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Abstract 

 

 

Upcoming regulations, such as Euro 6c, decrease limits on allowable tailpipe particulate 

number emissions. These regulations may place some current gasoline engine technologies 

above the legal limit, especially those vehicles using direct fuel injection. Therefore, gasoline 

particulate filters (GPF) may be necessary for future emissions compliance. The key 

functionality of the GPF is filtration efficiency and control of this function is dependent on the 

soot build-up within the filter. The more soot present, the higher the filtration efficiency. As soot 

will often oxidize during much of the engine operation due to high temperatures and available 

oxygen, an understanding of soot reactivity and the degree to which reactivity may vary is key 

for designing after-treatment architecture and explaining low filtration efficiency results in real 

world situations.  

 In this work, soot was evaluated from four conditions incorporating changes in the fuel 

injection pressure and timing, and the influence these parameter variations had on soot reactivity 

was evaluated through well-controlled isothermal and ramped oxidation events. It was 

determined that soot reactivity and the temperature by which oxidation would commence were 

quite different for the four samples. Following this, soot parameters known to influence 

reactivity were investigated. It was determined that nanostructure, volatile organic fraction and 

surface functional groups were similar between all four samples and though surface area was 

different, it did not correlate with reactivity. It was determined through estimations of the ash 
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content that soot reactivity was likely influenced by the ash too soot ratio of the particulate 

matter. Ash is a known catalyst, found to enhance soot oxidation rates. The presence of ash and 

the interaction of soot and ash were investigated using a scanning transmission electron 

microscope coupled with energy dispersive x-ray spectroscopy (STEM+EDS).  

 To carry further the investigation, soot samples from the most and least reactive condition 

underwent partial oxidation and the partially oxidized soots were analyzed to obtain information 

regarding the oxidation process. During oxidation, the soot particles appeared more amorphous 

and began to meld into each other, forming larger non-spherical particles.  

 It was determined that beyond a sufficient ash-soot ratio, a ratio likely below 1% and 

easily reached for a modern gasoline direct injection engine, the soot oxidation process is marked 

by three distinct phases relating to interactions of ash and soot particles. In the first phase, the 

oxidation rate is enhanced by the presence of close soot to ash contact. Soot in close contact with 

the ash will oxidize first, leaving a loose contact between the ash and soot. This loose contact 

causes the observed distinction in the second stage. In the second stage, despite increases in the 

ash to soot ratio due to the loss of soot, the oxidation rate decreases due to the loose ash to soot 

contact. As oxidation proceeds, soot particles begin to meld together, forcing the ash to be in 

close contact with any remaining soot. This renewed close soot to ash contact causes the 

observed distinction in the third stage. In the third stage, soot oxidation rates increase until the 

end as the close soot to ash contact is maintained and the ash to soot ratio increases with 

oxidation of the soot
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Chapter 1. Introduction 

 

 

1.1 Background 

 The use of direct injection systems for gasoline engines has been widely adopted by 

various automotive manufacturers for good reason. This technology is proven to enhance fuel 

efficiency due to charge cooling and more precise fuel control when compared to its port fuel 

injection counterpart. However, the reduced time for fuel and air to mix and the impingement of 

fuel on piston tops and cylinder bore walls will cause an increase in vehicle particulate 

emissions. When this increase in particulate emissions is coupled with an increasing regulatory 

stringency for allowable particle number emissions such as found with the Euro 6c regulations 

that limit particulate number values to 6.0 x 1011 #/km, gasoline particulate filters (GPF) enter the 

market place as a serious option for future emissions compliance.  

 An understanding of gasoline soot reactivity is essential for effective implementation and 

protection of the GPF. Prior to the development of an ash layer along the walls of the gasoline 

particulate filter from incombustible lubrication additives, catalyst precious metals and engine 

wear metals that accumulate as the filter ages, the state of soot build-up on the filter will be 

essential for understanding variations in particulate filtration efficiency. A new filter without a 

soot layer may have only 60% or so filtration efficiency, but as the soot layer builds, even to just 
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a small amount, filtration efficiency can be dramatically improved (Spiess, et al. 2013). This 

characteristic of low filtration efficiency when clean may push system numerical simulations to 

use the soot reactivity to generate models that dictate GPF placement and engine control 

changes. This information may also be useful in explaining anomalies in testing data as 

sometimes the soot may easily oxidize and filtration efficiency is low, while at other times soot 

may remain on the filter and filtration efficiency will be high.  

 Active regeneration, by which the engine controller intentional manipulates engine 

parameters to achieve soot oxidation, possibly through changes in spark timing, valve timing and 

fuel control, presents another reason soot reactivity should be understood. GPFs are more porous 

and have smaller wall thicknesses as compared to their diesel counter-part, thus resulting in 

lower levels of allowable soot build-up before filter damage may occur (Johnson 2014). It is 

likely that under some conditions gasoline filters may fill with soot to this allowable limit. The 

understanding of what that allowable limit may be before filter damage will occur and what the 

control strategy for regeneration should be to ensure protection of the filter from thermal damage 

is highly dependent on an understanding of soot reactivity and why it may vary.  

 Given these concerns, gasoline soot reactivity has become a topic of exploration within 

recent years and a variety of researchers have advanced the understanding of soot reactivity. 

Researchers have identified the gasoline soot particles to be much lower in number relative to 

diesel with immature and amorphous nanostructures, likely forming in low temperature regions 

(Farron, et al. 2011), (Seong, Lee and Choi 2013). They have also identified that gasoline soot 

particles are more reactive than diesel soot particles, possibly due to their amorphous nature and 

high ash-soot ratio (Choi and Seong 2016). Works regarding the influence of fuel injection 
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parameters on soot reactivity and works to understand the oxidation process of the gasoline soot 

have yet to be performed. This work sets out to explore these topics. 

1.2 Hypothesis 

 Variations in soot reactivity for a gasoline direct injection engine may occur due to 

different operating parameters that dramatically affect the soot formation rate, such as fuel 

injection pressure and timing. Any corresponding differences in reactivity may be attributed to 

particulate matter (PM) properties such as nanostructure, surface area, surface functional groups, 

volatile organic fraction and ash content. The reactivity may be further explained by observing 

and understanding mechanisms within the oxidation process.  

1.3 Research Methods 

This works sets out to answer these questions through the collection of soot produced 

from a modern 2.0 liter inline four-cylinder turbo-charged gasoline direct injection engine. 

Reactivity will be evaluated with isothermal and temperature ramped oxidation events utilizing a 

thermogravimetric analyzer (TGA). 

  As the variation in reactivity may be attributed to the various soot properties, these will 

be evaluated with a variety of methods. General soot characteristics such as the particulate 

number and carbonaceous soot content will be evaluated through a scanning mobility particle 

sizer (SMPS) and a smoke meter, respectively. Evaluation of nanostructure will be performed 

using Raman spectroscopy and image collection with a high-resolution transmission electron 

microscope (TEM). Evaluation of surface area will be explored through analysis of primary 
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particle size and BET surface area techniques. Surface functional groups (SFG) will be evaluated 

through x-ray photoelectron spectroscopy (XPS) core scans of energy levels representing carbon 

and oxygen bonding. Volatile organic fraction (VOF) content will be evaluated through high 

purity nitrogen and analysis using the TGA. Ash content will be investigated through XPS 

survey scans and scanning transmission electron microscopy coupled with energy dispersive 

spectroscopy (STEM+EDS).  

Understanding of the mechanisms behind the variation in soot reactivity will be explored 

by analyzing the oxidation process. This will include partial oxidation events performed using 

the TGA and analysis of primary particle interaction and particle nanostructure evolution using 

TEM and XPS core scans. In addition, evaluation of the soot-ash interaction will be conducted 

on partially oxidized samples using STEM+EDS. 
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Chapter 2. Literature Review 

 

 

2.1 Gasoline Direct Injection Engines and Particulates 

 Direct injection systems conventionally introduce fuel either through a sidewall mounted 

injector with a piston top designed to guide the flow or through a centrally mounted location in 

the cylinder head. A visual comparison for the reader is given between the port fuel and direct 

injected systems in Figure 1 (Zhao, Lai and Harrington 1999).  

 

 

Figure 1. Gasoline Direct Injection (Left) and Port Fuel Injection (Right) 
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This method of direct injection of gasoline fuels (GDI) has fuel efficiency and 

performance benefits over the port fuel injection system (PFI). The fuel can be controlled to a 

higher metering accuracy as all fuel sent through the injector will enter the combustion chamber. 

In addition, charge cooling will occur during fuel vaporization in the chamber thus allowing for a 

higher compression ratio and more efficient engine design (Zhao, Lai and Harrington 1999).  

Though the growth in market share for gasoline applications is recent, this technology has 

been around for some time, with a conception and implementation dating back to gasoline 

powered aircraft in the start of the 20th century. It was during this time that direct injection was 

employed to prevent engine stalling on aircraft (Hartmann 2007). The more recent gains in 

market volume regarding vehicle applications are likely attributed to the reduction in cost and 

elevation in efficiency for modern injection systems. These two factors eventually reached a 

point where the benefits regarding fuel control and economy outweighed the cost of adding a 

more complex injection system and fuel pump.  

 The adoption of this technology made sense to many automakers, and so the market share 

of the technology grew. Though this growth continues, integration and future compliance 

regarding emissions regulations has provided some interesting problems requiring further 

technology evolvement. There is a significant increase in particulate emissions as the fuel fails to 

mix to the homogeneous state found with a PFI system and fuel impingement on cylinder walls 

or piston tops may occur (Myung and Park 2012). This lack of proper mixing often results in 

particulate matter (PM) emissions at an order of magnitude higher for a GDI system when 

compared to PFI (Zhang and McMahon 2012). This particulate emission constituent, PM, was 

previously of little concern for gasoline engine compliance. However, with the introduction of 
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future emissions regulations focused on reducing the cardiovascular and respiratory health risks 

posed by particulate matter (Schwarze, et al. 2006), this no longer holds true. These upcoming 

regulations, such as Euro 6c, require certification of vehicles with particulate number (PN) 

emissions below 6x10^11 #/km. These upcoming regulations are below current engine out values 

of gasoline direct injection equipped vehicles, therefore some action will need to be taken for 

future compliance to be achieved (Zhang and McMahon 2012).  

2.2 Gasoline Particulate Filters 

 Though enhanced calibration or hardware changes may allow for compliance with future 

regulations (Su, et al. 2014), there is one solution emerging in literature that is likely to guarantee 

compliance. As regulations continue to lower particulate emissions limits even beyond the 

aforementioned Euro 6C, its integration with future gasoline direct injection equipped vehicles 

may become impossible to avoid. This solution is a gasoline particulate filter (GPF). Similar to 

the diesel particulate filter (DPF) that has been used with success in diesel applications since 

2007, the GPF is a ceramic “wall flow” filter often made of cordierite or silicon carbide (Seo, 

Park and Lee 2012). To allow for a better understanding of this filter, an image is shown in 

Figure 2 (Wall-Flow Monoliths n.d.). A GPF has alternately plugged channels that force the 

exhaust to flow through its porous wall. As the particles flow through the filter, they collect 

along the pores. The GPF has been evaluated by research groups and has been shown to reduce 

particulate emissions to levels below the most stringent future particulate emissions standards 

(Chan, et al. 2012).  
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Figure 2. Schematic of a Particulate Filter 

 

The GPF should not be added to vehicle exhaust architectures without some additional 

understanding of the physics behind its filtration performance and control by exhaust conditions 

if it is to be implemented correctly. One factor that must be considered is the development of the 

soot layer to aid in the filtration efficiency.  Figure 3 (Majewski 2013) is given to help illustrate 

the particle-filter interactions for the two modes of filtration: depth filtration (pore filtration) and 

cake filtration (bed filtration).  

 

 

Figure 3. Illustration of the Two Different Modes of Filtration for Engine-Out Particulates 

 

https://www.google.com/imgres?imgurl=https://www.dieselnet.com/tech/images/dpf/cat/~constr.gif&imgrefurl=https://www.dieselnet.com/tech/dpf_cat.php&docid=9iHT7yGA91fyGM&tbnid=0fvHjUgqqYr21M:&vet=10ahUKEwjxg8jaybzWAhVC2oMKHal2BbEQMwhDKBQwFA..i&w=426&h=193&safe=active&bih=924&biw=1680&q=soot particulate filter&ved=0ahUKEwjxg8jaybzWAhVC2oMKHal2BbEQMwhDKBQwFA&iact=mrc&uact=8
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As the soot collects along the pores of the GPF during pore filtration, a soot layer forms. 

As this soot layer grows and bed filtration is achieved, so does the ability of the filter to capture a 

higher rate of soot particles, thus improving the GPF filtration efficiency. Historically diesel 

engines have low exhaust temperature and high levels of soot, therefore the DPF is loaded 

quickly and filtration efficiency is very high for much of the life of the vehicle. Given the lower 

soot level and higher exhaust temperature of the gasoline engine, the layer of soot on the filter 

may vary quite a bit (Nicolin, et al. 2015). As a result, soot dependent filtration efficiencies may 

fluctuate from 40% to near 100% as collected soot may be oxidized to CO and CO2 before high 

filtration efficiencies may be maintained (Zhong, et al. 2012).  However, for situations where the 

exhaust temperature remains low enough or oxygen is not present, the soot layer will build, 

thereby causing a rise in filtration and a rise in engine backpressure as the engine must work 

harder to overcome the flow restriction generated by the soot coated filter wall. To alleviate this 

high backpressure, often accompanied by a fuel economy penalty, a regeneration process is 

controlled through some means of the engine controller to elevate exhaust temperatures and 

oxygen values in the exhaust (Seo, Park and Lee 2012). 

Both the filtration efficiency and the regeneration process are heavily influenced by the 

reactivity of the soot, a topic only emerging recently in the literature for gasoline applications 

and a topic explored in detail with this thesis work.  

2.3 PM Composition and Formation 

Soot reactivity is a product of the formation process, fuel composition and relevant 

lubrication/engine wear metals present in the combustion chamber.  
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Soot particles originate with the formation of tiny nucleation particles derived from 

precursors found within incomplete combustion often resulting from fuel rich zones. In the 

absence of oxygen and at temperatures above 400 °C, the hydrocarbon compounds from fuel or 

lubrication oil are decomposed into radicals and smaller hydrocarbon molecules through 

pyrolysis (Bosckhorn 1994). These small particles grow through radical addition and under the 

correct conditions of radical pool and temperature, will form the large aromatic molecules 

(Haynes, Bartok and Sarofim 1991) found at the nucleus of soot particles.  

  The combination of these precursors with other hydrocarbon molecules and any available 

polyaromatic hydrocarbons (PAHs) from the fuel coagulate to form small soot particles. Further 

dehydrogenation and combination of these particles leads to a rapid development of large 

particles (Frenklach 2002). During and after development, these particles may accumulate 

lubrication and wear metals. Following particle growth, these individual particles begin to form 

branched particle agglomerates of a non-spherical shape.  When soot particles leave the 

combustion chamber, hydrocarbon vapors may bond physically or chemically to the surface of 

the particle and thereby increase the particle size and mass (Plee and MacDonald 1980).  

These pathways within the combustion chamber and exhaust of an internal combustion 

engine lead to development of complex particles often referred to as particulate matter (PM). The 

resulting PM is a complex mixture of volatile/soluble organics, sulfates, nitrates, carbonaceous 

soot and ash. A cartoon image of a PM agglomerated particle with labeled components is given 

in Figure 4 (Mohankumar and Senthikumar 2017). 
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Figure 4. Cartoon of Particulate Matter 

 

Furthermore, parameters affecting the combustion process such as the fuel structure, 

combustion temperatures, fuel injection timing and fuel injection pressure often play a role in the 

characteristics of the resulting complex PM.  

2.4 Impact of Operating Condition on Soot Nanostructure 

Soot nanostructure will be dependent upon the conditions by which the nucleation mode 

is formed and the processes by which the soot mass grows during soot formation (Vander Wal 

and Tomasek 2004). Temperature during formation has been observed to have a large effect. 

Low temperature conditions (<1250 °C) tend to produce highly amorphous soot regardless of 

fuel type as polycyclic aromatic hydrocarbon (PAH) formation dominates soot formation. 

However, during high temperatures (>1650 °C) both a highly graphitic and a highly curved 
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nanostructure may result. The resulting particle nanostructure at high temperatures is a product 

of the fuel chemistry and species formed during pyrolysis. PAH formation is again linked to a 

highly amorphous structure, while smaller hydrocarbon species such as C2H2 are linked to more 

ordered graphene layers.  

Gasoline soot particles tend to exhibit an amorphous nanostructure that is nearly 

unchanged by changes in injection pressure or timing as soot formation is likely to occur late in 

the combustion event and at relatively low temperatures (Bogarra, et al. 2017) where PAH 

formation would dominate soot growth. In addition to this, the gasoline soot may fail to undergo 

structural re-arrangement toward a more ordered structure that may happen during the life of a 

soot particle in diesel combustion as the nascent diesel particle may encounter temperatures high 

enough to promote a restructuring after formation (Zhu, et al. 2005).  

2.5 Impact of Operating Condition on Soot Formation Rates 

As stated before, the level of engine-out soot for a gasoline engine is much lower than 

that found for diesel engines. Spark-ignited combustion, by which gasoline is burned, is 

dominated by a premixed flame instead of the diffusion flame as observed within diesel engines. 

Given the higher fuel/air mixing state for pre-mixed combustion within the spark-ignited engine, 

less soot is likely to form as less pyrolysis will take place. In addition, for pre-mixed flames, soot 

formation is often dictated by the quality of fuel/air mixing. Given this, injection timing and fuel 

pressure have been identified as two factors having a strong influence on engine out soot values 

(Su, et al. 2014).  



 

 

13 

 

Lower injection pressure will result in increased fuel droplet size given less shearing 

forces are exerted on the droplets sent by the fuel injector into the air charge in the chamber. 

These larger droplets will result in higher rates of fuel molecules undergoing pyrolysis, resulting 

in higher levels of soot formation (Su, et al. 2014).  

Early and late fuel injection timings will also result in elevated PM levels. In Figure 5 

taken from previous literature (Miyashita, et al. 2015), the influence on fuel impingement and 

mixing from changes in fuel injection timing parameters can be viewed for a wall guided 

injection system, as is used in this work.   

 

 

Figure 5. Impact of Fuel Injection Timing on Fuel Impingement 

 

When the fuel injection timing is very early, advanced, fuel impingement will occur on 

the piston top causing a locally rich fuel puddle. Engine-out particulate values will continue to 

decrease as injection timing is retarded until some point at which proper fuel/air mixing becomes 

an issue again (Seong, Lee and Choi 2013). As timing is retarded, less time will be available for 

the fuel/air mixing to occur and the piston top may no longer be close enough to the injector to 

enhance mixing. Additionally, the spray may impinge on the cylinder walls forming a fuel film. 
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Therefore, engine-out soot values may continue to increase as the timing continues to be 

retarded. 

2.6 Soot Reactivity 

 Certain PM characteristics have been noted within literature to influence reactivity. These 

properties are as follows: nanoparticle structure, surface functional groups, volatile organic 

fraction, ash and particle surface area. Though there is still ongoing work to discuss the 

contribution to reactivity made by each property, what is currently known from past works is 

presented here.   

2.6.1 Nanoparticle Structure 

The chosen definition for particle matter nanostructure was taken from work by Dr. 

Vander Wal (Vander Wal and Tomasek 2004). Furthermore, this chosen work defines 

nanostructure as “the degree of atomic order as manifested by graphitic layer plane segments and 

their physical relation to each other”.  On one end of this term, amorphous soot, the layer plane 

segments are short and randomly oriented, by the other end of the term, graphitic soot, layer 

plane segments are several nanometers in lengths and stacked as you progress from the inner to 

the outer portion of the soot particle. The influence of nanoparticle structure on soot oxidation 

behaviors has been studied by various groups and the findings indicate the oxidation behavior 

may be strongly influenced by the soot morphology (Vander Wal and Tomasek 2003). The more 

amorphous the soot is structured, the higher chance for reactive carbon layer edge sites to be 

involved with H-atom abstraction followed by molecular (acetylene) addition (Frenklach and 
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Wang 1990) or for reaction with O2 or OH  as oxidation occurs (H.B. and C.F. 1965). Likewise, 

long graphene layers found in graphitic soot often result in a reduction of these potential reaction 

sites (Donnet 1982).  

Curvature has also been showed to play a role regarding reactivity. Curvature may occur 

due to a 5-membered ring within the aromatic framework (Kroto, et al. 1985). This curvature can 

introduce bond strain as the orbitals overlap, and the electronic resonance stabilization is 

lessened. Therein the C-C bonds are weakened and individual atoms are more exposed and 

therefore less resistant to oxidation (Chiang, et al. 2001). 

2.6.2 Surface Functional Groups and Oxygen Content 

Literature is unclear on the exact role surface functional groups may play on enhancing 

soot oxidation. Multiple pathways have been introduced through which the chemisorbed oxygen 

may affect the rate of the soot oxidation process. Some work suggests that bound oxygen in the 

form of carboxyl, lactone and carbonyl groups may enhance the soot reactivity as the energy 

required to oxidize some of the carbon to CO or CO2 has been reduced (Keifer, et al. 1981). 

According to other findings, functional groups may enhance the oxidation process through 

electron exchange (Boehm 1994). Surface oxygen groups have been found in some work to 

enhance reactivity through structural change during soot oxidation. In work performed with 

biodiesel fuels it was found that soot derived from neat biodiesel soot, despite having an ordered 

structure prior to oxidation, was five times more reactive than soot derived from Fischer-Tropsch 

diesel due to the stronger presence of surface functional groups. These surface functional groups 

allowed for a unique oxidation pathway as they led to the removal of the outermost ordered shell 



 

 

16 

 

thus allowing access for the oxygen to the inner portion of the soot particles. This resulted in an 

internal restructuring of the soot to short and defective graphene layers that could be more easily 

oxidized (J. Song, et al. 2006).  

2.6.3 Volatile Organic Fraction 

A high volatile organic fraction (VOF) has also been linked to enhanced reactivity 

(Kandas, et al. 2005). Early on in the oxidation process, porosity within the structure may 

develop due to a loss of this volatile matter. This improvement in porosity may allow oxygen to 

enter the inner portions of the soot, by which the formation of larger and turbostratic crystallites 

in the direction normal to the graphene layer may occur as layers within the soot rearrange. 

Through this crystallite growth there may be a stripping of the inner layers and a resulting faster 

oxidation rate (Walker 1990). 

2.6.4 Ash 

Ash in the field of internal combustion engine research is a term referring to all materials 

in the PM that would not be oxidized during the regeneration of the particulate filter. This is a 

non-combustible contribution to the particles comprised of engine wear materials (Fe, Al or Si), 

lubrication additives (Ca, P, Na, Zn, B, Mo, etc) and any material from an upstream catalyst (Pt, 

Pd, Rh) (Lambert, et al. 2016). Metallic additives are present in most oil and have important 

functions such as: decreasing friction, preventing corrosion and regulating the oil acidity as 

combustion gases escape past the piston rings and enter the oil pan. The elements found within 

ash have been known to both enhance and inhibit soot oxidation (Neeft, Makkee and Moulijn 
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1996), (McKee, Spiro and Lamby 1984), (Neeft, Makkee and Moulijn 1996), (Miyamoto, Hou, 

et al. 1987). Additives containing calcium, zinc and sodium have been found to act as a catalyst 

for soot oxidation when in close contact, being directly involved with combustion. However, 

compounds such as phosphorus have been known to inhibit soot oxidation, possibly by coating 

the soot and forming a physical barrier to the oxygen. Calcium was identified as having the 

greatest impact on enhancing soot oxidation rates and reducing ignition temperatures (Choi and 

Seong 2016), (Miyamoto, Hou, et al. 1987). Even small amounts of calcium containing additives 

led to reductions of in-cylinder soot and increases in soot reactivity (Miyamoto, Hou, et al. 

1987), (Choi and Seong 2015).  As both oxidizing (Ca, Zn, Na) and inhibiting (P) compounds are 

present in standard oil formulations, it may be tricky to assume the overall impact of the ash on 

soot oxidation. However, given the high percentages of calcium in most oil additives and the 

highly catalytic nature of compounds containing the metallic element, works exploring the 

impact of lubrication oil on soot oxidation have found clear enhancements to reactivity when 

standard engine oil is doped into fuel and combusted for analysis of soot particles formed (Choi 

and Seong 2016), (Jung, Kittleson and Zachariah 2003).  

  Work with soot from gasoline engines have suggested that in comparison to findings for 

diesel soot, gasoline soot may have an elevated impact from the ash as the ash to soot ratio is 

much higher due to lower engine out soot levels (Choi and Seong 2015).  

2.6.5 Particle Surface Area 

 Particle specific surface is a product of primary particle size and primary particle overlap 

within the soot particle agglomerate (Lall, et al. 2008). The larger the particle size, the lower the 
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specific surface area. The more the particles overlap, the lower the specific surface area. The 

relationship with specific surface area and soot reactivity is not well understood and the impact 

on reactivity is not clear. Some researchers have found specific surface area or primary particle 

size to have no correlation with soot reactivity (Ye, et al. 2016), while others have found that 

there is a relationship with primary particle size and soot reactivity (Leidenberger, et al. 2012). 

Given that some works do suggest that specific surface area may affect soot reactivity and that it 

is known active surface area will influence carbon oxidation (Radovic, Walker and Jenkins 

1983), and active surface area is a factor of specific surface area, the specific surface area is 

considered in this thesis.  

2.6.6 Variations in the Soot Oxidation Process  

Though the soot oxidation process is often a factor of the aforementioned properties, an 

understanding of this process often provides additional clues as to why reactivity is affected. 

Rearrangement of the soot nanostructure during oxidation has an impact on soot oxidation rates 

and is not consistent for all soot samples. Differences in surface functional groups, volatile 

organic fraction and nanostructure prior to the oxidation process are key factors identified as 

being responsible for these observed variations in oxidation pathways. For some oxidation 

processes, the soot is burned from the outside in (T. Ishiguro, et al. 1991). This may be referred 

to as a shrinking core model. While others have observed oxidation occurring from the inside out 

(J. Song, et al. 2006). Figure 6 is given below to illustrate this inside out oxidation process for 

neat biodiesel soot (J. Song, et al. 2006). 
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Figure 6. Soot Oxidation from the Interior Outward 

 

 Internal micropore development occurring for the oxidation of volatile organic materials 

embedded on the soot surface during the start of the oxidation process were shown to contribute 

to higher internal surface area available for oxygen and subsequent rearrangement of graphene 

layers to form turbostratic crystallites.  In some works, it was shown that this turbostratic 

structure change resulted in “flaking” off of outer shells of the carbon particle as a result of strain 

energy in the layer plane (T. Ishiguro, et al. 1991). It was suggested that the soot continued to 

oxidize in this manner.  While in other works, soot high in surface functional groups was found 

to oxidize from the inside out as the outermost layer “flaked” off and micropore development 

allowed access for oxygen to the inner more reactive carbon at the particle core (J. Song, et al. 

2006). This internal burning was found to expedite the oxidation process with respect to the 

oxidation occurring from the outside in.  

  These findings are only complemented by previous works such as those by Heckmen et 

al. in studying carbon materials with differing synthesis conditions (H.B. and C.F. 1965). In this 
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work, graphitized thermal carbon black particles exhibited an oxidation process occurring from 

the outside in whereas as thermal carbon black that had been oxidized at 450 °C in 50% O2 

oxidized through internal burning.   

 The oxidation process for soot produced from gasoline direct injected engine has not 

been evaluated to date. This is a contribution of this thesis work as an understanding of this 

process seems essential to understanding differences in oxidation rates.   

2.6.7 This Thesis 

Though there are existing works that have determined the reactivity and relating 

properties for soot from spark ignited gasoline engines, there is much left to be uncovered. This 

work sets out to explore the impact of changes to fuel injection pressure and fuel injection timing 

on soot reactivity and to explore the soot oxidation process and mechanisms responsible for 

observed variations in oxidation rates. 

 

 

 

 

 

 

 



 

 

21 

 

 

 

Chapter 3. Experimental Set-Up 

 

 

 The experimental set-up was devised to enable characterization of particulates. 

Particulate mass and number were analyzed through measurements taken directly at the engine 

test cell. In addition, particulate reactivity and characteristics that may relate to reactivity such as 

nanoparticle structure, chemical composition, ash content and physical surface area were 

reviewed using sample collection methods and post processing with instruments located in 

laboratory type settings. 

3.1 Test Cell Set-Up 

 For this work a 2.0 MY 2010 GDI GM Ecotec LNF inline four cylinder turbocharged 

engine was used. A listing of the engine specifications are given in Table 1. 
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Bore 86 mm 

Stroke 86 mm 

CR 9.2 

Fuel Injection side mounted wall guided 

Turbocharger K04 

Valvetrain dual VVT with 50°CA phasing 

 

Table 1. Engine Specifications 

 

Images of the LNF engine used are given in Figure 7.  A custom exhaust was added to allow for 

sampling sites for particulate emissions and soot collections. 

 

 

Figure 7. Images of the LNF Engine used for Soot Collection 
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The fuel injection system used for this engine includes a side mounted wall guided 

system and Bosch HDEV5 injectors. The injector pressure for fuel introduction has the ability to 

reach 15.5 MPa. The oil used was Mobil 1 High Mileage Full Synthetic 5W-30. The same oil 

was maintained for the duration of the project.  

The fuel used for this study was a “Spring/Fall” premium unleaded E10 pump gasoline. 

The same blend was used for the entire study. Details were obtained through an analysis done by 

Paragon Laboratories in Livonia, Michigan. 

 

Type: Premium Unleaded E10 Pump Gas 

LHV: 41.872 MJ/kg 

Density: 0.7303 g/mL 

HC type (FIA): 76.5% saturates, 1.7% olefins, 12.1% aromatics (% v/v) 

Elemental analysis: 81.69% carbon, 14.52% hydrogen, 3.79% oxygen (% m/m) → CH2.12O0.0348 

Oxygenates by GC: 9.67% ethanol (% v/v) 

Distillation: 10% at 57.9°C, 50% at 104.4°C, 90% at 164.0°C 

In-cylinder pressure data was collected using a ground isolated piezoelectric Kistler 

PiezoStar pressure sensor, of the type 6125C11, mounted in cylinder #1, cylinder closest to the 

bell housing. The charge amplifier used is also from Kistler and is of the type 5010. Combustion 

analysis was performed with the use of a high-speed combustion analysis system (CAS) by 

Phoenix. Pressure data was recorded with this system using a resolution of 0.1 crank angle 

degrees.  
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3.2 Engine Operating Conditions 

 For this work, the engine was held at 1600 RPM and 8 Bar Brake Mean Effective 

Pressure (BMEP). This specific speed and load was chosen as it represents a moderately high 

load and a moderately low speed. This combination allows for the desired balance point between 

the need of high particulates generated (from high loads and low speeds) with the need for low 

exhaust temperatures (as GPF loading was part of an independent set of this work using the 

determined variations in soot reactivity). To maintain similar levels of oil consumption, and as 

oil consumption is speed/load dependent, the speed and load values were not changed but the 

fuel injection pressure and injection timings were. The changes in injection timing included 

moving the stock set point of 287° before top dead center of the gas exchange event to either the 

early injection timing condition of 325° before top dead center of the gas exchange event or the 

late injection timing event of 150° before top dead center of the gas exchange event. The low 

injection pressure condition was a change in operation to a fuel pressure of 2 MPa over the stock 

set-point of 6 MPa. In this work, spark timing was maintained rather than CA50 so that the 

mixing dynamics of the fuel and air due to differing operation would dominate. Engine 

parameters and relevant values are given in Table 2 for the stock condition.  
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Condition Value 

Dyno Speed 
1600 

rpm 

Dyno Torque 
127 

Nm 

Coolant Temperature 
85 

°C 

Fuel Flow 
5.4 

kg/hr 

Intake Manifold Temperature 
37.4 

°C 

Intake Valve Opening 
-34.6 

CA aTDC 

Exhaust Valve Closing 
26.1 

CA aTDC 

Fuel Pressure 
4.8 

Mpa 

BSFC 
251.7 

g/kWh 

Start of Injection 
287.2 

CA bTDC 

 

Table 2. Stock Engine Parameters at 1600 RPM- 8 Bar BMEP 

 

 Fuel injection pressure and timing were chosen as these parameters have been proven in 

previous work to have the greatest impact on engine-out soot values for a GDI engine with a 

given fuel (Su, et al. 2014).  
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3.3 Particle Size Distribution 

 The engine-out particle size distribution was determined through a scanning mobility 

particle sizer (SMPS) by TSI. This analyzer works by passing particles through a neutralizer to 

achieve charge equilibrium, followed by separating the particles using their electrical mobility 

and counting the separated particles with a condensation particle counter. The instrument used 

for this work contained a plutonium neutralizing source, 3080 model classifier, 3081 long DMA 

and 3776 model counter. The sheath flow rate was set at 15 SLPM and the sample flow rate was 

set at 1.5 SLPM. The particle size range evaluated was from 8nm to 300nm. Error bars were 

determined by the standard deviation of at least 3 samples taken at the same operating condition 

on the same day.  

3.4 Soot Concentration 

 An AVL Smoke Meter was used for measuring engine-out soot values. The soot 

concentration is also referred to as the black carbon or carbonaceous soot concentration. During 

our operation of the variable sampling smoke meter, a sample volume of 3000 mL was selected 

and the recorded value is an average of three independent samples. The AVL Smoke Meter was 

connected through a heated sample line to the exhaust. An 8 mm sample probe attached to the 

instrument was placed into the centerline of the exhaust pipe for exhaust collection. The AVL 

Smoke Meter pulls a volume of exhaust gas over white filter paper. This exhaust will blacken the 

paper and the amount of blackening is measured by a reflectometer. A lamp will illuminate the 

blackened paper, and the remitted light is captured by a photodiode in the reflectometer head. 

The output voltage of the photodiode is a function of remitted light, and the amount of light 

remitted is a function of how black the paper has become, with the darker the paper, the lower 
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the voltage output. The Christian correlation (Christian, et al. 1993) was used to convert the 

smoke number value to soot concentration as previous works suggested this correlation would 

work well at low engine-out soot levels (Northrop, et al. 2011).  The instrument has a proposed 

detection limit around 0.02 mg/m3, much lower than the estimated soot values for even the 

lowest soot producing condition explored in this work. Error bars are determined by the standard 

deviation in at least three samples taken at the same operating condition on the same day. 

3.5 Particulate Collection 

Preparation of partially oxidized samples was assisted by Dr. Kai Sun at the Materials 

Characterization Center. This preparation included grinding of soot particles and distribution 

onto a grid through swiping of the grid over a light dusting of particles on a clean glass slide. 

Grinding was needed as aggregate particles tend to clump together during bulk collection, 

making imaging difficult without aggregate particle separation. 

For collection of bulk particulate matter samples for analysis with the thermogravimetric 

analyzer (TGA) and X-ray photoelectron spectroscopy (XPS), a filter holder was installed on the 

exhaust system as shown in Figure 8. An Emerson ½ hp vacuum air pump was used to pull 

exhaust over a Pallflex EmfabTM Teflon filter that was 90mm in diameter. There was a one-way 

valve leading to the filter from the exhaust so that filter loading would only occur when steady 

state operation was achieved. After a desired period of filter loading, the valve was turned again 

to block exhaust flow and a fan was turned on to cool off the filter holder so that filter transfer 

could occur.  Soot was then scraped from the Teflon filters into a glass vial with a sealing lid 

until the bulk soot samples were needed for analysis.  
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Figure 8. Illustration of Teflon Filter Loading Set-Up 

 

 For collection of particulate matter for imaging with a transmission electron microscope 

(TEM) and scanning transmission electron microscope coupled with energy dispersive 

spectroscopy (STEM+EDS), a 200 mesh lacy copper grid from Electron Microscopy Sciences 

was loaded using thermophoresis and a sampling apparatus designed by previous members of the 

group as shown in Figure 9. This apparatus can be placed in the exhaust through a quick connect 

fitting and will push the TEM sampling portion into the centerline of the exhaust for roughly 12 

seconds. The sampling location was chosen to be near the outlet of the turbo in the exhaust to 

have the greatest temperature difference between the TEM grid and the exhaust soot particles, 

thereby enhancing the temperature driven mass diffusion effect (thermophoresis) driving the 

particulate collection on the grid. Given the low engine-out soot levels for gasoline engines 

relative to diesel, where most of these collection methods were developed, it is important to 

enhance the rates of collection so enough particles are collected for analysis. 
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Figure 9. Sampling apparatus for TEM grids 

   

3.6 PM Characterization Instruments/Methods 

 A variety of instruments and methods were used to characterize the particulate matter 

from the four different operating conditions. These instruments and methods are discussed in the 

following paragraphs with respect to each instrument. 

3.6.1 Thermogravimetric Analysis (TGA) 

 Soot reactivity was evaluated using a thermogravimetric analyzer (TGA) made by TA 

instruments. The model used in this work is a SDT Q600. At the start of each session, the 

instrument was zeroed using the empty crucible. Approximately 2.5-3.5 mg of soot powder 

collected from the engine was placed in a ceramic crucible and loaded into the TGA. A thermal 

treatment under Nitrogen at 500 °C was completed to drive off the volatile organic fraction, and 

the soot reactivity was explored through the introduction of ultra-zero grade air at various 
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temperatures. The loss in mass during the oxidation process was recorded, and for proper 

comparison of samples, the mass loss was normalized by the mass of the sample at the start of 

the oxidation process. TGA operating parameters are given in 

Table 3. 

 

Condition TGA Procedure Gas 

De-volatilization 
Ramp from ambient to 500 °C at a ramp rate of 10 °C/min. Hold 

at 500 °C for 30 min 
Nitrogen 

Isothermal - 500 °C 
After De-volatilization, introduce Ultra Zero Grade Air and hold 

for 300 minutes 
Air 

Isothermal - 550 °C 
After De-volatilization, ramp under Ultra High Purity Nitrogen to 

550 °C at 10C/min. Hold at 550 °C for 10 minutes. Introduce 
Ultra Zero Grade Air and hold for an additional 100 minutes 

Nitrogen / 
Air 

Isothermal - 600 °C 
After De-volatilization, ramp under Ultra High Purity Nitrogen to 

600 °C at 10C/min. Hold at 550 °C for 10 minutes. Introduce 
Ultra Zero Grade Air and hold for an additional 30 minutes 

Nitrogen / 
Air 

Thermal Ramp 

After De-volatilization, ramp to 350 °C under Ultra High Purity 
Nitrogen at 30 °C/min. Hold at 350 °C for 15 minutes. Introduce 
Ultra Zero Grade Air. Ramp temperature from 350 °C to 750 °C 

at 1 °C/min 

Nitrogen /  
Air 

 

Table 3. Operating Parameters for the TGA Work 

 

Data was interpreted through differing techniques. The most straightforward technique 

was to determine t10-90, or the time required during oxidation to take the normalized mass from 
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90% to 10%. This is the most direct value for comparing reactivity and soot property trends. This 

value, t10-90, was collected from the data curves of normalized soot mass versus time for all 

isothermal cases. The normalized soot mass is given in Equation 1 and the t10-90 time is given in 

Equation 2. For these equations, mn is the normalized soot mass and mc is the mass in the 

crucible. The subscript i represents the instantaneous mass, f represents the final mass and s 

represents the mass in the crucible at the start of the oxidation experiment. For the time (t) 

variable, mn designates that the time is in reference to the normalized mass value specified.  

 

Equation 1 

𝑚𝑛 =  
𝑚𝑐,𝑖 − 𝑚𝑐,𝑓

𝑚𝑐,𝑠 − 𝑚𝑐,𝑓
 

Equation 2 

𝑡10−90 = 𝑡𝑚𝑛=0.1 − 𝑡𝑚𝑛=0.9 

 

An Arrhenius-type equation is often pursued for fitting kinetic parameters of soot 

oxidation with oxygen as it is often found to produce a good fit with experimental data. Equation 

3 presented here was taken from the following work (Stanmore, Brilhac and Gilot 2001) , (Choi 

and Seong 2015). In the following equations, r is the rate of reaction (s-1), A is a pre-exponential 

factor, Ea is the activation energy (kJ mole-1), R is the universal gas constant (kJ mol-1 K-1), α is 

the degree of conversion and n is the reaction order.  

 

Equation 3 

𝑟 = 𝐴  𝑒
−𝐸𝑎
𝑅𝑇 (1 − 𝛼)𝑛 
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Equation 4 

𝛼 = 1 −  𝑚𝑛 

 

A logarithm of Equation 3 was performed to allow for TGA data curve fitting to result in values 

for Ea, A and n. The result is shown in Equation 5.  

 

Equation 5 

ln
𝑑𝛼

𝑑𝑡
− 𝑛𝑙𝑛(1 − 𝛼) =  

−𝐸𝑎

𝑅𝑇
+ ln (𝐴) 

 

Correlations between ln (dα/dt) are compared to ln (1-α) to determine the needed kinetic 

parameters and fit of the soot samples to an Arrhenius type equation. Unfortunately, most of the 

soot samples exhibited a non-linear change in oxidation rate and therefore a linear regression was 

not achieved without high errors. Given this, an additional and more direct approach was taken 

to compare soot oxidation rates.  

 The use of a more simplified equation, using an apparent rate constant, by which the rate 

in change of soot mass is determined by the normalized soot mass, partial pressure of the oxidant 

present and an empirically determined rate constant has been used by a variety of works to 

explore soot reactivity (Sun 2017), (Radovic, Walker and Jenkins 1983). Equation 6 is taken 

from these works. The apparent rate constant, ks in min-1 Pa-1, is determined by data plotting 

from isothermal oxidation events. The other variables are defined as follows: the normalized soot 

mass, mn, and the partial pressure of the oxygen within the TGA during oxidation, Po2 in Pa.  
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Equation 6 

𝑑𝑚𝑛

𝑑𝑡
= −𝑚𝑛𝑘𝑠𝑃𝑂2

 

 

As Po2 and ks are constants, the equation can be rearranged and a logarithm taken in such 

a way that the following equation, Equation 7, results. The following values are used: mn is the 

normalized soot mass, mn,o is the initial normalized mass value, ks is the rate constant, Po2 is the 

partial pressure of the oxygen within the TGA during oxidation in Pa, t is time in minutes and to 

is the initial time. The initial time, t0, is 0 and the initial normalized mass, mn,o, is 1 as values are 

taken at the start of oxidation.  

 

Equation 7 

ln (
𝑚𝑛

𝑚𝑛,0
) =  −𝑘𝑠𝑃𝑂2

(𝑡 − 𝑡0) 

 

A plot of ln (mn) vs t was viewed to obtain, –ksPo2, through a linear curve fit of the 

results. Though the rate constant and R2 values for the overall oxidation process are given in the 

results section, this data was again non-linear. Given this, the oxidation was broken into three 

sections and curve fits were again applied. These sections were mostly linear and had R2 values 

mostly above 0.99 with some curves still having values as low as 0.98. The high R2 value 

provided confidence that the linear fit could be applied to the three sections of the data and no 

further breakdown of the plots was needed.  Therefore, a discussion of rate constants will be 
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performed based on the following intervals: mn (0.9  0.65), mn (0.65  0.35) and mn (0.35  

0.1). Essentially these intervals are the initial, middle and final thirds of the oxidation process.  

A test was performed to see the effect of the de-volatilization process on the soot 

reactivity. The de-volatilization process was held for both 60 minutes and 5 hours, rather than the 

standard 30 minutes. The reactivity was not affected by the duration of de-volatilization and 30 

minutes was found to be sufficient to drive off all volatiles.  

The SDT Q600 TGA was used to evaluate the volatile organic fraction (VOF). This value 

was collected during the de-volatilization process. The mass of the particulate matter sample was 

taken once the temperature reached 45 °C during the ramp to 500 °C and again after 30 minutes 

of exposure to nitrogen at 500 °C, the end of the de-volatilization step. The difference of the two 

weights divided by the initial weight is taken as the VOF fraction.  

Engine-out soot samples will be compared to Printex-U. Printex-U is a carbon black 

pigment used within various industries for solvent and water borne coatings. It is commonly used 

across various entities pursuing research with engine-out soot as a way of comparing results 

across labs as this substance is very similar to engine-out soot but can be produced with 

consistent properties and purchased easily. 

 Soot reactivity within this work will often be discussed using the t10-90 time. Error 

analysis was applied to this value through repeated isothermal oxidation events with the TGA 

using select conditions. This data led to an average difference in t10-90 time between samples of 

4%, and this value is applied as error bars for all relevant graphs.  
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3.6.2 Transmission Electron Microscope (TEM) 

 Imaging with a JEOL 3011 ultra-high resolution capable transmission electron 

microscope with a lanthanum hexaboride thermoelectric emission gun was used for qualitative 

evaluation of the nanostructure of the particles from three of the different operation conditions. 

The JEOL 3011 has an objective focal length of 2.5mm, accelerating voltage of 300kV, point-to-

point resolution of 0.17 nm and lattice resolution of 0.14 nm. A single tilt holder was used for all 

analysis. Images were acquired with a slow scan CCD camera.  Magnification occurred at 60k to 

85k for primary particle and aggregate evaluations and at either 200k, 250k or 300k for 

evaluation of particle nanostructure.  

3.6.3 Raman Spectroscopy 

 Raman Spectroscopy is a spectroscopic technique capable of observing vibrational, 

rotational and other low frequency modes in a system through the inelastic scattering of 

monochromatic light. The use of Raman for analyzing the nanostructure of carbon powders has 

been well documented (J. Song, et al. 2006), (Sadezky, et al. 2005), (Cuesta, et al. 1994), 

(Schwan, et al. 1996) . Raman spectroscopy should detect changes to edge sites present in the 

graphene layers and previous works have validated this hypothesis.  

  In this work, a Renishaw in Via Microscope was used with a high sensitivity low noise 

RenCam CCD detector to perform a first order Raman spectra. The laser was set at 10% intensity 

after burning of the sample occurred at 100% intensity. No burning was observed at 10% 

intensity. An argon laser producing light at a wavelength of 532 nm was chosen. Spectra 

collection for all samples was obtained through a static scan for Raman shift from 1086 cm-1 to 
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1888 cm-1, centered at 1500 cm-1. Exposure was set at 5 seconds for a scan and 25 scans were 

taken for each measurement. Five measurements were taken for each sample so that error bars 

could be applied to the data using the standard deviation from the separate measurements. 

Spectral resolution capability for the instrument used was better than 1 cm-1. The analysis depth 

of the scattered monochromatic light is approximately a few microns.   

 For interpretation of Raman spectra, curve fits are typically applied to quantify specific 

peaks. In this work, one Gaussian and three Lorentzian peaks were identified. These peaks are 

described in order of lowest to highest Raman shift: the D4 peak (Lorentzian) at 1200 cm-1 

representing amorphous carbon or organic molecules, the D1 peak (Lorentzian) at 1350 cm-1 

representing disordered graphitic lattice, the D3 peak (Gaussian) at 1500 cm-1 representing 

stretched carbon to carbon bonding and the G peak (Lorentzian) at 1590 cm-1 representing a 

graphitic like structure. Traditionally the order of the soot nanostructure is defined by either the 

ratio of the areas or peak intensity for the D1 and G bands. With the higher the D1/G value, the 

more disordered the nanostructure. Curve fitting was performed with Origin Pro 2016 using the 

Peak Analyzer toolset.  

3.6.4 X-Ray Photoelectron Spectroscopy (XPS)  

XPS is a surface sensitive quantitative spectroscopic technique that can be useful in 

analyzing elemental composition and the chemical state of those elements present in a bulk 

sample. XPS works through the inelastic scattering of photoelectrons. Atoms on the sample 

surface are bombarded with photons from the X-ray source, and upon absorption of the energy 

from the X-ray by a core-level electron, the sample atoms will emit a photon with a kinetic 



 

 

37 

 

energy dependent on the incident X-ray and binding energy of the atomic orbital  from which the 

core electron had been residing. The energy and intensity (counts) of the emitted photoelectrons 

are used to determine the concentrations of elements or binding states present in the portion of 

the sample affected.  

In this work, an Axis Ultra XPS from Kratos was used with a monochromatic Al source. 

Samples were placed on indium foil, that was then placed onto a double sided conductive carbon 

tape and then onto a copper bar. The energy resolution is around .5 eV for this system. For 

analysis of elemental composition, a survey scan was performed for each sample using a pass 

energy of 160 eV and a binding energy range from 0 eV to 1200 eV with 2 sweeps. Peak 

intensities and relative areas under those peaks were evaluated using CASA XPS software.     

 Sampling depth is defined as the depth by which 95% of all photoelectrons have been 

scattered by the time they reach the surface of the sample. Sampling depth is known to be 

between 3nm and 10nm with reported values for graphite finding a sampling depth of 8.7 nm 

(Tanuma, et al. 2005). Though X-rays may penetrate at greater depths into the sample, beyond 

the determined sampling depth, there is a low chance the ejected electron will leave the surface 

without undergoing some energy loss event and will therefore just contribute to the background 

noise. This depth is quite small and relegates this technique to analyzing the surface of the 

material of interest, in fact much of the work done with this technique is for thin films. 

Nevertheless, information should be relevant from the analysis of even the top layer of the soot 

particles. Measurement accuracy is often assigned as 10% for atomic concentrations (XPS 2013), 

and the detection limit is often assigned at 1%. Given the lack of repeated data sets for each 

condition, the error bars were set at 10%.  
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 For analysis of chemical states regarding the C 1s and O 1s peaks, a binding energy range 

from 280 eV to 300 eV was chosen for the C 1s peak and a binding energy range from 528 eV to 

540 eV was chosen for the O 1s peak. Spectra for both peaks were obtained using a pass energy 

of 20 eV. During data collection for the two peaks, 10 scans were used to resolve the O 1s peak 

and 3 scans were used to resolve the C 1s peak due to the higher intensity of the C 1s peak.  

 Curve fitting for various peaks within the C 1s and O 1s spectra was methodically 

performed. All peaks used were fitted with a 30% Gaussian and 70% Lorentizian peak. Curve 

fitting for the following bondings: C-C, C-O, C=O and O-C=O were used for this work as 

combustion derived carbonaceous matter is typically composed of aliphatic based C-C bonding, 

aromatic C-C bonding and various oxygen functional groups most dominantly through 

carboxylics, carbonyls, alcohols, ethers and phenolic species (Vander Wal, Bryg and Hays 

2011), (Lee, et al. 2009).  

Table 4 presents the peak assignment for the C 1s peaks. The C-C peak was easy to 

differentiate from the core scan as the value was much higher than the C and O bonding peaks. 

The differentiation between Sp2-Sp3 hybridization was approached using the relative values 

given in work be Gaddam et al. as it is the only published work identified to have performed 

XPS analysis on gasoline soot attempting Sp2-Sp3 hybridization (Gaddam and Vander Wal 

2013). The values proposed closely aligned with those cited in other works for carbonaceous 

combustion matter (Vander Wal, Bryg and Hays 2011), (Wild, Pfander and Schlogl 1997). The 

C-O surface functional group was also fit by finding what appeared to be the second peak aside 

from the C-C and confirming that the chosen value of 286.5 matched various literature sources 

(Gaddam and Vander Wal 2013), (Vander Wal, Bryg and Hays 2011), (Biniak, et al. 1997). The 
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remaining two peaks were determined by consulting the same literature as mentioned for the C-O 

peak as well as a few others (Yue, et al. 1999) (Zhou, et al. 2007) and shifting the peaks to fill in 

where the counts dropped to the background level. Values for the C=O and O-C=O were in good 

agreement with literature reported values. Table 4 reviews the chosen peak assignments for the 

carbon bonding. 

 

C 1s Spectra Peak Assignment (eV) 

C-C Sp2 (Graphitic or Aromatic) 284.4 

C-C Sp3 (Aliphatic or Amorphous) 285.2 

C-O (alcohol, ether) 286.5 

C=O (Carbonyls) 288.5 

O-C=O (ester, carboxyl, lactone )  291 
 

Table 4. Peak Assignment for C 1s Spectra 

 

 The O 1s spectra was resolved into two peak assignments. One at 531.5 eV for the C=O 

bonding and one at 533.3 eV for the C-O bonding. These peak assignments were a result of two 

peaks apparent at certain operating conditions of the engine and by consulting again a variety of 

previous works using XPS with carbonaceous material (Lakshminarayanan, Toghiani and 

Pittman 2004), (Plomp, et al. 2009), (Smith, et al. 2016). The peak assignments matched 

literature reported values well. 
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3.6.5 Scanning Transmission Electron Microscope with Energy Dispersive 

Spectroscopy (STEM – EDS) 

 

 A scanning transmission electron microscope (STEM) focuses the electron beam used to 

probe a specimen as in conventional TEM to a fine spot and then scans the sample in a 

designated pattern. This set-up allows for analytical techniques such as energy dispersive 

spectroscopy (EDS) to be employed as very small portions of the sample are being viewed with 

high beam energies. The high energy electron beam will excite inner shell electron of atoms in 

the sample and these electron may eject from their inner shell. Following this electronic ejection, 

an outer electron will fill the resulting hole, leaving its higher energy outer shell for the lower 

energy inner shell. During this relocation, energy is released in the form of an x-ray. The energy 

of this emitted x-ray is unique to the atom that was affected and can be detected with an EDS 

system.   

 In this work, soot samples were analyzed to determine the presence of lubrication and 

engine wear metals with a JEOL 2100 Probe-Corrected Analytical Microscope using a 

zirconated tungsten thermal field emission tip. The accelerating voltage was set to 200kV, the 

collection angle was set to 40 mrad and the beam conversion angle was set to 20 mrad. The 

image resolution is 0.19 nm point to point. The EDS system is an EDAX r-TEM Detector with 

EDAX acquisition software. This EDS system uses a Horizontal Ultra-thin Window Si-Li X-Ray 

Detector with an active area of 30 mm2 and is capable of detecting elements with an atomic 

number greater than 5. Images were further processed using Gatan Microscopy Suite Software.  

X-rays will be produced during inelastic interaction of the electron beam with the sample. 

This backscattering reduces the energy of the electrons within the beam until they are brought to 
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rest within the sample. The depth at which this takes place is termed the penetration depth. 

Beyond this depth, information cannot be obtained regarding the sample composition (Egerton 

2005). Casino v2.51 was used in this work to model the interactions of the electron beam with 

the sample. Casino is a well-documented Monte Carlo simulation tool (Sokolov, et al. 2016) that 

allows the user to simulate the electron trajectory within the sample upon providing the details of 

the sample composition and electron beam energy and width used. It simulates enough electron 

trajectories that the user can determine at what depth the x-ray signals observed by the detector 

had been generated. With inputs from this experimental work: a 1nm probe diameter, 2000 

electrons, an accelerating voltage of 200kV and an example 100nm carbon particle, it was 

determined that the entire example particle would be well within the penetration depth. This 

simulated particle is larger than any particle observed in this work.  

The obtained EDS spectra were reviewed qualitatively due to the selection of specific 

portions of the sample, those that appeared to contain ash. This selective analysis renders any 

quantitative analysis useless. Peak detection within the spectra was determined by first assigning 

each observed peak an element as determined by well documented values provided by EDAX, 

the manufacturer of the EDS system. This was followed by ensuring the peak was within three 

sigma of the background and lastly confirmed through the presence of both an alpha and beta 

peak for the element in question, with the exception of carbon and oxygen as they would not 

have a second beta peak. Regarding the alpha and beta peak differences, an example will be 

given to highlight their meaning and the reason both peaks exist. Say an atomic electronic 

transition occurs for a “K” or innermost electron shell, the electron will either transition from the 

second shell to the inner “K” shell and release a K-alpha emission line, or the electron will 
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transition from the third shell to the inner “K” shell and release a K-beta emission line. 

Therefore, researchers suggest a good technique for confirming the existence of an element is 

through confirming the presence of both peaks. 

 Detection of lubrication materials and engine wear metals was approached broadly at 

first, through comparisons of dark field and bright field digital images taken with the JEOL 2100 

microscope. Metals can be detected through the presence of a bright spot in the digital dark field 

image with a corresponding dark spot in the digital bright field image. An example of this is 

given in Figure 10.  

 

 
Figure 10. Example of Comparison of Bright and Dark Field Images for Ash Detection 

 

Sections of the soot particles that appeared to have metals and sections for which there 

was uncertainty were subjected to spectra collection using the EDS system. In addition, the most 

interesting samples were analyzed using elemental mapping, for which x-ray counts for specific 

elements were retrieved for each point of the sample in the beam path and placed onto a 

discretized image matrix. Images were created showing a specific elements distribution 
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throughout the analyzed sample portion as well as overlays of all relevant elements. Images 

without the presence of metals were used to understand the background for the detected metal 

elements. It was determined that the background noise for the images taken during elemental 

mapping was on average 83 pixels with a standard deviation of 34 pixels. Given the images 

contain 232,521 pixels, this comes to 0.04% of the image.   

3.6.6 BET Specific Surface Area 

Brunauer-Emmett-Teller (BET) surface area is a technique used for the measurement of 

specific surface area. It attempts to provide information regarding the physical adsorption of gas 

molecules on a solid surface. In this case, nitrogen is used as an adsorbate. The sample is kept at 

the boiling point of the adsorbate so that the adsorbate gas will condense on the sample thus 

creating uniform layers. Any decrease in pressure should result in desorption of nitrogen. Given 

the adsorption dependence on pressure and the known size of nitrogen atoms, the specific surface 

area can be determined as the pressure of the sample is changed.  

For this work, a Nova 4200e BET surface analyzer was used. Nitrogen as an adsorbate 

was used at a temperature of 77 °K, the atmospheric boiling point of nitrogen. Analysis time for 

the sample runs was around 3 hours per sample. The relative pressure range (P/Po) used for the 

BET surface area calculations were different for each sample but within 0.0060 P/Po and 0.065 

P/Po. Values for the BET calculations were taken at seven different relative pressures within the 

relative pressure range mentioned. The minimum relative pressure resolution for this instrument 

under the testing conditions specified is 2 x 10-5 P/Po.   
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Given the cost and time necessary to complete a measurement, hundreds of dollars and 

days at a time, only one measurement was taken for each sample and no reference sample was 

analyzed. Error was determined in previous works for which a standard material with a known 

surface area was evaluated across several laboratories (Hackley and Stefaniak 2013). 

Measurement error was found to be +/- 5% of the certified surface area and this value is used for 

error bars applied to data in this work.  

3.6.7 Inductively Coupled Plasma – Mass Spectrometry 

 Inductively coupled plasma – mass spectrometry (ICP-MS) is a mass spectrometry 

technique capable of detecting metals and several nonmetals at ultra-low values. This technique 

ionizes the sample with inductively coupled plasma then uses a mass spectrometer to separate 

and quantify the present ions. In this work, engine oil samples were sent to Shell for analysis of 

additives present. Analysis using ICP-MS followed the ASTM – D5185 procedure. Below is a 

table of the repeatability and reproducibility values for the various elements found in the oil 

analyzed. In Figure 11 these values are given as a percentage of the average value found during 

the sample analysis. As can be seen from the figure, the specific analysis of oil using the ASTM 

D5185 procedure has been found not to produce highly accurate answers but rather a general 

direction for the values present in the oil sample.  
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Figure 11. Repeatability and Reproducibility of ICP-MS Analysis on Engine Oil Sample by 

Element 
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Chapter 4. Particulate Matter Reactivity 

 

 

4.1 Isothermal Oxidation 

 Soot reactivity was explored with a SDT Q600 Thermogravimetric Analyzer (TGA). Soot 

samples were loaded into the ceramic crucible of the TGA and oxidation experiments in ultra-

zero air were performed through isothermal conditions at 500 °C, 550 °C and 600 °C. Figure 12 

contains the results from that oxidation work. The normalized soot mass, mn, was used to 

compare samples. 
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(a) 

 (b) 

(c) 

 
Figure 12. Isothermal Oxidation Events in TGA for Soot Samples in Ultra-Zero Grade Air:            

(a) 500 °C, (b) 550 °C, (c) 600 °C 
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 When reviewing Figure 12, it can be seen that variations in the soot reactivity exist 

between all samples. These variations persist for all oxidizing temperatures. For all isothermal 

conditions, the following reactivity order followed for the four operating conditions, given in 

order from most to least reactive: Baseline > Late SOI > Low Inj Press > Early SOI. The Printex-

U showed a different oxidation profile from the four soot samples and was consistently less 

reactive than the low injection pressure condition and more reactive than the early start of 

injection condition. It is interesting that the Printex-U, model soot, was more reactive than the 

gasoline soot samples as the model soot should have a much lower volatile organic fraction, no 

ash and likely, a more ordered structure. Other researchers also identified this trend, and they 

have proposed this may be due to a unique soot structure for gasoline soot that is not well 

understood. This unique structure is assumed given the unique matrix bound organics found for 

GDI soot (Choi and Seong 2015). Given previous literature in which soot from conventional 

ultra-low sulfur diesel fuel combusted at a low speed and load was evaluated regarding reactivity 

(Sun 2017) in a very similar manner to this work, it seems that the variation in the gasoline soot 

presented here spans in reactivity to the diesel soot, with some conditions being more reactive 

and others being less reactive by comparison.  

The t10-90, or time it takes for the normalized soot mass value, mn, to go from 0.9 to 0.1 in 

minutes, was calculated for all operating conditions and is given in Figure 13. The values at 500 

°C, the lowest temperature condition and therefore highest resolution in oxidation times, are used 

in future correlations to soot reactivity. Figure 13 further highlight the change in oxidation rates 

with temperature changes. The t10-90 times from oxidation at 600C are only 6%-9% of the values 

observed from oxidation at 500 °C. 
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Figure 13. t10-90 Times for Soots from the Various Engine Operating Conditions 

 

4.2 Temperature Programmed Oxidation 

Soot reactivity was also evaluated by determining the light-off temperature of the soot 

samples in pure air using temperature ramps from 350 °C to 750 °C at a ramp rate of 1 °C/min. 

The results from these tests are given in Figure 14.  
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Figure 14. TGA Oxidation of Soot Samples using a Temperature Ramp. 

The temperature ramp was not used for correlations to reactivity or derivation of kinetic 

parameters, but it is useful for understanding differences in the oxidation characteristics between 

samples. The baseline and late start of injection condition both reach light-off at a similar 

temperature, around 370 °C, though the baseline condition starts to oxidize more quickly at 

lower temperatures as they diverge around 450 °C. The low injection pressure condition reaches 

light-off around 400 °C. Both the Printex-U and early start of injection condition reach light-off 

around 425 °C, with a deviation in their oxidation rates occurring around 500 °C. It appears that 

some factor is causing the baseline, low injection pressure and late start of injection conditions to 

possess a lower light-off temperature than the model soot, while the early start of injection 

condition is not affected in this way.  
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4.3 Quantification of Reaction Rate Parameters 

 Reaction kinetics of carbonaceous soot are often resolved using fits to an Arrhenius-type 

equation (Stanmore, Brilhac and Gilot 2001). Within the research community, this seems to have 

developed into a commonly accepted form of quantifying the soot oxidation rates dependence on 

temperature.  The details regarding this Arrhenius-type expression are given in Chapter 3. 

Experimental Set-Up. The final expression, Equation 5, pursued for obtaining the desired 

variables, Ea, A and n, is given again.   

Equation 5 

ln
𝑑𝛼

𝑑𝑡
− 𝑛𝑙𝑛(1 − 𝛼) =  

−𝐸𝑎

𝑅𝑇
+ ln (𝐴) 

 

Slope and y-intercept values for linear regression fits to data in the plot of ln (dα/dt) vs. ln (1-α) 

are used to determine the necessary variables. The plot of ln (dα/dt) vs. ln (1-α) for the soot 

samples from the four operating conditions and Printex-U during oxidation in the TGA at 500 °C 

in ultra-zero air are given in Figure 15. 
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Figure 15. Comparison of Oxidation Parameters for a Fit to Arrhenius Type Equation using 

TGA Results from Iso-Thermal Oxidation at 500 °C 

 

Though the Printex-U and early injection condition could support a linear regression, the 

other three conditions produce a very non-linear result. Thus suggesting the proposed variables, 

Ea, A and n, would be obtained with high error. It is apparent something is affecting the 

oxidation rate in a fashion that is not consistent throughout the oxidation process. Given this 

result, a different approach was taken to pursue quantitative differences for the oxidation rate as 

discussed in Ch.3 Experimental Set-Up. The expression used to obtain the apparent rate constant, 

Equation 7, is given again. 

Equation 7 

ln (
𝑚𝑛

𝑚𝑛,0
) =  −𝑘𝑠𝑃𝑂2

(𝑡 − 𝑡0) 
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A plot of ln (mn) vs t is given in Figure 16. Linear regressions to the data are used to obtain        

(-ksPo2) through determination of the slope.  

 

 

Figure 16. Curve Fits to Determine the Apparent Rate Constant 

 

Again, the fits are linear for the early start of injection condition and the Printex-U case. 

Beyond this, the linear regressions begin to have low R2 values. Given this, the oxidation was 

broken into three sections and curve fits were again applied. These sections were roughly linear 

and had R2 values that were mostly above 0.99 with some fits still having values as low as 0.98. 

Table 5 provides values for these rate constants and their R2 values as determined by using the 

following intervals: mn (0.9  0.65), mn (0.65  0.35) and mn (0.35  0.1). Essentially these 

intervals are the initial, middle and final thirds of the oxidation process.  
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Condition Ox Interv kc (1/(Pa/min)) R2 

Late Injection 10%-35% 6.89E-07 1.00 

Late Injection 35%- 65% 7.22E-07 1.00 

Late Injection 65% - 90% 1.67E-06 0.98 

Early Injection 10%-35% 4.36E-07 1.00 

Early Injection 35%- 65% 4.31E-07 1.00 

Early Injection 65% - 90% 5.53E-07 0.99 

Low Injection Pressure 10%-35% 6.52E-07 1.00 

Low Injection Pressure 35%- 65% 6.98E-07 0.99 

Low Injection Pressure 65% - 90% 1.13E-06 0.99 

Baseline 10%-35% 1.09E-06 1.00 

Baseline 35%- 65% 1.45E-06 0.99 

Baseline 65% - 90% 3.90E-06 0.96 

PrintexU 10%-35% 5.34E-07 1.00 

PrintexU 35%- 65% 6.23E-07 1.00 

PrintexU 65% - 90% 7.59E-07 1.00 

 

Table 5. Apparent Rate Constant Values from Three Portions of the Oxidation Profile 

 

4.4 Summary 

The TGA was used to perform isothermal and ramped oxidation events. Through this, 

reactivity and soot oxidation profiles were explored for the four operating conditions and 

compared to Printex-U, a model soot. From the most reactive to the least reactive, the following 

order was determined: Baseline > Late SOI > Low Inj Press > Printex-U > Early SOI. Light-off 

temperature was different among samples, with all gasoline soot samples having a lower 

temperature in reference to the Printex-U, with the exception of the early start of injection 

condition. It appears the factor influencing reactivity may also lower the temperature by which 

oxidation may occur. This factor may not be present for the early start of injection condition. 
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A linear regression fit to data using an Arrhenius type equation or an apparent rate 

constant for three of the operating conditions, baseline, low injection pressure and late start of 

injection, was not possible without high error. These soots may possess a factor influencing 

reactivity that was not dependent on temperature alone, but also on the amount of soot present. 

This is counter to what has been observed for other works using carbonaceous soot, as variables 

determined through linear regressions are commonly used for Arrhenius type expressions and 

apparent rate constants with good results. Given this, the oxidation process was broken into three 

parts. Linear curve fits could then be obtained, followed by the determination of an apparent rate 

constant for each third of the oxidation process. The early start of injection and Printex-U did 

produce linear regressions without the need to portion the oxidation process, thus suggesting 

their oxidation process is not affected in the same manner as the others. Furthermore, any 

discussion within this document regarding reactivity trends will use the t10-90 time, the time it 

takes for the normalized soot mass to go from 0.9 to 0.1, as this is the most intuitive value 

collected in the reactivity analysis.  
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Chapter 5. Impact of Operating Conditions on Combustion and PM 

Properties 

 

 

5.1 Combustion 

 Combustion was not affected to a large degree by the changes in the various operating 

conditions. The coefficient of variation for the indicated mean effective pressure was maintained 

below 2% so that combustion stability was kept. This was the limiting factor for the set points of 

the low injection pressure and late start of injection event. The pressure traces for the four 

operating conditions as taken by the in-cylinder pressure sensor located in cylinder 1 are given in 

Figure 17. 
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Figure 17. In-Cylinder Pressure Trace for All Four Operating Conditions 

 

 The pressure traces in Figure 17 differ marginally from each other. Each trace is an 

average of 10 to 15 cycles. It is clear that though the fuel/air mixing are very different for the 

four operating conditions, combustion was not dramatically impacted. As the operating 

conditions were selected to represent realistic combustion conditions, achieved through low 

coefficient of variation for the indicated mean effective pressure, these similarities are to be 

expected. Any variability present is likely due to data being taken on different days at different 

test cell temperatures. It may be expected that with aggressive late injection timing and low 

injection pressure, the combustion would eventually shift to a more broad pressure trace with a 

peak occurring at later crank angles as it would take longer for the fuel within local fuel rich 

areas to become oxidized. However, the operating conditions within this work were not 

aggressive enough to produce such a result within combustion.   
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5.2 Particulate Emissions 

 Particulate emissions were evaluated for particulate number and carbonaceous soot 

content differences among the four samples. The effect of fuel injection parameters on the 

particulate formation rate is key to this body of work. The effect, if present, would be observed 

in both the number and size of particles formed and the amount of carbonaceous soot that was 

formed.  

5.2.1 Particle Size Distribution 

 The particle size distribution was determined with a TSI Scanning Mobility Particle Sizer 

(SMPS). Data was collected using the SMPS for all four operating conditions and is shown in 

Figure 18. 

 

Figure 18. Particle Size Distribution for the Four Operating Conditions 
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 From Figure 18 it can be observed that the four operating conditions produce different 

distributions of particle sizes. The baseline condition produced the lowest particulate number 

with a peak occurring near 71 nm.  This was followed by the low injection pressure, where the 

peak particle size shifted to 55 nm. The late start of injection condition produced a higher 

number of small particles with a peak shifted to 57 nm, but it contained less large particles as 

those in the low injection pressure condition. The early start of injection condition contained less 

small particles as the late start of injection condition, however it had a peak particle size near 91 

nm and significant values for the large particle size range, well above the other three operating 

conditions. Impact of operating condition on particle size formation will be discussed later in this 

document.  

5.2.2 Soot Concentration 

 Carbonaceous soot concentration was determined using an AVL Filter Smoke Meter and 

correlations of the Filter Smoke Number (FSN) to soot concentration using the Christian 

Correlation. The results from the four operating conditions are shown in Figure 19. 
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Figure 19. Soot Concentration from the Four Engine Operating Conditions 

  

Engine out soot concentrations were lowest for the baseline condition as air/fuel mixing 

and formation of fuel rich areas are the most limited in this case. Following baseline, the soot 

concentrations increase in the following order, from lowest soot concentration to highest: Late 

SOI < Low Inj Press < Early SOI. When fuel is injected late it may impinge on the cylinder walls 

as the piston is no longer used to enhance mixing, thus resulting in fuel rich areas at the cylinder 

wall. There is also less time for mixing for the late start of injection condition, thus generating 

more fuel rich areas within the combustion chamber. For the low injection pressure condition, 

fuel droplets are larger in size and less atomized, therefore resulting in a larger portion of the fuel 

in a fuel rich area within the droplets. Regarding the early start of injection, the greatest value in 

soot concentration was found, with a value 15 times that of the baseline case.  
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5.3 Nanostructure 

 Soot nanostructure was qualitatively evaluated through analysis of high-resolution TEM 

images and semi-quantitatively analyzed through Raman spectroscopy and comparisons between 

ordered and disordered peak heights and areas.  

5.3.1 TEM 

  Figure 20, Figure 21 and Figure 22 show selected TEM images from the soot analysis. 

Imaging was done using an ultra-high resolution capable transmission electron microscope at a 

magnification of either 250k, 300k or 350k. All of the images collected for each operating 

condition were similar to the two respective images shown and no anomalies regarding 

nanostructure were found. These selected images are used to highlight the findings. Soot was 

analyzed using TEM for three operating conditions: late start of injection, baseline and early start 

of injection.  
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(a) 

(b) 

 

Figure 20. TEM Imaging Results from the Baseline Operating Condition: (a), (b) 
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                      (c) 

(d) 

 

Figure 21. TEM Imaging Results from the Late Start of Injection Operating Condition: (c), (d) 
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(e) 

(f) 

 

 

  

Figure 22. TEM Imaging Results from the Early Start of Injection Operating Condition: (e), (f) 
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A well-ordered carbon particle could be identified by concentric long fringes with short 

interlayer distances that would layer around the nucleus of the particle like the layers of an 

onion. The soot from these operating conditions appears to lack this order and are highly 

amorphous in nature. This observation can be made for all three samples analyzed.  

 Previous researchers have also found soot from gasoline direct injection engines to be 

amorphous in nature (Miyashita, et al. 2015), (Liati, Schreiber, et al. 2016). This is likely due to 

higher rates of organics bound to the soot matrix, observed in GDI soot (An, et al. 2016), that 

prevent the growth of graphene segments, lower temperatures during formation (< 1250 °C) and 

a lack of high temperature exposure after soot formation to support rearrangement of graphene 

segments to a more ordered structure (Zhu, et al. 2005). Previous works have found that the soot 

from gasoline is formed late in the combustion event and at lower temperatures. To help explain 

this, may the reader think back to the fuel puddles and films outside of the pre-mixed flame 

front. In these regions gasoline soot may form, as opposed to the rich fuel jet entering a diffusion 

flame from which diesel soot arises (Bogarra, et al. 2017). These low temperature conditions 

have been found to produce highly amorphous soot regardless of fuel type as PAH formation 

dominates soot formation (Vander Wal and Tomasek 2004).  As the factor of low temperature 

would be present for differing injection pressures and timings, regardless if soot formation rates 

were increased, it makes sense that these parameters may have minimal impact on soot 

nanostructure. 

Previous researchers have successfully applied image analysis techniques to obtain 

quantitative fringe lengths and curvature values for soot samples (Yehliu, Vander Wal and 

Boehman 2011). However, given the highly amorphous nature of the soot samples for our 
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analysis, this did not seem feasible. As a result, Raman spectroscopy was utilized for a semi-

quantitative comparison of soot nanostructure for the four samples. TEM analysis was not 

performed for the low injection pressure case as it was assumed to have a highly amorphous 

nanostructure given its similarity to the previous conditions regarding the soot formation process. 

This was confirmed with Raman before determining to leave this nanostructure out of the TEM 

analysis.  

5.3.2 Raman Spectroscopy 

 Raman spectroscopy has been used in a variety of work to analyze the nanostructure of 

carbon samples as it is sensitive to orientation and type of carbon bonding (J. Song, et al. 2006), 

(Schwan, et al. 1996). In this thesis, Raman spectroscopy was performed on samples from all 

four operating conditions: low injection pressure, early start of injection, late start of injection 

and baseline. The Origin 2016 Peak Analysis toolset was used for all curve fittings. An example, 

through the baseline case, of the curve fitting and peak identification results are given in Figure 

23. All other spectra with overlaid curve fits are given in Appendix A for transparency.  
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Figure 23. Peak Analysis Performed on Baseline Raman Spectra 

 

 The various D peaks represent some aspect of nanostructure disorder whereas the G peak 

represents the graphitic portion of the sample. The D1 peak has the highest peak intensity and 

largest area of the D peaks and represents the disordered graphitic lattice. The ratio of areas for 

the D1 and G peak and the ratio of peak intensities for the D1 and G peak are commonly used to 

compare the nanostructure of carbon samples and so used in this work. The values for the 

AD1/AG (ratio of areas for the two peaks) and ID1/IG (ratio of intensity for the two peaks) are 

given in Figure 24.  A higher ratio of either would suggest a more disordered, or less graphitic, 

nanostructure. 
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Figure 24. AD1/AG and ID1/IG ratio for the Four Operating Conditions 

 

Error bars based on the standard deviation of the five measurement samples are included, 

however the variability was found to be small, smaller than the outline of the marker itself. It 

may be important to note that this deviation even included samples taken from different parts of 

the bulk soot loaded in the instrument. The four conditions are very similar in their nanostructure 

as suggested by the close ratio values. It is also noted that the area of the D1 peak, disordered 

nanostructure, is close to double that of the G peak, graphitic nanostructure, though intensity 

peaks are nearly 1:1. This aligns closely with the TEM images suggesting that the GDI soot 

nanostructure from the four different operating conditions are quite amorphous with little 

observable differences.  
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5.4 Surface Area 

Some works have indicated that active surface area, effective surface area based on the 

material’s ability to take on an electrical charge, will relate to carbon oxidation (Radovic, Walker 

and Jenkins 1983). The correlation of reactivity to specific surface area is uncertain (Ye, et al. 

2016), (Leidenberger, et al. 2012) despite active surface area being a function of specific surface 

area. Given these uncertain findings and the lack of evaluation regarding surface area for 

gasoline particles, it seemed important for this thesis. For this work, specific surface area was 

reviewed as it is easier to measure than active surface area. This was performed first through 

TEM images to review if any differences in particle size existed. As the TEM results suggested a 

difference in surface area would exist, the soot samples underwent BET analysis using a Nova 

4200e BET surface analyzer. 

5.4.1 Primary Particle Size - TEM 

  TEM images were taken with a JEOL 3011 ultra-high resolution capable transmission 

electron microscope set at magnifications between 60k and 85k for analysis of primary particle 

size. Figure 25 presents the results in images from the four operating conditions.  
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(a) 

(b) 

(c) 

(d) 

Figure 25. TEM Images of Primary Particles at 60k-85k for (a) Baseline (b) Late Start of Injection       

(c) Early Start of Injection (d) Low Injection Pressure. 
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 In reviewing primary particle size for the various operating conditions as given in Figure 

25, it becomes apparent that changes in fuel introduction parameters influence primary particle 

size. The baseline condition was comprised of aggregates of similar particle size, mostly near 

20nm - 25nm, with some smaller primary particles present on occasion. As the fuel was 

introduced later, for the late start of injection case, the primary particles become smaller, mostly 

10nm – 15nm in diameter, though there are still some particles present at this condition that are 

close to the average size of those from the baseline condition, just much fewer in number. As the 

fuel was injected earlier than the baseline condition, early start of injection, the primary particle 

size changed dramatically. Though there remained many particles near the 20nm size range, a 

number of the primary particles were in a 30nm to 50nm size range. The low injection pressure 

condition produced a mixture of particles unlike the other conditions. Many of the particles 

appeared to have a smaller primary particle size, similar to the late start of injection, while many 

other particles were noticeably larger, larger even than the baseline condition, reaching 30nm to 

50nm. It may be assumed that the primary particle size average and trend of decrease in surface 

area as the average primary particle diameters increase are as follows: Late SOI < Baseline < 

Early SOI, while making any guess as to the placement of the low injection pressure condition is 

tricky given its odd mix of particle sizes. Detailed analysis regarding the primary particle size 

was not pursued as the end goal was a surface area value that would be obtained directly. 

In addition, previous researchers such as Seong et al. have looked at the effect of 

injection timing, though not injection pressure, on primary particle size for a gasoline direct 

injection engine in detail (Seong, Lee and Choi 2013). Seong et al. also found that the baseline 

injection timing produced primary particles near 20 nm, while the late injection timing resulted 
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in smaller primary particles, 10nm – 20nm in size. It was also found that the early injection 

timing resulted in larger primary particles, increasing the average from 20nm to 29 nm. 

Furthermore, a steep increase in large particle sizes, near 50nm and 60nm, was noted. The 

primary particle sizes and the impact to those sizes by injection timing as identified in our work 

and the work by Seong et al. (Seong, Lee and Choi 2013) seem to be in good agreement, thus 

providing confidence in our quick assessment.  

In the work by Seong et al., it was discussed that the differences in primary particle sizes 

are likely a result of a complex soot formation process within the GDI engine. It may be 

expected at conditions were fuel/air mixing is impaired, such as events when injection timing 

and pressure are adjusted, more particles will nucleate and this should result in larger primary 

particles as these particles collide. However, this was mostly the case for the early start of 

injection and some particles for the low injection pressure. It is odd that such small particles 

would arise from the low injection pressure and late start of injection condition. This may be due 

to exposure of these nucleated particles to low temperature regions early in the soot formation 

process where growth in particle size is quenched. For the late start of injection, quenching may 

be uniformly present as the soot formation region may be assumed mostly along the cylinder 

wall, but for the low injection pressure condition, it may be present in some areas and not others 

given the stratification of the fuel within the chamber, thus causing the large variations in 

observed primary particle size.  

 It is  also interesting to note that the primary particle sizes observed here are similar to 

those found in diesel works, with most primary particles between 5nm and 25 nm (Liati, 

Dimopoulos, et al. 2013), (Lapuerta, Martos and Herreros 2007) at normal operating conditions.  
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 Furthermore, it should be expected that the surface area would be different for these four 

operating conditions given such variations in primary particle size. 

5.4.2 BET 

Aggregate particle specific surface area is a product of primary particle size and primary 

particle overlap within the soot particle agglomerate. The larger the particle size, the lower the 

specific surface area. The more the particles overlap, the lower the specific surface area (Lall, et 

al. 2008). 

To evaluate the specific surface area from the soot produced at the four operating 

conditions a Nova 4200e BET surface analyzer was used to perform BET analysis. The results of 

this analysis are given in Figure 26.  

 

 

Figure 26. BET Surface Area 
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It is interesting to note that the trend in measured surface area did in fact match the 

proposed trend regarding estimated average primary particle size. The late start of injection 

conditions had the smallest primary particles and the highest surface area, with the baseline 

operating condition following with the next highest primary particle sizes and a decrease in 

surface area and the early start of injection condition following with the largest primary particle 

sizes and lowest surface area. It is also worth mentioning again that particle overlap will play a 

role in surface area, however, for all conditions in this work particle overlap seemed to be low as 

the primary particles formed branched aggregate particles with a high radius of gyration. As the 

primary particle size average was difficult to determine for the low injection pressure due to the 

mix of various large and small primary particles, the BET surface area for this condition was 

especially of interest. Regarding this condition, the specific surface area is slightly higher than 

baseline and quite lower than the late start of injection, suggesting that the average primary 

particle size was likely closer to the baseline condition. 

In determining if the specific surface area correlated with reactivity, Figure 27 was 

generated. It compares the BET measured surface area to the t10-t90 time measured during soot 

oxidation at 500 °C in ultra-high purity air. 
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Figure 27. Comparison of Soot Reactivity to BET Surface Area 

 

There is no observable trend with reactivity differences. If a correlation did exist, it 

would likely suggest a higher surface area would correlate to a higher soot reactivity, as more 

sites may be present for oxygen adsorption. It appears that surface area is not an important factor 

regarding the soot oxidation rate for these four samples.  

5.5 Volatile Organic Fraction 

 The volatile organic fraction (VOF) often consists of unburned lubricating oils and 

hydrocarbons that coat the carbonaceous soot particles (Neoh, Howard and Sarofim 1984). For 

this work, the volatile organic fraction portion of the soot was evaluated through a de-

volatilization process completed using the TGA and inert Nitrogen gas at 500 °C.  

Results from this analysis are given in Figure 28. The values for the volatile organic 

fraction of the soot are relatively low for engine out soot particles, with all values being less than 

10%. The highest organic fraction occurs at the late start of injection condition, this is to be 
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expected as the late injection timing is the most likely to have high rates of unburned 

hydrocarbons given the inadequate time for fuel/air mixing.  

 

 
Figure 28. Average Volatile Organic Fraction for the Four Operating 

 

Though low injection pressure does effect fuel atomization, creating bigger fuel droplets, 
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within the liquid puddle on the piston top. Therefore, it may be assumed that engine-out 

hydrocarbon values are relatively similar between the low injection pressure, early injection and 

baseline conditions. Given this, the volatile organic fraction order following the late injection 

event is likely a product of engine out soot rates. For the soot collected at the early injection 

timing, the ratio of soot mass to present hydrocarbons that may condense on the particle is much 
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the low injection pressure case to surrounding hydrocarbons is higher than for the baseline case. 

This phenomenon may be responsible for the observed trend in volatile organic fractions. 

It may also be mentioned that the trend somewhat matches surface area as measured by 

BET, as the highest surface area was found for the late injection condition and was lowest for the 

early injection case, though the baseline and low injection pressure conditions were close in BET 

and are quite different here. However, both the low injection pressure and baseline conditions 

fell in between the other two conditions for both the BET surface area and VOF analysis. These 

statements are presented to suggest that perhaps the surface area may measure the area available 

for hydrocarbons to condense and factors that relate to differences in specific surface area may 

additionally be factors contributing to variations in the VOF. The VOF did correlate slightly to 

the reactivity as measured by the t10-90 for the condition of air at 500 °C. This comparison is 

made in Figure 29. Previous works have suggested that increases in unburned hydrocarbons 

adsorbed onto the particle outer surface and filling the micropores may lead to increases in soot 

reactivity (Kandas, et al. 2005). Higher rates of porosity may develop after the de-volatilization 

process, thus resulting in higher internal surface area and possibly the formation of larger and 

turbostratic crystallites in the direction normal to the graphene layer as layers within the soot 

rearrange (Walker 1990). It seems unlikely this is contributing to the reactivity differences within 

samples given the one anomaly at the late start of injection condition and as VOF values are so 

low and close to each other. 
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Figure 29. Comparison of Reactivity against VOF for the Soots from the Four Engine Operating 

Conditions 

 

5.6 Chemical Composition 

 The Sp2/Sp3 carbon hybridization, oxygen atomic percentage and oxygen surface 

functional groups were evaluated using XPS. Surface functional groups, Sp3/Sp2 ratios and 

oxygen content of soot have been correlated to reactivity differences with soot oxidation. These 

research works suggest increases in soot reactivity match increases in levels of surface functional 

groups, Sp2/Sp3 ratios and oxygen content (J. Song, et al. 2006), (Sun 2017).   

 Composition of the particulate samples regarding oxygen and carbon atomic based 

content are given in Figure 30 for the various operating conditions. Values are semi-quantitative 

and derived from areas integrated under the intensity peaks taken during the survey scan.  
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Figure 30. Carbon and Oxygen Values for Four Operating Conditions based on XPS 

 

The values in Figure 30 represent the ratios of carbon (red) and oxygen (blue) to the total 

amount of carbon and oxygen found in the sample by XPS survey scans. The elemental 

contribution of oxygen is decently high, as may be expected by the highly amorphous nature and 

likely bonding of surface functional groups observed for the nascent soot nanostructure found for 

these gasoline soot particles. Previous works have reported an oxygen percentage anywhere from 

2% to 25% for combustion derived soot (Vander Wal, Bryg and Hays 2011).  

Core scans were taken over the C 1s and O 1s peaks to resolve more information 

regarding carbon and oxygen bonding. Peak deconvolution was performed to determine the 

amounts of the various carbon bonding. A peak deconvolution example is given from the 

analysis done with the early injection timing sample in Figure 31 and Figure 32.   

 

0.15 0.19 0.15 0.11
0.00

0.20

0.40

0.60

0.80

1.00

Early SOI Low Inj Press Late SOI Baseline

R
at

io
 o

f 
C

 o
r 

O
 t

o
 C

 a
n

d
 O Carbon

Oxygen



 

 

80 

 

 
Figure 31. Peak Deconvolution for the C1s Peak (Early SOI Sample) 

 

 
Figure 32. Peak Deconvolution for the O1s Peak (Early SOI Sample) 
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All other samples followed the same process and their deconvolution plots are given in 

Appendix B for transparency. 

Fitting for the following bondings: C-C, C-O, C=O and O-C=O are commonly used for 

carbonaceous combustion matter as it is typically composed of aliphatic based C-C bonding, 

aromatic C-C bonding and various oxygen functional groups most dominantly through 

carboxylics, carbonyls, alcohols, ethers and phenolic species (Vander Wal, Bryg and Hays 

2011), (Lee, et al. 2009).  

Values for the respective bonding groups as a percentage of the carbon content and a 

percentage of the oxygen content are given in Figure 33. To help with the reader interpreting this 

data, we shall give an example. If the oxygen content was found to be 20 atomic percent during 

the survey scan and the C=O bonding was 50 atomic percent of the oxygen core scan, then the 

percentage of C=O bonding from oxygen would be given at 10% in Figure 33, 50% of 20%. 

  

 
Figure 33. Atomic Percentage of Various Bonding States for both Oxygen and Carbon 
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 Functional groups found within literature for combustion derived carbonaceous matter 

were found to be ordered in the following way: C=O < C-O < C-C (Cain, et al. 2010) and this 

trend was observed with the gasoline derived soot in this thesis. The Sp2 and Sp3 C-C bondings 

resolved from the first carbon peak made up over half of the carbon content followed always by 

C-O, C=O and O-C=O (represented by COO) respectively. This was true for all cases.  

The Sp2 and Sp3 carbon peaks are often discussed in terms of an aromatic and graphitic carbon 

bonding for the Sp2 carbon and an aliphatic and amorphous carbon bonding for the Sp3 carbon. 

Within literature the nature and cause of the two different peaks is still under investigation but 

consistently it is defined as a structural effect caused by differences in the soot matrix chemical 

composition. It has been proposed with supporting work by Raman and TEM imaging that the 

Sp2 carbon is related to a crystalline structure and longer fringe lengths within the carbon 

whereas the disordered regions and shorter fringe lengths were related to Sp3 carbon (Yang, et al. 

2017), (Gaddam and Vander Wal 2013). This carbon hybridization is thought to occur during the 

surface growth process and soot matrix addition from either an aliphatic or an aromatic 

component. Previous works have found that nascent soot particles are aromatic in nature and 

grow in mass though a hydrogen-abstraction-carbon-addition (HACA) process, however 

aliphatic compounds are often present and integrate themselves within the soot matrix during the 

particle growth process (Oktem, et al. 2005), contributing to the Sp3 hybridization. 

 The amount of Sp3 hybridized carbon was quite high for the samples. Once again 

suggesting the soot is quite disordered. It is interesting to note that the ratio of Sp3/Sp2 bonding is 

similar for all samples, with a slightly higher value for the low injection pressure case and the 

lowest value for the baseline case. An interesting comparison of these ratios may be made with 
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the Raman spectra analysis using the D3 peak fit at 1500 cm-1 as it represents Sp3 carbon or 

stretched C-C bonds. Figure 34 provides a comparison of the peak area percent for the Sp3/Sp2 

peaks from both types of analysis, AD3/AG from Raman and the area ratio of Sp3/Sp2 peaks in the 

XPS C 1s core scans.  

 

 
Figure 34. Comparison of Sp3 Results from XPS and Raman 

 

Both methods produce results suggesting a similar value, roughly 30% to 45% with a few 

outliers from the XPS analysis. For the XPS analysis, there is a slight increase in Sp3 content for 

the low injection pressure case and decrease in Sp3 content for the baseline case. Whereas for 

Raman, there was little variation between samples.  It is safe to say the values are quite similar 

and the range presented, 30% to 45%, is likely accurate. Any trends within the data should be 

taken with caution.  

It may also be noted by Figure 35 that there is no relationship between surface area 

(particle size) and the Sp3/Sp2 ratio. This work is not alone in suggesting a lack of dependence on 
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particle size for Sp3/Sp2 ratio despite this hybridization occurring during the soot formation 

process (Cain, et al. 2010). However, this is the first work to analyze the size dependence effect 

for the combustion process within a gasoline engine. The lack of dependence on size or surface 

area suggests that though some conditions may promote large and rapid particle growth, such as 

early injection timing, this does not relate to an enhanced aliphatic content within the soot matrix 

as no moderate differences in the Sp3 content was observed.  

          
Figure 35. Comparison of Sp3/Sp2 with the BET Surface Area (m2/g) 

 

As the Sp3/Sp2 ratio should relate to differences in nanostructure, it may also relate to the 

oxygen content as more disordered soot was proposed to possess higher levels of surface 

functional groups and oxygen bonding. Interestingly enough, as shown in Figure 36, there is 

some correlation to the Sp3/Sp2 ratio and oxygen content, with an increase in Sp3/Sp2 ratio 

following increases in the oxygen percentage for the PM samples. Though it should be 

mentioned again that no differences in nanostructure was found through Raman analysis of the 
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D1/G peaks or through visual inspection of TEM images for ordered graphene segments, 

suggesting that little difference in nanostructure may actually exist.  

 
Figure 36. Comparison of Sp3/Sp2 ratios to Sample Oxygen Percentage for the Four Operating 

Conditions 

 

Other researchers have reviewed the Sp3/Sp2 ratio observed for gasoline soot from 

differing operating conditions. This variation was found to be dependent on fuel/air mixing 

within the combustion chamber (Gaddam and Vander Wal 2013) and possibly caused by higher 

rates of volatile organic carbons adsorbed during soot formation (Lee, et al. 2013). Fuel rich 

conditions and conditions with poor mixing, late injection of fuel, led to significant Sp3 carbon 

and matrix bound organics. As the baseline case held the lowest Sp3/Sp2 ratio from the XPS 

analysis, and the highest fuel/air mixing potential, it seems that the effect of fuel/air mixing is 

likely a cause of the observed differences. Though it should be stated again that values found in 
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this work overall are quite close and any trends should be taken as a suggestion and point of 

discussion. 

Sp3/Sp2 ratio does not correlate in any way with reactivity as would be expected, as 

shown in Figure 37 by a comparison of Sp3/Sp2 ratio to t10-90. The increasing initial Sp3/Sp2 ratio 

surprisingly trends with a decrease in reactivity. This finding indicates that if  the slight 

differences in the relative ratios of aromatic graphitic to aliphatic amorphous carbon were true 

between the four conditions as suggested by differences in the Sp3/Sp2 peaks, any influence from 

this is not significant enough to overcome the influence of some other factor that must be 

contributing to the observed changes to reactivity.  

 
Figure 37. Comparison of Reactivity (T10-T90 time for 500C oxidation) to the Sp3/Sp2 ratio 
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were found to be quite similar amongst the four sample. Oxidation often proceeds through the 

formation of various oxygen functional groups including alcohols, aldehydes and carboxylic 

acids, and the presence of these groups often corresponds to different degrees of oxidation of the 

carbon. Given that these are all immature highly disordered soot particles that likely experience a 

relatively low formation temperature, it is expected their absolute concentrations of various 

oxygen functional groups would be so similar.  Given the noted differences in Sp3/Sp2 bonding 

and the lack of noted differences between the oxygen bonding, there is little relationship to be 

defined regarding the hybridization state and the presence of specific surface functional groups. 

This is not the first work to observe that patterns may not emerge between the carbon 

hybridization state and the surface functional groups of combustion derived carbon samples 

(Vander Wal, Bryg and Hays 2011).  

5.7 Ash  

 Ash refers to any non-combustible contribution to soot particles. Typically, ash is 

comprised of engine wear materials (Fe, Al or Si), lubrication additives (Ca, P, Na, Zn, B, Mo, 

etc) and any material from an upstream catalyst (Pt, Pd, Rh) (Lambert, et al. 2016). Some of 

these elements, such as calcium, zinc and sodium, have been found to act as a catalyst and 

enhance oxidation when in close contact with the soot, whereas compounds containing 

phosphorus have been known to inhibit oxidation, possibly through coating the soot particle and 

forming a physical barrier to the oxygen (Neeft, Makkee and Moulijn 1996), (McKee, Spiro and 

Lamby 1984). Inductively coupled plasma mass spectroscopy (ICP-MS) was used to determine 

the additive package in the oil and x-ray photoelectron spectroscopy (XPS) and scanning 
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transmission electron microscopy with energy dispersive spectroscopy (STEM-EDS) were 

utilized to detect the presence of ash within the soot particles.  

5.7.1 ICP-MS 

 

 ICP-MS analysis was completed to identify the concentration of various oil additives. 

The results are shown in Figure 38 with error bars referencing variability in repeatability. The 

results from the ICP-MS analysis confirm that the engine oil used for this work, Mobil 1 5W-30 

Full Synthetic High Mileage, contains decent amounts of magnesium, zinc, calcium and 

phosphorous. As calcium is the primary driver for enhanced oxidation of soot, it is important to 

know that it is present in the oil. This elemental data also guides what species to look for in the 

XPS and STEM+EDS analysis.  

 
Figure 38. Concentration of Various Elements from a Sample of the Engine Oil  
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The formulation seems typical for a gasoline four-cylinder application given the decently high 

levels of calcium, magnesium, phosphorus and zinc and the presence of some boron and 

molybdenum (Choi and Seong 2016).  

As previously mentioned, calcium enhances soot oxidation while high levels of ZDDP 

packages, containing phosphorus, tends to inhibit soot oxidation. Determining the effect of both 

ZDDP and calcium when combined in the lubrication oil has been performed by other works 

(Choi and Seong 2016). Given these findings, it is assumed that the calcium effect would still 

dominate, leading to enhanced soot oxidation when compared to the soot produced without 

additives in the oil, despite any opposing effect from the phosphorus. It should be mentioned that 

zinc has been found to be a mild soot enhancer (Neeft, Makkee and Moulijn 1996), (Neeft, 

Makkee and Moulijn 1996), though it was hard to determine its effect in the work mentioned as 

there is more phosphorous than zinc by an atomic percentage in the ZDDP package and the two 

elements were not separated in the study. Nevertheless, it seems any ash present in the soot 

particles would enhance soot oxidation given the additives contained in the oil used for this 

work.  

5.7.2 XPS  

 XPS analysis through a survey scan was performed on the four samples taken from the 

different engine operating conditions. No elements other than carbon, nitrogen and indium were 

detected using XPS. The detected indium comes from the background material used to hold the 

soot samples for analysis. The XPS technique is a surface technique, with a sample depth from 

3nm to 10nm. It is also a low-resolution technique, with a detection limit typically near 1%. 
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Therefore, it may not be able to provide information regarding small ash particles contained 

within soot particles or if ash particles are small in number relative to the soot particles.  

5.7.3 Carbonaceous Soot Concentrations 

One trend becomes apparent when considering the engine out soot concentrations from 

the four different operating conditions. To discuss this a plot of soot reactivity, t10-T90 , versus 

engine out soot values as measured by the AVL smoke meter is given in Figure 39. In reviewing 

this plot it seems there is a clear trend with soot reactivity and engine out soot levels, with 

reactivity decreasing as the engine-out soot level rises. This trend may be due to difference in the 

levels of ash content within the soot. Supposing oil consumption is relatively constant given the 

operating conditions explored in this work are at the same speed and load, any increase in soot 

emissions would mean less ash for a given amount of collected soot as the higher levels of soot 

dilute the constant ash concentration. Given this, we may go on to assume the higher the engine 

out soot level, the lower the reactivity of the soot should be as there is less relative ash. From 

Figure 39 it appears this may be the case even when ash levels are assumed quite low and 

undetectable with XPS.  
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Figure 39. Soot Oxidation Time, t10-90, Plotted against Engine-Out Soot Levels as Measured by 

the AVL Filter Smoke Meter   

 

 Previous researchers analyzing the reactivity of gasoline soot have proven that ash 

fraction can correlate well with engine-out soot values for hot steady-state operation, so this 

assumption is not much of a stretch. In their work, it was also determined that these changes in 

ash content did have appreciable impact to the reactivity of the soot (Choi and Seong 2015). 

5.7.4 STEM-EDS 

 STEM-EDS was performed for the baseline and early injection timing conditions 

respectively. These two conditions were chosen as they have the greatest difference in reactivity 

and therefore should prove to have the most visible trend if the theory regarding the relationship 

between engine out soot values and ash content is true for the four different operating conditions. 

STEM-EDS has quite a few advantages over XPS, and if the ash is present, this technique should 
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Casino, to collect information on elements present from the entire depth of the sample and has a 

detection limit near 0.1%. This is unlike the XPS by which only the surface, 3nm to 10nm in 

depth, is analyzed and for which the detection limit is near 1%. Ash was detected with STEM by 

comparing dark field and bright field digital images. For areas of interest, EDS spectra were 

collected.  

For the baseline operating condition, multiple areas were viewed while examining 

hundreds of particles and only one instance of ash was detected. This low rate of ash detection 

matches other works by which ash concentration in gasoline soots at similar conditions varied 

from 0.1% to 0.6% (Choi and Seong 2015). The results from this portion of the soot are shown in 

Figure 40. 
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This appears to be a cluster of ash particles embedded into the soot alongside a single 

metal particle. Both calcium and phosphorous are detected in the EDS spectra. Elemental 

mapping was performed for this area and the results are shown in Figure 41. The range of area 

covered by the ash particles is nearly 50nm by 70nm.  

 

 (a)    (b) 

 (c) 

Figure 40. STEM+EDS Results Baseline: (a) Bright Field Image, (b) Dark Field Image, (c) EDS 

Spectra 
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 (a)  (b) 

(c)  (d) 

(e) (f) 

 
Figure 41. STEM+EDS Elemental Mapping of Baseline Sample: (a) O, (b) Ca, (c) Cu, (d) 

Mg, (e) Zn, (f) Overlay  
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 Previous researchers have reviewed ash and soot particle interactions using soot produced 

from diesel engines. Within these works, lubricant and engine wear derived ash particles were 

emitted as small particles typically between 10 nm and 30nm. The particles were present both as 

free particles and bound to soot particles of all sizes (Mayer, et al. 2010). The interaction of the 

soot and ash have received mixed answers in literatures. Some works have suggested ash would 

be present in many of the individual particles as small embedded ash particles within the soot 

(Choi and Seong 2015), while others have found localized areas high in ash content (Sappok and 

Wong 2007). 

In reviewing Figure 41, it appears that the single distinct particle is copper. The single 

copper particle may likely have originated from bearing wear that made its way to the lubrication 

oil and then entered the combustion chamber. Previous researchers have also postulated that 

engine wear metals, mostly iron, nickel, aluminum and copper, start as larger micron size 

particles, but they enter the engine oil and undergo a nucleation process during combustion 

(Israel n.d.). Contributions from the additives within the lubrication oil are clear. Within our soot 

sample various additives, calcium, magnesium and zinc, were spread uniformly throughout the 

ash filled region. Again, this ash filled region is rare as most of the soot particles contained no 

trace of ash. It may be assumed that the majority of particles contain no ash and a few clusters of 

soot particles contain many ash particles evenly distributed through a densely ash populated area.  

 When analyzing the early start of injection condition, no ash was detected within the 

regions of the soot sample analyzed. The analysis of the soot included hundreds of particles. For 

any region that looked like it might contain ash, EDS spectra were collected. An example of the 
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bright field and dark field comparison and an EDS spectra from the early start of injection 

condition are given in Figure 42. 

 

 

 (a)   (b) 

 (c) 

Figure 42. STEM+EDS Results Early SOI Condition: (a) Bright Field Image, (b) Dark Field 

Image, (c) EDS Spectra 
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 From Figure 42 it is observed that no ash particles are detected from the soot sample area 

under analysis as there are no contrasting bright/dark spots, only bright/dark spots corresponding 

to high soot particle overlap. In addition, the EDS spectra shows no peaks other than carbon, 

oxygen, silicon and copper. Copper is most likely from the copper grid holding the sample and 

the silicon was oddly present in all samples and may be an artifact of seal materials, dirt that 

made its way to the intake of the engine or an artifact of the silicon detector used in the EDS. No 

silicon was observed in the ICP-MS analysis of the oil sample.  It shall be mentioned again that 

peak determination included a three-sigma separation using the background signal and the 

presence of both an alpha and beta peak.  

In addition to enhancing oxidation rate, findings from work evaluating oil dosed fuel 

have found that light off temperatures were reduced significantly with the presence of ash within 

the soot (Jung, Kittleson and Zachariah 2003). This aligns with our findings from the 

temperature ramp with the TGA. In reference to the model soot, light off temperatures were 

reduced for all conditions except the early start of injection, for which no ash was detected.  

 These findings with STEM+EDS do not confirm that no ash is present in the soot 

produced from the early injection timing condition. As oil was likely burned at an equal rate for 

this condition, it would seem unlikely that no ash is present in any of the bulk sample. It is likely, 

however, that this level of ash is extremely low. It is also interesting to note that much of this 

soot was formed on the piston top, not in a region such as the cylinder walls where interaction 

with the lubrication material would be likely.  
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5.8 Summary 

 Various properties of the particulate matter samples relating to reactivity were evaluated. 

Nanostructure was similar and highly disordered for all samples. Surface area was dependent on 

primary particle size and varied greatly but was not correlated to reactivity. The volatile organic 

fraction and the surface functional groups were similar between the four samples. Ash content 

was identified as being the most likely contributor to variations in reactivity.  

Ash content could not be detected using XPS, as the detection limit and depth of the 

technique may both be too low. However, using STEM+EDS, ash content was determined for 

the most reactive condition and was not detected for the least reactive condition. Ash particles 

appear in embedded clusters within certain soot areas, leaving most soot particles without ash.  
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Chapter 6. Partial Oxidation Results 

 

 

 The TGA was utilized to partially oxidize soot from the early start of injection and 

baseline operating condition, the least and most reactive conditions respectively, to an oxidized 

state of 40% mass loss and 75% mass loss.  

6.1 Particle Characteristics during Oxidation 

 An evolution in particle size, particle interactions and nanostructure is expected to take 

place during the oxidation process. TEM imaging and XPS analysis of carbon and oxygen 

bonding were used to review these evolutions for the gasoline soot produced for this work.   

6.1.1 Nanostructure and Particle Interactions 

 TEM images were taken for the two operating conditions to evaluate changes to primary 

particle size, particle to particle interactions and to evaluate any changes to particle 

nanostructure. Results from images taken at magnification rates ranging from 65k to 80k are 

given in Figure 43.  
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 (a)    (b) 

 (c)    (d) 

 (e)    (f) 

 Figure 43. TEM Images Taken of the Soot Oxidation Process: (a) Baseline 0% - 65k,   

(b)Early SOI 0% - 65k, (c) Baseline 40% - 65k, (d) Early SOI 40% - 80k,                           

(e) Baseline 75% - 80k, (f) Early SOI 75% - 80k 
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 The soot particles at the 0% oxidation case are branched with independent particles and 

little particle overlap. Upon oxidation of the soot, many of the particles exhibit agglomeration 

identified by high particle overlap and compact aggregate particles. Interestingly, after reviewing 

the baseline case at the 75% oxidation level, it was determined the primary particle size had 

actually grown as the particles had merged into larger highly non-spherical particles. It is 

difficult to determine the exact outline of a specific primary particle. In fact, during the partial 

oxidation events the remaining soot in the TGA crucible formed a pellet capable of free standing. 

The initial soot placed in the crucible was a very loose powder. An image of this pellet from the 

crucible is given in Figure 44. 

 

 

Figure 44. Pellet of Early SOI 40% Oxidized Soot from TGA Crucible 

 

 This agglomeration of soot may be explained by the high “attractive interaction forces” 

between soot particles uncovered by other researchers using atomic force microscopy (Kamp, et 

al. 2014). It was found that soot-soot attraction exhibited the highest attraction force of all 
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potential interactions (soot-soot, soot-ash, soot-DPF, ash-ash and ash-DPF). Additionally, 

researchers from this same group installed a high-resolution stereo microscope to view soot 

oxidation events within the single channel of a DPF (Sappok, Govani, et al. 2013). During the 

oxidation process, the soot cake was observed to crack as “soot islands” formed. As oxidation 

continued, these soot islands appeared to slide across the DPF surface and shrink inward as they 

were compelled by the strong attractive surfaces within the soot. This is consistent with the 

previous TEM images in our work that suggest the gasoline soot particles are migrating and 

combining with each other to form non-spherical large particles with high particle overlap.  

 The nanostructure is also of interest when reviewing the soot oxidation process. 

Rearrangement of the soot nanostructure during oxidation and the oxidation pathway taken 

within the particle have an impact on soot oxidation rates and understanding this process may 

provide access to understanding the factor contributing to differences in reactivity. Some 

researchers have observed soot particles that are oxidized from the outside in, shrinking core, (T. 

Ishiguro, et al. 1991) while others have observed soot particles that are oxidized from the inside 

out, hollowing out (J. Song, et al. 2006).  The evolution in nanostructure during oxidation is also 

not consistent among soot samples.  In some works, the nanostructure became more ordered 

during the soot oxidation process as the more amorphous and likewise more reactive carbon 

oxidized preferentially while the longer graphene segments actually exhibited growth and loss of 

curvature (Strzelec, et al. 2017), (J. Song, et al. 2006), (Ishiguro, Suzuki and Fujitani 1991), 

(Gaddam, Vander Wal and Chen, et al. 2015). This phenomenon was typically seen to occur 

most strongly with biodiesel-based soot. It was postulated from other works that oxidation might 

remove interstitial carbon thereby disengaging cross-links between lamella and activating edge 



 

 

103 

 

sites for what was termed “vegetative growth” into longer and straighter lamella (Vander Wal, 

Yezerets and Currier 2007). While for other soot particles, such as soot produced from a neat 

Fischer-Tropsch diesel, the nanostructure became slightly more disordered during oxidation (J. 

Song, et al. 2006). The differences in the nanostructure evolution during oxidation may be due to 

the presence of surface functional groups and organic volatiles. High levels of functional groups 

may lead to re-arrangement of graphene segments allowing oxygen access to inner portions of 

the soot particle and high organic fractions may enhance porosity within the soot as they are 

removed easily during high temperatures. Access of oxygen to the inner soot layers allows for 

the interstitial carbon removal required for the formation of long graphene segments and allows 

oxidation of internal short disordered graphene segments to occur before the outer layers of the 

soot particles are removed (J. Song, et al. 2006).  

For this work, the nanostructure of the gasoline soot particles formed at the baseline 

operating condition and at the early start of injection condition appeared to become more 

disordered during oxidation and showed no signs of internal burning. TEM images are shown for 

the 0%, 40% and 75% oxidation states in Figure 45. 
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 (a)   (b) 

 (c)    (d) 

 (e)    (f) 

Figure 45. TEM Images Taken at a Magnification at 300k of the Soot Oxidation Process: 

(a) Baseline 0% - 300k, (b) Early SOI 0% - 200k, (c) Baseline 40% - 160k,                          

(d Early SOI 40% - 160k, (e) Baseline 75% - 160k, (f) Early SOI 75% - 160k 

  

 

 



 

 

105 

 

 Though some graphene segments of length were present on the outer edges of the soot 

particles that had not been oxidized, the oxidized soot samples show a highly amorphous nature 

with no presence of any graphene segments of notable length. The soot is highly disordered and 

remains disordered throughout the oxidation process. Perhaps there is little re-arrangement in the 

soot layers and the soot is being oxidized from the outer, possibly a bit more graphitic layer, into 

the inner more amorphous layers of the nascent gasoline soot particles. It is also evident that the 

particles are merging into each other, suggesting that perhaps when this outer region is removed, 

cohesive forces and the highly amorphous nature of the soot with its highly disordered short 

graphene segments may result in easy melding between particles.   

6.1.2 Chemical Composition 

 The enhanced disorder during soot oxidation for the baseline and early start of injection 

conditions viewed qualitatively through the TEM images was confirmed through XPS analysis of 

the partially oxidized samples and core scans taken over the C1s peak to resolve the Sp2 and Sp3 

bonding. The Sp2 peak represents an aromatic and graphitic carbon bonding while the Sp3 peak 

represents an aliphatic and amorphous carbon bonding. The results are given in Figure 46. 
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Figure 46. Sp3/Sp2 Ratio during Soot Oxidation for the Baseline and Early Start of Injection 

Condition 

 

There is an increase in the Sp3/Sp2 ratio of carbon bonding even when considering the 

measurement error. This confirms the TEM results suggesting that the internal structure of the 

gasoline particles may be more disordered and that the soot particles appear more amorphous 

during the oxidation process.   

Oxidation often occurs through the formation of various oxygen functional groups 

including alcohols, aldehydes and carboxylic acids. Therefore, the presence of these groups often 

corresponds to different degrees of oxidation of the carbon. This was confirmed through 

evaluation of the fraction of oxygen containing surface functional groups to total bonds given by 

deconvolution of XPS C 1s core scans. The results are shown in Figure 47. 
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Figure 47. Surface Functional Groups present for the Baseline and Early SOI Condition during 

Oxidation 

 

 The content of oxygen containing surface functional groups seems to grow, even when 

considering experimental error. This would align with the suggestion these groups are involved 

with oxidation. However, it may be that these groups are present within the soot matrix even 

prior to combustion. Other researchers have found matrix bound organics present within GDI 

soot (Gaddam and Vander Wal 2013). This follows the concept that these particles are burning 

from the outside in, and the inner portion of the particles are highly amorphous and possess 

higher fractions of surface functional groups. 

6.2 Ash Content 

 Ash content was examined again using XPS survey scans for the partially oxidized 

sample, with the hope that a higher ash-soot ratio may result in detection of ash elements. This 
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was followed by detection of ash and elemental mapping to determine soot-ash interactions 

through STEM+EDS. 

6.2.1 XPS 

 Partially oxidized soot samples from the baseline and early start of injection event at 

oxidation levels of 40% and 75% were analyzed using XPS.  As was found in the non-oxidized 

soot, no elements other than carbon, oxygen and indium were detected. The detection limit is 1% 

and the depth of analysis is between 3nm and 10nm, thus suggesting the ash quantity near the 

surface and the relative amounts of ash relative to soot are still too low for detection with this 

technique. 

6.2.2 STEM+EDS 

 The presence of ash was determined for the baseline and early start of injection soot at a 

75% oxidation level using STEM+EDS. Various areas of the TEM grid with particles present 

were analyzed by comparing bright field and dark field images for the presence of metal 

elements. Any metal element could be identified as a dark spot on the bright field image and a 

corresponding bright spot on the dark field image. An EDS spectra was obtained for any area of 

interest. When reviewing the 75% oxidized baseline soot, it was easy to spot areas containing 

ash. An example of the bright and dark field images and EDS spectra for the baseline case 

containing ash is given in Figure 48. 
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 There appears to be a growth in regions containing ash as the ash containing particles 

move closer to each other. This aligns with other researchers who have discovered ash particle 

growth in diesel particulate filters during the soot oxidation event. As the loose soot, containing 

ash particles, shrink into more dense structures, the ash particles begin to combine and adhere to 

 (a)   (b) 

 (c) 

Figure 48. STEM+EDS Results Baseline Condition 75% Oxidized: (a) Bright Field Image, (b) 

Dark Field Image, (c) EDS Spectra 
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each other (Sappok, Govani, et al. 2013). This adhesion makes sense as ash particles have a 

higher attractive force for fellow ash particles over fellow soot particles (Kamp, et al. 2014). It 

should also be noted that there is still high soot to ash contact and the ash regions are still 

separated by soot particles, thus suggesting the ash is still playing a strong role in enhancing soot 

oxidation. From the EDS spectra, sodium calcium, phosphorus, silicon, copper, magnesium and 

iron are detected. Sodium, calcium, phosphorus and magnesium are from the oil additive. The 

iron is likely from engine wear that had made its way to the lubricating oil. The copper may be 

from bearing materials or a background component from the TEM grid. Silicon was present in all 

samples and may be an artifact of seal materials, dirt that made its way to the intake of the engine 

or an artifact of the silicon detector used in the EDS. Elemental mapping of the sample area is 

performed and given in Figure 49.  
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(a)  (b) 

(c) (d) 

 (e) (f) 

 

O Cu

Na Zn

Ca

Figure 49. STEM+EDS Elemental Mapping of Baseline Sample: (a) O, (b) Cu, (c) Na, 

(d) Zn, (e) Ca, (f) Overlay 
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 The oil additives shown in the elemental mapping, calcium, zinc and sodium, are 

distributed nearly evenly through-out much of the region analyzed, though calcium seems to 

have some measure of concentration in the more densely populated areas.   

 Dark and bright field image comparisons for the early start of injection condition were 

made for over a hundred particles. Again, no ash was detected. An EDS spectra was collected for 

any region that looked interesting. The results of one such image and the resulting EDS spectra 

are given in Figure 50. 
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 No presence of any ash components were detected. The only elements other than oxygen 

and carbon were copper, possibly tied to the copper grid holding the sample for this case, and the 

silicon, possibly from dirt in the intake air or from the silicon detector in the EDS.  

(a)    (b) 

(c) 

Figure 50. STEM+EDS Results Early SOI Condition 75% Oxidized: (a) Bright Field Image, (b) 

Dark Field Image, (c) EDS Spectra 
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6.3 Summary 

 Soot samples from the most and least reactive conditions were evaluated for primary 

particle interaction, nanostructure changes and soot-ash interactions following partial oxidation 

at 40% and 75%.  

The particles seem to meld into each other and form close contact with each other during 

the soot oxidation process, as shown in TEM images of primary particles fusing together. In fact, 

partially oxidized samples formed freestanding soot pellets from the loose powder by which they 

started in the TGA crucible. In addition, the soot morphology tends to become more disordered 

with higher observed values of oxygen containing surface functional groups during oxidation, for 

both conditions analyzed. This was determined qualitatively through TEM images and confirmed 

quantitatively through Sp3/Sp2 bonding ratios and oxygen bonding percentages acquired through 

XPS analysis and peak deconvolution. No ash was detected through the XPS technique, likely as 

the levels are below the detection limits for depth and resolution. 

Upon analysis with STEM+EDS at the 75% oxidation of the more reactive baseline 

condition, ash was detected at a much higher rate relative to the 0% oxidation sample. However, 

no ash was present in the early start of injection condition at 75% oxidation. Within the baseline 

sample at 75% oxidation, ash particles appear to start navigating toward each other as three 

distinct ash regions were identified within one imaged soot region. The soot appears to be in 

close contact with the ash and the ash regions are still separated by soot particles, confirming that 

the ash is still playing a key role in soot reactivity, even at a late stage of oxidation.  
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Chapter 7. Ash Influence on the Oxidation Process 

 

 

 The confirmation of ash, imaging of ash-soot interactions and oxidation characteristics 

given through the TGA work have led to interesting insight into how the ash may be contributing 

to the enhanced soot reactivity. Proposed mechanisms are presented in this chapter. It may be 

noted that previous works have reported ash as a percentage of sample ranging from near 0% to 

1.35% for gasoline engines (Choi and Seong 2015), and it may be assumed the levels are similar 

for this work. 

 The TGA data of isothermal oxidation at 500 °C will be used for the discussion of these 

concepts. The rate of change of the normalized mass, dmn/dt, as a function of the normalized 

mass, mn, were plotted for the soots from differing operating conditions. In Figure 51, the 

influence of a very slight amount of ash is reviewed. The early start of injection condition 

represents the amorphous GDI soot without the presence of ash. Although it is likely some ash is 

present, the amount must be negligible given the inability to detect ash even at the 75% oxidation 

state and the observed oxidation similarities to the model soot regarding light off temperature 

and oxidation rates. The low injection pressure condition represents the amorphous GDI soot 

with small amounts of ash present, small enough to enhance oxidation but not enough to show 

unique oxidation characteristics.  
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Figure 51. Influence of Small Amounts of Ash on Soot Reactivity 

 

It is proposed that the presence of very small amounts of ash, far less than 1%, enhance 

oxidation at an even level throughout the entire oxidation process. Furthermore, at this low level 

of ash, there is little contribution from high rates of soot/ash contact. Though some of the soot 

must be in close contact with ash, and as there is a slight difference in the change in oxidation 

rate at the start of oxidation, it is having a potential impact. However, these values must be so 

small that this contribution to reactivity is negligible and rather the reactivity is enhanced by the 

presence of the ash, not its contact with the soot.   



 

 

117 

 

The late start of injection condition will represent a situation for which more ash is 

present with respect to the low injection pressure, and for which enough ash is present to 

perceive unique oxidation characteristics given the interactions of the ash and soot. It is proposed 

that at this condition enough ash is present to observe the effect of the close contact of soot and 

ash on changes with the oxidation rate. A discussion on this is given in Figure 52 using plots of 

the oxidation rate. 

 

Figure 52. Determination of Phases of Oxidation 

 

 There is an enhanced rate of soot burn at both the initial and final stages of the soot 

oxidation. It is proposed that for early stages of oxidation, there are higher rates of close ash-soot 

contact, where reactivity is significantly enhanced. As oxidation proceeds, this close contact is 

removed as the soot in contact with the ash oxidizes. In research works reviewing the impact of 
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fuel doped with calcium metals, among others, on diesel soot oxidation a clear two stage 

oxidation was observed. The rate of the second stage was much slower than the first and 

consistent despite changes in the amount or type of metal added to the fuel (Miyamoto, Hou and 

Ogawa 1988). It was determined that the first stage was a rapid oxidation process derived from 

close soot-ash contact while the second slower stage was a result of the loss in soot-ash contact 

as the soot near the calcium particles was oxidized. This same dynamic is likely occurring for 

these gasoline soot particles.  

 However, the third phase of oxidation was not observed in the previous works mentioned. 

After the close contact is lost and oxidation continues, the soot particles begin to gravitate 

towards each other, re-forming close contact with the ash and soot as the particles meld into each 

other propelled by high values of “interparticle attractive forces”. This time there is close contact 

of the ash to soot as well as higher ash to soot ratios as compared to the early stages of the 

oxidation process, thus shifting the oxidation rate to a higher value. A value that continues to 

climb as ash-soot contact remains close and the ash-soot ratio increases due to soot oxidation. It 

seems likely the ash megastructures seen at the end of oxidation by other works (Sappok, 

Govani, et al. 2013) will not form until the very end of the oxidation process, leaving much of 

the ash in contact with soot for the entirety of the oxidation process. The cartoon in Figure 53 

illustrates the proposed model describing the soot-ash interaction and ash-soot ratio during the 

oxidation process.  
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Figure 53. Cartoon Illustrating the Soot-Ash Interaction during the Soot Oxidation Process 
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 The baseline case represents a condition where higher values of ash to soot exist beyond 

the late start of injection condition. Oxidation rates versus normalized soot mass values are given 

in Figure 54. 

 

 
Figure 54. Influence of Baseline Ash Amounts on the Oxidation Process 

 

 The baseline condition has a large shift in reactivity but holds the same observed three 

phases, suggesting the same soot-ash interaction changes are occurring during the oxidation 

process, just to a higher extent given the higher levels of ash. 

 It may be interesting to note that the late start of injection condition is most likely 

producing soot from a fuel film on the cylinder wall, thereby suggesting a potentially higher rate 

of ash integration and oil consumption. Though it may not be a high enough rate to reach the 
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baseline condition, it might explain why the phenomenon is present for the late start of injection 

and not for the low injection pressure, as they may have very different ash levels, though still 

within the trend mentioned through-out this work.  
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Chapter 8. Conclusions 

 

 

 As gasoline particulate filters gain a presence in the automotive sector due to inadequate 

fuel/air mixing and stringent particulate emissions requirements, it is important the reactivity of 

the soot collected on the GPF is understood to allow accurate models to be developed. These 

models are important for understanding passive and active regeneration as both soot dependent 

filtration efficiency (determined by passive regeneration) and adequate substrate protection 

during high temperature regeneration events (determined by active regeneration) are important 

model outcomes.  

 The impact of fuel injection timing and pressure on soot reactivity were chosen for this 

work given their strong influence on soot formation rates. Reactivity was explored through 

isothermal and ramped oxidation events. The following order in reactivity was determined, from 

most reactive to least reactive: Baseline > Late SOI > Low Inj Press > Early SOI. The light-off 

temperature was lower, with respect to the model soot, for all conditions except the early start of 

injection. In addition, linear regressions needed to determine reaction kinetic parameters could be 

obtained for the early start of injection condition but not for the other conditions as their reaction 

rates seemed to depend not only on temperature but also on the amount of soot present. 
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 A variety of particulate matter properties influence reactivity and are a product of 

formation conditions and in-cylinder species. These properties include: nanostructure, surface 

area, volatile organic fraction, surface functional groups and ash content.  

It was determined that under all operating conditions the gasoline soot particles were 

nascent, immature and possessed very similar nanostructures. It is likely they were formed in low 

temperature regions of the combustion. This was qualitatively determined with TEM images and 

quantitatively confirmed through order/disorder peak comparisons with Raman spectroscopy and 

Sp3/Sp2 ratios determined by deconvolution of XPS core scans. 

The surface area of the particles was quite different as the operating parameters did 

produce primary particles of different sizes. With respect to the baseline condition, the late start 

of injection produced smaller particles, low injection pressure produced both larger and smaller 

particles and the early start of injection produced much larger particles. The differences in 

primary particle size resulted in differences in surface area as to be expected. Small particles 

correlate to a high specific surface area and large particles correlate to a low specific surface 

area. However, there was no correlation between surface area and reactivity.  

Volatile organic fraction (VOF) and surface functional groups (SFG) were similar 

between the four operating conditions with standard deviations of 2% between conditions for 

both VOFs and SFGs and average values of 7% and 27% respectively. 

Soot reactivity was found to trend well with engine-out soot values. If ash content is 

assumed a function of engine out soot values, given all operating conditions are at the same 

speed and load and therefore should have similar oil consumption, then reactivity values are 

found to trend with ash content. Though determination of ash content was approached with XPS 
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survey scans, no ash was detected, likely due to the detection limit (1%) and depth limit (3nm – 

10nm) of the technique. STEM+EDS was employed to detect ash and review soot and ash 

interactions at the most and least reactive conditions, baseline and early start of injection 

respectively. Ash particles were detected for the baseline case but not for the early start of 

injection condition. This provides further evidence that the ash is the contributor to reactivity and 

near zero values of ash are present for the case of early injection timing, thus the reason it 

follows the characteristics of the model soot while the others deviate. The elemental mapping 

and dark and bright field images from the STEM+EDS determine that the ash is found within 

concentrated regions of a small percentage of soot particles. In this concentrated region, the ash 

is in close contact and spread within the soot. These ash rich soot regions possess a uniform 

distribution of noncombustible oil elements and engine wear metals. 

The oxidation process was reviewed through analysis of partially oxidized samples from 

the most and least reactive conditions, baseline and early start of injection respectively. TEM 

images were taken during the oxidation process to capture nanostructure evolution. The particles 

become more amorphous in appearance and possess increasing levels of oxygen containing 

surface functional groups during the oxidation process. This was determined through 

deconvolution of bonding within the C 1s core scans taken with the XPS.  This may indicate the 

inner portion of the gasoline soot particles are more amorphous in nature and contain significant 

levels of matrix bound organics.  

The primary particles appear to grow during oxidation as they meld into each other, 

forming non-spherical larger particles. In fact, the initial loose soot powder placed in the TGA 
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crucible formed a “free-standing carbon pellet” when partially oxidized. It is proposed that high 

soot-soot “attractive interaction forces” draw the particles together during oxidation.  

STEM+EDS with elemental mapping was again performed to review ash presence and 

soot-ash interactions. Again, no ash was detected for the early start of injection condition, further 

confirming it contains near zero ash levels. Various ash-containing areas were detected for the 

baseline case. At this highly oxidized state, groups of ash embedded soot regions are seen near 

each other though still separated by soot. The ash is in good contact with the soot and various ash 

elements are evenly distributed within the soot particles. 

Given the oxidation rates from isothermal and ramped oxidation and understandings on 

soot-ash interactions during and prior to the oxidation process, a new model for the influence of 

ash on reactivity for GDI soot is presented. This model is applicable for soot from a standard 

gasoline direct injection engine and covers variations in key levels of ash-soot ratios. GDI soot 

containing little to no ash matches the oxidation rate profile of a model soot, Printex-U, and 

reaction rates can be obtained quite easily given the fairly linear rate by which the oxidation rate 

changes. With the presence of some ash, oxidation is uniformly enhanced as a very small portion 

of the soot is in close contact with this ash. As ash levels increase, there enters a point when 

enough of the soot is in close contact with the ash that there is an observable impact on the initial 

and final oxidation rates. At and beyond this ash level, soot oxidation is marked by three 

oxidation phases. 

Initially, there is an enhanced oxidation rate by soot in close contact with ash. This 

impact is diminished, and the second phase is entered, as the soot in close contact is oxidized, 

returning the oxidation rate to a lower, but still higher than if no ash was present, value. 
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However, as the oxidation process continues, the third phase is entered as the soot particles begin 

to agglomerate and meld into each other. During this process, the ash is brought back to close 

contact with the soot particles, and oxidation rates begin to rise. As this process continues, the 

ash-soot ratio continues to increase thereby causing a continuing rise in the oxidation rate until 

the oxidation process is complete.  This process is the reason that small amount of ash, 

undetectable by XPS, as would be found in true gasoline engine operation, have such strong 

influences on soot reactivity.   
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Chapter 9. Future Work 

 

 

 As with all research works, there is so much more that could be explored. Further work 

should be carried out to determine actual ash quantities and the differences in oil consumption 

rate and ash integration that may occur for different soot formation regions within the 

combustion chamber. In addition, the influence of fuel properties on soot reactivity should be 

reviewed, to see if again variations in reactivity are simply a product of soot formation rates.  

 This work proposes a mechanism, but an understanding of what amounts of ash 

correspond to the observed transitions in reactivity would be needed for further application of the 

lessons learned for this work. As the ash amounts are so low, nuclear magnetic resonance and 

inductively coupled plasma optical emission spectroscopy would be good starting points as these 

are great techniques for detecting metals and have no limitations regarding sample depth. 

 Verification of the soot and ash interactions under all soot formation conditions is also of 

value, as perhaps the findings from the baseline condition may not apply to low injection 

pressure and early start of injection.  

 The role of a catalytic coating on enhancing soot oxidation in conjunction with the 

differences observed in this work are needed as perhaps the enhanced oxidation provided by 

close contact to the catalyzed surface may enhance reactivity enough that the role of ash is 
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negligible. This is important as many GPFs are likely to have a catalytic wash coat similar to that 

of a three-way catalyst. 

 The determination of this ash effect on operating conditions for diesel engines for which 

low engine-out soot values is also of interest, to see if the mechanisms presented here are still 

present and if reactivity is dictated by ash content. 
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Appendices 

 

 

Appendix A 

 

Raman Peak Deconvolutions 

 

Peak deconvolutions from the Raman spectra are given for the other three engine 

operating conditions not shown within the body of the thesis, low injection pressure, late start of 

injection and early start of injection. These deconvolutions were performed in the manner 

specified in Section 3.6.3. 
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Figure A- 1. Raman Spectroscopy Peak Deconvolution for Low Injection Pressure 

 

 

Figure A- 2. Raman Spectroscopy Peak Deconvolution for Late Start of Injection 



 

 

131 

 

 

Figure A- 3. Raman Spectroscopy Peak Deconvolution for Early Start of Injection 
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Appendix B 

 

XPS Peak Deconvolutions 

 

 Peak deconvolutions are given for the baseline condition. 
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 (a) 

 (b) 

 

Figure B- 1. XPS Peak Deconvolutions from Low Injection Pressure: (a) C 1s (b) O 1s 

 

 

 

 (a) 

(a) 

(b) 

 

Figure B- 9. XPS Peak Deconvolution for Late Start of Injection: (a) C 1s (b) O 1s. 

 

 

 

(a) 

(a) 

(b) 

 

Figure B- 17. XPS Peak Deconvolution for Baseline Condition: (a) C 1s (b) O 1s 
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