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ABSTRACT
Restrictive emissions standards to reduce nitrogen oxides (NOx) and particulate
matter (PM) emissions from diesel engines necessitate the development of advanced
emission control technology.

The engine manufacturers in the United States have

implemented the exhaust gas recirculation (EGR) and diesel particulate filters (DPF) to
meet the stringent emissions limits on NOx and PM, respectively. Although the EGRDPF system is an effective means to control diesel engine emissions, there are some
concerns associated with its implementation. The chief concern with this system is the
DPF regenerability, which depends upon several factors, among which are the physicochemical properties of the soot. Despite the plethora of research that has been conducted
on DPF regenerability, the impact of EGR on soot reactivity and DPF regenerability is
yet to be examined. This work concerns the impact of EGR on the oxidative reactivity of
diesel soot. It is part of ongoing research to bridge the gap in establishing a relationship
between soot formation conditions, properties, and reactivity.
This work is divided into three phases. In the first phase, carbon dioxide (CO2)
was added to the intake charge of a single cylinder engine via cylinders of compressed
CO2. This approach simulates the cold-particle-free EGR. The results showed that
inclusion of CO2 changes the soot properties and yields synergistic effects on the
oxidative reactivity of the resulting soot.
The second phase of this research was motivated by the findings from the first
phase. In this phase, post-flame ethylene soot was produced from a laboratory co-flow
laminar diffusion flame to better understand the mechanism by which the CO2 affects
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soot reactivity. This phase was accomplished by successfully isolating the dilution,
thermal, and chemical effects of the CO2. The results showed that all of these effects
account for a measurable increase in soot reactivity. Nevertheless, the thermal effect was
found to be the most important factor governing the soot reactivity.
In the third phase of this research, diesel soot was generated under 0 and 20%
EGR using a four-cylinder, four-stroke, turbocharged common rail direct injection (DI)
DDC diesel engine. The objective of this work was to examine the relevance of the
single cylinder engine and flame studies to practical engine operation. The key engine
parameters such as load, speed, and injection timing were kept constant to isolate the
EGR effect on soot properties from any other engine effects.
The thermokinetic analyses of the flame soot and engine soot showed a significant
increase in soot oxidation rate as a result of the CO2 or EGR inclusion into the
combustion process.

The activation energy of soot oxidation was found to be

independent of soot origin or formation history. The increase in soot oxidation rate is
attributed solely to the increase in soot active sites, which are presented implicitly in the
pre-exponential factor (A) of the oxidation rate equation. This latter statement was
confirmed by measuring the initial active site area (ASAi) of all soot samples considered
in this study. As expected, higher oxidation rates are associated with higher ASAi.
The chemical properties of the soot were investigated to determine their effects
upon soot reactivity. The results showed that the H/C and O/C ratios were not modified
by CO2 or EGR addition. Therefore, these ratios are not reactivity parameters and their
effects upon soot reactivity were ruled out. In distinct contrast, the physical properties of
the soot were modified by the addition of CO2 or EGR. The interlayer spacing (d002)
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between the aromatic sheets increased, the crystallite width (La) decreased and the
crystallite height (Lc) decreased as a consequence of CO2 or EGR addition. The modified
physical properties of the soot are responsible for the increased rate of soot oxidation.
In order to examine the soot oxidation behavior in the DPF, the soot samples
produced from the DDC engine under 0 and 20% EGR were partially oxidized in a
thermogravimetric analyzer (TGA) to specific conversion levels. Unreacted and partially
oxidized soot samples were then subjected to comprehensive characterization.

The

Raman spectroscopy showed that the disordered fraction of the soot (ID/IG) decreases
with the oxidation progression. Electron energy loss spectroscopy (EELS) results showed
an increase in the (Iπ/ Iσ) for soot generated under 0% EGR but no significant increase in
this ratio was observed for the soot generated under 20% EGR. These results indicate
that soot generated without EGR is likely to be more highly ordered in its nanostructure.
Visual inspection of the unreacted and partially oxidized soot (produced under 0
and 20% EGR) was obtained by the use of high resolution transmission electron
microscopy (HRTEM). The results suggested that the initial nanostructure of the soot
primary particles is the same for soot produced under 0 and 20% EGR. However, soot
produced under 0% EGR condition exhibits strictly external burning (i.e., from the
outside in). On the other hand, soot generated under 20% EGR possesses dual burning
modes, that is, slow external burning and fast internal burning. This internal burning of
the 20% EGR soot clarifies the importance of the burning modes upon soot reactivity.
This study confirmed that EGR exerted a strong influence on the diesel soot physical
properties. Consistent with the flame study, a separate engine study confirmed that the
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most important factors to enhance the soot reactivity are the thermal effect of the EGR
followed by the dilution effect.

vii
TABLE OF CONTENTS
LIST OF FIGURES .....................................................................................................x
LIST OF TABLES.......................................................................................................xv
ACKNOWLEDGEMENTS.........................................................................................xvii
Chapter 1 INTRODUCTION......................................................................................1
1.1 Diesel Engine Emissions ................................................................................1
1.2 Diesel Particulate Filters.................................................................................3
1.3 Soot Oxidative Reactivity...............................................................................5
1.4 Thesis Scope ...................................................................................................6
Chapter 2 LITERATURE REVIEW...........................................................................8
2.1 Soot Formation ...............................................................................................8
2.2 Soot Reactivity and Properties........................................................................ 9
2.2.1 Chemical Composition of Diesel Particulate Matter............................ 10
2.2.2 Soot Nanostructure ...............................................................................11
2.3 Impact of Heat Treatment on Carbon Nanostructure ..................................... 22
2.4 Impact of Soot Formation conditions on its Composition and Structure .......24
2.5 Soot Oxidation Kinetics..................................................................................28
2.6 Structural Evolution of Soot during Oxidation...............................................30
2.7 Hypothesis and Objectives .............................................................................33
Chapter 3 EXPERIMENTAL .....................................................................................35
3.1 Soot Origin and Sampling ..............................................................................35
3.1.1 Yanmar Engine Soot.............................................................................35
3.1.2 Flame Soot............................................................................................36
3.1.3 DDC Engine Soot .................................................................................36
3.2 Soot Characterization......................................................................................37
3.2.1 Thermogravimetric Analysis (TGA) ....................................................37
3.2.1.1 Soot Oxidation............................................................................37
3.2.1.2 Oxygen Chemisorption Capacity ............................................... 38
3.2.2 X–Ray Diffraction (XRD) ....................................................................39
3.2.3 Raman spectroscopy.............................................................................40
3.2.4 Transmission Electron Microscopy (TEM) and High Resolution
TEM (HRTEM)......................................................................................41
3.2.5 Electron Energy Loss Spectroscopy (EELS)........................................41
3.3 Additional Techniques....................................................................................42

viii
Chapter 4 THERMOKINETIC ANALYSIS OF ETHYLENE SOOT AND
DIESEL ENGINE SOOT .....................................................................................44
4.1 Soot-Oxygen Reaction....................................................................................44
4.2 Soot Reactivity Evaluation .............................................................................45
4.3 Characterization of Active Sites ..................................................................... 53
4.4 Soot Oxidation Kinetics..................................................................................56
4.4.1 Theoretical Background .......................................................................57
4.4.2 Determination of Activation Energy ....................................................63
4.4.3 Determination of Pre-exponential Factor .............................................66
4.4.4 Determination of Reaction Order for Soot Oxidation .......................... 70
4.5 Simplified Mathematical Model for Soot Oxidation .....................................73
4.6 Thermal, Dilution, and Chemical Effects of CO2 on Soot Oxidative
Reactivity.......................................................................................................76
4.7 Methodology for Isolating CO2 Effects..........................................................77
4.8 Isolation of CO2 Effects..................................................................................81
4.9 Some Chemical and Physical Properties of Ethylene soot .............................89
Chapter 5 STRUCTURAL ANALYSIS OF DIESEL SOOT.....................................91
5.1 Some Chemical Properties of Soot Samples from the DDC 2.5l Engine.......91
5.2 X-Ray Diffraction...........................................................................................92
5.3 Quantitative Analysis of XRD Pattern and Theoretical Assessment..............93
5.4 Raman Spectroscopy ......................................................................................104
5.4.1 Raman Spectroscopy Analysis .............................................................105
5.5 Electron Energy Loss Spectroscopy (EELS).................................................. 114
5.5.1 Soot Initial Nanostructure.....................................................................114
5.5.2 Electron Energy Loss Spectroscopy of Partially Oxidized Diesel
Soot.........................................................................................................119
5.5.3 Additional Information from EELS Spectra......................................... 123
5.6 Summary of EELS Analyses .......................................................................... 125
5.7 Visual Inspection of the Evolution of Soot Morphology and
Nanostructure with Oxidation .......................................................................126
5.7.1 Morphological Evolution of Diesel Soot with Oxidation.....................126
5.7.2 Nanostructural Evolution of Diesel Soot with Oxidation.....................137
5.8 The Impact of Soot Burning Modes upon Raman Spectra and EELS Data ...146
5.9 The Role of the Exhaust Gas Recirculation in the Oxidative Reactivity of
Diesel Soot.....................................................................................................150
5.10 Summary.......................................................................................................159
Chapter 6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK ..................................................................................................................160
6.1 Conclusions.....................................................................................................160
6.2 Recommendations for Future Work ...............................................................163

ix
REFERENCES ............................................................................................................166
A.1 Impact of CO2 on the Conversion vs. Temperature Profiles of Ethylene
Flame soot .....................................................................................................178
A.2 Determination of Activation Energy..............................................................182
A.2.1 Ethylene Flame Soot............................................................................182
A.2.2 Yanmar Engine Soot............................................................................185
A.3 Determination of pre-exponential Factor.......................................................188
A.3.1 Ethylene Flame Soot............................................................................189
A.3.2 Yanmar Engine Soot............................................................................190
A.4 Determination of Reaction Order for Soot Oxidation ...................................191
A.4.1 Ethylene Flame Soot............................................................................191
A.4.2 Yanmar Engine Soot............................................................................192
A.5 Summary of Oxidation Kinetic Parameters for Flame soot and Yanmar
Engine soot ....................................................................................................193
A.6 Simplified Mathematical Model for Soot Oxidation ..................................... 196
A.6.1 DDC Engine Soot ................................................................................196
A.6.2 Ethylene Flame Soot............................................................................197
A.6.3 Yanmar Engine Soot............................................................................199
Appendix B Statistical and Uncertainty Analysis for the TGA Experiments.............201
B.1 Paired T-Test..................................................................................................201
B.1.1 Procedure .............................................................................................202
B.2 Simple Linear Regression ..............................................................................203
B.3 Results and Discussion...................................................................................203
B.3.1 Paired T-Test Results...........................................................................203
B.3.2 Simple Linear Regression....................................................................205
B.4 Uncertainty Analysis of the Isothermal TGA Results ...................................207
B.4.1 Soot Oxidation Specific Rate (Rsp) ......................................................208

x
LIST OF FIGURES
Figure 1-1: Typical LDT exhaust system [6]..............................................................2
Figure 2-1: A rough picture for soot formation in homogeneous mixtures
(premixed flames) [18]. ........................................................................................9
Figure 2-2: TEM image of diesel soot aggregate (a), HRTEM of diesel soot
primary particle.....................................................................................................12
Figure 2-3: Drawing illustrating a typical crystallite in diesel soot (a), Cutaway
view of a spherical primary particle (b) [33]. .......................................................13
Figure 2-4: HRTEM images of soot derived from pyrolysis of benzene, ethanol,
and acetylene [34].................................................................................................15
Figure 2-5: Dependence of soot mass burnout rate with O2 percentage in the postflame gases [17]. The NSC rate is also shown for comparison. NSC: Nagle
Strickland-Constable model.................................................................................. 15
Figure 4-2: Impact of CO2 on the specific rate of Yanmar engine soot. ....................48
Figure 4-3: Impact of CO2 on the specific rate of ethylene flame soot. .....................49
Figure 4-4: Impact of EGR on the specific rate of DDC engine soot.........................50
Figure 4-5: Isothermal profiles of the impact of EGR on the reactivity of DDC
engine soot. Oxidation temperature is 450°C. Engine condition: 1600 rpm,
60 lb-ft. DDC0: 0%EGR. DDC20: 20% EGR....................................................52
Figure 4-6: Impact of CO2 on the conversion vs. T profiles of ethylene flame soot
at β = 1.5°C/min. ............................................................................................... 60
Figure 4-7: Impact of CO2 on the conversion vs. T profiles of Yanmar engine
soot at β = 1.5°C/min. Engine condition: 3600 rpm, 6.1 lb-ft.............................61
Figure 4-8: Impact of EGR on the conversion vs. T profiles of DDC engine soot
at β = 1.5°C/min. Engine condition: 1600 rpm, 60 lb-ft......................................62
Figure 4-9: Isoconversional plots at various degrees of conversions for (a) DDC0
soot and (b) DDC20 soot. .....................................................................................64
Figure 4-10: Model-free values of the activation energy as a function of degree of
conversion for DDC0 and DDC20 soot. Engine condition: 1600 rpm, 60 lbft............................................................................................................................65

xi
Figure 4-11: Linear relationship of the compensation effect for (a) DDC0 soot
and (b) DDC20 soot. Engine condition: 1600 rpm, 60 lb-ft...............................69
Figure 4-12: Estimation of soot reaction order, n, for (a) DDC0 soot and (b)
DDC20 soot. Engine condition: 1600 rpm, 60 lb-ft. ........................................... 72
Figure 4-13: Comparison between experimental and predicted curves at constant
heating rate of 1.5°C/min for (a) DDC0 soot, and (b) DDC20 soot. Engine
condition: 1600 rpm, 60 lb-ft................................................................................75
Figure 4-14: The effect of CO2 addition to oxidizer stream on flame temperature
and oxygen concentration. The NASA CEA program was used to compute
the oxygen mole fraction and the flame temperature [124].................................. 78
Figure 4-15: The isolated thermal, dilution, and chemical effects of CO2 on soot
oxidation specific rate (Rsp). The CO2 was added to the oxidizer side................ 82
Figure 4-16: The isolated thermal, dilution, and chemical effects of CO2 on soot
oxidation specific rate (Rsp). The Rsp deduced from each effect was
normalized to that of reference flame. The CO2 was added to the oxidizer
side........................................................................................................................83
Figure 4-17: The contribution of the thermal, dilution, and chemical effects of
CO2 to soot reactivity...........................................................................................84
Figure 4-18: The dilution effect on soot inception zone (a) χO2 = 0.21 (b) χO2 =
0.117 .....................................................................................................................87
Figure 5-1: Model for a crystallite of a carbon material: (a) stack of layers, (b)
structure of an individual layer[142]. ...................................................................94
Figure 5-2: (a) The powder diffraction pattern of a microporous carbon, (b) an
expanded view of the (002) peak showing the definition of R [140]. ..................95
Figure 5-3: XRD patterns of (a) flame soot, (b)Yanmar engine soot, and (c) DDC
engine soot ............................................................................................................96
Figure 5-4: The relationship between La and Ce/Cb (based on data from [142]). ....... 100
Figure 5-5: Raman spectra (λ = 514 nm) of unreacted and partially oxidized DDC
soot generated under 0% EGR (DDC0)................................................................106
Figure 5-6: Raman spectra (λ = 514 nm) of unreacted and partially oxidized DDC
soot generated under 20% EGR (DDC20)............................................................107
Figure 5-7: Changes in ID/IG ratio during the oxidation of DDC0 soot and DDC20
soot at 450°C in air. Engine condition: 1600 rpm, 60 lb-ft. ...............................110

xii
Figure 5-8: The oxidation time of DDC0 soot and DDC20 soot in air at 450°C as
a function of conversion. Engine condition: 1600 rpm, 60 lb-ft. ........................111
Figure 5-9: EELS profiles representative of (a) carbon black, and (b) graphite
[162]......................................................................................................................116
Figure 5-10: EELS profiles of unreacted diesel soot samples: DDC0 and DDC20. ..117
Figure 5-11: The variations of EELS spectra with oxidation for the DDC0 soot.
The development of tall and well-developed σ* peak appears in the spectra of
the 50 and 75% oxidized soot. X: indicates the conversion level. ...................... 120
Figure 5-12: The variations of EELS spectra with oxidation for the DDC20 soot.
The spectra shapes are invariant with oxidation. The distinct σ* peak feature
that appears in the DDC0 soot spectra at high conversion level is missing for
the DDC20 soot. X: indicates the conversion level..............................................122
Figure 5-13: TEM images of (a) DDC0 soot, and (b) DDC20 soot. ..........................128
Figure 5-14: Extent of diameter reduction during the oxidation of DDC0 soot and
DDC20 soot. Also shown in the figure is the data reported by Ishiguro [32]
for similar diesel soot and similar conversion level. ............................................131
Figure 5-15: The specific rate of soot oxidation on the mass-based measurements
(TGA) and constant density model (a) DDC0 soot, and (b) DDC20 soot
oxidation. ..............................................................................................................134
Figure 5-16: Figure 16. (a) Morphology of DDC0 soot with 75% oxidation. The
soot exhibits strictly external burning. (b) Morphology of DDC20 soot with
75% oxidation. The internal burning is evident...................................................136
Figure 5-17: The HRTEM of (a) DDC0 soot, (b) DDC20 soot. Both primary
particles possess a turbostratic structure but no distinct differences between
the nanostructure of both primary particles is identified. .....................................139
Figure 5-18: Sequence of the DDC0 soot oxidation showing strictly external
surface burning with no evidence of inner most nanostructural changes. It is
apparent that the primary particles retain their solid structure. ............................141
Figure 5-19: Sequence of the DDC20 soot oxidation showing internal burning.
The internal burning onset is evidence at 25% oxidation. Arrows in the
figure point to internal burning regions within the primary particles. Highly
curved structure at the perimeter of the primary particles is obvious at 75%
oxidation. ..............................................................................................................143

xiii
Figure 5-20: Internal burning of multiple primary particles within an aggregate of
the DDC20 soot. Oxidation degree (X) is 75%. ..................................................144
Figure 5-21: The interlayer spacing (d002) as a function of conversion (X) as
determined from the HRTEM images. ................................................................. 148
Figure 5-22: The Impact of EGR addition on the composition of engine intake
charge. The EGR increases the concentration of the CO2 while displacing a
fraction of O2. .......................................................................................................151
Figure 5-23: The impact of CO2 and EGR addition on the oxidative reactivity of
Diesel soot. The CO2 concentration matches that in the EGR. ............................ 153
Figure 5-24: Intake oxygen concentrations under 0% EGR (baseline test), 1.76%
CO2, and 26% EGR. .............................................................................................154
Figure 5-25: A schematic of a DI diesel jet during the quasi-steady period of
combustion [182]. .................................................................................................155
Figure 5-26: The relationship between oxygen concentration and flame lift-off
length [183]...........................................................................................................156
Figure 5-27: Different growth species and temperature-enabled growth result in
soot with more structural order[30]. .....................................................................158
Figure A-1: Impact of CO2 on the conversion vs. T profiles of ethylene flame soot
at different heating rates: β = 3, 5, and 7 °C/min. ................................................179
Figure A-3: Impact of EGR on the conversion vs. T profiles of DDC engine soot
at different heating rates: β = 3, 5, and 7 °C/min. ................................................181
Figure A-4: Isoconversional plots at various degrees of conversion for (a) F0 soot
and (b) F15 soot. ...................................................................................................183
Figure A-5: Model-free values of the activation energy as a function of degree of
conversion for F0 soot and F15 soot..................................................................... 184
Figure A-6: Isoconversional plots at various degrees of conversion for (a) Y0
soot and (b) Y8 soot..............................................................................................186
Figure A-7: Model-free values of the activation energy as a function of degree of
conversion for Y0 soot and Y15 soot. ..................................................................187
Figure A-8: Linear relationship of the compensation effect for (a) F0 soot and (b)
F15 soot. ...............................................................................................................189

xiv
Figure A-9: Linear relationship of the compensation effect for (a) Y0 soot and (b)
Y8 soot..................................................................................................................190
Figure A-10: Estimation of soot reaction order, n, for (a) F0 soot and (b) F15 soot...191
Figure A-11: Estimation of soot reaction order, n, for (a) Y0 soot and (b) Y8
soot........................................................................................................................192
Figure A-12: Comparison between experimental and predicted curves at constant
heating rate of 3°C/min for (a) DDC0 soot and (b) DDC20 soot.........................196
Figure A-13: Comparison between experimental and predicted curves at constant
heating rate of 1.5°C/min for (a) F0 soot and (b) F15 soot. .................................197
Figure A-14: Comparison between experimental and predicted curves at constant
heating rate of 3.0°C/min for (a) F0 soot and (b) F15 soot. .................................198
Figure A-15: Comparison between experimental and predicted curves at constant
heating rate of 1.5 °C/min for (a) Y0 soot and (b) Y8 soot. .................................199
Figure A-16: Comparison between experimental and predicted curves at constant
heating rate of 3.0 °C/min for (a) Y0 soot and (b) Y8 soot. .................................200
Figure B-1: Linear relationship between the heating rate β and midptT for the
flame soot and Yanmar engine soot...................................................................... 205
Figure B-2: The repeatability of the isothermal TGA experiments. The oxidized
samples are the DDC20 soot. The oxidation was conducted in air at 450°C. .....207

xv
LIST OF TABLES
Table 3-1: Soot investigated and the corresponding techniques employed................. 43
Table 4-1: Summary of oxygen chemisorption experiments....................................... 55
Table 4-2: Conversion model functions usually employed for solid-state reactions
[112]......................................................................................................................58
Table 4-3: Averaged activation energy, coefficients of compensation relationship,
and pre-exponential factor for DDC0 and DDC20 soot. ......................................68
Table 4-4: Values of soot reaction order for various heating rates..............................73
Table 4-5: Flame conditions considered to isolate the thermal, dilution, and
chemical effects of CO2. .......................................................................................80
Table 4-6: Summary of some chemical and physical properties of soot formed
under conditions listed in Table 4-5. ....................................................................90
Table 5-1: Quantification of the diffraction patterns shown in Figure 5-3..................97
Table 5-2: The relationship between La, Ce/Cb, and ASAi. Ce/Cb was estimated
from Figure 5-4. ASAi was calculated in Section 4-3. As expected, smaller
La indicates higher ASAi........................................................................................101
Table 5-3: Estimated crystallite properties of the soot samples under study...............103
Table 5-4: Spectral parameters for the first-order Raman bands of DDC soot.
Spectral parameters for similar types of soot are also reported for a
comparison with the current study........................................................................ 108
Table 5-5: Extent of diameter reduction during oxidation of DDC0 soot and
DDC20 soot. .........................................................................................................130
Table 5-6: Engine operating conditions used to test the chemical effect of EGR. ...... 152
Table 6-1: Impact of EGR addition upon soot nanostructural parameters. .................162
Table A-1: Averaged activation energy, coefficients of compensation relationship,
and pre-exponential factor for F0 soot and F15 soot............................................193
Table A-2: Averaged activation energy, coefficients of compensation relationship,
and pre-exponential factor for Y0 soot and Y8 soot.............................................194
Table A-3: Values of soot reaction order for various heating rates............................. 194

xvi
Table A-4: Values of soot reaction order for various heating rates............................. 195
Table B-1: Estimation of the P-values for the flame soot and Yanmar engine soot....204
Table B-2: Regression analysis for the flame soot and Yanmar engine soot. .............206

xvii
ACKNOWLEDGEMENTS
I would like to express my sincere appreciation and gratitude to my thesis adviser,
Dr. André Boehman for his guidance, support, and patience throughout the course of this
research.
My appreciation and gratitude are also extended to members of my committee,
Dr. Lueking, Dr. Yeboah, and Dr. Yetter, for their constructive comments and advice.
Thanks are also due to Dr. Robert Santoro in the Penn State Department of
Mechanical Engineering for providing me with the diffusion flame burner. Electron
Microscopy and XRD were performed using the facilities of the Material Research
Institute at the Pennsylvania State University and I am grateful for access to these
facilities. I also would like to thank Dr. Kulik, Dr. Trevord, and Nichole Wonderling in
the Material Research Institute for their unlimited help during my work at their site. I
also would like to thank Professor John V. Badding in the Penn State Department of
Chemistry for access to the Raman Spectroscopy facilities. I am very grateful to Dr.
Allen Kimel in the Penn State Department of Materials Science and Engineering for
access to the thermogravimetric analyzer. I also would like to thank Mr. Vince Zello and
Yu Zhang for their help during the engine work. I would like to express my gratitude to
Ryan Harrier and Keith Cavallini of CAV Engineering for their technical support for the
DDC engine.
Last but not least, this thesis could not have been accomplished without the love,
support, and patience of all of my family members.

Chapter 1
INTRODUCTION

1.1 Diesel Engine Emissions
Diesel engines are gaining considerable interest due to their durability and
reliability and due to their high thermal efficiency and superior fuel economy compared
to gasoline engines. However, diesel engines have a serious problem with nitrogen
oxides (NOx) and particulate matter (PM) emissions. Growing concerns about engine
emissions force governments to regulate NOx and PM levels. New low standards on
emissions of NOx and PM have been approved in North America. The new on-highway
heavy-duty diesel emission standards for 2007/2010 are restrictive for NOx (0.027 g/bhphr) and PM (0.01 g/bhp-hr) [1-3].

Considerable progress on emission reduction has been achieved during the last
two decades. In-cylinder emission control techniques such as EGR and injection timing
retard are effective means to reduce the NOx level [1, 2, 4, 5].

Unfortunately,

simultaneous reduction of NOx and PM is a complicated task. Most of in-cylinder
techniques performed to reduce NOx tend to invariably increase PM and vice versa. To
overcome this problem, diesel particulate filters (DPF) should be implemented to control
the PM emissions. In fact, most engine manufacturers in the US have chosen EGR and
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DPF technologies to meet the 2007/2010 standards and will be implemented in all new
engines.

Figure 1-1 shows a typical light duty truck (LDT) exhaust system. It consists of a
diesel oxidation catalyst (DOC), selective catalytic reduction (SCR), catalyzed diesel
particulate filter (CDPF), and exhaust gas recirculation (EGR). The DOC functions to
reduce the total particulate matter (TPM), unburned hydrocarbons (UHCs), and carbon
monoxide (CO). The SCR in conjunction with EGR is an effective means to achieve
ultra low NOx emissions. The CDPF captures the soot and catalytically oxidizes it.

Figure 1-1: Typical LDT exhaust system [6]

3
1.2 Diesel Particulate Filters
Diesel particulate filters (DPFs) are the most effective technology for reducing
PM; typical filtration efficiency >90% [3, 5, 7]. These filters capture the particulates and
prevent their release to the atmosphere. To prevent pressure build-up across the filter, the
collected PM must be removed through thermal oxidation; a process that is known as
filter regeneration [3, 5] .

The DPF filters the particulate matter from the exhaust. The collected particulates
would eventually cause excessively high exhaust gas pressure drop in the filter, which
would negatively affect the engine operation. Therefore, diesel filter systems have to
provide a way of removing particulates from the filter to restore its soot collection
capacity. This removal of particulates, known as the filter regeneration, can be performed
either continuously, during regular operation of the filter, or periodically, after a predetermined quantity of soot has been accumulated. In most cases, thermal regeneration
of diesel filters is employed, where the collected particulates are removed from the trap
by oxidation to gaseous products, primarily to carbon dioxide (CO2) [3, 5]

However, thermal regeneration is a complicated process. This process requires
temperatures of around 550-650°C. Such exhaust temperatures are rarely encountered in
practical applications of the diesel engine. Most heavy-duty diesel engines produce
exhaust temperatures in the range of 300-450°C. Exhaust temperatures in light-duty
diesel applications may be as low as 200-300°C. Raising the exhaust temperature to soot
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ignition temperature (550-650°C) often causes cracking and melting of filter monolith
and may be also associated with fuel economy penalties [1, 3, 5].

Although NO2 is able to oxidize soot at temperatures as low as 250°C, NO2 is
present in diesel raw exhaust at very low concentrations (5-15% of total NOx) which are
not sufficient to provide the required reaction rates. Catalytic filter technology can be
used to facilitate the formation of NO2 via the reaction of NO with excess oxygen
available in the exhaust. For this system to be successful, ultra low sulfur fuel must be
used and the NOx to carbon ratio must also be greater than 8:1; a condition that cannot be
satisfied if the EGR is implemented as the NOx control strategy [5]. Fuel borne catalysts
such as cerium (Ce) and ferrocene can substantially reduce the soot ignition temperature
[8-10]. However, the oxides of the catalyst leave ash deposits in the filters and regular
filter maintenance is required to remove these deposits [5].

It can be realized that thermal regeneration of the DPFs is a complex process.
Current technologies to achieve efficient filter regeneration make the exhaust system of
the diesel engine more intricate. Thus, enhancing the regeneration of DPF to reduce the
complication of their implementation on diesel-powered vehicles is necessary. This
target can be achieved, for example, by generating more reactive soot which can burn off
of the filter at lower temperatures.

5
1.3 Soot Oxidative Reactivity
"Soot Reactivity" is a generic term.

In general, soot that ignites at low

temperatures is more reactive than that ignites at higher temperatures. No standardized
tests have been defined to precisely determine the ignition temperature. The ignition
temperature is defined differently by different authors.

It can be defined as the

temperature at which the mass loss trace under an inert gas is first deviated from that
under an oxidizer gas [11]. It also can be defined as the peak temperature of the
differential scanning calorimetry (DSC) [11]; or it can be defined as the temperature at
which appreciable amount of soot is burnt off [11]. It can be seen that the ignition
temperature, regardless of its definition, is used by different researchers as an index of
soot reactivity.

The activation energy, on the other hand, is not a proper parameter to describe
soot reactivity. As reported by many authors [9, 11, 12], adding metals at different
concentrations to soot enhances its oxidative reactivity with no significant change in the
activation energy. This suggests that the "oxidation rate" is more appropriate parameter
to depict soot reactivity. Soot reactivity in this thesis is defined as the ease of oxidation
of the mature soot. That is, the shorter the time and the lower the temperature to oxidize
a given mass of soot, the more reactive it is.

In agreement with well-established qualitative trends, it is accepted that soot
reactivity depends essentially on its physico-chemical properties. These properties can be
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manipulated in such a way so that the soot is inherently more oxidatively reactive. Fuel
composition and engine operating conditions are two suggested strategies to increase soot
reactivity. Recent findings in our laboratory show that fuel formulation can affect the
oxidative reactivity of the soot. The inclusion of biodiesel in the fuel increases the
oxidation rate and lowers the ignition temperature of soot and consequently lowers the
temperature required for regeneration of the DPF, which was attributed to the high
surface oxygen content of biodiesel soot [13]. A fuel-borne catalyst is the most effective
way to reduce the ignition temperature and speed up the oxidation reaction [8, 14].
Engine operating conditions, on the other hand, can be controlled to generate more
reactive soot. It was demonstrated that low engine load (LEL) soot oxidizes faster than
high engine load (HEL) soot [15, 16]. The difference in reactivity can be attributed to the
higher volatile fraction of the LEL soot and also due to lower combustion temperature
during the soot formation process. Recently, Vander Wal and Tomasek [17] verified the
importance of soot physical properties upon soot oxidation. Chapter 2 provides more
discussion about the soot properties-reactivity relationship.

1.4 Thesis Scope
In this study we present a potential method to improve the regenerability of the
DPF by enhancing the oxidative reactivity of diesel soot. We show that EGR can be
utilized to generate more reactive soot. The thesis is divided into three major parts as
follows:
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In the first part, carbon dioxide (CO2) was injected into the intake of a single
cylinder diesel engine to simulate particle free and cold EGR, which is proposed as a
possible pathway to generate soot that is more prone to oxidize in the DPF. In the second
part, the oxidizer (air) of a co-flow diffusion flame burner was diluted with CO2 to mimic
the first experiment, in order to fundamentally understand the mechanism by which
diluents enhance the soot reactivity. The soot in this second part was post-flame ethylene
soot.

In the third part, soot generated under actual EGR conditions from a more

sophisticated diesel engine was examined for its reactivity. For each part, baseline soot
and soot generated under the diluent conditions were characterized and compared for
their reactivity. It is found that the impact of CO2 (in both engines and the flame) and
EGR on soot is consistent and the results suggest that these diluents greatly alter the
physical properties of the soot but have no noticeable effect on the chemical properties.
This finding motivated us to comprehensively characterize the EGR soot to investigate its
physical evolution during the oxidation progress in order to expand our knowledge about
the mechanistic effect of EGR on soot reactivity.

The details of the experimental

methods are described in Chapter 3, a simplified thermokinetic analyses are discussed in
Chapter 4. Chapter 5 provides a comprehensive characterization of diesel soot generated
under 0% EGR and 20% EGR from a Direct Injection (DI) Common Rail Diesel Engine.
Conclusions and recommendations are provided in Chapter 6.

Chapter 2
LITERATURE REVIEW

2.1 Soot Formation
The soot formation process involves the transition from the gaseous to the solid
phase. The accepted mechanism for this process is as follows [18]: the hydrocarbon fuel
goes through pyrolysis during combustion and forms small hydrocarbon radicals from
which small hydrocarbons, particularly the thermodynamically stable acetylene, are
formed. Reactions of C4 species with C2 species produce a C6 species which can form an
aromatic structure through isomerization. The formation of larger aromatic rings occurs
mainly via a sequential hydrogen abstraction-acetylene addition (HACA) mechanism or
via condensation of polycyclic aromatic hydrocarbons (PAHs). Coagulation of these
larger aromatic ring compounds is proposed to account for the formation of primary soot
particles. The primary particles then undergo surface growth promoted by the gas phase
molecules. Figure 2-1 shows a schematic of these processes
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Figure 2-1: A rough picture for soot formation in homogeneous mixtures (premixed
flames) [18].

2.2 Soot Reactivity and Properties
Similar to the oxidation of other solid carbonaceous materials, the soot oxidation
(or gasification) rate depends upon physical and chemical properties of the soot. These
properties, in turn, depend upon parent fuel properties and soot formation conditions.
Fuel properties and soot formation conditions change the pyrolysis chemistry and lead to
soot with different nanostructures. The impact of soot composition on soot reactivity has
not been studied extensively. In addition, less research has been devoted to the study of
the relationship between soot nanostructure and oxidative reactivity, especially diesel
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soot. A correlation between soot reactivity, composition, and nanostructure is a subject
of interest to many researchers, as the implications are significant. This chapter reviews
the important chemical and physical properties that govern soot reactivity.

2.2.1 Chemical Composition of Diesel Particulate Matter
It is well known that coal reactivity depends upon its chemical composition such
as the volatile organic fraction (VOF) and mineral content, H/C ratio, and O/C ratio [1922]. In diesel soot, the chemical properties are completely different. Diesel particulate
matter (DPM) is divided into three main fractions: (1) solid fraction, which consists of
elemental carbon (soot) and ash, (2) soluble and volatile organic fractions (SOF-VOF),
which consist of unburned organic materials derived from the fuel and engine lubricating
oil, and (3) sulfate particulates. Analogous to coal VOF is the SOF-VOF of the soot.
These fractions are affected by fuel properties and engine loads [23-25]. For instance,
biodiesel fuel tends to produce higher SOF than conventional diesel fuel [24, 26]. Lower
engine loads generate higher unburned hydrocarbons compared to higher engine loads
[25]. Soot reactivity was found to be independent of the SOF content [11]. The metals
incorporated in diesel soot originate mainly from engine oil and consist of mainly
calcium, but in a minute amount. These metals appear as soot ash and constitute of about
5 wt%. of the DPM. The ash content has no catalytic effect on soot oxidation and their
effect on soot reactivity can be neglected. The H/C ratio was found to be low in mature
soot of different origins [27, 28] and its effect on soot reactivity may be limited. On the
other hand, O/C ratio depends strongly on fuel formulation.

It was verified that
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oxygenated fuels have a propensity to generate soot with higher oxygen functional groups
and thus higher O/C ratio compared to soot from conventional diesel fuels [29].

2.2.2 Soot Nanostructure
Figure 2-2a shows the structure of agglomerated diesel particles as seen in the
transmission electron microscope (TEM) picture. The agglomerated particles usually
exhibit grape-like or chain-like structures formed of hundreds of primary particles. The
fundamental unit of the soot agglomerates is the primary particles, which are composed
of elemental carbon, with diameter of 10-50 nm. Figure 2-2b shows a high resolution
TEM (HRTEM) image of a diesel soot primary particle. The primary particle exhibits
the classical soot nanostructure; that is long fringes arranged concentrically at the edges
and short fringes randomly oriented in the center. According to Hurt et al. [30], this is
the equilibrium nanostructure of the soot. Soot formation process starts with an H/C ratio
of about 2, and ends up with particles containing an H/C ratio of about 0.1 [27, 28]. Solid
carbon is formed pyrolytically during combustion in locally fuel-rich zones. In diesel
combustion, a significant amount of the soot formed is subsequently oxidized.
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(a)

(b)

Figure 2-2: TEM image of diesel soot aggregate (a), HRTEM of diesel soot primary
particle.

Figure 2-3 shows hexagonal arrays of carbon atoms in soot particles, which form
platelet-like structures. The platelets are arranged in multiplelayers to form crystallites.
X-ray diffraction (XRD) measurements indicate that the structure of the crystallites has
an inter-layer spacing (d002) of 0.35-0.6 nm, significantly larger than graphite (0.3354
nm). Crystallites thickness (Lc) was reported as 1.2 nm [31] and 1.4 nm [32]. Figure 23b is a perspective drawing showing the arrangement of the crystallites of Figure 2-3a.
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Structural diagram of
carbon particle showing
parallel crystallites

crystallite
(a)

(b)
Figure 2-3: Drawing illustrating a typical crystallite in diesel soot (a), Cutaway view of a
spherical primary particle (b) [33].
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The subject of soot reactivity has recently received considerable attention from
the researchers because its implication is crucial. Vander Wal and Tomasek [17, 34]
demonstrated a means to control soot nanostructure and showed that soot nanostructure is
governed by the parent fuel and synthesis conditions.

Changing the experimental

conditions altered the gas phase species during the inception and growth events of the
soot. The ultimate soot nanostructure was interpreted as reflecting the gas phase species
identity and concentration and the manner in which they add to the soot surface. In other
words, the end result of soot nanostructure develops during the inception and growth
events. Using high resolution transmission electron images (HRTEM) as input data, it
can be concluded that the varied oxidation rates observed in the literature may be
attributed partly to the differences in nanostructure between the soots. In their recent
studies, Vander Wal and Tomasek [34] observed remarkable structural changes to exist
between the soot derived from different fuels as shown in Figure 2-4.

Soot from

pyrolysis of benzene, ethanol, and acetylene exhibit different microstructures and
correspondingly oxidation rates that can differ by nearly five-fold.
indicative of the impacts of soot nanostructure on its reactivity.

Figure 2-5 is
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Benzene
(amorphous)

Ethanol
(curved)

Acetylene
(graphitic)

Figure 2-4: HRTEM images of soot derived from pyrolysis of benzene, ethanol, and
acetylene [34].

Figure 2-5: Dependence of soot mass burnout rate with O2 percentage in the post-flame
gases [17]. The NSC rate is also shown for comparison.
NSC: Nagle Strickland-Constable model.
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The extensive curvature of graphene segments observed in the acetylene soot
nanostructure in Vander Wal and Tomasek work [34] implies that there is a significant
contribution of PAH containing five-membered rings in the soot formation process. The
degree of curvature in benzene soot nanostructure is less than that for acetylene soot.
This, as suggested by the authors, is explained by the formation mechanism of the fivemembered rings during the soot formation/growth process. The mechanism is different
for the two soots. As described by Frenklach et al. [35], acetylene (or C2 fragments) is an
essential pathway to form PAH containing five-membered rings. Since acetylene is
thermodynamically less stable than benzene [36], the production rate of C2 fragments
from acetylene is higher than that from benzene. Hence, as hypothesized by Vander Wal
and Tomasek [34], hydrocarbons initially containing C2 would probably produce PAH
containing five-membered rings at higher concentrations than those needed to generate
C2 fragments through pyrolysis. This finding supports Vander Wal and Tomasek's [17,
34] peculation that "different gas-phase species will likely add to the surface at different
rates and may yield different surface structures affecting subsequent layer plane growth
rates and structure".

Vander Wal and Tomasek [34] also observed that ethanol soot possessed highly
curved nanostructure. They determined that the higher concentration of C2H4O in the
presence of C2H4 is responsible for the development of the highly curved nanostructure
observed in ethanol soot. In support of this speculation, Norton and Dryer [37] reported
that the C2H4O/C2H4 ratio depends strongly on temperature. Acetaldehyde C2H4O was
found to be the dominant product of ethanol oxidation under low temperatures. Results
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also showed that C2H4O is more reactive than C2H4.

Hence, the dehydrogenation

reaction, Equation 2.1 , of ethanol is faster than the dehydration reaction, Equation 2.2 .

C2H5OHÆC2H4O + H2

Equation 2.1

C2H5OHÆC2H4 + H2O

Equation 2.2

There are several studies showing that low temperature pyrolysis results in soot
with amorphous nanostructure [38-41]. These studies, however, do not correlate soot
nanostructure with a particular soot formation mechanism.

Instead, they provide

evidence that under low temperature pyrolysis, PAH growth is the dominant mechanism
of soot formation. For instance, Palmer [38] pointed out that at low temperature at which
carbon formation occurs, aromatics and highly unsaturated aliphatic compounds with
high molecular weight would lead to carbon formation. Palmer [38] also reviewed a
1962 study by Stehling et al. [42], which revealed that at low temperatures, PAH
condensation reactions are dominant over the break-up and fragmentation of aromatics.

D'Anna et al. [40] performed a spectroscopic and chemical characterization of
soot inception process. They presented data which suggested that aromatic compounds
with few condensed rings form the core of the particle. Frenklach et al. [40] showed that
at low temperature, aromatic condensation dominated the initial stage of PAH growth.
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Although soot formation conditions alter soot nanostructure and reactivity, the
mechanisms that control the nanostructure are a subject of debate. There has been no
clear consensus as to the mechanism by which soot formation conditions influence the
soot nanostructure and reactivity.

Some researchers suggested that internal

rearrangement is induced as a result of thermal annealing [43] while others speculated
that the development of soot nanostructure is ascribed to the chemical process during soot
inception and growth events [17, 34]. Hurt et al. [30] argued that the "equilibrium" soot
structure consists of a shell of graphene layers surrounding an amorphous core. The
existence of this structure does not reveal any specific mechanism of soot chemical
growth. Marsh et al. [44] showed that no change in the interlayer distance (d002) was
noted upon heating petroleum coke or carbon black samples at 1000°C for one hour.
Thus, it is justified to assume that no internal rearrangement would occur at the relatively
low synthesis temperatures (1250 °C and 1650 °C). Similar argument can be applied to
flame and engine soot were the typical residence times are in the range of 100 ms and 3
ms, respectively and the temperatures are well below 3000° C.

Dobbins et al. [28, 45] investigated soot precursor carbonization.

In these

investigations, Dobbins and co-workers observed the presence of soot precursor particles
in a diffusion flame of ethane, methane, and acetylene.

These precursor particles

underwent conversion to carbonaceous soot in the high temperature region of the flame
by the process of carbonization. The transformation of precursor particles to mature soot
involved a remarkable change in both the chemical and physical properties of these
particles. Laser microprobe mass spectroscopy (LMMS) has shown that the H/C of the
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precursor particles is 0.36 while it is ~ 0.1 for the carbonaceous soot. This indicates that
the precursor particles underwent a dehydrogenation process that was favored in the
higher temperature region of the flame. Thermophoretic sampling technique was used to
explore the nature of the precursor particles in the lower region of the flame. Soot
precursors were extracted from the axis of the coannular flame at 20 mm above the
burner mouth, while the carbonaceous soot was captured at a height of 50 mm. The
LMMS showed that soot precursor particles contained masses in the 200 to 300 amu that
are characteristic of PAH.

Carbonaceous soot from the upper region of the flame

produces mass spectra of large carbon-hydrogen clusters with small amounts of PAH-like
species with masses in the range of 418 to 444 amu. HRTEM was performed and it was
found that the precursor particles are small and show amorphous nanostructures. The
size of these precursors ranges from 3 to 12 nm. In contrast, carbonaceous soot is larger
(50-100 nm), displays the well defined wrinkled layers that are concentric about growth
centers, and resembles annealed carbon black.

Megaridis et al. [46] found that these soot precursors which form the primary
particles become apparent as localized nuclei in the soot particle. In addition, a more
amorphous interior nanostructure was shown within the soot primary particles. The
interlayer spacing of the carbonaceous soot was found to be 0.365 nm. This value is
significantly higher than the value of 0.3354 nm for graphite.

Dobbins et al. [45] also investigated the conversion rate of precursor particles to
carbonaceous soot. It was shown that under moderate temperatures and lean mixtures,
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the soot precursor particles can be retarded from forming carbonaceous soot. Since
mature soot is more difficult to oxidize than the precursors, it was suggested that
maintaining low combustion temperature may lead to more reactive soot particle.

From these studies [28, 45, 46], it was concluded that heating of precursor
material to the intermediate temperatures typical of hydrocarbon flames leads to ordering
of the structure units, to partial hydrogenation, and to the development of the wrinkled
layers that are characteristics of mature soot.

Dobbins et al. [47] have suggested that hydrocarbon growth occurs among the
most thermodynamically stable PAHs (stabilomers). This may explain the similarity of
soot precursor structure collected from different combustion systems. These results
indicate that the Stein and Fahr [36] calculations are good indicators of the hydrocarbons
that will be present in the pyrolysis zones of nonpremixed flames.

Vander Wal and co-workers [34, 48, 49] used HRTEM to study the carbonization
process of soot precursors.

They observed that soot precursor undergoes structural

changes along the flame axis.

At lower axial heights, precursors with transparent

structure were observed. At higher heights, large particles with distinctive boundaries
were observed. These structural changes were claimed to be consistent with the chemical
change observed by Dobbins et al. [28, 45].
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Kennedy [50] proposed models for soot formation and oxidation. In his models,
he incorporated both HACA and PAH condensation mechanisms as the major routes of
soot formation. He showed that PAH condensation reactions are important under low
temperature combustion or when the parent fuel is an aromatic such as benzene.

Howard [51] compared fullerene and soot formations in flames. The author
pointed out that fullerenes may be formed in sooting flames under certain conditions. He
also reported several studies by an MIT research group which revealed that aromatic
hydrocarbons such as benzene produce more fullerenes than aliphatic hydrocarbons.
Furthermore, the same MIT research group which found that fullerene yields vary with
flame conditions. In addition, under certain conditions, benzene and PAH concentrations
were higher than that of acetylene and their concentrations vary with flame conditions.
This last statement supports the previous speculation that gas-phase chemistry affects
soot nanostructure.

Frenklach [52] modeled the surface growth of soot particles under flame-like
conditions. He predicted that the surface growth depends on the gas-phase species, their
concentrations, and the reaction rates between these species and the soot surface. The
formation chemistry of the five-membered rings was incorporated in this model. It was
determined that the C2 fragments are essential for the development of the five-membered
rings. Frenklach and Wang [35] proposed a model that predicts the classical structure of
soot particles: short and randomly oriented graphene layers at the innermost portion of
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the particle and concentrically well-ordered segments at the outermost portion of the
particle.

Grieco et al. [53] studied the structure of soot generated from premixed
benzene/oxygen flames. They found that fullerene-like structures were present in soot
formed under special conditions which also produce fullerenes. Increasing the residence
time in the flame decreased the fullerene concentrations which resulted in soot with
highly ordered nanostructure. Decreasing the residence time, on the other hand, led to
soot with highly curved nanostructure. These results support the arguments of Vander
Wal and Tomasek [17, 34] that the ultimate soot nanostructure reflects the gas phase
chemistry.

2.3 Impact of Heat Treatment on Carbon Nanostructure
The relationship between carbon structure and reactivity is well-known from
thermal and oxidative studies of different carbon materials. Many studies are available in
the literature to explain the microstructural changes of carbon materials during heat
treatment [54-57]. Several studies have followed the structural changes in carbon black
particles upon heat treatment and it was recognized that the reactivity of carbon materials
declines with increasing heat treatment [20, 55, 58]. XRD studies have shown that, with
increasing heat treatment temperature, the initial structure of the carbon particle changes.
Changes in the carbon internal structure, such as an increase in graphite crystallite
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dimensions (La and Lc), and a decrease in interlayer spacing (d002) have been correlated
with reactivity loss [57, 58].

These heat treatment studies have been conducted under temperatures and
timescales which are not characteristics of flames or combustion systems. The heat
treatment temperatures range from 300-3000°C and the timescales for these experiments
range from ten of minutes to hours [17, 34].

In contrast to the temperatures and timescales of these heat treatment studies,
typical soot formation conditions found in laboratory flames is about 1600-2200 K with a
timescale of milliseconds. Despite this short time scale, fuel pyrolysis, soot inception,
growth, carbonization/graphitization, and oxidation processes all occur [45]. It can be
seen that the millisecond timescale for the carbonization process in flame is many
magnitudes smaller than the corresponding timescales for the carbonization processes of
laboratory experiments of different carbon materials. The question that may arise then is,
to what extent carbonization/graphitization occurs within the soot primary particles under
conditions typical of combustion processes?
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2.4 Impact of Soot Formation conditions on its Composition and Structure
There is an absence of detailed data regarding the impacts of diesel soot
nanostructure on its oxidation rates. The vast majority of the studies have been devoted
to understand the formation and destruction processes of soot during combustion. Effects
of combustion conditions, fuel composition and additives on soot formation have been
studied extensively through experiments and soot models [50]. Less attention, however,
has been given to investigate the impacts of these parameters on soot nanostructure and
reactivity.

Many studies have been conducted to investigate the effects of engine conditions
on the physical properties of soot. It was found that the particle size was significantly
affected by the engine conditions such as load and speed and EGR rates [59-61]. Mathis
et al. [62] studied the impacts of combustion parameters on PM diameter. They showed
that PM size changes significantly with engine load. In agreement with these results,
research at Southwest Research Institute (SwRI), with collaboration with the Energy
Institute (EI) of Penn State, was conducted to investigate the influence of fuel properties
and diesel engine conditions on soot particle size. Results showed that engine load
significantly reduced the particle size. At specific engine loads, the particle size changes
significantly with changing fuel chemistry, as shown in Figure 2-6 . The decrease of
particle size with increasing engine load may be attributed to higher in-cylinder
temperature which results in higher oxidation rate.
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Figure 2-6: Impacts of engine Load on Soot Particle Size
B20: 20% biodiesel blended in Diesel fuel; B100: neat biodiesel fuel; CDD: coalderived diesel.

There are many studies conducted to understand the effect of combustion and
engine conditions on soot physical properties.

Lee et al. [59] investigated the

microstructure, dimensions, and fractal geometry of diesel soot. The soot was collected
directly from the exhaust stream of a single cylinder diesel engine at various engine
operating conditions. Results showed that the primary particle size decreased as the
engine load increased. This trend was caused by enhanced particle oxidation due to the
increased combustion temperature at high loads and speeds. An interesting observation is
that the particles produced at low engine load conditions displayed amorphous structures
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containing a significant amount of soluble organic fraction, while those produced at high
load conditions exhibited quasi-graphitic structures at the boundaries of the primary
particles. In addition, the fractal dimension decreased with increasing the engine load
indicating that the particle agglomerate became more compact at high temperatures.

In another study, Lee et al. [60] investigated the nanostructure of diesel soot using
HRTEM and Raman spectroscopy. Results showed that the soot generated under 70%
and 100% engine loads had an intensity ratio (ID/IG) of 1.2 and 0.8, respectively. This
implies that the degree of structural ordering increases with increasing engine loads. For
the 100% load, the interlayer spacing and the distance between the in-plane carbon atoms
were calculated to be 0.34 and 0.141nm, respectively. For a comparison, those distances
of graphite are known to be 0.3354 and 0.142 nm, respectively. This result implies that
the nanostructure of the 100% load soot does not resemble that of the typical carbon
graphite. Thus, the internal structure of a diesel soot particle and its composition are
related to the combustion conditions under which it was formed.

Choi et al. [63] examined the combustion properties of particulate matter
containing different amounts of SOF and adsorbed SO2. They also studied the aging
effects on PM reactivity. Results confirmed that the aging process and SO2 content
inhibit the reactivity of the PM, but increasing SOF enhances it. However, the authors
did not explain how and why SO2 inhibited the reactivity. On the contrary, Stratakis et
al. [9] found that the diesel soot initiated oxidation at a temperature of 490°C, irrespective
of the SOF contents. Collura et al. [64, 65] showed that removing the SOF adsorbed on
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the soot surfaces increased soot specific surface area. It was also shown that SOF
evaporated at temperatures below the soot ignition temperature. This result suggests that
SOF has limited influence on the reactivity of diesel soot.

Yezerets et al. [66] compared the oxidative reactivities of diesel soot and carbon
black in a broad range of temperatures (200-700°C) in air. Significant differences in the
behavior of diesel soot and carbon black were observed. The activation energies were
found to be 92 and 117 kJ/mol for diesel soot and carbon black, respectively. This
difference in activation energy may suggest higher oxidation rate for diesel soot
compared to carbon black. In a different study, Yezerets et al. [67] studied the kinetics of
diesel soot oxidation by O2. Two soot samples obtained from different engines and duty
cycles were collected to study the impacts of soot origin and properties on its reactivity.
The samples contained substantially different amounts of SOF and ash. Results showed
that SOF did not reduce the ignition temperature of soot. Yet, measurable differences
were observed in the reactivity of the two samples. The activation energies for the soots
with ash contents of 14 and 6.5 wt.% were found to be 126 and 146 kJ/mol, respectively.
This result shows the role of soot composition in soot oxidation kinetics. In a subsequent
study, the same group [68] further confirmed that SOF does not enhance the oxidative
reactivity of the PM. It was also found that prolonged ambient aging enhances its
reactivity. These results are contrary to the findings of Choi et al. [63] who argued that
SOF enhances the PM reactivity while the aging process inhibits it. The reasons for this
discrepancy were not explained.
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Su et al. [69] presented results of a comparative study on microstructure and
oxidation behavior of diesel soot, spark-discharged soot, and hexabenzocoronene soot.
The TGA results showed that the ignition temperatures for these soots were 423, 573, and
773K, respectively. It can be seen that the spark-charged soot has the lowest ignition
temperature of the three measurements.

HRTEM images suggested that the spark-

discharged soot contained some fullerene-like structure. Diesel soot exhibits extended
graphene segments with some curvature and hexabenzocoronene soot exhibits graphiticlike structure. In a recent study by Muller et al. [16], they used the TGA/DSC to
investigate the oxidative reactivity of spark-discharged soot, diesel engine soot, soot from
a black smoking diesel engine, and furnace carbon black. Results showed that the sparkdischarged soot is the most reactive soot with the lowest ignition temperature. The
nanostructure of the spark-discharge soot observed by HRTEM images is similar to that
observed previously by Su et al [69]. Diesel soot was found to be less reactive than the
spark-discharged soot but more reactive than soot from a black smoking diesel engine
and furnace carbon black.

No discussion was given by the authors to explain the

observed differences in reactivity.

2.5 Soot Oxidation Kinetics
The activation energies reported for soot oxidation have ranged from 11 to 211
kJ/mol [70-72]. This inconsistency may be due to the different experimental techniques
that have been used to study the oxidation of soot, the analyses of the results have been
inadequate, heat and mass transfer effects, or because soot properties are different
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between different studies. The common techniques used to determine the activation
energies of soot oxidation are: thermogravimetric analysis (TGA), flow reactors, fixed
bed reactors, and diesel particulate filters. An example of an inadequate analysis is the
consideration of the SOF, since the role that SOF plays in soot reactivity may be
misleading. Many studies have shown that SOF tends to be evolved and lost before the
soot reaches its ignition temperature [11]. Fast mass loss observed in the TGA is due to
the evolution of the SOF. This initial fast mass loss leads to lower observed activation
energy. In other words, for the same soot, dry soot containing no SOF exhibited higher
activation energy than wet soot which contained SOF.

However, the ignition

temperatures of both soots were found to be the same.

Higgins et al. [73] showed that soot reactivity depends on the engine conditions
under which they were formed. Although the activation energies are comparable at each
engine condition, the pre-exponential factors are significantly different: they decrease
with increasing engine loads. Thus, soot formed under low engine loads should have the
higher oxidation rates compared to those formed under higher loads.

In a recent study by Kim et al. [12], they showed that the activation energies for
diesel soot and flame soot are 110 and 162 kJ/mol, respectively. The addition of iron to
flame soot reduced the activation energy to 116 kJ/mol; this value is close to the
activation energy for diesel soot. The authors argued that the presence of a small amount
of metals in diesel soot enhances its oxidative reactivity substantially.
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Jung et al. [74] used TEM to determine the oxidation rate of flame soot at low
temperatures (<800 K). The activation energy of the oxidation of the low-temperature
flame soot was determined to be 148 kJ/mol. In a recent study, Jung et al. [75] found that
the oxidation activation energy of diesel particles using biodiesel was 85 kJ/mol. The
measured oxidation rate was found to be two times faster than that of using regular diesel
fuels.

2.6 Structural Evolution of Soot during Oxidation
Several workers investigated the structural evolution of soot primary particles
with the oxidation process. Ishiguro et al. [32] followed the structural changes in the
diesel soot during the oxidation process at 500°C. Initially, the SOF evolved and, as a
sequence, porous structure was formed and the available surface area became exposed.
In the sequence stages of oxidation, two parallel effects took place. Infrared (IR) spectra
showed increased C=C stretching vibration as burn off increases. This indicates the
development of polycyclic compounds, thus the soot became more graphitic. At the
same time, the intensity of the C=O group decreased with increasing burn off. The
authors argued that the shrinkage of the primary particles was due to the stripping of the
outermost small crystallites and not due to the loss of carbon atoms from the perimeter.

Heckman and Harling [76] studied the oxidation behavior of carbon black and
graphitized carbon black. The nongraphitized carbon black was oxidized in 50% O2 at
450 °C and exhibited internal burning forming capsules. Particle size changed at an
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advanced stage of the oxidation progress when the capsules began to collapse.

In

contrast, graphitized carbon black was oxidized in air at 500°C but burned from the
outside in. The oxidation in this case is very slow and the particle diameter did not
change appreciably until a fairly advanced stage of oxidation. No evidence of internal
burning was observed, which indicates that oxygen has limited access to the interior of
the graphitized carbon black.

Fang et al. [77] studied the oxidation behavior of diesel soot during the
regeneration process of a DPF. It was found that the reactivity of soot decreased as the
regeneration time increased. The authors argued that during the regeneration process the
soot underwent a transformation from amorphous structure to more orderly graphitic
structure which exhibits resistance to soot oxidation. They also found that soot reactivity
can be inhibited by certain chemical species such as phosphorus, which can be found in
lube oils. The result is therefore less reactive soot which requires higher temperature to
burn off.

Kamegawa et al. [78] examined the structural changes of furnace soot and acetylene
soot induced by nitric acid oxidation. The furnace black was found to be easily oxidized
and formed a large number of functional groups. The interlayer spacing increased with
the course of oxidation and the Lc increased appreciably after 55% burn-off. On the
contrary, acetylene soot is less oxidatively reactive. The interlayer spacing decreased
with oxidation while an increase in Lc was observed. These changes of interlayer
spacing and Lc are indicative of structural ordering induced by the oxidation process.
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Recently, Song [79] conducted a comprehensive study to characterize diesel soot
originated from different fuels.

He examined the structural evolution during the

oxidation process of Fisher-Tropsch (FT) soot and biodiesel soot (B100). The soot
samples were generated from a multi-cylinder diesel engine. The samples, however,
were not generated under identical conditions because changes in combustion phasing
could not be avoided as a result of fuel property differences. Results revealed that the
biodiesel soot is more reactive than the FT soot. The striking results are that these two
different types of soot exhibit extremely different oxidation characteristics. The FT soot
exhibited surface oxidation while the B100 soot showed internal burning. Biodiesel soot
contained higher oxygen fraction than FT soot. Furthermore, the degree of disorder of
the biodiesel soot increases by 60% with oxidation process compared to 5% for FT soot
after 30 minutes of oxidation and then increased in order by 75 minutes. These results,
in part, explained the higher reactivity of the biodiesel soot. In the same vein, Williams
et al. [80] conducted experiments to determine the influence of biodiesel blending on
DPF balance point temperature (BPT). Soot was generated from the combustion of B20
(i.e. 20% biodiesel blended in diesel fuel) and neat biodiesel fuel (B100). The results
showed that B20 and B100 reduced the BPT by 45°C and 112°C, respectively, compared
to diesel fuel. In addition, X-ray spectroscopy showed that B100 soot contained 20% to
25% more oxygen than diesel soot. Furthermore, Raman spectra indicated that B100 soot
is more disordered than diesel soot. These results are consistent with the recent study by
Song [79], and support the benefits of using oxygenated fuels to assist in DPF
regeneration.
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2.7 Hypothesis and Objectives
It is concluded from the aforementioned review and discussion that soot
nanostructure development is a function of different parameters such as fuel properties
and composition, temperature, and residence time. These parameters alter the gas-phase
species identity and concentrations.

These species will likely contribute to surface

growth at different rates; depending on their concentrations. Consequently, soot with
different nanostructures will develop. Since the nucleation and growth species leave their
signature on the soot nanostructure, it can be concluded that the ultimate soot
nanostructure reflects the gas-phase chemistry. However, it is difficult to ascribe the
variations of soot nanostructure to a single mechanism that involves the gas-phase
chemistry or heterogeneous gas-soot surface reactions. The implication of these findings
is significant. If soot nanostructure can be controlled to generate more reactive soot
towards oxidation, then a methodology may be applied to enhance the regeneration of
diesel particulate filters (DPFs).

It is well-known that CO2 suppresses the soot formation through the following
three paths: (1) the dilution effect due to oxygen unavailability and reduction in reactive
species concentrations, (2) the thermal effect due to lowering the flame temperature as a
consequence of CO2 addition, and (3) the chemical effect caused by the active
participation of the CO2 in the chemical reactions [81-83]. These three effects result in
short residence time in both inception and surface growth regions of the flame and also a
decrease in the rates of the reactions which contribute to soot formation [82, 84].
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Therefore, the formation of soot particles is delayed, and less soot forms [82, 84].
Although many worthwhile contributions have been made in this area, the influence of
CO2 on soot reactivity has not been explored.

From the above discussion it is obvious that exhaust gas recirculation (EGR)
exerts three effects during engine combustion process: dilution, thermal, and chemical.
As a consequence, it can be hypothesized that EGR alters the physico-chemical
properties of the diesel soot, which in turns, affects its oxidation properties.

The objectives of this research are summarized as follows:
1. Examine the impact of simulated EGR (SEGR) and actual EGR on soot
reactivity generated from diffusion flame and diesel engines.
2. Determine the relative importance of the dilution, thermal, and chemical
effects of SEGR on soot reactivity.
3. Investigate and compare the combustion behavior of diesel soot generated
with and without EGR.

Chapter 3
EXPERIMENTAL
The overall objective of this work is to determine and understand the impact of
the exhaust gas recirculation on the oxidative reactivity of diesel engine soot. To achieve
this objective, soot samples were generated from different combustion systems under
different conditions and analyzed by a variety of techniques. This section provides the
experimental details.

3.1 Soot Origin and Sampling

3.1.1 Yanmar Engine Soot
A Yanmar L70 EE air-cooled, four stroke, single cylinder, direct injection (DI)
diesel engine with a maximum continuous power output of 5.8 hp was operated at 75%
load and 3600 rpm engine speed. The fuel used was an ultra low sulfur diesel (ULSD)
fuel with 15 ppmw sulfur content (BP15).

Diesel particulate matter samples were

collected from the raw exhaust of the engine on Teflon filters. The diesel particulate
matter was subsequently removed from the filters and thermally treated under ultra high
purity (UHP) nitrogen at 500°C for 60 minutes to remove volatile compounds. Thus, the
soot considered in this work is the volatile-free fraction of the diesel particulate.
Simulated EGR (SEGR) was introduced to the engine intake system from high pressure
cylinders of CO2 at different concentrations: 0, 2, 4, 6, and 8 vol.%.
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3.1.2 Flame Soot
The co-flow laminar flame burner used in this work consists of two concentric
tubes of 11.1 mm and 101.6 mm i.d., with the fuel flowing through the central tube and
oxidizer through the outer passage. Ethylene (C2H4) was used as a fuel and the oxidizer
consisted of O2, N2, Ar, and CO2 with different proportions depending on the test
condition. The volume flow-rates of these gases were controlled through mass flow
controllers (MFCs). The flow conditions chosen for these studies resulted in sooting and
overventilated diffusion flames. Post-flame soot was then collected on a quartz disk for
bulk analyses.

3.1.3 DDC Engine Soot
A DDC/VM Motori 2.5L, 4-cylinder, turbocharged, common rail, direct injection
light-duty diesel engine was used to generate soot under 0 and 20% EGR. The engine is
equipped with a Bosch common rail fuel injection system, which enables up to three
injections per cycle and provides a 1600 bar maximum rail pressure. Bosch ETAS
hardware and INCA software interface were used to access the engine Electronic Control
Unit (ECU) and perform the ECU calibration to adjust the injection timing and EGR rate.
Exhaust gas recirculation was achieved by directing a fraction of exhaust gases upstream
of the exhaust manifold back to the intake manifold after passing through a heat
exchanger to reduce the recirculated gas temperature. The EGR% was determined by
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EGR% =

( CO2 )int ake − ( CO2 )background
( CO2 )exhaust − ( CO2 )background

Equation 3.1

Diesel particulate matter was collected from the raw exhaust and the volatile
fraction was removed following the procedure mentioned in Section 3.1.1.

3.2 Soot Characterization

3.2.1 Thermogravimetric Analysis (TGA)
A simultaneous differential thermogravimetric analyzer (Model No. SDT-Q600)
was used in this study to evaluate the oxidative reactivity of the soot samples and to
measure the oxygen chemisorption capacity.

3.2.1.1 Soot Oxidation
Two experiments were considered to elucidate the soot reactivity: (1) isothermal
in which the soot was heated in air (100cc/min) at 450°C and, (2) nonisothermal in which
the soot was heated in air (100cc/min) from 30°C to 600°C at different heating rates of
1.5°, 3.0, 5.0, and 7.0 C/min.

The nonisothermal experiments were conducted to

determine the kinetic parameters of the soot oxidation. For both experiments, 3-4 mg of
the soot was first heated at 500°C under UHP N2 for 60 minutes to remove the volatile
fraction. For the isothermal experiments, the temperature was reduced to 450°C and the
air was then introduced into the system to start the oxidation process.

For the
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nonisothermal experiments, the system was cooled to room temperature then the
temperature ramped to 600°C under air at the desired heating rate.

3.2.1.2 Oxygen Chemisorption Capacity
The initial active sites of the soot were determined by a direct measurement of
oxygen uptake. About 5 mg of the soot was heated at 500°C under UHP N2 for 60
minutes to remove the volatile fraction.

The system was cooled to the desired

chemisorption temperature, 200°C, at 5°C/min. Zero-air was then introduced into the
system and displaced for 10 hours at 200°C. Subsequently, UHP N2 was introduced to
the system again to remove the physisorbed oxygen. The initial and final weight of the
soot was recorded and converted into active surface area by using Equation 3.2 [54]:

ASA =

N oσ o N A
mi

where
No is the number of moles of chemisorbed oxygen,
σo is the area occupied by each oxygen atom, (0.083 nm2),
NA is Avogadro's number,
mi is the initial mass of soot.

Equation 3.2
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3.2.2 X–Ray Diffraction (XRD)
X-ray diffraction measurements were performed using a Philips X-ray powder
diffractometer with Cu-Kα (λ = 1.54059 A°) radiation. Samples were prepared by
pressing the soot into a groove in a quartz block. A Scintag counter detector was used to
collect scattered X-ray over a 14-hour value. The angle 2θ ranged from 0 to 110 with a
step-size of 0.02 and an acquisition time of 10 seconds for every step. The broadening of
diffraction peaks due to instrumental factors was corrected with the use of a silicon
standard. The XRD spectrum of each sample was recorded and the interlayer spacing
(d002) value was evaluated from the position of the (002) peak, applying Bragg’s law [85]

d 002 =

λ
2sin θ

Equation 3.3

The Lc and La values were calculated from the (002) and (100) peaks,
respectively, using the Scherrer formula [85]

La =

Kaλ
Ba cos θ

Equation 3.4

Lc =

Kcλ
Bc cos θ

Equation 3.5
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where K is 0.9 for Lc and 1.84 for La, θ = the Bragg's angle (the angle between the
atomic planes and theincident X-ray beam), B = the corresponding peak width at halfmaximum intensity [85].

The number of layers per crystallite can be determined by Equation 3.6 [86]

κ=

Lc
d 002

Equation 3.6

3.2.3 Raman spectroscopy

A visible Raman microscope system (Renishaw, UK) was used to determine the
degree of graphitization of the soot samples. The excitation laser was an Ar ion laser (λ0
=514 nm, source power 10 mW). Wavelength calibrations were performed with a silicon
wafer by utilizing the first order phonon band of Si at 520 cm-1. The laser was focused
on the sample through a microscope with 100X objective lens.

All spectra were

processed via "IGOR Pro 5.0.4.8" software (Wavemetrics Inc.). The software was used
to determine the curve fitting for the determination of spectral parameters. Spectra were
fitted after the multi-point baseline correction by five Lorentzian-shaped G, D1, D2, D3,
D4 bands at about 1580, 1360, 1500, 1620, and 1180 cm-1 [87]. The integrated intensity
ratio IG/ID was used to investigate the degree of graphitization of the soot samples.
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3.2.4 Transmission Electron Microscopy (TEM) and High Resolution TEM
(HRTEM)

To examine the soot morphology and nanostructure, unreacted and partially
oxidized soot particles generated under 0 and 20% EGR were ultrasonically dispersed in
ethanol, and then a drop of the solution transferred to a lacey C/Cu TEM grid for TEM
and HRTEM characterization. The field-emission Joel 2010F operated on 200 kV, with a
point-to-point resolution of 0.23 nm was employed in this study to generate the bright
field (BF) images. All images were digitally recorded with a slow scan CCD camera
(image size 2048 x 2048 pixels). The operational details of this technique can be found
in [88].

3.2.5 Electron Energy Loss Spectroscopy (EELS)

The electron energy loss spectra (EELS) was obtained with an Enfina 2000
spectrometer attached to the JOEL 2010F. The JEOL 2010F was used in scanning mode
(STEM) in order to obtain information about the chemical structure of the soot particles.
STEM images were taken with 0.5 nm spot size and 2.4 cm camera length. The energy
resolution was 1.2 eV and was acquired at a dispersion of 0.2 eV per channel. A coldstage double-tilt holder was used to eliminate sample heating by laser radiation and to
avoid hydrocarbon contamination. In this study, an area scanning (in stead of a single
point scanning) was use to acquire the EELS spectra from the soot sample. Unreacted
and partially oxidized diesel soots generated under 0 and 20% EGR were analyzed. For
each primary particle, spectra were acquired from 9 to 16 points. At least 4 primary
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particles were analyzed. Using the area scanning method tends to average anisotropy and
density variation effects [89]. The spectra were background-subtracted by fitting the preedge background with a power-law function using Gatan DigitalMicrograph Software
[90]. The integrated intensity ratio Iπ*/Iσ* was determined by a two-window integration
method [91].

3.3 Additional Techniques

CHNO Echo600 Analyzer was used to determine the chemical composition of the
ethylene soot. The total surface area and total pore volume of the ethylene soot were
determined using an Accelerated Surface Area and Porosimetry System (ASAP2000)
from Micromeritics Corp. A Kratos Analytical Axis Ultra XPS system was used in this
study to determine the O/C ratio and inorganic materials present on the surfaces of all
soot considered in this work.
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Table 3-1 is a summary of the soot origin and the techniques used to characterize
the soot.
Table 3-1: Soot investigated and the corresponding techniques employed.
T
E
M

H
R
T
E
M

E
E
L
S

TGA
Soot
Symbol

Soot
Origin

F0

Flame soot
generated
under 0%
CO2
Flame soot
generated
under 15%
CO2
Engine
soot
generated
under 0%
CO2
Engine
soot
generated
under 9%
CO2
Engine
soot
generated
under 0%
EGR
Engine
soot
generated
under 20%
EGR

F15

Y0

Y9
DDC0

DDC20

O/C

H/C

N2
BET

X
R
D

RS

Oxidative
Reactivity

Oxygen
chemisorption

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

R.S.: Raman spectroscopy.
N2 BET: Surface area.

Chapter 4
THERMOKINETIC ANALYSIS OF ETHYLENE SOOT AND DIESEL ENGINE SOOT

4.1 Soot-Oxygen Reaction

There have been numerous studies of the oxidation of different carbon materials.
These studies include oxidation of graphite [92-95], carbon blacks [58, 76, 78], coals [55,
56, 96], and diesel particulates and deposits [32, 63, 97, 98]. However, less-well studied
is the oxidation behavior of diesel soot.

The overall oxidation reaction of carbon, in general, involves two steps [99]:
2C + O2 Æ 2CO

Equation 4.1

C + O2 Æ CO2

Equation 4.2

These two reactions describe carbon oxidation in a simplistic way. The actual
oxidation process is complex and involves several elementary steps. A surface reaction
can be divided into the following elementary steps [99, 100]:
1. diffusion of oxygen to reaction sites;
2. chemisorption of oxygen on the carbon surface;
3. carbon-oxygen chemical reaction to form products;
4. desorption of products from the carbon surface;
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5. diffusion of products from the carbon surface.

Accordingly, the following mechanism could be treated as one of the most
acceptable oxygen-carbon reaction mechanism [99]:
2Cs + O2 Æ 2Cs(O)

Equation 4.3

Cs(O) Æ CO + Cs

Equation 4.4

2Cs(O) Æ CO2 + Cs

Equation 4.5

Equation 4.3 indicates that the oxygen molecules must first dissociate on a carbon active
site (Cs) to form an oxygen complex Cs(O). The oxygen complex then desorbs as CO or
CO2 generating new active site available for the reaction to proceed, as shown in
Equation 4.4 and Equation 4.5.

4.2 Soot Reactivity Evaluation

Diesel and ethylene soots were evaluated for their oxidative reactivity according
to isothermal experiments in air as described in Chapter 3. The specific rate of soot
oxidation is defined as:

RSP =

dm 1
dt mt

Equation 4.6
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where

dm
is the mass derivative with respect to time and mt is the mass of the
dt

unreacted soot.

Figure 4-1 compares the oxidative reactivity of the soot from different parent
fuels and origins.

As seen, ethylene flame soot has the highest reactivity.

This

observation is consistent with Higgins et al. [101] who found that ethylene soot is more
reactive than diesel engine soot. In addition, the characteristic shape of the reactivity
profile for the flame soot is different from those of the engine soots. This may suggest a
difference in some physical properties of the soot during oxidation (e.g., surface area
development). Bearing in mind that the fuel used in the diesel engines was the same, it
is obvious also from Figure 4-1 that soot from the Yanmar engine is far more reactive
than from the DDC engine. This result confirms the influence of the combustion process
on soot formation and reactivity.
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Figure 4-1: Specific rate vs. conversion profiles of flame and diesel engines soot.
Flame condition: sooting and overventilated, equivalence ratio: 0.69
Yanmar engine condition: 3600 rpm, 6.1 lb-ft.
DDC engine condition: 1600 rpm, 60 lb-ft.

Figure 4-2 shows the impact of CO2 on the soot oxidation rate profile. It shows
the overall effect (i.e., dilution, thermal, and chemical) of CO2 on soot reactivity. The
effect of CO2 is obvious; increasing the CO2 in the engine intake air, yields soot that
accelerates the oxidation process and shortens the reaction time. Figure 4-2 also suggests
a presence of a threshold beyond which no increase in reactivity can be achieved with
further increasing of intake CO2. This conclusion can be illustrated by comparing S6 and

48
S8 profiles where no significant difference in Rsp is attained. Figure 4-3 shows a similar
general trend to that observed in Figure 4-2 : increasing the CO2 concentration in the
oxidizer side of the flame increases soot reactivity. Figure 4-4 shows that soot reactivity
increases with the addition of 20% EGR to the DDC engine intake air.
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Figure 4-2: Impact of CO2 on the specific rate of Yanmar engine soot.
Engine condition: 3600 rpm, 6.1 lb-ft.
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Figure 4-3: Impact of CO2 on the specific rate of ethylene flame soot.
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Figure 4-4: Impact of EGR on the specific rate of DDC engine soot.
Engine condition: 1600 rpm, 60 lb-ft.

Examination of Figure 4-2 and Figure 4-3 indicates that CO2 has no effect on the
shapes of the conversion profile. However, the shape in Figure 4-4 is slightly different at
low conversion levels. For DDC0 soot there is a slight increase in reactivity until 18%
conversion is reached. The initial increase in DDC0 soot reactivity can be attributed to
the evolution of residual VOF that was not evolved completely during the TGA heat
treating step. (The reader is advised to refer to Chapter 3 for more details about sample
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preparation.)

In fact, the sampling locations for DDC0 soot and DDC20 soot are

different. While DDC20 soot was sampled from a heated filter in a high temperature
region within the exhaust system, DDC0 soot was sampled at a relatively low
temperature where light and heavy hydrocarbons favor condensation. In support to this
assumption, there is no noticeable increase in Rsp between 18 and 40% conversion. The
Rsp starts to increase monotonically at conversion levels higher than 40%. If the VOF

evolution is not responsible for the observed initial increase in Rsp, a continual increase in
reactivity should be expected.

Although one can argue that the initial high reactivity of DDC0 soot may be
assigned to higher amorphous carbon fraction or higher initial concentrations of reactive
oxygen groups, the analyses performed on DDC0 and DDC20 soots confirmed that
DDC0 soot is structurally less reactive than DDC20 soot and the oxygen content of both
soot is identical. These analyses will be discussed in detail in subsequent sections. On
the contrary, as shown also in Figure 4-4, Rsp of DDC20 soot increases monotonically
with conversion. However, there is a crossover point at 18% conversion where DDC20
becomes more reactive than DDC0. To confirm the presence of the crossover point, the
weight loss-time profiles are presented in Figure 4-5 . As can be seen, the crossover
point is at 18% conversion level. Beyond this point, the DDC20 soot is far more reactive
than DDC0 soot.
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Figure 4-5: Isothermal profiles of the impact of EGR on the reactivity of DDC engine
soot. Oxidation temperature is 450°C. Engine condition: 1600 rpm, 60 lb-ft. DDC0:
0%EGR. DDC20: 20% EGR.

As can be observed in Figures 4-1 to 4-4, Rsp increases with conversion for all
soot despite its origin or formation conditions.

This behavior is explained by

understanding the role of active sites in carbon oxidative reactivity. The following
section sheds light on the concept and importance of active sites in the carbon-oxygen
reactions.
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4.3 Characterization of Active Sites

The concept of active sites was introduced in the coal literature to determine the
impact of heat treatment on coal reactivity [102, 103] and to explain and predict char
reactivity profiles [102, 104-107]. The active sites would include sites as diverse as those
bonded to heteroatoms (H, O, N), nascent sites (i.e. sites formed during oxidation),
dangling carbon atoms (singly bonded), and edge carbon atoms (doubly bonded) [106].
These active sites possess high binding energy with oxygen atoms [105]. Oxygen atoms
reside preferentially on the prismatic edges or on the defects of the basal planes of the
soot [105, 106]. The concentration of active sites can also be transformed into active
surface area (ASA) by using Equation 3-3 [54]. The ASA can be defined as a fraction of
the total surface area (TSA) that has high affinity for oxidation reaction [54, 105, 106].

To better understand the difference in reactivity between the soot samples, we
carried out experiments to estimate the concentration of active sites of each sample. The
method to estimate the active sites of the soot samples is adopted from the coal literature
and the absence of metal impurities in our samples permits us to compare the reactivity of
the soot on the basis of ASA. However, the method to determine the total active surface
area (ASAT) involves heating the samples to a relatively high temperature (800°C –
1000°C) to remove the oxygen complexes that occupy the active sites [102, 105].

Considering that carbon oxidation takes place at the active sites, the total carbon
can be expressed by Equation 4.7 [108]:
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Ctot = C + Cs + Cs(O)

Equation 4.7

where
C is the core carbon
Cs is the carbon with available active sites
Cs(O) is the carbon with occupied active sites.

In the current experiments, the samples were not heated to remove the oxygen
complexes.

This way, the initial nanostructure of the soot samples is retained.

Accordingly, the active sites determined in these experiments are the Cs part in
Equation 4.7, which represent the initial active surface area (ASAi) that is available at the
time of initial reaction. Table 4-1 summarizes the results of oxygen chemisorption of the
soot samples.
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Table 4-1: Summary of oxygen chemisorption experiments
Soot Symbol

Soot Origin

Amount of Chemisorbed Oxygen
Oxygen Uptake (g oxygen / g soot)

ASAi (m2 / g)

F0

Diffusion flame
(0% CO2)

0.00704

22.0

F15

Diffusion flame
(15% CO2)

0.0144

45.0

S0

Yanmar engine

0.00544

17.0

0.01056

33.0

0.00352

11.0

0.00832

26.0

(0% CO2)
S8

Yanmar engine
(8% CO2)

DDC0

DDC engine
(0% EGR)

DDC20

DDC engine
(20% EGR)

The results from Table 4-1 show a clear relationship between soot reactivity and
ASAi. As expected, flame soot which exhibits the highest reactivity among the other soot

samples demonstrates the highest ASAi, followed by Yanmar soot then DDC soot. It is
also obvious from oxygen chemisorption measurements that the intervention of CO2 and
EGR during soot development increases the concentration of soot active sites, and
consequently increases the ASA. This result suggests that CO2 and EGR affect soot
reactivity in the same manner. As shown in Figures 4-2 to 4-5 , a monotonically
increasing rate is observed for all samples. This result suggests that the ASA available for
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reaction is continuously renewed as soot oxidation proceeds. The new ASA is presented
by Cs in Equation 4.4 and Equation 4.5.

This conclusion, therefore, explains the

observed increase in reactivity with conversion. It should be noticed that the ASA
measured here is the initial and the total ASA (ASAT) may be significantly higher.
Although the total surface area (TSA) may change as well with conversion, there was no
clear relationship established between TSA and Rsp and it also was confirmed that TSA is
not a reactivity parameter and the oxidation rate may be expressed on the basis of ASA
[105, 106, 109, 110]. For instance, Khan [22] showed that char reactivity increases with
ASA while TSA showed an inverse relationship with the char reactivity.

4.4 Soot Oxidation Kinetics

The scope of this study includes the determination of the kinetic parameters of
soot oxidation for diverse soot samples. The parameters of interest are the activation
energy (Ea), the pre-exponential factor (A), and the reaction order with respect to the soot,
or carbon (n). These parameters were determined based on multiple nonisothermal TGA
experiments. An attempt was made to develop a simplified thermokinetic model that
predicts soot conversion with temperature.

Knowledge about these parameters is a

prerequisite for successive modeling and design of DPF and the regeneration strategy for
the DPF.

Kinetic information of soot oxidation can be extracted experimentally by means
of different methods. The simplest and most straightforward method is the TGA. These

57
methods can classified as (1) those which employed data obtained under different
temperatures (2) those based on a single heating rate (3) and those based on different
heating rates. The first method is the most accurate one but applying this method is
costly and time consuming. In contrast, methods 2 and 3 are fast and simple experiments
to determine Ea and A and require a small amount of soot (2-3 mg). However, the
variation of Ea with conversion cannot be determined by method 2 and the uncertainty
associated with this method compared to methods 1 and 3 is large [98]. Method 3 allows
the estimation of Ea as a function of conversion and this method is being applied
extensively to determine soot kinetics. Method 3 was employed in this study.

4.4.1 Theoretical Background

In this analysis, a model-free isoconversional method from nonisothermal data
was used. Equation 4.8 is the basis of this method, which was developed by Kissinger,
Akahira, and Sunose (KAS) [111]. The details of the derivation of Equation 4.8 are
given in reference [112].
ln

β
T

2

= ln[

AE
E
]−
Rg ( X ) RT

Equation 4.8

where β and R are the heating rate and gas constant, respectively. The term g(X) is the
integral form of the reaction model, which depends on the unburned fraction of solid as
the reaction proceeds. The reaction models that have been used widely in studies of
thermal decomposition of solids are summarized in Table 4-2.
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Table 4-2: Conversion model functions usually employed for solid-state reactions [112].

The mass loss as a function of temperature profiles obtained from the dynamic
TGA experiments can be converted into conversion-temperature curves using
Equation 4.9:

X = 1−

m0
mt

Equation 4.9

where X is the oxidation degree (or the burned mass fraction), m0 and mt are the initial
and residual mass of soot, respectively. The conversion-temperatures curves obtained for
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all soot types at β = 1.5 °C/min are shown in Figure 4-6, Figure 4-7, and Figure 4-8.
Similar curves were obtained for the other heating rates and are shown in Appendix A. It
appears from Figure 4-6 and Figure 4-7 that CO2 slightly narrows the reaction
temperature for the flame soot and Yanmar soot. On the other hand, the sigmoidal shape
of conversion-temperatures curves of the DDC soot is complex and may lead to an
erroneous conclusion, as it does not reflect the higher reactivity of DDC20 soot over the
DDC0 soot. It appears that, and consistent with Figure 4-5, the DDC0 soot is more
reactive than DDC20 soot until 33% conversion is achieved. Note that the crossover
point seen in Figure 4-5 was shifted to a higher oxidation degree in the case of the
nonisothermal experiment.

It should be mentioned here that the non-isothermal

experiments are not intended for reactivity comparison in this study.
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Figure 4-6: Impact of CO2 on the conversion vs. T profiles of ethylene flame soot at β =
1.5°C/min.
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Figure 4-7: Impact of CO2 on the conversion vs. T profiles of Yanmar engine soot at β =
1.5°C/min. Engine condition: 3600 rpm, 6.1 lb-ft.
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Figure 4-8: Impact of EGR on the conversion vs. T profiles of DDC engine soot at β =
1.5°C/min. Engine condition: 1600 rpm, 60 lb-ft.
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4.4.2 Determination of Activation Energy

The activation energy as a function of conversion can be determined from
Equation 4.8. A set of straight lines can be constructed by plotting ln(

β
TX

2

) versus

1
,
TX

where TX is the temperature at a given conversion degree (X) for a given heating rate (β).
It can be realized that using this method allows for determining Ea without knowledge
about the reaction model a priori. The DDC soot, DDC0 and DDC20, data analyses are
shown in this section and the analyses for the other soot materials are presented in
Appendix A. Figure 4-9 shows the isoconversional plots at various conversion degrees
for the DDC soot. Each plot is constructed from 4 points, each of which corresponds to a
specific heating rate. The activation energy for certain extents of conversion is obtained
from the slope of such lines. Figure 9 shows the variation of Ea with conversion.
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and (b) DDC20 soot.
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Figure 4-10: Model-free values of the activation energy as a function of degree of
conversion for DDC0 and DDC20 soot. Engine condition: 1600 rpm, 60 lb-ft.

Two key results are obtained from Figure 4-10 . First, the activation energy
shows dependency with degree of conversion. This variation could be interpreted in
terms of the overall change in the physico-chemical properties of the soot as the oxidation
proceeds [98]. Second, averaged values of Ea for soot oxidation are not affected by the
condition under which the soot was formed. These values are 165 and 164 kJ/mol for
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DDC0 soot and DDC20 soot, respectively. Similar trends are observed for the flame soot
and Yanmar soot as shown in Appendix A.

It is well-known that soot oxidation takes place through the formation of surface
oxygen complexes, which play an essential role in the carbon oxidation mechanism [99]
[113, 114].

These results suggest that the rate-determining step (RDS) in the soot

oxidation is the same for all soot samples and that the soot follows the same oxidation
mechanism irrespective of its origin or formation history. As discussed earlier, soot
formed under diluted conditions possesses a higher population of active sites. A higher
number of active sites, which can be considered as analogous to catalyst [105], further
facilitate oxygen dissociation and formation of oxygen complexes on the soot surface. It
also can be argued that the rate-determining step of soot oxidation is the decomposition
of the oxygen complexes on the soot, which is not affected by soot origin or formation
history.

4.4.3 Determination of Pre-exponential Factor

In accordance with Equation 4.8, the plot of ln(

β
T

2

) versus

1
should be a straight
T

line whose slope is proportional to Ea and the intercept is related to the pre-exponential
factor. In order to determine the pre-exponential factor (A), a reaction model that fits the
experimental data must be assumed. The problem is that quite different reaction models
can fit the experimental data fairly well but the numerical values of the corresponding
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Arrhenius parameters are remarkably different [98, 112, 115].

To overcome this

problem, the pairs of Arrhenius parameters (i.e. Ea and A) can be correlated by the socalled "compensation effect", which is described mathematically by Equation 4.10 [98]:

ln( Aj ) = a + bE j

Equation 4.10

where the subscript j refers to one of the possible models, g(X), considered to
describe the oxidation process. The most commonly used reaction models for solid-state
processes are listed in Table 4-2. The compensation effect plot was constructed by
determining the corresponding Ea and ln(A) of each model listed in Table 4-2 . Once this
plot has been constructed, the correlation parameters a and b are evaluated from the
intercept and slope, respectively.

The value of Ea determined from the model-free

method described in the preceding section is then substituted for Ej. Consequently, A can
then be unambiguously estimated.

Figure 4-11 shows the linear relationship of the

compensation effect for DDC0 and DDC20 soot. The results of the analyses are listed in
Table 4-3 . Similar results were obtained for the other soot samples and are presented in
Appendix A.
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Table 4-3: Averaged activation energy, coefficients of compensation relationship, and
pre-exponential factor for DDC0 and DDC20 soot.
Parameters

DDC0

DDC20

Ea (kJ/mol) (1)

165.3

164.4

a (2)

-2.13

-2.09

b (3)

0.132

0.134

A (1/sec) (4)
2.8 x 108
(1) determined from Equation 4.8 .
(2) determined from the intercepts of Figure 4-11 .
(3) determined from the slopes of Figure 4-11 .
(4) determined from Equation 4.10 .

4.3 x 108

The calculated value of the pre-exponential factor (A) for the DDC20 soot is 54%
greater than that for DDC0 soot. This factor represents the effective and successful
number of collisions between soot active sites and oxygen molecules. This higher value
of A is consistent with the higher ASA measured for the DDC20 soot.

Since the

activation energy for both soot samples are the same, to this point, it is therefore inferred
that the observed higher reactivity of DDC20 is ascribed solely to the increase of active
sites which are incorporated implicitly in the pre-exponential factor. Similar arguments
are given to explain the higher reactivity of the flame soot and the Yanmar soot, which
was formed under diluted conditions. The analysis and results for the other soot samples
are shown in Appendix A.
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Figure 4-11: Linear relationship of the compensation effect for (a) DDC0 soot and (b)
DDC20 soot. Engine condition: 1600 rpm, 60 lb-ft.
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4.4.4 Determination of Reaction Order for Soot Oxidation

The oxidation process of carbonaceous materials based on a non-isothermal
experiment can be expressed as [98, 112, 115]:

−E
dX
A
= ( ) exp( a ) f ( X )
β
dt
RT

Equation 4.11

This equation can be integrated to yield:
g( X ) = (

X

where g ( X ) = ∫
0

AEa
) p( y )
βR

Equation 4.12

dX
exp(− y )
E
.
, p( y ) =
, and y =
2
y
f (X )
RT

López-Fonseca et al. [112] carried out theoretical analyses and found that the best
model to describe the combustion of soot took the form of:

g ( X ) = [− ln(1 − X )]

1
n

Thus, the following expression can be deduced from Equation 4.12 :

Equation 4.13
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ln(

βR

1
) − ln[ p( y )] = ln( A) − ( ) ln[− ln(1 − X )]
E
n

Equation 4.14

With reference to Equation 4.14, a set of straight lines, corresponding to different
heating rates, are obtained by plotting ln(

βR
E

) − ln[ p ( y )] versus ln[− ln(1 − X )] . The

slope of each line yields a value for n at a given β. Figure 4-12 shows these plots for

DDC0 soot and DDC20 soot. The resulting logarithmic values of n are listed in Table 44. The values of n are in accordance with data reported in the literature: 0.5-1.0 for soot

oxidation [116-118]. Appendix A shows these results for the flame soot and the Yanmar
soot.
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Figure 4-12: Estimation of soot reaction order, n, for (a) DDC0 soot and (b) DDC20
soot. Engine condition: 1600 rpm, 60 lb-ft.

73
Table 4-4: Values of soot reaction order for various heating rates.
β (°C/min)

n
DDC0

DDC20

1.5

1.0

0.81

3.0

0.99

0.78

5.0

0.95

0.76

7.0

0.94

0.74

Mean n

0.97±0.015

0.77±0.015

4.5 Simplified Mathematical Model for Soot Oxidation

In the preceding sections the activation energy (Ea), pre-exponential factor (A),
reaction order with respect to soot (n), and an explicit form of the reaction model were
determined. This information allows prediction of the oxidation profiles of the soot and
comparison with the experimental data.

Figure 4-13 shows the experimental and

simulated curves for DDC0 soot and DDC20 soot at a constant heating rate of 1.5
°C/min. Relatively good agreement is observed; this indicates that the composite kinetic
analysis presented is proper for modeling the oxidation processes under linear
nonisothermal conditions. According to the aforementioned analyses, soot oxidation is
described by the following mathematical equation:

74
⎡
⎛ − Ea
⎢ ⎡
⎢ ⎢ AE exp ⎝⎜ RT
X = 1 − exp ⎢ − ⎢ a
2
⎢ ⎢ β R ⎛ Ea ⎞
⎜ RT ⎟
⎢ ⎢⎢
⎝
⎠
⎢⎣ ⎣

1
⎤
n
⎤
⎞ ⎥
⎟⎥
⎠⎥ ⎥
⎥
⎥ ⎥
⎥ ⎥
⎦⎥ ⎥
⎦

Equation 4.15

A deviation of simulated curves from the experimental curves is observed at the
extremities of the reaction (i.e., low and high X values). However, this deviation is more
manifest in the case of DDC0 soot, especially at low values of X. As discussed in
Section 4.2, DDC0 soot may contain residual VOF and the VOF oxidation under low
temperatures is favored with respect to soot oxidation. Thus, the VOF oxidation is, to a
certain extent, responsible for the large deviation observed. It is of interest to observe
that the deviation diminishes and the two curves coincide at a conversion value of 20%,
which is close the crossover point that is seen in Figure 4-4 and Figure 4-5. Other
possibilities for this deviation are the assumptions of constant Ea, A, and n over the entire
range of conversion. For these reasons, a more rigorous model needs to be developed,
which take into account the variations of these parameters with the course of oxidation.
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Figure 4-13: Comparison between experimental and predicted curves at constant heating
rate of 1.5°C/min for (a) DDC0 soot, and (b) DDC20 soot. Engine condition: 1600 rpm,
60 lb-ft.
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4.6 Thermal, Dilution, and Chemical Effects of CO2 on Soot Oxidative
Reactivity

The influence of oxidizer diluents (CO2 and EGR) on soot oxidative reactivity
was demonstrated in the preceding section. It is well-known that CO2 exerts three effects
when introduced to the combustion process. These three effects are:
(a) a thermal effect, due to the increase in heat capacity of the oxidizer and the
reduction in flame temperature;
(b) a dilution effect, which results from the reduction of oxygen concentration in the
main stream of the oxidizer and from the reduction of reactive species during the
combustion process, which in turns, reduces their collision frequencies;
(c) a chemical effect, because CO2 is an active species and it participates chemically
in the combustion process.

These three effects have been studied in the literature for both flame systems [81,
83, 84] and engines [119-122]. However, these studies have been devoted to understand
the contribution of CO2 effects on soot formation and destruction. There is no study that
has been conducted exclusively to understand the role of these effects in soot oxidative
reactivity.

In the present study, the methodology developed by Du et al. [123] is

followed to study the individual effects of CO2 on soot oxidative reactivity. The authors
used a co-flow laminar diffusion flame to carry out experiments to identify the relative
importance of thermal, dilution, and chemical effects on soot inception, growth, and
burnout. Because of the difficulty in examining these individual effects in complex
combustion systems such as diesel engines, a laboratory laminar diffusion flame is
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chosen for the study to examine the relative importance of these three effects on the
oxidative reactivity of soot.

4.7 Methodology for Isolating CO2 Effects

Ethylene flame soot was used to determine the mechanism by which CO2 and
EGR can change soot reactivity. The oxidizer stream was diluted with CO2. The
aforementioned three categories of CO2 effects were tested individually to understand
their relative importance on soot reactivity. To illustrate these effects, consider the
following flame conditions:

C2 H 4 + 3O2 + 11.28 N 2 + 0CO2 → products

Equation 4.16

C2 H 4 + 2.4O2 + 9 N 2 + 2.9CO2 → products

Equation 4.17

For Equation 4.16, which is the reference flame condition, the O2 mole fraction, CO2
mole fraction, and adiabatic flame temperature are 0.21, 0, and 2370 K, respectively. For
Equation 4.17 , which demonstrates the overall effect of CO2, these values are 0.168, 0.2,
and 1900K. Comparing Equation 4.16 and Equation 4.17, it is obvious that the oxygen
concentration and flame temperature are reduced as a consequence of CO2 addition.
Figure 4-14 shows that the addition of CO2 in the oxidizer stream reduces the flame
temperature and displaces oxygen from the oxidizer stream. The flame temperature
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reduction is a consequence of increased heat capacity of the oxidizer stream. The data in
Figure 4-14 was computed using the NASA Computer Program CEA (Chemical
Equilibrium with Applications) [124].

0.25

2000

1980

1960
0.15
1940
0.1
1920
0.05

Flame Temperature, K

Oxygen Mole Fraction

0.2

1900

0

1880
0

2

4

6

8

10

12

14

16

CO % in Oxidizer Stream
2

Figure 4-14: The effect of CO2 addition to oxidizer stream on flame temperature and
oxygen concentration. The NASA CEA program was used to compute the oxygen mole
fraction and the flame temperature [124].
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Following the methodology developed by Du et al. [123], it is possible to isolate
the abovementioned three effects of CO2. Consequently, a relationship between each
effect and reactivity can be established. This objective is achieved through systematic
variation and independent control of flame temperature and oxidizer composition. The
basis for isolating the above mentioned effects is to bring the flame temperature of
Equation 4.17 back to its reference condition, Equation 4.16, without changing the
concentrations of the fuel or oxygen. This requirement can be met by replacing a portion
of N2 in the oxidizer with Ar.

The adiabatic flame temperature was taken as the indicator of the temperature
field of the lower regions of the flame where the soot inception and nucleation occur. Its
use as the characteristic flame temperature was justified [125, 126] and used by many
investigators in soot studies [125, 127-129].
considered for this study.

Table 4-5 shows the flame conditions

These conditions resulted in sooting and overventilated

diffusion flames. Post-flame soot was then collected on a quartz disk for bulk analyses.
As shown in Table 4-5, the fuel volume flow rate was fixed at 0.3 LPM. Thus, soot
residence time in the flame was constant for all conditions. In addition, the volume flow
rate of the oxidizer stream was also kept constant at 6.3 LPM.
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Table 4-5: Flame conditions considered to isolate the thermal, dilution, and chemical
effects of CO2.
CO2 Effect
None

Overall

Dilution

(Reference Flame)

Dilution +
Chemical

FUEL

C2H4

mol

0.3

0.3

0.3

0.3

χ

1.0

1.0

1.0

1.0

mol

1.30

1.1

1.1

1.1

χ

.21

0.175

0.175

0.175

mol

4.9

4.2

5.0

2.2

χ

0.79

0.667

0.794

0.349

mol

0.0

1.0

0.0

1.0

χ

0.0

0.159

0.0

0.159

mol

0.0

0.0

0.2

2.0

χ

0.0

0.0

0.032

0.318

1980

1849

1979

1982

OXIDIZER

O2

N2

CO2

Ar

Temperature

χ: species mole fraction
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4.8 Isolation of CO2 Effects

Figure 4-15 is a systematic and comprehensive quantification of the thermal,
dilution, and chemical effects for CO2 addition to the oxidizer stream. The data plotted
with open-circle symbols represents soot formed under no CO2 addition. The solid-circle
symbols correspond to the data representing Rsp obtained by introducing 15.9%vol. CO2
to the oxidizer stream. Thus, this plot includes all three effects: thermal, dilution, and
chemical. The latter experiment was repeated but with replacing a portion of N2 with the
same molar amount of Ar. This way, the flame temperature was brought back to its
reference value (1980 K). The data represented by the triangle symbols were obtained
and represents both the dilution and chemical effect.

Accordingly, the difference

between the triangle and solid-circle data indicates the thermal effect of the CO2. Finally,
the CO2 was replaced from the oxidizer and substituted by an equivalent molar amount of
N2 and Ar in such away that the flame temperature retains its reference value (1980 K).
By doing so, the direct dilution effect of the CO2 is obtained. The dilution effect is
shown by the difference between the resulting Rsp represented by the circle symbols and
that of the square symbols. Finally, the difference between the dilution effect (square
symbols) and dilution and chemical effect (triangle symbols) should indicate the
chemical effect of CO2 addition on soot reactivity. Figure 4-16 re-plots the data of
Figure 4-15 but with the specific rates (Rsp) normalized to that of the reference flame.
The averaged Rsp over the conversion degree of 0.1 and 0.9 is presented quantitatively in
Figure 4-17. The thermal, dilution, and chemical effects account for 43, 34, and 23% of
the total reactivity of soot, with the thermal effect being the most governing factor in soot
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reactivity. Thus, it is clear that each of the CO2 effects accounts for a considerable
improvement in soot reactivity and their contribution cannot be neglected.
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Figure 4-15: The isolated thermal, dilution, and chemical effects of CO2 on soot oxidation
specific rate (Rsp). The CO2 was added to the oxidizer side.
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Figure 4-16: The isolated thermal, dilution, and chemical effects of CO2 on soot oxidation
specific rate (Rsp). The Rsp deduced from each effect was normalized to that of reference
flame. The CO2 was added to the oxidizer side
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Figure 4-17: The contribution of the thermal, dilution, and chemical effects of CO2 to
soot reactivity.

The thermal effect of CO2 on soot reactivity can be explained by two
mechanisms.

First,

soot

becomes

more

reactive

because

the

degree

of

carbonization/graphitization becomes less severe as a result of reduced flame
temperature. However, the residence time of the soot within the flame is between 50-100
ms. This time scale is not sufficient for soot structural rearrangement. Furthermore, low
temperatures do not provide sufficient thermal activation energies for growth and
rearrangement of the aromatic sheets.

Results from an HRTEM study of soot

nanostructure evolution along a streamline in a laminar ethylene/air diffusion flame were
reported by Shaddix et al. [130], and showed a minor decrease in interlayer spacing as the
soot moves through the high-temperature growth region

Thus, this mechanism is

unlikely to be the one responsible for enhanced soot reactivity. The other mechanism is
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interpreted by understanding the impact of flame temperature on flame gas-phase
chemistry.

It is well-known that changing flame temperature leads to substantial

modifications to the gas-phase chemistry of the flame; and lower flame temperatures
decelerate the reactions that contribute to soot formation [30, 127, 128]. The nature of
the species, their concentrations, and the way they are added to soot during soot surface
growth are altered by changing the flame temperature. For example, soot surface growth
via PAH condensation is the likely path under low temperature condition, while HACA
mechanism dominates under high temperature [41, 131]. Recently, Vander Wal and
Tomasek [132] showed that low temperature pyrolysis of hydrocarbons resulted in more
reactive soot. The authors related their results to the variation in soot nanostructure
which reflects the gas-phase species identity and concentration.

The dilution effect can be explained by examining the pictures in Figure 4-18 .
Figure 14-18a represents the flame under the following condition:

0.3C2 H 4 + 1.3O2 + 4.9 N 2 → products

Equation 4.18

the corresponding flame temperature and oxygen mole fraction are 1980 K and 0.21,
respectively. Figure 14-18b represents the flame under the following condition:

0.3C2 H 4 + 1.1O2 + 5.0 N 2 + 0.2 Ar → products

Equation 4.19
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The corresponding flame temperature and oxygen mole fraction are 1979 K and
0.117, respectively. Since no CO2 was introduced to the oxidizer stream and the flame
temperature was held constant, Equation 4.18 and Equation 4.19 simulate the dilution
effect of CO2. It is seen from Figure 4-18 that with decreasing oxygen mole fraction in
the oxidizer stream soot inception takes place at higher heights above the burner. That is,
soot inception point, which can be defined as the point of the onset of the yellow
incandescence, is delayed. Thus, soot formation is retarded. Consequently, soot with less
developed nanostructure, and hence more oxidatively reactive, is formed.
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Figure 4-18: The dilution effect on soot inception zone (a) χO2 = 0.21 (b) χO2 = 0.117
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The mechanism by which the chemical effect of CO2 influences soot inception
and formation is well-established in the literature [83, 84, 123, 129]. This mechanism
assists also in understanding the chemical effect of CO2 on soot reactivity. The CO2
intervenes in the chemical reactions of soot formation via the following possible reaction
[82, 83]:

CO2 + H → CO + OH

Equation 4.20

The reaction of CO2 with H atoms results in increasing the hydroxyl radical (OH) and
decreasing the H concentrations. In addition, the dissociation of CO2 leads to an increase
in O atoms according to [82]:

CO2 → CO + O

Equation 4.21

Hence, the increase of O and OH concentrations increases the oxidative attack
on soot precursors [83, 129]. Liu et al. [83] compared the mass fraction of C2H2, the
dominant soot precursor species, with and without CO2 substitution of the oxidizer
stream.

They observed a dramatic decrease in the peak of C2H2 mass fraction as a result

of the chemical effect of CO2 addition.

Furthermore, the oxidation rates of the soot

within the flame increase because of the increased concentrations of O and OH the
formation of large PAH is suppressed due to the lack of H atoms, the key component for
soot formation via the HACA mechanism [35, 133]. As a consequence, small particle
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size, and hence higher surface area, and short fringe length are formed; the characteristics
of more oxidatively reactive soot. In other words, soot with different physical and
chemical properties forms.

4.9 Some Chemical and Physical Properties of Ethylene soot

The chemical composition of each soot samples generated under the conditions
listed in Table 4-5 was determined using a CHNO analyzer. In addition, the N2-BET
surface area and total pore volume of the soot were measured to study their evolution
with CO2 addition. Table 4-6 summarizes the results. It can be seen from Table 4-6 that
the differences in soot chemical properties, namely H/C and O/C ratios, are not
statistically different. In contrast, CO2 addition alters the physical properties of the soot
by increasing the surface area and pore volume by more than a factor of two. These
results, therefore, indicate that CO2 addition influences soot physical properties in such a
way that soot becomes more reactive. Due to the increase in soot surface area and pore
volume, this soot is thought to be more oxygen-accessible; hence more oxidatively
reactive. Recalling that the active surface area (ASA) is the reactive fraction of the total
surface area, it can be suggested that initial ASAi is proportional to initial TSAi. In other
words, the CO2 addition increases the TSA and total pore volume and exposes more ASA
to the oxygen attack.
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Table 4-6: Summary of some chemical and physical properties of soot formed under
conditions listed in Table 4-5.
Conditions under which soot formed
Soot Properties

Reference Flame

Overall

Dilution

Dilution +
Chemical

atomic H/C

0.0745±0.0152

0.089±0.017

0.0763±0.0025

0.0724±0.0047

atomic O/C

0.0684±0.009

0.0515±0.001

0.0614±0.014

0.0492±0.0083

N2-BET surface area

102.0

241.0

n.d

n.d

0.20

0.43

n.d

n.d

m2 / g
Total pore volume
cm3 / g

n.d:. not determined

Chapter 5
STRUCTURAL ANALYSIS OF DIESEL SOOT

The results obtained in Chapter 4 clearly verified the beneficial impact of CO2
and EGR diluents on soot reactivity. The chemical analysis of ethylene soot confirmed
the similarity of H/C and O/C for soot generated with and without CO2. These results
point clearly to another factor influencing soot reactivity. It was speculated that the
observed increase in reactivity with diluent addition is attributable to differences in soot
physical properties. In this chapter, comprehensive physical analyses on diesel soot from
the DDC 2.5l turbo-diesel engine, with and without EGR, are presented. Nevertheless,
the fact that soot chemical composition can substantially affect the reactivity necessitates
knowledge about the chemical properties of the diesel soot.

5.1 Some Chemical Properties of Soot Samples from the DDC 2.5l Engine.

Soot reactivity can be enhanced by the presence of some heteroatoms such as H
and O. In addition, diesel engine soot inevitably contains sulfur and trace metals in
proportions dependent upon the particular fuel source, rates of metal wear in the engine,
and lube oil consumption. The engine in this study was operated at an engine speed of
1600 rpm and torque of 60 lb-ft. The soot samples were collected under 0% EGR (DDC0
soot) and 20% EGR (DDC20 soot). The injection timing (pilot injection at 31° BTDC
and main injection at -3°BTDC) was kept constant for both tests conditions. The oxygen
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content of both samples was determined by the X-ray photoelectron spectroscopy (XPS).
The

XPS

results of DDC0 and DDC20 dry soot showed that both soot samples have low

oxygen to carbon ratio (ca. 0.06). This result is similar to that obtained for the soot
samples, which were generated from the Yanmar single cylinder DI diesel engine under
0% CO2 (Y0) and 8% CO2 (Y8). These results reveal that the in-cylinder oxygen
deficiency, which results from the the dilution effect of CO2 or EGR, has no influence on
the oxygen content of the soot. The analysis of Yanmar soot samples was performed in
the Chemistry Department of John Hopkins University. The O/C was found to be less
than 0.06. Since conventional diesel fuel contains 0% oxygen, it is concluded that O/C
ratio is a reactivity parameter if the oxygen is fuel-bound. These results, therefore, ruled
out the effects of oxygen content as reactivity promoter in this research. Accordingly,
further analysis to determine the oxygen functional groups on soot surfaces was not
pursued. As far as metal content is concerned, the XPS analysis at Penn State showed
that the metal content on the soot surfaces is very low and below the detection limit of the
instrument. Thus, the possible catalytic effect on oxidation reaction can also be ruled out.
Although the H/C cannot be determined for the diesel soot samples due to sample size
limitation, it is assumed that these samples bear a close resemblance in H/C ratio.

5.2 X-Ray Diffraction

X-Ray Diffraction (XRD) is a classical technique that has been used extensively to
determine the structural parameters of different material including, but not limited to,
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carbonaceous materials. There have been numerous studies to characterize the structure
of coal [20, 86, 106], graphite [57, 134], carbon black [78, 135, 136], and to a lesser
extent, soot [79, 137, 138]. Moreover, XRD is a very powerful technique to follow the
structural changes induced by gasification or heat treatment of carbonaceous materials.
However, one of its drawbacks is that it requires appreciable amounts of material; and
this limitation hinders the use of XRD to establish a clear relationship between diesel soot
reactivity and nanostructure. The present study is not exempt from this constraint and
because of the size limitation of diesel soot (the quantity), the XRD was used to
investigate only the initial nanostructure of the soot considered in this research. The
subsequent section presents quantitative analyses obtained from the XRD patterns of
flame and engine soot samples.

5.3 Quantitative Analysis of XRD Pattern and Theoretical Assessment

The XRD investigation was undertaken primarily to determine the effect of
diluents (CO2 and EGR) on the change in the structural parameters of the soot under
study. This information is of direct interest to the oxidation study presented in Chapter 4
to aid in the clarifying of such a question as the mechanism by which the diluents
enhance the oxidative reactivity of the soot. The comparison was made on non-reacted
soot from the same origin but generated under different conditions.
The structural parameters of interest are the interlayer spacing (d002), the
crystallite height (Lc), and the crystallite width (La). The definitions of these parameters
are shown in Figure 5-1. These parameters have been correlated with carbon gasification
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rate and found to change as gasification proceeds [57, 134] [20, 58]. The d002 was
calculated from Equation 3.3; La and Lc are estimated from Equation 3.4 and
Equation 3.5, respectively.

The number of graphene layers involved in a coherent

graphitic stack, κ, can be determined from Equation 3.6. In addition, the parallelism
indicator, R, was introduced by Liu et al. [139] and used by Feng et al. [55] and Dahn et
al. [140] to determine the fraction of single aromatic sheets from the XRD pattern. This
indicator is defined as the peak height divided by the background height at the position of
the (002) peak. The background of the intensity reflects the presence of some amorphous
carbon in carbon structure [141]. The definition of R is shown in Figure 5-2 .

Figure 5-1: Model for a crystallite of a carbon material: (a) stack of layers, (b) structure
of an individual layer[142].
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Figure 5-2: (a) The powder diffraction pattern of a microporous carbon, (b) an expanded
view of the (002) peak showing the definition of R [140].

Figure 5-3 shows the XRD patterns of the flame and diesel soot. All samples
show the diffraction maxima associated with the (002) and (100) planes and a weaker
peak from the (110) which is typical of non-graphitic carbon. The information contained
in Figure 5-3 is quantitatively analyzed by using Equation 3.3, Equation 3.4, and
Equation 3.5.

The parameter R was obtained as demonstrated in Figure 5-2.

structural parameters are listed in Table 5-1.

The
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Figure 5-3: XRD patterns of (a) flame soot, (b)Yanmar engine soot, and (c) DDC engine
soot
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Table 5-1: Quantification of the diffraction patterns shown in Figure 5-3.
Soot Symbol

Soot Origin

d002

Lc

La

κ

(nm)

(nm)

(nm)

(layers)

R

F0

Diffusion flame
(0% CO2)

0.356

1.321

2.587

~5

4.01

F15

Diffusion flame
(15% CO2)

0.358

1.183

2.049

~4

3.01

Y0

Yanmar engine
(0% CO2)

0.355

1.237

3.030

~5

4.68

Y8

Yanmar engine
(8% CO2)
DDC engine
(0% EGR)
DDC engine
(20% EGR)

0.357

1.213

2.477

~4

4.22

0.349

1.345

2.919

~5

4.56

0.351

1.207

2.526

~4

3.97

DDC0
DDC20

Qualitative inspection of Figure 5-3 indicates that the addition of CO2 or EGR
reduces the peak intensities in the XRD patterns. Variation in peak intensities was
observed in the XRD patterns of different coals and attributed to the differences of coal
properties such as rank and thermal history [143]. Thus, the observed drop in soot peak
intensities shown in Figure 5-3 reflects the soot origins and its formation conditions. The
data in Table 5-1 shows that the soot samples possess a range of crystallite size, reflecting
their origins and formation history. It is also seen from Table 5-1 that with the addition
of CO2 or EGR the d002 increases but Lc and La decrease. This trend of the structural
parameters conforms to the structure of reactive carbon materials. These values of d002
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are substantially greater than that reported for graphite (0.3354 nm) [134]. In fact, the
high absolute values of d002 infer that these soot samples are highly disordered in nature.
It is also worthy to note that the magnitude of the change in d002 of all samples is
identical, (0.002 nm), even though the absolute values of the d002 are considerably
different. In addition, the increase in d002 also indicates further weakness in the binding
energy of the planes [134, 142]. The binding energy between the planes in graphite is
about 17.0 kJ/mol [134, 144]. Thus, the binding energy between the planes in soot
should be significantly lower than 17.0 kJ/mol. Therefore, these planes are less stable
and more vulnerable to oxygen attack.

The crystallite height (Lc), on the other hand, was found to substantially decrease
with CO2 and EGR addition. Thus, the graphene sheets involved in a coherent graphitic
stack are reduced. According to Hurt et al. [30], face-to-face association, rather than
edge-to-edge coalescence, of the graphene sheets is favored under low temperatures.
This structural configuration prevents stacked arrangement and results in smaller Lc. It is
of interest to observe the systematic trend between Lc and R. The decrease in Lc is
associated with a decrease in R. The smaller the value of R, the smaller the proportion of
layers in crystallites having more than one layer. In other words, while the number of
graphene sheets with parallel neighborhood decreases, the number of single graphene
sheets increases. As seen in Table 5-1, the number of graphene layers involved in a
coherent graphitic stack, κ, is associated with smaller Lc.
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Before discussing the last parameter La, it is necessary to understand the oxidation
mechanism of general carbonaceous materials. It is well-known that not all carbon
atoms, within the graphene sheet, possess similar reactivity [145-147]. The carbon atoms
at the edges of the graphene sheets were found to be 100-1000 times more reactive than
those in the basal plane [147]. These edge carbon atoms have higher affinity to form
bonds with chemisorbed oxygen due to the availability of unpaired sp2 electrons [105,
147]. Carbon atoms in the basal planes have shared π electrons forming chemical bonds
with adjacent carbon atoms [147]. Consequently, the observed increase in soot reactivity
with the addition of CO2 or EGR ought to be due to the increased number of edge sites.

The results in Table 5-1 show the influence of CO2 or EGR addition on La
dimension. The decrease of La with diluent addition can be ascribed to change in the soot
oxidation during the combustion process where soot precursors were oxidized by O and
OH radicals. It was shown earlier that CO2 addition increases the O and OH radical
pools during the soot inception process. As a consequence, the formation of large
aromatic sheets is prevented, and instead partially oxidized ones with highly reactive sites
are developed.

To better understand the importance of La on soot reactivity, consider Figure 5-4
which demonstrates a theoretical relationship, established for carbon crystallites, between
La and the ratio of edge-carbon/basal-carbon, Ce/Cb [142]. It is seen that as the crystallite
width increases, as presented by the absolute values of La in the abscissa, the number of
edge carbon atoms decrease. As a result, the number of active sites decreases. In other
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words, soot with small graphene segments (i.e. smaller La) possesses relatively higher
edge site carbon atoms relative to those within a basal plane position. As seen in Table 51, soot generated under diluent conditions exhibits shorter crystallite width (La) and

therefore higher active sites than that formed under normal conditions. The sequence of
the concentration of active sites as indicated by the crystallite width (La) is consistent
with those indicated by oxygen chemisorption capacities measured by TGA, as given in
Section 4-3.

Table 5-2 shows the approximate values of Ce/Cb, as estimated from

Figure 5-4.
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Figure 5-4: The relationship between La and Ce/Cb (based on data from [142]).
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Table 5-2: The relationship between La, Ce/Cb, and ASAi. Ce/Cb was estimated from
Figure 5-4. ASAi was calculated in Section 4-3. As expected, smaller La indicates higher
ASAi.
Soot
symbol
F0

Soot Origin

La (nm)

Ce/Cb

Diffusion flame
(0% CO2)

2.587

0.184

ASAi
(m2 / g)
22.0

F15

Diffusion flame
(15% CO2)

2.049

0.218

45.0

Y0

Yanmar engine
(0% CO2)

3.030

0.165

17.0

Y8

Yanmar engine
(8% CO2)
DDC engine
(0% EGR)
DDC engine
(20% EGR)

2.477

0.190

33.0

2.919

0.169

11.0

2.526

0.188

26.0

DDC0
DDC20

It has been pointed out that some of the physical properties of carbon materials
are interrelated and connected to chemical properties such as active sites. For instance,
although La is a physical property, its dimension directly affects the active site
concentration, which is considered a chemical property. Moreover, it was established
theoretically that greater interlayer binding energy results in large hexagonal layer plane
(i.e. large La) [148]. Belenkov [142] extended this theory and established theoretically
that the interlayer binding energy increased not only with increasing La but also with
decreasing d002. He also found that the interlayer spacing, d002, decreased with increasing
La. In accordance with these theoretical studies, it can be inferred that adding CO2 or
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EGR results in soot with physical properties possessing higher d002, smaller La (higher
active sites), and lower binding energy between the layers.

Table 5-3 shows estimated crystallite properties of the soot samples under study.
The striking results are that the hexagonal width, a, and the carbon-carbon bond length,
RC-C, are identical for all soot samples irrespective of their origins or formation history.
The values of the hexagonal width, a, is in excellent agreement with those estimated by
Chen and Dobbins [85]. Moreover, the bond length, RC-C, resembles that of benzene
molecules (0.139 nm) [142]. Also listed in the table is the parameter χ, which is defined
as the ratio of the maximum possible number of single bonds to the actual bond number.
These results are indeed informative in that they verify the benzene molecule as the basic
unit that constitutes the aromatic sheets. With the recognition that PAH is composed of
benzene molecules [27, 47, 85], a direct link between the ultimate soot nanostructure and
its formation precursors is evident.

As discussed by Chen and Dobbins [85], it is

apparent that the hexagonal molecular structures preserved their identity during the soot
formation process.
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Table 5-3: Estimated crystallite properties of the soot samples under study.

F0
F15
Y0
Y8
DDC0
DDC20

d100 1
(nm)

a2
(nm)

RC-C 3

RC-C 4

La 5
(nm)

La 6
(nm)

χ7

0.2113
0.2096
0.2113
0.2113
0.2113
0.2113

0.244
0.242
0.244
0.244
0.244
0.244

0.1409
0.1397
0.1409
0.1409
0.1409
0.1409

0.1400
0.1396
0.1403
0.1400
0.1402
0.1400

2.587
2.049
3.030
2.477
2.919
2.526

2.394
1.977
2.702
2.309
2.631
2.337

1.42
1.44
1.41
1.42
1.41
1.42

1. determined from the XRD pattern,
2. determined from the XRD pattern, a =

2
d100 ,[85].
3

3. determined from the XRD pattern, RC −C =

a
,[85].
3

⎛
C ⎞
4. estimated from RC −C = 0.1068 + 0.0118 ⎜ 3 − e ⎟ ,[142].
⎝ Cb ⎠

5. determined from the XRD patterns, Equation 5.1.
6. determined from La = 2 RC −C cos(30o )(
7. estimated from χ =

3−

4
Ce

, [142].
Cb

2Ce
− 1) , [142].
Cb
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5.4 Raman Spectroscopy

In the preceding section, XRD provided supportive evidence of the role of soot
physical properties in soot oxidative reactivity. Because of sample size constraints, XRD
could not be utilized to follow the nanostructural changes of the soot during oxidation.
Raman Spectroscopy (RS) was used in this research to probe the impact of the oxidation
process on the reactivity indicator ID/IG, which can be determined from the Raman
spectra. The ID and IG are the integrated intensities of the D- and G- peaks, respectively.

Raman spectroscopy has been used to characterize broad ranges of different
carbonaceous materials such as coal [149-151], pitch [151], glassy carbons [152],
amorphous carbon films [153], carbon black [87, 154], and diesel soot [77, 79, 87, 154,
155]. Differences between spectra among these materials imply vast variation in their
structures. The ID/IG is frequently used to estimate the degree of graphitization as well as
reactivity degradation. In this study, the ID/IG was estimated for flame soot and both
engines soot generated with and without diluent.

Consistent with TGA reactivity

measurements and XRD data, ID/IG increased with diluent addition by 16, 7, and 11% for
flame soot, Yanmar engine soot, and DDC engine soot, respectively. The proceeding
section discusses soot nanostructural evolution with oxidation. The analyses were carried
out on unreacted and partially oxidized soot generated from the DDC 2.5l turbo-diesel
engine under 0% EGR (DDC0 soot sample) and 20% EGR (DDC20 soot sample).
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5.4.1 Raman Spectroscopy Analysis

The effect of soot oxidation at 450°C in air on the Raman spectra was used to
study the nanostructural evolution of soot with oxidation. Each Raman measurement (at
an increment of 25% conversion) was acquired for at least 20 points from each sample.
Figure 5-5 and Figure 5-6 display the Raman spectra of the DDC0 soot and DDC20 soot,
respectively. All signals were normalized to the G-peak intensity at 1596 cm-1. The
spectra are typical to those reported for non-graphitic carbonaceous materials [87, 154].
The peaks designated as G-band (graphite-band) and D-band (disorder-band) are
observed at 1596 and 1358 cm-1, respectively. The appearance of the G-peak is due to
the stretching modes of the sp2 site, while the D-band, although its origin is debatable,
can be explained as a manifestation of the in-plane vibrational mode at the surface of the
sp2 domains [156]. The G-peak position of the soot is higher than that assigned to
graphitic materials, ~1580 cm-1, providing evidence of the presence of a disordered
carbon fraction within the soot sample. The presence of the D-peak in all the spectra
indicates that the symmetry of the graphene sheets is broken by lattice discontinuities or
defects [157]. Table 5-4 lists the spectral parameters of DDC0 soot and DDC20 soot as
obtained from Figure 5-5 and Figure 5-6.

Table 5-4 also compares the spectral

parameters with those obtained from recent studies [87, 155]. Note that the spectral
parameters of unreacted soot are listed in the table, as well.
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Figure 5-5: Raman spectra (λ = 514 nm) of unreacted and partially oxidized DDC soot
generated under 0% EGR (DDC0).
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Figure 5-6: Raman spectra (λ = 514 nm) of unreacted and partially oxidized DDC soot
generated under 20% EGR (DDC20).
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Table 5-4: Spectral parameters for the first-order Raman bands of DDC soot. Spectral
parameters for similar types of soot are also reported for a comparison with the current
study.

Band
G

D1

Parameter
Position
(cm -1)
FWHM
(cm -1)
Position
(cm -1)
FWHM
(cm -1)
ID / I G

Current Study
DDC0
DDC20
soot
soot
1590 ± 2
1591 ± 3

Ref. [155]

Ref. [87]

Diesel
soot
1592 ± 5

Diesel
soot
1589 ± 5

55 ± 4

56 ± 5

64 ± 3

57 ± 8

1361 ± 3

1358 ± 3

1358 ± 1

1359 ± 2

190 ± 3

189 ± 3

174 ± 9

177 ± 13

4.72 ± 0.15

5.2 ± 0.13

4.6 ± 0.4

6.4 ± 2.7

1616 ± 2

1617 ± 4

1617 ± 5

47 ± 3

55 ± 1

51 ± 6

1544 ± 3

1544 ± 4

1545 ± 6

155 ± 6

162 ± 4

157 ± 7

1189 ± 3

1193 ± 34

1222 ± 28

99 ± 14

268 ± 62

175 ± 78

1616 ± 1
Position
-1
D2
(cm )
45 ± 3
FWHM
-1
(cm )
1544 ± 3
Position
D3
(cm -1)
149 ± 6
FWHM
(cm -1)
1199 ± 4
Position
D4
(cm -1)
119 ± 14
FWHM
(cm -1)
FWHM: Full Width at Half Maximum
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Figure 5-7 presents the ID/IG ratio as a function of conversion. It is seen from the
figure that DDC20 soot initially possesses a higher fraction of disordered carbon, in line
with the presented XRD data (Table 5-1). The ID/IG of both soot samples decreases with
conversion. This trend is expected as the oxidation process preferentially removes the
disordered fraction of the soot, and as a consequence, the ID decreases. The most
significant change is observed between 0 and 25% conversion. Close inspection of
Figure 5-7 shows that at this conversion range, the change of ID/IG with respect to
conversion is faster for DDC20 soot than that for the DDC0. Figure 5-8 shows the
reaction time with the corresponding conversion degree for both soot samples. It is
obvious that both samples required about 75 minutes to achieve 25% conversion.
However, DDC20 soot lost considerably higher disordered fraction than the DDC0 soot,
as inferred from Figure 5-7. At 25% conversion, the ID/IG for the DDC0 soot was
reduced by 10%, while it was reduced by 17% for the DDC20 soot. Over the oxidation
range up to 75%, the ID/IG was reduced by 27 and 36% for the DDC0 soot and DDC20
soot, respectively. This result suggests that the disordered fraction of the DDC20 soot, at
least initially, is more accessible to oxygen than that of the DDC0 soot. However, it is a
paradox that the ID/IG for both samples becomes almost identical as the conversion
approached 25% and thereafter, although the oxidative reactivity of both samples are
extremely different, as demonstrated in Figure 4-4. This contradictory trend is opposite
to what one might anticipate. With reference to Figure 4-4, the expected trend would be
to observe continually higher ID/IG for the DDC20 soot and lower ID/IG for the DDC0
soot over the entire oxidation process. In general, the decrease in ID/IG with oxidation
can be accounted for by either:
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1. crystallite

growth

during

oxidation,

which

implies

oxidation-induced

graphitization,
2. elimination of the small crystallites by oxidation, which implies preferential
oxidation of the disordered fraction relative to the less reactive fraction of the
soot, or
3. both processes, graphitization and preferential oxidation, occur simultaneously.
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Figure 5-7: Changes in ID/IG ratio during the oxidation of DDC0 soot and DDC20 soot at
450°C in air. Engine condition: 1600 rpm, 60 lb-ft.
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Figure 5-8: The oxidation time of DDC0 soot and DDC20 soot in air at 450°C as a
function of conversion. Engine condition: 1600 rpm, 60 lb-ft.
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It is well-known that carbon heat-treatment decreases ID/IG because the carbon
structure becomes more graphitic as the amorphous carbon reorganizes itself into
graphite layer planes [157, 158]. Such a process requires temperatures higher than 800°C
[134]. However, there are several studies which showed that gasification resulted in
ordering of the structure. Palotas et al. [58] and Sharma et al. [159] confirmed the
decrease of disordered fraction of coal materials with gasification. Fang and Lance [77]
used the ID/IG ratio to study the impact of DPF regeneration on soot chemistry and
nanostructure. They oxidized diesel soot samples isothermally at different temperatures
for 20 minutes and applied spectroscopy analyses on the residual soot to study the
structural variation with temperature. Their results indicated that diesel soot underwent
gradual transformation into more ordered structures at temperatures higher than 650°C.
Recently, Ivleva et al. [155] used Raman spectroscopy to follow the nanostructural
changes in spark discharge soot and diesel soot upon oxidation by nitrogen oxide and
oxygen in a DPF system at 200 and 300°C. They observed a reduction in the ID/IG for
both samples with oxidation and argued that the structural order and preferential
oxidation occurred simultaneously.

These results support the aforementioned third

possibility that oxidation and graphitization occurs simultaneously. The ID/IG ratios
determined in this work are qualitatively consistent with data reported in the literature.
However, in the recent study by Song [79], Raman spectroscopy and EELS techniques
were used to follow the structural evolution of biodiesel soot and FT soot. To the
contrary, he observed that ID/IG increased for both soot samples with the oxidation. He
attributed these results to the increased fraction of disordered carbon with oxidation (i.e.,
more defects result in more edge site access).
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The soot oxidation in this study took place at a relatively low temperature, 450°C.
The oxidation times to achieve 95% conversion of DDC0 soot and DDC20 soot are 8 and
6 hours, respectively. As pointed out by Fang and Lance [77], prolonged oxidation time
in DPF systems permits soot graphitization. Although the initial values of ID/IG of both
soot samples are indicative of reactivity differences, it is the perspective of the author that
emphasis should not be placed unduly on comparing the absolute values of ID/IG of both
soot samples with oxidation.

Instead, the mechanism by which ID/IG changes with

oxidation should be of primary consideration.

This unexpected trend may point to

different mechanisms being involved in the oxidation process of both samples. It is a
must, therefore, to closely follow the nanostructural changes with oxidation with the aid
of other analytical techniques.
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5.5 Electron Energy Loss Spectroscopy (EELS)

Electron Energy Loss Spectroscopy (EELS) has been widely used in conjunction
with Transmission Electron Microscopy (TEM) to probe the chemical information and
electronic structure in carbonaceous materials with high-spatial resolution [2(16480).
Graphite [160], carbon black [161, 162], and diesel soot [160, 163] have been
characterized successfully with this technique. In EELS, an electron beam of known
energy passes through a thin sample and enters a spectrometer, which measures the
energy lost by the electrons during passage through the sample [88]. In this section,
EELS spectra were acquired for diesel soot generated from the DDC 2.5l turbo-diesel
engine under 0% EGR (DDC0 soot) and 20% EGR (DDC20 soot). The spectra were
taken for unreacted and partially oxidized soot samples.

5.5.1 Soot Initial Nanostructure

Figure 5-9 compares the K-edge core-loss spectra of graphite and carbon black;
from which the structural variations of these materials can be determined by the relative
amounts of π* and σ* bonding.

In both carbon materials, the peak at 284.0 eV

corresponds to the 1s to π* transition and a broader peak between 290 and 305 ev that
corresponds to the K-shell transition to the σ* orbitals. These transitions also occur in
diesel soot samples and form the observed π* and σ* with varied intensities in the coreloss spectra. Spectra with larger integrated intensity ratios Ιπ*/Iσ* ratios indicate more π
bonding and thus structure with more ordered characters [164]. Figure 5-10 compares the
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EELS spectra of DDC0 soot and DDC20 soot. It is seen that these spectra resemble the
features of carbon black. Both soot samples show the distinct π* of graphite; though
broader, but they lack the tall and sharp σ* peak that is observed with graphite. The peak
at 285.0 eV is indicative of aromatically bound carbon (C=C) [163, 165]. This peak is
often referred to as the "graphite peak" [163]. The corresponding σ* peak of the C=C
bond resonance is present at 292 eV and confirms the dominance of the C=C bonds in the
soot samples [163]. In addition, these samples exhibit broad and featureless σ* peaks,
which indicates disordered graphene layers [165].
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Figure 5-9: EELS profiles representative of (a) carbon black, and (b) graphite [162].
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Figure 5-10: EELS profiles of unreacted diesel soot samples: DDC0 and DDC20.
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A sharp excitation peak at 285.0 eV is shown for DDC0 soot. The DDC20 soot
also shows a similar peak but with lower intensity, thus showing smaller C=C bonding,
and indicating a less graphitic nature than the DDC0 soot. The quantitative analyses of
the spectra illustrated in Figure 5-10 shows that the mean values of Ιπ*/Iσ* are
0.654±0.054 and 0.569±0.044 for the DDC0 soot and DDC20 soot, respectively. The
initial values of the Ιπ*/Iσ* for DDC0 and DDC20 are significantly different. It can be
inferred that EGR increases the extent of disorder, as the π* peak at 285.0 eV is more
pronounced in the DDC0 spectra than in the DDC20 spectra. The results here reveal the
influence of EGR on the soot initial nanostructure and are in agreement with the XRD
and RS data obtained previously, which confirmed that EGR reduces the ordered
arrangement of the carbon atoms as a result of its combined thermal, dilution, and
chemical effects.
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5.5.2 Electron Energy Loss Spectroscopy of Partially Oxidized Diesel Soot

Figure 5-11 shows the K-edge EELS spectra of the DDC0 soot sample and their
variations with the oxidation process. For each conversion level, EELS spectra were
obtained for several different primary particles within randomly selected aggregates.
Qualitatively, the EELS spectra reveal that nanostructural changes induced by the
oxidation process are associated with significant variations of the carbon K-edge. All
spectra exhibit the peak at 285.0 eV corresponding to the 1s to π* transition and a
broadened peak between 290 and 305 eV that corresponds to the K transitions to the σ*
orbitals. The positions of the peaks are almost coincident. It is seen that the strength of
the π* feature increases and becomes slightly more intense with the oxidation process.
Quantitatively, the average Ιπ*/Iσ* values at each conversion level are shown on Figure 511. These values range 0.654±0.04 to 0.786±0.063. It is seen that Ιπ*/Iσ* increases with

oxidation implying that a graphitization process occurs concurrently with the oxidation
progression. As a result, the population of unpaired π electrons that have affinity to form
bonds with the chemisorbed oxygen decreased significantly. Qualitative inspection of the
spectra provides further support for the transformation to more ordered structure. It is
obvious that the spectra shape changes remarkably at conversion levels of 50 and 75%.
A tall and well-developed σ* peak appears in the spectra of the 50 and 75% oxidized
soots (as indicated by arrows in Figure 5-11). At 75% oxidation, this peak became more
intense indicating severe ordering processes occurred. The feature of the σ* peak at
higher conversion level is similar to that of graphite, as illustrated in Figure 5-9b.
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Figure 5-11: The variations of EELS spectra with oxidation for the DDC0 soot. The
development of tall and well-developed σ* peak appears in the spectra of the 50 and 75%
oxidized soot. X: indicates the conversion level.
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Figure 5-12 shows the EELS spectra of the DDC20 soot and their variations with
the oxidation process. It was shown for DDC0 soot that there are a range of variations in

Ιπ*/Iσ* with oxidation. For the DDC20 soot, four distinct features are observed. First, the
range of Ιπ*/Iσ* is narrower than that for DDC0 soot. Hence, the Ιπ*/Iσ* values for the
DDC0 soot extend beyond the range for DDC20 soot. Second, the range of variations in

Ιπ*/Iσ* with conversion is not significant, which indicates that structural ordering does not
occur as a result of oxidation and further confirming that DDC20 soot is not as wellordered as the DDC0 soot. Furthermore, this result indicates that even at high conversion
level, DDC20 soot still has a high affinity to form bonds with chemisorbed oxygen.
Third, and opposite to DDC0 soot spectra, the spectra shapes are invariant with oxidation.
Finally, the distinct σ* peak feature that appears in the DDC0 soot spectra at high
conversion level is missing for the DDC20 soot. If notable graphitization took place, this
would be translated, quantitatively, into EELS spectra as an increase of the integrated
intensity of π* edge with respect to the σ* edge; and qualitatively into the appearance of a
sharp and distinct σ* peak. It is also observed that the spectra shifted slightly toward
higher energy as oxidation proceeded.

This slight shift is usually attributed to

experimental error associated with the fluctuation of the origin of the voltage axis during
the EELS measurement [166].
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Figure 5-12: The variations of EELS spectra with oxidation for the DDC20 soot. The
spectra shapes are invariant with oxidation. The distinct σ* peak feature that appears in the
DDC0 soot spectra at high conversion level is missing for the DDC20 soot. X: indicates
the conversion level.
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5.5.3 Additional Information from EELS Spectra

Interesting and additional information that can be extracted from the EELS
spectra is the presence of a shoulder between 286 and 288 eV in the spectra of the DDC0
soot. This shoulder is barely visible in the spectra of the DDC20 soot. [161] discussed
the origin of the shoulder and several possibilities may account for its occurrence. One
possibility could be the presence of C≡C- group in the sample. The C≡C- triple bonds
are easy to identify with the characteristic stretching vibrations of ≡C-H and C≡C groups
in the infra red (IR) spectra [161].

However, these vibrations are only found in

carbonaceous samples with high hydrogen content [161]. As discussed in Section 5-1,
DDC0 and DDC20 soot samples are expected to have low and comparable hydrogen
content. In addition, at advanced oxidation stage, hydrogen atoms must have been
removed and must have left nascent active sites. Thus, this possibility can be discounted.
The second possibility is the presence of C═O- groups in the sample [161]. It is well
known that, during a large portion of the oxidation process, there is a build-up of surface
oxygen, and thus presumably of C=O functionality.

It is arguable that oxygen

functionalities are reaction intermediates and would add to soot reactivity by enhancing
soot oxidation. Such an argument is not valid for stable oxygen groups which may block
the active sites and hinder the oxidation process, especially at low temperatures [113]. In
fact, attempts have been made in this study to measure the O/C of soot as a function of
conversion level using the EELS technique. The results obtained showed weak oxygen
signal at 532 eV on EELS spectra. It was concluded that oxygen did not appear in
appreciable amounts on the soot surface even at an advanced stage of oxidation. This

124
finding agrees with XPS results that showed that the unreacted DDC0 soot and DDC20
soot have low and comparable oxygen content. The third possibility of the appearance of
the shoulder is the presence of bent graphene structures [161].

Jager et al. [161]

discussed that carbon nanotubes with strong curvature led to a broadening of the 1s-π*
transition and yielded less steep slope to the 1s-σ* band. In either of the aforementioned
possibilities, the clear appearance of this shoulder only in the DDC0 soot spectra warrants
further investigation and it is recommended as future work to elucidate an explanation for
its presence in the DDC0 soot spectra.
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5.6 Summary of EELS Analyses

The variation in the degree of the nanostructural order, Ιπ*/Iσ*, between the DDC0
and DDC20 soot samples is large, which implies that there is an intrinsic dissimilarity in
the nanostructure of the two samples. It is obvious that the DDC20 soot has larger
defects than the DDC0 soot, as indicated by lower Ιπ*/Iσ* value. The Ιπ*/Iσ* increased
appreciably with oxidation progression for the DDC0 samples but only mildly increased
for the DDC20 soot sample. This indicates that the DDC0 sample is more vulnerable
towards graphitization than the DDC20 sample.

To this point, the Raman spectroscopy and EELS analyses are consistent only for
the DDC0 soot sample. It is apparent that the DDC0 soot underwent graphitization as
oxidation proceeded.

On the other hand, the Raman spectroscopy and EELS are

inconsistent and do not provide a firm conclusion about the nanostructural changes of the
DDC20 with oxidation. While Raman spectroscopy shows a decrease in the ID/IG ratio,
EELS spectra indicate that the oxidation has almost no effect on the structure of DDC20
soot. It should be mentioned that in the Raman spectroscopy technique, the laser spot
covered an area of about 3.0 μm2 (laser beam diameter ~2μm), while in EELS technique,
the spectra were acquired from primary particles and the electron beam (diameter 0.5 nm)
covered a very small and localized area of about 0.20 nm2. Thus, it can only be surmised
that because most of the disordered fraction is missing by oxidation, the ID/IG, obtained
by the Raman spectroscopy technique, decreased for the DDC20 soot. In EELS, the
slight increase in Ιπ*/Iσ* is not ascribed to the missing disordered fraction, but to possible
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mild ordering processes.

Therefore, further investigation to interpret this apparent

discrepancy is necessary. In the following section, visual inspections of the DDC0 soot
and DDC20 soot samples, unreacted and partially oxidized, will be analyzed by TEM and
HRTEM techniques to aid in interpretation of these results.

5.7 Visual Inspection of the Evolution of Soot Morphology and Nanostructure
with Oxidation

5.7.1 Morphological Evolution of Diesel Soot with Oxidation

Next, the effort to further understand the oxidation mechanism of the DDC0 soot
and DDC20 soot is directed to the visual inspection of soot nanostructure during the
oxidation process. It is well-known that changing engine conditions results in aggregates
with different sizes and shapes [59, 60]. For example, chain-like aggregates with larger
primary particles result from low engine load conditions, while aggregates with compact
shapes and smaller primary particles result from high engine load conditions. Soot
generated under low engine load conditions was found to be more oxidatively reactive
than soot generated under high engine load conditions [15, 70, 167].

Figure 5-13 shows TEM images of diesel soot generated from the 2.5L DDC
Diesel engine under normal (0% EGR) and 20% EGR. Both soot samples take the shape
of aggregates which are composed of a number of near-spherical primary particles. The
soot particles were not sampled directly from the raw exhaust of the engine. They were
collected on a Teflon filter then ultrasonically dispersed in ethanol. A drop of the
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solution was then transferred to the TEM grid. It should be mentioned that the ultrasonic
dispersion process alters the physical structure of the soot aggregates. For instance, the
aggregates can be broken into sub-aggregates but the fused primary particles remain
united. Therefore, characterizing soot aggregates in terms of fractal dimension or radius
of gyration is meaningless. The overall objective of this task is to gain information about
the contraction rate of the primary particles (dp) with the oxidation process.
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(a)

(b)
Figure 5-13: TEM images of (a) DDC0 soot, and (b) DDC20 soot.
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Measuring the primary particles of the soot was done using the Gatan
DigitalMicrograph Software provided by Gatan Inc. [90]. The primary particle diameter
was estimated by measuring the average diameter of more than 70 primary particles
randomly selected from over 20 aggregates.

Only primary particles with distinct

boundaries were measured. This method was applied systematically for all soot samples
to understand the impact of the oxidation progression upon soot primary particles
diameter.

In Table 5-5, the extent of diameter reduction is presented at various stages of
oxidation.

Figure 5-14 shows the variation of the primary particle diameter with

oxidation. Also shown in Figure 5-14 are the theoretical models for constant diameter
burning and constant density burning (or external/shrinking burning), which is defined as:

1
d(X )
= (1 − X ) 3
d0

Equation 5.2

where d0, d(X), and X are the initial particle diameter, particle diameter at a given
conversion level, and conversion level, respectively. In addition, the data obtained by
Ishiguro [32] for the external burning of diesel soot is plotted for comparison with the
data from the present study. Ishiguro’s data was fitted with good accuracy by the
following equation [11]:
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1
d(X )
= (1 − X ) 6
d0

Equation 5.3

Table 5-5: Extent of diameter reduction during oxidation of DDC0 soot and DDC20
soot.
Conversion (X)

(d/d0) DDC0

(d/d0) DDC20

0.0

1.0

1.0

0.25

0.974

0.976

0.5

0.895

0.891

0.75

0.764

0.858

It is seen from Figure 5-14 that up to 50% conversion level of the primary
particles lie in the region of constant density burning. That means, within this oxidation
window, the primary particles seem to exhibit external (or surface) burning.

It is

interesting to notice that the d/d0 lies above the theoretical curve represented by
Equation 5.2 and conforms to the values obtained by Ishiguro [32]. In addition, no
noticeable difference between the diameters of the primary particles of DDC0 soot and
DDC20 soot can be identified up to 50% conversion level. However, at advanced
conversion level, the primary particles of the soot generated under 0% EGR (DDC0)
continue following the surface burning profile, while the primary particle of the soot
generated under 20% EGR (DDC20) deviate from this profile and shift towards constant
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diameter (or internal burning) mode. These results agree with the recent observation by
Song [79] who examined the burning behaviors of the Fisher-Tropsch (FT) soot and
biodiesel soot (B100). His results confirmed that the FT soot followed the external
burning mode during the entire course of oxidation but the biodiesel soot deviated from
surface burning to internal burning after 40% oxidation.

1
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Ishiguro data [32]
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Figure 5-14: Extent of diameter reduction during the oxidation of DDC0 soot and
DDC20 soot. Also shown in the figure is the data reported by Ishiguro [32] for similar
diesel soot and similar conversion level.
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It is of interest to compare the mass-based burning rates derived from the TGA
experiments in Chapter 4 with those deduced from the shrinking sphere model (or
constant density model), Equation 5.2. The reaction rate based on the shrinking sphere
model can be expressed as [17]:

−

dm ρ
= ( r0 − rt ) At
dt
t

Equation 5.4

where ρ is soot density, At is the instantaneous particle surface area, r0-rt is the change in
primary particle diameter from its initial value of r0 to rt

during time t.

The

instantaneous particle surface area can be determined by Equation 5.5 assuming a
spherical particle [168]:
At =

6
dt ρ

Equation 5.5

where dt is the instantaneous primary particle diameter. Combining Equation 5.4 and
Equation 5.5 yields a reaction rate in the form of:

−

dm 6 ( r0 − rt )
=
dt t dt

Equation 5.6
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The initial primary particle diameter (d0) was estimated to be 30 nm for the DDC0
soot and DDC20 soot. This diameter is the average of 70 primary particles and is a
typical diameter of diesel soot primary particles. Figure 5-15 compares the specific
reaction rates derived from the TGA experiment (mass-based) with those calculated from
Equation 5.6 (constant density model).

Figure 5-15a shows that the reaction rates

deduced from both methods increases monotonically with conversion.

This result

confirms that the DDC0 soot follows the external surface burning mode over the entire
oxidation process. On the contrary, as shown in Figure 5-15b, the DDC20 soot follows
the external surface burning mode up to 50% conversion. Beyond this conversion level,
the reaction rate decreased abruptly. This drop in the reaction rate is not real but
indicates a transition from one burning mode to another. In other words, internal burning
becomes the dominant process of the DDC20 soot.

134

0.00012

Specific reaction rate (R

sp

), (1 / s)

( a)
0.0001
8 10

-5

6 10

-5

4 10

-5

2 10

-5

mass-based rate constant
constant density (shrinknig) model

0

0

0.2

0.4

0.6

0.8

Oxidation degree (X)

0.0002

0.00015

mass-based rate constant
constant density (shrinknig) model

Specific reaction rate (R

sp

), (1 / s)

( b)

0.0001

5 10

-5

transition to internal burning

0

0

0.2

0.4

0.6

0.8

Oxidation degree (X)

Figure 5-15: The specific rate of soot oxidation on the mass-based measurements (TGA)
and constant density model (a) DDC0 soot, and (b) DDC20 soot oxidation.
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Figure 5-16 shows TEM images of the DDC0 soot and the DDC20 soot. The
images provide additional support regarding the burning behaviors of the DDC0 soot and
DDC20 soot. The images were taken for 75% partially oxidized soot at a magnification
of 35x. There is a distinct difference between the structure of the primary particles.
Close inspection of the interior of the primary particles shows that the DDC0 primary
particles are dense with no evidence of internal burning. On the contrary, the DDC20
primary particles show hollow interiors with thicker boundaries. Further discussion
about this observation is provided in a subsequent section.
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(a)

(b)
Figure 5-16: Figure 16. (a) Morphology of DDC0 soot with 75% oxidation. The soot
exhibits strictly external burning. (b) Morphology of DDC20 soot with 75% oxidation.
The internal burning is evident.
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5.7.2 Nanostructural Evolution of Diesel Soot with Oxidation

High resolution transmission electron microscopy (HRTEM) is considered as one
of the most powerful, though complementary, techniques for understanding material
structures at atomic scales. Many studies have applied HRTEM to characterize the
structure of diesel soot [16, 69, 169, 170] and to follow the structural variation with
oxidation [32, 76, 79]. HRTEM is used in this study to differentiate the nanostructure of
the DDC0 soot and the DDC20 soot, and most importantly to follow the nanostructural
changes with oxidation progression. The HRTEM images were taken for unreacted soot
and 25, 50, and 75% partially oxidized soot.

Figure 5-17 shows HRTEM images of the unreacted DDC0 and DDC20 soot
samples. No distinct differences can be identified between the nanostructure of both soot
samples. As a general observation, the outermost of the particles exhibit crystallites with
discernable length and some stacking order between adjacent crystallites, while nearer to
the particle centers, more random crystallite orientation prevails. Vander Wal [48, 49]
used a rigorous computer algorithm to quantify the key parameters of the HRTEM
images such as the crystallite width (La), which is referred to as the fringe length, the
interlayer spacing (d002), and fringe tortuosity. Differences in these parameters between
the two primary particles shown in Figure 5-17 are hard to observe with just visual
inspection. Nevertheless, these parameters, viz. d002, La, and tortuosity, in the DDC0 soot
and DDC20 soot are anticipated to be different. The primary particles of both samples do
not represent a graphite nanostructure, nor do they represent an amorphous structure.
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They appear to possess nuclei and small randomly oriented graphene sheets in the interior
of the particles. The outermost of the particles exhibit fairly organized graphene sheets
with different lengths. This structure is known as a turbostratic structure [171]. The
outermost sheets are not perfectly flat and they exhibit tortuosity (or wavy structure).
The existence of the wavy structure in the layer plane may be attributed to lattice defects
and/or the existence of non 6-member ring structures such as the 5- or 7-member rings
[34].
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(a)

(b)
Figure 5-17: The HRTEM of (a) DDC0 soot, (b) DDC20 soot. Both primary particles
possess a turbostratic structure but no distinct differences between the nanostructure of
both primary particles is identified.
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Figure 5-18 shows the HRTEM images representing the oxidation sequences of
the DDC0 soot. The corresponding averaged diameter of the primary particles is shown
at each conversion level. As shown in the figure, no distinct nanostructural differences
are observed between the primary particles during the oxidation process. However, the
oxidation process results in a systematic decrease in particle diameter. It is apparent that
the reaction occurs uniformly and preferentially in the vicinity of the external surface.
This oxidation mode suggests that the external area increase on oxidation is proportional
to the decrease in particle diameter [172]. Figure 5-15 provides supportive evidence for
this last statement. Such a reaction mechanism has been observed in many studies [32,
76, 79, 173].
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unreacted soot (dp = 30 nm)

25% partially oxidized soot (dp = 29.22 nm)

50% partially oxidized soot (dp = 26.85 nm)

75% partially oxidized soot (dp = 22.92 nm)

Figure 5-18: Sequence of the DDC0 soot oxidation showing strictly external surface burning
with no evidence of inner most nanostructural changes. It is apparent that the primary particles
retain their solid structure.
Figure 5-19 shows the HRTEM images from the oxidation sequence of the
DDC20 soot. The corresponding averaged diameter of the primary particles is shown at
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each conversion level. There is a slight decrease in particle diameter between 0 and 25%
oxidation. This diameter regression is comparable to that observed for the DDC0 soot at
the same conversion level. As shown in Figure 5-19, the internal burning starts early
during the course of oxidation, (ca. 25%), and is accompanied by particle diameter
reduction. This result implies that the oxidation mechanism of the DDC0 soot and
DDC20 soot primary particles is different even during the early stage of oxidation. It is
obvious from the figure that the most significant change in soot nanostructure is observed
at 50% conversion level. Of particular interest is that while the DDC0 soot and DDC20
soot originally did not show distinct nanostructural differences, 25% oxidation led to
development of hollow shells for the DDC20 soot. That is, the DDC20 soot particle
burns from the inside out. Figure 5-20 shows the internal burning of multiple primary
particles within soot aggregate. This is definitive evidence of the transition from external
burning to internal burning. According to Stanmore [11], whose conclusions were based
on an extensive study by Essenhigh [174], the rate of carbon removal from the particle
interior is 10 times that on the exterior [11].
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unreacted soot (dp = 30 nm)

25% partially oxidized soot (dp = 29.28 nm)

50% partially oxidized soot (dp = 26.73 nm)

75% partially oxidized soot (dp = 25.74 nm)

Figure 5-19: Sequence of the DDC20 soot oxidation showing internal burning. The internal
burning onset is evidence at 25% oxidation. Arrows in the figure point to internal burning
regions within the primary particles. Highly curved structure at the perimeter of the primary
particles is obvious at 75% oxidation.
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Figure 5-20: Internal burning of multiple primary particles within an aggregate of the
DDC20 soot. Oxidation degree (X) is 75%.

In addition to the transition to internal burning for the DDC20 soot, a slight
change in particle diameter with conversion is also observed. This implies that the
DDC20 soot possesses dual burning modes, but with internal burning dominating the
entire process at oxidation levels of 25% and thereafter. Such a burning mechanism
transition is not evident for the DDC0 soot which retains its solid structure and continues
to burn externally. The ability of the diesel soot to undergo internal burning may be
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attributed to porosity development to facilitate internal burning [172, 175]. Smith and
Polley [172] oxidized standard carbon black in air at relatively low temperatures (300650°C). They observed a six-fold increase in area and porosity development without
appreciable reduction in particle diameter. This may explain why the DDC20 soot at
25% oxidation did not show significant change in diameter. The oxidative attack in the
external surface of the primary particles, as in the DDC0 oxidation, does not result in
development of porosity but only in reduction in particle size [175].
developed, internal burning becomes the dominant burning mode.

Once porosity
To support this

speculation, as discussed in Chapter 4, there is a significant increase in the surface area
and total pore volume of ethylene soot when CO2 was added to the oxidizer stream.
Thus, though not measured, it is anticipated here that the DDC20 soot has higher surface
area and higher total pore volume than that of the DDC0 soot. It is also of great interest
to observe the development of highly curved structures at the perimeter of the DDC20
primary particles. Such a structure is distinct at the advanced stage of oxidation as shown
in Figure 5-19 for the 75% partially oxidized particle. This curved structure adds to soot
reactivity by imposing bond strain. Therein, the C-C bonds are weakened and the carbon
atoms become more prone to oxidative attack [34].

146
5.8 The Impact of Soot Burning Modes upon Raman Spectra and EELS Data

The observation of the burning modes of the DDC0 soot and DDC20 soot now
provides an explanation for the observed similarity of the absolute values of the ID/IG
determined by the Raman spectroscopy. With reference to Figure 5-7, the decrease of
ID/IG in the case of the DDC0 soot is a sequence of the slow preferential oxidative attack
of the disordered fraction at the particle surface. This process results in decreasing the Dband of the Raman spectra. Concurrent with the preferential oxidation of disordered
carbon of the DDC0 soot is the graphitization of the residual carbon. This process results
in an increase in the G-band of the Raman spectra. This latter argument was supported
by the EELS data in Figure 5-11, which showed that at higher conversion level there is an
increase in the Ιπ*/Iσ* ratio indicating nanostructural transformation towards more ordered
structure. Thus, the decrease in the D-band, which is accompanied by an increase in the
G-band, results in a decrease in ID/IG ratio. On the other hand, the decrease of the ID/IG
ratio in the case of the DDC20 is attributable predominantly to the abrupt decrease in the
disordered fraction of the DDC20 soot. This preferential mass loss results in a decrease
in the D-band of the Raman spectra. Figure 5-12 provides evidence in support of this
argument as no appreciable increase in the Ιπ*/Iσ* ratio is observed.

It is well-known that the graphitization process promotes the growth of the
crystallite width (La) [20, 176]. As La increases, the ratio of the active edge sites to basal
plane sites decreases, which results in a loss of reactivity.

Radical creation is a

prerequisite for the crystallite to grow by bonding to the adjacent crystallite [177].
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However, the low temperature oxidation used in this study (450°C), presumably, does not
provide the activation energy for permitting the graphene layers to grow. Yet, the
removal of the cross-links permits the crystallites to realign themselves to energetically
more favorable orientations. This can be examined by measuring the variation of the
interlayer spacing (d002) with oxidation. Figure 5-21 shows the variation of the localized
d002 with oxidation, as measured from the HRTEM images using the Gatan
DigitalMicrograph Software [90]. The d002 was measured only in the vicinity of the
perimeter of the primary particles.
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Figure 5-21: The interlayer spacing (d002) as a function of conversion (X) as determined
from the HRTEM images.

It is obvious that the d002 measured from the HRTEM images is significantly
different from the values obtained from the XRD. One reason for this discrepancy is that
the XRD method provides the average value of the d002 while the image method provides
the localized values. Another factor that may also play a role in this discrepancy is of
course the accuracy of the applied measurement. Despite this discrepancy, it is apparent
that the d002 of the DDC20 is larger than that of the DDC0. This result conforms to the
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reactivity observation. Most importantly, the d002 becomes narrower with oxidation
progression in the case of the DDC0 soot, whereas the d002 is almost constant over the
entire range of oxidation for the DDC20 soot. As the graphene sheets reach more
compact stacking arrangements, they act as barriers to oxygen penetration. A possible
explanation of the decreased d002 of the DDC0 soot, in addition to the removal of crosslinks, is that the time required for the oxidation process of the DDC0 soot is much longer
than that for the DDC20 soot. In other words, a large fraction of the DDC0 soot
underwent a prolonged oxidation process, while the DDC20 lost a considerable fraction
of disordered carbon by internal burning. This result, therefore, can explain the observed
increase in the Ιπ*/Iσ* ratio of the DDC0 soot.
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5.9 The Role of the Exhaust Gas Recirculation in the Oxidative Reactivity of
Diesel Soot

The results presented so far show that the impact of EGR upon soot reactivity is
significant. The XRD data, Raman spectra, and EELS analysis confirm that the initial
physical properties of soot generated under the EGR condition are significantly different
from those generated under non-EGR condition.

As discussed in Chapter 4, the three effects of CO2 (thermal, dilution, and
chemical) served to enhance the reactivity of the ethylene soot. It was shown that the
thermal effect is the most important factor governing the reactivity. In the case of the
EGR, the thermal effect appears to be the major factor governing the diesel soot
reactivity. Figure 5-22 shows that when EGR is introduced into the engine intake, the
CO2 concentration increases (chemical effect) while the O2 decreases (dilution effect).
The thermal effect of the EGR stems from its high heat capacity. The EGR rate used in
the current study was 20 vol. %. The corresponding increase in the intake CO2 is about
1.70 %vol., while the intake O2 was reduced from 20.55 to 18.3 vol.%. Under this
condition, it can be assumed that the chemical effect of the EGR is minor. To test this
speculation, the following engine tests were carried out. The engine tests were conducted
at an engine speed of 1500 rpm and torque of 50 lb.ft, which is a representative of a road
load vehicle driving condition. Detailed operating parameters are listed in Table 5-6. The
intake CO2 concentration is 1.76% during the intake CO2 addition test, which
corresponds to the same amount of CO2 concentration as for an EGR rate of 26%. Soot
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samples were collected for each condition. The soot samples subsequently were oxidized
isothermally in air in a TGA following the procedure described in Chapter 3.
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Figure 5-22: The Impact of EGR addition on the composition of engine intake charge.
The EGR increases the concentration of the CO2 while displacing a fraction of O2.
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Table 5-6: Engine operating conditions used to test the chemical effect of EGR.
Engine Speed

1500 rpm

Engine Torque

50 lb-ft.

Start of Pilot Injection (ºBTDC)

31

Start of Main Injection(ºBTDC)

-3

Intake Gas Temperature (ºC)

Exhaust Temperature (ºC)

0% EGR

37.5

CO2 Addition

35.6

EGR

78.2

0% EGR

215.2

CO2 Addition

212.3

EGR

241.4

As clearly seen from Figure 5-23, the addition of 1.76% has an insignificant
impact upon soot reactivity compared to the EGR addition. Furthermore, Figure 5-24
shows that the addition of CO2 into the intake charge slightly decreased the intake oxygen
concentration compared to the EGR condition, which indicates that the dilution effect is
not significant under this condition. The conclusion drawn from these experiments is that
the chemical effect of the EGR upon soot reactivity is negligible compared to the thermal
and dilution effects.
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Figure 5-23: The impact of CO2 and EGR addition on the oxidative reactivity of Diesel
soot. The CO2 concentration matches that in the EGR.
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Figure 5-24: Intake oxygen concentrations under 0% EGR (baseline test), 1.76% CO2,
and 26% EGR.

As mentioned earlier, when 26% EGR was introduced into the engine intake, the
oxygen concentration decreased from 20.55 to 18.33%.

This reduction in O2

concentration implies that the dilution effect upon soot reactivity cannot be negligible.
As demonstrated in Chapter 4, reducing the oxygen concentration in the diffusion flame
oxidizer delays the formation of soot precursors and shortens the residence time of soot
formation. In an analogous manner, reduction in intake charge oxygen concentration of
diesel engines results in an increase in flame lift-off length, which is defined as the
distance from the injector tip to the location of flame stabilization [178]. Many studies
showed that the flame lift-off length is inversely proportional to the intake oxygen
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concentration [178-181].

The increase in the flame lift-off length alters the soot

formation process and lessens the soot formation. It is apparent that the soot inception
zone in diesel engines is directly proportional to the flame lift-off length. Figure 5-25 is a
schematic of a DI diesel jet during the quasi-steady period of combustion showing the
lift-off length [182]. Figure 5-26 shows the impact of oxygen reduction on the lift-off
location as derived from the OH chemiluminescence images [183]. It is obvious from
these images that the lift-off length increased with decreasing the O2 concentration, as a
sequence, soot formation will be retarded.

Figure 5-25: A schematic of a DI diesel jet during the quasi-steady period of combustion
[182].
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Figure 5-26: The relationship between oxygen concentration and flame lift-off length
[183].

The thermal effect of the EGR, which stems from its high heat capacity, results in
lowering the flame temperature. It is well-known that NOx emissions are significantly
reduced by EGR addition due to its thermal effect. However, a trade-off between NOx
and particulate emissions is always observed under normal engine conditions. Despite
the increased soot formation rate with EGR addition, the resulting soot possesses high
reactivity as shown in this study. The internal burning exhibited by the soot generated
under the EGR condition clarifies unambiguously that the oxidation process
preferentially removes the central amorphous carbon relative to the perimeter carbon.
Hurt et al. [30] identified two necessary conditions for mature soot to develop. These
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conditions are high temperature and large molecular weight soot precursors. Figure 5-27
shows that the disordered fraction of the soot particles decreases as the temperature
increases. The increase in temperature, in turn, results in soot precursors with higher
molecular weight. In light of this picture, EGR prevents the conditions that would lead to
soot maturation since it decreases combustion temperature. As a result, immature soot
develops. It has been shown that the core of the primary particles is composed of small
PAH molecules [27, 28, 47, 184]. These molecules serve as nucleation sites for surface
growth via C2 addition to ensue [27, 35, 50].

The end result is primary particle

possessing a disordered fraction in the interior and graphitic-like structure in the outer
perimeter [27, 184]. Thus, reactive and immature soot formed. This scenario is in line
with the EGR thermal effect explanation because the soot primary particles formed under
the EGR condition possess a highly reactive central disordered fraction while the
perimeter is less reactive, as proved by the internal burning mode.

Furthermore,

according to Dobbins et al. [45], the time required for 90% carbonization of soot
precursor materials is given by

tc =

2.303
⎛ E ⎞
exp ⎜
⎟
A
⎝ RT ⎠

Equation 5.7

where tc is the characteristics carbonization time, A and E are the pre-exponential
factor and activation energy of the carbonization rate, respectively. For characteristic
temperatures in the soot-containing region in the engine, ca. 2000 K, Equation 5.7 gives
the carbonization time equal to 1.2 ms. In other words, soot precursors are 90 %
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converted to carbonaceous soot within 1.2 ms at a combustion temperature of 2000K.
This time is significantly less than the typical time period for the combustion process in
an IC engine (ca. 2.0 ms). In light of this analysis, lower temperature induced by the
EGR prevents the occurrence of full carbonization within the interval of active
combustion in the engine. For example, if 20% EGR reduced the temperature from
2000K to 1800K, the carbonization time would be 2.5 ms, higher than the IC combustion
time. Thus, less carbonized and more oxidatively reactive soot will be formed.

Figure 5-27: Different growth species and temperature-enabled growth result in soot with more
structural order[30].
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5.10 Summary

Even though the soot oxidation rate in this study appears to be independent of
initial nanostructure, the degree of internal burning exerts a strong influence on the
oxidation rate. A radically different mode of oxidative attack is seen between the DDC0
soot and DDC20 soot. It is evident now that the DDC0 soot underwent a slow surface
oxidation process due to its less disordered fraction compared to the DDC20 soot.
Presumably, the graphene layers of the DDC0 soot are more ordered so that they resist
oxidation at 450°C. The DDC0 exhibits strictly external burning by the dissociation of
the carbon atoms from the edges of the layer planes of the crystallites and does not show
any change in the interior of the primary particles, following solely a surface burning
process. On the other hand, the interior of the primary particles of the DDC20 soot are
oxidized in preference to the peripheral carbon. This preferential oxidation of the interior
carbon infers that the core of the primary particles consist of a disordered fraction with
high concentration of active sites, which favor oxygen attack. For this internal burning
mode to occur, the oxygen must have access via pores to the interior of the particles.
This internal burning, therefore, explains the higher reactivity of DDC20 soot over the
DDC0 soot.

Chapter 6
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1 Conclusions

This research is concerned with understanding the impact of the exhaust gas
recirculation (EGR) upon the oxidative reactivity of diesel soot. Diesel soot generated
under 20% EGR possesses high oxidative reactivity compared to that produced without
EGR. EGR exerts a strong influence on soot nanostructural properties. The addition of
EGR has no effect on the H/C or O/C ratios of the soot.

Thermokinetic analyses showed that the activation energy of soot oxidation is
independent of soot origin or formation condition. In other words, the rate determining
step is not affected by the addition of CO2 or EGR. The observed increase in soot
reactivity is attributable solely to the increase in the active sites of the soot which appear
implicitly in the pre-exponential factor.

Having a greater number of active sites

facilitates oxygen chemisorption on the soot surface, and thus enhances the oxidative
reactivity.

Flame studies under CO2 condition revealed that the thermal effect of the CO2 is
the most important factor governing the soot reactivity, followed by the dilution effect.
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An engine study confirmed the importance of the thermal and dilution effects of the EGR
upon soot reactivity and ruled out the possible chemical effect.
The XRD experiments showed that the interlayer spacing (d002) increased,
crystallite width (La) and crystallite height (Lc) decreased with the EGR addition. These
changes in soot physical properties conform to the reactivity trend.

Raman spectroscopy results are consistent with the XRD results.

With the

addition of the EGR, the resulting soot possesses a high degree of disorder as revealed by
the reactivity parameter ID/IG. This parameter decreased with the oxidation progression
for both soot samples produced under 0 and 20% EGR. For soot generated under 0%
EGR, the decrease in the ID/IG is attributed to the loss of the disordered fraction as well as
to soot graphitization that occurred simultaneously with oxidation.

For the soot

generated with 20% EGR, the decrease in the ID/IG is attributed solely to fast mass loss of
the disordered fraction of the soot.

Electron energy loss spectroscopy (EELS) spectra showed that the Iπ / Iσ is higher
for the soot produced under 0% EGR than that generated under 20 % EGR. This result
implies that soot generated under EGR addition is more oxidatively reactive than that
generated under no EGR. With the oxidation progression, Iπ / Iσ of the soot produced
under no EGR increased, while mild increase was observed in the case of soot generated
under 20% EGR. These results, therefore, confirmed that nanostructural ordering took
place during oxidation of the soot that was produced without EGR addition.
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The nanostructural key parameters that were altered as a result of EGR addition
are summarized in Table 6-1.
Table 6-1: Impact of EGR addition upon soot nanostructural parameters.
Nanostructural Parameter
d002
Lc
La

Impact of 20% EGR Addition

Reactivity

↑
↓
↓

↑
↑

c

ASAi
ID / I G
I π / Iσ

↑
↑
↓

↑
↑
↑

HRTEM images showed a dramatic difference in the burning modes of the soot
generated under 0 and 20% EGR. The soot produced under 0% EGR strictly followed
the external burning mode with no evidence of internal burning.

In contrast, soot

generated under 20% EGR exhibited dual burning modes: slow external burning and
dominant internal burning. Analysis of the HRTEM images suggested that the increase
in the Iπ / Iσ of the EELS spectra is due to the decrease in the d002 with the oxidation.
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6.2 Recommendations for Future Work
1. Developing of a Strategy to Collect Appreciable Amounts of Exhaust
Engine Soot

Understanding soot oxidative properties in great deals necessitates
developing a strategy to collect soot in appreciable amounts. Following the
nanostructural changes with the oxidation process is of great interest to gain
knowledge regarding soot oxidation behavior. Although this task can be
accomplished through the use of Raman spectroscopy and EELS techniques,
XRD remains one of the most useful techniques for such study. The XRD can
provide information about soot nanostructural changes with oxidation but on a
bulk-basis. Examining the oxidation effect on other physical properties such
as the surface area and porosity also requires significant amounts of soot
samples. Knowledge about the variation of these properties with the oxidation
process is an important output to establish the soot reactivity-properties
relationship. It is also recommended to re-evaluate the impact of EGR on the
H/C ratio of diesel soot. This measurement could not have been performed in
this study because of soot sample limitations.

2. Evaluating the DPF Regenerability under EGR Conditions

The oxidative behavior of diesel soot in this work was studied in a TGA
apparatus. The relevance of the TGA oxidation experiments to actual DPF
regeneration process was justified by several authors [79, 185]. However,
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conducting DPF regeneration experiments in actual DPF and under engine
practical conditions (with and without EGR) is more meaningful as these
experiments provide better quantitative information about the DPF
regeneration process and performance. For example, the interaction between
residual soot (left after a regeneration cycle) and the filter substrate can be
examined.

3. Studying the Impact of Extended Levels of EGR upon Soot Properties
and Reactivity

This study was carried out under fixed EGR levels (0 and 20%). Varying
the EGR levels from no EGR to beyond the conventional levels used in
practical applications will extend our knowledge about the EGR impact upon
soot properties and reactivity. With the arrival of the new advanced 2.8L
diesel engine in our laboratory, it will be possible to achieve efficient low
temperature combustion (ELTC). Such a combustion regime can be entered
by applying high levels of EGR and using injection strategies to recover the
engine performance.

Characterizing soot under this non-conventional

combustion regime would be a great contribution to the engine research and
emissions community.
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4. Studying the Impact of Engine Operation Parameters upon Soot
Properties and Reactivity

During the generation of the soot under no EGR and 20 % EGR, the key
engine parameters such as engine load, engine speed, injection timing and
duration were kept the same. Varying these parameters is another means to
alter diesel soot properties. Studying the effect of these parameters upon soot
reactivity is an essential step towards establishing soot reactivity-properties
relationship.

5. Quantitative Analysis of the HRTEM Images

Correlating soot nanostructural parameters, such as the fringe length,
stacking height, fringe-to-fringe space, and tortuosity with the oxidation
behavior of the soot, requires developing a robust digital image processing
algorithm for HRTEM images.

By such algorithm, the impact of soot

oxidation upon soot nanostructure can be evaluated quantitatively. Thereby, a
fundamental relationship between soot nanostructure and reactivity can be
established.
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Appendix A
Thermokinetic Analysis: Additional Data

A.1 Impact of CO2 on the Conversion vs. Temperature Profiles of Ethylene
Flame soot

Figure A-1 shows the variation of ethylene soot conversion (oxidation) with
temperature. It appears from this figure that CO2 addition slightly narrows the reaction
temperature. It is seen in the figure that the temperature window shifts to higher values
with increasing the heating rate β.

Figure A-2 shows the variation of Yanmar soot conversion (oxidation) with
temperature. It appears from this figure that CO2 addition shifts the reaction window to
lower temperatures. It is also seen in the figure that the temperature window shifts to
higher values with increasing the heating rate β.

Figure A-3 shows the variation of DDC soot conversion (oxidation) with
temperature. It appears from this figure that EGR addition slightly narrows the reaction
temperature. It is seen in the figure that the temperature window shifts to higher values
with increase of the heating rate β. However, at the heating rate β = 3°C/min, there is a
crossover point at conversion degree of 0.30. The origin of this point was discussed in
Chapter 4.
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Figure A-1: Impact of CO2 on the conversion vs. T profiles of ethylene flame soot at
different heating rates: β = 3, 5, and 7 °C/min.
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Figure A-2: Impact of CO2 on the conversion vs. T profiles of Yanmar engine soot at
different heating rates: β = 3, 5, and 7 °C/min.
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Figure A-3: Impact of EGR on the conversion vs. T profiles of DDC engine soot at
different heating rates: β = 3, 5, and 7 °C/min.
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A.2 Determination of Activation Energy

A.2.1 Ethylene Flame Soot

Applying Equation 4.8 to data for ethylene flame soot, Figure A-4 can be constructed.
From this figure, the activation energy as a function of conversion can be determined, as
shown in Figure A-5.
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Figure A-4: Isoconversional plots at various degrees of conversion for (a) F0 soot and (b)
F15 soot.
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Figure A-5: Model-free values of the activation energy as a function of degree of
conversion for F0 soot and F15 soot.
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A.2.2 Yanmar Engine Soot

Applying Equation 4.8 to data for Yanmar engine soot, Figure A-6 can be
constructed. From this figure, the activation energy as a function of conversion can be
determined, as shown in Figure A-7. As shown in Figure A-7, no clear relationship can
be identified between the activation energy and soot conversion.

.
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Figure A-6: Isoconversional plots at various degrees of conversion for (a) Y0 soot and
(b) Y8 soot.
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Figure A-7: Model-free values of the activation energy as a function of degree of
conversion for Y0 soot and Y15 soot.
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A.3 Determination of pre-exponential Factor

The details of this section were given in Section 4.4.3.
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A.3.1 Ethylene Flame Soot
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Figure A-8: Linear relationship of the compensation effect for (a) F0 soot and (b) F15
soot.
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A.3.2 Yanmar Engine Soot

(a)
60
Y0
50
2

y = -2.1484 + 0.13528x R = 0.9976

ln (A)

40
30
20
10
0
-10
0

100

200

300

400

500

Activation energy, kJ/mol

(a)
50
Y8
40
y = -2.0956 + 0.13593x

2

R = 0.99723

ln (A)

30

20

10

0

-10
0

50

100

150

200

250

300

350

400

Activation energy, kJ/m ol

Figure A-9: Linear relationship of the compensation effect for (a) Y0 soot and (b) Y8
soot.
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A.4 Determination of Reaction Order for Soot Oxidation

The details of this section were given in Section 4.4.4.

A.4.1 Ethylene Flame Soot
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Figure A-10: Estimation of soot reaction order, n, for (a) F0 soot and (b) F15 soot.

192
A.4.2 Yanmar Engine Soot

(a)
24
β =1.5 C/min
o

23

β = 3 C/min
o

β = 5 C/min
β = 7 C/min
o

a

ln ( β R / E p(y))

o

22

21

20

19

18
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

ln ( - ln ( 1 - X ) )

(b)
25
β =1.5 C/min
o

24

β = 3 C/min
o

β = 5 C/min
o

a

ln ( β R / E p(y))

23

β = 7 C/min
o

22
21
20
19
18
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

ln ( - ln ( 1 - X ) )

Figure A-11: Estimation of soot reaction order, n, for (a) Y0 soot and (b) Y8 soot.
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A.5 Summary of Oxidation Kinetic Parameters for Flame soot and Yanmar
Engine soot

Table A-1: Averaged activation energy, coefficients of compensation relationship, and
pre-exponential factor for F0 soot and F15 soot.
Parameters

DDC0

DDC20

Ea (kJ/mol) (1)

165.3

164.4

a (2)

-2.13

-2.09

b (3)

0.132

0.134

A (1/sec) (4)
2.8 x 108
(1) determined from Equation 4.8,
(2) determined from the intercepts of Figure A-8,
(3) determined from the slopes of Figure A-8,
(4) determined from Equation 4.10.

4.3 x 108

194

Table A-2: Averaged activation energy, coefficients of compensation relationship, and
pre-exponential factor for Y0 soot and Y8 soot.
Parameters

DDC0

DDC20

Ea (kJ/mol) (1)

165.3

164.4

a (2)

-2.13

-2.09

b (3)

0.132

0.134

A (1/sec) (4)
2.8 x 108
(1) determined from Equation 4.8,
(2) determined from the intercepts of Figure A-9,
(3) determined from the slopes of Figure A-9,
(4) determined from Equation 4.10.

4.3 x 108

Table A-3: Values of soot reaction order for various heating rates.
β (°C/min)

n
F0

F15

1.5

1.0

0.81

3.0

0.99

0.78

5.0

0.95

0.76

7.0

0.94

0.74

Mean n

0.97±0.015

0.77±0.015
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Table A-4: Values of soot reaction order for various heating rates.
β (°C/min)

n
Y0

Y8

1.5

1.0

0.81

3.0

0.99

0.78

5.0

0.95

0.76

7.0

0.94

0.74

Mean n

0.97±0.015

0.77±0.015
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A.6 Simplified Mathematical Model for Soot Oxidation

A.6.1 DDC Engine Soot
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Figure A-12: Comparison between experimental and predicted curves at constant heating
rate of 3°C/min for (a) DDC0 soot and (b) DDC20 soot.
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A.6.2 Ethylene Flame Soot
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Figure A-13: Comparison between experimental and predicted curves at constant heating
rate of 1.5°C/min for (a) F0 soot and (b) F15 soot.
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Figure A-14: Comparison between experimental and predicted curves at constant heating
rate of 3.0°C/min for (a) F0 soot and (b) F15 soot.
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A.6.3 Yanmar Engine Soot
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Figure A-15: Comparison between experimental and predicted curves at constant heating
rate of 1.5 °C/min for (a) Y0 soot and (b) Y8 soot.
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Figure A-16: Comparison between experimental and predicted curves at constant heating
rate of 3.0 °C/min for (a) Y0 soot and (b) Y8 soot.

Appendix B
Statistical and Uncertainty Analysis for the TGA Experiments

This appendix presents statistical analysis for the TGA experiments using
MINITAB15 software. Results from the nonisothermal and isothermal TGA experiments
were subjected to statistical and uncertainty analyses. The following sections provide
descriptions for these analyses.

B.1 Paired T-Test

The paired t-test was used to determine whether there is a significant difference in
soot reactivity based on the nonisothermal experiments or otherwise. The isothermal
TGA experiments showed that soot generated with CO2 addition is more oxidatively
reactive than that generated without CO2 addition. The nonisothermal experiments can
also be used to elucidate the soot reactivity. Because the reaction temperature windows
for more reactive soot and less reactive soot are not broad, it is necessary to carry out
statistical analysis to determine whether or not the nonisothermal experiments can
explain the soot reactivity.
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B.1.1 Procedure

1. Consider T50 (K) as a reactivity index, where T50 is the temperature at 50%
mass loss,
2. At a given heating rate β, determine T50 (K) for each sample,
3. At that heating rate β, calculate the differences in T50 (K) between the two
samples, (i.e., ΔT50 ),
4. Formulate a hypothesis:
Null hypothesis (H0): there is no difference in T50 (K) between sample 1

and sample 2, (i.e., ΔT50 = 0.0),
Alternative hypothesis (HA): there is a difference, (i.e., ΔT50 ≠ 0.0).

5. Conduct the hypothesis test.

For this test, the significance level (α) of 0.05 is chosen. This value is not calculated but
always chosen by the researchers. The probability value (P-value) is the probability of
wrongly rejecting the null hypothesis (H0) when it is in fact true. If the P-value is less
than the significance level (α), it can be concluded that the null hypothesis (H0) is highly
unlikely to be true. In other words, there is a statistically significant difference in soot
reactivity between sample 1 and sample 2. Due to the experimental artifacts during the
TGA measurements, these analyses were not performed on the DDC engine soot.
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B.2 Simple Linear Regression

Another test that was performed is the simple linear regression. It generates an
equation that describes the statistical relationship between the predictor (the heating
rate, β) and the response variable (midptT). The midptT is defined as

⎡ (T50 ) sample1 − (T50 ) sample 2 ⎤
midptT = ⎢
⎥ + (T50 )reactive
2
⎢⎣
⎥⎦

Equation B.1

where T50 is the temperature at 50% mass loss and (T50)reactive is the T50 of the more
oxidatively reactive soot.

Due to the experimental artifacts during the TGA

measurements, this analysis was not performed on the DDC engine soot.

B.3 Results and Discussion

B.3.1 Paired T-Test Results

The temperature at 50% mass loss for flame soot and engine soot generated with
and without CO2 addition is shown in Table B-1 at each corresponding heating rate β.
The following hypothesis is formulated for the flame soot (Similar hypothesis can be
formulated for the Yanmar engine soot):
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Null hypothesis (H0): there is no difference in T50 (K) between F0 and F15, (i.e.,

ΔT50 = 0.0),
Alternative hypothesis (HA): there is a difference, (i.e., ΔT50 ≠ 0.0).

.
From Table B-1, the P-values, for the flame soot and Yanmar engine soot, are
significantly lower than the significance level value (α = 0.05). Therefore, the null
hypothesis (H0) is rejected.

In other words, according to the nonisothermal TGA

experiments, there is a statistically significance difference in ΔT50 between F0 and F15
and also between Y0 and Y8.

Table B-1: Estimation of the P-values for the flame soot and Yanmar engine soot.
β

Flame Soot

Engine Soot

(F0)

(F15)

ΔT50

T50 (K)

T50 (K)

(K)

1.5

832.0

816.0

16.0

815

807

8.0

3.0

855.0

837.0

18.0

839

829

10.0

5.0

872.0

854.0

18.0

856

847

9.0

7.0

884.0

866.0

18.0

870

859

11.0

(°C / min)

P-value

0.0

T50: temperature at 50% mass loss,
F0: flame soot generated under no CO2 addition,
F15: flame soot generated under 15% CO2 addition,
Y0: engine soot generated under no CO2 addition,
Y8: engine soot generated under 8% CO2 addition,

(Y0)

(Y8)

T50 (K) T50 (K)

0.001

ΔT50
(K)
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B.3.2 Simple Linear Regression

The P-values shown in Table B-2 for the flame soot and engine soot indicate that
the relationship between the heating rate β and midptT is statistically significant at an αlevel of 0.05. Figure B-1 shows a clear linear relationship between β and midptT. As
reported in Table B-2, the R2 values show that the heating rate β explains 96.3 and 96.5%
of the variance in the midptT for the flame soot and engine soot, respectively.
Accordingly, the R2 values indicate that the models fit the data extremely well.

Flame Soot: midptT = 814.56 + 9.0764 β R = 0.96321
2

Engine Soot: midptT = 801.04 + 9.5055 β R = 0.96502
2
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Figure B-1: Linear relationship between the heating rate β and midptT for the flame soot
and Yanmar engine soot.
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Table B-2: Regression analysis for the flame soot and Yanmar engine soot.
β

Flame Soot

Engine Soot

(F0)

(F15)

midptT

T50 (K)

T50 (K)

(K)

1.5

832.0

816.0

824.0

815

807

811.0

3.0

855.0

837.0

846.0

839

829

834.0

5.0

872.0

854.0

863.0

856

847

851.5

7.0

884.0

866.0

875.0

870

859

864.5

(°C / min)

P-value
Reg. Equ.
R2

0.019
midptT= 815 + 9.08β
96.3%

T50: temperature at 50% mass loss,
midptT: determined from Equation B.1
F0: flame soot generated under no CO2 addition,
F15: flame soot generated under 15% CO2 addition,
Y0: engine soot generated under no CO2 addition,
Y8: engine soot generated under 8% CO2 addition,

(Y0)

(Y8)

T50 (K) T50 (K)

midptT
(K)

0.018
midptT= 801 + 9.51β
96.5%

207
B.4 Uncertainty Analysis of the Isothermal TGA Results

Soot oxidation specific rate (Rsp) in this thesis was extracted from the isothermal
TGA experiments. The repeatability of these experiments was confirmed by running two
samples of the DDC20 soot twice. The run-to-run repeatability of the isothermal TGA
experiments is shown in Figure B-2. It is obvious that there is no difference in mass loss
with time for both runs. Consequently, the contribution of the TGA repeatability to the
first-order uncertainty of the Rsp can be neglected.
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Figure B-2: The repeatability of the isothermal TGA experiments. The oxidized samples
are the DDC20 soot. The oxidation was conducted in air at 450°C.
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The uncertainty analysis for soot oxidation specific rate (Rsp) was performed in
accordance with the method proposed by Moffat [200] for single-sample uncertainty
analysis. According to this method, the overall uncertainty (R) of a single measurement
is described by Equation B.2

1

2 2
⎡ N ⎛ ∂R
⎞ ⎤
δ R = ⎢∑ ⎜
δ Xi ⎟ ⎥
⎢⎣ i =1 ⎝ ∂X i
⎠ ⎥⎦

Equation B.2

where δR is the sensitivity coefficient for the result R with respect to the
measurement Xi, Xi represents an independent variable, and δXi is the uncertainty of the
variable Xi.

B.4.1 Soot Oxidation Specific Rate (Rsp)

The specific rate of soot oxidation was defined in Chapter 4 by Equation 4-6:

RSP =

where

dm 1
dt mt

Equation 4-6

dm
is the mass derivative with respect to time and mt is the mass of the
dt

unreacted soot. According to Equation B.2, the uncertainty of Rsp can be expressed as:
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1

2
2
2
∂RSP = ⎡( ∂RSP )
+ ( ∂RSP ) ⎤
⎢⎣
fixed
CO 2 ⎥
⎦

Equation B.3

where

( ∂RSP ) fixed

⎛ ∂R
= ⎜ SP
⎝ ∂m

⎞
⎟δ m
⎠

Equation B.4

Equation B.4 represents the zeroth-order (or fixed) uncertainty, which estimates the
possible error arising from the TGA instrument. δ m is the instrument sensitivity which
is 0.1 μg.

( ∂RSP )CO

2

⎛ ΔRSP ⎞
=⎜
⎟ δ CO2
⎝ ΔCO2 ⎠

Equation B.5

Equation B.5 represents the first-order uncertainty arising from measuring the CO2
concentration. δ CO2 is the uncertainty associated with the CO2 measurement which is
equal to 0.75% for the flame experiments and 0.1% for the DDC and Yanmar engines
experiments. The error calculations for F0 and F15, Y0 and Y8, and DDC0 and DDC20
showed that the error associated with the measurement of the RSP for all of the soot
samples is negligible. An example of these calculations is demonstrated in Figure 4-1 as
error bars.
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