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Abstract 
Particulate filters are effective devices to remove particulate matter (PM) from the 
engine exhaust and to meet the strict emission standards. As the deposition of the 
PM inside the filter results in an increase of backpressure which has a negative 
impact on the engine performance and fuel consumption, the filter has to be 
regenerated periodically by oxidation of the PM. However, this regeneration 
behavior is influenced by the characteristics of the deposited and accumulated soot. 
The thermal control of the regeneration process poses a challenge that might 
become more important in the future because of lower exhaust temperatures due to 
more efficient combustion and hybridization. 
In this study, propane and diesel soot were collected on quartz filters and compared 
via optical and analytical measurement techniques. This includes the investigation 
of the structure and the reactivity via Raman spectroscopy and Thermogravimetric 
Analysis (TGA). The results from the Raman spectroscopy give information on the 
structural order and also on the organic content of the soot. These values were 
coupled with the kinetic parameters of the TGA determined with an Arrhenius-type 
equation and with the detected value for the volatile organic fraction (VOF). 
Considering the propane soot, the results show a good correlation between the 
reaction rate constant and the structural order whereas the activation energy does 
not show a common trend. Furthermore, the determined VOF fluorescence and the 
Raman signal show a good accordance. Moreover, the relation between structural 
order and the reaction rate constant of diesel soot fits very well. However, a 
correlation between the Raman fluorescence and the VOF was not observed.  
The studies on diesel soot properties will be extended to soot that is deposited 
inside the particulate filters to investigate the influences of engine operating 
parameters. 
 
Introduction 
To meet the strict emission standards for vehicles and engines additional exhaust 
aftertreatment systems are necessary. Especially particulate filters are unavoidable 
because they capture particles from the engine exhaust to comply with the limits. 
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The most frequently used variant for this purpose is the wall-flow filter. The 
particles are deposited inside the porous walls and on the inner side of the filter 
channels. As more particles are trapped in the filter, the exhaust backpressure 
increases, resulting in a lower engine performance and higher fuel consumption. 
For this reason, the filter has to be regenerated periodically by oxidizing the 
deposited particulate matter (PM). This oxidation process should proceed with little 
fuel penalty, low temperature rise and high regeneration efficiency. However, the 
regeneration strongly depends on the characteristics of the deposited soot. A 
decisive factor is the nanostructure of the soot. Concerning that issue, the engine 
operating parameters play a crucial role [1]. Incomplete regeneration processes 
cause a change in the nanostructure and the size distribution of the primary 
particles in the deposited soot layer. Under the influence of high temperatures, the 
deposited soot changes from a largely amorphous structure to a polyaromatic 
structure with higher order. The increased structural order can ultimately have a 
negative impact on reactivity. In addition, the resistance of the soot structure also 
changes with higher order and the diffusion behavior of oxidative gases is 
influenced [2]. 
Furthermore, it is well known that diesel particulates contain, beside the elemental 
carbon, organic compounds, ashes like metal oxides and sulphuric components 
which have been reduced since the introduction of low sulphur fuel. The 
components of the volatile organic fraction (VOF) mainly occur due to the 
incomplete combustion and consist of different groups of hydrocarbons like 
polycyclic aromatic hydrocarbons (PAH). Collura et al. [3] found that raw soot is 
non-porous, but the thermal decomposition of the adsorbed organic fraction in an 
inert atmosphere, leads to a more porous structure of the soot, deriving in an 
increase in the specific surface area. 
Within this study basic investigations on the properties of propane soot and diesel 
soot samples collected on tissue quartz filters were done. The propane soot is free 
of contamination whereby the applicability of the measurement techniques for 
further investigations can be proven. The linkage between the structure and the 
VOF of the diesel soot and the oxidation behavior gives useful information for the 
regeneration process of particulate filters.  
 
Experimental 
Soot production was carried out with two different aggregates. On the one hand a 
miniCAST aerosol generator (Model 6204C, Jing Ltd) was used for the generation 
of contamination free and reproducible soot samples by combusting propane. The 
soot samples differ in the C:O-flame ratio that was adjusted during propane 
combustion. On the other hand a modern four-cylinder diesel engine (model OM 
651 from Daimler AG) was applied for the studies of diesel soot. The engine was 
operated at the test bench with a water-cooled eddy-current brake. The experiments 
were conducted with standard diesel fuel according to DIN 590 that may contain 
up to 7 % by volume of fatty acid methyl ester. During soot sampling, the engine 
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was driven in a steady state engine mode. For generation of different soot samples, 
five different steady state engine operating parameters (OP 1 – OP 5) were chosen 
which differ in exhaust mass flow and the particle size distribution. Soot samples 
were collected on standard tissue quartz membrane filters (Pall Corporation). The 
filters were preconditioned in a muffle oven at 850 °C and in a drying oven at 200 
°C. For the sampling procedure, the filters were placed in a heated and modified 
filter holder (Pall Corporation) and integrated into a bypass stream of the exhaust 
gas flow. The flow through the filter holder was controlled with a vacuum pump to 
guarantee isokinetic soot sampling. The target particulate mass on the filter was 
about 5 mg. This technique of soot sampling was applied at the exhaust line of the 
miniCAST aerosol generator and of the production diesel engine.  
The PM collected on these filters was used for reactivity studies with 
Thermogravimetric analysis (TGA) and Raman spectroscopy for the investigation 
of the nanostructured order and the fluorescence.   
TGA was carried out with the thermogravimetric analyzer Netzsch 209 F1 Libra. 
In the first step, the sample was heated in inert atmosphere to 550 °C to evaporate 
the organic fraction of the soot. The mass loss of the sample at the end of the inert 
phase was used for quantification of the content of VOF. Before the gas flow was 
switched to oxidative atmosphere, the temperature was either kept constant at 
550 °C or was increased to 600 °C. Those two temperature levels were chosen for 
isothermal soot oxidation. The oxidative atmosphere consisted of 5 vol.-% oxygen 
and 95 vol.-% nitrogen. The mass loss curve obtained during the isothermal soot 
oxidation was used to determine the kinetic parameters with an Arrhenius-type 
equation with first order reaction kinetics: 
  

𝑘𝑐 = 𝐴 ∙ 𝑒�
−𝐸𝐴
𝑅∙𝑇 �                (1) 

 
with the reaction rate constant kc in [Pa-1s-1], the pre-exponential factor or 
frequency factor A in [Pa-1s-1] and the activation energy EA in [kJ/mol]. 
The structural properties of the soot samples on the tissue quartz filters were 
analysed via Raman spectroscopy. Raman spectra of carbon blacks typically have 
the G band at about 1600 cm-1 and the D band at about 1350 cm-1. Raman spectra 
were recorded with a setup consisting of a Nd:YVO4 laser (Verdi V-5, Coherent) 
with a wavelength of 532 nm, a spectrometer (Holospec f / 1.8i, Kaiser Optical 
Systems) and an ICCD camera (PI-Max 4, Princeton Instruments). However, the 
simplest way to compare different soot samples is the evaluation of the intensities 
of the two characteristic bands.  
 
Results and Discussion 
Figure 1 depicts the relation between the ID/IG-ratio out of Raman signal intensities 
and the results of the kinetic parameters for propane soot samples with different 
flame C:O-ratios. The intensity-ratio ID/IG decreases with increasing flame C:O-
ratio. According to Ferrari and Robertson [4] the value of this ID/IG-ratio strongly 
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depends on the soot nanostructure and amorphous carbon structures show an 
increasing ID/IG-ratio with increasing order. As a consequence a higher structural 
order for the PM samples with lower flame C:O-ratio could be suggested. 
Furthermore, the values for the reaction rate constant are lower for oxidation of 
soot with lower C:O-flame ratios. This indicates that the highly ordered soot tends 
to be less reactive, providing that a lower reactivity means that soot tends to 
oxidize more slowly. A clear correlation between the intensity ratio and the 
activation energy is not visible. 
 

 
Figure 1. Correlation between Raman intensity ratio and kinetic parameters of 

oxidation of propane soot 

 
Figure 2. Integrated intensity of Raman signal and VOF of propane soot 
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Figure 2 gives the integrated intensity and the VOF of the different propane soot 
samples with different C:O-flame ratios. The integrated intensity is the value for 
the area under the raw Raman spectra. Higher values for this superposing scattering 
are typical for fluorescence effects. The VOF reflects the value for the mass loss 
after the inert phase during the TGA. It is evident that there is a clear correlation 
between the increasing fluorescence background and the higher content of the 
VOF. As the organic content in the soot increases with increasing C:O-flame ratio 
due to more formation of PAH, those fluorescence effects might occur from the 
mentioned organic compounds inside the soot [5]. Comparing the reaction rate 
constant and the VOF in figures 1 and 2, it is visible that the rate constant shows 
higher values for soot with more volatile compounds. This is in conformity with 
other publications who found out that the evaporation of the organic fraction might 
increase the soot porosity and therefore the active surface area [3]. 
Figure 3 describes the relation between the intensity ratio ID/IG and the kinetic 
parameters for the diesel soot samples that were collected during different steady 
state engine operating conditions (OP 1 – OP 5). Similar to propane soot the results 
show a good correlation between the intensity ratio and reaction rate constants for 
isothermal soot oxidation with 550 °C and 600 °C indicating a good correlation 
between reactivity and soot structure. With the exception of one engine operating 
parameter (OP 5) the activation energy seems to increase with decreasing reaction 
rate constant. The mean particle diameter of the soot increases from OP 1 to OP 5. 
This results in a different active surface area which might be the main factor for the 
influence on the oxidation behavior. A larger specific surface area leads to a higher 
reactivity.  

 
Figure 3. Correlation between Raman intensity ratio and kinetic parameters of 

oxidation of diesel soot 

The relation between the integrated intensity and the VOF is shown in figure 4. It is 
visible that the two parameters do not correlate directly. Furthermore, it has to be 
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mentioned that the general differences of the integrated intensities are not as clear 
as it is the case for propane soot. However, there is a correlation between the 
higher values for the VOF and the higher reaction rate constant in figure 3.  

 
Figure 4. Integrated intensity of Raman signal and VOF of diesel soot 

Outlook 
Further studies will focus on the different properties of soot that is deposited inside 
the particulate filters after loading at the engine test bench. This includes 
differences in axial and radial direction of the filter and differences that result from 
various engine conditions. 
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