to the formation of soot with shorter fringes than the «B7-BM» one [157,118], which proves that biodiesel 

soot has higher oxidation reactivity. The mean value and corresponding standard deviation are present 

in Table 9. 
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Table 9. Mean value (nm) and standard deviation (σ) of the normal distribution of soot fringe length 

from diesel surrogate «Aref», biodiesel surrogates «MD», as well as “real” diesel and biodiesel. 

Sample Mean value (nm) Standard deviation (σ) 

Aref 1,95 0,14 

MD7 2,17 0,28 

MD30 2,06 0,25 

B7-BM 1,87 0,36 

B100-BM 1,64 0,36 

 

Transmission Electron Microscopy was used as a qualitative analysis. The mean value of fringe 

length is obtained through a Gaussian function, which is based on probability calculations. Furthermore, 

some trends are found but, in fact, different molecules can´t be directly compared. On the contrary, 

surrogates composed by the same molecules but with a different additive content can be objectively 

compared. In general, despite the larger distribution of “real” soot samples, “model” ones seem to 

present fringes length in the same range as those produced on a bench engine.   

 

 

4.1.4.3 Interplanar space distribution 

The distance between adjacent carbon layer planes (Figure 36) can also be correlated with the 

oxidation reactivity of soot. However, inter-fringe spacing is a function of the relative orientation between 

stacked carbon layers, the presence of interstitial atoms, hetero-elements and cross-links between 

adjacent layers [39]. The same procedure was followed as with fringe length. 

 

 

Figure 36. Particle nanostructure parameters [158]. 

 

In the literature [62,118], a higher mean fringe separation distance was observed for particles from 

biodiesel, in comparison with diesel. Other researchers found the opposite tendency [87]. Finally, Alfè 

et al. [53] observed that the mean interlayer spacing was almost the same for all types of investigated 

soot. Thus, no consensus was already achieved concerning this parameter. In theory, a higher space 

Fringe length 

Fringe separation 
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between parallel fringes should allow to a better attack of oxygen to the soot, contributing to an easier 

and faster oxidation. All those investigations found values in the 0,3-0,5 nm range for this parameter 

[147,159,160]. In the present work, for both “model” and “real” soot samples, the mean value was 

comprised between 0,3 and 0,4 nm. Therefore, according to the results, it´s taken as assumption that 

this parameter doesn´t depend on the fuel composition or structure and the most reliable factor is the 

length of carbon layer planes. 

 

With the different types of characterization, despite some differences, it was proved that with the 

system of production and recuperation of soot on a Santoro burner, it is possible de produce “model” 

soot with physico-chemical properties (composition, structure and size distribution) close to those of 

soot collected on a DPF of an engine bench with the same working conditions as on a HD-vehicle on 

road. After analysis and validation of soot properties, it is of great interest to study the oxidation reactivity 

of these samples and to simulate their behaviour inside a Diesel Particulate Filter. Finally, a correlation 

between soot properties and oxidative reactivity can be established. For this purpose, elemental 

composition, thermogravimetric analysis, Raman spectroscopy and TEM analysis were used to do this 

comparison. Due to the agglomeration effect and low amount of collected data, particles size was not 

used.  
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4.2 Soot oxidation reactivity 

 

After the physico-chemical characterization of soot particles, their oxidation reactivity and therefore, 

the ease of the DPF regeneration was assessed. The impact of the methyl ester-based oxygenated 

compounds concentration on “model” soot reactivity was investigated. Furthermore, the oxidation 

behaviour of “real” and “model” soot was compared. Thus, several tests through Temperature 

Programmed Oxidation (TPO), under different oxidizing gases (O2, NO2), were performed. O2 and NO2 

were selected to represent the main exhaust gases present in the post-treatment system during DPF 

active and passive regeneration. Additionally, interaction between the samples and a catalyst was 

evaluated to describe the regeneration process in a catalysed DPF.  

The comparison was made in terms of maximum oxidation temperature (Tm), which also represents 

the temperature of maximal COx emission. The reaction performance was also assessed by the values 

of T10, T50 and T90, which were defined as the temperature at 10, 50 and 90% of soot carbon conversion, 

respectively. The temperature range of combustion process, between 10 and 90% of conversion (∆T), 

as well as the selectivity of CO2 at the maximal oxidation rate were also determined. It must be kept in 

mind that soot of high reactivity is preferable because the regeneration of the filter can be performed at 

lower temperatures and therefore with small energy demand. 

«MD7» and «MD30» samples were used to represent soot from biodiesel surrogates with 7% and 

30% of methyl ester-based additives, respectively. “Real” soot, produced on an engine bench, under 

real driving conditions, were represented by «B7-BM» and «B100-BM» ones. 

 

 

4.2.1 Non-catalytic soot oxidation 

4.2.1.1 TPO in 9% by volume O2/Ar 

A temperature programmed oxidation was carried out with an oxidizing mixture of 9% O2/Ar, to 

simulate a non-catalysed DPF active regeneration. Figure 37 shows the evolution of the carbon specific 

oxidation rate in function of the temperature.  

Table 10 exhibits the main results of the TPO analysis, such as temperature at 10, 50 and 90% of 

carbon conversion, temperature of maximal oxidation rate, ∆T between 10% and 90% of conversion and 

selectivity to CO2 formation in the outlet gas during soot oxidation process. 
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Figure 37. Carbon specific oxidation rate (mg/(s.gin) of “model” and “real” soot (9% O2/Ar). 

 

 

Table 10. Temperature programmed oxidation results in 9% O2/Ar. 

 Tm (ºC) T10 (ºC) T50 (ºC) T90 (ºC) ∆T 𝑺𝑪𝑶𝟐
 (%)1 

MD7 650 498 631 674 176 49 

MD30 657 528 640 686 158 47 

B7-BM 669 517 647 683 166 55 

B100-BM 656 490 631 667 177 69 

1 CO2 selectivity at Tm 

 

Figure 37 and Table 10 illustrate the oxidative performance of the different soot samples under 9% 

O2/Ar. It can be observed that all oxidation reactions start at more than 450ºC. In the case of “model” 

soot, the maximum specific oxidation rate for the «MD7» sample occurs at 650ºC, while 657ºC is 

attained for the «MD30» one. 

In general, reactivity of soot particles decreases when the concentration of oxygenated compounds 

in the surrogate is increased. These results are coherent with the soot composition obtained through 

elemental and thermogravimetric analysis. Indeed, «MD7» particles contain a higher oxygen and SOF 

content than the «MD30» ones. The soluble organic fraction, which consists of unburned hydrocarbons, 

oxygenated compounds, sulphate species, metallic compounds, vapor phase hydrocarbons, water and 

nitrogen, provides an easier ignition of soot oxidation, by increasing the internal soot surface with 

opening and developing of micropores [159-161]. Moreover, previous studies [48,63,162-164] showed 

that the incorporation of oxygen in soot particles allowed the formation of oxygenated complexes (-C(O)) 

at the soot surface. Thus, the oxygen content present in soot composition provides a higher oxidation 

reactivity of these particles. About soot internal structure, Raman spectroscopy proved that «MD30» 

soot has a more ordered structure, which complicates particles oxidation. In TEM micrographs, it was 

observed that an increase of oxygenated compounds concentration in the biodiesel surrogate leads to 

the production of soot particles with a graphitic shell and a less ordered core. It is well known than 
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oxygen reacts easily with the amorphous structure than with the more graphitic one. However, the 

external structure of «MD30» particles complicates their oxidation. 

Concerning the samples produced on engine bench, soot obtained through the combustion of pure 

biodiesel shows higher oxidation reactivity than soot obtained with conventional diesel. The maximum 

carbon specific oxidation rate of «B100-BM» is attained at 656ºC, while 669ºC is obtained for «B7-BM». 

Furthermore, «B100-BM» samples have a lower ignition temperature (T10) than the «B7-BM» ones. 

These results are in good agreement with previous works, where was concluded the higher reactivity of 

biodiesel soot in comparison with diesel soot [48,60,63,65]. This is supported by previous results, such 

as TEM, Raman and elemental analysis. 

Concerning CO and CO2 emissions, “model” soot was able to produce more carbon monoxide than 

carbon dioxide, which shows that “model” soot oxidation leads to a less complete oxidation than the 

“real” one. In terms of “real” soot, a higher biodiesel content leads to a higher CO2 formation and a more 

complete reaction. At the maximum emission temperature (Tm), selectivity of CO2 for pure biodiesel soot 

is about 69%, while 55% is found for soot from conventional diesel. The selectivity of CO2 formation can 

be explained by the oxygen present in the elemental composition of soot. Indeed, the order of soot 

oxygen content is the following one: «MD30» < «MD7» < «B7-BM» < «B100-BM», which corresponds 

to the same order of carbon dioxide selectivity. 

Consequently, oxidation reactivity can be correlated with the composition and nanostructure of soot. 

It must be kept in mind that different properties influence particles oxidation. Concerning soot 

composition, oxygen, ash and SOF content play an important role. Internal structure is also a 

determinant factor. However, the process of particles formation and engine work conditions must be 

considered too. In sum, soot oxidation reactivity doesn´t depend on just one property. It is based on a 

set of factors. 

 

4.2.1.2 TPO in 400 ppmv NO2 + 9% O2/Ar 

As explained in previous studies [60,73,145], an internal soot combustion is favoured in presence 

of O2, while NO2 reacts immediately at the soot surface. Thus, different oxidizing gases lead to different 

oxidation processes, resulting in a shift of the maximal oxidation temperature. In presence of only O2, 

diffusion of the gas in solid-phase (carbon core) through the pores can difficult the soot oxidation. In the 

case of NO2, a faster reaction can take place at lower temperatures. 

In soot-NO2-O2 reaction systems, a cooperative reaction of the two gases with soot carbon allows 

to a better soot oxidation [73-75]. Indeed, there is a consensus on the fact that soot oxidation with NO2 

is enhanced by the presence of O2. Thus, different C-NO2-O2 reaction mechanisms have been proposed 

so far and the specific role of the two gases in combustion of soot is still discussed. 

In order to observe this cooperative action, a temperature programmed oxidation was carried out 

with an oxidizing mixture of 400 ppmv NO2 + 9% O2/Ar. Figure 38 shows the evolution of the carbon 

specific oxidation rate in function of the temperature. Results of TPO profiles are resumed in Table 11. 
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Figure 38. Carbon specific oxidation rate (mg/(s.gin) of “model” and “real” soot (400 ppmv NO2 +9% 

O2/Ar). 

 

 

Table 11. Temperature programmed oxidation results in 400 ppmv NO2 + 9% O2/Ar. 

 Tm (ºC) T10 (ºC) T50 (ºC) T90 (ºC) ∆T 𝑺𝑪𝑶𝟐
 (%)1 

MD7 648 528 631 671 143 35 

MD30 664 551 643 683 132 35 

B7-BM 667 509 644 681 172 51 

B100-BM 654 457 626 666 209 64 

1 CO2 selectivity at Tm 

 

As observed during TPO experiments under O2, soot particles reactivity decreases when the 

concentration of oxygenated compounds increases in the Biodiesel surrogate. Tm was attained at 648ºC 

for «MD7» sample, while 664 ºC was obtained for the «MD30» one. This reaction order was also 

observed in terms of T10. Moreover, «B100-BM» soot seems to be more reactive than the «B7-BM» one. 

Through the analysis of Figure 38 and Table 11, it can be seen that the TPO profiles and CO2 

selectivity are similar to those under O2. In fact, no significant decrease of the maximal soot oxidation 

temperature (Tm) was promoted by the presence of NO2 in the reaction gas. However, the temperature 

to obtain 10% of carbon conversion showed considerable modifications. For “model” soot «MD7» and 

«MD30», a visible increase of T10 can be observed. On the contrary, “real” soot samples present lower 

values. 

Such results reveal that NO2 more easily promotes the oxidation of soot generated on engine bench. 

This behaviour can be attributed to the oxidation of the soluble organic fraction (SOF) by this gas. Mainly 

due to the presence of lube oils and unburned fuel, soot produced through engine combustion processes 

(«B7-BM» and «B100-BM») contain a higher SOF content, formed on the soot particle surface, than the 

soot produced with the Santoro burner. 
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These findings are in good agreement with previous investigations. Several studies demonstrated 

the stronger oxidation power of NO2 in comparison with O2 at low temperatures (<450ºC). However, 

high temperatures lead to the decomposition of NO2 into NO and thereby make NO2 loose its promoting 

role [76,79,86,165]. This phenomenon can explain the absence of decrease of Tm with addition of NO2 

in the reaction gas. 

According to previous studies [166,167] and considering the reactivity of NO2, it can be suggested 

that soot oxidation is initiated at low temperatures by NO2 via formation of oxygen complexes on the 

carbon surface (20.1-20.4). In fact, although diesel soot normally contains oxygen complexes, the soot-

O2 reaction is extremely low in comparison to the soot-NO2 one, in the normal exhaust temperature 

range. Thus, NO2 initiates the creation of O-containing sites intermediates at lower temperatures, which 

are more reactive than the complexes that have already existed. Then, O2 is able to react with them. 

 

𝐶𝐶𝑓 + 𝑁𝑂2 ⇄ 𝐶𝐶𝑓(𝑁𝑂2) (20.1) 

𝐶𝐶𝑓(𝑁𝑂2) ⇄ 𝐶𝐶𝑓(𝑂) + 𝑁𝑂 (20.2) 

𝐶𝐶𝑓(𝑂) + 𝑁𝑂2 ⇄ 𝐶𝐶𝑓(𝑂𝑁𝑂2) (20.3) 

𝐶𝐶𝑓(𝑂𝑁𝑂2) ⇄ 𝐶(𝑂)𝐶𝑓(𝑂) + 𝑁𝑂 (20.4) 

 

Where, 𝐶𝐶𝑓 represents a free carbon atom, while 𝐶𝐶𝑓(𝑂) and 𝐶(𝑂)𝐶𝑓(𝑂) both are SOCs (surface 

oxygen complexes). Then, due to the abundance of O2 in comparison to NO2, this gas is expected to 

further react with the surface oxygen complexes originated by NO2, yielding less stable intermediates 

(20.5): 

 

𝐶𝐶𝑓(𝑂) +
1

2
𝑂2 ⇄ 𝐶(𝑂)𝐶𝑓(𝑂) (20.5) 

 

𝐶(𝑂)𝐶𝑓(𝑂) complexes, considered relatively unstable, lead to the production of CO and CO2. They 

can decompose, or by thermic dissociation (20.6-20.8) or by reaction with O2 and NO2 (20.9-20.12).  

Oxygen is always in excess in a diesel exhaust, so equations 20.9 and 20.10 are predominant. 

 

𝐶𝐶𝐶𝑓(𝑂) → 𝐶𝐶𝑓 + 𝐶𝑂 (20.6) 

𝐶𝐶(𝑂)𝐶𝑓(𝑂) → 𝐶𝐶𝑓(𝑂) + 𝐶𝑂 (20.7) 

𝐶𝐶(𝑂)𝐶𝑓(𝑂) → 𝐶𝐶𝑓 + 𝐶𝑂2 (20.8) 

𝐶𝐶𝐶𝑓(𝑂) +
1

2
𝑂2 → 𝐶𝐶𝑓 + 𝐶𝑂2 (20.9) 

𝐶𝐶(𝑂)𝐶𝑓(𝑂) +
1

2
𝑂2 → 𝐶𝐶𝑓(𝑂) + 𝐶𝑂2 (20.10) 

𝐶𝐶𝐶𝑓(𝑂) + 𝑁𝑂2 → 𝑁𝑂 + 𝐶𝐶𝑓 + 𝐶𝑂2 (20.11) 

𝐶𝐶(𝑂)𝐶𝑓(𝑂) + 𝑁𝑂2 → 𝑁𝑂 + 𝐶𝐶𝑓(𝑂) + 𝐶𝑂2 (20.12) 
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4.2.2 Catalytic soot oxidation 

 

 Diesel particulate filters are the most popular and efficient technology for soot elimination. However, 

the main problem resides in the reliability of the regeneration process. The high working temperatures, 

which are far beyond the normal diesel exhaust temperature range, represent one of the principal issues. 

Thus, the use of oxidative catalysts to lower the combustion temperature for soot abatement is believed 

to be a feasible and promising method in reducing soot emission. They lower the active regeneration 

temperature and allow to a certain degree of passive regeneration at suitable engine points 

characterized by high exhaust gas temperatures. In the present work, MnOx-CeO2 was selected to be 

investigated in soot oxidation. In Appendix G, some information about these mixed oxides can be found. 

 

4.2.2.1 TPO in 9% by volume O2/Ar 

In general, the main variables that influence the catalytic performance in soot oxidation are the soot 

composition, soot/catalyst ratio, type of soot-catalyst contact and the oxygen content in the feed gas 

[168]. An increase of the soot-catalyst ratio beyond a certain value, at which the catalyst is no longer 

available to meet the soot particles, results in soot oxidation at higher temperatures. More precisely, 

soot-catalyst ratios below 1/10 ratio do not generally influence the oxidation rate, while negative effects 

can be observed on catalytic activity for values above 1/5 ratio [168]. Thus, a ratio of 1/10 was chosen 

for the contact between soot particles and the MnOx-CeO2 catalyst.  

The feed composition also affects the catalytic activity. Oxygen was used as reaction gas to simulate 

a DPF active regeneration. The oxygen concentration in the gas mixture generally varies from 5% to 

21% [169-172]. Thus, a temperature programmed oxidation was carried out with an oxidizing mixture of 

9% O2/ Ar, in “loose contact” conditions. Figure 39 shows the evolution of the carbon specific oxidation 

rate in function of the temperature. Table 12 displays the main results of the TPO analysis. 

 

 

Figure 39. Carbon specific oxidation rate (mg/(s.gin) of “model” and “real” soot in presence of 

MnOx-CeO2 mixed oxides (9% O2/Ar), in “loose” contact conditions. 
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Table 12. Temperature programmed oxidation results in 9% O2/Ar, in “loose” contact conditions. 

 Tm (ºC) T10 (ºC) T50 (ºC) T90 (ºC) ∆T 𝑺𝑪𝑶𝟐
 (%)1 

MD7 621 405 606 651 246 99 

MD30 631 457 614 658 201 99 

B7-BM 672 407 629 683 276 99 

B100-BM 652 383 592 667 284 99 

1 CO2 selectivity at Tm 

 

The introduction of mixed oxides catalysts in the reaction bed allowed to a significant decrease of 

T10. Furthermore, it can be observed that there is a shoulder peak at around 550ºC in TPO profiles of 

“real” soot. This can be attributed to the oxidation of soot particles with a better contact and/or more 

amorphous carbon. However, the temperature of maximal oxidation rate didn´t decreased as much as 

expected, even if these oxides are considered good oxygen carriers. 

Soot oxidation under oxygen strongly depends of soot/catalyst contact. “Loose contact” conditions 

are characterized by a low number of contact points between soot particles and MnOx-CeO2 mixed 

oxides. Consequently, it is expectable to have a reduced catalytic performance [173,174]. 

Regarding COx emissions, the introduction of a catalyst into the reaction bed promoted CO2 

formation from carbon oxidation instead of CO, leading to a complete reaction. Indeed, for all soot 

samples, a CO2 selectivity of 99% was obtained. 

Due to the low catalytic activity in soot oxidation under “loose” contact between MnOx-CeO2 mixed 

oxides and soot samples, the effect of soot-catalyst contact was evaluated through the comparison 

between three different contact degrees.  

 

4.2.2.2 Effect of soot-catalyst contact 

In 1996, Neeft et al. [175] found that the intensity of contact between soot and catalyst represents 

one of the major parameters that determine the soot oxidation rate. Indeed, it plays a key role in solid-

solid reactions since the catalytic activity depends on the interaction between the two solids and the 

gas. In the literature [170,174], two types of soot-catalyst contact conditions have been reported for 

laboratory-scale studies. A “loose” contact is obtained by mixing the soot and the catalyst with a spatula. 

This procedure is sufficient to homogenize the mixture, but still allows a poor contact between the two 

solid phases. In fact, good contact conditions are very difficult to be reached due to the different soot 

and catalyst particles sizes, which clearly hinders the overall activity of the catalyst. A “tight” contact is 

usually prepared in a mortar to obtain, by maximizing the number of contact points, a closer contact 

between the two solids [172]. 

In a real catalytic DPF, the formation of a soot cake leads to the increase of flow pressure, which 

promotes the interface contact between soot and catalyst. The problem of “tight” contact is that 

temperatures of oxidation are usually much lower than those in a commercial diesel particulate filter. 

Under practical conditions, loose contact rather than tight contact is encountered [175].  

In the present study, the impact of the soot-catalyst contact on soot reactivity is evaluated through 

the comparison of the maximal oxidation rate temperature in “loose”, “pressure” and “tight” contact 
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conditions. “Pressure” contact was tested to have an intermediate effect on soot oxidation, between 

“loose” and “tight” contact, which is believed to be closer to real conditions.  

 Figure 40 and Figure 41 show the evolution of the carbon specific oxidation rate in function of the 

temperature, for «MD30» and «B100-BM» samples, respectively. Table 13 exhibits the main results of 

the TPO analysis for all tested soot samples and for the three contact conditions. The results for «MD7» 

and «B7-BM» samples are present in Appendix H.  

 

 

Figure 40. Carbon specific oxidation rate (mg/(s.gin) of «MD30» soot in presence of MnOx-CeO2 

mixed oxides (9% O2/Ar). 

 

 

Figure 41. Carbon specific oxidation rate (mg/(s.gin) of «B100-BM» soot in presence of MnOx-

CeO2 mixed oxides (9% O2/Ar). 
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Table 13. Temperature programmed oxidation results in 9% O2/Ar in presence of mixed oxides, 

under “loose”, “pressure” and “tight” conditions. 

 Contact condition Tm (ºC) T10 (ºC) T50 (ºC) T90 (ºC) ∆T 𝑺𝑪𝑶𝟐
 (%)1 

MD7 

Loose 621 405 606 651 246 99 

Pressure 592 325 566 648 323 98 

Tight 363 283 363 417 134 99 

MD30 

Loose 631 457 614 658 201 99 

Pressure 623 362 580 655 293 98 

Tight 382 259 372 425 166 99 

B7-BM 

Loose 672 407 629 683 276 99 

Pressure 662 320 505 667 347 98 

Tight 364 258 354 400 142 99 

B100-BM 

Loose 652 383 592 667 284 99 

Pressure 645 296 516 655 359 98 

Tight 361 246 349 408 162 99 

1 CO2 selectivity at Tm 

 

According to the results, it can be observed that soot oxidation temperatures are shift to much lower 

values and the TPO curves become narrower in “tight” contact conditions. Concerning experiments 

under “pressure” contact, a wider temperature window is present, with a lower reaction rate. As 

expected, it represents an intermediate contact condition. The two peaks shape is probably due to the 

heterogeneity of the soot-catalyst mixture. 

An order of reactivity can be established in function of the contact conditions between soot samples 

and MnOx-CeO2 mixed oxides: “Loose” contact < “Pressure” contact < “Tight” contact. The tightness of 

the contact between the two solids and therefore, the number of contact points, is a critical factor for the 

enhancement of catalytic soot oxidation. From “loose” contact to “tight” contact conditions, the 

temperature of maximal soot oxidation rate is decreased of, at least, 250ºC.  

The interface between the two solids is limited by the contact points between larger soot particles 

and larger clusters of catalyst particles [176,177]. Since the action of the catalyst on carbon oxidation is 

mainly linked to the proximity of the carbon active sites to those of the catalyst and to the number of 

active sites accessible for the reaction gas, “loose” contact conditions provide a higher interfacial area 

between the two solids and a reduced catalytic activity. 

Regarding COx emissions, the presence of a catalyst, independently of the contact conditions, leads 

to a residual emission of carbon monoxide. For all soot samples and for all contact conditions, the 

selectivity of CO2 is between 98 and 99%. 
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4.2.2.3 TPO in 400 ppmv NO2 + 9% O2/Ar 

In order to observe both catalytic and NO2 effect on soot oxidation, TPO experiments were carried 

out under 400 ppmv NO2 + 9% O2/Ar, where “loose” contact was promoted between soot particles an 

MnOx-CeO2 mixed oxides. Figure 42 shows the evolution of carbon specific oxidation rate in function of 

the temperature, for «MD30» and «B100-BM» samples. In Table 14, the main results of TPO profiles 

are resumed. 

 

 

Figure 42. Carbon specific oxidation rate (mg/(s.gin) of «MD30» and «B100-BM» soot samples in 

presence of MnOx-CeO2 mixed oxides (400 ppmv NO2 + 9% O2/Ar). 

 

 

Table 14. Temperature programmed oxidation results in 400 ppmv NO2 + 9% O2/Ar, in “loose” contact 

conditions. 

 Tm (ºC) T10 (ºC) T50 (ºC) T90 (ºC) ∆T 𝑺𝑪𝑶𝟐
 (%)1 

MD30 598 433 580 641 208 99 

B100-BM 599 349 558 642 293 98 

1 CO2 selectivity at Tm 

 

An obvious decrease of oxidation temperatures can be observed, in comparison with the results 

obtained without the presence of NO2. As already mentioned, nitrogen dioxide represents a stronger 

oxidizing gas than O2. However, it was found that without a catalyst, the introduction of NO2 into the 

gaseous mixture didn´t cause a significative decrease of soot oxidation temperature. In fact, soot 

particles oxidation strongly depends on NO2 concentration. Consequently, in absence of a catalyst, 400 

ppmv of this gas are not able to make the whole TPO profiles shift considerably to lower temperatures. 

These results prove that the presence of MnOx-CeO2 mixed oxides in the reaction bed effectively 

enhances the oxidation reactivity of soot under both O2 and NO2+O2. It has been reported that MnOx-

CeO2 mixed oxides are excellent oxygen storage materials. They can transfer oxygen in gas phase into 

active species (Ocat*) and then use them for soot oxidation. 
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To better visualize the advantage of using NO2 and/or a catalyst, Figure 43 shows T10 and Tm values 

of catalytic and non-catalytic soot oxidation, under O2 and O2+NO2. 

 

 

Figure 43. T10 and Tm values of soot oxidation. 
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5 Conclusion 

 

The aim of this study was to widen the current knowledge about soot. Therefore, the physico-

chemical characteristics of different soot samples and their oxidation reactivity, under different reaction 

gases, and in presence or not of a catalyst, were determined. The samples were collected from two 

different systems. One of them consisted on an academic burner (Santoro-type), under atmospheric 

pressure, with a diffusion flame. The other one was an engine bench (from Renault-Volvo Trucks), 

working with a low loading cycle, at low temperatures, which is representative of very severe cold real 

drive cycles. The first class was classified as “model” soot, obtained through the combustion of diesel 

and biodiesel surrogates. The second one was called “real” soot, from diesel and biodiesel fuel. 

The first part of this study consisted on the characterization of the different studied soot samples. 

The tested oxygenated compounds were methyl butanoate, methyl octanoate and methyl decanoate. 

The surrogates contained 7% or 30% of these additives. The properties and reactivity of “model” 

particles were compared with those of “real” ones. The impact of methyl ester-based oxygenated 

compounds concentration and the length of their carbon chain on soot characteristics was evaluated.  

The laser diffraction analysis allowed to measure the particles mean granulometry. It was deduced 

that the presence of oxygenated compounds with a higher concentration and/or carbon chain length 

leads to the production of smaller particles. Indeed, «MD30» particles presented the smaller mean size. 

Furthermore, elemental and Raman analyses proved that «MD30» soot had the smallest oxygen and 

SOF content and a more ordered structure. TEM measurements showed that the mean carbon fringe 

length increases with the ester chain length but decreases with the biodiesel content. In sum, all these 

tests showed that the structure and composition of soot depend on the fuel nature. 

The DPF regeneration performance was also assessed in terms of concentration of such 

compounds. Therefore, the second part consisted in oxidation experiments (TPO) under O2 and 

O2+NO2. «MD7» and «MD30» samples were used to represent the “model” soot. In general, it was 

deduced that the reactivity of soot particles decreases when the concentration of oxygenated 

compounds in the surrogate increases. Furthermore, in terms of “real” soot, biodiesel particles were 

more reactive than the diesel ones. 

The impact of the reaction gas on soot oxidation was also determined. No significant decrease of 

the maximal soot oxidation temperature was promoted by the presence of NO2, due to the degradation 

of this gas into NO at elevated temperatures. However, the temperature to obtain 10% of carbon 

conversion showed considerable modifications. This temperature decreased in the case of “real” soot, 

probably due to the oxidation of the soluble organic fraction (SOF) by this gas.  

 Finally, the interaction between mixed oxides and soot, under different reaction gases and different 

contact conditions was tested. The presence of MnOx-CeO2 mixed oxides facilitated the reaction at lower 

temperatures and led to a complete soot oxidation, with a CO2 selectivity of almost 100%. In addition, 

three contact conditions were tested and compared. As expected, due to the tightness of the contact 

between soot and the catalyst, oxidation under “tight” contact conditions allowed to a decrease of the 

temperature of maximal soot oxidation rate about, at least, 250ºC. 



 

64 
 

To conclude, it was proved that the properties and characteristics of soot can give some information 

and be correlated with the oxidation reactivity. Furthermore, despite some differences, it can be 

considered that with the experimental installation used to produce “model” soot, it is possible to generate 

particles with properties close to those of “real” ones. Thus, “model” soot can be considered as 

representative of soot produced under real driving conditions and be used for further studies. However, 

numerous improvements should be made to better understand to soot formation and oxidation process. 
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6 Future perspectives 

 

Based on the results and conclusions achieved through this work, there are some aspects which 

future study may be of interest. 

1. X-ray diffraction (XRD) analysis, to obtain a quantitative analysis of the graphitization degree 

and therefore, to better correlate soot structure with oxidation reactivity. 

2. TPO experiments under pure NO2, in presence or not of catalyst. 

3. TPO experiments under NO+O2, in presence of catalyst, to understand the interaction between 

NO and the catalyst surface. 

4. DRIFT spectroscopy analysis, to identify the intermediates formed during soot oxidation. Thus, 

role of NO2, NO and O2 in soot oxidation can be identified and the mechanism can be confirmed. 

5. BET experiments, to do a surface area analysis and to do a correlation between the oxidation 

reactivity and surface area. 

6. Improvement of the experimental device used to produce and collect the tested “model” soot, to 

work under moderated pressure (1-10 bar). It would allow to get closer to the real process of 

soot production and therefore, to evaluate the impact of pressure on the formation, physico-

chemical properties and reactivity of particles.  In fact, this device is currently being improved. 

Figure 44 shows the general view of the combustion chamber, built for non-premixed diffusion 

flames studies, under pressure. 

 

 

Figure 44. Santoro-type burner, at moderated pressure. 

 

7. Improvement of the experimental device with collection of soot samples at different heights of 

the flame and analysis of samples composition and structure. 

8. Impregnation of alkali metals (Na, K, …) on “model” soot, in order to study their impact on soot 

properties and oxidation reactivity. In real conditions, such inorganic compounds can come from 
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NaOH and KOH catalysts, used during the production of biodiesel. Furthermore, soot can also 

contain other elements, coming from lubricant oils in diesel engines, such as Ca, Zn, Fe and 

Mg. It should be interesting to evaluate the impact of each compound on soot reactivity. 

9. X-ray photoelectron spectroscopy (XPS), to identify and quantify trace elements and carbon 

oxidation state (oxygen functional groups, to identify the degree of oxidation). 

10. Impregnation of platinum or palladium in the mixed oxides structure, to observe its promotion on 

NO oxidation activity. The main oxidation function of such metals is indirect by converting NO to 

NO2.  
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8 Appendix  

 

A.  TEM image processing with Image J®  

The measurement of carbon fringe length of different soot particles was carried out with TEM 

micrographs obtained at high resolution. In this case, it was possible to distinguish graphene layers and 

measure the length of parallel carbon segments. 

The first step consisted on the conversion of a digital image composed by a matrix of elements, 

which are called pixels, into a value in nanometres. For instance, as it can be observed in Figure A- 1, 

5 nm correspond to 361 pixels. Thus, when a line is traced, the software immediately converts the 

distance in nanometres (nm).   

 

 

Figure A- 1. Definition of the scale (conversion of pixels into nanometres). 

 

The next step was to select the area of interest (Figure A- 2). This selection must be done carefully 

because in some images different particles can be superimposed. 

 

 

Figure A- 2. Selection of the area of interest (blue square). 

 

The third step was to apply a filter and to reduce the electronic noise (Figure A- 3). This step is 

important to obtain well defined structures.  



 

b 
 

 

 

 

Figure A- 3. a) Zone of interest. b) Application of a filter and reduction of the noise. c) Filtered 

image. 

 

Finally, the filtered image was transformed into a binary format by setting a threshold brightness 

value. In this study, the filtering and thresholding of each micrograph was done manually based on 

operator´s judgement. The objective was to obtain an image which could clearly show the graphene 

layers that compose soot particles. Single phase regions, surrounded by the opposite phase (and hence 

isolated from the other regions of the same phase), were identified as objects, in this case as fringes 

(Figure A- 4).  

 

 

Figure A- 4. Application of a threshold brightness value (conversion into a binary format). 

a) b) 

c) 



 

c 
 

The distribution of fringe length was obtained by measuring the length of at least 400 parallel fringes, 

manually (Figure A- 5), from different TEM images (~10 images for each sample). For the spherules 

diameter, the same procedure was followed but the results were not presented as a distribution curve 

due to the reduced amount of collected data. 

 

 

Figure A- 5. Measurement of the length of parallel carbon fringes. 

 

 

B. Calculation of soot conversion  

In order to obtain the temperature at 10, 50 and 90% of soot conversion, it was assumed that all the 

carbon present in the sample was converted into CO and CO2. Thus, the calculation was made in terms 

of COx emissions (ppm) along all the experiment. For each time interval (2 seconds), COx emissions 

were cumulated and converted in percentage (%). Then, a cumulative curve was made in function of 

the temperature (Figure B- 1).  

 

Figure B- 1. Cumulative curve of COx emissions in function of the temperature for «B100-BM» 

sample, under 9% O2/Ar. 
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C. Laser particle size analysis 

 

Figure C- 1. Size distribution of “model” soot aggregates from the diesel surrogate and biodiesel 

surrogates (30%). 

 

 

Figure C- 2. Size distribution of “model” soot aggregates from biodiesel surrogates with 7 and 30% 

of methyl butanoate. 

 

Figure C- 3. Size distribution of “model” soot aggregates from biodiesel surrogates with 7 and 30% 

of methyl octanoate. 
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D. Thermogravimetric analysis (TGA) 

 

 

Figure D- 1.  Thermogravimetric analysis under nitrogen (a) and under air (b) of “model” soot from 

biodiesel surrogates with 7% of methyl ester-based additives and from diesel surrogate «Aref». 
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Figure D- 2. Thermogravimetric analysis under nitrogen (a) and under air (b) of “model” soot from 

biodiesel surrogates with 30% of methyl ester-based additives and from diesel surrogate «Aref». 

 

 

E. Raman Spectroscopy 

Table E- 1. Results of Raman spectroscopy for «Aref» soot. 

Band Relative intensity Raman shift (cm-1) FWHM 

G 1,85 1589 68 

D1 2,41 1335 120 

D2 0,20 1616 50 

D3 1,10 1512 220 

D4 0,40 1219 192 

 

 

Table E- 2. Results of Raman spectroscopy for «MB7» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,81 1590 66 

D1 2,32 1337 130 

D2 0,39 1618 50 

D3 1,12 1523 200 

D4 0,40 1225 300 
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Table E- 3. Results of Raman spectroscopy for «MO7» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,77 1590 64 

D1 2,35 1337 126 

D2 0,51 1620 70 

D3 0,97 1511 174 

D4 0,35 1224 240 

 

Table E- 4. Results of Raman spectroscopy for «MD7» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,70 1593 66 

D1 2,29 1342 118 

D2 0,41 1616 100 

D3 1,11 1512 200 

D4 0,48 1241 220 

 

Table E- 5. Results of Raman spectroscopy for «MB30» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,95 1587 65 

D1 2,39 1332 128 

D2 0,18 1618 50 

D3 1,14 1515 187 

D4 0,42 1219 293 

 

Table E- 6. Results of Raman spectroscopy for «MO30» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,89 1591 65 

D1 2,52 1337 121 

D2 0,09 1623 52 

D3 1,14 1517 204 

D4 0,37 1219 146 

 

Table E- 7. Results of Raman spectroscopy for «MD30» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,97 1585 62 

D1 2,71 1334 113 

D2 0,18 1616 40 

D3 1,07 1514 220 

D4 0,39 1241 172 
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Table E- 8. Results of Raman spectroscopy for «B7-BM» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,09 1590 69 

D1 1,44 1342 141 

D2 0,10 1620 174 

D3 0,62 1514 169 

D4 0,21 1232 130 

 

Table E- 9. Results of Raman spectroscopy for «B100-BM» soot. 

Band Relative intensity  Raman shift (cm-1) FWHM 

G 1,12 1588 70 

D1 1,38 1340 134 

D2 0,09 1620 198 

D3 0,63 1508 172 

D4 0,29 1233 155 

 

 

 

F. Transmission Electron Microscopy (TEM) 

 

Figure F- 1. Theoretical and experimental cumulative curves of «Aref» size distribution. 
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Figure F- 2. Theoretical and experimental cumulative curves of «MB7» size distribution. 

 

Figure F- 3. Theoretical and experimental cumulative curves of «MO7» size distribution. 

 

 

Figure F- 4. Theoretical and experimental cumulative curves of «MD7» size distribution. 
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Figure F- 5. Theoretical and experimental cumulative curves of «MB30» size distribution. 

 

 

Figure F- 6. Theoretical and experimental cumulative curves of «MO30» size distribution. 

 

 

Figure F- 7. Theoretical and experimental cumulative curves of «B7-BM» size distribution. 
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Figure F- 8. Theoretical and experimental cumulative curves of «B100-BM» size distribution. 

 

 

Figure F- 9. Carbon fringe length distribution of soot produced by combustion of «Aref» and 

biodiesel surrogates with 30% of methyl ester-based additives. 

 

Figure F- 10. Carbon fringe length distribution of soot produced by combustion of «Aref» and 

biodiesel surrogates with 7 and 30% of methyl butanoate. 
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Figure F- 11. Carbon fringe length distribution of soot produced by combustion of «Aref» and 

biodiesel surrogates with 7 and 30% of methyl octanoate. 

 

 

 

G.  Characterization of MnOx-CeO2 mixed oxides 

The chemical compositions located on the surface of the catalysts have an important role in the soot 

oxidation reactivity. Table G- 1 shows the relative content of the surface chemical components of the 

catalyst, obtained by X-ray photoelectron spectroscopy (XPS) [132]. 

 

Table G- 1. XPS results of the MnOx-CeO2 catalyst. 

Element (at%)  Ce (at%)  Mn (at%)  O (at%) 

Ce Mn  Ce4+ Ce3+  Mn4+ Mn3+ Mn2+  Olatt Osur+Oads 

16,3 2,7  14,2 2,1  1,15 0,27 0,50  32,3 48,7 
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H. Temperature programmed oxidation (TPO) 

 

 

Figure H- 1. Carbon specific oxidation rate (mg/(s.gin) of «MD7» soot, in loose, pressure and tight 

contact conditions, under 9%O2 and 91%Ar. 

 

 

 

Figure H- 2. Carbon specific oxidation rate (mg/(s.gin) of «B7-BM» soot, in loose, pressure and 

tight contact conditions, under 9%O2 and 91%Ar. 
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