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ABSTRACT 
 The metal fleece from a metallic microfiber partial flow diesel particulate filter 

(P-DPF) and PM in an exhaust after-treatment system consisting of a diesel oxidation 
catalyst (DOC) and P-DPF was analyzed in this research. The metal fibers that make up 
the metal fleece was covered by grains on the surface in a lengthwise linear manner. 
The material of the metal fleece and the metal foil were stainless steel alloys which 
consist of Fe, Cr, Al, and some C. Particulate matter (PM) trapping from an engine 
exhaust on the metal fleece was then observed. The metal fleece was also coated 
with ceria by physical vapor deposition to reduce the PM activation energy. 
Thermogravimetric analysis was done with model soot and real diesel PM on the metal 
fleece, without and with the catalyst coating. The catalyst coating reduced the 
activation energy of the model soot by 17% from 167 kJ/mol to 138 kJ/mol and for 
the diesel PM by 30% from 128 kJ/mol to 90 kJ/mol. Diesel PM had trace elements 
from the engine oil which were reduced by the DOC. Overall, the after-treatment 
system did not leak harmful elements into the PM. The agglomerate and primary 
particles of the PM increased in size as it travelled down the after-treatment system 
but with evidence of fragmentation. The nanostructure revealed that there was a 
decrease of graphitization and the crystallite sizes decreased along the after-treatment 
system. This was supported by measuring the opacity, temperature, CO2, NO, and O2 
of the gas in the three stages of the exhaust after-treatment system.  

Keywords: P-DPF, PM, Soot, Carbon Nanostructure, Exhaust After-treatment 
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Chapter 1  
INTRODUCTION 

 
1.1. Research background  

Due to the worsening global climate crisis, the adoption of electric vehicles have 
risen sharply in recent history and this trend will continue [1] [2] [3]. However, for the 
global south or for the developing parts of the world, the use of internal combustion 
engines is common and may stay relevant for the foreseeable future until financial 
factors of electrical vehicles can be reduced [4] [5] [6]. In the meantime, diesel 
combustion ignitions, or compression ignition engines, are widely used, especially for 
heavy-duty requirements. The diesel engine is also considered one of the more 
efficient internal combustion engines in regard to fuel economy and thermal efficiency. 
This is why in Thailand, light-duty diesel trucks make up a third of the total private 
automotive market share in terms of vehicle registration [7]. It is also why diesel fuel 
consumption is twice of that of gasoline consumption and half of total petroleum 
consumption. But this comes with the main drawback of diesel engines: particulate 
matter (PM). Vehicles are responsible for more than 40% of the total PM2.5 emissions 
in Bangkok, Thailand [8]. This is of high concern because diesel PM is widely known to 
be hazardous and detrimental to the health of the general public and to the 
environment [9] [10].  

To counter this widespread problem of PM in the air and lungs in Thailand, the 
government has taken steps to limit the amount of PM that can be emitted from a 
given vehicle using classic and modern methods. The older classic regulations are 
tested by opacity or by light intensity, which is done by comparing the light intensity 
before and as black PM smoke passes through the sensor. For the newer modern 
regulations, an example is the European emission standard: EURO 6. This standard 
includes limits for particulate mass emission to 0.0045 g/km and 6×1011 particles/km 
for particulate number [11]. These emissions are measured by state-of-the-art sensors 
and equipment paired with a consistent driving standard, simulating both highway and 
city driving. The modern standards apply to new vehicles, and such would be in the 
responsibility of the automobile manufacturers. The classic standards apply to older 
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vehicles and would be in the responsibility of the vehicle owners during their 
registration tax renewal process. As the regulations tighten and the limit of allowable 
emitted PM decreases, there will be more and more need of particulate filters, such 
as diesel particulate filters (DPF). 

1.2. Objectives 
 
The objectives of this research were as follows: 

1.2.1. To analyze the metallic microfiber P-DPF fiber layer in terms of 
microstructure, chemical composition, soot trapping, coating, and 
oxidation of the soot on the fiber layer. 

1.2.2. To analyze diesel soot in terms of morphology (primary particle size and 
agglomerate size), nanostructure, and chemical composition with 
respect to exhaust after-treatment system. 

 
1.3. Scope 

This research was divided into 2 parts: the fiber layer from a metallic microfiber 
partial-flow DPF and how particulate matters (PM) is affected by it.  

To understand the complex reactions and mechanisms that occur in the 
metallic microfiber P-DPF, the most important segment of the P-DPF was chosen for 
investigation: the metallic, fibrous filter layer, since all the trapping and oxidation, the 
main purpose of the DPF, would occur on this level. The microstructure of this fiber 
layer and its coating was observed and analyzed using scanning electron microscopy 
(SEM). The trapping of soot on the P-DPF was also investigated using SEM. The chemical 
and elemental composition of both the P-DPF and the subsequent coating were then 
analyzed with energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). 
Finally, soot was oxidized on the fiber layer to closely simulate the real oxidation that 
occurs in the exhaust after-treatment system. 

To further investigate the after-treatment system, the level of focus was shifted 
to the effect of whole after-treatment system, consisting of the metallic microfiber P-
DPF and a DOC, instead of just the fiber layer. This was done to adequately compare 
findings from the vital fiber layer to the effect of whole system on the PM. And so, to 
understand how the after-treatment system affects PM in the different stages, first the 
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chemical composition was analyzed using EDS. Then the morphology was analyzed 
using dynamic light scattering (DLS) particle size analyzer and transmission electron 
microscopy (TEM) for the agglomerate size and primary particle size, respectively. The 
carbon nanostructure of the carbon chains that make up the primary particles were 
also analyzed using TEM in terms of fringes. This was then compared with two other 
nanostructure analysis methods: XRD and Raman Spectroscopy (RS).  
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Chapter 2  
LITERATURE REVIEW 

 
2.1 Particulate Matter Formation 

 
In order to understand PM and its reduction, the formation must be analyzed as this 

is logically related to its structure. Engine borne PM are formed from the following 
steps: pyrolysis, nucleation, surface growth, coagulation, and aggregation [12]. This 
process is illustrated by Figure 2.1. Pyrolysis refers to the fuel breaking down into 
precursors of polycyclic aromatic hydrocarbons due to incomplete combustion [13]. 
This incomplete combustion is from a lack of oxygen during combustion which can be 
from a slow combustion compared to the timing of the engine cycle, or it could be 
from a local insufficiency of oxygen. In direct injection, the latter is most relevant as 
the combustion starts very locally where the sufficient mixing of fuel and oxygen is 
difficult. The broken-down fuel remnants then form into nuclei after intercepting other 
small hydrocarbons [12]. More and more broken-down components continue to 
deposit on the nuclei, forming primary particles, spherical in shape because of the 
nature of the surface growth. The latter stages of this surface growth are due to larger 
and larger carbon chains, which have had more time to form into more highly ordered 
crystallites compared to the less ordered carbon chains already intercepted by the 
nuclei. The carbon crystallites mentioned here are structured as multilayered 
hexagonal graphite sheets [14]. These crystallites can vary in curvature and size. These 
primary particles then lump together and aggregate with other single primary particles 
and other aggregates to form agglomerate particles. The composition of these 
agglomerates can be seen in Figure 2.2. It can be seen that there are also contents or 
portions in the agglomerate other than the carbon. 

 

 

Figure 2.1 Formation Process of PM [12] 
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Figure 2.2 Particulate Matter and its composition [12] 

With respect to the composition of the PM, engine PM usually fall into two main 
categories: the volatile or soluble fraction and the involatile or insoluble fraction. The 
soluble fraction includes the sulfate, nitrate, and organic fractions. The sulfate fraction 
contains sulfate ions and sulfuric acid. The nitrate fraction contains nitrate ions and 
nitric acid. The organic fraction contains thousands of different alkenes, alcohols, 
esters, acids, aromatics, and more. This soluble fraction tends to become absorbed by 
the PM agglomerate surface or cover the insoluble solid fraction in the particles that 
are seen as seen in Figure 2.2. The insoluble fraction includes the carbonaceous and 
ash fractions. The carbonaceous fraction is made up of solid phase carbon in an 
amorphous or graphitic structure. The ash fraction contains the remaining inorganic 
incombustible ash, which is mostly metal and its oxides [15]. 

The insoluble carbonaceous fraction in the PM is the most significant fraction in the 
entire PM as it can make up more than 90% of the total PM and is the fraction that is 
oxidized when a filter is undergoing regeneration [15]. However, another important 
aspect of PM is the size categorization because of the relation between the size of a 
harmful particle and how differently it can impact human health [9]. Engine PM can 
be divided into three size categories according to what mode of this formation process 
the particle is in: nucleation mode, accumulation mode, and coarse mode as seen in 
Figure 2.3. The first and second modes correspond to previously mentioned steps in 
the soot formation process with accumulation being a synonym for aggregation. The 
third mode, coarse mode, refers to the clumping of PM into even larger PM dust. The 
nucleation mode corresponds to the ~20nm size of individual primary particles. The 
aggregates formed from these primary particles make up the accumulation mode in 
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the ~300 nm size. The aforementioned clumping of aggregates finally makes up the 
coarse mode in the ~5µm size range.  

 

 

Figure 2.3 Size distribution of PM in terms of mass and number [16] 
 
The previously mentioned two important aspects of the size categorization and 

carbon structure are the subject of most research related to PM as it can give 
information and important relationships about the soot reactivity and behavior to 
different treatment methods. There are numerous methods to analyze the soot 
nanostructure, morphology, composition, and reactivity which will be reviewed next. 

 
2.2 Particulate Matter Nanostructure and Oxidation 

 
2.2.1  Elemental Composition and Nanostructure 

 

For the elemental composition of soot, there are various factors that can impact 
the elements that are found and how much of these elements are found in a given 
sample of PM. From the previous section, it is known that the soot has a soluble and 
insoluble fraction. The soluble fraction can clearly be seen in PM from various light 
duty diesel vehicle (LDDV) sample sets and heavy-duty diesel vehicle (HDDV) sample 
sets with more than 0.1% each of NO3, Si, Al, SO4, Ca, Na, Cl, and NH4 [17].  

For the insoluble carbonaceous fraction, soot analysis must be done with various 
methods including transmission electron microscopy (TEM), X-ray diffraction 
spectroscopy (XRD), and Raman spectroscopy (RS). TEM images can show the carbon 
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nanostructure through fringes that represent the carbon graphitic crystallites [18] [14]. 
These fringes can be analyzed for length, interlayer spacing, and curvature. These 
parameters can then be compared with the analysis of RS and XRD which can give 
information about the amorphous and graphitic structure of the carbon in the PM [19]. 

Vazquez Santos et al 2011 [19] compared these different methods on carbon fibers 
to better relate and understand the different methods as the method and what they 
analyze are different. The TEM images in this particular research was not used to 
quantitatively analyze the nanostructure but rather to observe it. The XRD and RS were 
used quantitatively and in detail. The XRD analysis is divided into two important bands: 
a graphitic or highly ordered band and turbostratic or less ordered band. The graphitic 
band is represented by the 002 phase peak which is due to the stacking of the 
graphene layers that make up the crystallites which make up the PM particles [19]. As 
the order of the graphene layers increases, the peak will become narrower and shift 
right towards larger angles [19]. The turbostratic band is represented by the 10(X) band 
which becomes narrower and increases in intensity as the composition of the carbon 
is less graphitic and more disordered [19]. The XRD also allows calculations of the 
interlayer spacing and crystallite size. The RS method will be discussed later using 
earlier research which this paper also cites frequently. 

Pahalagedara et al 2012 [20] investigated various carbon black and diesel soot for 
methods to characterize the carbonaceous soot. They proposed a model of 
considering soot particles saying that the primary particles are composed of the inner 
core, made up of fine particles and several distorted carbon layers, and the outer shell, 
made up of micro crystallites with structures of planar graphene. 

Vander Wal et al 2005 [21] investigated the relation between the carbon 
nanostructure of soot and its oxidation. Soot from ethanol, benzene, and acetylene 
were used here. The soot from each source were observed with TEM and these images 
show the fringes that make up the soot as seen in Figure 2.4. Benzene soot consisted 
of short amorphous fringes which meant there was a higher relative quantity of edge 
sites. The acetylene soot consisted of longer fringes which meant there was a lower 
relative quantity of edge sites. Ethanol soot consisted of long but curved fringes which 
could allow oxidation sites. For the oxidation, the more graphitic acetylene soot took 
more time to oxidize fully. As such, as the fringe length decreases, there would be 
more edge sites which would allow faster oxidation and vice versa. The curved fringes 
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also show a similar trend with more curvature or tortuosity being linked with faster 
oxidation.  

 

 

(a) (b) (c) 
Figure 2.4 TEM images of soot derived from (a) Benzene, (b) Ethanol, and (c) 

Acetylene. [21] 
 
Hay Mon Oo et al 2021 [22] analyzed the PM emitted from a gasoline direct injection 

(GDI) engine and diesel direct injection (DDI) engine to compare with model soot 
(carbon black). The soot elemental composition was analyzed using EDS, the 
morphology with TEM, the nanostructure with TEM and XRD, and the oxidation kinetics 
with TGA, which will be discussed later. The EDS revealed that the PM from all three 
sources were made up of carbon and oxygen with no soluble fraction detected. The 
morphology of the primary particles, seen in Figure 2.5, revealed that the carbon black 
primary particles were the largest at an average of 31 nm, followed by PM from DDI 
and GDI with 26 nm and 24 nm, respectively [22]. The fringe analysis showed that the 
carbon black was most graphitic with lower inter-planar spacing and longer fringes [22]. 
The least graphitic or most amorphous was GDI PM which was confirmed with the XRD 
analysis [22]. 

 

 

Figure 2.5 TEM image of agglomerate PM particles from (a) GDI, (b) DDI, (c) carbon 
black. [22] This material is reserved for educational use only, not allowed for commercial use. 
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Tuinstra and Koenig 1970 [23] reported two bands in Raman spectra when analyzing 
graphite and other graphitic material as seen in Figure 2.6. The intensities of these 
bands were inversely proportional to the crystallite size of the graphite and allowed 
an estimation of the crystallite size as well as analysis of the structural order of the 
carbon as an overall [23]. The first band, which would be called the G band or graphitic 
band, was at 1575 cm-1 which showed up in the single crystal graphite. The second 
band, which would be called the D band or disorder band, was at 1355 cm-1 which 
showed up in commercial graphite, activated charcoal and others. After further analysis 
of commercial graphite and activated charcoal, a double peak was found with the 
peak at 1575 cm-1 corresponding to the single crystal graphite order and the peak at 
1355cm-1 corresponding to the polycrystalline graphite or amorphous carbon [23]. The 
intensity ratios of these bands would then allow calculations of the crystallite size [19]. 

 

 

Figure 2.6 Raman spectra of activated charcoal showing both bands. [23] 

Cuesta et al 1998 [24] compared results from analyzing carbonaceous materials 
using XRD and Raman spectroscopy. Various carbon materials were compared using 
these two methods. They showed that although the quantitative results were not the 
same, the trends from both methods complimented each other. XRD was considered 
more accurate for the crystallite length or La calculation [24]. 
 
 
 
 

2.2.2 Oxidation 
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The oxidation of soot is of high interest because there are two main methods to 
clean a filter: to physically dislodge the trapped particles, by using fluids such as air or 
a water solution, and to burn the trapped particles, as is, inside the filter. The latter is 
commonly used in DPFs and studying the oxidation of the trapped soot allows the 
improvement of the filter design. The main design criteria, however, is to use the 
exhaust gas instead of intaking fresh atmospheric gas. 

Raj et al 2012 [25] explored reaction mechanisms for surface oxidation by O2. 3 
pathways were proposed in terms of soot molecular structure to go from the 
unoxidized soot to CO and CO2. It was observed that carbon oxidation by O2 at low 
non flame temperatures (150-450°C) increased the weight of the soot because of the 
formation of oxides on the surface. This then led to the desorption of CO and CO2. It 
should be noted that carbon gasification involves the free barrierless addition of O2 at 
radical sites of soot. This forms a higher energy barrier as some areas become more 
stable meaning more activation energy is required to oxidize the soot.  It should be 
noted that although the energy released by the addition of O2 should be enough to 
start reactions in other parts of the soot, soot oxidation does not start until higher 
temperatures of over 450°C. 

Karin and Hanamura 2010 [26] explored the trapping and oxidation of PM on wall 
flow DPF with a SiC coating. This improves the filtration performance and reduces the 
activation energy for oxidizing the soot. More importantly, the SiC nanoparticles play 
a significant role in the oxygen mobility during soot oxidation. The oxidation here was 
done with 7% O2. The unstable oxides from the SiC coating nanoparticles may have 
caused higher oxygen mobility around the soot oxidation sites, enhancing the oxidation 
of the soot. 

Matarrese et al 2017 [27] explored varying levels of O2, NO2, and H2O and its effect 
on soot oxidation to simulate real exhaust conditions (250-350°C, 0-5v% O2, 0-500 ppm 
NO2, 0-5v% H2O). It was found that NO2 initiated the oxidation of soot at low 
temperatures where oxygen was unreactive. But during soot oxidation, NO2 and O2 
worked together instead of inhibiting each other. When only NO2 is used, NO2 is thought 
to be absorbed onto the carbon surface in the form of nitrates ad-species when it is 
first introduced to soot. It also oxidizes the soot although this increases after the initial 
absorption of NO2. It was also found that a substantial contribution of molecular 
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oxygen was supplied to the soot oxidation process instead of being absorbed. Faster 
oxidation was observed when both NO2 and O2 were used then with just NO2 or just 
O2. The oxidation rate increased in the presence of H2O possibly due to the formation 
of nitric and nitrous acid which enhanced oxidation by NO2 and O2. 

Leistner et al 2012 [28] investigated soot oxidation by NO2, NO, NO + O2, the 
mechanisms of which are shown in Figure 2.7. The gas mixture determined whether 
N2 or NO2 and CO2 were produced. When just NO is used, NO is absorbed by the 
surface and form “C*NO” species. When NO2 is used, NO is produced because the 
“C*NO2” species is not stable. The reaction with NO2 is controlled by the formation of 
the “C*ONO2” complex when T is lower than 600°C. Higher temperatures show the 
reaction being more dependent on the temperature. The reaction with NO is limited 
by the NO absorption at all temperatures, explaining why it is less reactive compared 
to NO2. NO + O2 enhanced the oxidation because of the increased number of C*O 
species. C*O is preferred and forms C*ONO2 then CO and/or CO2. C*NO forms C*O and 
C*N which can form N2. But this N2 formation does not occur when O2 or NO2 are 
present. 

 

 

Figure 2.7 Schematic of main steps in the oxidation of soot by NOx. [28] 

 

2.2.3 Nanostructure and Oxidation 
 

Pahalagedara et al 2012 [20] also investigated the relationship between the 
oxidation and the morphology by the gasification of soot using 10% O2. It was found 
that smaller particles have higher surface oxidation activity because their high surface 
area to volume ratio allows better contact with the oxidant. It is thought that the high 
surface area means there are more defects on the surface which corresponds to a less 
dense outer shell. As said previously, because the outer shell consists of numerous 
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smaller crystallites, if the surface area to volume ratio is higher, there are relatively 
more edge sites leading to higher oxidative activity. This means that surface oxidation 
is dependent on the surface condition of the particle such as the surface area to 
volume ratio and the actual surface area. 

Toth et al 2019 [29] observed the two dominant oxidation models in real-time in 
situ experimentation. These are the shrinking core model and the internal burning 
model. The shrinking core model is characterized by the size of the primary particle 
decreasing with time as oxidation occurs on the surface and therefore reduces its 
overall size. Internal burning is characterized by the overall size not changing 
significantly but the mass decreasing more significantly due to oxidation that occurs 
inside the primary particle instead of on the surface. In the referenced research, surface 
oxidation was dominant. Three types of surface oxidation mechanisms were also 
observed: Flaking, Partial detachment of BSU (Basic structural units) stacks, and 
Fullerene formation. Flaking refers to single-layer graphene detaching from the primary 
particle in a peeling or flaking manner. Partial detachment of BSU stacks refer to similar 
phenomena as the flaking but with multiple graphene sheets at a time. Fullerene is 
spherical carbon nanostructure. This occurred because fullerene is favored over the 
partially gasified and etched graphene. These mechanisms can be seen in Figure 2.8. 
The shrinking core model can be considered for larger particles.  

 

  
Figure 2.8 TEM of soot showing the flaking and fullerene formation. [29] 

 
Toth et al 2019 [29] also observed internal burning in smaller particles. It was 

observed that oxidation occurred primarily at the core and formed loose graphene 
sheets attached to the inside of the outer shell. This was then oxidized and left behind 
a hollow shell. Toth also compared this to other literature where biodiesel soot more 
easily fell into this model. Oxygen is thought to diffuse into the core and burn since 
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the core is more reactive because it is generally more amorphous. This will be 
investigated more in the next reference literature. 
 

Vander Wal et al 2007 [18] studied soot from diesel PM on DPFs. The PM from this 
study were partially oxidized and showed the internal burning phenomena. On top of 
this phenomenon, a densification of graphitization occurred in the remaining carbon. 
The internal burning phenomenon occurred due to a preferential oxidation of 
amorphous carbon. Among this amorphous carbon includes the edge sites and cross-
links that may interfere or inhibit the graphitic carbon to reorient and realign. This 
realignment would happen in the low oxygen and relatively low temperature 
conditions commonly experienced in DPFs. 

 

 

Figure 2.9 TEM images of soot showing partial oxidation leaving behind hollow 
shells. [18] 

 
Srilomsak and Hanamura 2020 [30] recorded a time-lapse visualization of shrinking 

soot during active regeneration using 10% O2. This study did not show internal burning 
meaning that the soot used in this study could have passivated outer shells that do 
not allow O2 diffusion. This meant that the oxidation was dominated by surface 
oxidation. Shrinkage of the primary particle diameters was also observed. This could 
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be caused by the surface oxidation or by a mixture of both the surface oxidation and 
internal burning. The non-intuitive phenomenon of separation between the soot cake 
and the DPF was also investigated. This separation is not intuitive because the gas flow 
was toward the DPF wall which should compress the soot cake toward the DPF. But 
the electrostatic forces between the soot and the DPF decrease as the soot aggregate 
decreases, due to the ongoing oxidation. This may be a cause for separation to occur. 
 

2.3 Exhaust after-treatment 
 

2.3.1  Diesel Oxidation Catalyst 
 

As said in the introduction, the newer and stricter exhaust emission regulations 
mean that internal combustion engines must be paired with an exhaust after-treatment 
system. In diesel applications, this is usually done with a diesel oxidation catalyst (DOC) 
to catalyze the reduction and oxidation of harmful emissions by using special material 
catalysts. As such, Fino et al 2016 [31] reviewed soot oxidation in catalyst coated 
surfaces. Soot oxidation catalysts depend on structural parameters and the reaction 
mechanisms. Concerning redox processes, when Ceria and Pt are used together, ceria’s 
ability to absorb and diffuse molecular oxygen to the Pt sites was reported. Ceria also 
stores NO2 at temperatures below 400°C and assists in oxidation. Ceria is therefore 
popular as a support for other catalysts. Although noble metals are dominant in 
catalysts because of their stability and performance, ceria is an increasing popular 
catalyst option.  

Neha et al 2020 [32] reviewed soot formation, catalyst types, and soot oxidation via 
ceria-based catalysts. It was reported that loose contact or simple manual loading of 
the soot with the catalyst powder did not result in effective catalytic performances 
due to low contact frequency. Under these conditions, catalytic activity is governed 
by the mobility of the oxidizing intermediates. This review paper also discussed 
metallic monolith catalysts which utilizes the higher open frontal area and low 
resistance. A disadvantage of these monoliths is, however, the low specific surface area 
but this could be assisted with alumina coating as mentioned previously.  

Liu et al 2015 [33] reviewed developments in ceria-based catalysts and soot 
oxidation mechanisms over the various catalysts. As said previously, ceria is a popular 
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base and works well with other catalysts due to its ability to absorb and transfer 
oxygen. There have been developments for various special morphologies of ceria-
based catalysts for higher surface area and mobility like nanoscale fibers and exposed 
lattice planes of catalyst. For ceria-based catalytic mechanisms, it has been established 
that there are two mechanisms. They are the “active oxygen assisted mechanism” 
where ceria promotes the formation of highly reactive oxygen species which spillover 
to the soot surface and oxidizes soot efficiently, and the “NO2 assisted mechanism” 
where ceria oxidizes NO into NO2 this oxidizes the soot indirectly. The latter mechanism 
is applied more for loose contact and the former for tighter contact. Although CeO2 is 
considered stable, the thermal stability is rather poor and is prone to thermal aging. 
Additives are therefore added to increase its durability. Ceria is also known to be prone 
to sulfur poisoning due to its alkaline nature. This could be remedied by adding 
sacrificial alkaline additives, acidic species, or noble metals.  

Koop and Deutschmann 2012 [34] investigated the surface reaction mechanism for 
Pt catalyzed conversion of exhaust gases. This model used 73 elementary-step 
reactions among 22 surface and 11 gas-phase species. The conversions were done for 
CO, CH4, C3H6, and NOx. The catalyst here was a cordierite monolith with Pt alumina 
wash-coat. Similar to the literature of Chatterjee et al. [35], the oxidation of the 
hydrocarbon consists of two pathways. Adsorption of the hydrocarbon comes with the 
splitting of an H-atom. This is followed by the carbon atoms being oxidized to CO and 
CO2. The other path splits off an H-atom and it reacts with an adsorbed oxygen atom 
to form a hydroxyl species. In lean conditions, NO is oxidized to NO2 but at 350°C, 
equilibrium is found, and further oxidation is restricted. There are 2 possible reaction 
pathways for NO to NO2: the Langmuir-Hinshelwood (LH) and Eley-Rideal (ER). ER says 
that NO from the gas phase simply reacts with an adsorbed oxygen atom. LH says that 
there are more steps between this. The forward reaction of NO to NO2 is requires a 
high activation of 133 kJ/mol and is increasing limited with carbon monoxide. But the 
reverse reaction is less activated and acts as an effective source of surface oxygen on 
Pt even in an oxygen rich condition due to the decomposition of NO2. In rich gas 
conditions, oxygen primarily reacts with CO and the hydrocarbons and does not allow 
NO oxidation. So NO reacts with hydrogen, hydrocarbons, and CO to reduce into 
nitrogen gas. However, the reduction via hydrogen is a direct surface since the 
adsorbed hydrogen lowers the activation energy to reduce. But this is strongly inhibited 
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by the presence of CO. These mechanisms were confirmed by testing results of a 
diesel catalyst on a dynamic engine test bench. 
 

2.3.2  Full-flow Diesel Particulate Filter 
To further reduce emissions and trap PM, DPFs are used more and more commonly. 

They are categorized into full-flow, or wall-flow, and partial-flow [36]. Full-flow DPFs 
are usually ceramic and consists of a porous microstructure in a honeycomb 
macrostructure. The design is such that all the exhaust gas must flow through the walls 
of the filter, which is where the “full-flow” part of the name comes from. An example 
of this filter macrostructure can be seen in Figure 2.10. The PM deposits on the high 
internal surface area of the pores and this trapping occurs at efficiencies of around 
90% [35]. As PM is being trapped on the filter, the exhaust flow is increasingly restricted 
and will increase the pressure in the exhaust pipe, causing back pressure. This leads 
to higher and higher amount of work being required to overcome this pressure to 
exhaust the post combustion gases. To reduce this pressure and restore the filter to 
trap more PM, the already trapped PM is oxidized by an external energy input like a 
burner [36]. To control this external energy input as well as the back pressure to know 
when the energy is needed, a control system is needed. Therefore, the regeneration 
of this filter is called an active regeneration because an active input is needed. 

 

 

Figure 2.10 Experimental Full-flow or Wall-flow DPF. [30] 
 

2.3.3 Partial-flow Diesel Particulate Filter 
 

The partial-flow DPF (P-DPF) differs in this regard because it does not require an 
external energy input. As the name suggests, only a portion of the exhaust gas flows 
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through the filter. An example of this is a metallic P-DPF made up of layers of gas flow 
guides and microfiber fleece as seen in Figure 2.11. Because this type of DPF is 
designed to be used without a monitoring system or external energy input, the trapping 
of PM must not significantly affect the backpressure. To do achieve this, the trapping 
efficiency is lower than the full-flow DPF at approximately 50% [37]. However, due to 
the lack of control system and simplicity of its design, this filter has been popular as 
an important first step in reducing PM emissions, especially as a retrofit exhaust after-
treatment system [37]. The P-DPF is usually used concurrently with a catalytic 
converter like a DOC to help treat emission gases as well as help with PM oxidation. It 
must be heavily noted that this after-treatment system utilizes continuous and 
simultaneous trapping and soot oxidation, unlike the full-flow DPF. This means that 
the soot cake layer phenomena that occurs in the full-flow DPF, when the flow of the 
exhaust forces and condenses the soot as all exhaust must pass through the filter, 
does not occur in the partial-flow DPF. Significant condensing of the soot is not possible 
as the filter is not fine enough. Because the filter is not fine enough, oxidation will also 
occur while soot is being trapped. This will be further explored in this research. 

 

Figure 2.11 Schematic of Partial-flow DPF with exhaust flow. [37] 
 

2.3.4  Catalyst Coating 
 

To save cost and space in the undercarriage or engine bay, DPFs have been coated 
to combine the functions of a DOC and DPF. To understand this, coating methods 
need to be understood as well. Govender et al 2017 [38] reviewed the preparation of 
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monolith catalysts. Among the topics reviewed was the preparation of metallic 
monoliths. After an initial alumina coating to improve the coating bond, there are 
various methods of depositing the catalyst coating onto the monolith. A common 
method is wet impregnation. It is used in ceramics and metals alike. A solution 
containing the catalyst is prepared and drawn up by the monolith channels through 
capillary forces. Another method is deposition precipitation where the catalyst and a 
precipitating agent are in liquid phase and the monolith is dipped into the solution. It 
is then calcined, during which the precipitating agent decomposes. 

Qing et al 2020 [39] reviewed techniques for catalyst coating catalytic membranes 
as well as advantages and disadvantages. They include, but are not limited to, dip 
coating, sol-gel, CVD, and PVD techniques. Dip coating involves submerging the support 
substrate into a solution containing the catalyst then drying. This allows complex inner 
geometries to be coated but there tends to be uneven coating due to the “wedge 
effect” where the coating is thicker towards the bottom. Sol-gel or solution-gelation 
technique consists of synthesizing solid materials from small molecules. This is done 
in four stages: Hydrolysis, Monomers condensing to form chains and ions, Growth of 
particles, and Aggregation of the polymer. This forms a very homogeneous coating and 
is very controllable, but it is also time consuming, costly, and is prone to delamination 
and cracking. CVD is a method where a catalyst precursor is vaporized in an inert 
atmosphere by heat light or plasma. The vapors then react on the solid surface to 
produce the coating. This method allows precise layering. PVD includes a wide variety 
of deposition methods, but they generally consist of evaporating the target material 
then transmitting the vapor to a surface for condensation under a vacuum, low-
pressure, or plasma environment. PVD produces functional thin films that are resistant 
to abrasion, corrosion, and conductivity. As such, this may be an ideal method to coat 
the P-DPF as the coating would need to be thin enough to not affect the back pressure 
but maintain its catalytic performance. 

To see if PVD can be used with ceria, the previously mentioned popular catalyst 
material, Chen and Wang 2020 [40] explored RF sputtering cerium oxide on glass and 
silicon substrates. The grain size and film thickness were also analyzed. RF or radio 
frequency sputtering has relatively low cost, good adhesion, and deposits onto the 
substrate at lower temperatures and the substrate does not need to be a conducting 
material. This study focused on controlling the key parameters like Ar/O2 ratio, sputter 
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voltage, and deposition time. A 4-inch Ce target was used. The first step was to 
decrease the pressure in the vacuum chamber to 10-6 Torr then let the Argon/O2 
mixture flow into the chamber. 100 and 120W were used with deposition times from 
1 to 3 hrs and Ar/O2 ratios of 1:2 and 2:1. It was seen that as deposition times increased, 
the film become smoother and thicker. The crystal size decreased as the deposition 
time increased. This was because the CeO2 film formed layer by layer and the 
supersaturated vapor in the chamber became higher as time increased. This meant 
more nuclei formed and grew continuously which resulted in more crystals of smaller 
sizes. The crystal size also decreased with the increase of the Ar/O2 ratio. It was also 
found that sputtering power significantly affected the film thickness due to the 
generation of higher supersaturated vapors under higher sputtering power. Deposition 
time had less of an effect on the conducting material (Si) then the nonconducting 
material (glass). The deposition time’s effect on ceria coating was analyzed using XRD 
as seen in Figure 2.12. This figure also shows the phases seen in a ceria coating. 

 

Figure 2.12 XRD spectrum with phase profiles for Ceria coating. [40] 
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Chapter 3  
RESEARCH METHODOLOGY 

 
3.1 Experimental Equipment and Procedure 

 
3.1.1 Engine and DPF 

 

This research utilized a four-cylinder, diesel direct injection engine with a 
displacement of 2.99 L. The engine was paired with an engine dynamometer, as seen 
in Figure 3.1, to test under various loads and speeds all while using commercial, 
standard diesel, which is B10 and is composed of 90% fossil fuel derived diesel and 
10% biodiesel. B0 or 100% fossil fuel derived diesel is no longer available in Thailand 
to the public and such this is the most common, and therefore most relevant, fuel.  

 

 

Figure 3.1 Engine connected to dynamometer and exhaust after-treatment system. 
 
The DOC and DPF used in this research were not made in house and such have the 

specifications already defined. This is useful because the aim of this research was to 
investigate the simultaneous trapping and oxidation that occurs in a metallic microfiber 
inside the partial-flow DPF. The DOC and P-DPF specifications can be seen in Table 3.1. 
The specifics of the engine and exhaust after-treatment can be seen in Table 3.1.  
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Table 3.1 Engine and Aftertreatment System Specifications 

Engine Model 4JJ1-TC 
Engine Type 4-Cylinder Compression Ignition 
Injection System Common Rail Direct Injection 
Air Intake Turbocharged 
Displacement (cc) 2999 
Bore and Stroke (mm) 95.4 × 104.9 
Power 94.25 kW @ 3000 rpm 
Torque 300 Nm @ 2000-3000 rpm 
DOC Cell Density 300 CPSI 
DOC Coating Platinum-based Catalyst 
P-DPF Cell Density 300 CPSI 
P-DPF Overall Porosity 85% 

 
The P-DPF used here was of a similar design as previous literature [37]. This P-DPF 

was made up of metal flow guide foil layers and metal microfiber fleece. The working 
principle of this design of P-DPF is seen in Figure 3.2 as well as a cross-sectionally cut 
P-DPF showing the many layers that make up the P-DPF. The metal foil and fibers can 
also be seen in this figure. It can be seen from the working principle of the microfiber 
fleece in Figure 3.3 that only a portion of the exhaust is directed towards the filter 
layer meaning the specific trapping efficiency is very low. However, due to the sheer 
number of layers and length of the filter, the overall trapping efficiency is at an 
acceptable level such that it has been used in real life applications. 

 

 

(a) (b) (c) (d) 

Figure 3.2 (a) Working principle of (b) metallic microfiber partial flow DPF made up of 
metal (c) foil and (d) fiber. 

 Metal fibrous filter 

Metal Flow Guides 
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Figure 3.3 Working principle of microfiber trapping PM. 

 
3.1.2 Soot Collection 

 
To understand how the DOC and metallic microfiber P-DPF affected PM, three 

positions in the exhaust after-treatment system were chosen as shown in Figure 3.4. 
These positions were accessed by disassembling the after-exhaust system as seen in 
Figure 3.5. The disassembled portions would then reveal the inner walls covered with 
PM. These inner walls would then be scraped gently with a scalpel to physically 
remove the PM. The  PM was then collected in an airtight container and stored at 
room temperature until it was examined with the various equipment used in this 
research. 

 

 
Figure 3.4 Schematic diagram of positions of PM collection. 
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(a) (b) (c) 

Figure 3.5 Real locations of soot collection for (a) pre-DOC, (b) post-DOC, and (c) 
post-P-DPF. 

 
However, this was not the only method used in this research to collect soot. The 

second method was used to observe the trapping behavior of the PM on the metal 
microfibers. This was done by simulating real phenomena of exhaust going through the 
metal fibers in a similar manner which was seen in the working principle in Figure 3.2. 
As such, a piece of metal microfiber fleece was clamped by both ends and introduced 
to the raw exhaust, as seen in Figure 3.6, for 1 second then another piece was 
introduced for 30 seconds to see the evolution of the trapping behavior. These two 
conditions were deemed adequate for analyzing the trapping behavior as the nature 
of the metallic partial flow DPF would not allow a formation of a soot cake layer. 
 

 

Figure 3.6 Method to trap PM on metal microfiber fleece. 
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3.1.3 Catalyst Coating 
 

To obtain a thin enough coating to minimize its effect on the trapping behavior, a 
PVD method, the working principle of which is seen in Figure 3.7, was used to coat 
CeO2 onto the fibers. Ceria was used because it is a cost effective and popular catalyst 
material. The usage of this catalyst would also compliment the Pt based catalyst 
already used in this research, although this was outside of the scope of this research. 
Previous research proved that this thin coating method is possible on fibers smaller 
than the ones used here [41]. The target that would be used to coat the substrate was 
a CeO2 ceramic target and radio frequency (RF) sputtering was used to deposit the thin 
layer of catalyst material using the chamber seen in Figure 3.7. Because the scope and 
aim of this research was to study the catalyst performance and not specifically the 
coating method, a Ce metallic target was not used. A CeO2 ceramic target was used, 
although it was more fragile, because of the relative ease of the atmosphere balance. 
This is desired because to form CeO2 with the metallic target, the O in the chamber 
must be in delicate control. Else, the formation of Ce2O3 may occur, which is not 
desired because of the O deficiency. Due to this, O was controlled even when using 
the ceramic CeO2 target [42]. But for the sake of ease, this research will attempt to 
avoid controlling the O and confirm Ce2O3 does not form by XRD. 
 

 

 

(a) (b) 
Figure 3.7 (a) Working principle of sputtering PVD and (b) real life chamber used. [39] 
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For the coating process, pre-sputtering was first done to get rid of any contaminants 
on the target or metal fleece. The metal fleece, which will be called the substrate in 
this section, can be seen in its prepared form in Figure 3.8a with the substrate plate. 
10W power and a substrate bias of -109 V was used for 20 minutes with the target 
shutter closed so that the substrate was not coated during this cleaning. The sputtering 
atmosphere was Ar at a base pressure of 70 mtorr and a deposition pressure of 6.3 
×10-2 mbar. The substrate was at room temperature with a voltage bias of -10V and 
was rotated in a speed of 1rpm. The substrate was not separately heated because 
previous literature showed that this was not necessary [42]. The bias was used to help 
the substrate attract the coating material and increase the deposition rate as well as 
improve the coating performance for this filter material. The rotation was to help the 
uniform deposition of the coating material. Initial powers of 100W, 125W, and 150W 
would be used on a Si wafer to ascertain the coating material in terms of CeO2 or 
Ce2O3 using XRD. The coating thickness would also be analyzed with SEM to determine 
the power and a deposition time to do the final coating on the metal fibers. The 
thickness would then be confirmed with the Si wafer using SEM again. 
 

 

 

(a) (b) 
Figure 3.8 Plate used to hold substrate (a) before and (b) during the sputtering 

process. 
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3.2 Analytical Equipment and Procedures 
 

3.2.1 DLS 
 

To analyze the morphology of PM from the pre-DOC, post-DOC, and post-P-DPF 
positions, the PM powders were analyzed using a dynamic light scattering nano particle 
analyzer (Horiba SZ-100V2). 1 mg powder PM was suspended in 10 ml of anhydrous 
ethanol to set the conditions for the light scattering principle. This solution was then 
sonicated so the particles would be suspended instead of sinking. This vial was then 
inserted into the equipment. The output data of the equipment was the particles size 
and relative quantity of these particles in each size category. The equipment used here 
can be seen in Figure 3.9 with a vial that contains a solution of suspended PM particles 
also being shown. 

 

 
Figure 3.9 Equipment used for the dynamic light scattering nano particle analyzer. 

 
3.2.2 SEM-EDS 

 

SEM was used for various purposes in this research. These include the elemental 
composition using the EDS function in the SU5000, the microstructure of the metal 
fibers, the trapping behavior of soot on the metal fibers, the coating of the catalyst 
material on a Si wafer, and the coating on the metal fibers. Two separate equipment 
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were used for the same purpose of magnifying the surface of a given point of interest. 
These were the SU5000 and JSM-7800F, seen in Figure 3.10, are both Schottky field 
emission scanning electron microscopes which allow high magnifications.  

 

  
Figure 3.10 Schottky field emission scanning electron microscopes used in this 

research. 
 

3.2.3 TEM 
 

The morphology and nanostructure of the PM was analyzed using TEM (JEM-2100 
Plus), seen in Figure 3.9, under magnifications of 100k and 800k, respectively. An image 
processing software (ImageJ) was used to do analyze the morphology and 
nanostructure quantitively. The particle size analysis of the PM was done by measuring 
the sizes of individual ovular primary particles. This data would allow the plotting of 
the size distributions of the PM. An example of this can be seen in Figure 3.12 with 
the pre-DOC position. The nanostructure was analyzed by converting the cross-
sectional graphene sheets into single pixel wide fringes so that they could be analyzed 
quantitatively. The steps are shown in Figure 3.13 and consist of cropping a 
10nmx10nm square in the single primary particle. This square is then processed by 
converting it into grayscale, then polarizing into absolute black and white, then 
removing chaos lines that come up from the conversion process, then skeletonizing 
into single pixel wide lines. These lines are then analyzed automatically using a plug-
in to determine the fringe lengths. The average, maximum, and total fringe length as 
well as the number of counted fringes would be analyzed. The crystallite length, La, 
would be compared to the maximum fringe length here as done in literature [22]. 
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To analyze the space between these fringes, the intermediary image before 
removing the chaos lines were skeletonized. Then lines were drawn perpendicular to 
fringes. These lines were then used to make a profile plot of the intensity of the color 
for a given distance like  Figure 3.14. The distance between the peaks would represent 
the distance between the fringes. This was done ten times and averaged for each 
10x10nm square, and five squares were analyzed for each position. The interlayer 
spacing here would be compared to the interplanar spacing, d002, for the crystallites in 
subsequent analysis methods. 
 

 

Figure 3.11 Transmission electron microscope used in this research. 
 

  
(a) (b) 

Figure 3.12 Example of measuring primary particle size. 
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(a) (b) (c) (d) 

Figure 3.13 Image processing steps of (a) selection, (b) cropping, (c) polarizing, (d) 
skeletonizing. 

 
(a) (b) 

Figure 3.14 Example of measuring interlayer spacing showing (a) measurement 
locations and (b) sample plot. 

 
3.2.4 XRD 

 

XRD was done using an X-ray powder diffractometer (Bruker D8 Advance) with CuKα 
radiation source as seen in Figure 3.15. There were two separate tests done for two 
different purposes. The first analysis was done for the catalyst coating which could 
reveal information about the chemical structure of the catalyst coating. This is 
important as the previously mentioned desired material is CeO2 and not Ce2O3. For 
the sake of simplicity, the scanning angle range here was 20° < 2θ < 60° as this was 
the range in which most of the phase profiles were in. The phase profiles were from 
publicly available databases. The other analysis was for the carbonaceous powder PM 
and done in the range of 10° < 2θ < 90°. The data from this analysis was processed 
using Bragg’s law shown in (3.1) and Scherrer’s formulae shown in (3.2), (3.3), and  (3.4). 
These equations were used in literature and were for the 002 and 100 plane peaks. 
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d002 =

λ

2 sin θ002
 (3.1) 

 
LC =

0.89 λ

β002 cos θ002
 (3.2) 

 N =
LC

d002
 (3.3) 

 
La =

1.84 λ

β100 cos θ100
  (3.4) 

where λ is the X-ray wavelength (0.15406 nm), β is the full-width-at-half-maximum of 
the respective planes, and θ is the angle at which the respective plane is centered at.  

These equations allowed comparisons between the XRD and other nanostructure 
analysis by giving the crystallite width, height, interplanar spacing, and stacking number 
for Lc, La, d002, and N, respectively. The d002 would allow direct comparisons to the 
results from the interlayer spacing measurements in the TEM. The N would show the 
stacking density to compare between the stages. It is important to note that XRD is a 
bulk diffraction analysis and is based on hkl planes in a crystallite form. For graphite 
materials, the plane peaks that are analyzed are the 002 peak and 100 peak. The 002 
peak is related to the orientation or degree of graphitization of the carbonaceous 
aromatic layers while the 100 peak is related to the degree of condensation or size of 
said aromatic layers [43]. 

 

 
Figure 3.15 XRD equipment used in this research. 
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3.2.5 Raman Spectroscopy 
 

The final nanostructure analysis was done with RS (LabRAM HR Evolution), seen in 
Figure 3.16, which utilized a 532nm wavelength laser. The Raman shift range used 
here was 500 – 2000 cm-1. The peaks from this analysis were processed to give the 
intensity ratio of the amorphous and graphitic carbon structure as well as a comparison 
of the crystallite width using the equation proposed by Knight and White [44] seen in 
(3.5).  

 
 La =

4.4

ID
IG

⁄
 (3.5) 

 
where ID and IG represents the intensity of the D band and G band, respectively. 

It should be noted that Raman spectroscopy is a more local, vibrational analysis. 
This results in two main peaks for crystallite carbon: the D-band and G-band which 
was discussed in the literature review. This analysis was used to get just the crystallite 
height, La which could be compared with the same parameter calculated from the 
XRD and the fringe length from TEM. There are systematic differences in the different 
analyses and methods seen in TEM, XRD, and RS, but they allow findings from each 
method to support a general conclusion [19].  
 

 

Figure 3.16 Raman Spectroscopy equipment used in this research. 
 

3.2.6 TGA 
 

TGA (Netzsch TG209-F3), seen in Figure 3.17, was utilized to observe and analyze 
the oxidation of soot on the metal fibers. The oxidation would be compared between 
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the bare untreated metal fleece and the catalyst coated fleece. PM was coated on 
the metal fleece in a manner that will be discussed later. This was then oxidized using 
the isothermal method with temperatures of 525°C for 120 minutes and 550, 575, and 
600°C for 60 minutes. Each temperature and coated/noncoated condition was done 
with a fresh piece of metal fleece. The non-isothermal method was done with a 
temperature ramp of 10°C/min from room temperature to 630°C. The analyzed 
oxidation mechanism from the isothermal method was the activation energy of the 
soot oxidation. The chemical equation of the reaction that occurs here can be seen in 
(3.6) where the solid C reacts with gaseous O2 to convert into CO2 which would 
decrease the mass of the sample as the chemical product of CO2 is gaseous and would 
flow out. This reaction is also represented by (3.7) and can be modeled in terms of 
chemical reaction kinetics. 

 

 
C + O2 → CO2  (3.6) 

 −d[C] dt⁄ = k[C]n[O2]m (3.7) 

 
where C is the mass of the carbonaceous PM, t is time, k is the chemical reaction rate, 
and m and n are the reaction orders of PM and O2, respectively. 

The reaction order n is assumed to be 1 as a complete internal surface diffusion 
model where the rate of reaction would be proportional to the PM mass. This reaction 
can be expressed as the Arrhenius equation in (3.8). 

 
 

k = Ae−Ea/RT 
(3.8) 

where A represents the frequency factor, Ea is the activation energy, R is the universal 
gas constant, and T is the temperature in Kelvin. 

(3.7) and (3.8) can be combined to form (3.9)(3.9 which represents the change of 
the PM mass as a percentage. 

 
 −d[C] dt⁄

[C]
= Ae−Ea/RT[O2]m 

(3.9) 
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This can be derived into an Arrhenius equation as seen in (3.10) where constant 
represents the constant in (3.11). This allows a simple linear calculation of the 
activation energy where the left hand side is the y-axis, the -Ea/R represents the linear 
constant, and the 1/T represents the x-axis similar to a y=mx+b form. 

 
 

ln (
−d[C] dt⁄

[C]
) = (−

Ea

R
) (

1

T
) + constant (3.10) 

 
constant = ln(A) + ln (O2) (3.11) 

The activation energy of a reaction is the energy input required for said reaction. 
This is especially important for PM because the most convenient way to regenerate a 
DPF, after it is saturated with PM, is to oxidize the PM on the DPF while in use. This 
will allow the DPF to trap PM while also minimizing back pressure which could hinder 
the engine’s performance.  

Model PM and real diesel PM were oxidized on the metal fleece to compare 
oxidation of different soot nanostructures. The real diesel PM was sourced from the 
same light-duty diesel engine as with other analysis. The model PM is CBN330 and it 
is almost entirely carbon with primary particles that are on average 30 nm in diameter 
[45]. Although both diesel PM and CBN330 are primarily carbon, diesel PM is made up 
of unstable hydrocarbons and disordered carbon [22]. CNN330 is generally more 
graphitic and more difficult to oxidize due to this higher ordered carbon but this is the 
most similar in size to the primary particles that make up the carbonaceous soot in 
diesel PM [45]. By analyzing the oxidation of both PM, the impact of the experimental 
catalyst coating on different nanostructures will also be shown. 
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3.2.7 Exhaust Emissions 
 

Emission exhaust before the DOC, after the DOC, and after the P-DPF were analyzed 
using the pipes seen in the engine bench Figure 3.1 with a gas analyzer (DITEST GAS 
1000) and smoke analyzer (DISMOKE 480), both in Figure 3.18. This equipment did not 
include the measurement of NO2 and the measured unit for CO could not be 
compared with CO2 and so they were not included here. The emission properties that 
were analyzed were the gas opacity, temperature, CO2, NO, and O2. Each property was 
detected and measured using different sensors. The gas opacity was based on the 
comparison of how much light was absorbed or diffracted by the black PM smoke 
using a laser source where 0% having no change in the light when comparing the laser 
source and sensor. The gas opacity machine was used here because it is the same 
method and technique that current old vehicles are tested with. The engine was run 
at three engine speeds of 1000, 1500, 2000 rpm and two engine loads of 112 and 140 
Nm. Generally, higher loads produce more PM and higher engine speeds produce less 
PM but the inverse for NOx.  

 

 

 

 

Figure 3.18 AVL equipment consisting of (left) gas analyzer and (right) opacimeter. 
  

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



35 
 

Chapter 4  
RESULTS AND DISCUSSION 

 
4.1 P-DPF Material and Trapping 

 
4.1.1 P-DPF Material 

 

First to analyze the metal fibrous fleece, SEM was done with Figure 4.1 showing 
the metal fibers that make up the metal fleece used in this research. These fibers are 
20-30 µm in diameter. To produce the P-DPF, these fibers are randomly nonwoven 
into a fleece. This fleece is then wound together with a flow guide foil such that a 
portion of the exhaust gas is forced towards the filter. This filter allows some PM to 
become trapped on the fibers. To maintain its peak trapping performance, the filter 
has to oxidize the trapped soot, which will be discussed in a later section. 

Next, EDS was done with the SEM equipment, and it shows that the fibers alone do 
not have catalyzing elements. The resulting spectra is shown in Figure 4.2. It is made 
up of Fe, Cr, Al, and C with a trace amount of Si. The first three elements must be the 
main elements that make up the alloy used in this fiber, which would be a type of 
stainless steel due to the presence of the Cr. Stainless steel makes sense as a material 
to be used here because of its corrosion resistant properties and ability to withstand 
thermal cycling. These properties should also allow a long lifetime of the product with 
little to no maintenance. The C detected here could be from the contamination of 
dust and from the strengthening alloy. The Si should from the lubrication that is used 
to produce these metal microfibers [46]. The elements detected by the EDS can be 
seen in Table 4.1. 

Figure 4.3 shows the microstructure of the metal fibers at a magnification of 3000x. 
It can be seen that the surface is full of small external grains less than 1 micron in 
diameter. They also seem to be in some pores of the fiber. These grains also seem to 
be in a linear formation with relation to the length of the fiber. The lack of chips and 
the mentioned continuous linear pattern points towards a drawing method which was 
used by some manufacturers [47]. Now that the raw metal fleece that make up the P-
DPF is known to have no catalyzing material and is made of a stainless steel alloy, the 
coating will be done. 
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(a) (b) 

Figure 4.1 SEM of metal fibers in 300 magnification in (a) top view and (b) side view. 
 

 
(a) 

 

(b) 
Figure 4.2 EDS spectra of (a) metal fiber and (b) metal flow guide. This material is reserved for educational use only, not allowed for commercial use. 
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Table 4.1 Summary of elemental composition using EDS. 
Elements (weight %) 

 Fe Cr Al C O Ni Si Ti 

Metal Fiber 69.4 20.7 3.3 3.0 2.6 0.9 0.2 - 

Metal Flow-guide 60.9 17.9 6.9 5.1 8.4 - - 0.7 

 

 

Figure 4.3 SEM of metal fiber in 3000 magnification showing surface microstructure. 
 

4.1.2 P-DPF Coating 
 

Power sources of 100W, 125W, and 150W were used for 20 minutes on a Si wafer 
to confirm the sputtered coating was in fact CeO2 instead of the O deficient Ce2O3. 
The O deficient Ce2O3 is less efficient in catalytic performance as well. The analysis 
can be seen in Figure 4.4 where x-ray diffraction was used to determine the phase 
locations of the sputtered coating. This graph also shows the phase profiles of CeO2 
and Ce2O3 from literature and public databases to compare the raw data with [48] 
[49]. All three power sources showed that the coating matched better with the CeO2 
phase locations than the Ce2O3 phase locations.  
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Figure 4.4 XRD spectra of Cerium Oxide coating using various power sources with 
profiles of two Cerium Oxide variants. 

After the phases were confirmed, the 100W and 150W power sources were 
investigated to determine the deposition rates, the ideal power source, and depositing 
time. The initial coating trial can be seen for the 150W power source in Figure 4.5 

Figure 4.5a shows the coating on a Si wafer to determine the coating thickness. The 
coating thickness was 70-92nm for the 150W power source and so the calculated 
deposition rate was over 5 nm/min. 

Figure 4.5b and c show the metal fibers with the 20-minute coating. The fibers 
seem much smoother compared to Figure 4.1 and Figure 4.3. This is due to both the 
coating and the cleaning that occurs during the pre-sputtering phase which may oxidize 
some contaminants on the surface of the fibers.  

 

 
(a) (b) (c) 

Figure 4.5 SEM showing (a) coating thickness, (b) coated metal fibers, and (c) coated 
surface of a metal fiber using 150W and 20min. 

 
For the next step, the deposition time of 1 hour was chosen to achieve a minimum 

of 300nm coating thickness. The result of the coating can be seen in Figure 4.6 and 
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Figure 4.7, for the 100W and 150W power sources. The thickness was measured to be 
around 125-135 nm for the 100W power source and 337-354 nm for the 150W.  

 

 
(a) (b) (c) 

Figure 4.6 SEM showing (a) coating thickness, (b) coated metal fibers, and (c) coated 
surface of a metal fiber using 100W and 60min. 

 

  
(a) (b) 

 
(c) (d) 

Figure 4.7 SEM showing (a) coating thickness, (b) coated metal fibers, (c) coated 
surface of a metal fiber, and (d) shorn surface of coated metal fiber using 150W and 

60min. 

Granular Catalyst 

Impurity grains 

under catalyst layer 
Catalyst coating Impurity 

grains 
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Since the substrate type does not significantly alter the deposition and formation 
of the coating in a sputtering PVD method, a consistent deposition rate was assumed 
across both the Si wafer and the metal micro-fibrous fleece [50]. This would mean that 
the coated fibers would still maintain their high porosity as this addition of thickness 
was only 2% of the original diameter. This was less than the deviation of the fiber 
diameter seen in Figure 4.1 which would mean porosity of the filter media would stay 
virtually unchanged. 

The coated fleece that would be used with soot in the TGA was the fleece that 
used the 150W power source for 60 minutes seen in Figure 4.7b - d. The surface is 
much smoother than before due to the uniform coating by the PVD method. The 
impurity grains can still be seen but it is essentially buried under the CeO2 coating. The 
coating is also quite difficult to distinguish at some areas due to how thin of a film it 
is. However generally, the coating seems to be a much lighter in color compared to 
the raw fleece. But before the TGA was done, the quality of the coating needed to be 
analyzed. 

Figure 4.5 SEM showing (a) coating thickness, (b) coated metal fibers, and (c) coated 
surface of a metal fiber using 150W and 20min.a, Figure 4.6a, and Figure 4.7a shows 
the dense coating with no pores or internal cavities. This meant that the PVD method 
with the RF sputtering was effective in the coating process. However, when this coating 
was done on the metal microfiber fleece, some areas formed granular CeO2 instead of 
a uniform coating. This can be noticeable in Figure 4.7b. This can be mistaken for the 
previously rough surface of the uncoated metal fibers, but the grains are different in 
that they are grouped together and on top of each other instead of in a linear 
formation. They are also larger than the impurity grains from before. Although the 
catalyst grains are not ideal in terms of the coating, it could be beneficial to the 
oxidation of the PM as there is more surface area and therefore more potential contact 
between the catalyst and the soot. However, the grains could mean that the coating 
was not dense and could flake off.  

And so, a section of the metal fleece was cut off using a metal shear to see how 
the coating would behave when under stress. This can be seen in Figure 4.7d. This 
image shows the direction of the cut, but it also shows that the coating behaved like 
flour stuck on a piece of dough. The coating did not flake off and when the 
deformation occurred, the coating moved with the metal material. This shows that the 
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coating was well done with the material bonding well with the metal fiber instead of 
forming a shell-like outer layer of the coating. 

 
4.1.3 P-DPF Trapping Behavior 

 

Before analyzing it, PM was trapped on the P-DPF microfibers and observed using 
SEM. The trapping behavior and mechanism is complex in the P-DPF because of the 
partial flow nature and the deposition of the PM on the fibers. The initial trapping was 
simulated by introducing raw diesel engine exhaust to a piece of metal microfiber 
fleece for 1 second. The resulting trapping can be seen in Figure 4.8 at magnifications 
of 1000x and 10000x. This initial PM trapping is focused on the impure grains and shows 
some dendritic formation, with the soot layer being approximately 1µm thick on top 
of these grains. The smooth metal areas with no impurity grains seem to have little to 
no PM on it. It should be noted that these images are taken from a top view of the 
fiber, where the flow of the exhaust was forced towards. This may influence what the 
SEM was able to observe. 
 

 
(a) (b) 

Figure 4.8 PM trapping on the metal fibers after 1s with (a) 10k magnification and (b) 
1k magnification. 

 
Figure 4.9 shows the metal fibers after 30s of trapping PM. This shows the 

subsequent ~5µm thick soot layer formation and growth of the trapped PM. The PM 
is seen to be attracted to each other and is on top of other PM instead of the clean 
metal surface. The growth of the PM on top of other PM instead of new surfaces also 
suggests a preferential behavior and supports the dendritic growth model. The contact 
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between the fibers and the PM is quite low as a significant portion of the PM is located 
on top of other PM. Due to this trapping behavior, it can be reasonable to say that 
oxidation on the fibers will be dominated by the exhaust gas and high interaction 
between the gases and the trapped PM instead of the effect of the fibers themselves. 
This also shows that since trapping does not produce a soot cake layer, oxidation will 
occur simultaneously. But this will be tested using TGA later. 

 

 
(a) (b) 

 
(c) 

Figure 4.9 PM trapping on the metal fibers after 30s with (a) 10k magnification, (b) 1k 
magnification, and (c) 300 magnification. 

 
The overall image of the 30s trapping seen in Figure 4.9 can be compared with the 

manually loaded fleece in Figure 4.10. The manually loaded fleece was done to 
consistently load PM on the metal fleece when preparing the samples for the TGA. 
These two methods would be compared to see if the manually loaded fleece could 
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represent the heavily loaded realistic PM trapping. The realistic simulated trapping 
shows PM trapped in dendritic clumps on top of the initial layer of PM. The manual 
soot trapping is much denser and is not as uniformly distributed as the realistic 
trapping. It seems that some sections of the metal fleece has no PM trapped. Fig.12 
shows the contact between the PM and the metal fibers. The manually trapped PM is 
denser and there seems to be more PM on the fibers than the realistic trapping, but 
the PM trapping is quite similar for both trapping conditions in some segments of the 
surface. It should be noted that there is more contact between the PM and the fiber 
which may allow more influence of the catalyst, although the higher interaction 
between the airous PM and the exhaust gases will not be replicated in the TGA. 

 

  
(a) (b) 

 
(c) 

Figure 4.10 PM trapping on the metal fibers using manual loading with (a) 10k 
magnification, (b) 1k magnification, and (c) 300 magnification. 
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4.2 Soot Nanostructure and Composition 
 

4.2.1 Elemental Composition 
 

To see how the PM was affected by the trapping process seen in the previous 
section, PM from different sections were analyzed. Figure 4.11 shows the resulting EDS 
spectra from soot before entering the DOC, between the DOC and P-DPF, and after 
leaving the P-DPF to see if the DOC and or P-DPF had contaminated PM with material 
from the DOC or P-DPF. The results are also summarized in Table 4.2. This confirms 
that PM is mostly carbon with the minimum carbon content being over 90% across all 
the spectra tested. The carbon content seems to increase, but not significantly, as the 
location shifts towards the end of the after-treatment system. The oxygen content 
also decreases as the location shifts towards the end. This could be due to the 
oxidation that occurs in each component of the exhaust after-treatment system. The 
element analysis also reveals the effect of the system on the PM. There is a higher S 
and Ca content before the PM enters the DOC, which could come from the engine 
lubricant and fuel impurity [51]. The S and Ca content may then bond to the catalyst 
material and cause catalyst poisoning [52]. This is supported by the drastic reduction 
of the S and Ca. However, in both the post-DOC and post-P-DPF, trace amounts of the 
engine lubricant and fuel impurity elements can be seen in the form of S and Cl. Fe 
can be seen in the post-DOC which may be from contamination from collection 
method. An addition of Al can be seen in the post-P-DPF, which may come from the 
P-DPF, after comparing the spectra of the fibers and flow guides. Overall, there is little 
to no chemical leakage from the exhaust after-treatment system to the PM. In fact, it 
can be argued that impurities or potentially dangerous elements are reduced by the 
exhaust after-treatment system, albeit due to catalyst poisoning. 

Next, since the results from the EDS showed that the PM was not significantly 
affected by the DOC but rather more affected by the fuel impurity, the morphology of 
the PM would be analyzed with respect to the agglomerate and primary particle sizes. 
This would be to investigate how the trapping process in the P-DPF and the continuous 
flow in the DOC would affect the PM’s size in both the nucleation mode and 
accumulation mode. 
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(a) 

 
(b) 

 
(c) 

Figure 4.11 EDS spectra of PM from (a) pre-DOC, (b) post-DOC, and (c) post-P-DPF. 
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Table 4.2 Summary of elemental composition of PM from different locations in 
exhaust after-treatment system using EDS. 
 Elements (weight %) 

 C O S Ca Fe Cl Al 

Pre-DOC 90.6 7.7 0.4 1.3 - - - 

Post-DOC 90.4 9.0 0.1 - 0.5 0.1 - 

Post-P-DPF 94.0 5.1 0.1 - - 0.1 0.7 

 
4.2.2 Morphology 

 
The same soot from the previous section was analyzed with TEM and nanoparticle 

size analyzer. Figure 4.12 shows the TEM images of agglomerate particles of PM 
sourced from the different sections of the after-treatment system. The nanoparticle 
size analyzer detected the agglomerate particles as well as primary particles, seen by 
the double peak in Figure 4.13a. The average agglomerate sizes of 170nm, 220nm, 
and 450nm for PM from pre-DOC, post-DOC, and post-P-DPF, respectively. The single 
primary particles that make up the agglomerate particles were then analyzed using 
TEM at a magnification of 100,000x. The measurements were made into a particle size 
distribution graph in Figure 4.13b with average primary particle sizes of 25.2nm, 
29.1nm, 27.6nm for the PM from pre-DOC, post-DOC, and post-P-DPF, respectively. The 
agglomerate and primary particle sizes increased along the after-treatment system.  

From Figure 4.12, there is no obvious indication that any oxidation occurs although 
the P-DPF is designed to trap and oxidize PM simultaneously. However, this is because 
the conditions may not be optimal for oxidation at all times [37]. This points to the 
two different functions occurring: trapping and partial oxidation. Trapping could 
encourage the interception of carbon crystallites onto the carbon primary particles, 
which could explain the size increase seen in both analysis methods. Partial oxidation 
should leave behind evidence such as graphitic soot as the amorphous soot is oxidized 
[19]. However, the existence of the nucleation mode in Figure 4.13b could hint at 
breakup occurring due to oxidation. The nanostructure will thus be analyzed next to 
help understand the full picture of what is occurring here. 
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(a) 

 
(b)  

 
(c) 

Figure 4.12 TEM images of PM Agglomerates from (a) Pre-DOC, (b) Post-DOC, and (c) 
Post-P-DPF. 
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(a) 

 
(b) 

Figure 4.13 Particle size distribution from (a) scattering light method and (b) ImageJ 
with TEM analysis. 

 
4.2.3 Nanostructure 

 
4.2.3.1 TEM 

 

Figure 4.14 shows the individual single primary particles and the carbon fringes that 
represent the carbon crystallites that make up the single primary particles. These TEM 
images were further analyzed using an image processing software. An initial step of 
polarizing the TEM image into black and white reveal the fringes that represent the 
carbon crystallite nanostructure seen in the 20x20nm images in Figure 4.15. An 
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evolution of the fringe pattern can be seen where both the Post-DOC and Post-P-DPF 
are cleaner than the Pre-DOC, showing some partial oxidation as mentioned before. 
However, the shortening of the fringes can also be seen between the Post-DOC and 
Post-P-DPF. 

This analysis was continued in the Figure 4.16 which shows the initial cropped 
image, converted black and white image, then the final skeletonized image. The details 
of these steps in this process were discussed in the methodology. The skeletonized 
images were then used to measure the lengths of the curved skeletonized fringes and 
interlayer or interplanar spacing. Figure 4.17 shows the measured fringe lengths from 
Figure 4.16 as a distribution plot. Although difficult to interpret, the distribution shows 
that the distribution curve shifts left suggesting that as the PM travels down the exhaust 
after-treatment system, the fringes are generally shorter. 

This is supported by Table 4.3, which shows the summary results of the TEM fringe 
analysis. The average fringe length, maximum fringe length, and interlayer spacing is 
reduced by the exhaust after-treatment system. It should be noted that the overall 
exhaust after-treatment system did not significantly alter the maximum fringe length 
and interlayer spacing. In more detail, the fringe length and interlayer spacing, D-
spacing, are usually inversely related to each other such that the reduction of one will 
increase the other. This is because the reduction of the fringe length is attributed to 
the reduction of graphitization or order, while the reduction of the interlayer spacing 
is associated with the increasing of graphitization due to the more compact crystallite 
structure [53]. It is also interesting that here the fringe length decreased while the 
single primary particle sizes from the morphology analysis seemed to increase. Even 
though the decreasing of the single primary particle size is usually paired with the 
decrease in fringe length [22]. These complicated phenomena will be further explained 
later with the comparison of the other methods. 

 
Table 4.3 Summary of TEM fringe analysis. 
 

Average (nm) Total (nm) Max (nm) Count D-space (nm) 
D-space 
count 

Pre-DOC 1.52 205 4.09 676 0.39 250 

Post-DOC 1.44 209 3.91 730 0.38 232 

Post-P-DPF 1.25 215 3.89 861 0.38 255 
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(a)  

 
(b) 

 
(c) 

Figure 4.14 TEM images showing nanostructure of PM from (a) Pre-DOC, (b) Post-DOC, 
and (c) Post-P-DPF. 
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(a) 

 
(b) 

 
 (c) 

Figure 4.15 Black and white, 20x20nm images showing PM graphitic nanostructure 
from (a) Pre-DOC, (b) Post-DOC, and (c) Post-P-DPF. 
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(a) 

 
(b) 

 
(c) 

Figure 4.16 Process of analyzing TEM images for (a) Pre-DOC, (b) Post-DOC, and (c) 
Post-P-DPF. 

 

 
Figure 4.17 Fringe length distribution of PM along the exhaust after-treatment 
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4.2.3.2 XRD 
 

XRD was also used to analyze the PM as seen in Figure 4.18. The raw data was 
processed by using a model fit. Gaussian lines with R2 higher than 0.95 modeled each 
of the curves with two curves representing a data set for the 002 and 100 planes. 
These Gaussian curves each gave parameters from its equation: FWHM, amplitude, 
and center. These parameters were then used to find the structural parameters using 
the equations shown in the methodology. The results of which can be seen in the 
middle sections in Table 4.3 which show the comparison of all methods. It can be 
seen that the La using this method is much larger than the TEM. Nonetheless, the 
same trend can be seen where the La is reduced by the exhaust after-treatment 
system, but more significantly than what the TEM method showed. The d002 does not 
change significantly by the after-treatment system as a whole, but there is a small 
decrease after the DOC followed by a small increase after the P-DPF. The N 
parameter and Lc also mirrors this where both N and Lc increase after the DOC then 
decrease after the P-DPF. They show that the graphitization increases after the DOC 
most significantly. However, similarly to the TEM, the system does not impactfully 
change the density or compactness of the crystallite planes. 

 

 

Figure 4.18 XRD spectra of PM along the exhaust after-treatment system. 
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Table 4.4 Summary of all nanostructure analysis. 
Samples 

TEM Analysis XRD analysis 
RS 

Analysis 

D002(nm) La(nm) D002(nm) N (nos.) Lc(nm) La(nm) La(nm) 

Pre-DOC 0.39 4.09 0.369 2.939 1.085 6.265 4.34 

Post-DOC 0.38 3.91 0.366 3.113 1.139 5.731 4.10 

Post-P-DPF 0.38 3.89 0.370 3.028 1.120 5.446 3.76 

 
4.2.3.3 Raman Spectroscopy 

 
Finally, the RS was done to show the spectra seen in Figure 4.19. This raw graph 

was then fitted with two Gaussian lines for each data set to determine the lines’ 
parameters: FWHM, amplitude, and center. These were then converted to the intensity 
of the D band and G band ratio, ID/IG as seen in Table 4.5. It can be seen the ID/IG ratio 
increases along the after-treatment system. This means that the PM becomes relatively 
more disordered or amorphous, or the graphitization is decreased. This ratio can be 
converted to the La as seen in Table 4.4. The La also decreases as the location is 
moved towards the end of the system, which agrees with previous methods. 
 

 

Figure 4.19 Raman spectra of PM along the exhaust aftertreatment system. 
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Table 4.5 Summary of results for Raman spectroscopy. 

Samples 
D band Raman 

Shift (cm-1) 
D band FWHM 

G band Raman 
Shift (cm-1) 

G band FWHM ID/IG 

Pre-DOC 1341 115 1580 78 1.03 

Post-DOC 1340 106 1582 70 1.09 

Post-P-DPF 1336 103 1583 73 1.17 

 
4.2.3.4 Comparison of results 

 
Now that all the results of the various different methods for analyzing the PM is 

known, they must be thoroughly compared. The pressing issue is that the morphology 
clearly show that the particle sizes increased, when comparing before and after the 
exhaust after-treatment system, yet the nanostructure showed the graphitization 
decreasing which is usually not the relationship seen between the morphology and 
nanostructure. The nanoparticle analyzer showed breakup occurring in the post-P-DPF 
PM, represented by the peak in the nucleation mode. To explain this, recent literature 
related to this manner of breakup or fragmentation was reviewed.  

Liu et al. 2022 [54] investigated the fragmentation of primary particles and how it 
affected soot oxidation reactivity. It was seen that during aggregate fragmentation, the 
internal structure of soot was not destroyed. This meant that any oxidation that 
occurred to cause the fragmentation mostly affected the surface of the primary 
particles. 

This may explain the duality of increasing particle size yet decreasing graphitization 
seen in this research. There is no evidence of internal burning in any TEM image but 
some evidence of surface oxidation in the form of curved fullerenes. It should be 
noted that more aggregate fragmentation was observed in conditions where the soot 
oxidation was moderate [54]. When there was more soot oxidation or fuller oxidation 
occurred, internal burning was more common and included a greater quantity of 
primary particle fragmentation [54]. This also decreased the fringe length and increased 
tortuosity which can both reduce the soot activation energy and allow faster and easier 
oxidation [21]. Then as the fragmented primary particles oxidize further, the fringe 
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length increases, and tortuosity decreases which can increase the soot activation 
energy and make it more difficult to oxidize [54]. 

The TEM fringe analysis in Table 4.3, shows that the number of fringes and the total 
length of the fringes both increases along the exhaust after-treatment system. This 
shows that more carbon crystallites are added since the analysis was done using the 
same 10x10nm square size. This is because the fuller oxidation described in the above 
literature did not take place in the DOC and P-DPF as there would not have been 
enough dwell time for this full oxidation to occur. 

The La from all three soot nanostructure analysis methods overwhelmingly shows 
that the fringe length is decreased by the exhaust after-treatment system, which can 
represent a decrease in graphitization [53] [21]. This is also backed up by the TEM fringe 
analysis showing the average fringe length decreasing and the RS analysis showing the 
intensity ratio of the D band and G band increasing. However, the particle size 
distribution shows that PM increases in size in the single primary particle scale as it 
travels down the after-treatment system. The combination of increasing particle size 
and decreasing fringe length is intuitively contradictory. This shows the complexity of 
the effect of this exhaust after-treatment system. Previous sources have said that both 
the graphitization and sizes increase due to an exhaust after-treatment system [55]. 
However, it should be noted that these sources use a full-flow DPF which could 
significantly change the effects on the PM. This is because of the physical path of the 
PM in the full-flow DPF and partial-flow DPF is significantly different. PM must flow 
through the filter material in a full-flow DPF while it may not interact with the filter 
material at all in a partial-flow DPF.  The nature of the PM oxidation is different as PM 
is stored before active oxidation in the full-flow DPF while PM oxidation is continuous 
and partial in the partial-flow DPF. 

As said in the introduction, full-flow DPF requires all exhaust to pass through a wall 
of the filter. The PM will have more obstructions and potential contact and/or 
interception due to the nature of the filter. Meanwhile, the partial-flow DPF, specifically 
this metallic fiber-based P-DPF, allows some exhaust fluid to avoid going through the 
fibrous filters, although it is all in the same control volume. The spacing between the 
fibers in the filter are also larger than what is seen in the wall flow filters, which allows 
more air flow and lower dwell time. This higher interaction with more air flow can also 
lead to the physical breakup or fragmentation of the PM without significant oxidation 
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[56]. This breakup was possible due to chemical adsorbates on the surfaces of the 
primary particles which would lower the bonding strength between the primary 
particles that made up the agglomerate [56]. Nonetheless, a specific amount of exhaust 
PM will interact with the filter media with less potential contact in the P-DPF compared 
to the full flow DPF. However, it is reasonable that once PM is trapped in a P-DPF, it 
would interact more with the exhaust gas compared to the full flow DPF due to the 
lack of soot cake layer which can restrict the exhaust flow.  

As for the oxidation or regeneration, the P-DPF will not utilize an active regeneration 
or oxidation with external energy input, under typical operating conditions. This leaves 
the only other method of oxidizing soot: passive oxidation. This means that the post-
P-DPF in this research has been under continuous passive regeneration. Passive 
regeneration is usually done by utilizing the extra O molecule in NOx to assist in 
oxidizing the C in the PM into CO and CO2 by becoming adsorbed into the PM which 
forms an unstable intermediate that can be more easily oxidized by O2 [28]. Numerous 
research has been done on this oxidation and how it differs to oxidation while using 
only O2. Oxidation under O2 usually falls under internal burning and surface oxidation. 
When there is NOx present, it was found that internal burning was inhibited, and surface 
oxidation occurred [57]. Oxidation by O2 is also preferential towards curved sites and 
end sites of the carbon fringes [58] [25]. When there is NOx, it was found that this 
behavior was accelerated. For a partial-flow DPF under normal operating conditions, 
soot oxidation will occur continuously, albeit partially. This partial oxidation paired 
with the NOx ability to promote edge and end site oxidation explains the near 
elimination of curved fringes seen in the internal structure of the PM in Figure 4.15. 
The abundance of straight carbon fringes suggests a level of graphitization. However, 
the outer surface in the red box in Figure 4.14c shows curved partially oxidized fringes 
that are similar in shape to the lamellae mentioned in other literature [59]. The broken-
up fringes, or fullerenes, are formed due to oxidation at relatively low temperatures 
and low pressure, which P-DPFs are designed to operate under. If this occurs, then 
there would be fragmentation occurring between the single primary particles or on the 
bridging fringes between primary particles as this area has more disordered carbon 
crystallites which then allows more oxygen to diffuse into the oxidation sites [60] and 
explain the partial oxidation that is seen in the nanostructure analysis. 
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Overall, the combination of the soot nanostructure and the PM morphology reveals 
the phenomenon that occurs in the P-DPF. The seemingly contradictory results of the 
morphology and nanostructure analysis strongly supports the previously mentioned 
complex effect of the DOC and P-DPF exhaust after-treatment system. This is visualized 
in Figure 4.20 with the simultaneous and continuous trapping and oxidation occurring 
in the metallic partial flow DPF. The continuous partial oxidation with the high dwell 
time in the P-DPF, which leads to more trapping and soot dendrite growth, results in 
larger PM with less graphitic soot. 

 

 

Figure 4.20 Simultaneous Trapping and Oxidation on Metallic Partial Flow DPF 

 
4.3 Exhaust Emissions 

 
4.3.1 Opacity 

 
The gases before the DOC, after the DOC, and after the P-DPF were analyzed in 

terms of opacity, temperature, CO2, NO, and O2 as shown in Figure 4.21 to Figure 4.25, 
respectively. The opacity in Figure 4.21 is seen to decrease after the DOC for most of 
the engine conditions as some PM is oxidized. However, the subsequent decrease of 
opacity is more pronounced as the P-DPF is doing its job of trapping PM. The effect of 
the P-DPF decreases at the higher loads and higher engine speeds. This could be due 
to the higher exhaust gas velocity at these conditions allow less dwell time or time to 
interact with the filter. The higher-than-expected opacity could also be from the blow-
out phenomenon where the trapped PM is disturbed by the gas velocity and exits the 
P-DPF before it is oxidized further. This opacity result will be compared to with the 
other measured parameters. 
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Figure 4.21 Opacity results along the exhaust after-treatment system. 
 

4.3.2 Temperature 
 
The temperatures in the after-treatment system can be seen in Figure 4.22. The 

measured temperatures increase after the DOC for most of the cases. This is because 
of the exothermic reactions that occur in the DOC. The temperatures then decrease 
after the P-DPF. This shows that heat is not generated in excess of the heat lost by 
diffusion to the metal internal structure and to the atmosphere by the walls. The 
difference of the temperature before and after the P-DPF could be from the air velocity 
or nominal heat generation from exothermic reaction of oxidizing soot in the P-DPF. It 
should be noted that every temperature recorded here was lower than what is usually 
needed for active oxidation to occur in order to fully oxidize PM. 

 

 

Figure 4.22 Temperature along the exhaust after-treatment system. 
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The CO2 before the DOC, after the DOC, and after the P-DPF seen in Figure 4.23, 
under the unit of volume percent, paint a better picture of the reactions that occur in 
the exhaust aftertreatment system. In every condition, the CO2 should increase after 
each segment. This is because HC, CO, and C oxidation increases CO2. The DOC 
increases the CO2 most significantly as the catalyst does its job. The CO2 then increases 
after the P-DPF but not for every condition and not as efficiently for every condition. 
This subsequent increase in CO2 should be mostly the conversion of C into CO2 due 
to the lack of catalyst in this DPF. This undoubtedly proves that oxidation does occur 
in the P-DPF, although partially and not in every condition. 

 

Figure 4.23 CO2 measurements along the exhaust after-treatment system. 
 

4.3.4 NO 
 
This conclusion can be compared with the NO seen in Figure 4.24 using the unit of 

ppm. When this parameter increases, it shows the reduction of NO2 into NO as NO 
cannot form in the temperatures seen in this exhaust after-treatment system. When 
this parameter decreases, it shows the oxidation of NO into NO2 that can occur in the 
exhaust after-treatment system. NO increased after the DOC at the 1000 and 1500 rpm 
conditions as NO2 assisted in oxidizing gaseous hydrocarbons or partially oxidizing PM. 
This is supported by the increase in CO2 in Figure 4.23. At the higher engine speed, 
less amounts of PM formed and so less NO2 was converted into NO. Rather, the high 
temperature and engine conditions may have allowed the oxidation of NO into NO2. 
In the P-DPF, NO2 was used again to assist in oxidizing PM. This increased the NO in 
most of the conditions at this position. This will also be compared to the O2 
measurements. 
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Figure 4.24 NO measurements along the exhaust after-treatment system. 
4.3.5 O2 

 
Figure 4.25 shows the O2 measurements in volume percent. It decreases after every 

segment because O2 cannot form in this exhaust after-treatment system. The largest 
decrease is after the DOC which is supported by the increase in CO2 in Figure 4.23. 
The subsequent lower decrease proves that oxidation occurs in the P-DPF as well. The 
decrease in O2 after the P-DPF was more significant in the 2000 rpm conditions. The 
NO also increased after the P-DPF in these conditions. This shows that NOX assisted 
soot oxidation occurred in the P-DPF as the reacted NOX would have converted to NO 
and N2. The increase of CO2 after the P-DPF is also more significant in these conditions 
as well, supporting this claim. The temperature from before also show that active 
oxidation did not occur because the temperature was too low for soot oxidation to 
occur fully. This confirms the conclusion from the soot nanostructure analysis. The P-
DPF did trap PM and allowed NO2 assisted passive PM oxidation. 

 

 

Figure 4.25 O2 measurements along the exhaust after-treatment system. 
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4.4 Soot Oxidation 

 
4.4.1 No Coating 

 

It was seen through the previous sections studying the PM and how it is affected by 
the exhaust after-treatment system, that the resulting PM that would be released to 
the atmosphere is still dangerous, although due to its larger size, it would not stay 
suspended in the atmosphere for as long as the smaller pre-DOC PM. The main 
difficulty in the P-DPF is the oxidation. The partial oxidation observed in the 
experimentations was too little compared to increasing PM size. It is obvious that 
reducing the energy required for this oxidation would be greatly beneficial.  

As such, the fleece that was coated using the PVD method would be used to 
analyze this very purpose. But to have a direct comparison between the uncoated and 
coated fleece, and to analyze the effects of the structure of the soot on the uncoated 
metal fleece, TGA was done with the CBN330, denoted by nCB, and the diesel PM, 
denoted by nDDI. The n in “nCB” would refer to the oxidation occurring on the “non-
coated” fleece. The mass conversion graph for these soot and uncoated fleece with 
key isothermal temperatures can be seen in Figure 4.26a. Here, as the isothermal 
temperature increases, the slope at which soot is oxidizes is steeper, which is self-
explanatory. These slopes were then used to create the Arrhenius plot in Figure 4.26b. 
Each point in this plot is from a single isothermal mass conversion curve. The points 
then form a line in which the slope can be calculated to find the activation energy.  

The activation energies for CBN330 and diesel PM on uncoated fleece were 167 
kJ/mol and 128 kJ/mol, respectively. This comparable to previous literature despite 
the fact that the soot PM used here was a mixed media with the powder soot PM on 
the fleece and not just the powder like in the literature [13]. As such, it can be said 
that the raw fibers did not significantly alter the oxidation kinetics of the soot. These 
results can reasonably give the baseline result of the soot oxidation kinetics, more 
specifically the activation energy, to determine the coated fleece’s performance. 
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(a) 

 

(b) 
Figure 4.26 (a) Mass conversion and (b) Arrhenius plot of soot on noncoated fleece. 

 

The activation energy for diesel PM is less than that of CBN330 because diesel PM 
contains more volatile and easily oxidizing fractions. This difference in ease of oxidation 
is most clear in Figure 4.26a which shows the mass conversions. Every mass conversion 
line from the diesel PM oxidation is in a grouping and close to each other and there is 
a significant gap between this group and the group from the CBN330 oxidation.  
 

4.4.2 With Coating 
 

4.4.2.1 Model Soot 
 

Next, the coated metal fleece was then analyzed by loading the coated and non-
coated fleece with CBN330, denoted by cCB and nCB, respectively. This would allow 
an analysis of the catalyst coating’s ability to oxidize a more graphitic or ordered soot. 
The isothermal temperatures used here were the same for all cases to allow a direct 
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comparison. Figure 4.27a shows the mass conversions of cCB and nCB. This was 
converted into the Arrhenius graph in Figure 4.27b for the activation energies.  

It should be noted that although the mass conversion curves seemed similar, 
almost every point in the Arrhenius graph is significantly different between the non-
coated and coated cases. It is clear that the thin film catalyst on the fleece is able to 
change the oxidation behavior in each temperature. 

The activation energies were calculated to be 167 kJ/mol for nCB and 138 kJ/mol 
for cCB. This is a decrease in activation energy of 17%. This reduction clearly shows 
that the catalyst is able to and can reduce the activation energy for the more difficult 
to oxidize graphitic soot. 

 

 
(a) 

 

(b) 
Figure 4.27 (a) Mass conversion and (b) Arrhenius plot of model soot on coated and 

noncoated metal fleece. 
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4.4.2.2 Diesel PM 
 

Finally, diesel PM was oxidized on the non-coated, denoted by nDDI, and coated 
metal fleece, denoted by cDDI, using the same conditions as before. This is the most 
relevant to real life applications as this would directly investigate the performance of 
the catalyst in its intended application: to oxidize engine-borne PM. The results of here 
would also show the performance of the thin film catalyst on the oxidation of 
amorphous PM as well. 

Figure 4.28a shows the mass conversions of nDDI and cDDI. Although at first glance, 
the mass conversion curves seem quite similar between nDDI and cDDI cases, there is 
an obvious difference in the slopes. The cDDI cases have steeper slopes compared to 
the nDDI cases. This is elaborated on by the Arrhenius graph in Figure 4.28b. This graph 
also gave the activation energies of 128 kJ/mol for nDDI and 90 kJ/mol for cDDI. The 
coating resulted in a 30% reduction in activation energy. This is the case despite CeO2 
is usually not the sole or main catalyst but rather a supporting catalyst for its ability 
to adsorb O2 and NO2.  

When inspecting Figure 4.28b in more detail, it can be seen that the points in the 
graph that correspond to 550, 575, and 600°C are quite similar for the nDDI and cDDI. 
The most significant difference in these cases is the right most or lowest temperature 
oxidation: 525°C. This is because a purpose of a given catalyst is to promote reactions 
at lower temperatures. This is clearly accomplished by the thin film catalyst here. 
Another explanation for the similarity for the higher temperatures is that the 
hydrocarbons and carbonaceous soot are being oxidized simultaneously, which can 
dampen the calculated effect of the catalyst on the carbonaceous soot. The 
hydrocarbon oxidation is quite significant when comparing the initial oxidation in nDDI 
and nCB. Another note is that although the points in Figure 4.28b are quite similar 
between nDDI and cDDI and it may seem that without the lowest temperature, the 
conclusions would be different, cDDI would still produce a lower slope or lower 
activation energy without the lowest temperature.  

To observe the impact of the coating in the oxidation behavior and not just the 
kinetics, a non-isothermal mass conversion was done as seen in Figure 4.28c. The mass 
loss before 100°C was from the PM moisture evaporation. After this, the mass loss 
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curves are obviously more significant as the hydrocarbons are oxidized. The final and 
largest mass loss comes after 500°C when the carbon crystallites are oxidized. 

From the significant gap before 500°C, the catalyst coating shows that it allows faster 
hydrocarbon oxidation. The shift to carbon oxidation for cDDI also occurs before the 
carbon oxidation for nDDI. However, after around 550°C, it is almost impossible to 
differentiate between the two as the catalyst’s effect seems to reach its limit. This 
phenomenon of the highest temperature being similar between the cDDI and nDDI 
supports the conclusions from the difference in Figure 4.28b. 
 

 
(a) 

 
(b) 
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(c) 

Figure 4.28 (a) Isothermal mass conversion, (b) Arrhenius plot, and (c) non-isothermal 
mass conversion of diesel soot on coated and non-coated metal fleece. 

   

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



68 
 

CHAPTER 5 
CONCLUSIONS AND DISCUSSION 

 
5.1. Metallic Microfiber Partial Flow Diesel Particulate Filter 

 
This research analyzed the metal fleece from the metallic microfiber partial flow 

diesel particulate filter in terms of microstructure, chemical composition, soot trapping, 
catalyst coating, and oxidation of soot. The metal fleece was the focus of the first part 
of research to investigate the most important component in the metallic microfiber 
partial flow diesel particulate filter. The conclusions from the microstructure analysis 
of the metal fleece were that the metal fibers that make up the metal fleece was 
covered by grains on the surface in a lengthwise linear manner. These metal fibers as 
well as the metal flow guide foils, which also make up the P-DPF, were then analyzed 
for its elemental composition with EDS. The results pointed at the material of both 
the metal fleece and the metal foil being stainless steel alloys which consist of Fe, Cr, 
Al, and some C. 

Real engine exhaust was then used to simulate the trapping that would occur in 
the regular and real usage of the metal fleece in the P-DPF. This soot trapping was 
observed using SEM to show that the PM seemed to grow on the previously mentioned 
grains instead of the smooth metal surface. Further trapping showed that a dendritic 
formation was formed by the PM particles. The conditions that would be used to later 
oxidize the PM were also compared to this as the PM needed to be consistently loaded 
on the metal fleece to analyze the oxidation kinetics. The comparison showed that 
the manually loaded PM were in dense clumps instead of the dendritic formation. This 
may affect inhibit the interaction between gases and the PM. 

Nonetheless, the metal fleece was also coated by a catalyst to potentially reduce 
the energy required to oxidize PM. A ceria catalyst was used with a PVD method known 
as Radio Frequency Sputtering. This would allow well controlled thicknesses and a 
thin film coating of approximately 300nm was achieved. This coating was also analyzed 
with XRD and SEM to determine the coating quality. XRD showed that the chemical 
composition was indeed ceria. SEM revealed the coating was dense and the bonding 
to the metal fibers were excellent to the extent that they did not flake off even when 
it underwent high stresses.  
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Next this coating was tested with TGA to determine the performance of the catalyst. 
This would be compared to the uncoated fleece. Both model PM and real diesel PM 
would also be used here to compare the effect of the soot nanostructure as well as 
to see how the relevant PM would react. The catalyst coating was able to reduce the 
activation energy for the model soot by 17% from 167 kJ/mol to 138 kJ/mol. The 
catalyst coating also reduced the activation energy for the diesel PM by 30% from 128 
kJ/mol to 90 kJ/mol. The method to load the soot was also compared to literature, 
which uses sole powder methods, and found the results to be similar when using the 
uncoated metal fleece.  

 
5.2. How P-DPF effects Diesel PM 

 
This research also investigated how PM was affected by an exhaust after-treatment 

system consisting of a diesel oxidation catalyst and P-DPF. This was done by analyzing 
the chemical composition, morphology, and nanostructure of PM from before the DOC, 
after the DOC, and after the P-DPF. The elemental composition was first analyzed with 
EDS and revealed that PM had trace elements from the engine oil before entering the 
exhaust after-treatment system. These trace elements were then reduced by the DOC. 
There were then little to no other elements also detected in the post-P-DPF PM. 
Overall, this analysis showed that the after-treatment system did not leak harmful 
elements into the PM. 

Next, the morphology was investigated using TEM and nanoparticle size analyzer. 
The nanoparticle size analyzer gave the agglomerate size distributions for the PM. The 
TEM allowed measurements of the single primary particle sizes which were made into 
a size distribution. Both methods revealed that the PM increased in size as it travelled 
down the after-treatment system. An interesting note was the nanoparticle size 
analyzer also detected a peak in the primary particle size which suggested 
fragmentation. 

To better understand this behavior, the nanostructure of the PM was analyzed by 
TEM, XRD, and RS. The high magnification TEM images hinted that partial oxidation did 
occur due to the change in the nanostructure. As such, all three methods concluded 
that there was a decrease of graphitization and the crystallite sizes decreased along 
the after-treatment system. This was nonconventional as usually soot oxidation 
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increases the degree of graphitization because the amorphous carbon was easiest to 
oxidize. An explanation of this duality of decreasing graphitization and increasing size 
is that the simultaneous trapping and oxidation mechanism of the P-DPF allows both 
processes to occur. The relatively low temperatures in the P-DPF paired with the NOx 
environment would promote surface oxidation while the continuous partial trapping 
and fragmentation from said oxidation would grow the size of both the primary 
particles and agglomerates by interception. 

This was supported by measuring the opacity, temperature, CO2, NO, and O2 of the 
gas in the three stages of the exhaust after-treatment system. The opacity shows that 
PM is reduced by the DOC by oxidation and by the P-DPF by trapping. The CO2, NO, 
and O2 show that the carbonaceous PM in the P-DPF is passively oxidized by NO2 and 
O2.  

The results from this research can provide new methods and perspectives for PM 
reduction as PM and how it is affected by an exhaust after-treatment system consisting 
of a DOC and metallic microfiber P-DPF. Future work that could be done could be on 
converting the thin film catalyst coated metal fleece into a full-scale experimental 
nano-catalyst coated P-DPF and seeing how the PM is affected by this one stage 
exhaust after-treatment system. 
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Chapter 6 APPENDIX A : 
TEST REPORTS 

 

 
A-1 Test report of EDS on metal fleece. 
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A-9 Test report of Raman Spectroscopy on pre-DOC PM.  

 

 
A-10 Test report of Raman Spectroscopy on post-DOC PM. 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



86 
 

 
A-11 Test report of Raman Spectroscopy on post-P-DPF PM. 
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A-31 Test report of TGA nDDI 600°C. 

 
 

 
A-32 Test report of TGA nDDI non-isothermal. 
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