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Abstract 

Through microscopic visualization experiments, a process generally called “depth filtration” is 

shown to be caused by surface pores. Also, the existence of a soot cake layer is an important advantage 

for filtration performance because it can trap most of the particulates. The concept of an ideal diesel 

particulate filter (DPF), in which a SiC nanoparticle membrane instead of soot cake is sintered on the 

DPF wall surface, is proposed to improve the filtration performance at the beginning of the trapping 

process and reduce the energy consumption during the regeneration process. The filtration performance 

of the membrane filters is shown to be better than that of the conventional DPFs. In the regeneration 

process, the apparent activation energy for soot oxidation on the membrane filters is smaller than that on 

the conventional non-catalyst DPFs. The results show that SiC nanoparticles play a significant role in 

oxygen mobility in soot oxidation territories. 
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1. Introduction 

Among internal combustion engines, 

diesel engines have the highest thermal 

efficiency. However, particulate matters (PMs) 

must be removed from exhaust gases that are 

emitted by diesel engines to protect the 

environment and human health. Diesel 

particulate matters (PM) consist of a solid 

fraction and a soluble organic fraction (SOF). 

Primary particles, composed of carbon and 

metallic ash, are coated with SOF and sulfate. 

The mean diameter of the primary and 

agglomerated particles is usually in the range of 

20–60 nm and 60–200 nm, respectively. The 

composition of particles from a diesel engine 

may vary widely depending on the operating 

conditions and fuel composition [1–5].  

The nanostructures of primary soot 

particles have been characterized using 

transmission electron microscopy (TEM) to 

understand them in detail. A primary soot 

particle has two distinct parts: an inner core and 

an outer shell. The inner core has a diameter of 
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10 nm and it is located at the central region of 

the primary particle [6, 7].  

The electric charge of carbon particles 

sampled from combustion flames and diesel 

engines have also been reported. Carbon 

particles in the later stage of growth are 

assumed to be charged by thermionic emission 

and electron capture. The number of charges 

per particle varies, but averages two. The 

potential energy increases with increasing 

charge when the radius of the soot particle is 

fixed, and decreases with increasing radius for a 

constant charge [8, 9]. 

Diesel particulate filters (DPFs) play an 

important role in particulate trapping and 

oxidation (regeneration of DPFs). A DPF is 

generally made of ceramic materials, such as 

cordierite or silicon carbide, consisting of many 

rectangular channels with alternate channels 

blocked using cement at each end. The exhaust 

gas is forced to flow through a channel wall 

having numerous micron-scale pores that trap 

the PM. Furthermore, the collected PM must be 

oxidized to regenerate the DPF and reduce the 

back pressure on the diesel engine. A number of 

studies have been performed to simulate 

particulate trapping and chemical reactions 

inside DPFs provide valuable information in 

designing them [10–12].  

Real-time filtration efficiency of DPFs 

during the trapping process has been measured 

using a scanning mobility particle sizer and a 

motor exhaust gas analyzer for particle number 

analysis and mass analysis, respectively. 

Results showed that the soot penetration depth 

into the wall was affected more by particulates 

characteristics than by filtration velocity [13–15].  

Catalytic fuel additives and catalyst 

DPFs have been proven to reduce the overall 

activation energy required for particulate 

oxidation, resulting in lower-temperature 

oxidation compared to non-catalyst DPFs [16, 

17]. The oxidation reaction of soot has been 

investigated using thermogravimetric analysis 

and temperature program oxidation to evaluate 

catalytic activities [18–20]. However, the main 

problem of catalyzed DPFs for practical use is 

the low contact area between soot and the 

active sites of catalyst particles. Thus, the 

geometry of a DPF wall and the catalyst 

nanostructures play an important role for efficient 

regeneration of the filter [21]. 

Although particulates trapping and 

oxidation processes involve complex behaviors, 

very few information is available to aid in 

understanding such phenomena. However, 

macro-scale and microscopic visualization of 

particulates trapping behavior and active 

regeneration inside a DPF have been 

investigated successfully to aid in better 

understanding and future designing of an ideal 

DPF configuration [22–24].  

According to such visualization results, a 

major problem of conventional DPFs is the 

filtration performance at the beginning of the 

trapping process. During this phase, some diesel 

particulates pass through the DPF wall from the 

upstream to the downstream side. The amount 

of particulates trapped increases gradually with 

time along the shape of the surface pores after 

the mean pore-scale channels that are 

connected with the surface pores are blocked by 

particulates trapped during the initial stage. As a 

result, filtration performance increases with time, 
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and most particulates are trapped by the soot 

cake layer after it develops. As shown in Fig. 1, 

the surface pores are filled with particulates and 

only a few particulates, which may have passed 

through at the beginning of the trapping process, 

are trapped in the deeper pores. However, the 

filtration performance decreases again after the 

DPF is regenerated.  

Consequently, the process generally 

called “depth filtration” is strongly related to the 

surface pores. The existence of the soot cake 

layer is also an important advantage for filtration 

performance because it can trap most 

particulates.  

In the present study, a concept of an 

ideal DPF, in which a nanosized SiC particle 

membrane was pasted and sintered on the DPF 

wall surface instead of soot cake, is proposed to 

improve the filtration performance (included 

ultrafine soot particles) at the beginning of the 

trapping process and to reduce the energy 

consumption during the regeneration process. 

The proposed filter is called a diesel particulate 

membrane filter (DPMF). 

2. Experimental Setup and Method 

2.1 Microscopic visualization setup 

Figure 2 shows a schematic diagram of 

the experimental setup for microscopic 

visualization of ultrafine soot particulate trapping 

and oxidation. A diesel fuel (conventional diesel 

fuel of JIS K2204 No. 2) lamp was used in the 

trapping process. Part of the soot inside the 

diesel flame was introduced into the DPF 

through a bypass line. The superficial velocity of 

the inlet gas traveling through the DPF wall was 

fixed at approximately 12 cm/s.  

In the regeneration process, the DPF 

was regenerated at a maximum temperature of 

600 °C (increasing exponentially from 200 °C to 

600 °C similar to practical use in actual vehicle) 

using a high-temperature working gas that was a 

mixture of nitrogen (93%) and oxygen (7%) and 

heated by an electric heater. Moreover, the DPF 

was regenerated at a constant temperature 

(isothermal) of 525, 550, 575, 600, 625, and 
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Fig. 1 Optical image of Cross-sectional view of 

particulate trapping in a conventional DPF. 
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Fig. 2 Experimental setup for microscopic 

visualization of diesel particulate trapping and 

oxidation processes [24]. 
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650 °C for the reaction characteristics to 

compare the apparent activation energies of soot 

oxidation on each sample. During regeneration, 

the concentrations of CO and CO2 emitted from 

the oxidation reaction of the trapped particulates 

were measured by an infrared gas analyzer.  

2.2 Microstructure of DPFs and DPMFs 

Figure 3 shows surface views (left-hand 

side) and cross-sectional views (right-hand side) 

of a conventional SiC-DPF with 42% porosity (a) 

and DPMFs (b), respectively. The DPMF was 

made of SiC nanoparticles with mixed sizes of 

80 nm and 500 nm and sintered onto the 

conventional SiC-DPF. The DPMF has a 

thickness of 20 microns and 60% porosity, while 

the conventional DPF is 300 microns thick and 

has 42% porosity. The cross-sectional view of 

the DPMF on the conventional DPF in Fig.3 (b) 

is very similar to that of the soot cake trapped 

on it in Fig. 1. In contrast, there are no 

nanoparticles in the surface pores. 

Figure 4 shows SEM images of the 

membrane filter sintered on the in-flow channel 

of the conventional SiC-DPF (top) and the fine 

surface pores (bottom) on the surface of the 

DPMF. Because the nanoparticles were 

homogeneously distributed, the mean pore-scale 

channel size of the membrane (0.5 microns) was 

smaller than that of the conventional filter (11 

microns). 

2.3. Micro and nano structures of soot 

 Figure 5 (a) shows SEM images of 

diesel particulates emitted by the diesel fuel 

lamp 5 mm above the bottom end of flame. The 

uniform micro-scale agglomeration of ultrafine 

particulates can be clearly seen. The 

agglomerate size was approximately 100 to 300  
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(b) SiC nanoparticles DPMF 

Fig. 3 Optical images of surface and cross-

sectional views of the conventional SiC-DPF and 

SiC nanoparticles DPMF (b), respectively [24]. 
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Fig. 4 SEM images of DPMF sintered onto the 

conventional DPF wall (top) and fine surface 

pores on the DPMF surface (bottom) [24]. 
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nm and the primary particle size of soot was 

approximately 20 nm to 60 nm, as shown in Figs. 

5 (b) and (c) using TEM. The crystallite of 

carbon was approximately 3–5 nm × 1 nm in 

length and thickness, respectively. 

2.4. Evaluation of reaction activity 

In order to evaluate the reaction activity 

in the nanoparticle membrane, a comparison 

between activation energies for reactions of 

particulates trapped on the membrane and on 

the conventional DPF was made, where the 

activation energy was obtained from the 

production rates of CO and CO2 and the DPF 

temperature. Here, the particulates were 

assumed to react with oxygen resulting in the 

production of CO and CO2. The production rate 

of CO and CO2 can be expressed as follows:  

 

                                         (1) 

 

Here, [Y] is the summation of number of 

remaining moles of carbon at each time step 

during regeneration.  The reaction coefficient k 

can be described by the Arrhenius-type reaction 

rate expression. As a result, the activation 

energy is obtained as the gradient of the 

following equation: 

 

(2) 

 

Here, E is the activation energy, R is the gas 

constant, T is the absolute temperature of the 

DPF, and the last term on the right-hand side of 

Eq. (2) is a function of the overall frequency  

factor and is assumed to be a constant. In this 

study, the reaction order n was assumed to be 

2/3 based on the shrinking core model [18–20]. 

 
(a) SEM image of agglomerated soot 

 
(b) TEM image of agglomerated soot 

 
(c) TEM image of primary soot particles  

Fig. 5 SEM image (a) and TEM images (b and 

c) of agglomerates and primary particles of soot 

emitted by the diesel fuel lamp. 

 

3. Results and Discussion 

3.1 Filtration performance 

Figure 6 shows SEM images of ultrafine diesel 

particulates that are captured by glass fiber 
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filters after passing through the conventional 

DPF (top) and DPMF (bottom) during 5 minutes 

of trapping. Note that amount of particulates for 

the conventional DPF are larger than that of the 

DPMF. This is because most of the ultrafine 

diesel particulates can be trapped by the 

membrane, whereas they pass through the 

conventional DPF during the beginning of the 

trapping process.  

3.2 Microscopic visualization 

Figure 7 shows the time-sequenced 

surface views during particulate trapping using 

the conventional DPF with 42% porosity (left) 

and the DPMF (right). The diesel particulates are 

first trapped by surface pores on the 

conventional DPF. Similarly, for DPMF, the 

diesel particulates are trapped by fine surface 

pores. Also, a soot cake developed faster than 

that on the conventional DPF because of the 

very fine and shallow surface pores. 

 

 
 

 
Fig. 6 SEM images of soot captured by glass 

fiber filters after passing through a conventional 

DPF (top) and a DPMF (bottom). 

 Figure 8 shows time-sequenced surface 

view during particulate matter oxidation. The 

particulates trapped inside the fine surface pores 

of the membrane and the large surface pores of 

the conventional DPF decrease gradually with 

time along the shape of the pores. These results 

show that the surface pores play an important 

role in particulate trapping and oxidation of PM. 

3.3 Mechanism of particulate matter trapping

 In order to clarify the mechanism of 

ultrafine particulate matter trapping in the DPF 

surface pores, the impact of drag (friction), 

Brownian and electrostatic forces were 

estimated for better understanding. Figures 9 

shows the calculated results of the possible 

impact of friction, Brownian diffusion and 

electrostatic forces on a soot particle charged 

inside the surface pore of the conventional DPF, 

with 42% porosity and SiC mean particle size of 

20 µm, using Stokes–Cunningham’s equation, 

the Einstein’s diffusion equation, and Coulomb’s 

law based on conditions of practical use of a 

vehicle. The average filtration velocity traveling 

through the surface pores of the conventional 

DPFs was assumed to be 12 cm/s. The charge 

on the particles was one charge based on the 

literature [8, 9]. 

 The root mean square displacement of 

ultrafine particulates decreases with mean 

diameter size, even though the Brownian force 

increase with the size of particles. The root 

mean square displacement of the primary 

particulates was larger than the mean pore-scale 

channels that are connected with the surface 

pores of the DPFs, especially on the fine surface 

pores of DPMFs. It is clearly seen that the drag 

and Brownian diffusion forces decrease rapidly 
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when the soot particle size is less than 200 nm, 

whereas, the electrostatic force increases rapidly. 

The electrostatic force was larger than the 

friction force when the particulates were smaller 

than a mean size of approximately 200 nm. 

A possible mechanism for soot trapping 

on conventional DPFs and DPMFs based on the 

results of the microscopic visualization and the 

impact of the drag force, Brownian diffusion, and 

electrostatic force is as follows. Large amounts 
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0.5 min

0 min

1 min

2 min

0.5 min

DPF 42% porosity DPMF

420 µm420 µm
 

Fig. 7 Optical images of a conventional DPF 

(left) and DPMF (right) surfaces during the diesel 

particulate trapping process [25].  

of ultrafine-scale particles could contact the SiC 

particles surfaces caused by the Brownian 

motion effect, where the root mean square 

displacement is on the order of microns. Beyond 

that distance, the soot particles cannot move 

because of the electrostatic force between soot 

particles themselves and between soot particles 

and the SiC particles; the electrostatic force 

being larger than the opposing friction force 

arising from the fluid dynamics of the gas flow. 

Working gas

6 min

5 min

4 min

7 min

Working gas

6 min

5 min
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Fig. 8 Optical images of a conventional DPF 

(left) and DPMF (right) surfaces during the 

regeneration process [25]. 
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Fig. 9 Results from calculating the impact of 

Brownian, drag, and electrostatic forces. 
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Fig. 11 Apparent activation energy of soot 

oxidation with respected to soot conversion. 

Here, the mean pore-scale channels that 

connect with the surface pores are blocked by 

charged particles, leading to the surface pores 

being filled completely. Finally, the soot cake 

grows with time. This explains why the soot cake 

on the DPMFs occurred faster than that on the 

conventional DPFs, which was because of the 

membrane’s surface pores being very fine and 

shallow. 

3.4 Reaction characteristics  

Figure 10 shows the Arrhenius plots 

used to obtain the apparent activation energy for 

the DPMF at different conversion levels from 0.1 

to 0.8 at each isothermal temperature. Similarly, 

the conventional DPF was also tested using the 

same conditions. Figure 11 shows a summary of 

the apparent activation energy of soot oxidation 

at each conversion level on the conventional 

DPF and DPMF. The average apparent 

activation energy of the conventional non-

catalyst DPF and the DPMF were approximately 

130±40 and 84±13 kJ/mol, respectively. These 

results show that the apparent activation energy 

for the DPMF is lower than the conventional 

DPF by approximately 36%.  

4. Conclusion 

In the trapping process, the membrane 

layer played a significant role because it acted 

like a soot cake layer. As a result, the ultrafine 

particulate filtration performance of the DPMFs, 

even in the beginning of the trapping, was better 

than that of the conventional DPFs. The ultrafine 

particulates might have been in contact with the 

SiC surface near the bottom of each surface 

pore caused by the Brownian diffusion effect. 

After that contact occurred, the particulates 
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could not be removed because of the 

electrostatic force on the charged particulates. 

In the regeneration process, the 

apparent activation energy for oxidation of soot 

on the DPMFs was smaller than that on the 

conventional non-catalyst DPFs. As a result, 

there might have been some catalytic activity for 

the enhancement of oxidation of the soot layer 

on the SiC nanoparticles, which are elements of 

the DPMF. It might be the case that some 

catalytic activity involving unstable oxides of 

silicon and/or carbon on the SiC nanoparticle 

surface caused the high oxygen mobility around 

the soot oxidation territory. 
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