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Abstract 

Polycyclic Aromatic Hydrocarbons and Soot Particle Formation in the Combustion 

Process 

Can Shao 

The threat to the environment and human health posed by the emission of soot particles 

and their precursors during the combustion process has attracted widespread attention for 

some time. Generation of soot particles includes the precursor’s formation, particle 

nucleation, and the growth and oxidation of soot particles; these processes are 

experimentally and numerically studied in this dissertation.  

Fuel composition is one of the most important parameters in the study of the combustion 

emissions. In the first portion of this research, quantified soot precursors were detected in 

a jet stirred reactor and a flow reactor of several gasoline surrogates, which covered various 

fuel compositions and different MON numbers. A kinetic model was made to capture the 

polycyclic aromatic formations and help to clarify the chemistry behind them. Major 

reaction pathways were discussed, as well as the role of important intermediate species, 

such as acetylene, and resonantly stabilized radicals like allyl, propargyl, cyclopentadienyl, 

and benzyl in the formation of polycyclic aromatic hydrocarbons.  

In the second section, a Fourier-transform ion cyclotron resonance mass spectrometry was 

first used to probe the chemical constituents of soot particles. By examining the soot 

particle generated in the early stage of nucleation, some information about the nucleation 

process was gained. The aromatics in the infant soot particles were all peri-condensed, of 

a size and shape easily linked by Van der Waals forces to form aromatic dimers and bigger 

clusters under the specified flame conditions. Compositions in the mature soot particles 

indicated that soot particles grow through the carbonization process.  
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As a hydrogen carrier, ammonia was considered a good additive for controlling soot 

formation. In the third portion of this work, chemical effects of ammonia on soot formation 

were studied. Ammonia can suppress soot formation by reducing the precursor’s formation. 

Chemical kinetic analysis revealed that C-N species generated in ethylene-ammonia flames 

removed carbon from participating in soot precursor formation, thereby reducing soot 

formation, however, high concentrations of toxic hydrogen cyanide may be formed, which 

warrants further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 
 

Acknowledgments  

It was the summer of 2016 I first joined Professor Mani Sarathy’s research group (we called 

it the CPC family) as a VSRP student. As a scholar, Professor Mani has profound 

knowledge, a broad vision, and his guidance on my research. During my Ph.D., I realized 

that Professor Mani is more than a scholar, his character, leadership, and the spirit of 

keeping challenging himself have influenced my growth as a human being and a researcher.  

I would also thank Dr. Zhandong Wang for his mentorship in the early time of my Ph.D. 

period. Besides, I would thank Dr. Goutham Kukkadapu for his guidance in the chemical 

kinetic area. Meanwhile, I would also show my appreciation to Dr. Wen Zhang for his 

guidance in the analysis chemistry area.  For the supporters in the lab, thanks to Haoyi 

Wang, Yassine Almostafa, Dr. Et-touhami Es-sebbar, Dr. Zhen Jiang, Yitong Zhai, 

Dr.Bingjie Chen, Dr. Felipe Campuzano, Andres Cardenas, David White, and Earnesto 

Thachil for your technical support and assistance. To my collaborators, Dr. Qi Wang, Dr. 

Anthony Bennet, Dr. Mauel Monge Palacios, Haoyi Wang, Dr. Yang Li, Dr. Nour Atef, 

Edwin Grajales Gonzalez, Dr. Junjun Guo, thank you for your expertise. For my family 

and friends in KAUST, thanks to Haoyi Wang, Dr. Long Jiang and his family, Dr. Guangle 

Zhang, Dr. Hneg Wang, Dr. Ali Han, Dr. Zepengli, Dr. YuJeong Kim, Dr. Chaobo Yang 

and his family, Yitong Zhai, Xinguang Luo, Junyu Hao, Dr.Dapeng Liu Dr. Nour Atef, Dr, 

Samah Mohammod, Dr. Adamu Alfazazi and his family, Maram AlMalki, Leah Bennet 

and his family, Raheena Abdurehim, for your company and making my life in KAUST 

colorful. 

Last not least, I wish to thank my parents, my father Mingfang Shao and my mother Xiaolan 

Zhang for their selfless love and endless support during my Ph.D. in KAUST. 



6 

 

 
 

                                           Table of Contents Table of Contents 

Abstract ............................................................................................................................... 3 

Acknowledgments............................................................................................................... 5 

Table of Contents ................................................................................................................ 6 

List of Abbreviations .......................................................................................................... 8 

List of Figures ................................................................................................................... 11 

List of Tables .................................................................................................................... 14 

Chapter 1 Introduction ...................................................................................................... 15 

1.1 Background and motivation ........................................................................................ 15 

1.1.1 Why soot matters ..................................................................................................... 16 

1.1.2 The historical respective .......................................................................................... 19 

1.1.3 Motivation ................................................................................................................ 24 

1.2 Dissertation overview ................................................................................................. 26 

Chapter 2 Methodology to study PAHs and soot formation ............................................. 31 

2.1 Jet stirred reactor (JSR) coupled with gas chromatography (GC) .............................. 31 

2.2 Flow reactor coupled with synchrotron photoionization molecular beam mass 

spectrometry ...................................................................................................................... 34 

2.3 Co-flow diffusion flame and thermophoresis sampling.............................................. 36 

2.4 The burner-stabilized stagnation flame setup and corresponding sampling method .. 37 

2.5 Soot particle analyzed by Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS)............................................................................................... 41 

Chapter 3 PAH formation in a jet stirred reactor and flow reactor by gasoline surrogate 

pyrolysis ............................................................................................................................ 43 

3.1 Gasoline surrogates ..................................................................................................... 43 

3. 2 Kinetic model development ....................................................................................... 44 

3.2.1 PAH growth through decomposition of benzyl radicals .......................................... 45 

3.2.2 PAH growth through recombination reactions with radical species ........................ 46 

3.2.3 PAH growth through addition reactions with stable intermediates ......................... 48 

3.3 PRF pyrolysis in a JSR ............................................................................................... 49 

3.4 Toluene/n-heptane blends pyrolysis in JSR ................................................................ 57 

3.5 TPRF mixtures pyrolysis in JSR ................................................................................. 65 

3.6 Validation of larger PAHs in the flow reactor ............................................................ 70 

3.7 ROP analysis of benzene and naphthalene formation in various gasoline surrogates 74 



7 

 

 
 

3.8 Conclusion .................................................................................................................. 80 

Chapter 4 Soot formation in the co-flow flame ................................................................ 82 

4.1 The gas-phase species in the co-flow flame ............................................................... 82 

4.2 Morphology of soot particles generated in flame and temperature profiles ............... 84 

4.3 Chemical composition of soot particles in the nucleation stage ................................. 85 

4.4 Chemical composition of soot particles in co-flow flame .......................................... 96 

4.5 Conclusion ................................................................................................................ 102 

Chapter 5 Effects of ammonia addition on soot formation in ethylene laminar premixed 

flames .............................................................................................................................. 104 

5.1 Flame conditions and temperature profiles ............................................................... 104 

5.2 Soot particle characteristics ...................................................................................... 106 

5.2.1 PSDFs .................................................................................................................... 106 

5.2.2 Volume fraction and number density ..................................................................... 107 

5. 3 Chemical composition analyzed by FT-ICR-MS .................................................... 110 

5.4 Simulation of gas-phase species and particle volume fraction ................................. 117 

5.5 Conclusion ................................................................................................................ 123 

Chapter 6: Conclusion and future work .......................................................................... 124 

6.1 Conclusion ................................................................................................................ 124 

6.2 Future work ............................................................................................................... 125 

7 References .................................................................................................................... 127 

 

 

 

 

 

 

 

 

 



8 

 

 
 

List of Abbreviations 

AALHs           Aromatic aliphatic linked hydrocarbons 

ACE                  Advanced combustion engine 

BSS                  Burner stagnation stabilization 

CHO                     Oxygen containing compounds 

CHRCR                Radical chain reactions 

CI                   Compression ignition 

CPC                    Condensation particle counter 

DPF                  Diesel particulate filter 

DMA                   Differential mobility analyzer 

FT-ICR MS       Fourier-transform ion cyclotron resonance mass spectrometry 

GC                 Gas chromatography 

GDI            Gasoline direct injection 

GPF                  Gasoline particulate filter 

HAB                   Height above burner 

HACA                  Hydrogen- abstraction- carbon –addition 

HCCI                Homogenous charge compression ignition  

JSR                Jet stirred reactor 



9 

 

 
 

LDI                       Laser desorption ionization 

MALDI             Matrix assisted laser desorption ionization 

NAS                          Nanometer aerosol sampling instrument 

NOC             Nano-organic carbon particles 

NOx                       Nitrogen oxides 

PAHs                    Polycyclic aromatic hydrocarbons 

PFI-SI                 Port-fuel injected spark ignition 

PICSs                    Photoionization cross sections 

PLIF                        Planar laser induced fluorescence 

PM                           Particulate matter 

PRF                          Primary reference fuel 

PSDFs                      Particle size distribution functions 

RGA                       Refinery gas analysis 

RMG                      Reaction mechanism generator 

ROP                          Rate of production 

RSRs                        Resonance stabilized radicals 

SLM                         Standard liter per minute 

SMPS                       Scanning mobility particle sizer 



10 

 

 
 

SVUV                      Synchrotron photoionization molecular beam mass spectrometry 

TPRF                        Toluene primary reference fuel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

 
 

List of Figures 

Figure 1.1: Hypothetical mixed particle distribution [7]. ................................................. 17 

Figure 1.2: Deposition potential  for particles of varying sizes [8]. ................................. 17 

Figure 1.3: Elementary processes of soot formation [18]. ................................................ 19 

Figure 1.4: Conceptual mechanism of soot particle nucleation [18]. ............................... 22 

Figure 2.1: JSR in Nancy (France), developed from rules of construction proposed by 

Villermaux group [87]. ..................................................................................................... 32 

Figure 2.2: JSR experimental setup at KAUST [88]. ....................................................... 33 

Figure 2.3: Experimental set-up in USTC [91]. ................................................................ 35 

Figure 2.4: Co-flow flame configuration and sampling process....................................... 37 

Figure 2.5: Experimental setup for the burner-stabilized stagnation flame setup at 

KAUST. ............................................................................................................................ 39 

Figure 2.6: Square of flow rates through the orifice (Lair) and dilution ratio, calculated 

based on Lair, determined as functions of pressure drop across the orifice (symbols). Solid 

lines are fit. Equations are available. ................................................................................ 40 

Figure 2.7: Selected mobility PSDFs measured at HP=0.7cm of C3 flame, illustrating 

impact of dilution ratio employed on size distribution measurement. .............................. 40 

Figure 3.1: Mole fraction profiles of fuel components (n-heptane/iso-octane) in JSR 

reactor pyrolysis of PRF 70 in 99.75% nitrogen at one atm and one sec residence time. 

Symbols are experimental data; solid lines are simulated profiles. .................................. 53 

Figure 3.2: ROP analysis of fuel consumption in PRF70 at 950K. .................................. 54 

Figure 3.3: Mole fraction profiles of small species in JSR pyrolysis of PRF 70. Symbols 

are experimental data; solid lines are simulated profiles. ................................................. 55 

Figure 3.4: Mole fraction profiles of benzene (C6H6), toluene (C6H5CH3), ethylbenzene 

(C6H5C2H5), styrene (C6H5C2H3), indene (C9H8), and naphthalene (C10H8) in JSR 

pyrolysis of PRF 70. Symbols are experimental data; solid lines are simulated profiles. 56 

Figure 3.5: Mole fraction profiles of fuel components (n-heptane/toluene) in JSR reactor 

pyrolysis of Fuel 1&2&3. The amount of n-heptane increased and the toluene decreased 

in the frames from left to right. Symbols are experimental data; solid lines are simulated 

profiles. ............................................................................................................................. 58 

Figure 3.6: Mole fraction profiles of small species in JSR pyrolysis of fuels one two and 

three. Symbols are experimental data; solid lines are simulated profiles. ........................ 58 

Figure 3.7: Mole fraction profiles of benzene (C6H6), ethylbenzene (C6H5C2H5), and 

styrene (C6H5C2H3) in JSR pyrolysis of Fuel 1&2&3. Symbols are experimental data; 

solid lines are simulated profiles. ...................................................................................... 60 

Figure 3.8: Mole fraction profiles of (a) indene (C9H8) and (b) naphthalene (C10H8) in 

JSR pyrolysis of Fuel 1&2&3. Symbols are experimental data; solid lines are simulated 

profiles. ............................................................................................................................. 62 

Figure 3.9: Maximum concentration of naphthalene, acetylene, and benzyl formed in 

toluene/n-heptane mixtures. For naphthalene and acetylene, symbols are experimental 

data and lines are for guiding the eyes. The line is the calculated result for benzyl. ........ 64 



12 

 

 
 

Figure 3.10: Mole fraction profiles of fuel components (n-heptane/iso-octane/toluene) in 

JSR reactor pyrolysis of TPRF mixtures. Symbols are experimental data; solid lines are 

simulated profiles. ............................................................................................................. 66 

Figure 3.11: Mole fraction profiles of small species in JSR pyrolysis of TPRF mixtures. 

Symbols are experimental data; solid lines are simulated profiles. .................................. 67 

Figure 3.12: Mole fraction profiles of benzene (C6H6), ethylene (C6H5C2H5), and styrene 

(C6H5C2H3) in JSR pyrolysis of TPRF mixtures. Symbols are experimental data; solid 

lines are simulated profiles. .............................................................................................. 68 

Figure 3.13: Mole fraction profiles of (a) indene (C9H8) and (b) naphthalene (C10H8) in 

JSR pyrolysis of TPRF mixtures. Symbols are experimental data; solid lines are 

simulated profiles. ............................................................................................................. 69 

Figure 3.14: (a) and (b) Mole fraction profiles of phenanthrene (C14H10) and pyrene 

isomers (C16H10) in the flow reactor pyrolysis of TPRF 70 and 97.5 respectively. (c) and 

(d) Important reaction pathways for the formation of phenanthrene (C14H10) and pyrene 

isomers (C16H10), as predicted by the mechanism.  Symbols are experimental data taken 

from [142]; solid lines are simulations by the current model. .......................................... 72 

Figure 3.15: Mole fraction profiles of benzene (C6H6), naphthalene (C8H10), 

phenanthrene (C14H10), and pyrene (C16H10) in the flow reactor pyrolysis of toluene. 

Symbols are experimental data taken from [120]; solid lines are simulated from the 

current model. ................................................................................................................... 73 

Figure 3.16: Pathways to the formation of benzene and its isomers: fulvene and 2-ethynl 

1-3-butadiene. ................................................................................................................... 74 

Figure 3.17: Rate of products for benzene in various paths in selected gasoline surrogates, 

analyzed at a temperature of 1150 K. ............................................................................... 75 

Figure 3.18:  Formation of cyclopentadiene from C5H9 radicals and C2+C3 reaction 

network. ............................................................................................................................ 77 

Figure 3.19: Important reaction pathways for naphthalene production. ........................... 78 

Figure 3.20: Contribution of four pathways to formation of naphthalene for selected 

gasoline surrogates. Analysis conducted at 1150 K temperature for conditions in Table 1.

........................................................................................................................................... 78 

Figure 4.1: Important gas-phase species (ethylene, acetylene, benzene, toluene, and 

naphthalene) profiles among the central line of co-flow flame. Points are measured 

experimental results, solid lines guide the eye, the shadow represents error. .................. 82 

Figure 4.2: Progression of soot particles detected along flame centerline by TEM. ........ 84 

Figure 4.3: Magnified mass spectra of soot particles sampled at the flame height of 

9.35mm in ethylene-toluene flame above the burner........................................................ 85 

Figure 4.4: Distribution of main PAHs from soot particles sampled at flame height 

7.35mm. C/H correlation of two and three distinguish PAH reactivity. ........................... 86 

Figure 4.5: Nucleation mechanisms of PAHs in homogenous systems [59]. The dashed 

line parallels the physical nucleation limitation line, estimated by considering 

heterodimerization. The orange box is temperature and PAHs size limitations in this 

work. The yellow area is a physical nucleation possibility in this work. ......................... 95 



13 

 

 
 

Figure 4.6: LDI/FT-ICR mass spectra of soot particles collected at different heights 

above the burner. ............................................................................................................... 96 

Figure 4.7: Compound class distributions of soot particles in co-flow flame. ................. 97 

Figure 4.8: Variation in the number of hydrogen atoms with the number of carbon atoms 

in HC species detected by FT-ICR MS as a function of height above the burner. The 

color of each plot corresponds to the normalized intensity of each ion in the flame area. 

Also shown are C/H correlations for cata-condensed (dashed line) and peri-condensed 

(solid line) PAH structures................................................................................................ 98 

Figure 4.9: O/C atomic ratios in CHO species detected in soot particle sampled at 

different heights above the burner. Symbol size is proportional to the logarithm of 

normalized MS peak intensity. ......................................................................................... 99 

Figure 5.1: Temperature profiles of flames studied in this work. ................................... 105 

Figure 5.2: Evolution of PSDFs for three tested flames at several selected burner-to-

stagnation surface separation distances. ......................................................................... 108 

Figure 5.3: Particle number density and soot volume fraction measured as a function of 

burner-to-stagnation surface separation distances. Symbols are experimental data, lines 

guide the eye. .................................................................................................................. 109 

Figure 5.4: LDI/FT-ICR mass spectra of soot samples collected at Hp=0.5 cm for 

targeted flames. ............................................................................................................... 111 

Figure 5.5: LDI/FT-ICR mass spectra of soot samples collected at Hp=1.0cm for targeted 

flames. ............................................................................................................................. 112 

Figure 5.6: Representative chemical species of soot samples collected at Hp=0.5cm, and 

possible PAH structures. The possible pathways of PAHs growth are marked in red. .. 113 

Figure 5.7: Compound class distributions of the soot particles collected at Hp=0.5 and 1.0 

cm. ................................................................................................................................... 114 

Figure 5.8:  Variation in the number of hydrogen atoms and carbon atoms in species 

detected by FT-ICR MS, as a function of distance from the burner of three flames. The 

color of each plot corresponds to the normalized intensity of each ion in the flame area. 

Also shown are C/H correlations for cata-condensed (dashed line) and peri-condensed 

(solid line) PAH structures.............................................................................................. 116 

Figure 5.9: Computed mole fractions of benzene, pyrene, hydrogen cyanide, and nitrogen 

monoxide in targeted flames. .......................................................................................... 120 

Figure 5.10: Simulated mole fraction profiles of H atoms in targeted flames. ............... 120 

Figure 5.11: Simulated soot volume fractions in ethylene and ammonia doping ethylene 

flame. .............................................................................................................................. 121 

Figure 5.12: ROP analysis at Hp=0.2 cm in N2 flame. ................................................... 122 

 

 

 

 



14 

 

 
 

List of Tables 

Table 3.1: Molar composition of gasoline surrogates and facilities used. ........................ 44 

Table 4.1: Possible structures calculated by different methods. ....................................... 89 

Table 5.1: Summary of flame conditions a ..................................................................... 104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 

 

 
 

Chapter 1 Introduction 

1.1 Background and motivation  

Soot particles and their precursors, polycyclic aromatic hydrocarbons (PAHs), emitted 

from on-road vehicles, contribute to anthropogenic aerosol emissions, harming the 

environment and human health [1, 2]. Particulate matter (PM) forms in the atmosphere as 

a result of the complex reaction of chemicals, soot particles, and those PAHs from 

automobiles and power plants. PM contains microscopic solids, or liquid droplets. They 

are so small, which can be inhaled and cause serious health problem. Because of its black 

color, PM can also cause climate change. Soot particles are the main absorber of visible 

light radiation in the atmosphere; they absorb and scatter sunlight, influencing the cooling 

effect of other components in the atmosphere and glaciers on the earth, and ultimately 

leading to the greenhouse effect [3]. Research has shown that due to its superior direct 

radiation coefficient, soot particles have surpassed methane to become the second largest 

cause of global warming after carbon dioxide [4]. Because traffic powered by fossil fuel 

combustion is the main source of PM, reducing engine particle emission is an efficient 

approach to mitigating urban PM pollution and global warming [1, 2].  

The main component of engine particle emission is carbonaceous soot. Today, developing 

advanced engine combustion technologies including homogenous charge compression 

ignition (HCCI)--controlling fuel injection strategy and fuel design, and after-treatment 

systems like the gasoline and diesel particulate filters (GPF and DPF) can fully control soot 

particles formed in the cylinder, and afterward, in the emissions. Research on the 

mechanism of soot particles formation in the combustion process could fundamentally 
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inhibit its formation and be an important means to developing a new generation of clean 

and highly efficient engines[5]. 

1.1.1 Why soot matters 

Soot is the universally acknowledged atmospheric pollutant from combustion emission, 

and the main component of particular matter (PM), formed from a variety of components, 

including inorganic salts (such as nitrate and sulfur salts), organic compounds, metals, or 

dusty soil [6]. According to a report by United States Environmental Protection Agency 

(US EPA), PM can be divided into inhalable PM (particle dynamic diameter between 

2.5~10 µm) and fine particulate matter (particle dynamic diameter <2.5 µm)[6]. Those PMs 

with a dynamic diameter of more than ten µm have a relatively small suspension half-life 

and can be largely filtered by upper respiratory tract system and the nose [7].  As shown in 

Figure 1.1, in a PM ten sample, although ultrafine particles (particle dynamic diameter <0.1 

µm, PM0.1) are inconsequential to the total mass of particles, the overall number of these 

particles is huge, and can cause great harm to human health [7]. Figure 1.2 shows the 

deposition distribution of particles of various diameter in the human body [8]. Particles of 

a larger diameters can often be deposited in the nasopharyngeal passages, smaller particles 

can penetrate the human lung tissue further, and extra small particles can even enter the 

circulatory system through blood vessels [9].  There is solid evidence that exposure to PM 

2.5 is related to the morbidity and mortality of cardiovascular diseases [7-11]. The latest 

data shows that more than 3.2 million people die from outdoor PM 2.5 pollution every year 

[12].  

In addition to harming human health, soot particles have a huge negative impact on the 

atmospheric environment; due to their carbon black characteristics, they are the main 
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absorber of visible light radiation in the atmosphere. They absorb and scatter sunlight, 

influencing the cooling effect of other components in the atmosphere and Arctic glaciers, 

ultimately leading to the greenhouse effect [13].  

 

Figure 1.1: Hypothetical mixed particle distribution [7]. 

 

 

 

Figure 1.2: Deposition potential  for particles of varying sizes [8]. 
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Road traffic, powered by the burning of fossil fuel, is the largest source of urban PM 2.5 

[1, 2]. According to the latest statistics of Karagulian et al. [2], global PM2.5 emissions 

from road traffic accounts for about 25% of overall emissions. In some regions of the world 

(India 37%, southeast Asia, 36%, southwestern Europe 35%, south Asia 34%, Brazil 33%, 

other American regions except Canada, the U.S. and Brazil, 30%) transportation is 

responsible for the largest proportion of all PM2.5 emission sources [2]. Besides, road 

traffic, power plants are the second source of particulate emission. Particles can play a 

beneficial and a harmful role in the entire plant process[14].  Nowadays, most of 

researchers are focusing on the detrimental effects of particles. For example, soot particle 

can be deposit on the surface of engine cylinder and further affects the performance and 

lifetime of it. In addition , the presence of particles in the gas turbines can seriously affect 

the lifetime of the blades [14]. Nevertheless, particles in combustion system can be useful. 

Like some industrial furnaces, the presence of the soot particles increases the radiative 

power of the flame, further promotes the heat transfer rates in the system.  

Soot has a wide range of applications. The history of flame-generated soot, or the use of 

carbon black as a pigment, dates back to prehistoric times. Until recently, one of the main 

uses of soot was toner pigment for laser printers. Another important application for soot is 

as an addictive for automobile tires, which enhances the physical properties of rubbers [15]. 

Approximately 90% of carbon black is used in rubber applications, nine percent as a 

pigment, and the remaining one percent as an essential ingredient for hundreds of different 

applications [16].  The total carbon black market value was 16 billion USD by 2020 [17]. 
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1.1.2 The historical respective  

After nearly three decays of research, understanding of the mechanism of soot formation 

has become more complex. Normally, soot formation includes the following processes: 

PAH formation, particle nucleation, mass and surface growth, particle aggregation, and 

sometimes particle oxidation. Figure 1.3 is an example of the soot formation process in 

laminar premixed flame [18]. Among these, the mysteries of PAH formation and particle 

nucleation are the most compelling for researchers.  

 

Figure 1.3: Elementary processes of soot formation [18]. 

 

1.1.2.1 Polycyclic aromatic hydrocarbons (PAHs) formation 

 

Polycyclic aromatic hydrocarbons are the precursors and key intermediates in soot 

formation [19, 20]. During the aromatic formation process, the formation of the first 

benzene ring is very important [21, 22]. The pathway to benzene formation [23] includes: 

1) the C3+C3 pathway of two propargyls (C3H3) self-addition reaction and C3H3 with allyl 

(aC3H5) addition reaction; 2) the C4+C2 pathway of the addition reaction by C4H3/C4H5 

with acetylene (C2H2); 3) the C5+C1 pathway of reaction by cyclopentadienyl (C5H5) with 
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methyl (CH3); 4) the dehydrogenation reaction of cyclohexadiene (C6H8). After the 

primary benzene forms, it can react with other intermediates to produce larger aromatics. 

The famous hydrogen-abstraction-carbon-addition (HACA) mechanism, developed by 

Frenklach et al. [20, 24, 25], captured the essence of the thermodynamic and kinetic 

requirements for the soot formation process [18]. Based on the HACA mechanism, many 

PAH models [24, 26-29] were developed to predict PAH concentrations in the combustion 

process. In 1997, Wang and Frenklach [21] used the basic framework of HACA to develop 

the Wang-Frenklach 97 mechanism, which effectively predicted the concentrations of main 

intermediates and PAHs in some acetylene and ethylene flames. After them, Apple, 

Bockhorn and Frenklach [26] developed the ABF mechanism, based on Wang-Frenklach 

97; this mechanism can predict the intermediates in C2 fuel flames, however, a large gap 

still exists between predicted concentrations of large PAHs and the experimental data. 

Based on the same HACA framework, Wang and You et al. [27] developed a mechanism 

for C1-C4 fuels referred to as the USC- Mech II mechanism. In 2013, Wang proposed a 

KAUST-KM2 [28], which extended the maximum predicted PAH to seven-ring PAHs 

(Coronene, C24H12). 

Even though the HACA mechanism is accepted by many as the framework for PAH models, 

it has its limitations. For example, it cannot explain the existence of a large number of 

PAHs with aliphatic compounds [30]. Studies have shown some pathways beyond HACA 

which could also play an important role in PAH formation. Shukla and Koshi [31] indicated 

that a phenyl addition/ cyclization pathway was very efficient for PAH growth in benzene 

pyrolysis. Other examples [18] included the reaction of fulvenalene with acetylene [32], 

cyclopentadienyl with acetylene [33, 34], and cyclopentadienyl with itself to produce 
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naphthalene [35, 36]. Recent investigations indicate that the clustering of hydrocarbons by 

radical-chain reactions (CHRCR) may be the key mechanism in PAHs growth and soot 

formation [37]. Because resonance-stabilized radicals (RSRs) are critical to this 

mechanism [37], some work has focused on the RSR-driven radical chain reactions. For 

example, Miller et al. [38] studied the reaction between RSRs of propargyl and allyl. Jin et 

al. [39] investigated the radical chain reaction of vinylacetylene and propargyl. Mao et al. 

[40] explored the growth of indene from the resonance-stabilized cyclopentadienyl radical 

following a series of resonance-stabilized radical chain (RSRs) sequences. 

At present, some progress has been made in PAH formation. However, an accurate PAH 

model that can predict PAH formation in the combustion process under different conditions 

is scarce. The biggest obstacle to the development of the PAH model is limited PAH 

experimental data for validation. Because the technique for measuring PAH in flames is 

mainly the planar laser induced fluorescence (PLIF) technique, which is mostly-

quantitative. In this dissertation, the first objective is to achieve quantified experimental 

data of PAH formation to assist in PAH model validation.  

1.1.2.2 Soot Nucleation (nanoparticle formation) 

 

For nascent soot, or nanoparticles formed by PAHs through the nucleation process. D’Anna 

et al. [41, 42] measured the particle size and particle volume fraction by using the 

techniques of UV-visible spectroscopy and laser scattering/extinction. They identified two 

types of particles: nano-organic carbon particles (NOC), transparent to visible radiation 

and solid black soot particles, absorbing light in the entire spectral range [41]. It was found 

that the concentration of NOC can be comparable to that of mature soot particles, and it is 

usually formed at the beginning of the flame [41, 42]. Kholghy et al. [43] found that the 
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NOC was liquid-like and formed at a temperature below T= 1500K. When the temperature 

exceeded 1500K, the transparent particles immediately transform into mature 

agglomerated particles. Cain et al. [44] indicated that the liquid-like particles are composed 

of peri-condensed PAHs in mass range 200-300amu. Similar observations were made by 

Dobbins et al. [45-47] , who also illustrated that the transition from precursor to mature 

particles is through the process of carbonization [46].  In various flames, the evidence of 

young soot particles with aliphatic structures [44] is found. It may be relative to liquid-like 

character of young soot [18, 30, 44, 48]. 

 

Figure 1.4: Conceptual mechanism of soot particle nucleation [18]. 

Those experimental investigations on PAHs and soot particles illustrated extensive 

characterization, however, the transition of gas-phase PAHs to nanoparticles is still poorly 

understood. Three hypothesis are usually used for describe the soot nucleation process from 

PAHs to soot particle [18], as shown in Fig. 1.4. Path A is described as fullerene-like 

structures [49]. However, it has a larger carbon-to-hydrogen ratio of soot particles. Path B 

is the staked PAH clusters, held together by van der Waals forces [50, 51], and Path C is a 

three-dimensional structures which PAHs were chemical cross-linked [52]. Paths B and C 

have been supported by some computational investigation [50, 53-55]. Pioneering work by 

Frenklach et al. [51] has suggested that medium-size PAHs can form dimers via physical 
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forces, which was widely applied in many numerical soot models as the first step in 

nucleation. Later, Sabbah et al. [56] combined experiments coupled with theoretical 

modeling to demonstrate that the equilibrium of the reaction strongly favors the 

dissociation of the pyrene dimer at high temperatures, and that physical dimerization of 

pyrene cannot be a key step to form the particles at typical flame temperatures. Similar 

results were obtained by Johansson et al. [57]. Pyrene and its dimerization have limited 

importance in incipient soot production under the conditions studied. Through molecular 

dynamics simulation, Also, Mao et al. [58] by using molecular dynamics indicated that 

nucleation pathways are dependent on temperature. Physical nucleation only occurs in low 

and medium temperatures; when the temperature reaches 2500K, PAHs grows to inception 

soot particles via the chemical mechanism. Except for the temperature parameter, the type 

of PAHs is also believed to affect the inception process.  Elvis et al. [59] highlighted the 

effects of substituted aliphatic chains on soot inception. Kholghy et al. [60] found that soot 

nucleation must involve a strong chemical bond formation between dimers, in that case 

even small PAHs like benzene can contribute to nucleation. In addition to the pre-

condensed PAHs for nucleation, D’Anna also pictured the aromatic aliphatic linked 

hydrocarbons (AALHs), [61]. Eaves et al. [62] found that small PAHs can promote 

nucleation, while both small and large species are important for PAH addition to soot 

surface. Thus, the species involved in the nucleation are ambiguous in the literature [60]. 

It is necessary to  measure gaseous species and particles at the same time to understand the 

nucleation phenomenon [18]. 
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1.1.3 Motivation 

Combustion research is driven by the need to improve combustors performance, either by 

reducing pollutant emissions or by increasing fuel efficiency. In recent years, stringent 

regulations against NOx and soot emissions have increased the need for better models to 

predict pollutant formation from engines. Emission of these carcinogenic pollutants is 

expected to increase with growing demand for light-duty vehicles powered by gasoline 

direct injection (GDI) engines. This type of engine is widely used in the transport sector 

because of its fuel efficiency; however, it is characterized by a higher tendency for soot 

formation [2]. GDI engines have been reported to produce more soot particles than 

conventional port-fuel injected spark ignition (PFI-SI) engines [63-65], mainly because of 

poor fuel and air mixture in the cylinder, which leads to fuel-rich areas in the combustion 

chamber and local high temperature in incomplete combustion regions [66]. GDI engines 

produce more ultrafine and nano-sized particles than compression ignition (CI) engines 

[67], which are more harmful to the environment and human health [1, 2]. 

Clarifying the formation mechanisms of soot and its precursors in combustion has been a 

decades long research goal [18]. Fundamental data from well-defined reactors, and kinetic 

modeling with detailed reaction pathways are promising tools to bridge the gap [18, 68-

71]. The combustion properties of molecules representative of those in gasoline such as 

normal-alkanes, branched alkanes, and aromatics have been extensively investigated, 

providing data for the development of detailed reaction mechanisms for PAHs.  

The transition from gas-phase PAH to nanoparticles remains the biggest unsolved puzzle. 

Although many obstacles hinder experimental research on soot nucleation, it is very 

difficult to pinpoint the actual transition location because the process from the gas phase 
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to particles is transitory. Like previous experiments [44, 72-75], the second portion of this 

dissertation will focus on analyzing NOC particles (or infant soot) to clarify how nucleation 

occurs. Detailed molecular compositions of the sampled particles were determined using a 

laser desorption ionization (LDI) source, coupled with Fourier-transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) [76, 77]. The unparalleled mass resolution and 

accuracy of FT-ICR MS made it suitable for molecular characterization of complex 

mixtures [78, 79]. PAHs in mature soot particles and solid asphalts have been investigated 

in previous work [76, 77]. In this section, NOC particles sampled from different flames 

were found to be composed of nearly the same chemical species; probable and stable 

structures were predicted by a stochastic simulation (SNapS2) and theoretical calculations. 

This study provides direct evidence to support the hypothesis that individual PAH 

molecules grow chemically until they are large enough to agglomerate into ordered stacks, 

and become disordered clusters by Jacobson et. al[75]. 

Some additives like hydrogen, carbon dioxide, nitrogen oxides, and ammonia have been 

proven to reduce soot formation in hydrocarbon-oxygen flames [80-83], attributable to 

hydrodynamic or chemical effects. Recently, the application of ammonia as a potential 

carbon-free fuel has received widespread attention [84]. In addition to being a hydrogen 

carrier, the advantages of ammonia are its availability, amenability to storage and transport, 

and its utility as a fuel for various energy and industrial applications. In the third part of 

this dissertation, the effect of ammonia on soot formation is explored. The particle size 

distributions and chemical compositions of soot and polycyclic aromatic hydrocarbons 

(PAHs) in ethylene laminar premixed flames doped with ammonia are presented.  
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1.2 Dissertation overview 

Chapter 1: Background, motivation, and introduction of this dissertation  

Chapter 2: Methodology to study PAHs and soot formation  

The structure of Chapter 2 is as follows:  

 Section 2.1 Jet stirred reactor with gas chromatography diagnostics 

 Section 2.2 FlowRreactor experiment with SVUV-MS diagnostics 

 Section 2.3 Co-flow flame setup and the thermophoresis sampling 

 Section 2.4 Burner-stabilized stagnation flame setup and the SMPS sampling  

 Section 2.5 Nascent soot particle analyzed by the Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS)  

 Chapter 3: PAHs formation in a jet stirred reactor and flow reactor by gasoline surrogate 

pyrolysis 

The structure of Chapter 3 is as follows: 

 Section 3.1 Gasoline surrogate formation methodology 

 Section 3.2 PRF pyrolysis in JSR 

 Section 3.3 Toluene/n-heptane blends pyrolysis in JSR 

 Section 3.4 TPRF mixture pyrolysis in JSR 

 Section 3.5 Validation of large PAHs in a flow reactor  

 Section 3.6 ROP analysis of benzene and naphthalene formation in various gasoline 

surrogate 

Chapter 4: Soot formation in the co-flow flame 
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The structure of Chapter 4 is as follows:   

 Section 4.1 Gas-phase species in the co-flow flame  

 Section 4.2 Morphology of soot particles generated in the flame  

 Section 4.3 Chemical composition of soot particles 

 Section 4.4 Chemical composition of soot particles in the nucleation stage  

Chapter 5: Effect of ammonia addition on soot formation in ethylene laminar premixed 

flame 

The structure of Chapter 5 is as follows:  

 Section 5.1 Effect of particle size distribution by ammonia addition in ethylene 

laminar premixed flame 

 Section 5.2 Chemical compositions of soot particles sampled in flames with or 

without ammonia addition 

 Section 5.3 Chemical effect of ammonia on PAH formation 

 

Chapter 6 Conclusions and future work  
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Chapter 2 Methodology to study PAHs and soot formation  

In this chapter, the methodology of studying PAHs and soot formation is introduced.  Two 

reactors, including the jet stirred reactor and the flow reactor, were employed to study PAH 

formation during pyrolysis by a gasoline surrogate. The identifiers of soot particles were 

studied in co-flow flame and burner-stabilized stagnation flames. Related diagnostic 

techniques are also clarified.  

2.1 Jet stirred reactor (JSR) coupled with gas chromatography (GC) 

The jet stirred reactor (JSR) was first introduced by Matras et al. [85] and is suitable for 

gas-phase kinetic studies. It is taken as a zero-dimensional reactor, because, unlike co-flow 

and counter-flow flame, fuel transporting properties do not need to be considered. 

JSR provides many advantages for kinetic studies [86]: it is relatively small, easily operated 

and controlled. This type of reactor is driven at the condition of steady state and constant 

residence time, temperature, and pressure, so it is easily to be modeled. It also can be 

coupled with various analytical techniques like gas chromatography (GC) and mass 

spectrometry for chemical compounds identification and quantification in the gas phase.  

The JSR reactor at KAUST is the same as the reactor in Nancy (France), as Figure 2.1 

shows. The reactor designed by the group at Villermaux includes a sphere where the 

reaction occurs. Reactants are vaporized into gases and then enter the reactor through an 

injection cross. This injection cross is located at the center of the sphere and comprised of 

four  quartz nozzles providing the jets and ensuring the gases mixing inside. Two sizes of 

JSR were employed in this study, their volumes were 26 and 76 cm3 respectively.  
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Residence time (τ) was controlled by the equation (1) below, in which V is the volume of 

the reactor and Q is the volume at the flow rate of the gas through the reactor.  

𝜏 =
𝑉

𝑄
                            （2.1） 

 

Figure 2.1: JSR in Nancy (France), developed based on the rules of  the construction 

proposed by Villermaux group [86]. 

 

The JSR experiment, coupled with gas chromatography in KAUST, is shown in Figure 2.2. 

Larger residence times (from 0.5 to 5 seconds) were recommended. A JSR with a larger 

diameter and crossed nozzle configuration allows for better mixing, so it was included in 

the setup, along with a volume of 76 cm3. The nozzle diameter was 0.33 mm. Fuel was 

vaporized at 500K and then diluted with nitrogen; it also functioned as carried gas to 

introduce fuel vapor into the spherical reactor. A K-type thermocouple was placed inside 

the reactor to monitor reaction temperature. Temperature profiles were measured with pure 

nitrogen flow and displayed good uniformity (gradient <3K/cm). Products were sampled 

by a sonic-throat gas sampling probe located at the outlet of the reactor and connected to a 

mechanical pump. The pressure drop across the orifice was sufficient to prevent further 
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reactions in the sample transfer line. Sample gas was analyzed online using Agilent refinery 

gas analysis (RGA) and Agilent 7890B GC. The Agilent RGA system, follows ASTM 

D1945, D1946, and UOP 539 methods, with TCD and FID detectors, and was used to 

quantify H2 and C1-C5 hydrocarbons during TPRF pyrolysis. The Agilent 7890B system is 

equipped with an Agilent DB-1 column (15mm×0.320mm) and an FID to separate and 

detect PAHs. The total time of the temperature program was 17.833 mins, oven-controlled 

as follows: (1). 45 °C for six mins; (2). Then 30°C /min to 100°C for four mins; (3). then 

30°C /min to 280°C for zero min. Identification of PAHs was performed by injecting 

standard samples. PAHs mole fractions were calculated by calibrating with toluene and 

applying for corresponding effective carbon numbers. Uncertainty was ±5% for reactant 

mole fraction, ±15% for C1-C5 pyrolysis products, and ±30% for PAHs. Errors were a result 

of uncertainty in the mass flow controllers and syringe pump, measurement reproducibility, 

and uncertainties in gas chromatograph measurements, etc. JSR conditions were as follows: 

fuel concentration fixed at 0.25%; pressure 1 ± 0.1bar; residence time 1 ± 0.05s; various 

temperatures from 800K to 1250K. 

 

Figure 2.2: JSR experimental setup at KAUST [87]. 
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2.2 Flow reactor coupled with synchrotron photoionization molecular beam mass 

spectrometry 

In addition to the JSR experiment, PAH formation was also studied in a flow reactor. The 

flow reactor was coupled with synchrotron photoionization molecular beam mass 

spectrometry (SVUV-MBMS) which with the advantage of radical detection and isomer 

separation.  That is crucial to clarify combustion reaction pathways and estimate reaction 

rate constants; it can also detect big PAHs, including phenanthrene and pyrene, which is 

critical for PAH model validation.  

Gasoline pyrolysis surrogates in a flow reactor with an inner diameter of seven mm were 

analyzed by SVUV-PI-MBMS at NSRL in USTC [69, 88-90]. The temperature profile of 

the flow reactor was measured by an S-type thermocouple and expressed by its maximum 

temperature (Tmax) as shown in Figure 2.3. This temperature represents the experimental 

temperature in the experiment results. The uncertainty of Tmax is ±30 K. The total flow rate 

of the mixture was maintained at 1.0 standard liter per minute (SLM) at 298 K. Calculated 

residence times in the studied temperature range were 1.2–2.0×10-1 s. A fuel mole fraction 

of 0.0057 was used to improve the measurement of PAHs with three and four rings. Mole 

fractions of reactants, and several aromatics from benzene to PAHs with four rings, were 

quantified. Photoionization cross sections (PICSs) for the aromatics were obtained from 

the literature [91-93] or estimated from species with similar structures. The measurement 

uncertainty was ±10% for reactant species, ±25% for those with measured PICS (benzene, 

ethylbenzene, styrene, indene, naphthalene), and a factor of two for those with estimated 

PICS (bibenzyl, phenanthrene, and pyrene). Experiments with TPRF 70 and 97.5 were 

conducted using the same experimental setup over the same period, the data evaluation 
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procedure was the same for the two datasets, and the photoionization cross sections for the 

PAHs were from the same source. Although a factor of two was estimated in the uncertainty, 

the error for the same PAH obtained from the gasoline surrogate mixtures was cancelled 

out. Therefore, the experimental observation for the mole fraction difference of the PAHs 

in the gasoline surrogate mixtures was not affected by experimental uncertainty. 

 

Figure 2.3: Experimental set-up in USTC [90]. 
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2.3 Co-flow diffusion flame and thermophoresis sampling 

Details of the atmospheric pressure laminar co-flow diffusion burner assembly are 

described briefly here. A Santoro [94] burner was used, consisting of two concentric brass 

tubes of 11.1mm and 101.6 mm i.d., with fuel flowing through the central tube and a co-

flow of air in the outer tube. Liquid fuel was supplied using a syringe pump to a mixing 

chamber, where it vaporized and mixed with a carrier gas (ethylene and nitrogen) at 423K. 

Carrier gases were managed using MKS mass flow controllers. The flow rates of the liquid 

fuel and carrier gases were 0.845ml/hr, 120 SCCM, and 120 SCCM respectively. Air co-

flow was also controlled by an MKS mass flow controller with a flow rate of 10 SLPM.  

Soot was sampled from the flame using thermophoresis sampling onto pure copper grids 

(Electron Microscopy Science, GA75-Cu) at four positions, shown in Figure 2.4. The 

sampling locations of the four positions, were 7.35mm, 11mm, 18mm, and 25mm, height 

above the burner (HAB). Details of the sampling system are described in ref. [95]. The 

sampling device was designed to insert the grid which was held by tweezers through the 

flame; the flame was extinguished immediately thereafter and the grid was retrieved. A 

high-speed camera measured the residence time of the grid in the flame. To minimize the 

coagulation effect [96], the exposure time was limited to    7 µs for all sampling positions.  
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Figure 2.4: Co-flow flame configuration and sampling process. 

2.4 The burner-stabilized stagnation flame setup and corresponding sampling 

method 

The BSS flame configuration at KAUST (shown in Fig. 2.4) consisted of a McKenna 

burner with a diameter of six mm, and a stagnation board parallel to the burner surface; 

this setup was similar to that in other work [97-99].  

By adjusting the secondary air flow rate in this system, the sampling hole generated a 

pressure drop to suck soot particles into the sampling tube. To reduce the aggregation loss 

of particles passing through the sampling tube wall, the thickness of the sampling tube 

should be as little as possible to minimize the particle’s time to pass through the sampling 

orifice, therefore, the thickness of the tube wall used in this experiment was 0.127mm. The 

orifice diameter is another important parameter for particle size distribution. If the orifice 

is too small, it is easily blocked; if the orifice is too big, it is easy to inhale too many soot 

particles and further increase the loss of aggregation. According to the experience of Ref. 

[98, 100], measurement reliability will be high when the diameter of the orifice is in the 
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range of 0.12-0.16mm. In this research, the orifice was 136 µm, which was constructed by 

a Yb Fiber Laser (Model PLS6MW, Universal Laser System) in the Nanofabrication Core 

Lab of KAUST. The orifice was in the center of a sampling tube embedded in the 

stagnation plate. The temperature of the orifice (about 400 K) was measured by a K-type 

thermocouple embedded inside the stagnation plate. 

Once the particles were drawn into the orifice, they were immediately diluted by a high 

flow of cold nitrogen (30L/min, STP) to minimize losses in the sampling lines due to 

coagulation. The dilution ratio in this work was calibrated by measuring the flow rate into 

the orifice from ambient air, as described in Ref [98]. The square of the flow rate through 

the orifice (Lair) was linear, with a pressure drop across the orifices, as shown in Fig.2.5. 

The dilution ratio DR was then calculated by applying equation (2.2) [98]: 

DR=
Lair

LN
×fv×fe                                                       (2.2)  

Lair is the flow rate through the orifice; LN is the flow rate of nitrogen; fv is the gas viscosity 

correction factor [98, 101-104]; fe is the gas expansion correction factor [98, 101-104]. The 

optimal dilution ratio was determined using the procedure described in [98] by adjusting 

the secondary air flow rate. Figure. 2.6 shows an example of the optimal dilution ratio for 

PSDFs in C3 flame at Hp= 0.7 cm. 

The scanning mobility particle sizer (SMPS, TSI 3936) for measurement of PSDFs 

consisted of a neutralizer (TSI 3087), a nano-differential mobility analyzer (DMA, TSI 

3086), and an ultrafine condensation particle counter (CPC, TSI 3776). As particle sizes 

smaller than ten nm are overestimated (due to the Cunningham slip correction discussed 
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by Li et al. [105]), the diameter of the soot particles was corrected based on particle 

transport theory presented in [101].   

A nanometer aerosol sampling instrument (NAS, TSI 3089) collected the soot particles 

generated by the same BSS setup and then charged by the neutralizer (TSI 3087). The NAS 

included a cylindrical sampling chamber and an electrode with a flat round plate, mounted 

perpendicular to the aerosol flow [106]. In this work, the flow rate through the NAS, and 

the voltage, were controlled at 1.5 L/min and -7 kV, respectively. Positively charged soot 

particles were captured on the substrate of negatively charged pure copper grids (Electron 

Microscopy Science, GA75-Cu).    

 

 

Figure 2.5: Experimental setup for the burner-stabilized stagnation flame setup at 

KAUST.  
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Figure 2.6: Square of flow rates through the orifice (Lair) and dilution ratio, calculated 

based on Lair, determined as functions of pressure drop across the orifice (symbols). Solid 

lines are fit. Equations are available.   

 

 

Figure 2.7: Selected mobility PSDFs measured at HP=0.7cm of C3 flame, illustrating 

impact of dilution ratio employed on size distribution measurement. 
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2.5 Soot particle analyzed by Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS)  

Unlike matrix assisted laser desorption ionization (MALDI), which is widely used for 

synthetic polymer analysis and in biochemical fields, the laser desorption ionization (LDI) 

technique requires minimal sample preparation. A study by Apicella et al. [107] indicated 

that LDI was more suitable for the analysis of soot sampled from flame, however, the time-

of-flight mass spectrometer used in that work had relatively low resolution, which limited 

the reliability of molecular identification. Fourier-transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) is an ultra-high-resolution analytical technique for studying 

complex organic matters; it is widely used to characterize different petroleum matrixes 

[108-110]. Because the chemical constituents of soot particles are extremely complex, the 

authors felt that the technique of LDI coupled with FT-ICR MS would offer new insight 

into the molecular characterization analysis of soot. In this study, FT-ICR MS [111] was 

coupled with (LDI); this technique was applied for the first time to analyze the chemical 

constituents of soot particles generated from flames.  

A SolarX XR 9.4 Tesla Fourier transform ion cyclotron resonance mass spectrometer (FT-

ICR MS, BRUKER DALTONIK GmbH, Bremen, Germany), equipped with laser 

desorption ionization (LDI) at the Analytical Chemistry Core Laboratory in KAUST, was 

applied to examine the chemical composition of the soot particles collected. The mass 

spectrometer was previously calibrated with the electrospray ionization source, using a 

sodium format standard solution within the mass range of 100-1200 Da. The instrument 

was operated under the data size of 4M, with a transient time of 2.2370 s. For measurements, 

the copper support grids, containing soot samples, were attached to the LDI sample plate 
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by double-sided adhesive tape. The laser power was tuned before the data acquisition of 

each sample, and the minimal laser energy was applied to generate profound mass signals, 

as well as to avoid the apparent fragmentation of molecular ions and the formation of 

carbon clusters. One hundred individual mass scans were accumulated into one final 

spectrum.  

The resulting mass spectra were further processed with DataAnalysis software (Version 

4.5). Only the mass peaks with a high signal-to-noise ratio (S/N≥5) were considered for 

the molecular formula identification that followed. The composer software (Sierra 

Analytics, Modesto, CA, USA) was employed to assign a unique chemical formula within 

a typical soot sample (C1-100H2-200N0-4O0-2).  
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Chapter 3 PAH formation in a jet stirred reactor and flow reactor by 

gasoline surrogate pyrolysis 

3.1 Gasoline surrogates 

Gasoline surrogates comprising binary, ternary, or multi-component mixtures are used to 

mimic gasoline combustion and guide the development of advanced combustion engine 

(ACE) technologies [18, 112-115]. Traditionally, gasoline fuels were modeled as simple 

primary reference fuel (PRF) blend,  where n-heptane and iso-octane are mixed to match 

the RON or the MON [68]. However, it soon became apparent that an additional 

component mainly an aromatic was needed to match both the RON and MON, and thus the 

toluene primary reference fuel (TPRF) was widely used. The advantage of using a TPRF 

surrogate is to better match the composition and combustion properties (e.g., octane 

numbers [114]) of gasoline compared to the primary reference fuel (PRF, binary mixture 

of n-heptane/iso-octane). TPRFs emulate the aromatic, n-paraffinic, and iso-paraffinic 

content in real gasoline, as these three classes represent more than 90% of the chemicals in 

commercial gasoline fuels [116]. The presence of aromatics in gasoline and their surrogates 

were observed to enhance PAHs formation [18, 117]. In this work, PRF mixtures, TPRF 

mixtures, and the mixtures of n-heptane and toluene were studied to investigate the 

relationship between gasoline surrogate compounds and PAH formation. All the gasoline 

surrogate mixtures are shown in Table 3.1, which cover the range of research octane 

numbers (RON) from 30-120. Among them, four TPRF mixtures were taken from Ref. 

[116], and the RONs were calculated based on the methodology described in Ref. [118]. 
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Table 3.1: Molar composition of gasoline surrogates and facilities used. 

 n-Heptane  iso-Octane  Toluene RON  Facility 

Volume of 

JSR (cm3) 

PRF 70 0.33 0.67 0 70 JSR 31.6 

Fuel 1 0.18 0 0.82 95 JSR 31.6 

Fuel 2 0.45 0 0.55 63.2 JSR 31.6 

Fuel 3 0.73 0 0.27 30 JSR 31.6 

TPRF 70 0.35 0.37 0.29 70 JSR & FR 76 

TPRF 80 0.27 0.33 0.4 80 JSR 76 

TPRF 91 0.17 0.29 0.54 91 JSR 76 

TPRF 97.5 0.15 0.08 0.78 97.5 JSR & FR 76 

Pure Toluene*  0 0 1 120 FR - 

         * Literature data [119]. 

 

3. 2 Kinetic model development 

A new PAH mechanism, currently under development at LLNL, was used for simulations 

in this study. This new mechanism was built hierarchically, based on the recent aromatic 

mechanism from Kukkadapu et al. [120]; it describes the growth of PAH’s by reactions 

with important intermediates like acetylene, propene, propyne, allene, 1,3 butadiene, 

vinylacetylene, benzene, naphthalene, methyl, propargyl, allyl, phenyl and naphthyl 

radicals. The reaction pathways and the associated rate parameters for reaction with these 

intermediates were adopted from recent ab initio studies noted in [25]. Using the different 

repetitive growth mechanisms, the mechanism described the formation of PAHs containing 

up to C24 carbons (e.g.: coronene, ethynyl-naphthotetraphene: structure shown in 
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Supplementary Material). However, in the present work, the kinetic model used was 

limited to the formation of PAHs containing up to four aromatic rings. The PAH 

mechanism containing up to seven fused rings will be covered in forthcoming publications, 

in which the mechanism is systematically validated against the speciation profiles of 

different PAH’s produced during pyrolysis of ethylene, acetylene, propene, propyne, allene, 

butadiene, pentenes, and cyclopentadiene, conducted using JSR, diffusion flames, and flow 

reactors.  Validations were conducted to ensure that the mechanism successfully predicted 

the formation of PAHs from C1-C5 precursor species and described in [121]. In the present 

study, the focus was on the chemistry related to benzyl radicals produced from abstractions 

from the methyl site in substituted aromatics and known to play an important role in PAH 

growth during pyrolysis and fuel-rich oxidation of TPRF fuels.  

The important reactions of benzyl radicals toward the growth of large PAHs have been 

classified into three major categories, and discussed in detail below: 

a) decomposition of benzyl radicals 

b) recombination reactions with radical species 

c) addition reactions with stable intermediates  

 

3.2.1 PAH growth through decomposition of benzyl radicals 

At high temperatures, benzyl radicals can undergo decomposition reactions that produce 

fulvenallene (C7H6) +H or o-benzyne+CH3. Rates for decomposition of benzyl radicals 

have been adopted from a study by Derudi et al. [122]. o-Benzyne is known to be a very 

reactive intermediate, and its role in the growth of PAHs has been studied in earlier work 

[123-125]. Based on the findings of Comandini and Brezinsky [124], Matsugi and Miyoshi 
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[125], and Friedrichs et al. [123], the mechanism describes the reactions of o-benzyne with 

benzene, naphthalene, acetylene, ethylene, propene, propargyl radical, and phenyl radical, 

resulting in the production of styrene, phenyl acetylene, naphthalene, phenylpropene, indene 

and fluorene, respectively. The mechanism also describes the unimolecular decomposition of 

benzyne to acetylene and diacetylene (C4H2). The rate for this decomposition reaction was 

adopted from a study by Lynch et al. [126]. 

Fulvenallene, on the other hand, is a stable intermediate and its role in the growth of PAHs 

is via the reactions of resonance-stabilized fulvenallenyl radicals (C7H5). As suggested by 

da Silva and Bozzelli [127], C7H5 possesses characteristics similar to propargyl and 

cyclopentadienyl radicals and it can facilitate the formation of two- and three-ring PAHs 

through recombination with itself, or by reactions with propargyl (C3H3). Based on this 

suggestion [127], C7H5 radicals were modeled to produce naphthalene, biphenyl and 

phenanthrene by recombination reactions with C3H3, and with itself, respectively. The rates 

for recombination of C7H5 with C3H3 and with itself were from Miller and Klippenstein’s 

[128] study on self-recombination of propargyl radicals. However, to account for the steric 

factors, pre-exponential A factors were lowered by a factor of two for the fulvenallenyl 

reaction with propargyl, while the self-recombination rate was reduced by a factor of four. 

The mechanism also described the reaction of C7H5 with acetylene. The reactions pathways 

and the corresponding rates for this reaction were adopted from the ab initio study of 

Matsugi and Miyoshi [125]. 

3.2.2 PAH growth through recombination reactions with radical species 

At low to intermediate temperatures (600 K <T<1200 K), where the temperature is not high 

enough to overcome the activation barrier for unimolecular decomposition, benzyl radicals 
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can be consumed by chain-terminating self-recombination reactions, or recombination 

reactions with methyl, propargyl, or allyl radicals. The self-recombination of benzyl 

radicals results in the production of 1,2 diphenyl ethane, commonly referred to as bibenzyl 

(C14H14). C14H14 undergoes sequential dehydrogenation which results in the production of 

phenanthrene. This reaction sequence, pertaining to conversion of C14H14 to phenanthrene, 

was investigated recently by Sinha and Raj [129], and it includes the formation of 1,2-

diphenylethylene (C14H12), commonly referred to as stilbene, which upon further 

dehydrogenation--results in the production of phenanthrene. The recombination rate of 

benzyl radicals used in the present study was taken from recent experimental work by 

Matsugi and Miyoshi [125]. Analogous reactions from the base chemistry were used to 

describe the conversion of C14H14 to stilbenzene (C14H12). The vinylic/aryl C14H11 radicals 

produced after H-abstractions from C14H12 experienced a ring closure reaction resulting in 

phenanthrene. The C14H11 radicals from this reaction sequence were also produced during 

reactions of phenyl (C6H5) radicals with phenylacetylene (C6H5C2H), which was studied 

by Aguilera-Iparraguire and Klopper [130]; for this reason, the reactions and associated 

rates from [130] were used to describe the conversion of C14H11 to phenanthrene. Because 

of the similarity between allyl and benzyl radicals, the recombination of the benzyl radical 

with the allyl radical was also modeled in the present mechanism. The recombination of 

benzyl radicals with allyl radicals produced 4-phenyl-1-butene, which subsequently are 

converted to dihydronaphthalene, and eventually to naphthalene. Considering the 

similarity between benzyl and allyl radicals, the rate for recombination of benzyl radicals 

was used to model the recombination of benzyl and allylic radicals. 
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Another important recombination of benzyl radicals occurred with the propargyl radical. 

Matsugi and Miyoshi [125] studied this reaction theoretically using CBS-QB3, B3LYP, 

and CASPT2 methods, and suggested that this reaction could be an important source of 

naphthalene, or methyleneindene formation. They suggested that the reaction of benzyl 

radical with propargyl radicals at low temperatures results in the production of stabilized 

3-butynylbenzene, or 2,3-butadienylbenzene adducts [131]. The adducts can undergo 

unimolecular isomerization through the formation of diradical intermediates, leading to 

production of methylene-indanyl radicals, which subsequently decompose to methylene 

indene. Matsugi and Miyoshi also suggested that at high temperatures, the recombination 

reaction through chemically-activated pathways results in the direct production of 

methylene-indanyl radicals, skipping the formation of the adducts. Based on their findings 

[43], the current mechanism includes both the formation of the stabilized adducts and the 

chemically-activated reaction from the benzyl+propargyl reaction. 

As methyl radicals are found in significant amounts in flames and high-temperature 

oxidation, the present mechanism considered the recombination reaction of benzyl radicals 

with methyl radicals. This reaction lead to the production of ethylbenzene; the rate for this 

reaction was adopted from a recent study by Matsugi and Miyoshi [132]. 

 

3.2.3 PAH growth through addition reactions with stable intermediates 

Reactions of benzyl radical with acetylene have been demonstrated to be an important 

reaction channel leading to the production of indene [133-135]. This reaction system in the 

current study has been described in accordance with the findings of Mebel et al. [135], who 

studied the reaction pathways and computed the rate constants at G3(MP2, CC)/B3LYP/6-
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311G (d,p) level of theory. The findings of Mebel et al. [135] suggest that at low 

temperatures and high pressures, this reaction proceeds to form a stabilized adduct, which 

could subsequently produce indene+H or 3-phenylpropyne+H. Of the two bimolecular 

product pairs, the formation of the former is generally dominant at temperatures less than 

2000 K. At low pressure and high temperature conditions, (identical to those in this work), 

where the stabilization of the adduct is not possible, indene+H is expected to be the 

dominant product of this addition reaction.  

To our knowledge, the reaction of benzyl with other stable intermediates such as ethylene, 

propyne, allene or butadiene, has not been studied theoretically and their contribution to 

the formation of PAHs is not known. For these reactions, analogies were used--when 

available--to describe the reaction pathways and rate parameters. Analogies from the 

reaction of allyl radical with ethylene, from a study by Wang et al. [136], were used to 

describe reactions of benzyl with ethylene. 

3.3 PRF pyrolysis in a JSR 

The pyrolysis of a binary n-heptane/iso-octane mixture was first investigated here to clarify 

the effect of linear/branched alkanes on PAH formation, and to validate the proposed 

kinetic model against simpler mixtures. To this end, the pyrolysis of primary reference fuel 

PRF 70 was conducted in the JSR at temperatures between 790 K and 1210 K. Fuel 

consumption as a function of temperature is shown in Fig.3.1. While the start of conversion 

of both n-heptane and iso-octane was observed at similar temperatures (around 880 K), the 

complete conversion of iso-octane into smaller molecules was observed at 1090 K, while 

n-heptane was consumed completely at 1150 K. The start of consumption and relative rates 

of consumption of both n-heptane and iso-octane were well predicted by the kinetic 
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mechanism. The rate of production (ROP) analysis at 950K, as shown in Fig. 3.2, suggested 

that the main pathway for n-heptane consumption was from H-atom abstraction reactions 

by H and CH3, producing n-heptyl radicals. The n-heptyl radicals subsequently 

decomposed into small species, such as ethylene (C2H4), propene (C3H6), etc. In the case 

of iso-octane, major consumption pathways included the initiation reactions involving 

breakage of the C-C bonds, along with the H-abstraction reactions. The main products of 

PRF 70 pyrolysis were ethylene (C2H4), acetylene (C2H2), methane (CH4), propylene 

(C3H6), allene (C3H4-A) and propyne (C3H4-P), as shown in Fig. 3.3. The computed 

concentration profiles of those species also showed good agreement with the experimental 

results. From Fig. 3.3 it is clear that C2H4, CH4, and C3H6 were formed above 880 K, while 

C2H2, C3H4-P and C3H4-A were produced above 1000 K. C2H4, and C3H6 were produced 

from the decomposition of fuel radicals, while methane (CH4) was produced from H-

abstractions by methyl radical (CH3) from the fuel molecules.  C2H2, C3H4-A and C3H4-P 

are seldom produced from the decomposition of n-heptane and iso-octane, and are 

primarily produced by H-eliminations from vinyl (C2H3) and allyl (C3H5-A) radicals 

derived from C2H4 and C3H6. This explains the reason for the later production of C2H2, 

C3H4-A and C3H4-P when compared to C2H4, and C3H6. 

In addition to small species, some mono- and di-aromatics were also observed in high-

temperature pyrolysis of PRF 70. The aromatics detected included benzene, toluene, 

ethylbenzene, styrene, indene, and naphthalene. Figure 3.4 shows the comparison of 

experimental and predicted concentrations of aromatics for the temperatures investigated 

in the present experiments. As seen in Fig. 3.4, the kinetic model successfully captured the 

concentration profiles of benzene, indene and naphthalene, but the kinetic model under-
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predicted concentrations of the other aromatics. In the experiments, the production of 

benzene was observed to begin around a temperature of 960 K, with benzene concentration 

being close to ten ppm; the concentration of benzene was found to increase with the 

increase in temperature.  ROP analysis conducted with the mechanism suggested that for 

temperatures of 900 -1200 K, benzene was produced mainly from the elimination of H- 

atoms from the cyclohexadienyl radical (CYC6H7), CYC6H7 <=> C6H6+H, with 83% 

contribution. Cyclohexadienyl radicals were produced from the ring expansion reaction of 

methyl-cyclopentadienyl radicals, resulting from the recombination of reactions of methyl 

and cyclopentadienyl radicals. Cyclopentadiene (CPD), the precursor for cyclopentadienyl 

radical, was found to be produced from 1-pentene chemistry and C2+C3 reactions, which 

will be discussed in section 3.7. One-pentene chemistry towards CPD  was found to be 

important in a recent pre-mixed flame study of 1-pentene [137]. 

Multiple reaction pathways contributed to the formation of toluene C6H5CH3, including the 

reaction of phenyl (C6H5) with methyl (C6H5+CH3 (+M) <=> C6H5CH3 (+M)), the reaction 

of benzene with methyl (C6H6+CH3 <=> C6H5CH3+H). Ethylbenzene resulted from the 

recombination reaction of benzyl and methyl radicals (C6H5CH2+CH3<=> C6H5C2H5). 

Two main pathways contributed to the formation of styrene, including multi-step/direct 

dehydrogenation of ethylbenzene and allylidene-cyclopentadiene (C5H5CCVCH), which 

explained the higher concentration of styrene than of ethylbenzene. Allylidene-

cyclopentadiene--a precursor to the formation of styrene--was produced from the 

recombination reaction between cyclopentadienyl and propargyl radicals; this reaction was 

modeled according to the recommendations of Sharma et al. [138]. From the comparison 

shown in Fig. 3.4a, it was clear that the mechanism underpredicted the concentrations of 
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toluene, ethylbenzene, and styrene. Based on our analysis, we believe the underprediction 

of ethylbenzene and styrene was the result of toluene underprediction, and revisiting 

toluene formation would benefit the PAH models. The recent work of Baroncelli et al. also 

highlighted the need for revisiting the kinetics of toluene formation, and C8 aromatics [139].  

In the experiments, indene and naphthalene were produced at higher temperatures than the 

monoaromatics, with detectable concentrations observed at around 1030 K. Indene and 

naphthalene are expected to be produced from the reactions of monoaromatics, clarifying 

the relative delay in their production compared to the monoaromatics. This dependence 

was also observed in kinetic simulations with the present PAH mechanism. According to 

the ROP, at 1150 K, 43% of indene was produced from the elimination of H-atoms from 

phenyl-allyl radical (C6H5C3H4), and 41% from the reaction of benzyl with acetylene 

(C6H5CH2+C2H2=IND +H); small amounts (~10%) of indene were produced from 

unimolecular isomerization of phenylallene to indene (C6H5CHCCH2=IND). Phenyl-allyl 

radical was produced by H-abstractions from phenylpropenes generated from 

recombination reactions of allyl and phenyl radicals. Similarly, phenylallene was produced 

from recombination reaction of phenyl radical with propargyl radical 

(C6H5+C3H3=C6H5CHCCH2). The kinetics of recombination of phenyl radical with 

propargyl and subsequent isomerization was modeled according to findings from recent 

work by Morozov and Mebel [140]. Three main paths contributed to the formation of 

naphthalene, including the methyl assisted ring expansion reaction of indenyl radical, the 

dehydrogenation reaction of dialin radicals, and the recombination reaction of C7H5 with 

C3H3 (C7H7+C3H3=>NAPH). Further details of naphthalene reaction pathways are 

addressed in section 3.7. 
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Figure 3.1: Mole fraction profiles of fuel components (n-heptane/iso-octane) in JSR 

reactor pyrolysis of PRF 70 in 99.75% nitrogen at one atm and one sec residence time. 

Symbols are experimental data; solid lines are simulated profiles. 
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Figure 3.2: ROP analysis of fuel consumption in PRF70 at 950K. 
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Figure 3.3: Mole fraction profiles of small species in JSR pyrolysis of PRF 70. Symbols 

are experimental data; solid lines are simulated profiles. 
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Figure 3.4: Mole fraction profiles of benzene (C6H6), toluene (C6H5CH3), ethylbenzene 

(C6H5C2H5), styrene (C6H5C2H3), indene (C9H8), and naphthalene (C10H8) in JSR 

pyrolysis of PRF 70. Symbols are experimental data; solid lines are simulated profiles. 
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3.4 Toluene/n-heptane blends pyrolysis in JSR 

Binary n-heptane/toluene mixtures were studied next to clarify the role of aromatics in 

gasoline on PAH formation.  The pyrolysis of three n-heptane/toluene mixtures was studied 

in the JSR over a temperature range of 860 K to 1250 K. The concentration profiles of the 

fuel molecules from both experiments and simulations are compared in Fig. 3.5. As seen 

in the figure, the kinetic model captured the conversion of parent fuel molecules very well 

as the amount of n-heptane was decreased and the toluene was increased in the results from 

the left frame to the right frame. The conversion of both fuels began at around 960 K for 

Fuel 1&2, while conversion started at lower temperatures (around 900 K) for Fuel 3. The 

kinetic model also captured characteristic differences among the fuel blends. For these 

blends, the main pathway of n-heptane consumption was a unimolecular decomposition 

reaction to n-propyl (NC3H7) and n-butyl (PC4H9) radicals (NC7H16= PC4H9+NC3H7). The 

conversion of toluene also began at around 960 K, as shown in Fig. 3.5, but the rate of 

consumption was much lower than the n-heptane. For Fuel 1&2, the rate of toluene 

consumption increased at 1150 K. According to the rate of production (ROP) analysis, at 

temperatures above 1050 K, the main pathways of toluene consumption were the hydrogen 

abstraction reactions (C6H5CH3+ CH3<=> C6H5CH2+CH4, C6H5CH3+ H<=> C6H5CH2+ 

H2) and the formation of benzene, via the ipso addition reaction with methyl radical 

(C6H5CH3+ H<=>  C6H6+ CH3). 
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Figure 3.5: Mole fraction profiles of fuel components (n-heptane/toluene) in JSR reactor 

pyrolysis of Fuel 1&2&3. The amount of n-heptane increased and the toluene decreased 

in the frames from left to right. Symbols are experimental data; solid lines are simulated 

profiles. 

 

 

 

 

Figure 3.6: Mole fraction profiles of small species in JSR pyrolysis of Fuel 1&2&3. 

Symbols are experimental data; solid lines are simulated profiles. 
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Figure 3.6 shows the concentration profiles of small species quantified in the JSR pyrolysis 

of n-heptane/toluene mixtures, which include methane, ethylene, acetylene, allene, 

propyne and propylene. At the temperatures studied here, the decomposition of the 

aromatic ring was highly unlikely; all the small species resulted primarily from the 

decomposition of n-heptane. This observation was corroborated by the fact that the 

concentration of all the small species was higher for fuel three, which consisted of higher 

amounts of n-heptane. This tendency was well predicted by the proposed kinetic model. 

While the experimental and predicted mole fractions of ethylene, methane, and acetylene 

matched closely, significant differences were observed in the concentrations of allene, 

propyne and propene. The mechanism underpredicted the concentrations of propene at 

temperatures above 1025 K and this also impacted the concentrations of allene and propyne 

which were derived by allyl radical produced from propene. So, the observed differences 

in propene, allene, and propyne concentrations can be attributed to the shortcomings of the 

mechanism in predicting the concentration of propene produced as well as the consumption 

of propene. Furthermore, concentrations of propyne in the experiments exhibited a bimodal 

nature, which was not observed in simulations and could be an experimental artifact. 
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Figure 3.7: Mole fraction profiles of benzene (C6H6), ethylbenzene (C6H5C2H5), and 

styrene (C6H5C2H3) in JSR pyrolysis of Fuel 1&2&3. Symbols are experimental data; 

solid lines are simulated profiles. 

The concentration profiles of benzene, styrene, and ethylbenzene are shown in Fig. 3.7. 

The trends observed in benzene were similar in the experiments and simulations. The 
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formation of benzene began around 950 K and coincided with the temperature at which 

conversion of toluene was observed. Between 1050 K and 1200 K, the concentration of 

benzene in Fuel 2 pyrolysis was marginally higher than the other two fuel blends. 

Interestingly, Fuel 1 produced the least amount of benzene below 1180 K, even though it 

contained the highest amount of toluene. According to ROP analysis, at 1150 K benzene 

was produced mainly from toluene through the reaction C6H5CH3+H=C6H6+CH3 in all the 

n-heptane/toluene mixtures. However, the dehydrogenation reaction of cyclohexadienyl 

radical (CYC6H7), CYC6H7=C6H6+H also contributed 2% and 18% to benzene production 

in fuels two and three, respectively. CYC6H7 was produced from reactions initiated by a 

recombination reaction of methyl and cyclopentadienyl radicals, both of which were 

created from intermediates produced by unimolecular decomposition reactions of n-

heptane. Above 1200 K, the generation rate of benzene reduced in Fuel 2&3, while it 

continued to increase in Fuel 1. This was caused by the complete consumption of n-heptane 

at higher temperatures, following which toluene became the only source of benzene 

production in this temperature region. For ethylbenzene (C6H5C2H5), all three n-

heptane/toluene mixtures showed a similar tendency. From 950 K to 1050 K, ethylbenzene 

was produced by the reaction of the benzyl radical with methyl 

(C6H5CH2+CH3=C6H5C2H3), and all of the benzyl radical was produced by H-abstractions 

from the methyl site in toluene. Above 1050 K, styrene (C6H5C2H3) was produced from 

the dehydrogenation reaction of ethylbenzene (C6H5C2H5=C6H5C2H3+H2), which resulted 

in decreased concentrations of ethylbenzene. 
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Figure 3.8: Mole fraction profiles of (a) indene (C9H8) and (b) naphthalene (C10H8) in 

JSR pyrolysis of Fuel 1&2&3. Symbols are experimental data; solid lines are simulated 

profiles.  

 

Figure 3.8 shows the concentration profiles of indene (C9H8) and naphthalene (C10H8) in 

JSR pyrolysis of these three n-heptane/toluene mixtures. The experimental data indicate 

that Fuel 1 produced less indene and naphthalene than the other two blends; Fuel 2&3 

produced similar amounts of indene and naphthalene. The mechanism predicted the 

concentrations of naphthalene adequately for the three blends.  For indene, the prediction 

for Fuel 3 was reasonable, however, for Fuel 1&2 , the predicted increase in indene with 

temperature was too large.  ROP analysis at 1150 K indicated that the main pathway of 
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indene formation was from the reaction of the benzyl radical with acetylene 

(C6H5CH2+C2H2=C9H8+H) in all the n-heptane/toluene mixtures. It was apparent that the 

amount of indene produced depended on amounts of both the benzyl radical and acetylene, 

which explains why Fuel 1 (with high amounts of toluene) did not necessarily produce 

more indene. This indene formation--dependent upon concentrations of both acetylene and 

the benzyl radical--further verified the non-linear dependent indene formation with respect 

to toluene concentration and the synergistic effect between heptane and toluene. A similar 

synergistic effect was also observed in the naphthalene profiles, in which Fuel 1 produced 

minimal naphthalene, although it contained more toluene than the other two mixtures, as 

shown in Fig.3.9. This synergistic effect of heptane addition on the formation of 

naphthalene was successfully captured by the kinetic model. The ROP analysis suggested 

that naphthalene was produced from reactions of benzyl with acetylene, or propargyl 

radical. The in-situ concentrations of benzyl radical were expected to be higher for blends 

containing high amounts of toluene, but the concentration of acetylene and propargyl 

(derived from the decomposition of heptane) was expected to be low for toluene-rich 

mixtures. Therefore, the blends with high amounts of either toluene or heptane may not be 

conducive to the formation of naphthalene, and a local maximum might be observed for 

intermediate mixtures, which explains the synergistic behavior observed in Fig.3.9. 
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Figure 3.9: Maximum concentration of naphthalene, acetylene, and benzyl formed in 

toluene/n-heptane mixtures. For naphthalene and acetylene, symbols are experimental 

data and lines are for guiding the eyes. The line is the calculated result for benzyl. 
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3.5 TPRF mixtures pyrolysis in JSR 

       Finally, ternary mixtures of n-heptane/iso-octane/toluene were studied to understand 

PAH formation in fully formulated gasoline surrogate fuels.  The pyrolysis of four TPRF 

mixtures with RON from 70 to 97.5, named TPRF70, TPRF 80, TPRF 91, and TPRF 97.5 

are discussed in this section. The proportions of n-heptane, toluene, and iso-octane in each 

mixture can be found in Table 3.1. Figure 3.10 shows the comparison of experimental and 

simulated mole fraction profiles of the heptane, iso-octane, and toluene during pyrolysis of 

the four different TPRF mixtures. As seen in the figure, the mechanism’s prediction 

matched experimental results, with differences generally observed at temperatures over 

1100 K, especially for the conversion profiles of toluene. Figure 3.11 shows the mole 

fraction profiles of small species in the JSR pyrolysis of TPRF mixtures. Like n-

heptane/toluene blends, almost all the small species were produced primarily from the 

decomposition of n-heptane and iso-octane. Concentrations of the small species were 

ranked as TPRF70>TPRF80≥TPRF91>TPRF97.5, consistent with the total amount of n-

heptane and iso-octane within the mixtures. This trend was also predicted by the kinetic 

model. The mole fractions of small species were reasonably well predicted, except for 

allene (C3H4-A) which was over-predicted by a factor of 2-4. 
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Figure 3.10: Mole fraction profiles of fuel components (n-heptane/iso-octane/toluene) in 

JSR reactor pyrolysis of TPRF mixtures. Symbols are experimental data; solid lines are 

simulated profiles. 
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Figure 3.11: Mole fraction profiles of small species in JSR pyrolysis of TPRF mixtures. 

Symbols are experimental data; solid lines are simulated profiles. 
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Figure 3.12: Mole fraction profiles of benzene (C6H6), ethylene (C6H5C2H5), and styrene 

(C6H5C2H3) in JSR pyrolysis of TPRF mixtures. Symbols are experimental data; solid 

lines are simulated profiles. 
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Figure 3.13: Mole fraction profiles of (a) indene (C9H8) and (b) naphthalene (C10H8) in 

JSR pyrolysis of TPRF mixtures. Symbols are experimental data; solid lines are 

simulated profiles. 

 

 Figures 3.12 and 3.13 show the comparison of aromatic formation in the pyrolysis process 

of TPRF70, TPRF80, TPRF91, and TPRF97.5. Note that the mole fractions of benzene 

were comparable in TPRF mixtures in the temperature range between 950 K and 1200 K. 

In TPRF mixtures, the main source for benzene formation is toluene, through the reaction 

C6H5CH3+H=C6H6+CH3. However, reactions CYC6H7=C6H6+H and 2C3H3=C6H6 also 

contributed to the benzene formation. For instance, in TPRF80 at 1150 K, the contribution 

rate of the pathway C6H5CH3+H=C6H6+CH3, CYC6H7=C6H6+H, and 2C3H3=C6H6 was 

53%, 23%, and 2%, respectively. As noted in the n-heptane/toluene mixture, CYC6H7 was 

produced from recombination reactions between methyl and the cyclopentadienyl radical 

(C5H5).  The main pathway for the formation of C5H5 was H-abstraction from 

cyclopentadiene, which was produced by reactions between allyl radical and acetylene.  

It is clear that TPRF mixtures produced much more indene than PRF 70 in both 

experiments and simulations. For comparison, the peak concentration of indene (IND) 

during pyrolysis of PRF70 was less than 20 ppm, while the peak concentration of indene 

during pyrolysis of TPRF’s was about 60 ppm. The kinetic model predicted the 

experimental trends for indene, but the peak mole fractions were shifted to higher 

temperatures by about 60 K.  The main pathway (about 60% at 1180 K) of indene formation 

in PRF 70 was from the dehydrogenation reaction of the phenylallyl radical (C6H5C3H4, 

C6H5C3H4= IND+ H). Another pathway of the indene formation was the reaction of the 

benzyl radical with acetylene (C6H5CH2+C2H2 = IND+ H).  For TPRFs, the main source 
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of indene formation was the benzyl radical via C6H5CH2+ C2H2= IND+ H. Concentrations 

of the indene in TPRFs were ranked as follows: TPRF97.5>TPRF91>TPRF80>TPRF70, 

which is the same order of the toluene containing ratio. Like the indene results, TPRFs 

produced much more naphthalene (C10H8) than PRF 70. The kinetic model also predicted 

this tendency accurately. For TPRF’s the formation of naphthalene was predominantly 

through 1-methylene-2-indanyl radical. The 1-methylene-2-indanyl radical could be 

produced from methyl+indenyl radical reaction and will be discussed in section 3.7.  

3.6 Validation of larger PAHs in the flow reactor 

In this section, the mechanism was validated against flow reactor data to test its fidelity in 

capturing the formation of tri- and tetra-ring aromatics during gasoline surrogate pyrolysis 

[119, 141]. Figure 3.14 shows the mole fraction profiles of phenanthrene and pyrene 

isomers in flow reactor pyrolysis of TPRF70 and 97.5. Overall, the current model predicted 

the phenanthrene well in both TPRF 70 and 97.5, with differences well within the margin 

of experimental uncertainty (factor of two). The main pathways for the formation of 

phenanthrene in TPRF fuels are the recombination reaction of the fulvenallenyl radical 

(2C7H5=> PHNTHRN), the reaction of phenylacetylene with phenyl radical 

(C6H5C2H+C6H5 => PHNTHRN), recombination of benzyl radical, and methyl-assisted 

ring expansion of fluorene radical. Figure 3.14c shows the reaction network for the 

formation of phenanthrene in pyrolysis of TPRF 70 for an inlet temperature of 1343 K.  

As stated in section 3.2, the self-recombination reaction of the fulvenallenyl radical was 

modeled according to the suggestions of da Silva and Bozzelli [16]; this channel 

contributed to approximately 28% of the production of phenantherene. The reaction of 

phenyl radical with phenylacetylene was modeled based on the recommendations of 
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Aguilera-Iparraguirre et al. [42], and this reaction contributed to approximately 28% of the 

flux of phenanthrene formation. One of the key steps in the formation of phenanthrene 

from this reaction is the formation of -ortho 1,2- diphenylethylene radical (Int#1, in fig 

13c). This radical can be produced from the reaction network initiated by recombination of 

benzyl radicals leading to the formation of 1,2-diphenylethane. Through dehydrogenation 

reactions, 1,2- diphenylethane produces 1,2- diphenylethylene which--upon H-abstraction 

from ring--produces Int#1. This reaction network, initiated by self-recombination of benzyl 

radicals, effectively contributed to about 15% of the formation of phenanthrene for the 

condition analyzed. The formation of phenanthrene from fluorene radicals has also been 

found to be important and is consistent with the findings of [30,44]. In principle, this ring 

expansion reaction is similar to the formation of benzene and naphthalene from 

cyclopentadienyl and indenyl radicals, respectively. In the present simulations, fluorene 

was found to be produced from reactions of benzyl radical with o-benzyne and has been 

modeled according to the recommendations of Matsugi and Miyoshi [36].  

Regarding pyrene isomers (pyrene, acephenanthrylenes, fluoranthene, ethynyl-

phenanthrene), the model under-predicted the peak concentration observed in experiments 

by a factor of about two, which is close to the reported uncertainty in measurements. In the 

current mechanism, pyrene isomers were produced predominantly from phenanthrene via 

the classic HACA (hydrogen abstraction acetylene addition) scheme, as shown in Figure 

3.14d. 



72 

 

 
 

1200 1300 1400 1500
0

15

30

45

60

75

M
o

le
 f

ra
c
ti

o
n

 (
p

p
m

)

Temperature (K)

(a) TPRF 70

1200 1300 1400 1500
0

15

30

45

60

75

M
o

le
 f

ra
c
ti

o
n

 (
p

p
m

)

Temperature (K)

(b) TPRF 97.5

 

 

    

Figure 3.14: (a) and (b) Mole fraction profiles of phenanthrene (C14H10) and pyrene 

isomers (C16H10) in the flow reactor pyrolysis of TPRF 70 and 97.5 respectively. (c) and 

(d) Important reaction pathways for the formation of phenanthrene (C14H10) and pyrene 
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isomers (C16H10), as predicted by the mechanism.  Symbols are experimental data taken 

from [141]; solid lines are simulations by the current model. 

 

Figure 3.15: Mole fraction profiles of benzene (C6H6), naphthalene (C8H10), 

phenanthrene (C14H10), and pyrene (C16H10) in the flow reactor pyrolysis of toluene. 

Symbols are experimental data taken from [119]; solid lines are simulated from the 

current model. 

The model was also validated against the toluene pyrolysis experiment in the flow reactor; 

a comparison of the experiment and simulated results are demonstrated in Fig.3.15. 

Simulated benzene profiles agreed well with experiments, as did simulated phenanthrene 

profiles below 1200 K. The reaction pathways for the production of phenanthrene were 

similar to those shown in Fig. 3.14c. The predicted indene mole fractions agreed reasonably 

well with the experimental data below 1250K.  However, naphthalene mole fractions were 

underpredicted.  Like TPRFs, the current model underestimated the formation of pyrene in 

toluene pyrolysis. The main pathways of pyrene isomers mentioned earlier in the TPRF 

pyrolysis are also important in toluene pyrolysis.  
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3.7 ROP analysis of benzene and naphthalene formation in various gasoline 

surrogates 

Kinetic analyses were conducted to identify important reaction pathways controlling the 

formation of benzene and naphthalene during pyrolysis of PRF 70, fuel one, TPRF 80, and 

TPRF 97.5 surrogates, and to clarify the changing importance of different reaction 

pathways to the change in surrogates’ composition. We began with kinetic analyses of the 

formation of benzene and later, focused on the formation of naphthalene. 

 

Figure 3.16: Pathways to the formation of benzene and its isomers: fulvene and 2-ethynl 

1-3-butadiene. 
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Figure 3.17: Rate of products for benzene in various paths in selected gasoline surrogates, 

analyzed at a temperature of 1150 K. 

Identification of the top six reaction pathways for the formation of benzene and its isomers 

(fulvene and 2-ethynl 1-3-butadiene) was based on the rate of production analyses from the 

current mechanism.  Figure 3.16 shows the top six reactions identified from ROP analysis; 

the relative contribution of each reaction appears in Figure 3.17.  The first pathway is the 

ring formation of C6H6 isomers via the recombination reaction of allyl (C3H5-A) and 

propargyl radical (C3H3). The second pathway is the self-recombination propargyl radicals 

(C3H3); the third is from the toluene reaction (C6H5CH3+H=C6H6+CH3). Pathway number 

four is from recombination reactions cyclopentadienyl and methyl radicals. The fifth and 

sixth pathways are quite similar, in which benzene is produced ipso- substitution reactions 

of styrene and ethylbenzene. Reaction pathways one through four have also been identified 

by earlier studies as important for the formation of benzene isomers in aliphatic and 

aromatic fuels. However, the importance of these pathways in gasoline surrogates is still 

unclear; this analysis can help clarify formation pathways for benzene, as well as 

naphthalene. Rates of production for the six pathways in PRF 70, fuel two, TPRF80, and 
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TPRF 97.5 at 1150 K, appear in Fig. 3.17, where the percentage shown reflects the 

importance of the specific reaction to the formation of benzene isomers. As seen in Fig. 

3.17, pathway three (ipso- displacement reaction: C6H5CH3+H= C6H6+CH3) dominated the 

benzene formation in fuel two, TPRF80, and TPRF 97.5, all of which contained toluene. 

Since PRF 70 does not contain toluene as a base fuel, and it only produced toluene 

concentrations less than 30 ppm  (Fig. 3.4), the third pathway contributed little to benzene 

formation for PRF 70. For PRF fuels, decomposition of n-heptane and iso-octane produced 

relatively high concentrations of C2H2, C3H4-P and C3H4-A, and the pathways related to 

those radicals became dominant for benzene. For the conditions investigated here, the 

formation of benzene during pyrolysis of PRF 70 was found to be largely from reaction 

pathway four. In the analysis, the cyclopentadienyl radical (C5H5) was found to be 

produced from cyclopentadiene (C5H6), which is created primarily from C2+C3 chemistry, 

as shown in Fig. 17. The C2+C3 reactions in the current mechanism are described based on 

the findings of Wang et al. [46]. Work by this group found the 1-penteneyl radicals to 

contribute to the formation of cyclopentadiene; the importance of these reactions decreased 

with an increase in temperature for the conditions investigated here, using the JSR. 

Reaction network four was also determined to be important for TPRF fuels, contributing 

about 23% of the benzene formation during pyrolysis of TPRF 80. Of the two TPRF fuels 

analyzed in Fig. 16, pathway four was more important to benzene formation for TPRF 80 

than for TPRF 97.5. This can be attributed to the fact that TPRF 80 had more paraffinic 

content than TPRF 97.5. The aromatic content in market gasoline is about 25-35%, close 

to the toluene content in TRPF 80, so it can be expected that the contribution of pathways 

three and four was comparable in the formation of the first aromatic ring during pyrolysis 



77 

 

 
 

of market gasoline fuels. Moreover, pathway five also made some contributions of benzene 

formation in toluene-containing fuel two TPRF 80, and TPRF 97.5.  

 

Figure 3.18:  Formation of cyclopentadiene from C5H9 radicals and C2+C3 reaction 

network. 

Four pathways of naphthalene are also shown in Fig. 3.19, including (1) ring expansion 

reactions of methylindene radicals, which were produced from indenyl radical with methyl 

radical; (2) ring expansion reactions of 1-methylene-2-indanyl radicals, produced from 

benzyl (C6H5CH2) with propargyl (C3H3); (3) reaction of fulvenallenyl radical (C7H5) with 

propargyl (C3H3); (4) dehydrogenation of reaction of dialin radical (C10H9). 
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Figure 3.19: Important reaction pathways for naphthalene production.  
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Figure 3.20: Contribution of four pathways to formation of naphthalene for selected 

gasoline surrogates. Analysis conducted at 1150 K temperature for conditions in Table 1. 
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Figure 3.20 shows the relative contribution of these five pathways to the production of 

naphthalene for PRF 70, fuel two, TPRF80, and TPRF 97.5 at 1150 K. Clearly, the 

methylindene radical pathway was dominant in the naphthalene formation for all four 

selected gasoline surrogates, with the methylindene primarily produced from indenyl+CH3 

radical. This reaction was modeled according to a recent study by Zhao et al.[142] which 

focused on indenyl+CH3 radical. For PRF 70, the third and fourth paths contributed the 

remaining 16% and 9% of naphthalene formation, but their higher contribution was not 

more significant than the other three fuels because these two paths required higher 

concentrations of small species like C2H2 and C3H4-P in order to proceed. Reaction 

network two, the recombination reaction between propargyl and benzyl radical, also 

contributed to the formation of naphthalene, being the highest for TPRF 97.5. This 

increased importance of reaction network two for TPRF 97.5 can be attributed to the slow 

buildup of acetylene. From Fig. 10 it can be seen that in the case of TPRF 97.5, the 

production of acetylene was very weak at temperatures below 1200 K, while concentrations 

of allene and propyne (precursors for propargyl) already peaked by 1200 K. As a result, 

the flux through recombination reaction of benzyl with propargyl was higher for TPRF 

97.5.  This analysis clearly demonstrated the importance of acetylene, propargyl, and 

benzyl radicals to naphthalene formation in all gasoline fuels for the temperatures 

investigated in the present study. It is also noteworthy that propargyl radicals +benzyl 

radical, and indenyl radical +CH3 reactions were equilibrium driven, so they have been 

described in a detailed reaction scheme in the current mechanism according to the findings 

of Matsugi and Miyoshi, and Zhao et al.[131, 142]. Such a detailed description of these 

reactions is missing from the mechanisms in the literature, and the rates used for both these 



80 

 

 
 

reaction systems in the literature’s mechanisms were significantly different from the 

recommendations of  Matsugi and Miyoshi, and Zhao et al.[131, 142]. This was noted by 

Matsugi and Miyoshi in their work.   

Finally, the design of the current mechanism was influenced by recent theoretical studies 

(see Table S1 for more detail) that used state-of-the-art techniques for molecular growth 

reactions, together with C2-C5 species. Including the reactions of these small hydrocarbons 

with phenyl and benzyl radicals furthered the development of predictive fundamental 

mechanisms for PAH and soot. The mechanism still has shortcomings and further 

refinements are needed, however, more basic information--from experiments and theory 

are needed to better understand the dominant PAH growth pathways and their reaction rate 

constants. Some of the important reaction systems recommended for new, or more 

advanced, studies include: propargyl+ but-2-yne-1-yl radical;  but-2-yne-1-yl radical+ but-

2-yne-1-yl radical; C6H5+ C2H4; 1-naphthyl radical+ C3H3/C3H4; o-C6H4C2H+ C2H4; 

indenyl radical+ C3H3; methylnaphthalene radical+ C2H2; and o-benzyne + C2H2/C2H4/ 

C3H4/C3H3 . 

3.8 Conclusion  

This work investigated PAH formation characteristics from the pyrolysis of gasoline 

surrogates, such as binary and ternary mixtures of toluene, n-heptane, and iso-octane. A 

detailed PAH kinetic model for gasoline surrogates was developed which successfully 

captured the concentration of major PAHs, as well as the small species produced in the 

pyrolysis of gasoline surrogates. A synergistic effect was observed in n-heptane/toluene 

mixtures for both indene and naphthalene production and it was captured by the kinetic 

model. Benzyl and acetylene were important for PAH formation in n-heptane/toluene 



81 

 

 
 

mixtures. Because of the addition of toluene, TPRFs produced more PAHs than PRFs. In 

the PRF mixture, acetylene, propyne, and cyclopentadienyl, produced by the unimolecular 

decomposition reaction of n-heptane and iso-octane, were important in the formation of 

PAH. In addition to acetylene and propyne, benzyl was another vital intermediate to the 

growth of PAH in TPRFs.  This work provides new insight into the role of gasoline 

surrogate mixture composition on PAH formation, and the relevant reaction pathways.  

Such results may be applied to optimize fuel design and tailor fuel/engine interactions for 

clean combustion technologies. 
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Chapter 4 Soot formation in the co-flow flame  

 4.1 The gas-phase species in the co-flow flame 

 

Figure 4.1: Important gas-phase species (ethylene, acetylene, benzene, toluene, and 

naphthalene) profiles among the central line of co-flow flame. Points are measured 

experimental results, solid lines guide the eye, the shadow represents error.  
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Fuel reactants and important soot precursors, including acetylene, benzene, and 

naphthalene, were measured at the central line of co-flow flame, using the probe sampling 

technique coupled with gas chromatography (GC) diagnosis. The GC method is the same 

as used in the JSR in Section 2.1. Since more soot is generated at higher flame heights, 

blocking the sampling tube, the maximum height for gas-phase species sampling was 

around 14.5mm. The mole fraction profiles of the gas phase species are shown in Fig.4.1. 

Ethylene and toluene were the fuel reactants, and they were consumed as flame height 

increased. Mole fractions of the soot precursors, ethylene, benzene, and naphthalene, 

increased with the height of the flame. The primary soot precursor, acetylene was produced 

by the hydrogen abstraction reaction of ethylene, and the mole fraction was around 22500 

ppm at the maximum height of the flame that can be measured. For the secondary soot 

precursor benzene, and the tertiary soot precursor naphthalene, their maximum mole 

fractions were around 400ppm and 15ppm, respectively. 
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4.2 Morphology of soot particles generated in flame and temperature profiles 

 

Figure 4.2: Progression of soot particles detected along flame centerline by TEM.  

The morphology of the young particles to mature soot particles in this ethylene-toluene co-

flow diffusion flame was consistent with results addressed in the literature [43-47]. Figure 

4.2 shows the progression of soot particles sampled along the centerline of the co-flame. 

In the lower flame positions (z=7.35& 11mm), soot particles were not luminous, nor did 

they absorb visible light which was not suitable for light extinction (λ= 632.8 nm) 

diagnosed [44]. This type of soot particle originated (early stage of soot formation), and is 

usually generated, at the flame position where the flame temperature was less than 1500K.  

Soot particles gradually matured in the high flame positions (z=18 &25mm); these particles 

formed in the position where the temperature was above 1500K  and they were the 

aggregate of primary particles. As these particles grew and absorbed light in the entire 
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spectral range, they could be measured by UV-visible spectroscopy and laser 

scattering/extinction technology.  

4.3 Chemical composition of soot particles in the nucleation stage  

 

Figure 4.3: Magnified mass spectra of soot particles sampled at the flame height of 

9.35mm in ethylene-toluene flame above the burner. 
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Figure 4.4: Distribution of main PAHs from soot particles sampled at flame height 

7.35mm. C/H correlation of two and three distinguish PAH reactivity.  

According to the TEM image in Fig. 4.2, the flame height of 7.35mm corresponded to a 

nucleation region at a temperature of 1261.7K. Soot particles in this position were less than 

10nm in size. After the particles were found, they were immediately analyzed using LDI, 

coupled with FT-ICR MS.  The results, shown in Fig. 4.3, revealed that nine predominant 

PAHs were detected in the soot particles generated in the early stage of nucleation, with a 

mass range of 300.0924 Da to 546.1402 Da. Based on the accurate mass measured by the 

FT-ICR MS, chemical formulas of the dominant peaks were identified (also shown in Fig. 

4.3). Overall, the main composition of the infant particles with carbon numbers spanned 

from 24 to 44. This type of soot particle was termed nano-organic carbon (NOC) particles 

by D’Anna and his coworkers [41]. To the authors’ knowledge, those PAHs were the 

smallest among those detected directly from soot particles [44, 72, 73], indicating that the 

NOC particles sampled in this work were in the very beginning of the nucleation process.  
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By analysis, all the detected PAHs were determined to be to the most stable classes of 

C2nH12, C2nH14, and C2nH16, as shown in Fig. 1 of Ref. [143]; they were termed Stein-Fahr’s 

stabilomers. These stabilomers are a series of PAHs found to be the most stable molecules; 

their nature and chemical thermodynamic properties were determined by the group 

additivity estimation method. Also, the most stable classes of C2nH12, C2nH14, and C2nH16 

were most stable up to 2000K often to 2500K as suggested [143], which meant they would 

survive at the temperature region of the targeted flames. Also, the C30H14 peak showed the 

highest intensity among all the NOC particles sampled in the flames studied, indicating 

that this molecule had the largest proportion of particles. Remarkably, all the molecules 

identified were PAHs which contained an even number of carbon atoms and hydrogen 

atoms, the chemical format of which can be summarized as C2nH2m. Molecules containing 

odd numbers of C atoms cannot be completely conjugated and they possess relatively high 

H/C ratios, so they are generally less stable than molecules of a comparable structure 

containing even numbers of carbon atoms [143]. Also, species with an odd number of H 

atoms are usually free radicals. In actuality, odd carbon number species and free radicals 

do exist in the gas phase of these flames, but the results from these experiments indicated 

that they were not involved in the nucleation process. Another important observation was 

that all the molecular compositions in NOC particles were hydrocarbons, despite the 

existence of the oxygen- and nitrogen-containing PAHs in the reaction region of the flames, 

which may have had the ability to participate in soot formation. By calculation, the ratio of 

the number of carbon atoms (NC) to the number of hydrogen atoms (NH) of the detected 

PAHs was mostly between two and three, as shown in Fig. 3 (excepting C22H12), indicating 
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that these were strictly peri-condensed PAHs, without cata-condensed appendages [144, 

145].  

Meanwhile, according to the summary by Dias [144],  PAHs with a NC/NH ratio between 

two and three are, in general, intermediate reactive. Molecules with NC/NH bigger than 

three, or smaller than two, are relatively less reactive, or more reactive. This indicated that 

the global C/H ratio of NOC particles here was also between two and three. According to 

the theoretical calculation, if NOC particles were formed via a chemically linked bond 

between PAHs, their C/H ratio would be 1.2-2 [146]; while, for nucleation through 

fullerene-like structures, the C/H ratio of NOC particles could reach as high as ten [18], all 

caused by its highly carbonized structure. Only when particles start with physical 

dimerization is the C/H ratio of NOC particles greater than two [18, 147]. Based on the 

C/H ratio shown in Fig. 4.4, it appeared that NOC particles in this study were all generated 

by physical nucleation. 

The molecular structures of PAHs were critical to further investigation of the nucleation 

process, but mass spectrometry can only provide the molecular species of each peak in the 

spectra; how the molecules were formed in the flames remained undisclosed. So a 

stochastic modeling code (SNapS2[148]), was employed to study the key molecules 

responsible for nucleation in this co-flow diffusion flame.  

In addition to the molecular structures predicted by SNapS2, structures with the highest 

thermodynamic stability were also provided, calculated by quantum chemistry calculation 

and a group additivity method calculation named the reaction mechanism generator 

(RMG)[149]. The Gibbs free energy of isomers for each detected PAH was calculated at a 

temperature of 1261.7K, and the structure with the lowest Gibbs free energy was 
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considered to be that with the highest thermodynamic stability (1261.7K was chosen 

because it is the local temperature of the NOC particles in the co-flow diffusion flames). 

However, soot particles from the laminar premixed flame were sampled from the probe 

which was embedded in the stagnation board, and there was a sharp temperature drop when 

the board was approached, making it difficult to identify the local temperature of the NOC 

particles generated in this type of burner stagnation stabilization (BSS) flames. Due to high 

cost and computational complexity, the thermodynamic properties of larger molecules 

were calculated by RMG. In general, PAH isomers containing five-member rings usually 

have higher Gibbs free energy by calculation; peri-condensed PAHs with only six-member 

rings are the most stable. According to the theoretical calculation, the most 

thermodynamically stable molecular structures are highly consistent with stabilomers. For 

comparison, Table 4.1 lists the most probable and thermodynamically stable structures of 

PAHs detected in the NOC particles by SNapN2 prediction and the current theoretical 

calculation from Stein-Fahr [143].  

 

 

Table 4.1: Possible structures calculated by different methods.  

Molecular 

format  

SNapS2 DFT or RMG  Stein- Fahr 

C24H12 
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C28H14 

 
 

 

C30H14 

   
C32H14 

 

  

C34H16 

 

 

 

C36H16 

 

 

 

C38H16 
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C40H16 

 

 

 

C42H16 

 

 
 

 

The characteristics of the PAHs in NOC particles were outlined based on experimental 

observation and theoretical calculation. First, the molecular weight was between 270-520 

Da, the medium size among the known PAHs contributing to soot formation [18, 30]. 

Second, these PAHs had planar structures, with no aliphatic chain additive. Lastly, those 

molecules were pure hydrocarbons; no oxygen- or nitrogen-containing molecules were 

observed. Those specific PAHs, with the structures in Table 4.1, easily agglomerated into 

stacked clusters, and subsequently into disordered clusters [50, 75, 150], strong evidence 

to support the physical nucleation hypothesis. 

a. PAH size 

Thirty years ago, Frenklach and Wang [25] pioneered the assumption that the dimerization 

of pyrene would be the initial step for soot nucleation. Following that, many soot models 

[151-153] invoked physical dimerization of pyrene (involving Van der Waals forces)  as 

the beginning of nucleation. However, recent experimental and kinetic evidence has 

indicated that pyrene dimers are unlikely to play a key role in the soot nucleation process 

due to their disassociation and short lifetime in combustion environments [56, 154]. Large 
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PAH monomers are more likely to grow into incipient soot particles than small PAHs, due 

to stronger physical interactions [50, 58, 155]. In this experiment, the smallest PAH 

detected in NOC particle was C24H12 (A7, which contained seven benzene rings) from the 

co-flow flame and C22H12 (A6) from the laminar premixed flame; both had much 

dimerization higher binding energy and equilibrium than pyrene. In this study, PAH 

captured with the highest molecular weight was C42H16 (A14); molecules of a larger size 

are rarely generated in the relatively low-temperature nucleation region. Based on these 

results, it was concluded that there is a greater possibility of moderate-sized PAHs forming 

dimers in the nucleation region and surviving. According to Ref. [155], the size of the 

molecule is the second parameter affecting dimerization, just after temperature. 

b. PAH structure 

In addition to the size of the PAH monomer, the structures of PAHs (including the presence 

of oxygen, aliphatic side chains, and shape), also played an important role in affecting 

physical nucleation efficiency. In the environment of the targeted flame, oxygen and 

nitrogen content would be generated in the gas phase, however, in this experiment, only 

pure hydrocarbons were captured in the NOC particle. This may be explained because the 

dimer of the oxygen-containing PAH had greater free energy than the dimer of pure 

hydrocarbon PAH with a similar monomer size [155]. A similar reason could also apply to 

PAH containing nitrogen, but no research exists regarding its physical dimerization; 

additional work is needed to confirm this. Thus, pure hydrocarbon PAHs can more easily 

become dimer than PAHs containing oxygen or nitrogen. A few experiments [30, 44, 156, 

157] have already provided evidence of an aliphatic side chain in nascent soot particles, 

however, molecular dynamic simulation suggests that the presence of an aliphatic side 
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chain did not facilitate dimerization [155]; this is consistent with predicted structures by 

this group. Regarding shape, most of the PAH structures predicted by SNapN2 contained 

five-member rings, but they were planar--not curved.  The curved structure of PAHs has a 

certain negative effect on dimerization, but it is still less important than the presence of 

oxygen and the side chain [155]. Overall, the structure of PAHs predicted in this work 

mostly favored physical dimerization. 

c. Temperature limitation 

Temperature is one of the most important parameters affecting soot nucleation and growth. 

In the ethylene-toluene co-flow diffusion flame, the local temperature of the sampled NOC 

particles was 1261.7K (988.55℃). For the two laminar premixed flames investigated here, 

the maximum temperature was 1858K. As previously mentioned, the local temperature of 

NOC particles sampled in those two flames could not be identified. According to the 

nucleation mechanisms from Fig. 10 in Ref. [58], the PAHs detected in this work could 

only form NOC particles through physical nucleation at the targeted flame temperature. 

Chemical nucleation occurred only if the temperature reached or surpassed 2500K for those 

detected PAHs. The local temperature of the sampled NOC particles in co-flow flame was 

1261.7K (988.55℃), very close to the temperature of the PAH thermal isomerization 

conditions [158]. So, another possibility is that the PAHs predicted by SNapN2 in the gas 

phase transformed to stabilomers via the thermal isomerization, more conducive to 

dimerization.  

Of all the conditions, PAH size and local flame temperature were the most important 

parameters for nucleation [18, 155]. Based on the nucleation mechanism provided in Ref. 

[58], the nucleation region, in this case, is outlined according to the size of detected PAHs 
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and flame temperatures shown in Fig. 4.5. The original physical nucleation limit was 

calculated based on the homogenous systems, which means that they only accounted for 

the self-dimerization of individual PAH molecules. However, when a system contains 

various molecules, collision and dimerization exist between different molecules, referred 

to as hetero-dimerization. According to the van der Waals force, the formation of the self-

dimer of molecule A is smaller than in the dimer of molecule A with molecule B, if 

molecule B is larger than molecule A. This indicates that the dimer of molecule A with 

molecule B will survive more easily than the self-dimer of molecule A in the same 

conditions. Considering the hetero-dimerization, the physical nucleation zone was widened 

by shifting the physical nucleation line to the estimated small size direction. The yellow 

area indicates the possibility of physical nucleation in this study.  
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Figure 4.5: Nucleation mechanisms of PAHs in homogenous systems [58]. The dashed 

line parallels the physical nucleation limitation line, estimated by considering 

heterodimerization. The orange box is temperature and PAHs size limitations in this 

work. The yellow area is a physical nucleation possibility in this work. 
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4.4 Chemical composition of soot particles in co-flow flame 

 

Figure 4.6: LDI/FT-ICR mass spectra of soot particles collected at different heights 

above the burner.  
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Figure 4.7: Compound class distributions of soot particles in co-flow flame. 
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Figure 4.8: Variation in the number of hydrogen atoms with the number of carbon atoms 

in HC species detected by FT-ICR MS as a function of height above the burner. The 

color of each plot corresponds to the normalized intensity of each ion in the flame area. 

Also shown are C/H correlations for cata-condensed (dashed line) and peri-condensed 

(solid line) PAH structures. 
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Figure 4.9: O/C ratios in CHO species analyzed in soot particle sampled at different 

heights above the burner. The size of the symbol is proportional to the logarithm of 

normalized mass spectra peak intensity.   
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Figure 4.6 shows that thousands of mass peaks were detected from mature soot particles, 

based on their mass-to-charge (m/z) ratio. The main signals of the species were distributed 

in the range between 200 and 1000 Da. The signal strength of the mass spectra was below 

2.5E7 in the NOC particles shown in Fig. 4.3, much lower than those in mature soot 

particles, which ranged from 5E7 to 1E8, due to the lower soot volume fraction in the 

nucleation position compared with other positions.  

The compound class distribution of soot particles from the four sampling positions is 

shown in Figure 4.7. The total amount of hydrocarbon species (HC) of the four positions 

was 93.7%, 90.5%, 77.3%, and 79.5%, respectively. The number of hydrocarbons 

decreased with increased height above the burner. Meanwhile, the content of oxygen-

containing compounds (CHO) in soot particles was 2%, 8.5%, 21.2%, and 18.1%, 

respectively, from the four sampling positions. The abundance of CHO increased as the 

flame height elevated, reaching a peak of 21.2% at a flame height of 18mm. At a flame 

height of 25mm, the amount of CHO species dropped compared with the amount at 28mm; 

this was because oxidation of the soot particle became more profound as the flame height 

increased. Nitrogen-containing constituents were also detected in all four positions, but the 

amount was below 5%. The presence of nitrogen dilution and air co-flow resulted in 

participation in the soot formation process.  

As previously mentioned, hydrocarbons are the main component of soot particles. In Fig. 

4.8, the distribution of various chemical species can be visualized by the number of H 

atoms with respect to the number of C atoms. Overall, the data indicated that the detected 

species in all soot samples were composed of aromatics. Two limits were shown for data 

assessment purposes: cata-condensed PAHs (H= 0.5C + 3), dashed line, and peri-
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condensed PAHs (H=(6C)0.5)[44, 159], solid line.  A cata-condensed PAH is a molecule 

in which no carbon atoms are shared by more than two aromatic rings. However, a peri-

condensed PAH carbon can be shared by more than two aromatic rings.  The solid line 

represents maximally-condensed molecules, as referenced by Homann [75], comprising a 

homologous series of peri-condensed species with six free edges joined by varying lengths 

of zig-zagged edges. The species that are below this peri-condensed curve may represent 

structures with five-membered rings or ethynyl side chains added to peri-condensed PAHs 

[75]. The species with higher signal intensity were all concentrated around the peri-

condensed PAH limit, and the carbon number of the species which had the highest signal 

intensity shifted to the large side with the increase in flame height. It also indicated that 

more species were under the peri-condensed PAH at the higher flame, which demonstrated 

that NOC particles transformed to mature soot particles through the carbonization process 

[44].   

Oxygen-containing hydrocarbons (CHO) were abundant in all the soot particles except 

those generated in the early stage of nucleation.  Figure 4.9 shows the relationship between 

the O/C ratios and the molecular mass for the CHO species. As mentioned in Ref. [44], the 

results presented in Fig. 4.9 do not truly reflect the nature of oxidized hydrocarbon species, 

because the samples passed through the high-temperature oxidation region of the flame 

during the process of sampling. However, the results could still show the tendency of 

oxidation for soot particles at different flame heights. Species containing one or two 

oxygen atoms have been detected, which were much lower compared with the species in 

Ref. [44], with up to ten oxygen atoms. This may be because the sample was exposed to 

the high-temperature oxidizing region for a shorter time due to the shorter sampling process 
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in this work. Most of the species contained only one oxygen atom. As the height of the 

flame increased, more and more species contained two oxygen atoms because the oxidation 

at higher flame positions was stronger. 

4.5 Conclusion  

In this section, the detailed soot formation process was studied in toluene-ethylene co-flow 

diffusion flames.   

Important soot precursors, including acetylene, benzene, and naphthalene were 

quantifiably measured.  The morphology of soot particles was also presented, which 

demonstrated the evolution of soot particle growth.  A state-of-the-art ultra-high-resolution 

Fourier transform ion cyclotron resonance mass spectrometer was applied for the first time 

to analyze soot particles in different stages.  

Chemical compositions of NOC particles generated in the early nucleation stage were 

detected, and the molecular weight of these PAHs spanned 276 to 520 Da. All the PAHs 

identified possessed even-numbered carbon and hydrogen atoms; these were most likely to 

be Stein-Fahr’s stabilomers. The most plausible and stable structures of the PAHs detected 

by the SNapS2 simulation and theoretical calculation included the characteristics of a plane 

framework, with no aliphatic chains. Those structures, within a moderate size at the given 

flame temperature region, displayed the most favorable physical dimerization, providing 

solid evidence that soot nucleation begins with a physical process.  

Mature soot particles were also examined, with hundreds of chemical species identified. 

Hydrocarbons were the main chemical composition in soot particles. Species belonging to 

the maximally condensed molecules were those with the highest signal intensity. In 
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addition, the peri-condensed PAHs, the PAHs with five-membered rings, or peri-

condensed PAHs with ethynyl side chains added were also abundant. The transformation 

from NOC particle to mature particle was a carbonization process. Many oxygen-

containing hydrocarbons were also detected in the mature soot particle with a molecular 

weight from 200-85 Da; most contained only one O atom, few contained two O atoms.   No 

species were found with more than three O atoms. 
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Chapter 5 Effects of ammonia addition on soot formation in ethylene 

laminar premixed flames 

 

5.1 Flame conditions and temperature profiles 

To investigate the effect of ammonia addition on soot formation, ammonia was doped in 

ethylene flames. Table 5.1 shows the three flames which were studied for this work. Pure 

ethylene was the well-studied C3 flame from Ref. [98, 101], which was the reference flame 

in this work. Later, 10% and 20% of the ethylene concentration of ammonia were added to 

the pure ethylene flame (named N1 and N2 flame, respectively). Details of the mole 

fraction and equivalence ratio of each flame are listed in Table 5.1.   

Table 5.1: Summary of flame conditions a 

Flame Mole  fraction Equivalence 

ratio 

Tmax(K)b 

C2H4 O2 Ar NH3 

C3[98, 101] 0.163 0.237 0.6 0 2.063 1859±75K 

N1 0.163 0.237 0.5873 0.0163 2.183 1852±74K 

N2 0.163 0.237 0.5674 0.0326 2.304 1849±75K 
a Cold gas velocity: 8 cm/s (298K, 1atm); C/O: 0.6. 

b Tmax is the measured maximum flame temperature after radiation correction at Hp=1.0 

cm. 
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Figure 5.1: Temperature profiles of flames studied in this work. 

Flame temperature is important in soot formation, especially for the evolution of nascent 

soot particle size distribution functions (PSDFs) [98, 101]. In this study, the temperature 

profiles of the targeted flames were measured, as shown in Fig. 5.1. The measured 

temperatures for all flames were nearly identical, and the measured temperature profiles 

agreed well with simulated profiles. The peak temperature in each flame was close to 1856 
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K, as shown in Table 1. It was clear that all the targeted flames had a similar temperature, 

suggesting that all the differences in soot formation after doping ammonia were caused by 

chemical effects, not by thermal effects.  

 

5.2 Soot particle characteristics  

5.2.1 PSDFs 

PSDF profiles of the N-series and C3 flames are delineated in Fig.1. The overall evolution 

characteristics of PSDFs for ammonia-ethylene flames showed a power-law type 

distribution for small particles and a lognormal distribution for larger particles, which was 

very similar to the C3 flame [98]. At a low separation distance (Hp=0.5 cm), where soot 

particle nucleation dominated, lower concentrations of small nucleation size soot particles 

were observed in ammonia-ethylene flames. Higher ammonia concentrations resulted in 

fewer small particles, indicating that the addition of ammonia suppressed soot nucleation. 

At an intermediate separation distance (Hp=0.7 cm), the N1 and N2 flames showed very 

different particle growth behavior than the C3 flame. The latter flame had an obviously 

bimodal PSDF, which included nucleation and mass growth stages, while the N-series 

flames showed only a nucleation stage. At a large separation distance (Hp=1.0 cm), N1 and 

N2 flames exhibited both nucleation and mass growth stages, but the particle size at the 

lognormal peak was still smaller than that in the C3 flame. The N2 flame contained more 

ammonia, but showed less mass growth, indicating that--in addition to nucleation--

ammonia addition also affects mass growth.   
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5.2.2 Volume fraction and number density 

Based on the detailed size distribution data, soot volume fraction (Fv) and number density 

(N) were calculated following the methodology in Ref. [98], as shown in Fig. 5.2. Figure 

5.2 shows that in all the targeted flames, an increase in separation distance Hp caused the 

soot volume fraction to increase, which was a result of increased coagulation and surface 

growth. The addition of ammonia was shown to suppress the soot volume fraction. The 

greater the amount of ammonia, the lower the soot volume fraction. On the other hand, the 

soot number density in C3 flames decreased with increased separation distance, attributed 

to the decrease in soot nucleation, the major contributor to soot number density. For the N-

series flame, the number density increased due to enhanced particle nucleation, then it 

decreased because of coagulation. Generally, at larger separation distances (Hp > 0.5 cm), 

the N-series flames had higher number densities than the C3 flame. This was attributed to 

the ongoing nucleation at larger separation distances in ammonia-ethylene flames. 
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Figure 5.2: Evolution of PSDFs for three tested flames at several selected burner-to-

stagnation surface separation distances. 
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Figure 5.3: Particle number density and soot volume fraction measured as a function of 

burner-to-stagnation surface separation distances. Symbols are experimental data, lines 

guide the eye. 

 

It should be noted that the C/O ratio and the temperature profiles were fixed in all the 

flames studied, so the differences between the PSDFs--including the Fv and N--can be 

attributed primarily to the chemical effects of ammonia addition.  
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5. 3 Chemical composition analyzed by FT-ICR-MS  

For more information about the effect of ammonia on soot formation, the chemical 

composition of soot particles was investigated by FT-ICR MS. The mass spectrum acquired 

by LDI/FT-ICR MS is shown in Figs. 5.4 and 5.5. It should be noted that the intensity of 

the signals for each sample depends on the number of soot particles condensed on the 

copper grid, which is a function of dilution ratio, sampling time, and particle concentration 

in the flame. The aforementioned parameters were not constant, so the MS signal intensities 

of individual samples could not be compared. For the soot particles generated at Hp=0.5 

cm, the dominant peaks were between m/z 276 to 496 in all the targeted flames, as shown 

in Fig. 5.4.  It was apparent that the peaks with high intensity were similar in all flames 

having molecular weights of 276.0934 Da, 300.0934 Da, 350.1090 Da, 374.1090 Da, 

398.1090 Da, 448.1246 Da, 472.1246 Da, and 496.1246 Da. Among those, the peak, at m/z 

374.1090 Da, had the highest intensity. Thanks to the ultrahigh mass resolution and 

accuracy of the FT-ICR MS, the chemical formulas of the observed peaks could be 

unambiguously assigned a unique chemical formula. Figure 5.6 presents the chemical 

formulas of the major peaks and also possible PAH structures. It is interesting to note that 

the same spacing of 24 Da was observed between neighboring major ion peaks; this can be 

two carbon atoms, indicating that the mass growth of PAHs followed the classic HACA 

mechanism [25] in the nucleation of soot particles. Based on this hypothesis, the possible 

pathways leading the proposed PAHs structures are also shown in Fig. 5.6 in red. Most of 

the possible structures can be found in the AFM results by Commodo et al.[157]. The 

molecular weight range of soot particles that were generated at larger separation distances 

(Hp=1.0 cm) was significantly higher than those generated at small separation distances 
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(Hp=0.5 cm), as shown by comparing Figs. 5.3 and 5.4, respectively. Another interesting 

phenomenon was the mass difference between peaks which were either 12 Da or 14.016 

Da, which can be attributed to C or CH2. This demonstrated that in matured soot particles, 

PAH growth occurs with the addition of both odd and even numbered carbons. 

 

Figure 5.4: LDI/FT-ICR mass spectra of soot samples collected at Hp=0.5 cm for 

targeted flames. 
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Figure 5.5: LDI/FT-ICR mass spectra of soot samples collected at Hp=1.0cm for targeted 

flames. 
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Figure 5.6: Representative chemical species of soot samples collected at Hp=0.5cm, and 

possible PAH structures. The possible pathways of PAHs growth are marked in red. 

 

According to the ionization mechanism and measured elemental compositions, the 

assigned chemical formulas could be classified into different compound classes. As shown 

in Fig. 5.7, 100% of the mass peaks of small nucleation-sized soot particles were identified 

as pure hydrocarbons--either as radical cations or as the protonated ions during ionization. 

Similarly, more than 90% of the mass peaks of mature soot particles were hydrocarbons. 

However, about 3% of oxygen-containing species were identified in C3 flame, and less 
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than 1% were in ammonia-ethylene flames. Nitrogen-containing species were only 

identified in ammonia-ethylene flames, but with amounts of less than 3%. As shown in 

Table 5.1, the ammonia–ethylene flames were diluted by argon, so the nitrogen element 

detected in the soot particles were all from ammonia. On the other side, the compound 

classification also demonstrated that nitrogen-containing species did not contribute 

significantly to soot nucleation or mass growth processes. 

 

Figure 5.7: Compound class distributions of the soot particles collected at Hp=0.5 and 1.0 

cm. 

 

 

The distribution of various chemical species can be visualized by the number of H atoms 

with respect to the number of C atoms, as shown in Fig. 5.8. Overall, the data indicated 

that the detected species in all soot samples were composed of aromatics. Two limits are 

shown for data assessment purposes: cata-condensed PAHs (H= 0.5C + 3)- dashed line, 

peri-condensed PAHs (H=(6C)0.5)[44, 159] – solid line.  A cata-condensed PAH is a 

molecule in which no carbon atom is shared by more than two aromatic rings. However, in 

peri-condensed PAH, carbon can be shared by more than two aromatic rings.  The solid 

line represents maximally-condensed molecules, as referenced by Homann [75], 
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comprising a homologous series of peri-condensed species with six free edges, joined by 

varying lengths of zig-zagged edges. The species that are below this peri-condensed curve 

may represent structures with five-membered rings or ethynyl side chains added to peri-

condensed PAHs [75]. The distributions of the PAHs which were detected from nucleation 

soot particles were almost all peri-condensed, as shown in the first row of Fig. 5.8, except 

for two species with very low intensity which were below the peri-condensed limit, which 

indicated that the chemical compositions in nucleation soot generated in different flames 

were similar. The second row of Fig. 5.8 shows that the distributions of PAHs detected 

from matured soot particles were shifted closer to the peri-condensed limit, and some 

species were below the peri-condensed limit, indicating that matured soot particles were 

more carbonized than the nucleation soot. Comparing the different flames, the soot growth 

process was suppressed, and the distribution of PAHs was shifted to the less carbonized 

direction in the ammonia doping flames. Another important observation was that the 

molecules with higher normalized intensity were concentrated near the peri-condensed 

limit, which meant that the domain compositions in soot particles were with the maximally-

condensed molecules.  
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Figure 5.8:  Variation in the number of hydrogen atoms and carbon atoms in species 

detected by FT-ICR MS, as a function of distance from the burner of three flames. The 
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color of each plot corresponds to the normalized intensity of each ion in the flame area. 

Also shown are C/H correlations for cata-condensed (dashed line) and peri-condensed 

(solid line) PAH structures. 

 

5.4 Simulation of gas-phase species and particle volume fraction  

To better understand the effects of ammonia doping on soot formation, a gas phase species 

and soot particle volume fraction were simulated under our experimental conditions. The 

HyChem model was selected because it contained detailed NOx chemistry and 

hydrocarbon-nitrogen sub-mechanisms from Glarborg et al.[160], as well as a detailed 

hydrocarbon mechanism. The HyChem did not contain PAH growth reactions, however. 

PAH growth reactions from benzene (A1) to pyrene (A4) were taken from the ABF 

mechanism [26] and added to the HyChem model, to predict the soot precursors. Gas-phase 

species, including important soot precursors like benzene and pyrene, were simulated in 

the pre-mixed burner stagnation flame model of CHEMKIN-PRO [161] using the modified 

HyChem mechanism. The measured temperature profiles were provided as input files for 

the fit temperature model.  Based on the calculated gas-phase results, soot formation was 

simulated using the particle tracking model in the CHEMKIN-PRO. In the particle tracking 

model, the sectional method selected was number 30. The soot nucleation and growth 

mechanism used was from the default surface kinetic file in the CHEMKIN-PRO.  In this 

mechanism, soot particle was nucleated from pyrene, and particle growth was through the 

HACA (H-abstraction-carbon-addition) mechanism [25]. Many simulation studies predict 

particle size distribution according to a detailed nucleation and aggregation mechanism, 

but this is outside the scope of the present study.  Particle volume fractions in flames were 

calculated only to capture qualitative trends in soot formation when ammonia was doping 
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in the flame. The trend of the predicted PAHs and soot volume fractions in flames, with or 

without the addition of ammonia, were similar to the trends of experimentally measured 

particles in the relative flames. 

Computed mole fractions of soot precursors, including benzene and pyrene, are illustrated 

in Fig. 5.9. Lower concentrations of benzene and pyrene were observed in the N2 flame 

than in the C3 flame. Similarly in Fig. 5.11, the calculated particle volume fractions at low 

height above the burner were slightly lower in the N2 flame than in the C3 flame. However, 

higher above the burner, the volume fraction in the N2 flame was significantly lower than 

in the C3 flame, indicating that ammonia doping first suppressed PAH formation, which 

then resulted in the reduction of soot particles. The formation of nitrogen oxides could be 

promoted with ammonia doping, and nitrogen oxides (NOx) are good additives for reducing 

soot [83]. This may be one explanation for why adding ammonia reduced the soot 

formation. However, as the simulated results in Fig.5.9 show, the total calculated 

concentrations of NOx (mainly NO) in N1 and N2 were both less than 350 ppm, which was 

attributed to the fuel-rich conditions of the flames (equivalence ratio over two). Another 

notable parameter was the H atom concentration that helped to reduce PAH and soot 

formation. The total input H of the flame was increased by the addition of ammonia because 

it is a hydrogen carrier. However, simulations showed that the maximum H atom 

concentrations were slightly reduced in the ammonia doped flames, shown in Fig. 5.10. 

According to the ROP analysis, H atoms were mainly produced by the dehydrogenation 

reaction of ethylene. The hydrogen abstraction reaction by H-atoms from ammonia 

(NH3+H= NH2+H2) consumed a large number of H atoms. Therefore, the increase of H 

atoms with ammonia doping played only a minor role in suppressing soot formation.  
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On the other hand, the high concentration of hydrogen cyanide (HCN) in N1 and N2 flame 

(5000 ppm and 8500 ppm, respectively) was noteworthy. By performing the rate-of-

product (ROP) analysis at Hp=0.2 cm in N2 flame, as shown in Fig. 5.12, the main pathway 

of HCN formation was via NCO + C2H2 = HCCO + HCN. NCO was formed by the 

dehydrogenation reaction of iso- cyanic acid (HNCO). HNCO was generated mainly by 

the reaction of NH + CO = HNCO. NH and CO were the products of the dehydrogenation 

reaction of ammonia and the incomplete oxidation of hydrocarbons, respectively.  

Therefore, it was postulated that the NCO reaction with C2H2 lowered the concentration of 

the latter, thereby reducing soot formation. 

In summary, C2H2 was reduced by the addition of ammonia, which led to the reduction of 

benzene and pyrene, and which finally affected the nucleation and mass growth of soot 

particles. Also, carbon-nitrogen species including HCN and N-PAHs were produced after 

ammonia addition. Those species contributed little to soot nucleation and growth, and they 

diverted carbon away from the pathway of soot formation. Even though ammonia helped 

to suppress soot formation in hydrocarbon flames by removing carbon from the soot 

precursor formation pathways, the predicted high concentrations of hydrogen cyanide were 

a concern because of its high toxicity (20% more toxic than carbon monoxide) [162]. 
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Figure 5.9: Computed mole fractions of benzene, pyrene, hydrogen cyanide, and nitrogen 

monoxide in targeted flames. 

 

Figure 5.10: Simulated mole fraction profiles of H atoms in targeted flames. 
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Figure 5.11: Simulated soot volume fractions in ethylene and ammonia doping ethylene 

flame. 
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Figure 5.12: ROP analysis at Hp=0.2 cm in N2 flame.  
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5.5 Conclusion 

      PSDFs and chemical compositions of soot particles generated in ethylene and ammonia 

doped ethylene flames were investigated under similar flame temperature conditions. 

Conclusions are as follows: 

1. Ammonia doping delays nucleation during soot formation, which further affects the 

aggregation process. At the same time, in the post-flame zone, more nucleation mode 

particles are generated in ammonia doping.  

2. Soot volume fraction is reduced with ammonia doping. 

3. The chemical composition of nucleating-sized soot particles are similar in both ethylene 

and ammonia- ethylene flames. 

4. One hundred percent of the chemical species in all flames are hydrocarbons in small 

nucleation sized soot. In ammonia doped flames, less than three percent of chemical species 

are nitrogen-containing. 

5. Kinetic analysis showed that the addition of ammonia to ethylene reduced the soot 

precursors acetylene and benzene, which reduced nucleation as well as the mass growth of 

soot particles.  

        The addition of ammonia reduced soot formation by removing carbon from leading 

to soot precursor formation. However, high concentrations of toxic hydrogen cyanide may 

be formed, warranting further investigation. 
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Chapter 6: Conclusion and future work 

6.1 Conclusion 

In this dissertation, PAH formation chemistry in multiple gasoline surrogates was 

systematically and comprehensively investigated and developed. PAH formation was very 

sensitive to fuel composition, and it was not only related linearly to the content of the 

number of aromatics in the fuels. A synergistic effect was observed in the n-

heptane/toluene mixture for important PAHs. Generally, TPRFs produced more PAHs than 

PRFs because of the addition of toluene. The quantified experimental results of the PAHs 

may be used to optimize fuel design and tailor fuel/engine interactions for clean 

combustion technology. 

The chemical composition of soot particles at all stages was also investigated using state-

of-the-art ultra-high resolution Fourier-transform ion cyclotron resonance mass 

spectrometry, especially the specific PAHs found in NOC particles, which were generated 

in the early stage of nucleation. Those PAHs were within a moderate size and, from their 

identified chemical formulas, were most likely Stein-Fahr’s stabilomers. Those clues 

provided strong experimental evidence for physical nucleation. At the same time, a 

comparison of the chemical composition between NOC particles and mature particles, 

indicated that NOC particles turned mature through the carbonization process. In addition, 

the pure hydrocarbon, mature particles contained few oxygen-containing species due to the 

oxidation reaction. Most of those species contained only one O atom; very few contained 

up to two O atoms.  

Another way to control the soot formation is in the additives. As a hydrogen carrier, 

ammonia was considered to be a good additive for suppressing soot formation. An analysis 
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of the particle evolution process with and without ammonia doping indicated that the 

addition of ammonia could suppress soot formation. Chemical kinetic analysis revealed 

that the main chemical effect on the suppression of soot formation by ammonia doping was 

because the C-N species generated and removed carbon from participating in soot 

precursor formation. Because most C-N intermedia are highly toxic, as a suitable additive, 

ammonia requires additional consideration.  

6.2 Future work  

Nucleation is the holy grail of soot research. This dissertation investigated infant soot at 

the early stage of nucleation, which indicated that soot particle nucleation began with the 

physical dimerization process at the local flame temperature. However, the persistent 

nucleation phenomena was observed in many experiments in the post-flame zone. It is also 

important to understand nucleation in the post-flame zone in order to fulfill the soot 

nucleation investigation throughout the combustion process. In the post flame zone, the 

PAH dimer is difficult to service due to high flame temperature that means physical 

nucleation may not be the dominant nucleation mechanism in the post-flame zone. An 

alternative hypothesis is that the initial particle is a chemical cluster formed by the reaction 

between aromatic molecules with an aryl radical, but this type of aryl radical is generated 

through the H-abstraction reaction, which can only occur when H atoms are abundant. 

However, in the post-flame zone, H atom concentration is too low to initiate such reactions. 

Based on these arguments, it is apparent that the nucleation mechanism in the post-flame 

zone is need to be explored. 

Future work by this group will use the experimental technologies established here to 

explore soot nucleation mechanism in the post-flame zone. In the post-flame zone, the 
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particle size distribution function exhibits bimodality. Soot particles in this area include 

nucleation mode particles and aggregation mode particles. Nucleation mode particles can 

be filtered out with the electrical classifier and collected by the nanometer aerosol sampler. 

Detailed chemical composition information in nucleation mode soot particles can be 

provided by the TF-ICR MS analysis; that information is the critical key to evaluating the 

nucleation mechanism in the post-flame zone.  
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