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ABSTRACT
Combustion produced soot is highly variable with nanostructure and chemistry dependent
upon combustion conditions and fuel. Previous studies have shown soot nanostructure to be
dependent upon the source via quantification of high-resolution transmission electron
microscopy (HRTEM) images for nanostructural parameters. In principle this permits
identification of the soot source and its contribution to any particular receptor site. Yet many
structural aspects are subtle, and the chemistry of lamellae is unaddressed for reasons of poorly
resolved or differentiated nanostructure and insufficient sample quantity for traditional analytical
methods. This characterization gap then leads to the formative question prompting this study:
how best to bring out small differences in nanostructure and other seemingly subtle differences
in chemistry? A process of pulsed laser annealing is proposed to highlight compositional and
structural differences thereby distinctively and uniquely identifying the source of the soot. The
operative premise being that small variations in nanostructure and unresolved differences in
chemistry exist and are specific to the particular combustion process. The overall goal is then to
develop the laser-based heating as an analytical tool by identifying the process conditions and
operational parameters for optimal derivatization. Specific objectives directed towards achieving
this goal include:
1) Identifying optimal laser operational parameters for derivatization.
2) Defining the dependence upon nanostructure and molecular composition using model
soots while also identifying variability and range of outcomes.
3) Demonstrating differentiation upon combustion derived soots from real engines, e.g.
diesel, gasoline, gas-turbines, combustors, etc.
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4) Applying image processing algorithms to the laser heated soots to quantify and
differentiate the transformed carbon nanostructures.
For laser derivatization, a sample-housing chamber was custom built using a commercial
optical grade quartz tube. Depending on the sample quantity, two different sample support
systems were designed. Soot was laser-heated while in an inert (Ar) atmosphere using a pulsed
Nd:YAG laser operating at 1064 nm. A laser beam dimension of ca 9 mm in diameter ensured
that the entire sample area received uniform irradiation. To identify the optimal laser fluence,
pulsed laser heating was applied at three different laser fluences to three carbon samples. Laser
heating at these short timescales produced partially graphitized structures comprised of extended
graphitic layers (>1 nm), and voids as material is rearranged. While laser heating the material
with additional pulses did further graphitize the material, multiple pulses were not particularly
beneficial for laser derivatization as this repetitive exposure decreased the degree of
differentiation between the test samples. Based on visual HRTEM observations and quantified
fringe analysis, a single pulse laser fluence of 250 mJ/cm2 (~2800 K, determined from multiwavelength pyrommetry) produced the best derivatization without causing fragmentation or
material ablation.
For demonstrating the uniqueness of the laser-derivatized (nano)structure as dependent
upon source and combustion conditions, the laser derivatization technique was validated by
comparing different synthetic carbons, selected soots from transportation and residential
combustion sources, and laboratory flames, each with recognizable nanostructure. After laser
heating, the direction of nanostructure evolution of the synthetic carbons (possessing C:H >
10:1) appeared to be governed by their initial nanostructure as shown by HRTEM images. As
illustration of chemistry’s role, though nascent R250 carbon black showed structural similarity

v

across multiple particles, laser heating led to either hollow shells or particles with internal
structures. These differences were attributed to the chemistry of construction, i.e., the sp2/sp3
bonding as quantified by electron energy loss spectroscopy (EELS), showing significant
differences between particles as large as 60%.
The nanostructure of soots from different transportation sources (such as diesel, jet and
gasoline engines) evolved distinctively upon laser annealing. Laser derivatization of soot
collected from same platform (engine-type) revealed that fuel commonality leads to similar
nanostructure for the same class of combustion source, whereas, fuel dependence and ensuing
chemistry differences were prominently illustrated by comparison of laser-annealed soots
originating from ultra-low sulfur diesel (ULSD) and an oxygenated fuel blend. The origin for
this dependence was identified by X-ray photoelectron spectroscopy (XPS), revealing a
significantly lower sp2/sp3 carbon bonding for the oxygenated fuels compared to their pure
hydrocarbon fuels. As another example, laser annealing of residential boiler soot produced
highly intertwined lamellae; this was attributed to inherent chemistry differences relative to the
biodiesel (B100) soot that similarly lacked recognizable nanostructure. These observations
suggest that the initial soot nanostructure in conjunction with the chemistry of construction
governs the material transformation under pulsed laser annealing.
Image processing algorithms were applied to quantify and differentiate the carbon
nanostructural changes after laser annealing. A “recognition key” approach using a combination
of present quantification algorithms: 1) fringe analysis, 2) stacking distribution, and 3) void
dimension was reported for two laser-heated carbons, as examples. A second, method, using the
radial intensity profile generated from the Fourier-Transformed bright field image was
implemented to identify soot source upon laser derivatization against a reference set of values in
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a database. This semi-automated analytical method involves conversion of HRTEM images into
the frequency domain, band-pass filtering, radial intensity profiling, and identification by least
squares comparison with an empirically set limit for the sum of residuals. To illustrate the
analytical methodology for source identification, a mixture of three soots was analyzed by laser
derivatization. Laser heating led to visual differences; further quantification and comparison to
the database identified the respective sources.
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Chapter 1
Introduction
1.1.

Soot emissions
Soot is formed from the incomplete combustion of fossil fuels and biomass. Predominant

sources of soot include transportation, power generation, industrial and residential sectors and
open burning of biomass. Total global emissions of soot using bottom-up inventory methods are
7500 Gg yr-1 in the year 2000 with an uncertainty range of 2000 to 29000 [1]. Soot particulate
emissions (also referred to as elemental or black carbon (EC or BC); hereafter referred to as soot)
have received ever-increasing attention, due to their direct and indirect roles in climate forcing
[2–6] and the potential health risks [7–11]. Soot is believed to be the second largest cause of
global warming [1,12]. The difficulty in quantifying emissions from diverse sources contributes
to the uncertainty in evaluating soot’s climate role [13].
1.2.

Air quality needs and models
Combustion processes generate a large number of particle and gaseous products that

create health and environmental risks. Of particular importance are the very small particles,
emitted from combustion sources that have been shown to have significant health impacts [14].
To control and mitigate particle emission for health and environmental risk reduction, a solid
understanding is necessary of the relative and absolute contributions from varied emission
sources to the global, regional and local inventories.
The advent of a U.S. national ambient air quality standard for total suspended particles
(TSPs) in the early 1970’s created the need to identify particle sources so that effective control
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strategies could be designed and implemented [15]. Initial efforts at identification of particle
sources focused on dispersion models of point sources. However, model uncertainties led to
difficulties in identifying the actual emission sources. New methods, called receptor models used
measured properties of the collected ambient samples to infer the contributions of the sources to
the ambient pollution concentrations [16,17]. These methods require that samples be obtained at
locations of interest, so-called receptor sites, and that the samples so collected be analyzed for
the properties that are characteristic of the pollutant sources.
As described by the EPA, receptor models are mathematical or statistical procedures for
identifying and quantifying the sources of air pollutants at a receptor location [14,15]. Unlike
photochemical and dispersion air quality models, receptor models do not use pollutant emissions,
meteorological data and chemical transformation mechanisms to estimate the contribution of
sources to receptor concentrations. Instead, receptor models use the chemical and physical
characteristics of gases and particles measured at source and receptor to both identify and
quantify source contributions to receptor concentrations. These models are therefore a natural
complement to other air quality models and are used as part of state implementation plans (SIPs)
for identifying sources contributing to air quality problems. The EPA has developed the chemical
mass balance (CMB) [18], and UNMIX models [19] as well as the positive matrix factorization
(PMF) method [20] for use in air quality management. CMB fully apportions receptor
concentrations to chemically distinct source-types depending upon the source profile database,
while UNMIX and PMF internally generate source profiles from the ambient data.
1.3.

Molecular markers & elemental signatures
The rise of new analytical techniques with multi-element analysis of both large number

samples and microscopic characterization of individual particles served as the foundation for
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such models. Molecular markers can serve to identify the contribution of the major urban air
pollution sources to regional sites. Distinctive organic compounds or compound groups are those
that are present in the emissions from some source types but not others [21]. If consistent, they
may be used to quantify the presence of the effluent from different air pollution sources within
atmospheric fine particle samples. A well accepted measurement method is gas chromatography–
mass spectrometry.
Some targeted molecular markers include retene, a fully aromatized PAH that results
from thermal alteration of resin acids found in conifer wood. Further investigation showed that
many organic compounds found in wood smoke can be traced to the structure of the original
wood or other biomass fuel burned [22–24]. Important organic molecular markers for meat
smoke include cholesterol, supplemented by the fatty acids derived from meat. Iso-dotriacontane,
and iso-tritriacontane are all greatly enriched in tobacco leaf waxes when compared to their
prevalence in other vegetation plant waxes [25]. A portion of these iso- and anteiso-alkanes
survive the cigarette combustion process and are measurable in cigarette smoke.
Some successful markers for fossil fuel combustion include hopanes and steranes, present
in the lubricating oil used by both gasoline-powered and diesel-powered motor vehicles, and
these are also found in diesel fuel [26]. Supplemental tracers for motor vehicle exhaust include
the highest molecular weight PAHs emitted. Motor vehicle exhaust emissions in the Southern
California atmosphere are dominated by concentrations of coronene and benzo[ghi]perylene
[27,28] as these are stable enough to resist chemical reaction and evaporation over the time
scales of a few hours during which transport from sources to receptor sites occurs in a major city.
While such high-molecular-weight PAHs provide useful supplemental information, PAHs can be
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produced by combustion of many different fuels and therefore are less specific tracers for
petroleum use than is the case for the hopanes and steranes.
PAHs can also originate from natural processes such as biomass burning, volcanic
eruptions and diagenesis [29–32]. However especially in heavily urbanized or industrialized
regions, the majority of these compounds are anthropogenic: coal and wood burning, petrol and
diesel oil combustion, and industrial processes. PAHs are always emitted as a mixture, and the
relative molecular concentration ratios are considered (often only as an assumption) to be
characteristic of a given emission source. Each PAH also has a unique loss rate via
photodegradation and volatilization [33,34].
It is important to note that organic compounds emitted from many different sources
simultaneously can be used in atmospheric mass balance calculations as long as all of the
contributing sources are included in the calculations [35]. Nevertheless, in practice it is the most
unusual compounds that clearly differentiate one source from another that add the most power to
the method [36]. In the case of natural gas, there are no particulate species present in the original
fuel, and all potential particulate tracers must be formed pyrogenically during combustion. In
general the distribution of common PAHs, unusual PAHs and particulates depend upon the
combustion process [37].
Elemental markers are yet another means of source identification [38]. A popular method
is X-ray induced fluorescence for its sensitivity, specificity, and ability to analyze small sample
amounts – typical for collected aerosols using filter-based methods. For example, in years past
lead (Pb) was the primary marker of gasoline vehicle emissions [39]. Similarly nickel and
vanadium are yet common to the combustion of residual fuel oil [40], originating from the
catalysts used in the refining process. Other light elements such as Si, Al, Ca and Fe are typical
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indicators of crustal dust, but Ca is also a key component of additives in lube oil as are Zn and P.
Yet these elements are present in engine or combustor produced soot only if oil is burned to
release these elements for soot aerosol capture. Alternatively Fe can arise as a byproduct of
engine wear, this being very specific and not generic.
While source/fuel specific, molecular signatures are not necessarily universal across
combustion systems or processes nor sufficiently different or diverse to distinguish sources other
than just identifying but one type. Elemental speciation though potentially far broader
applicability across platforms and sources yet suffers from variability. Fuel variability,
contamination, engine age and wear can all introduce elements specific to the particular system
but not characteristic of the particular platform.
Resolution of non-volatile PM from combustion sources is challenging, as molecular
markers on the soot are neither specific nor consistent, and hence not definitive. Elemental
signatures within the soot exhibit variance and are not unique to the source. For identifying PM
sources from fossil fuel combustion requires new methods.
1.4.

Soot characterization and identification
Soot is a byproduct of incomplete combustion. Dominant emission sources of soot

include anthropogenic contributions from power generation, transportation, industry and
residential sources, along with biomass burning [14]. Soot has long been considered invariant
with respect to source. Generic descriptions exist in the literature and are assumed applicable
from laboratory flames to engines and combustors. Yet many studies of its oxidation kinetics
have found high variability in rates between soots from different sources, variation in rate across
burnout for any given soot, and dramatically different burnout modes, collectively suggesting
that this invariant assumption be revisited [41–44].
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In parallel, high-resolution microscopy of soots from different sources and comparisons
to well-accepted techniques such as Raman and XRD revealed variations in the now recognized
metric of nanostructure [45,46]. Physical values of lamella length, separation and curvature
comprise three descriptors appropriate to this length scale. Related studies demonstrated strong
dependence of oxidation rate upon nanostructure, thereby not only illuminating an underlying
cause for the spread of oxidation results but also highlighting the importance of nanostructure by
application [47]. Subsequent studies have identified dependence of nanostructure upon
combustion process, engine or combustor and related aspects including fuel, load or power level,
and temperature [48–52].
1.5.

Soot source identification and challenges
A major problem facing air quality management personnel is the identification of sources

of airborne particles and the quantitative representation of the aerosol mass to those sources. The
ability to collect particulate samples and analyze these for a suite of elements by techniques such
as a neutron activation analysis or X-ray fluorescence provides the data for resolving a series of
complex mixtures into its components based on the elemental profiles of the various sources in
the airshed. If all the sources and their composition profiles are known, then the mass balance
model becomes a multiple regression, or without substantial source information, factor analysis
methods can be employed [35,38].
The challenge lies in the identification of combustion produced aerosol emissions from
different sources such as from engines, combustors, power generation, or heating. The nonvolatile particulate emissions, otherwise known as “soot” generally consist of aggregates of
interconnected primary particles. The (fractal) dimension of these aggregates can vary, ranging
from 1.5 for open, branched structures to greater than 2.25 for compact geometries [52–54]. The
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various molecular markers or elemental signatures for source identification for combustionproduced soot are highly problematic. First, they may be unique to a narrowly defined source, or,
like PAHs, common to most sources. Second is that they are not consistent in presence, nor
necessarily relative concentrations within an emission source class, particularly in light of
atmospheric processing during transport. Elemental signatures are similarly unreliable, being not
necessarily unique or consistent. Therein combustion produced soots pose a challenge. The
proposed laser derivatization technique could aid development of such models by identifying
contributing sources – by comparison of derivatized soots to a database.
The relationship between combustion conditions producing soot with a particular
nanostructure and chemistry suggests using nanostructure as a tool by which to identify
combustion (emission) sources. As each source is unique by combustion process with specific
operational parameters including fuel, fuel-to-air ratio, mixing strategy, temperature, pressure
ranges, the soot produced will reflect its source; the particular soot formation and growth
conditions being specific to the combustion source. Therein the soot may serve to identify a
source as contributing to observed emissions at a selected site for input to receptor models. This
would be very advantageous as most combustion-produced soots largely consist of elemental and
organic carbon, lacking the diverse elemental content of other natural dusts or anthropogenic
aerosols. Identifying combustion produced soots has traditionally been challenging for such
purposes and varied methods have been applied, but with partial success as being only applicable
to some (or one) type of source.
Nanostructure is a construct by which to describe the physical structure at the nanometer
scale for carbon materials, and soot in particular. Soots from different sources are distinguishable
based upon nanostructure and composition, as published elsewhere [55,56]. Quantification tools
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for analyzing high-resolution transmission electron microscope (HRTEM) images are well
developed [57–60]. Yet often nanostructural differences are small while chemical variability
from real sources and large-scale facilities is high, given both the complexity and spatial and
temporal variations in combustion within large-scale systems. It would be advantageous to
accentuate structural differences and bring out subtle chemical differences.
The implications would be significant: soot nanostructure is dependent upon the source
and it can be quantified. This would permit definitive resolution of the soot source and its
contribution to any particular receptor site. Yet three parameters (length, separation and
curvature) is not necessarily a definitive or unique parameter set. With recognition that soot
chemistry and nanostructure vary with source, but with resolution of such differences not always
evident by microscopic analysis nor with sufficient amounts available for traditional analyses,
new methods are needed as analytical tools for soot characterization and identification for
receptor model refinement.
1.6.

Proposed method – analytical derivatization
How best to bring out small differences in nanostructure and other seemingly subtle

differences in chemistry? The derivatization of analytes is very important in several branches of
analytical chemistry, in fact often necessary to make a measurement possible [61]. It can bring
out small differences in composition, render subtle structural differences distinguishable by
providing recognition for, and sensitizing differences to, well know analytical techniques. A
prime example is functional group analysis where chemical reactions that are selective and
specific to the analytes are utilized. The products obtained after the reactions have properties that
are desirable (sensitive and selective) for analysis [62]. Unconsidered to-date is the process of
derivatization as applied to combustion produced soots, let alone by pulsed laser annealing.
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1.7.

Goal
Our goal is to exploit the non-equilibrium formation history of combustion soot and bring

out the subtle details of chemical and physical variations that while obscured by bulk analyses,
can be highlighted by laser-based derivatization. With such details dependent upon combustion
conditions, subtle compositional and structural differences may be brought to light thereby
distinctively and uniquely identifying the source of the soot. The proposed technique for
accomplishing this goal is referred to as, Soot Source Identification by Laser Derivatization
(SSILD).
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Chapter 2
Soot morphology, nanostructure and chemistry review
2.1.

Soot morphology
Anthropogenic soot is a carbonaceous material obtained from the incomplete combustion

of hydrocarbon fuels. The morphology of such materials (for e.g. gasoline soot) is shown in
Figure 2-1. The aggregates are made up of several tens of pseudo-spherical individual particles.
The particle size is dependent on many factors such as fuel, flame, engine, injector types,
operating conditions, and also dependent on the measuring instrumentation [63,64].

Figure 2-1. TEM images of gasoline engine soot showing the primary particles and aggregate
morphology
In diesel engine exhaust, primary particle size has been found to range from 20 to 40 nm
[53,54,65,66]. Gasoline engine particulates have been found to be even smaller, having a mean
diameter of ~20 nm [52,67,68]. Similar size ranges have been observed in laboratory-generated
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flame soots [69,70], soots from forest fires [71,72], and even burning oil spills [73]. In synthetic
processes e.g. carbon black production, considerably larger spherical particles (up to 200 nm or
greater) have been observed [44]. The soot agglomerate size ranges between 100 nm and 2 µm
[52,54,74].
2.2.

Variability of soot
Soot is a complex aerosol formed under non-equilibrium conditions, highly dependent

upon the fuel, temperature and pressure of the combustion process. Over the past three decades it
has become understood that different physical and chemical processes contribute to soot
nucleation versus growth, that a variety of species contribute to soot growth and that nascent fuel
molecular structure and composition, timescales and temperature all affect its chemical makeup
and physical nanostructure [75–81]. The much celebrated hydrogen-abstraction-acetyleneaddition (HACA) mechanism, pioneered by Frenklach and coworkers [82–84], captures the
essence of the sooting process. This mechanism involves a repetitive sequence of two principal
reaction steps, the abstraction of a hydrogen atom from the reacting hydrocarbon by another
hydrogen atom followed by the addition of an acetylene molecule to the radical site formed in
the previous H-abstraction step. Several high-level ab initio studies indicate the possibility of
HACA routes at combustion temperatures [85–89].
The majority opinion at present, supported by numerous experimental and modeling
studies, is that soot particles form via PAHs. Several possible mechanisms relevant to the
formation of PAH have been proposed and critically discussed by the combustion community
over the past three decades [90–97]. Though there is commonality of radical reactions driving
soot formation, the variability of species identities, relative concentrations and associated rates
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conspire to create soots with system-dependent nanostructure [48,98,99]. Figure 2-2
schematically illustrates soot evolution starting from its nucleation via physical condensation of
PAHs, (perhaps aided by chemical coalescence), growth via acetylene and small aromatic
molecules followed by the aerosol physical processes of aggregation and agglomeration
[84,100]. While this diagram conveys generic commonality for soot processes, the details are
highly dependent upon the particular combustion system or process [101–105].

Figure 2-2. PAH transformation pathways to soot (adapted from Bockhorn [106])
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2.3.

Soot nanostructure and chemistry
Carbons derived from physical and chemical processes are known to exhibit a variety of

structures ranging from nanoscale to microscale [107]. Lattice structure measured on the
nanometer scale is termed “nanostructure” [57,108]. It represents the physical dimensions
associated with crystalline lattice planes of the material. These measures include length,
curvature and separation distance between opposing planes. Curvature or tortuosity of lamella is
a very complimentary aspect of carbon nanostructure. It can directly reflect the extent of odd
numbered 5- and 7-membered carbon rings within the aromatic framework [109–111]. Longer
carbon lamella planes (larger crystallites) possess a larger fraction of basal plane carbon atoms or
sites with lower reactivity [112–115]. Geometrically, carbon atoms in edge sites are easy to
access and may form bonds through unpaired sp2 electrons. Carbon atoms in basal planes have
only shared π electrons accessible to bond formation [116].

Figure 2-3. (a) TEM image of diesel soot aggregate, and (b) HRTEM image of diesel soot
primary particle.
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Figure 2-3(b) shows a HRTEM micrograph of a diesel soot primary particle. The primary
particle exhibits a nanostructure commonly referred to as core-shell structure [117]; that is the
outer shell is composed of several crystallites that are arranged concentrically about the particle
center, whereas the inner core is composed of several fine particles that are covered by several
carbon layers with a distorted structure. To-date a variety of methods have been routinely used to
characterize the nanostructure of carbons, including Raman spectroscopy [118,119], X-ray
diffraction (XRD) [120,121], and transmission electron microscopy (TEM). In contrast to XRD
and Raman spectroscopy, HRTEM can reveal the crystalline structure of carbon, i.e., its
nanostructure at an atomic level [122–125]. Such TEM images provide a direct measure of the
length, curvature, and orientation of the carbon lamellae at any particular depth in the material as
determined by the focal plane [126].
Nanostructure as a concept has broad applicability, as it is extensively used to capture the
structural details of coals and chars. Image analysis of lattice fringes extracted from HRTEM
micrographs has made significant improvements in the evaluation of chars [114,127–131].
Sharma et al. [132] used a quantitative approach for microstructural analysis of coal chars, and
found that the crystallinity of residual chars increases with gasification. Shim et al. [133]
compared nanostructure of chars produced from a wide range of solid fuels in an entrained flow
reactor using HRTEM and quantitative analysis to show the impact of residence time and fuel
chemistry. Mathews et al. [134] estimated the molecular weight distribution of the Pocahontas
No. 3 low-volatile bituminous coal by coupling the HRTEM lattice fringe data and laser
desorption ionization mass spectra (LDIMS). Numerous other studies from this group were
focused on expanding the nanostructure data to molecular representations using Fringe 3D
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[59,135], performing reactive molecular dynamic simulations [136–139], and more recently on
simplification of large-scale structural models of coal [140–144].
Numerous researchers at Penn State have characterized soot nanostructure, identified its
dependence upon fuel, engine or combustion conditions, and its impact upon oxidation. For
example, Boehman et al. [145] compared soot nanostructures of particulates produced from
different fuels in a commercial direct injection (DI) diesel engine using HRTEM to show the
potential impact of biodiesel blending on the low-temperature oxidation under regeneration
conditions. Song et al. [146] expanded upon the relationship between nanostructure and
reactivity by comparison of biodiesel and Fischer-Tropsch diesel fuel for comparison of
oxidation behavior and burning mode, to address the mechanism by which biodiesel soot
enhances oxidation. Szybist et al. [49] found fuel-dependent nanostructure in soots from
biodiesel fuel using micro-Raman spectroscopy, wide-angle XRD and HRTEM. Song et al. [41]
reported that fuel formulation exerted a strong influence on the properties of diesel particulates
leading to differences in oxidation rate between soots derived from combustion of soybean oilderived biodiesel fuel (B100) and a Fischer–Tropsch diesel fuel (FT). Moreover the relative
amount of initial oxygen groups was identified as the more important factor governing the
oxidation rate than the initial structure and pore size distribution – attesting to the importance of
“chemistry”, i.e. elemental content upon properties such as oxidative reactivity.
Yehliu et al. [45,147] showed excellent correlation of soot nanostructure and reactivity by
employing X-ray photoelectron spectroscopy (XPS), XRD, and HRTEM for interpretation of
thermogravimetric analyzer (TGA) results. Al-Qurashi et al. [148] studied how exhaust gas
recirculation (EGR) enhanced the oxidative reactivity of diesel soot using comparisons to
ethylene flame soot to better understand the thermal, dilution, and chemical effects by which the
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CO2 affects soot reactivity. Al-Qurashi et al. [149] further examined the oxidative reactivity
using a thermogravimetric analyzer (TGA), showing that EGR has a significant effect on soot
reactivity and results in higher initial active sites compared to the CO2 case. Lapuerta et al. [150]
used HRTEM, XRD and Raman spectroscopy to show that under regeneration conditions
biodiesel soot was more reactive than that from diesel fuel.
Using a common rail diesel engine, Seong and Boehman [151] found noticeable changes
in crystalline structure and oxidative reactivity of soot between low and high load, but metallic
species present in the soot prevented linking crystalline structure to reactivity. In a subsequent
study [152], using oxygen addition to a laminar diffusion flame identified both flame
temperature and soot inception point as key reasons for differences in reactivity between nheptane soot versus that from a monoglyme mixture. Seong and Boehman [153] showed
consistency between various Raman parameters with respect to soot oxidative reactivity;
amorphous carbon fraction, crystallite size, and distribution of crystallite size are in good
agreement with soot oxidative reactivity.
Yehliu et al. [154] examined the combined effects of the engine torque and speed on the
soot reactivity, showing that higher engine speed was related to more reactive soot and higher
VOF content. Meanwhile Zhang and Boehman [155] showed that there was little structural
difference between soots generated from the combustion of methyl 2-butenoate (M2B) and npentane (PEN), consistent with their similarity in temperature-programmed oxidation
experiments. While investigating the impact of rail pressure and biodiesel fueling on exhaust
particulate agglomerate morphology and primary particle (soot) nanostructure, Ye et al. [156]
found that higher biodiesel content led to an increase in the primary particle size and oxidative
reactivity but had no impact on nanoscale disorder in the as-received samples. Barrientos et al.
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[157] showed the impact of chemical variations in biodiesel ester compounds on soot oxidative
reactivity and soot characteristics. Soots derived from methyl esters with shorter alkyl chains
exhibited lower structural order and higher reactivity than those with longer carbon chain
lengths.
Vander Wal and Tomasek [108] first demonstrated the relation between carbon structure
and reactivity for soot, demonstrating the dependence of the soot oxidation rate upon the length
and curvature of the graphene segments. In a following study these authors addressed the
differences in soot nanostructure based upon formation and growth conditions including
temperature ramp and residence time [48]. In a parallel paper Vander Wal et al., demonstrated
the robustness of a fringe image analysis code for determining the level of graphitic structure
within soot by comparison to Raman [46] and subsequently XRD [158]. In a further
demonstration of nanostructure and the relation of oxidation rate to its nanostructure, Vander
Wal and Mueller [159] found that increasing the level of fuel oxygenation produced soot with
less graphitic structure and correspondingly higher reactivity. In studies of soots undergoing
oxidation at conditions representative of those for DPF operation, Vander Wal et al. [42]
identified a new burning mode wherein the soot particles oxidize from the inside-out, producing
hollow shells, in stark contrast to the oft-presumed shrinking sphere mode of oxidation.
Upon examining soots from varied combustion sources, Vander Wal and Hays [55]
examined HRTEM images of soot emissions from wildfires and from a wide range of
anthropogenic combustion sources (e.g., electrical utility and institutional oil boilers, jet aircraft,
and heavy-duty diesel trucks). From these varied sources the soot nanostructures of were
different and distinct. These differences were ascribed to the fuel composition and by the
particular combustion process, both contributing to the mechanisms underlying primary soot

18

particle inception and growth. More recent studies of soot from engines and combustors support
this observed dependence. For example Gaddam and Vander Wal [52] showed that soot particles
from a SIDI engine became less ordered under rich and late-end-of-injection conditions, and that
the gasoline soot contained a significant amount of matrix bound organics as analyzed by Fourier
transform infrared–Attenuated total reflectance spectroscopy (FTIR-ATR). Vander Wal et al.
[160] applied HRTEM and XPS to particulate emissions from a commercial class gas turbine
engine, a CFM-56-2C1 engine aboard a DC-8 aircraft, fueled by JP-8. A striking observation
was the pronounced and systematic variation in nanostructure with engine power, as also the
particle composition, inferred from the XPS ratio for sp2/sp3 carbon bonding. In a similar
campaign, involving soot collected from the same engine/aircraft, Huang and Vander Wal
[51,161] showed variation in soot nanostructure with power level and fuel formulation (JP-8,
Fischer-Tropsch (FT), hydro-treated renewable jet (HRJ), and a blend of JP-8/HRJ). Recently
Vander Wal et al. [162] reported observations of nanoscale microstructural changes in soot from
an experimental light-duty diesel engine, produced with varying levels of biodiesel fuel blending
providing interpretation supported by spray-mixing modeling that particulate nanostructure is
closely coupled to the local chemistry. A separate study was performed to map the range of
oxidation rates, and oxidation modes on a model suite of carbons (Appendix A).
Recent measurements have shown that soot can possess profound differences in
nanostructure depending upon its formation chemistry [163,164] and temperature history
[98,99,165] with implications for oxidation [98,166–168]. By measurements and modeling, soot
chemistry varies with fuel [169]. Russo et al. [163] recently found soot H/C to be highly
dependent upon the parent fuel using ethylene versus methane premixed sooting flames at
similar equivalence ratio and temperature conditions. Additionally the aliphatic content was
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observed to be related to the growth history and chemical environment. In other highly detailed
studies, applying HRTEM, elemental analysis, oxidative thermogravimetric analysis, and UVVis spectroscopy, Alfe et al. [98] showed dependence of soot nanostructure and fuel, and
structure-property relationships between soot nanostructure and “bulk” properties. Apicella et al.
[99] found that nanostructure evolved toward larger size aromatic systems throughout the soot
formation region in premixed benzene and ethylene flames. Moreover the nanostructure order
depended upon fuel, as did the soot H/C content. In prior studies Russo et al. [165] also found
the H/C ratio dependent upon fuel, using premixed flames of methane, ethylene and benzene.
That soot has organic content has long been known from devolatilization studies
[170,171], but recent spectroscopic interrogation by micro-FTIR has shown considerable
aliphatic and oxygenated functional groups in soot sampled from premixed flames by different
groups [165,172]. Moreover as Cain et al. [172] noted, the aliphatic content was dependent upon
flame temperature. In concert with these studies Nakamura et al. [164] found that the mole
fractions of small alkyl benzenes differed between branched and linear alkanes - using a micro
flow reactor to examine the difference in PAH formation between these fuel components. A
particular consequence is that these alkyl aromatics demonstrate the dependence of soot
molecular construction upon parent fuel. Similarly Wang et al. [167] found that the ratio of
aromatic to aliphatic content of the soot was dependent upon the phase, or equivalently, the
stoichiometry of the engine combustion phase. Moreover the presence of aliphatic components
affects other intrinsic particle properties, including mass density [173] and reactive surface site
density, and may influence surface growth rates and coagulation behavior due to the presence of
non-aromatic functionalities and reactive sites [166]. The net result of these studies is an
increasing recognition of the molecular complexity and construction of soot.
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2.4.

Summary
This seemingly complexity could be exploited for source recognition, particularly in light

of nanostructure and the analysis tools for its quantification. Yet in many samples, nanostructure
is not recognizable, and even if measurable, it may not be substantially different from that of
other soots. If soot samples are not available in bulk for traditional analytical techniques, as often
is the case for ambient environmental aerosol samples, then differences in chemistry are not
accessible for differentiation. Moreover the complexity as discussed may blur differences in
structure and chemistry between soots from different sources, despite the recognized dependence
upon the source combustion conditions. Such are the challenges for soot source identification.
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Chapter 3
Annealing of carbon: Review
3.1.

Conventional furnace heating
Structural changes in carbon nanostructures due to thermal treatment have been

extensively studied both experimentally and theoretically. Carbons changing morphologically,
structurally and chemically in response to longer durations of heat treatment is well known
[174,175]. At high temperatures, generally above 2000 °C the process is termed “graphitization”,
given that under thermal equilibrium conditions the carbon transforms towards graphite. The
degree of transformation depends upon temperature; time of heating and most importantly, the
initial carbon material. Though extremes of temperature can induce large changes, carbons
exhibit high initial variability and broadly two classes of carbons are so-called graphitizing and
non-graphitizing [122].

Figure 3-1. The structure of graphite, showing the unit cell
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3.1.1. Morphological changes
In 1950, Franklin [120,176,177] published XRD studies of heat-treated carbons that were
prepared from pitch coke, petroleum coke, and a char prepared from polyvinyl chloride. Upon
heat treatments up to 3000 °C, she found out that the interplanar (002) spacing’s fall to
approximately 3.354 Å, the value for single crystal graphite as shown in Figure 3-1. In a
following study, Franklin [178] demonstrated that pyrolysis of organic materials yields carbons
that fall into two distinct classes, graphitizing and non-graphitizing. While cokes could be
graphitized, chars could not be transformed into crystalline graphite, even at 3000 °C. Franklin
suggested that the non-graphitizability of these carbons results from their porous structure and
the random orientation of the initial crystallites. Consistent with this interpretation, Harris [179]
suggested non-graphitizing carbons were those with fullerene-like structures made up of
randomly curved fragments, containing pentagonal and heptagonal rings.
Graphitized carbon blacks and spherical onions have been synthesized through high
temperature annealing over extended times in batch processes. Heidenreich et al. [123] observed
partially graphitic particles by heating an ISAF carbon black at a temperature of 2600 °C in an
inductive furnace. A perspective drawing of a graphitized carbon particle illustrating the
development of graphite crystallites is shown in Figure 3-2. Marsh et al. [180] thermally
annealed petroleum coke and noticed an increase in length of layer planes. Russell et al. [114]
studied the effect of heating chars at high temperatures on structural ordering and reactivity.
They found heat treatment produced a more ordered and unreactive carbon matrix, accounting
for char thermal deactivation.
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Figure 3-2. Idealized structure of a graphitized carbon black particle (adapted from Heidenreich
et al. [10])
Mordkovich et al. [181] reported that heat treatment of benzene carbon black causes
restructuring with the appearance of multi-shell fullerene nanoparticles. Ungár et al. [182]
compared the microstructure of different grades of heat-treated carbon blacks by X-ray
diffraction profile analysis. They attributed the differences in crystallite size across the different
carbon blacks to the synthesis conditions. Vander Wal et al. [158] observed for carbon black, the
evolution of graphitic nanostructure upon increasing heat-treatment temperature, ultimately
leading to hollow, and polyhedral shells. Further fringe quantification suggested an increase in
crystallite (carbon lamellae) order by increasing the fringe length and reducing the fringe
separation distance. With temperatures >2000 °C, and heating and cooling rates generally limited
to <100 K min-1, multi-faceted polyhedral graphitic shells were often created as long durations at
graphitization temperatures are well known to yield graphite by exacting nearly complete
dehydrogenation and achieving maximum growth of carbon lamella [122,174,175,183–187].
More recent studies have extended such studies to carbon nanotubes and nanofibers. High
temperature heat treatment of single-wall carbon nanotubes (SWNT) resulted in coalescence
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yielding larger diameter tubes [188]. At higher temperatures the tubes underwent extensive bond
rearrangement, transforming into multiwall nanotubes (MWNT) reflecting strain and energy
minimization [189–192]. Kim et al. [193] examined purified SWNT material derived from an
arc-discharge process. When subjected to high-temperature heat-treatment, this material evolved
into bundled MWNTs consisting of multishell graphitic nanoribbons. These authors suggest the
large differences in the as-grown diameter distribution and spatial arrangement of tubes within a
bundle, as well as the number of tubes per bundle as the causative factors for different thermal
transformation behaviors. Endo et al. [194] suggested that the unusual morphological features of
a graphitized carbon nanofiber was due to a two-fold effect, caused by improved stacking within
domains, accompanied by structural reorganization between domains.
3.1.2. Thermal annealing mechanism
Under thermal equilibrium conditions carbon transforms towards a stable graphitic
structure, this process is termed “graphitization” [122,178]. The process involves breaking cross
linkages between lamellae to unpin graphene layers while driving off hydrogen and other
heteroatoms to create radical sites for lamellae growth. The crystallite growth depends on the
migration of isolated atoms and joining of adjacent lamellae – leading to so-called “vegetative
growth”. Thermodynamically, the reaction should proceed towards a more stable structure with a
lower free energy. The Gibbs free energy of the disordered carbon is higher than that of carbon
graphite structure. Thus at a high temperature (i.e., 2000 °C), the carbon structure will transform
into a graphite structure (∆Gf = 0). During graphitization, the fragmented graphene layers will
have a strong tendency to link with neighboring fragments to grow into a larger layer. Once the
first layer is formed, it can act as a template for the remaining small fragments [195,196]. Each
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stage of crystallite growth becomes progressively more difficult, as the energy of activation
increasing continuously as the crystallite size increases. Thus as the size of layers increases,
higher temperatures are required to provide sufficient energy to displace the layers and thus to
continue the process of crystallite growth [114,122,178].
3.2.

Laser heating of soot
3.2.1. Laser-material interaction
In order to induce change in a material, the laser light must be absorbed which depends

on the absorption coefficient of the material. For typical laser wavelengths (such as 1064 nm),
the absorption of laser light predominantly occurs through resonant excitations such as
transitions of valence band electrons to the conduction band (inter-band transitions) or within
bands [197]. Therefore, the laser beam induces a non-equilibrium electronic distribution that
thermalizes via electron–electron and electron–phonon interactions, quickly transferring energy
to lattice phonons [198,199].
The time it takes for the excited electronic states to transfer energy to phonons and
thermalize depends on the specific material and the specific mechanisms within the materials. In
general the thermalization time is on the order of 10-12 – 10-10 s for metals and is slightly lower
for non-metals. When the laser-induced excitation rate is slow in comparison to the
thermalization rate, the absorbed laser energy is being directly transformed into heat. For
instance, laser processing with laser pulse times that are slow (~ ns) is typically characterized by
photo-thermal mechanisms [199].
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Figure 3-3. An illustration of the sub-mechanisms that takes place when soot is heated by a highenergy laser.
Laser-material interaction is commonly described theoretically by the different physical
mechanisms [200], as illustrated in Figure 3-3. Absorption of the laser light by the particle will
increase the internal energy of the soot and hence its temperature. A number of loss mechanisms
will counteract this energy increase. The cooling occurs through heat conduction to the
surrounding gas and through radiative emission. Visible and infrared light emission will strongly
increase with temperature thus contributing to the energy loss. This emission (thermal radiation)
is detected as the signal for laser induced incandescence (LII), a commonly used technique for
visualization and characterization of soot, especially in combustion environments [201–204].
Only if the laser pulse energy is high enough, will the soot reach temperatures above ~4000 K, a
temperature at which carbon vaporizes, thus losing both energy and mass [205]. Until recently
the LII models didn’t consider thermal annealing, which occurs during and shortly after the laser
heating when the incandescence signal is collected [206] .
3.2.2. Morphological changes
Under rapid time-scales, such as during pulsed laser heating, carbon soot transformation
have been reported. Ex situ visualization of laser-heated soot by use of TEM revealed significant
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graphitization induced by pulsed laser heating. Ferretti et al. [207] evidenced the formation of
linear graphitic braids and hollow polyhedral onions in fullerite “soot” when irradiated in air at
200 mJ/cm2 (90 shots). The nanostructure change of soot particles under pulsed laser heating has
been detailed by Vander Wal et al. [208–212]. As shown, soot particles undergo structural
transformations leading to shell-like and rosette structures due to laser heating. A thermal
annealing process was surmised, resulting in a rearrangement of the crystallites accompanied by
a density change, thereby accounting for the observed graphitization and formation of hollow
shell-like structures. This mechanism also accounted for the approximate number of 002
graphitic layer planes at the perimeter of the primary particles [211]. A one-step synthesis
pathway for generating carbon onions from an acetylene flame with a continuous-wave (CW)
infrared CO2 laser with laser power exceeding 1400 W has also been reported [213,214]. More
recently structural changes (formation of defective carbon onions) in soot particles induced by
diode laser irradiation were reported by Hu et al. [215]. Using a 0.4 millisecond pulsed Nd:YAG
laser, Hu et al. [216] synthesized carbons onions with hydrophilic characteristics by irradiating a
carbon black suspension. More recently, Zhou et al. [217] using a CO2 laser synthesized carbon
onions in open air by excitation of precursor molecules. Laser heating studies on CNTs have also
suggested some interesting structural transformations [218–221].
Such a dynamic lattice transformation on the nanosecond time scale raises many
questions such as the extent of transformation. Though shorter timescales for heating are
possible, the conversion of the electronic excitation to thermal phonons is estimated to occur on a
10’s of picosecond timescale [222]. This causes nanosecond laser pulsed heating to be equivalent
to thermal addition, in the absence of material stripping and/or ablation processes. Fluorescence
does not interfere with the laser heating, but can interfere with optical pyrommetry
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measurements of the induced temperature. Laser light at 532 nm can excite fluorescence from
large PAHs. The potential for fluorescence interference is even worse if using 355-nm or 266-nm
laser light [223], yet absent for light at 1064 nm. Moreover this wavelength does not introduce
competing electronic excitation effects [224–226].
3.2.3. Laser annealing mechanism
In pulsed laser annealing, the transformations occurs within nanoseconds while the
carbon is at elevated temperatures, namely above 2000 °C, a temperature commonly considered
as a graphitization threshold based on traditional heating studies [122]. It is understood that the
greatest energy barriers of the reactions, such as breaking down the bonds occur within
picosecond time scales while longer-range motions such as reorientation of graphene segments
occurring on longer timescales. Because dangling bonds and edge defects are eliminated
[227,228], lamella mobility is enabled and the soot nanostructure can relax into a more
thermodynamically stable graphitic lattice structure. Formation of closed structures during the
layer plane growth is energetically favorable since flat graphitic units of small size would still
contain a large fraction of high-energy, un-terminated carbon atoms [229]. Similar annealing and
crystallite layer plane growth have been observed in other heat-treatment studies of a variety of
carbons including soots, carbons blacks and specialty carbons [158,194,230,231]. Identification
of SSILD conditions is outlined in Chapter 6.
3.3.

Summary
High temperature furnaces have determined the temperature required to achieve a given

level of graphitization. Unknown is the timescale for nanoscale transformations. Whether
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resistance or induction based, such systems impose long temperature ramps and cool-down
periods. While time-at-temperature can be varied, generally it is on an hour or longer timescale
with the ramp and cool-down periods each being a few hours in duration. The rate of high
temperature transformation depends upon the range of activation energies associated with the
different length scales (molecular to nanoscale) associated with graphitization. Underpinning the
hypothesis of this thesis is that on a nanosecond timescale such graphitization will only be
partially completed. After all, if full graphitization of soots occurs then some of the differences
would potentially be lost.
The concept of SSILD is to accentuate differences in chemistry and small variations in
nascent nanostructure to differentiate soots from different combustion sources. Partial
graphitization may best highlight differences rather than full graphitization wherein each soot is
driven to a final graphitic form. Chemistry and nanostructure can be physically conceptualized as
representing different length scales with varied activation energies. Any particular temperature
could activate some subset of graphitization steps and equivalently, so also a short time at an
elevated temperature. By limiting the extent of transformation by controlling the kinetics by
temperature and time, nascent differences can be kinetically exploited while avoiding similarity
by full graphitization where all molecular and nanoscale motions and rearrangements have been
completed.
In principle such conditions could be identified by atomistic scale simulation. Even if a
soot particle contains too many atoms for full inclusion, a slice or wedge shaped portion would
be sufficient to model predictions. In absence of such guidance, experimentally such conditions
will depend upon the available laser technology, and within that constraint, determined
empirically. As outlined, 100’s of picoseconds for heating would be a minimum by which to

30

achieve the desired level of structural transformation. The other end of the spectrum as found by
furnaces is not a useful boundary. However the prior LII related measurements suggest that
pulsed laser heating of the order of 10’s of nanoseconds are commensurate with partial
graphitization, for temperatures above the nominal 2000 °C threshold, as was detailed in section
3.2, therein providing the basis for choice of laser and type for SSILD.
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Chapter 4
Goal and Objectives
4.1.

Goal
Over the last three decades, laser induced incandescence (LII) was used as a optical

diagnostic method for measuring time-resolved soot particle volume fraction and primary
particle sizes in combustion scenarios [201–204]. Until recently, LII models have used bulk
carbon properties for soot properties with the basic assumption that the soot remained unchanged
by the laser action during LII [206]. Few researchers have addressed the transformations induced
by the action of pulsed laser light [208]. Using a variety of lasers and operational parameters
according to their research, soot particles undergo substantial structural change, during the laser
pulse and continuing while yet at elevated temperatures [211–213,215,216]. Changes were
attributed to a laser-induced thermal annealing process. Nevertheless, their motivation and tests
were directed towards addressing implications on LII, and subsequently extended to synthesizing
novel nanomaterials. The direction and purpose of this study is on combustion source
identification, for soot, using the laser-induced transformation as a diagnostic tool.
As stated earlier, the goal is to exploit the non-equilibrium formation history of
combustion soot and resulting disordered structure with variable chemistry by laser-based
derivatization. Chemical and physical variations that may be obscured by bulk analyses, can be
highlighted. Sub-goals to guide experiments towards this are structured on a 3-fold hierarchical
length scales as follows:
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1. Initial morphology controls the extent of nanostructure propagation
2. Nascent nanostructure controls the direction of nanostructure evolution
3. Chemistry controls the extent of nanostructure evolution.
Collectively these sub-goals form the foundation for SSILD to successfully differentiate
soots; each aspect is necessary for the technique to function as a robust diagnostic tool.
4.2.

Terminology
Morphology refers to the geometric dimension of the soots at the micro-nano scale. The

particle geometry can impose limitations on contact, and often influence the relative orientation
of lamella between elements. For the SSILD to work, the laser heating should retain the
morphology while yet accentuating the nanostructure. Particle fragments could seriously restrict
recognition of changes and their quantification.
Nanostructure refers to the physical metrics of lamella within the soot particles at the
nano-scale. Lamella may be extended or short, flat or curved, and highly ordered or turbostratic.
Each of these physical measures may be characterized by a physical parameter and its statistical
distribution ultimately describing the nanostructure. In essence, nanostructure is defined and
limited by what we can actually observe via HRTEM. Laser derivatization of soots should
magnify the nanostructural differences so as to aid quantification, with divergence rather than
convergence based on initial differences.
Chemistry at the molecular length scale refers to the atomic and molecular composition,
including heteroelement content: specifically the H/C ratio, O-atom content, aromatic and
paraffinic content. Small changes in these values would not measurably alter the lamellae
distributions for nanostructure metrics. However removal of such atoms by laser heating can
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remove cross-links and create reactive edge sites – these and other similar actions enabling a
greater degree of transformation. In the absence of little to no recognizable nanostructure
“chemistry” will be the operable parameter for soots from vastly different combustion sources.
4.3.

Objectives
To realize the goal of developing laser-based heating as an analytical tool requires

identifying the analysis conditions and operational ranges for optimal derivatization. Specific
objectives towards achieving this goal and to test the aforementioned sub-goals include:
•

Identifying optimal laser operational parameters for derivatization

•

Defining the dependence upon nanostructure and molecular composition using model
soots while also identifying variability and range of outcomes

•

Demonstrating differentiation upon combustion derived soots from real engines, e.g.
diesel, gasoline, gas-turbines, combustors, etc

•

Applying image processing algorithms to the laser heated soots to quantify and
differentiate the transformed carbon nanostructures

4.4.

Outline of tasks
Tasks follow from these experimental objectives and are defined by the specific steps to

achieve each objective.
For example, to identify optimal laser parameters requires exposing model soots to a
series of laser powers and varied number of pulses followed by HRTEM to identify which
exposure conditions produce maximal differentiation between the different soots. These results
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are contained in Chapter 6. Experimental components used to build the system, spectral and
temporal emissions, and sample preparation methods are also discussed in this chapter.
To define dependence upon nanostructure different synthetic soots with distinctly
different nanostructures will be laser heated followed by HRTEM and fringe image analysis to
test for further differentiation by before and after comparisons. These tests and outcomes are
described in Chapter 7.1.
To demonstrate differentiation, soots from real combustion sources are laser heated,
nanostructural changes observed and compared with initial differences in nanostructure and
chemistry, the latter by varied spectroscopic analytic methods. These comparisons are presented
in Chapter 7.3.
To test for identification, image analysis methods will be developed and applied to the
laser heated soots for numerical differentiation by parameters measuring varied length scales.
These illustrations are outlined in Chapter 8.
Success will be realized by divergent soot structures, dependent upon the original soot
nanostructure and chemistry reflecting its formation conditions during combustion, allowing then
for source identification.
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Chapter 5
Experimental
The chapter provides brief descriptions of the main experimental equipment,
measurement objects, soot samples and characterization tools used within this work. Laser
annealing involves complex setups with lots of additional equipment not discussed here. For
instance power meters measuring the laser pulse energy, oscilloscopes measuring the output
from diodes and of course different kinds of optics.
5.1.

The Nd:YAG Laser
The laser used in this study is a Continuum® SureliteTM – III model. A simplified energy

level diagram for this laser is shown in Figure 5-1 [232].
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Figure 5-1. A simplified Nd:YAG laser – energy level diagram
The optical cavity of this laser system is illustrated in Figure 5-2. This Nd:YAG laser is a
pulsed high-power laser. The pulsed mode operation is achieved by first preventing free passage

36

inside the cavity as the amplification in the active medium is built up. At a specified time the
radiation is made free to pass, creating a burst of laser light from the output mirror, called a laser
pulse. Laser pulse energy was adjusted by using the flash lamp voltage on the power supply
control panel. The fundamental wavelength from this Nd:YAG laser is in the near infrared at
1064 nm, although by utilizing frequency-mixing crystals, other wavelengths can be achieved.
The typical pulse width for this laser at 1064 nm is 4-6 ns. Using special dichroic mirrors and a
factory SureliteTM separation package, monochromatic laser light with 1064 nm wavelength was
attained.

Figure 5-2. The typical arrangements inside a Nd:YAG laser (1 – rear mirror, 2 – pockels cell, 3
– λ/4 plate, 4 – dielectric polarizer, 5 – flash lamp kit, 7 – Gaussian mirror, 8 – output beam
compensator, 9 – doubler, 10 – tripler)
5.2.

Detectors
For multi-wavelength pyrometry and measuring heating and cooling rates, spectral and

temporal emissions are acquired. These results are discussed in detail in Chapter 6.2. Here a brief
description of the detectors used to collect the signal is provided.
5.2.1. The ICCD camera
Incandescence measurements have been performed using ICCD (Intensified chargedcoupled device) camera, whose principle operation is depicted in Figure 5-3(a).
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Figure 5-3. (a) Principal operation of an ICCD camera, and (b) the electron amplification process
inside a microchannel plate (MCP) (adapted from Bladh [200])
The microchannel plate works as an electronic shutter enabling very short
exposure times in the nanosecond range to be used. The instrument response is approximately
linear with signal intensity. The spectral sensitivity is non-uniform, however, and must be
measured and corrected for spectroscopy and pyrommetry applications. For spectral
measurements here, a ¼ meter Acton Research Corporation (ARC) SpectraPro®-275
monochromator is used as a spectrograph by mounting a Princeton intensified CCD camera
(model ICCD-576-S) at the exit plane.
5.2.2. The photomultiplier tube
Photomultipliers can be made extremely sensitive and are capable of detecting single
photons. The principle operation is depicted in Figure 5-4. In this study, the temporal resolution
of the photomultiplier tube (PMT) used is approximately 2 ns. A 9-stage photomultiplier tube
(ARC PD-439 housing, Hamamatsu 931b) attached to a spectrometer detected the temporal
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emission of the material incandescence at selected wavelengths, with spectral bandwidths of
approximately 5–10 nm.

Figure 5-4. The principle operation of the photomultiplier tube (PMT)
5.3.

Soot samples
The overall goal is to build laser-based heating as an analytical tool for soot source

identification. Specific objectives directed towards achieving this goal include the following: (1)
To examine the parametric dependence of the SSILD technique upon laser processing
parameters. (2) Validating the laser-based SSILD technique by demonstrating differentiation
upon soots from varied sources and conditions.
For the first task, to test the degree of graphitization dependent upon laser fluence, three
carbon samples that have different particle sizes and morphologies are laser heated. Because the
annealing rate is highly dependent upon temperature, and overall conversion upon duration, the
laser pulse fluence (energy per unit area), and duration afford a means by which to optimize the
annealing to bring out the nanostructural differences.
The carbon samples are two commercial carbon blacks (R250 and Lamp Black, derived
from different process conditions), and a lab generated soot from a diffusion flame burning
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ethylene (C2H4) fuel. The lamp black (Flammrus 101) was purchased from Evonik Industries®
(formerly Degussa), while the Regal-250 black was obtained from Cabot®. These carbon blacks
are nearly pure carbon with a C:H ratio > 10:1 and negligible heteroelement content.
5.3.1. Ethylene soot
Ethylene soot was generated in a co-flow gas-jet burner, using pure fuel. The burner was
the well-known co-flow burner with a central fuel jet (ID = 11.1 mm) surrounded by a coflowing air stream (ID = 101.6 mm), first demonstrated by Santoro et al. [233]. Ethylene (C2H4)
was used as the fuel, with a flow rate of 300 sccm. The co-flow was set at 43 slm air to stabilize
the center diffusion flame. The produced soot particles were directly collected within the closetip diffusion flame by a thermophoretic sampling device with 300 mesh lacey carbon TEM grid
for further soot nanostructure HRTEM analysis. Alternatively soot was also collected directly on
a microscope cover (glass) slip. The pneumatic sampling device was driven by pressurized N2
gas. To ensure one cycle sampling period can be completed within a 50 µs interval, 25-30 PSI
gas pressure was applied to the device. To avoid further oxidation of collected-soot, only one
insertion/sampling/withdrawal cycle was used for each sample collection. The soot samples were
collected at the central position of the flame with the height set between the close-tip and the
soot inception point. Typically, the point is ~5 to 10 mm below the flame tip.
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The second task of the study is to demonstrate the differentiation of combustion-derived
soots from varied sources (and conditions). Towards this objective a variety of soots that could
offer a wide range of nanostructures and chemical contents are acquired from multiple sources.
As real-world samples, these directly test the robustness of the SSILD technique. The
collaborator or organization names are listed accordingly. The range of samples heated include:
1. Diesel engine soots
a. Mercedes Benz direct-injection common rail diesel engine (ORNL)
b. Cummins ISL medium-duty diesel engine (PNNL)
2. Jet engine exhaust
3. Gasoline engine soots
a. Dodge Caravan (U.S. EPA)
b. Chevy Impala (U.S. EPA)
4. Flame Soots
a. Ethylene soot from a co-flow diffusion burner
b. n-butanol/n-dodecane and n-dodecane soot from a premixed, flat flame burner
5. Outdoor wood boiler soot (U.S. EPA)
6. Synthetic carbon blacks
7. Gulf oil spill soot (U.S. EPA)
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5.3.2. Diesel engine exhaust
Two different diesel engine sources were used to generate diesel soot samples. The
sources include soot from: 1) Mercedes Benz direct-injection common rail diesel engine (ULSD
and B100), and 2) Cummins ISL medium-duty diesel engine (ULSD). These soots provided the
option to compare system and fuel dependencies. A brief description on the engine operation is
provided below.
Mercedes Benz direct-injection common rail diesel engine – These samples were
obtained from the collaborative research with Oak Ridge National Laboratory (ORNL).
Particulate samples were generated in a 1999 1.7L Mercedes Benz direct-injection common rail
diesel engine. The engine specifications and detailed description of the system are given in
[234,235]. Briefly, the engine was operated with a dSpace flexible engine control system. This
system is set up to emulate the factory calibration for conventional diesel combustion and is
capable of actuating the exhaust gas recirculation (EGR) valve, the intake throttle, fuel rail
pressure, start of injection (SOI) timing, injection duration and the number of injection events.
The engine was run at a single steady-state point, 1500 rpm, 2.6 bar brake mean effective
pressure (BMEP) with 30% EGR for 12h (one 8h day + one 4h day) for each fuel. This low load
point was chosen because it is the heaviest weighted point of the multimode steady-state
approximation of the US FTP-75 drive cycle. For each fuel blend, the engine performance
parameters (speed, load, %EGR) were set, and fueling rate, rail pressure and SOI were allowed
to float to meet the demand; the engine was not optimized for each fuel. An uncatalyzed diesel
particulate filter (DPF) was installed approximately 1 m downstream of the turbine exit to collect
particulate powder. No diesel oxidation catalyst (DOC) was used before the DPF. Analyses of
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soot collected at different durations of engine operation did not show changes in nanostructure.
Moreover soot is collected in bulk, inspection of many samples from the same batch did not
reveal heterogeneity – to suggest such changes [162].

Figure 5-5. Schematic illustration of the diesel particulate sampling setup. Particulates were
filtered directly from the engine exhaust with uncatalyzed cordierite particulate filters (adapted
from Strzelec et al. [236])
Soy GoldTM soy methyl ester biodiesel (B100) was purchased from Ag Processing Inc.
(Omaha, NE) and conventional 2007 certification ultra-low sulfur diesel fuel (ULSD) was
purchased from Chevron Phillips Specialty Chemical Company (The Woodlands, TX). The
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parent fuel properties are given in [236]. The fuel blends investigated in this study include 100%
conventional diesel (designated here as ULSD), and 100% biodiesel (designated here as B100).
The sampling system used to collect particulates in this study is illustrated schematically
in Figure 5-5. The particulates of interest here were filtered directly from the engine exhaust with
15 cm × 15 cm NGK noncatalyzed cordierite DPF. A separate (new) DPF was used for each fuel.
Samples were accumulated in the DPF over steady engine operating periods of 12 h for each
fuel. At the end of this period, the DPF was removed from its holder and the particulate samples
were removed by back flushing with air.
Cummins ISL medium-duty diesel engine – This sample was acquired from Pacific
Northwest National Laboratory (PNNL)-led field campaign and the experiments were carried out
at Michigan Technological University. The diesel soot sample was collected from a Cummins
ISL diesel engine. The 6-cylinder diesel engine was brought to steady state operating conditions
of 2100 rpm and 195 Nm. The fuel investigated was conventional diesel fuel, a 2007 certified
ultra-low sulfur diesel fuel (<15 ppm). The soot was accumulated on a commercial diesel
particulate filter under low-temperature exhaust conditions (less than 270 °C), to minimize
sample loss due to oxidation. Subsequently, the sample (powdered particulate matter) was
removed from the filter and then stored in a closed container under ambient conditions.
5.3.3. Jet engine exhaust
This sample was obtained from the Alternative Aviation Fuel Experiment II (AAFEX II),
a NASA-led ground-based field campaign, was carried out at the NASA Dryden facilities in
Palmdale, California [51]. During the campaign, the experiments were conducted on PM
emissions as produced by a GE CFM-56-2C1 engine aboard a (NASA) DC-8 aircraft, parked on
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the runway. Experimental sampling and manifold schematics can be found elsewhere [237].
Briefly, two water-cooled sampling probe rakes directed raw exhaust emissions to various
sampling stations. The sampling manifold and associated custom holder provided for direct
collection of soot upon a TEM grid for each engine power. The key advantage here is the direct
collection of the soot from the aerosol phase. The laser-heated sample here is that collected with
the engine running on JP-8 at maximum rated thrust (100% power).
5.3.4. Gasoline engine exhaust
Two different soots generated from on-road gasoline driven vehicles are investigated by
laser derivatization. The sources include soot from 1) Chevrolet Impala, and 2) Dodge Caravan.
Brief description on the engine operation is provided below.
Chevy Impala soot – This sample obtained from the U.S. EPA. PM emission was
collected from a production Chevrolet Impala LS from the 2008 model year, equipped with
automatic transmission. This particular vehicle had a six-cylinder engine, with multiport fuel
injection (MFI) flex-fuel system. The odometer reading prior to the testing was 23,785 km.
Further details on the engine and test procedures are published elsewhere [26].
Vehicle testing and emissions characterization measurements were conducted within the
light-duty, gasoline-powered vehicles (LDV) emissions tests facility located at the U.S. EPA,
Research Triangle Park Campus, North Carolina. Pure gasoline (E00) was the test fuel. This test
fuel consisted predominantly paraffin and aromatic moieties. The test vehicle was operated over
the three-phase LA-92 Unified Driving Cycle (UDC). This test cycle includes a 300 s cold-start
transient phase (phase 1), a 1135 s hot-stabilized phase (phase 2), and, following a 10 min
engine-off “soak” period, a 300 s warm-start transient phase combined with a 1135 s hot-
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stabilized phase (phase 3). LDV exhaust was directed to a dilution tunnel and constant volume
sampling (CVS) system using an insulated transfer tube.

Figure 5-6. Schematic diagram of the dilution-CVS sampling system used for dynamometer
operations (adapted from Hays et al. [26]).
A schematic of the CVS sampling system is shown in Figure 5-6. Briefly, dilution air (21
m3/min; 21 °C) passed through a charcoal bed to stabilize hydrocarbons and then through a
HEPA-filter to remove PM before mixing with the LDV raw exhaust. A mixing orifice
positioned immediately downstream of the exhaust entry point ensured a homogeneously diluted
exhaust mixture (dilution ratio ~15:1). Particle emissions were collected on pre-fired (550 °C, 12
h) quartz fiber filters (Pallflex 47 mm diameter, Pall Corporation, Ann Arbor, MI) positioned
downstream of a PM2.5 cyclone (93 slm; URG-2000−30-EP, URG, Chapel Hill, NC). The gas
and particle sampling system and its operation were compliant with the Code of Federal
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Regulations, title 40, subpart 1065. This particular sample from the Chevy Impala LS was
collected during summer (24 °C), and was phase integrated.
Dodge Caravan soot – This sample was obtained from the Kansas City Light-Duty
Vehicle Emissions Study (KCVES) conducted by the U.S. EPA. As a whole, the KCVES
measured emissions from 496 light-duty, gasoline-powered vehicles recruited from the Kansas
City metropolitan area [238]. Fulper et al. [239] provides a complete description of the vehicle
recruitment, testing, sample handling and analysis, and other quality assurance procedures
utilized in the testing program. Emission sample was collected while the vehicle operated on a
Clayton Model CTE-50-0 portable chassis dynamometer (twin-roll) over the LA92 UDC,
consisting of a “cold start” (Phase 1); “hot stabilized running” (Phase 2); a 600-second (engine
off) “soak”; and “warm start” (Phase 3). Prior to sampling, vehicle was kept at ambient
temperatures overnight for a minimum of 12 hours, and not started until testing the next day. In
addition, the testing facility was kept at outdoor ambient temperatures by opening all bay doors
and vents during testing. PM samples were collected from a dilution tunnel (dilution ~10:1). A
positive displacement pump, constant-volume-sampling (PDP-CVS) system was used to dilute
the vehicle exhaust. The tunnel operating temperature was maintained at approximately 52 °C for
all testing analyses. Dilution air was treated with a charcoal bed (for hydrocarbon [HC]
stabilization) followed by a HEPA filter (99.97% Dispersed Oil Particulate [DOP] filter
efficiency) to remove particles prior to mixing with vehicle exhaust. Commercial gasoline was
the tested fuel.
The sampling probe matched the flow velocity of the dilution tunnel to that of a 2.5 µm
size-selective cyclone. The cyclone and filter cassette were constructed of stainless steel. Flows
were controlled with a mass flow controller at 16.7 slm for PM2.5 samples collected on pre-fired,
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47 mm diameter quartz fiber filters (Pallflex, Pall Corporation, Port Washington, New York).
Filter face temperatures were maintained at 47 ± 2 °C. After collection and gravimetric analysis,
PM2.5 filter samples were cold shipped to the EPA facility in Research Triangle Park, North
Carolina, and stored at -20 °C until undergoing analysis for this study.
Towards the SSILD demonstration and database development, a single sample from the
KCVES study was laser derivatized. This sample was that captured from the 1997 model year
Dodge Caravan minivan. The odometer reading on this vehicle prior to testing was 96,455 km.
Sample was collected during the winter season (-9.7 °C) for duration of 5.5 minutes (Phase 1 of
LA92 UDC).
5.3.5. Flat flame, premixed burner soot
Soot was generated from a flat-flame, premixed burner using two fuels 1) pure ndodecane, and 2) a mixture of n-butanol/n-dodecane (40/60 mol%). The motive for testing these
two fuels is to study the system and fuel dependence on the source identification.
These samples were part of the collaborative research with University of Utah [240]. Soot
samples were generated in a flat flame, premixed burner under heavily sooting conditions and
captured on a water-cooled stabilization plate, located 5 cm above the burner surface. Figure 5-7
shows a schematic representation of the flat flame burner.
The system consisted of a stainless steel chamber (2” ID, Schedule 80, 5” long) where
fuel and air were injected and mixed prior to entering the burner. Fuel flowed through a tube
bundle (1/16” ID, 1!!” long) and a nitrogen shroud was utilized to shield the pre-mixed flame
from atmospheric interference. Air and the liquid mixture were fed to the burner using a
commercial vaporizer coupled to a syringe pump and temperature control system. Further details
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are given in Echavarria et al. [70]. The temperature in the vaporizer was held at a constant,
elevated temperature above the fuel boiling point, (dependent upon the fuel), to ensure that the
fuel was vaporized and a steady-state supply was maintained. The composition of the fuel
mixture was analyzed by gas chromatography before and after being vaporized to verify that the
fuel was not distilled upon vaporization [70].

Figure 5-7. Schematic representation of the flat flame burner and feeding system (adapted from
Jaramillo et al. [240])
In this study a pure n-dodecane and a mixture of n-butanol (40% mol) and n-dodecane
(60% mol) was used as fuels, respectively. The fuel/air equivalence ratio (Φ) was 1.7 for the pure
component fuel, whereas 2.7 for the oxygenated fuel mixture. The flame temperatures were 1705
K and 1777 K, respectively. Flame temperatures were measured using a type-B thermocouple
(wire diameter = 0.002032 cm) at 5 cm above burner, which corresponds to the distance where
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the soot was collected. Subsequently the powdered soot sample was removed from the plate and
then stored in a closed container under ambient conditions.
5.3.6. Outdoor wood boiler soot
The boiler tested was an Econoburn/EBW-200 (AFB) that was manufactured by
Alternative Fuel Boilers. Briefly, the OWB tests were conducted under ambient conditions at an
outdoor U.S. EPA test facility located at Research Triangle Park, North Carolina. A detailed
description of the OWB technologies and the testing facilities and procedures is provided
elsewhere [241]. This OWB was operated using a 24 h diurnal heat demand profile (for January)
for a typical 232 m2 home in Syracuse, New York; the heat demand was simulated using a
digitally controlled water–water heat exchanger system. The boiler unit was tested using red oak
wood (Quercus rubra) as fuel. The emissions from the boiler were captured using a shrouded,
annular hood duct positioned directly above the boiler stack. Emissions were diluted (~10:1) and
directed to sampling arrays using a 25.4 cm diameter stainless steel pipe. A port positioned
downstream of the annular duct collected PM at ~25 °C (21 L per min.) using a 47 mm quartz
fiber filter with a sample grab time of ~15 s. The sample is designated as JA-29.
5.3.7. PM from gulf oil spill
This sample was obtained from the U.S. EPA. Particulate emissions are collected from
the open-ocean oil burning in the Gulf of Mexico following the Deepwater Horizon catastrophe.
A 4 m diameter, helium-filled aerostat (Kingfisher model, Aerial Products Inc., FL) was used to
loft an instrument package (termed the “Flyer”) into oil fire plumes (BP horizon disaster) for PM
sample collection, as shown in Figure 5-8. The aerostat/Flyer were launched from the deck of the
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MV Allison (Aries Corporation), a 67 m long oil platform workboat. The aerostat was secured to
an electric winch by a 609 m long, 2.5 mm diameter Spectra tether. This PM sample, collected
on filters was extracted in a Soxhelt apparatus with toluene and is thus considered “residue”.
Further details on aerostat operations at sea, sampling and instrumentation are published
elsewhere [242].

Figure 5-8. Schematic illustration of the sampling package termed the “Flyer”, not to scale
(adapted from Aurell et al. [242])
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5.4.

Graphitization furnace
Thermal annealing of soots was performed in a RD-G® high temperature furnace (RD-

WEBB Air-cooled vacuum furnaces), as shown in Figure 5-9. This furnace was operated under
vacuum while maintaining temperature stability. Soot samples were poured into graphite
crucibles and are loaded into the furnace-heating chamber. The temperature was inferred from
both an optical pyrometer and a standard thermocouple until 1500 °C, beyond this the pyrometer
recorded the temperature. The heat treatment was a near-trapezoid function of time, with a soak
time of each carbon at elevated temperature of 2100 °C for one hour. The graphitized sample
was stored in a close container under ambient conditions.

Figure 5-9. The conventional furnace used for thermal annealing of soots.

52

5.5.

Characterization method
5.5.1. High-resolution transmission electron microscopy
HRTEM can reveal the graphitic structure of carbon, i.e., its nanostructure. Such images

provide a direct measure of the length, shape, and orientation of the graphitic fringes at any
particular depth in the material as determined by the focal plane [126]. A 200-kV field emission
TEM was used to take high-resolution bright field images. These images were acquired for indepth study of soot structure: macro- (aggregate), micro- (primary particle) and nano-scale
(nanostructure). The TEM used in this study is a JEOL® 2010F. This particular TEM has a field
emission gun source, and has a point-to-point resolution of 0.2 nm. Depending on the
requirement and the size of the soot samples, the applied magnifications varied between 20k×
and 500k×. All images were acquired in a Gatan® DigitalMicrographTM with a slow scan CCD
camera using a condenser aperture size of 70 µm and an exposure time of 0.5 – 2s.
Soot samples were directly deposited on the lacey C/Cu TEM grids for the nascent and
thermally heat-treated cases, and subsequently HRTEM images were acquired. Samples were
prepared by depositing a drop of suspension, created by ultrasonication of soot within ethanol
(200 proof) on a lacey C/Cu TEM grid. For the SSILD studies, depending on the sample
quantity, soots were either heated while on a cover glass and was then transferred onto a TEM
grid or was directly laser heated while on the TEM grid. The latter process negated the need to
re-disperse the sample.
A standard TEM operational procedure was designed and followed [161]. Within a 300
mesh lacey carbon TEM grid, generally aggregates from over ~20 sections are systematically
selected and visually surveyed to establish the consistency of the observations and ensure
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accurate representations. Categorized by the fractal morphology and size of the soot aggregates,
images were taken at low (20k×) and medium (100k×) magnifications in 5 to 10 regions of
interest (ROI). For each type of categorized soot aggregate, the nanostructure of soot primary
particles within the aggregate were surveyed and visually identified based on the general features
of soot primary particle nanostructure – curvature (fullerenic-like), length (graphitic-like),
amorphous or chaotic (mixed with fullerenic-like and graphitic-like structure). Table 5-1
summarizes the terminologies that are used to describe the observations of TEM images and the
results of fringe analysis.
Typically, more than 50-100 aggregates would be screened with over 50 images acquired
at a series of magnifications for each of the samples studied. Mean primary particle diameters
were measured by image processing software ImageJ®, an open architecture program developed
by National Institute of Health (NIH). More than 200 particles were measured while primary
particles with unclear boundaries due to overlapping were omitted to minimize measurement
error. The histogram data is fitted to a lognormal distribution, from which the median primary
particle diameter value is extracted. As a parameter for assessing the irregularity of the particles,
fractal dimension (Df) is used as a metric to distinguish fractal-like structures. Wherever
necessary, fractal dimension was calculated by a Matlab® program that was coded by Dr.
Lapuerta et al. [243,244].
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Table 5-1: A summary of nomenclature used to describe TEM images and fringe analysis.
Term

Description

Carbon

The term refers to the degree of atomic order as manifested by graphitic

nanostructure

layer plane segments and their physical relation to each other.
In a TEM instrument, the image of the specimen is recorded digitally
using a CCD. The configuration of graphene layers are reflected by the

Carbon

bright-field images, formed by interference between the scattered wave

lamellae/fringe

and the incident wave at the image point [108]. Physically a “fringe”
represents a sheet of intact or defective graphene layer within soot primary
particles.
Lattice fringe length is a measure of the physical extent of the atomic
carbon layer planes as seen in the HRTEM image. Larger lengths

Fringe length

correspond to a higher level of organization (fewer crystallites or grain
boundaries) and hence the material is considered to more closely resemble
graphitic structure.
Tortuosity is a measure of the undulation of carbon lamella. It is defined
here as the ratio of the actual fringe length (L) to the shortest distance
between the endpoints of the carbon segment. Undulation of the layer
planes gives rise to tortuosity. 2D curvature, whether positive or negative,

Fringe tortuosity

can arise from 5- and 7-membered ring structures within the aromatic
framework whereas 1D curvature arises from bent graphene sheets.
Tortuosity gives rise to disorder within the carbon framework by
preventing development of stacked layers and increasing the separation
between adjacent sections of carbon lamella.

Fullerenic-like

The carbon lamellae within the primary particles appear as highly curved
or closed circle fringes.

Graphitic-like

The carbon lamellae of primary particles appear as relative straighter,
longer and more ordered and stocked lamellas (fringes).
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Quantification of the HRTEM images by lattice fringe analysis provides several
statistical metrics describing the nanostructure order [46,57]. The term nanostructure is used here
to refer to the graphene layer plane dimensions, their tortuosity and relative orientation as
observed in the HRTEM images. As illustrated in Figure 5-10, the parameters extracted from the
skeleton images are denoted as fringe length, and fringe tortuosity.

Figure 5-10. Illustration of extracted major fringe parameters from lattice fringe analysis
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Digital images were processed using custom algorithms developed in-house by Dr.
Yehliu, coded with Matlab [45]. Briefly, the method is composed of digital image processing and
fringe characterization. The image processing involved several operations such as negative
transformation, region of interest (ROI) selection, contrast enhancement, Gaussian low-pass
filtering, top-hat transformation, binary image transformation, and removal of short fringes (<0.5
nm). The fringe characterization generated statistics on fringe length (La) and tortuosity based on
the processed skeletonized image of the carbon lamellae. Further details on image analysis
algorithm hierarchy, and the four major subroutines are discussed elsewhere [45,57].
Towards nanostructure quantification by lattice fringe analysis, in general 5 or more
images are analyzed. Prior work [45,161] and based on statistical results summarized in
Appendix B, it has been found that analysis of 5 or more images generally leads to insignificant
changes in the distributions. The results were self-converging with an experimental uncertainty
(standard error) measured across the total individual carbon lamellae segments (~5000 units) is
found to be ±0.03 nm for fringe length and ±0.01 for fringe tortuosity.
The raw fringe analysis data was exported to KaleidagraphTM for subsequent plotting and
data analysis. Histograms summarizing the distributions of fringe length, and fringe tortuosity
were fit to a 2–parameter lognormal probability density function with mean and standard
deviation as the two adjustable parameters.
f x =    !!
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Where, 𝜎! = Standard deviation 𝜇! = Mean of ln(x)

(5.1)
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5.5.2. X-ray photoelectron spectroscopy
XPS can yield data on surface functional group identity, relative atomic concentrations
and sp2/sp3 carbon bonding. The XPS spectra were recorded in an Axis Ultra from Kratos
Analytical® using a monochromatic Al kα (1486.6 eV) X-ray source operated at ultra high
vacuum conditions (10–8 bar). The analysis area is roughly 1 mm x 1.5 mm, with the sample
surface oriented normal to the analyzer entrance. The pass energy was set at 80 eV for survey
scans, and 20 eV for high resolution scans. The instrument sampling depth varied between 0 – 10
nm with a sensitivity of 0.01 – 0.5% (atomic). To check for consistency, spectra were collected
from different sample positions and were statistically compared (Appendix C).
The resulting survey spectra and high-resolution scans were processed by a commercial
software package CASA XPS®. Towards identifying peaks in a survey spectrum, the PHI
handbook of X-ray photoelectron spectroscopy was used as the reference. Using the software
tools in CASA XPS, the spectrum is first corrected for any surface charging by selecting the C 1s
peak. Using the “Element Library” toolbox, a single peak for each element is selected. An
integration region is constructed around each peak, using the “Quantification Parameters”
toolbox. Applying the quantification algorithm calculated the atomic percent’s of the elements of
interest.
High-resolution multiplex scans were run for carbon (C 1s ~284.6 eV) and oxygen (O 1s
~532 eV). The C 1s scan may be deconvolved in order to extract information on the sp2 and sp3
carbon bonding and oxygen functional groups as percentages. Deconvolution here demonstrates
that the C1s (at ~284.6 eV) spectrum can be quantitatively differentiated into five or more
different carbon components: sp2 hybridized carbon (at 284.4 eV), sp3 hybridized carbon (at
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285.2eV), the hydroxyl group (C−O at 286.6 eV), the carbonyl group (C=O at 288.0 eV), the
carboxylic acid group (O−C=O at 289.2 eV), and the π−π* signal (plasmon at 290.5 eV). These
assignments are well referenced in the literature [245]. The sp2 content may be interpreted as
aromatic carbon with the sp3 content representing organic or otherwise defective carbon
[56,246]. Using the Shirley background, the high-resolution C 1s scan is curve fitted for possible
peak assignments. The numerical value of residual was <4% for all the samples, indicating the
calculated curve was a near match to the measured curve.
5.5.3. Electron energy loss spectroscopy
The EELS analysis was done using a FEI Titan3 double aberration corrected TEM
operated at 200kV.The instrument was used in scanning TEM (Z-contrast imaging) with a highangle annular dark-field (HAADF) detector. The spectra were collected using a Gatan GIF
Quantum Energy Filter. A dispersion of 0.05 eV/ch with an aperture size of 5 mm is used with an
exposure time of 0.1 s.
In this study, EELS was applied to determine the sp2/sp3 bonding chemistry for several
particles within an aggregate. The advantage of using EELS in STEM mode coupled with stateof-the-art TEM effectively allows chemistry determination at spot sizes of less than 1 nm without
any sample alteration by the electron beam. Nevertheless, following EELS acquisition, HRTEM
images were subsequently acquired to confirm absence of sample damage. For each particle
analyzed, EELS spectra were acquired over a line scan, generally covering the total diameter of
the particles at 10 different spots on the line. Yet, only the spectrum from the center (mid-)-point
is used towards data analysis. At least 3 primary particles were analyzed. The spectra were
background-subtracted by fitting the pre-edge background with a power-law function using
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Gatan DigitalMicrograph software. The integrated intensity ratio Iπ*/Iσ* was determined by a
two-window integration method [247].
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Chapter 6
SSILD technique development & optimization
The development and optimization of the SSILD technique is discussed in this chapter.
Experimental components used to build the system, spectral and temporal emissions, and sample
preparation methods are discussed. Following is discussion of the parametric dependence of the
technique upon laser processing parameters.
6.1.

Experimental setup
6.1.1. Laser fluence
Laser fluence is a measure used to describe the energy delivered per unit (or effective)

area. It is a ratio of the laser pulse energy (mJ) to the spot area (cm2). For nanosecond pulse
lengths and greater, laser fluence is the best descriptor as the electronic excitation will be
converted to heat on time scales short relative to the laser pulse duration. For a laser beam, the
fluence is often highest on the beam axis and lower at positions somewhat away from that axis.
Fluence  
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(6.1)

The dimensions of the laser beam were deduced from the analysis of photographic paper.
Kodak® 1895 Linagraph burn paper was used in order to check for beam shape and profile.
Kentek Zap-It® paper was used for laser beam alignment and component positioning given its
higher burn threshold. The patterns at a flash lamp voltage of 1.25 kV are shown in Figure 6-1,
the measured diameter of the laser beam was ca 9 mm.
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Figure 6-1. Laser beam print collected above the quartz chamber (a) Linagraph paper, and (b)
Alignment paper
Laser fluence was adjusted by using the flash lamp voltage on the power supply control
panel. A Scientech Astral AD30® power meter system measured the energy of the laser pulse.
The dependence of laser fluence on the flash lamp voltage is shown in Figure 6-2. In this manner
the required laser fluence was achieved by adjusting the flash lamp voltage.
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Figure 6-2. Laser fluence (mJ/cm2) as a function of lamp voltage.
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6.1.2. Sample preparation
Depending on the source, sample quantities varied. Two different sample preparation
processes have been followed depending on the available quantity. From sources such as diesel
engines, flames, outdoor boilers etc., soot samples can be acquired in milligram or higher
quantities. For the SSILD analysis, such samples are prepared for analysis by suspending them in
ethanol (200 proof) with sonication for 15 minutes, followed by drop deposition using a glass
pipette on a cover glass as shown in Figure 6-3. Sonication was performed in a Cole-Parmer®
750-Watt ultrasonic homogenizer at 20 kHz, within a sound-ablating enclosure. Premium cover
glasses (22 × 22 mm), 0.13 mm thick were purchased from FisherfinestTM; these offered
transparency (95%) across the visible and near IR spectrum. Drop deposition amount and
suspension concentration were adjusted so as to maintain an optically thin sample upon drying.
The deposited sample formed a 5 mm spot; ensuring that the laser spot covered the entire sample
area (as discussed in Section 6.1.1, the laser beam diameter was ca 9 mm). Deposited samples
were allowed to dry completely prior to being loaded into the quartz chamber.

5 mm

Figure 6-3. Bulk sample preparation method (a) soot dispersed in ethanol, (b) sonicated sample
solution, and (c) sample spread on a cover glass.
Alternatively soot samples were provided either on 1) a filter (Quartz or Teflon), or 2)
TEM grids. These samples were those that are collected directly at a receptor site such as from
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the engine exhaust or from a plume when sample quantities are in micrograms or low. For the
sample on filter – a small piece of the filter is cut, and it is sonicated in ethanol. This process
would ensure the samples to be removed off of the filter without changing its aggregate
morphology. Sample is subsequently deposited onto a lacey C/Cu TEM grid. These TEM grids
are then directly laser heated.
6.1.3. Sample holder and housing
Soot samples are heated within an inert environment to prevent oxidation during laser
derivatization [208,211]. Several types of sealed chambers such as a custom-made metal vacuum
chamber with replaceable quartz window(s), cylindrical glass tube chambers with end caps were
initially explored. Reproducible alignment and sample insertion times were prominent issues for
these types of configurations, among other considerations. Therein a simpler and effective
approach was chosen – a sample-housing chamber was custom built using a commercial optical
grade quartz tube.
The tube from Technical Glass Products® possessed a 25 mm ID square cross section ×
75 mm length. A cylindrical round 22 mm ID × 25 mm OD glass tube was joined on one end of
the quartz tube using silicone rubber RTV. An ultra-torr Swagelok® fitting connects the end of
round glass tube to the inert gas line. The other end of the quartz tube that is open to ambient,
allowing for facile and accurate sample insertion. This entire sample housing was held using a
multi-motion stage, used for precise alignment. Figure 6-4 details the exact size dimensions of
the chamber.
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75 mm
Round Tube

Square Tube
25 mm

22 mm

25 mm
Figure 6-4. Detailed dimensions of the quartz chamber
In large the details of the sample holder depended upon the quantity and source of the
soot. Soot samples that are available in larger quantity were held upon a square cover glass (as
discussed earlier). Soots available in minimal quantities (such as the gasoline engine soots) were
held upon their collection source e.g. a lacey C/Cu TEM grid. In either case, a secondary cover
glass is placed on top as shown in Figure 6-5. Using a second cover glass to contain the sample,
the laser can pass through to the substrate to heat the supported soot. Simultaneously the carbon
support is heated, but no the metal grid, as it is non-absorbing at 1064 nm. The purpose of the
cover slip is to retain soot should some be dislodged by transient pressure perturbation.
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5 mm

3 mm

Figure 6-5. Soot sample holder (a) sample deposited on cover glass, (b) sample on a TEM grid
The energy loss due to the quartz chamber and the cover glass was minimal. Laser energy
was measured at two different spots (A and B) as shown in Figure 6-6(a). Spot A is indicative of
laser energy measured before transmission through the quartz chamber, whereas spot B is the
laser energy after transmission through the quartz chamber and the sample holder. A ~9%
reduction in laser energy was observed after passing through the quartz chamber as shown in
Figure 6-6(b). Commercial grade fused quartz is rated at transmitting only ~93% of the incident
radiation at 1064 nm wavelength (including surface reflection losses). Therefore the slight
reduction in laser energy is expected, and it is not significant in our experiments.
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Figure 6-6. (a) Laser energy measurement at spots A and B, (b) Average energy values at the
spots A and B.
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6.1.4. Set-up configuration
Figure 6-7 presents the global layout of the experimental setup. The setup can be divided
into three parts, the excitation, sample holder, and detection. Excitation encompasses laser
fluence and wavelength while detection pertains to the spectral and temporal collection from the
incandescence signal. To test for laser-induced changes, soots and other carbon blacks were
laser-heated while in an inert (argon) atmosphere enclosed in a quartz chamber. Ultra-high purity
argon (99.999%, Praxair®) served as the inert gas with the flow rate 3 slm regulated using
MKSTM mass flow controller and a multi-gas programmer.
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& controller
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controllers

1064
nm

Fiber optic
cable
Digital Oscilloscope

PMT
or
ICCD

Spectrometer

Quartz chamber

Figure 6-7. Experimental schematic illustrating the laser annealing and incandescence collection
Excitation setup – A pulsed Continuum® SureliteTM III Nd:YAG laser operating at 1064
nm was used as the excitation source. A laser beam dimension of ca 9 mm in diameter was used
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(the exposed section of the sample is ≤5 mm) ensuring that the entire sample received uniform
irradiation.
Detector setup – Multi-wavelength pyrommetry was applied for temperature
determination. During the heating, the laser induced incandescence signal produced by the laser
heating is collected by a quartz optical fiber bundle as shown in Figure 6-7. The other end of the
fiber bundle terminated in a rectangular geometry matching the entrance slit for the spectrograph.
The ¼-meter spectrograph is an Acton Research Corporation (ARC) SpectraPro®-275
monochromator. A gated intensified cooled CCD (Princeton Instruments® ICCD-576-S) under
computer control captured spectra at selected times relative to the excitation laser pulse. The
pulser for the camera intensifier was synchronized to the laser by a programmable pulse
generator (Princeton Instruments® PG-200) with the laser “sync-out” as master trigger. Spectra
acquisition and preliminary processing was performed by the ARC image acquisition package
WinView®.
A 9-stage photomultiplier tube (ARC PD-439 housing, Hamamatsu 931b) attached to a
spectrometer detected the temporal emission of the material incandescence at selected
wavelengths, with spectral bandwidths of approximately 5–10 nm. A high-resolution stepping
motor scan controller (ARC SpectraDriveTM) precisely positioned gratings and selected detection
wavelength. Operated at 450 V, the photomultiplier tube temporal resolution was judged to be
approximately 2 ns. A 500 MHz Tektronix® digitizing phosphor oscilloscope digitally captured
the temporal evolution data. Spectral and temporal data were processed by commercial software.
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6.2.

Spectral and temporal emissions
6.2.1. Spectral calibration
Two types of spectral calibrations were performed for wavelength resolved spectroscopy

and temperature measurements. The first calibration uses a spectral lamp (Hg-Ar) to record the
known Hg and Ar elemental emission wavelengths within the UV and near-IR range. The
calibration light source is Ocean optics® Cal-2000 Hg-Ar lamp. The observed wavelengths were
then assigned to specific camera pixels that served as points of known wavelength. A non-linear
curve-fit through these point’s serves to define wavelengths across the detector array.
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Figure 6-8. Spectrum of Hg-Ar (Ocean Optics Cal-2000) spectral calibration lamp.
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An example of such spectrum is shown in Figure 6-8 acquired using the gated intensified
array camera fitted to the spectrograph. An Hg-Ar lamp served as source with light coupled via
the fiber bundle to the spectrograph entrance slit. Nominal spectral resolution is ~1 nm (The
observed emission lines are subject to pressure-broadening within the lamp).
The second spectral calibration pertains to the correction of observed intensities. The
Princeton Instruments® camera system acquired spectra from the pulsed laser heating with
sample/soot temperature extracted from a blackbody fit. However the spectral sensitivity of the
detection system is not flat but varies with wavelength. The observed spectrum is then a
convolution of that from the laser heated carbon sample and the detection sensitivity. The
experimental spectrum requires correction in order to extract the true experimental intensity
distribution. For this an intensity-calibrated lamp is used. Its spectral output is continuous,
originating from a Joule-heated tungsten filament. Mathematically,
𝑆 𝜆 =   𝐼 𝜆 ⊗ 𝐿(𝜆)

(6.2)  

where S(λ) is the observed spectrum, L(λ) is the spectral intensity distribution of the lamp
and I(λ) is the instrument function that includes all wavelength dependent detection factors. By
measuring S(λ) with a source of known L(λ), one can determine I(λ). Once known, this function
can be used to correct all subsequent spectra to obtain the true intensity distribution of the
source.
The black body calibration source is a tungsten lamp (HTS-94) purchased from Optronic
laboratories. This source came with known spectral irradiance (µW/cm2) at respective
wavelength intervals. This calibration data is fit to a 6th order polynomial equation. The emission
spectrum from the light source was collected between 350 nm to 520 nm. The spectral sensitivity
was calculated by taking the ratio of the measured intensity to that of the calibrated intensity
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(from the 6th order fit) at respective wavelengths. Figure 6-9 is a summary graph of the measured
emission (incandescence) spectrum from the light source (HTS-94), spectral sensitivity
(function) and the calibration spectrum (known, Optronic laboratories calibration report) of the
tungsten lamp.
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Figure 6-9. Summary graph of tungsten lamp (HTS-94) spectrum, spectral sensitivity, and
calibration spectrum.
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6.2.2. Spectrally resolved emission
Spectral emission profiles reveal the radiation to be well described by a black-body
temperature. Multi-wavelength pyrommetry was applied for temperature determination. Using
the ICCD, spectra of the material incandescence was captured. With prior calibration using the
calibration lamp (Figure 6-9), the instrument response function was determined for
deconvolution of the true sample emission. Absolute temperature (T) is determined by fitting this
spectral profile to the Planck’s equation
B! T =   

!"!!
!!

  

!
!"
!!!! ! !!  

(6.3)

Where kB is the Boltzmann constant, h the Planck constant, and c the speed of light in the
medium, whether material or vacuum. Often the signal is detected in the near ultraviolet because
the quantum efficiency of photocathode materials peaks in this region. Therefore the emission
spectrum from the laser heating of soot samples was collected between 350 nm to 520 nm. The
camera captured a snapshot of the spectral emission at one instant in time. The particular time
depends upon the delay (30 ns) of the camera gate, relative to the excitation laser (heating) pulse.
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Figure 6-10. Overlaid background corrected spectra for the indicated carbon samples (laser
fluence - 350 mJ/cm2)
Figure 6-10 shows an overlaid background corrected spectra (200–550 nm) for two
carbon samples – 1) carbon planchet, and 2) ethylene soot on a cover glass. The overall signal is
an accumulation, digitally integrated, of incandescence signal from 20 pulses (at a laser fluence
of 350 mJ/cm2). Although there is some difference in the profile/intensity between the spectra of
the two samples, nevertheless they are relatively similar. The spectra also confirm the absence of
electronically excited atoms or molecules produced by the pulsed laser heating.
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Figure 6-11. Spectrally resolved emission signals collected from 20 laser pulses (data fitted to
Planck’s equation to estimate the temperature)
Figure 6-11 shows the spectrally resolved emission profiles (after applying the instrument
function to the originally acquired spectra). These plots are fitted to the Planck’s equation, and
the estimated temperatures for carbon planchet and ethylene soot are 3700 K and 3716 K,
respectively. As said earlier, these temperature values are an accumulation of incandescence
signal from 20 pulses (at a laser fluence of 350 mJ/cm2). It should be noted that the fitted
temperatures are lower than those associated with the nominal vaporization temperature of
carbon, roughly 4000 K [248]
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Alternatively, for the same sample (e.g. carbon planchet), the number of laser pulses has
an impact on the acquired spectral intensity and thus on the temperature. As shown in Figure 612(a), for normalized intensities, not surprisingly the number of pulses certainly had an impact
on the observed total intensity. Spectrally resolved emission profiles as shown in Figure 6-12(b),
overlaid, for different laser pulse numbers are fit to Planck’s equation yielding the indicated
temperature averaged over all pulses. The estimated temperature for 20 pulses is ~3700 K,
whereas for a single pulse the temperature is ~3050 K, all at the same laser fluence of 350
mJ/cm2. After each laser pulse, solid-state conduction and radiative cooling of the sample will
occur at a far faster rate than the pulse frequency. So the increase in temperature for higher
pulses can be attributed to the progressive change in nanostructure of the sample.
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Figure 6-12. (a) Overlaid background corrected spectra (laser fluence – 350 mJ/cm2) for different
indicated pulses, (b) Spectrally resolved emissions.
Various laser energy outputs were applied to obtain the blackbody temperature profile of
laser heated samples. The measured emission (incandescence) spectra from the samples were
corrected for the instrumental function and sensitivity, and curve-fitted by using Planck’s
blackbody radiation equation. As the laser fluence was decreased below 250 mJ/cm2, for a single
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pulse, the sample produced weak incandescence light resulting in less accurate temperature via
blackbody curve fitting. For this reason, spectra were not acquired below 250 mJ/cm2. Table 6-1
summarizes the calculated temperatures at the corresponding laser fluence.
Table 6-1: Blackbody temperatures of soot samples at the corresponding laser fluences.
Laser Fluence (mJ/cm2)

Black-body Temperature (K)

250

2775

300

2850

350

3053

400

3160

6.2.3. Temporally resolved emission
A faster method to map the temporal evolution using but one laser pulse (or co-averaging
several together) is using a photomultiplier tube (PMT). Capturing its signal digitally with
nanosecond resolution directly tracks the temporal evolution of the sample radiative emission as
it cools. The PMT preceded by a wavelength filter or spectrometer views but one wavelength
(band) over the course of the signal evolution. The spectral width of the band depends upon
either the preceding bandpass filter or spectrometer slit. Using the PMT for temporal information
is straightforward, the electrons comprising the signal track the incoming photons – calibration is
not required. The key advantage of using the PMT in this method is that more signal can be
collected over a small wavelength interval and amplified to a greater level than is possible by
such as the microchannel plate of an ICCD.
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The PMT was tested to check the signal sensitivity as a function of applied voltage in the
400 to 700 V range. Though the magnitude of the PMT response depended upon the applied
voltage, the response time was found to be independent of the applied voltage. Optimum
sensitivity was achieved at a set point of 450 V; therein this was the applied voltage for data
acquisition. Temporally resolved emissions were collected at a fixed detection wavelength of
450 nm. This data was generated using a pulsed Nd:YAG laser operating at 1064 nm for a
nominal 4 to 6 ns pulse width. A digitizing oscilloscope captured the temporal evolution data.
The oscilloscope data was averaged by collecting 256 individual PMT time traces, each
generated by a new laser pulse. The laser fluence was varied to monitor its dependence on the
temporal decay as shown in Figure 6-13. The signal intensities were scaled to a common peak
intensity to examine differences in the temporal decays. Quantitatively, these overlaid results
indicate that there is little variation in the temporal decay with increasing laser fluence. Also
regardless of the laser fluence the temperature of the soot samples decayed of the order ~25 ns.
Because of the small particle sizes (generally <100 nm), within ~25 ns little to no
incandescence signal is observed suggesting the material temperature falls lower than 2000 °C, a
temperature at which mobility of carbon lamellae becomes thermodynamically limited. The
intriguing feature is the fast rate of cooling which effectively should quench the carbon
transformation. In essence the nanostructure becomes frozen. Such short timescales do not allow
for relaxation to thermodynamically stable graphite.
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Figure 6-13. Temporally resolved emission profiles show rapid cooling for the different
indicated laser fluences.
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6.3.

Optimal laser operational parameters
This section identifies and summarizes the optimal laser operational parameters for laser

derivatization. This includes finding optimal laser fluence and number of pulses required for
heating. In principle, would like to heat the soot sample but not over heat it to the point where
the structure starts to fall off. Both morphological and nanostructural changes are evaluated upon
laser heating at different laser fluences.
6.3.1. Dependence on laser fluence
Particle morphology plays an important role in the material transformation, as it
effectively bounds nanostructure propagation. For the laser heating to occur uniformly, the
Rayleigh size regime 𝜋𝑑 𝜆 < 0.3 must be satisfied. For the 1064 nm wavelength, the diameter
of the primary particles should then be less than ~102 nm. If the primary particles satisfy this
criterion, then absorption occurs volumetrically and the entire particle is heated uniformly.
Higher temperatures, generated by higher laser fluences should essentially create more
ordered nanostructure based on the traditional graphitization heating studies [122,158]. The ideal
laser fluence should accentuate recognizable structural differences and bring out subtle chemical
differences. To identify the optimal fluence based on maximizing the derivtization, three soots, 2
commercial carbon blacks (R250 and Lamp Black) and a lab-generated soot (from a C2H4
diffusion flame) were studied given their diverse primary particle size and morphologies.
To identify the optimal laser fluence – these carbon samples each were heated at three
different laser fluences (150, 250 and 350 mJ/cm2)
Morphology (nascent) - The representative TEM images of these three carbon samples
are shown in Figure 6-14. As observed from the low magnification images, tens to hundreds of
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primary particles are clustered together forming aggregates with fractal-like geometries. These
carbon particulates produced from various processes show distinctive morphological features. As
shown in Figure 6-14(a), aggregates of the C2H4 soot show a chain-like morphology. Aggregates
of R250 show a comparatively more densely packed aggregate structure as shown in Figure 614(c). Lamp black shows an aggregate morphology of open branched structures with clearly
evident primary particles, as observed in Figure 6-14(e).
Table 6-2 summarizes the mean primary particle size and the aggregate morphology as
quantified by fractal dimension (Df). Mean primary particle diameters were measured by image
processing software ImageJ®, and the values broadly spanned 24 – 112 nm, within an
experimental uncertainty of less than 10%. More than 200 particles were measured while
primary particles with unclear boundaries due to overlapping were omitted to minimize
measurement error [52]. Ethylene soot aggregates possess the smallest primary particles,
whereas lamp black aggregates possessed the largest primary particle sizes. R250 primary
particle sizes were intermediate between these. Notably, with an average primary particle size of
~112 nm, lamp black particles are nearly four times bigger than the ethylene soot.
Table 6-2: Primary particle size and fractal dimension of the carbons
Carbon

Primary Particle Size (nm)

Fractal Dimension (Df)

Ethylene Soot

24

1.93

R250

50

2.11

Lamp black

112

1.84

As a parameter for assessing the irregularity of the particles, fractal dimension (Df) is
used as a metric to distinguish fractal-like structures [244]. As can be visually observed from the
low magnification TEM images in Figure 6-14, the aggregate morphologies are somewhat
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different. Quantification by fractal analysis suggests that these aggregates have fractal dimension
between 1.84 – 2.11, which is a very narrow range, and indicates open, branched structures. This
in turn allows for clearer comparison of individual primary particles without complications
imposed by physical overlap or merging. In summary, these samples with highly different
primary particle sizes will provide a diverse suite to bracket common soot particle size range to
appropriately gauge the most suitable laser fluence for SSILD.
Nanostructure (nascent) – The initial nanostructure of C2H4 soot showed recognizable
lamella, but the central core lacked any structure typical of flame-generated soot as observed in
Figure 6-14(b). The central core of these soot particles appears disordered, nearly amorphous in
structure. The nascent R250 carbon possesses a periodic crystalline structure with disconnected,
planar crystallites comprised of roughly parallel lamella oriented in a concentric fashion as
shown in Figure 6-14(d). Lamellae are recognizable while the particle interior yet exhibits
spatially disorganized carbon [44]. The initial lamp black nanostructure consists of highly
uniform lamellae in both type and spatial extent.
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Figure 6-14. Nascent TEM images of (a,b) ethylene soot, (c,d) R250, and (e,f) lamp black
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Quantification of the HRTEM images by lattice fringe analysis can provide several
statistical metrics describing the nanostructure order [57]. A subset of the HRTEM images was
selected for image analysis. In general 5 or more images are analyzed and the results were selfconverging with an experimental uncertainty (standard error) measured across the total
individual carbon lamellae segments (>5000 units) is measured to be ±0.03 nm for fringe length
and ±0.01 for fringe tortuosity.
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Figure 6-15. Overlaid lognormal distributions for the indicated carbon samples (a) Fringe
Length, and (b) Fringe Tortuosity
As illustrated in Figure 6-15 by the overlaid lognormal distributions for the fringe length
and tortuosity, these carbons do seem to have some difference in nanostructure, although not
very significant. As tabulated in Table 6-3, the calculated median fringe lengths from the
lognormal distributions are C2H4 soot (0.80 nm), R250 (0.92 nm), and lamp black (0.83 nm).
Whereas the fringe tortuosity values are C2H4 soot (1.16), R250 (1.12), and lamp black (1.14),
suggesting the nascent soots lack any significant curvature. Relative to others, the R250 carbon
showed fringes with longer lamellae lengths, consisting of ~37% fringes of > 1nm length. This
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difference can provide insight into whether this ordered structure of R250 will have an impact
during the laser annealing process, e.g. lead to a more graphitized nanostructure upon laser
annealing by comparison to lamp black or ethylene soot.
Table 6-3: Summary of fringe length and tortuosity for the three nascent carbons
Carbon

Fringe Length

Fringe Tortuosity

Median (nm)

Fringes % > 1 nm

Median

Fringes % > 1.3

Ethylene Soot

0.80

24.3

1.16

12.9

R250

0.92

37.3

1.12

8.66

Lamp black

0.83

28.4

1.14

9.5

Laser Heating results
Ethylene (C2H4) soot – Nascent ethylene soot contain fringes that are short, randomly
oriented and not tightly packed as presented in Figure 6-14(b). Pulsed laser heating was
performed in an inert atmosphere at three laser fluences, and the representative TEM images are
presented in Figure 6-16. The HRTEM images reflect reorganization of material within the
particle, thereby leaving voids throughout the interior of the particles. The majority of the
particles appear to have a rim of graphitic layer planes along the outer periphery with the interior
appearing less opaque. These graphitic layer planes have lengths extending to a few nanometers.
At higher laser fluence of 350 mJ/cm2, the carbon primary particles appear to possess
greater transparency with a higher definition of internal organization as shown in Figure 6-16(ab). The degree of conversion (annealed particles) was roughly ~75%, at a laser fluence of 250
mJ/cm2 based on visual inspection. The carbon primary particles appear to possess greater
transparency with highly graphitized perimeter as shown in Figure 6-16(c-d). While the majority
of particles are converted into hollow capsules, other structures such as nested fullerenic
structures, and very small carbon particles as debris are also observed.
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Figure 6-16. TEM images of laser-annealed ethylene soot, using a fluence of (a–b) 350 mJ/cm2,
(c– d) 250 mJ/cm2, and (e–f) 150 mJ/cm2
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At the lowest laser fluence of 150 mJ/cm2, as shown in Figure 6-16(e-f), the degree of
annealing is minimal. Higher magnification images for particles heated at this lowest laser
fluence show an amorphous layer along the outer edges of the primary particles, while the
particle core still consists of disordered carbon as indicated by the arrow. In summary the
morphology of the soot sample is largely preserved at all fluences, while the two highest laser
fluences best accentuated the initial nanostructure.
R250 – The nascent R250 consists of recognizable peripheral lamella, arranged
somewhat concentrically. The radial variation in structure is evident, as shown in Figure 6-14(d).
Within the particle interior lamellae are shorter and more (spatially) disorganized. Increasing
laser fluence led to progressive increase in growth of lamellae (or graphitization), as shown in
Figure 6-17. Low magnification images suggest that the extent of graphitization is almost similar
at laser fluences of 350 and 250 mJ/cm2. At laser fluence of 150 mJ/cm2, the extent of
graphitization was much lower, similar to the ethylene soot. Only the particles present on the
aggregate edges appeared to have undergone a significant level of structural transformation.
Graphitic layer planes are clearly observed within and along the outer periphery of most
of the laser annealed R250 primary particles regardless of the laser fluence. While the majority
of particles are converted into rosette structures, other structures such as hollow shells and
particles with multi-faceted internal structure are also observed. The size of the interior voids
increased with increasing laser fluence, suggesting more material being redistributed at higher
graphitization degrees.
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Figure 6-17. TEM images of laser-annealed R250 carbon, using a fluence of (a–b) 350 mJ/cm2,
(c– d) 250 mJ/cm2, and (e–f) 150 mJ/cm2

87

At the higher laser fluence of 350 mJ/cm2, the low magnification image shows evidence
for surface ablation as indicated by the bar type arrow in Figure 6-17(a). Beyond graphitization,
particle deformation also occurred at this laser fluence. An interesting observation was made at
the 250 mJ/cm2 laser fluence; as indicated by the different arrow types in Figure 6-17(c), not all
the particles transformed similarly despite their co-existence. A few transformed to graphitized
hollow shells, while others transformed into rosette structures. This suggests underlying
differences, not evident by HRTEM, in particles within the same aggregate.
Lamp Black – With an average primary particle size of ~112 nm, lamp black particles
are twice as big as those of R250 and nearly four times bigger than those of ethylene soot.
Although this primary particle size does not satisfy the Rayleigh criteria, as can be observed
from the low magnification images in Figure 6-18, the majority of the particles appear to have
undergone structural transformation, especially at the two higher laser fluences. The initial
nanostructure of lamp black consisted of highly uniform lamellae in both type and spatial extent.
The progressive degree of laser-induced transformation is clearly observed from the images
presented in Figure 6-18. Especially at the lowest laser fluence of 150 mJ/cm2, only the particles
on the edges as marked by the arrow appeared to have undergone structural transformation.
At the higher laser fluences of 250 mJ/cm2 and 350 mJ/cm2, the lower magnification
images highlight uniform material transformation across the aggregate, and long graphitic
lamella clearly observed throughout the primary particles. Also despite changes in the particle
nanostructure, the branched-chain morphology remained intact after laser irradiation as revealed
by the low magnification images.
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Figure 6-18. TEM images of laser-annealed lamp black, using a fluence of (a–b) 350 mJ/cm2, (c–
d) 250 mJ/cm2, and (e–f) 150 mJ/cm2
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At the highest fluence of 350 mJ/cm2, a very large amount of ultrafine particles and other
small structures are produced, as marked by the arrows in Figure 6-18(a). Such material is
characteristic of remnants of ablated material, and it is clear from this image that higher laser
energy is not beneficial. Instead, a much larger amount and variety of decomposition products
are created. High magnification images shows extended lamellae within and along the outer
periphery of the particles, as shown in Figure 6-18(b,d,f). Internal graphitic bands within
particles form closed compartments, or voids – these giving rise to the overall rosette appearance
of primary particles when viewed at lower magnifications.
Based on the set of images presented in Figures 6-16 to 6-18, material reorganization
appears to increase with increasing laser fluence. The primary particle size of material had no
significant impact on the degree of conversion i.e., both the larger lamp black particles and
smaller ethylene soot transformed similarly. Meanwhile the morphology of the aggregates was
largely unaltered due to laser annealing. At the higher laser fluence of 350 mJ/cm2, a few
particles appeared broken with ablated material prominent. The action of pulsed laser light can
induce any number of possible changes in the absorbing carbon material. At sufficiently high
laser fluences, particle vaporization can occur simultaneously along with graphitization leading
to particle fragmentation.
In order to quantify the carbons’ nanostructural changes upon laser annealing, lattice
fringe analysis was employed. Emphasis was on fringe length as this is the parameter that would
be most affected by laser annealing, and it is a direct indication of graphitization extent.
Consistent with afore described visual representations (Figures 6-16 – 6-18), there is a change in
nanostructure upon laser annealing, and the laser fluence also had an impact on the degree of
graphitization. Figure 6-19 summarizes the extracted median fringe lengths from the HRTEM
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images of all the three carbon materials at different laser fluences. Each plot compares the
median lamellae length for the nascent material and for increasing laser fluence.

Figure 6-19. Median fringe length values before and after laser annealing (at the indicated laser
fluences) for the materials (a) Ethylene soot, (b) R250, and (c) Lamp black. (Note difference in yaxis scale)
For the ethylene soot, the median lamellae length increased from 0.8 nm to 1.09 nm upon
laser annealing at the fluence of 150 mJ/cm2, increased further to 1.23 nm at 250 mJ/cm2, and
decreased slightly for the 350 mJ/cm2 fluence. This trend of having the maximum length at 250
mJ/cm2 was also observed for the other two materials (R250 and lamp black). R250 carbon
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exhibited a median lamellae length of 1.6 nm at 250 mJ/cm2, which is a ~75% increase from its
nascent mean value. Similarly lamp black showed a maximum lamellae length of 1.2 nm at this
laser fluence. The higher median lamellae length of R250 when compared to the other carbons
might be reflective of its initial nanostructure, which already consisted of short lamella with
partial concentric spatial organization.
The relationship between laser fluence and degree of annealing reflects a combination of
the peak temperature to which the soot is heated and its duration at elevated temperature. The
former is controlled by the absorbed energy, which scales with incident laser fluence. The
spectrally resolved emission profile calculated a peak temperature of ~2800 K at 250 mJ/cm2,
and 3100 K at 350 mJ/cm2. These values are below the vaporization temperature of carbon,
roughly 4000 °C, and above the nominal graphitization threshold (~2000 °C) [122]. Based on the
images presented here for the three different carbons, the single pulse laser fluence of 250
mJ/cm2 best accentuated the nanostructure without forming any ultrafine particles.
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6.3.2. Dependence on the number of pulses
The previous section focused on identifying the optimal laser fluence for SSILD at 1064
nm irradiation. A laser fluence of 250 mJ/cm2 was found to be the optimal based on visual
inspection of HRTEM images and quantified fringe lengths. Material transformation occurs
while the particle is at the elevated temperature, but a single pulse and its associated heating
duration may not necessarily be optimal. The single pulse laser width for the Surelite-III laser is
~4–6 ns with cooling time constant of ~ 25 ns. This combination leads to a time-at temperature,
i.e. at which the particle remains above the graphitization temperature of (2000 °C) as roughly 50
ns. Increased time above the graphitization temperature may lead to a greater level of
transformation, i.e. more recognizable derivatization.
Multiple pulses are a means of extending the time above the nominal temperature
threshold, with each pulse adding an incremental time extension. With the constraint of the laser
technology, i.e. a laser pulse repetition rate of 10 Hz, cooling back to ambient necessarily occurs
between each pulse. In order to verify this, two carbon samples – R250 and lamp black are laser
heated by additional pulses.
Lamp black – Figure 6-20 shows the laser heated TEM images of lamp black sample for
the laser fluence 250 mJ/cm2, for 1 and 5 pulses, respectively. As was observed earlier, for the
single pulse laser fluence of 250 mJ/cm2, lamp black sample showed near complete material
conversion across the aggregate with increase in lamellae length and order. Voids are left as the
internal carbon is apparently consumed in forming the extended graphitic ribbons during this
process. With such restructuring following along the particle perimeter, elongated vacancies or
gaps between the ribbons form.
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Figure 6-20. TEM images of laser-annealed lamp black by a laser fluence of 250 mJ/cm2, by
(a,b) 1 pulse, (c,d) 5 pulses
By comparison, the lamp black exposed to 5 pulses showed a wide variety of structures.
As seen in Figure 6-20(c), most of the primary particles are fragmented or otherwise fused into
other particles. Heating with multiple pulses led to degradation of the particle structure forming
fragments. At high magnification as shown in Figure 6-20(d), a few of the layers on the outer
perimeter are deformed resulting into self-coalescence and formation of small-scale structures.
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From these TEM images shown in Figure 6-20, it is clear that multiple pulses yield a variety of
decomposition products highlighting that such conditions might not be particularly beneficial for
SSILD.
R250 – Multiple pulse, laser-heating is also performed on R250 carbon, and the resulting
TEM images are shown in Figure 6-21. The single pulse, 250 mJ/cm2 condition is used as the
baseline reference, as shown in Figure 6-21(a-b). Variations from the baseline i.e. (a) 2 pulses,
250 mJ/cm2, and (b) 5 pulses, 250 mJ/cm2 are investigated. Treating the same material with two
pulses of 250 mJ/cm2 nets little increase in length or lamella order, images as shown in the
representative Figures 6-21(c-d), and as summarized by the fringe statistics in Table 6-4. The
banded structure is still observed, but is not very different or pronounced with addition of an
extra pulse (or energy), equivalent to increasing time-at-temperature.
Table 6-4: Summary of fringe length statistics for the R250 carbon laser annealed by different
number of pulses.
Fringe Length
Number of pulses
Median (nm)

Fringes % > 1 nm

Fringes % > 3 nm

1

1.6

65

22.8

2

1.58

67

22

As a comparative experiment, the R250 sample is laser heated with 5 continuous pulses
of 250 mJ/cm2 fluence. The representative TEM images are shown in Figure 6-21(e-f). Heating
the material with five pulses, each of 250 mJ/cm2 fluence increased the ordering of the lamellae.
Many hollow shells, some with better internal material organization were predominantly present.
The greater level of material organization in the annealed R250 carbon for this case is also seen
in the number of parallel layer planes forming the particle outer wall (solid arrow). Notably the
particles appear faceted. This level of graphitic structure is normally only observed in heat-

95

treated carbon subjected to temperatures beyond 3000 °C. Also, under these conditions (5 pulses,
250 mJ/cm2 fluence), a very large amount of ultrafine particles and other small structures are
produced as indicated by the outline arrow in Figure 6-21(e). These structures might blur the
quantification of graphitization by lattice processing algorithms.
Based on the Figures 6-20 and 6-21, further heating the material with additional laser
pulses does significantly increase the material graphitization, as observed for the five pulses 250
mJ/cm2 case. But multiple pulses also lead to material ablation, producing some small fragments
and dismantled particles. These results combined with Section 6.3.1 suggest the single pulse and
a laser fluence of 250 mJ/cm2 as practical, optimal, laser fluence for SSILD.
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Figure 6-21. TEM images of laser-annealed R250 by a laser fluence of 250 mJ/cm2, by (a,b) 1
pulse, (c,d) 2 pulses, (e,f) 5 pulses.
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6.3.3. Direct analysis on TEM grids
Depending on the soot source, the sample for SSILD analysis might be provided either in
large quantity, or in trace quantities. As discussed earlier in sections 6.3.1 and 6.3.2, with mg or
greater quantities, the sample can be spread uniformly on a glass slide for subsequent laser
processing. For the SSILD technique to have broad application, it should equally be able to
analyze samples available in microgram or smaller quantities. Samples that are on the TEM grid
(lacey C/Cu) will be more challenging to heat, as the resilience of the grid and support film to
temperatures greater than 2000 K, albeit for ~ 50 ns is unknown. Ideally the SSILD technique
should have no bias upon the sample quantity or the sample support. Thus this section addresses
the following, 1) Testing resilience of a TEM grid as support under the operable best laser
fluence for SSILD, and 2) Comparing the structural transformation for the same sample, but
across the two different sample support systems (glass slide vs. TEM grid).
The best situation is that the applied laser fluence would not induce damage to the
underlying lacey carbon on the TEM grid. To test such, a soot sample was deposited on a TEM
grid and single pulse laser heating was performed at different laser fluences.

Figure 6-22. Low magnification TEM images of the lacey C/Cu TEM grid after laser heating at a
fluence (a) 150 mJ/cm2, (b) 250 mJ/cm2, and (c) 350 mJ/cm2.
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A lacey formvar/carbon 300 mesh TEM grid consists of about ~400 sections having a
square hole size of ~63 µm. The metal (Cu) region appears as dark bars under TEM as the ebeam cannot transmit through Cu. Each of the holes is filled with mesh network, which supports
the soot. Figure 6-22 shows the very low magnification (100×) TEM images of the lacey grid
that is laser heated at the respective indicated laser fluences. The TEM grid was resilient to laser
fluences of 150 and 250 mJ/cm2, as indicated by their intact structure in the respective TEM
images. At the highest laser fluence of 350 mJ/cm2, only empty holes with no lacey network
results, as in Figure 6-22(c).

Figure 6-23. TEM images of R250 carbon laser heated at 250 mJ/cm2 fluence, directly on a TEM
grid
Figure 6-23 shows a representative low and high magnification images for the R250
carbon that is directly laser heated on a TEM grid with a laser fluence of 250 mJ/cm2. When
closely observed, the underlying lacey carbon is visually somewhat more transparent after laser
heating. Although the lacey carbon underwent some material transformation, it did not break nor
was blown away by the action of laser pulse. The low magnification image reveals a high degree
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of conversion with few hollow shells, rosette structures and some fused particles. The high
magnification image shows graphitic layer planes that are clearly observed within and along the
outer periphery. Visually the appearance of particles is very similar after laser heating, regardless
of the sample preparation method.
Lattice fringe analysis was used to quantify the fringe length after laser heating the R250
carbon directly on a TEM grid at a laser fluence of 250 mJ/cm2. Figure 6-24 compares the fringe
analysis result between the different support methods (cover glass vs. TEM grid). Figure 6-24(a)
shows the fringe length histogram of the laser heated R250, directly on a TEM grid.
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Figure 6-24. Fringe length histograms of laser heated R250 carbon that are fitted to a lognormal
curve fit (a) TEM grid, and (b) Cover glass
The fringe length histograms are very similar, regardless of the sample support method.
Median fringe length values are extracted from fitting the lognormal distributions. The laser
heated sample from the cover glass had a median fringe length of 1.6 nm, whereas the sample
that was directly heated on a TEM grid had a median fringe length of 1.46 nm.
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Table 6-5: Summary of fringe length statistics for the R250 carbon laser annealed by different
sample support methods.
Fringe Length
Sample Prep. Method
Median (nm)

Fringes % > 1 nm

Fringes % > 3 nm

Cover glass

1.6

65

22.8

TEM grid

1.46

62

19.5

Alternatively fringe statistics such as percent fringes greater than a fixed length were
calculated. These values are summarized in Table 6-5. Soot heated on the cover glass consisted
~65% fringes that are >1 nm, while soot heated on the TEM grid had ~62% fringes >1 nm.
Alternatively the percent fringes >3 nm were nearly identical for both the cases. Based on the
values reported in the table, there seems to be no significant difference in the fringe statistics
regardless of the sample preparation method. In summary, the degree of material transformation
was found to be independent of the sample support method as confirmed from the fringe length
histograms and fringe statistics.
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6.4.

Test demonstration of SSILD operational parameters
The “LD” of SSILD or laser derivatization refers to material transformation under the

action of pulsed laser light with specific focus upon carbonaceous materials in the form of
combustion produced soot. This technique is tested here as a processing tool to accentuate
nanostructural differences in soot followed by HRTEM and image analysis for quantification and
identification by comparison. This section presents the steps involved in laser derivatization.
A sample soot (B5) deposited on a cover glass was laser heated while in an Argon
atmosphere using a pulsed Nd:YAG laser operating at 1064 nm with the fluence of ~250 mJ/cm2.
The laser processing parameters are summarized in Table 6-6.
Table 6-6: Summary of parameters for optimal SSILD operation
Parameter

Value

Laser

Nd: YAG

Wavelength

1064 nm

Fluence

250 mJ/cm2

Temperature

~2800 K

Frequency

1 pulse

Pulse width

~4-6 ns

Environment

Argon

Flow rate

3 slm

Figure 6-25 illustrates the derivatized nanostructure at three different magnifications
upon pulsed laser heating (for the “best” laser operational parameters). The lowest magnification
image shows that under nascent conditions the soot aggregate morphology is mostly open, and
branched structure. The HRTEM image shows nascent nanostructure consisting of short lamella,
with a core-shell structure, generally observed in diesel soots.
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Figure 6-25. TEM images of B5 soot before (left column) and after (right column) laser heating.
Each panel represents different magnification (a–b) 20 K×, (c–d) 120 K×, and (e–f) 500 K×
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Upon laser irradiation, the lowest magnification image shows that aggregate morphology
is relatively unchanged. Banded ribbons with voids appear together within aggregates. Angletilting experiments confirmed the three-dimensional structure of the particles. The degree of
conversion for primary particles at these operational conditions (summarized in Table 6-6) is
roughly >75%, based on visual inspection of low magnification images. The intermediate
magnification shows that the carbon within primary particles undergoes substantial restructuring.
The high magnification reveals the changes in the individual carbon lamellae, as shown
in Figure 6-25(e–f). Graphitic 002 planes are clearly observed within and along the outer
periphery of most of the soot primary particles. Larger internal voids with a more pronounced
definition of internal organization are observed giving rise to the compartmental appearance of
primary particles. The result, dependent upon nascent nanostructure and likely other factors such
as chemical (elemental) content, leaves many small voids throughout the interior of the particles.
Beyond visual comparison, quantification of these HRTEM images provides valuable
comparative information between soots for fringe length and tortuosity. Fringe length is a
measure of the physical extent of the atomic carbon layer planes as seen in the HRTEM images.
Larger lengths correspond to a higher level of organization and hence the material is more
graphitized. Tortuosity is a measure of the undulation of carbon lamella. Fringe length and
tortuosity values were extracted from the skeletonized HRTEM images of Figure 6-25(e-f). The
subsequent distributions are summarized in the overlaid histograms presented in Figure 6-26.
Not surprisingly upon laser heat treatment, the relative percentage of short fringes
declines while that of longer fringes increases. The percentage of fringes > 1nm increases from
30% to 55% of the distribution after laser heating. More interestingly larger fringes such as those
> 3nm as being more indicative of graphitization increased from just 1% to 11% after laser
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derivatization. This increase is attributed to both joining of adjacent lamella, and addition of
random disordered carbon to lamella. The nascent material contains a wide range of tortuosity,
indicating high degree of curvature. In contrast, the laser-heated soot has an extremely low level
of tortuosity (curved lamellae), with nearly 95% of the measured fringes having a tortuosity ratio
of less than 1.1. These analyses quantify the dynamic lattice transformation of soot occurring on
the nanosecond time scale via pulsed laser heating.
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Figure 6-26. Overlaid lognormal distributions of the lattice fringe length and tortuosity extracted
from the HRTEM images before and after pulsed laser heating (Figure 6-25 (e-f)).
The significance of pulsed laser heating is that the transformed material is much more
distinctive via HRTEM and post-image analyses. Most of the disordered carbon is removed.
Volatiles have escaped or decomposed at the elevated temperatures. Lamellae have grown,
aligned and reoriented, probably aided by removal of cross-links and bonding enabled by radical
sites created under thermal action. In general the lamellae are now highly recognizable by virtue
of their extended order and alignment. The action of the pulsed laser light is to magnify these
features. Such clarity aids image processing where the first step of the processing algorithm is to
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pick out the lamella and form a skeletal image representation from which to extract nanostructure
parameters. Therein the action of the laser light differentiates the nanostructure by accentuating
the small-scale nanostructure in the original soot. For this reason the technique is considered to
derivitize the spatial nanostructure of the nascent soot.
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6.5.

Summary

This chapter discusses the development of SSILD technique. It offers
•

A concise overview of the sample preparation method and support system, dependent
upon sample quantity. A layout of the experimental components, and the data collection
system is provided.

•

Spectral and temporally resolved emission profiles revealed the particle temperature and
cooling rates, respectively, while aiding identification of optimal laser processing
conditions.
o Using a gated intensified CCD, spectra of the material incandescence was
captured.

Multi-wavelength

pyrommetry

was

applied

for

temperature

determination.
o A PMT captured the radiative emission signal digitally with ~2 ns resolution,
thereby tracking the temporal evolution of the sample radiative emission as it
cools.
•

Temporally resolved emissions suggest that the particle heating (<10 ns) and subsequent
rapid cooling (~25 ns) may not net full graphitization. The high temperature enables
lamellae mobility while the fast timescale (for cooling) locks the derived changes in
place, preserving them for subsequent TEM analyses.

•

Parametric dependence of the technique upon laser processing parameters is provided.
Because the annealing is highly dependent upon the laser operating parameters of laser
pulse fluence (energy per unit area), wavelength and number of pulses, these variables
afford a means by which to optimize the annealing to bring out the differences.
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o Experiments were conducted in a dry, inert atmosphere. This is particularly
advantageous for two reasons 1) Ambient water vapor adsorption is nulled while
evaporation of any adsorbed water is facilitated, and 2) Oxidation as a competing
process at the elevated temperatures is negated.
o The optimal laser fluence should accentuate recognizable structural differences,
without damaging particle or the underlying lacey carbon on the TEM grid. For
this purpose, pulsed laser heating was performed at three different laser fluences
across three carbon samples. Based on visual observations and quantified fringe
analysis the laser fluence of 250 mJ/cm2 (~2800 K) offered the best derivatization
without causing fragmentation or material ablation.
o Laser heating the material with additional pulses did further graphitize the
material, especially for the five pulses 250 mJ/cm2 test case. However multiple
pulses were not particularly beneficial as this repetitive exposure led to ablation of
material, thereby producing some small fragments and particle degradation.
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Chapter 7
SSILD technique demonstration
The primary objective of the chapter is to demonstrate the uniqueness of the structures as
dependent upon source and combustion conditions, and ultimately laying the foundation for
database development. The SSILD technique is validated here by a series of comparisons
between soots from varied sources and conditions including soots from engines (diesel, gasoline
and jet), laboratory burner, boiler, gulf oil spill emission, and synthetic carbon blacks.
7.1.

Carbon blacks
7.1.1. Initial nanostructure of carbon blacks
Several carbon blacks have model nanostructures that are highly uniform in both type and

spatial extent. In this context uniformity means that one nanostructure parameter well describes
the lamella and that there is little to no spatial variation radially across the particle, a much more
common situation in flame or otherwise engine produced soots [42,44,249,250]. Alternatively
carbon blacks are devoid of chemical heterogeneity, consisting of nearly pure carbon with a C:H
ratio >10:1 and negligible heteroelement content [251]. Three different model carbons – Arc
soot, M1300 and lamp black are laser derivatized here. The motivation here is to study synthetic
carbons, as model “soots” to investigate the role of initial nanostructure governing the direction
of nanostructure evolution upon laser heating. The particular carbon forms were chosen for their
uniform composition, and diversity of nanostructure.
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Figure 7-1. Representative HRTEM images of nascent carbon blacks (a) Arc soot, (b) M1300,
and (c) Lamp black
Figure 7-1 shows the selected HRTEM images of the three carbon blacks, each
representative of over 50 images. In these bright-field images, the graphene layer segments are
observed edge-on, via electron beam interference, hence the term “fringe” as reference. Within
each crystallite, the segments of carbon atom layer planes are stacked and randomly rotated with
respect to each other along the c-axis, an arrangement called turbostratic structure [123,252]. At
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this higher magnification, each carbon exhibits different range of nanostructure in their “nascent”
form.
Figure 7-1(a) shows the representative HRTEM image of nascent arc soot. This type of
nanostructure without discernable crystalline structure is often termed as amorphous-like
nanostructure, although very short lamellae are recognizable. No appreciable crystalline stacking
is evident, given lamellae spatial sparseness. M1300 carbon exhibits a very different organization
of lamellae at the nanoscale, as shown in Figure 7-1(b). Nascent M1300 carbon exhibits mostly
partially and completely closed shells; in most cases the shells are not spherical but distorted,
with the interior of these shells appearing to be a void especially of those on the perimeter. Many
curved segments, some of which are concentric are observed. The curvature of these lamellae
arising from odd-numbered rings, such as from 5- and 7-membered ring structures within the
aromatic framework, leads to partially or somewhat closed shells. In contrast, lamp black
possessed a crystalline structure with disconnected crystallites comprised of roughly parallel
lamella, as shown in Figure 7-1(c). Lamellae are recognizable consisting of highly uniform
lamellae in both type and spatial extent.
7.1.2. Fringe analysis of carbon blacks
Quantification of the HRTEM images describes nanostructure order; this can be achieved
by lattice fringe analysis, which provides several physical metrics of the nanostructure [46,57]. A
subset of the HRTEM images was selected for image analysis.
Complementing, the bright field representations in Figure 7-1, the extracted lamellae
length and tortuosity distributions across the three different carbons are shown in Figure 7-2.
Differences may be seen between each carbon black as illustrated by variations in the histograms
of lamella length (Figure 7-2(a-c)) as well as tortuosity (Figure 7-2(d-f)).
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Figure 7-2. Overlaid lognormal distributions of (a-c) fringe length, (d-f) fringe tortuosity.
Samples from left to right are – Arc soot, M1300 and Lamp black.
Summarizing these lognormal distributions, fringe length and tortuosity statistics were
extracted and are reported in Table 7-1. Arc soot with amorphous-like nanostructure yielded the
lowest median lamellae length and percentage of fringes > 1 nm. M1300 carbon with a highly
fullerenic-like structure exhibited relative high median tortuosity indicative of its curved
nanostructure, although possessing longer lamellae. Conversely lamp black showed lamellae
with less curvature and with longer lengths relative to others.
Table 7-1: Summary of fringe length and tortuosity for the three model carbon blacks
Carbon

Fringe Length

Fringe Tortuosity

Median (nm)

Fringes % > 1 nm

Median

Fringes % > 1.3

Arc Soot

0.72

15

1.35

41

M1300

0.82

24

1.27

28

Lamp Black

0.84

28

1.14

9

112

7.1.3. Laser heating of carbon blacks
As previously summarized in Chapter 6.4, laser heating was performed while in inert
atmosphere, using a single pulse laser fluence of 250 mJ/cm2. The representative HRTEM
images of laser-heated arc soot are shown in Figure 7-3. These images reflect reorganization of
material within the particle, thereby leaving voids throughout the interior of the particles. Partial
graphitic layer stacks are clearly observed within and along the outer periphery of the laser
heated arc soot particles. The lower degree of graphitization is reflective of its initial
nanostructure, which does not contain any outer shells or crystallites that could have potentially
served as templates for such parallel stacking to evolve.

Figure 7-3. Representative HRTEM images of laser heated Arc soot
Laser annealing of M1300 carbon appears to have graphitized the material uniformly
with an increase in long-range order of the lamellae as shown in Figure 7-4. Structures
representing regions encapsulated by graphitic planes clearly exist within and on the edge of the
particles. While the laser heating accentuated the recognizable structure, the curvature that is
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typical for this carbon is frozen. This intertwined ribbon structure is akin to non-graphitizable
soots, such as from biomass, as noted by Hurt et al. [253,254].

Figure 7-4. Representative HRTEM images of laser heated M1300
High magnification HRTEM images of lamp black shows extended lamellae within and
along the outer periphery of the particles, as shown in Figure 7-5. The substructures within
particles, give rise to the rosette appearance of primary particles when viewed at lower
magnifications. Bands with extended lengths that appear as compartments and small internal
voids due to lamellae realignment are observed.
As seen previously in Figure 7-1 and quantified further by fringe analysis in Figure 7-2,
the carbon blacks analyzed in this study exhibited a range of lamellae length and curvature at
nanoscale. This initial material organization at the nanoscale led to differences in nanostructure
upon pulsed laser annealing. Upon laser heating, the arc soot transformed into long tangled,
interlocked lamellae enclosing voids as shown in Figure 7-3. At such high temperatures, crosslinks are broken, lamellae mobility is enabled and radical sites are created, leading to lamellae
growth. In contrast to other carbon blacks, the laser-heated structure doesn't show any polyhedral
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shells containing multiple parallel stacks of graphitic layers comprising each wall of the particle.
Yet the visual comparison qualitatively verifies that the laser-heated arc soot has well defined
and recognizable lamellae.

Figure 7-5. Representative HRTEM images of laser heated lamp black.
The initial nanostructure of lamp black consisted of highly uniform lamellae in both type
and spatial extent. Pulsed laser annealing transformed this carbon material into particles
consisting of extended carbon lamellae with ribbon-like structure. Due to the realignment and
loss of material, small voids are observed between bands giving rise to the rosette appearance of
primary particles. M1300 carbon has a distinctive initial nanostructure, consisting of long but
highly curved lamellae indicative of odd-numbered carbon rings. The laser annealed M1300
carbon showed extended lamellae, yet the highly curved shells were still largely preserved after
annealing, though increased in size. This is consistent with a non-graphitizing structure where
the initial nanostructure is “locked-in” by virtue of constrained lamella and an insufficient
number of reactive sites to allow reorientation and stacking. The presence of curvature in the
laser annealed M1300 carbon illustrates the predisposition of the original nanostructure in

115

directing the annealing process. Notably this differs from the behavior of the flat lamellae in the
lamp black that lengthen upon laser irradiation. These results support the sub-goal – initial
nanostructure controls the direction of nanostructure evolution.
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7.2.

R250 variability
7.2.1. Aggregate morphology and nanostructure
The initial morphology of R250 carbon black was dominated by densely packed

aggregates. Although primary particles appear to overlap, there was clear distinction between
particles within the same aggregate as shown in Figure 7-6(a-b). Upon laser heating, a variety
structures are observed such as particles with multi-faceted internal structure and particles with
hollow shells (as indicated by the solid and outline arrows in Figure 7-6(c-d)).

Figure 7-6. Low magnification TEM images of R250 carbon (a-b) nascent, and (c-d) laser
annealed
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At higher magnification, the nascent R250 carbon possesses a periodic crystalline
structure with disconnected, planar crystallites comprised of roughly parallel lamella oriented in
a concentric fashion as shown in Figure 7-7(a-b). Lamellae are recognizable while the particle
interior yet exhibits spatially disorganized carbon.

Figure 7-7. HRTEM images of R250 carbon black (a-b) nascent, and (c-d) laser heated.
Upon laser heating at 250 mJ/cm2, hollow shells and particles with internal structures
were observed. In Figure 7-7(c), graphitic planes are observed within and along the outer
periphery of the particle. This arrangement gives rise to the rosette appearance of the primary
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particle. Differently, Figure 7-7(d) shows a rim of few graphitic planes with the interior
appearing to lack any structure. Both the lack of structure and uniform translucent appearance to
the electron beam strongly suggests that the interior region is hollow. Angle tilt images across +/60 angles showed the same void structure. This extreme difference in the structures resulting
from laser-heating strongly highlights the heterogeneity across the nascent particles.
To further test for variations in nanostructure for particles within the same aggregate,
HRTEM images are acquired randomly from two aggregates as shown in Figure 7-8. From these
two aggregates, twelve HRTEM images are acquired and are illustrated in Figure 7-9. There is
clearly some variation in the primary particle sizes. Figure 7-10 shows the fringe length
distributions and the calculated median fringe length of each of the particles shown in Figure 7-9.
According to the similarities in the fringe length distributions and the measured median length
values (ANOVA test in Appendix B), the nanostructure was quite similar across these different
particles.

Figure 7-8. Sample low magnification TEM images of the R250 carbon black
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Figure 7-9. HRTEM images of R250 particles, surveyed from the aggregates shown in Figure 78
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Figure 7-10. Fringe length distributions and median fringe lengths of the particles shown in
Figure 7-9
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7.2.2. EELS analysis of R250 and lamp black particles
R250 – The nascent HRTEM images of R250 presented in the previous section show
structural similarity across multiple particles, both visually and as quantified by fringe analysis.
However, laser heating led to a variety of structures as shown in Figure 7-7, suggesting
underlying differences across particles. If not evident in the nanostructure, such differences may
be those associated with the molecular level, referred to here as “chemistry”. More specifically
“chemistry” as used here is defined as the elemental composition, (e.g. H- and C-atoms, heteroatoms), bonding (e.g. sp2 versus sp3 carbon hybridization). For small changes in chemistry (such
as the H/C ratio), the lamellae distributions may not change measurably by fringe analysis, i.e.
the nanoscale may not be a sensitive measure of chemistry. However, small differences in
chemistry may prove significant upon laser heating.
Techniques such as XPS and FTIR can provide valuable chemical information, but are
averaged over several microns of sample area (large populations of soot particles). Electronbased spectroscopic methods have the potential for very high spatial resolution. Several
researchers have successfully implemented EELS to investigate sp2/sp3 bonding ratios in carbonbased materials [146,152,255–257]. The particular advantage of using EELS in scanning
transmission electron microcopy (STEM) mode is that it allows “chemistry” determination on
spot sizes of less than 1 nm without any sample alteration.
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Figure 7-11. HRTEM images of six different R250 particles analyzed for EELS
Accordingly, EELS was employed on six different primary particles as shown in Figure
7-11. The corresponding annular dark-field images (HAADF) collected in STEM mode are
shown in Figure 7-12. These images show an approximate location of the probe/beam position
for spectra collection for all the measured particles to evaluate chemistry differences. As can be
seen from the images, EELS spectra are collected approximately from the particle centers as
indicated by the crosshairs. The resulting normalized EELS spectra from these particles are
overlaid in Figure 7-13.
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Figure 7-12. HAADF images of R250 particles along with crosshairs show the beam position of
respective images.
Figure 7-13 displays typical K-shell (1s) absorption edges of the six different R250
particles. In EELS, excitation of core 1s electrons of carbon atoms generally produces two peaks.
A π* graphitic peak is observed at 287 eV resulting from the excitations of electrons from the
ground state 1s core energy level to the vacant π* anti-bonding states. The second broad peak
observed at 295 eV is attributed to excitation of these core electrons to the anti-bonding σ* state,
i.e. the 1s → σ* transition [256,258]. The intensity ratio of the two peaks, Iπ/Iσ, provides a
relative ratio of sp2/sp3 and the degree of “crystallinity”, or as referred to here, graphitic
nanostructure [259].
Across the six R250 particles there is significant variation in the intensity of the graphitic
peak at 287 eV. Particle 2 shows a prominent graphitic peak indicative of sp2 carbon, whereas
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particles 4 and 5 showed comparatively low graphitic peak intensities. The peak intensity ratios
(Iπ/Iσ) calculated for the six R250 particles are summarized in Table 7-2.
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Figure 7-13. Overlaid EELS spectra of the R250 particles shown in Figure 7-11.
The values summarized in Table 7-2 suggest significant differences in the individual
particles’ chemistry, specifically at the particle cores, given the preferential core weighting by
the spherical geometry. Complementing the visual differences, these quantified ratios suggest a
60% larger graphitic peak intensity increase for particle 2 compared to particles 4 and 5. Such
differences can account for the variety of structures observed after laser heating. Particles that
show lower Iπ/Iσ will contain a larger proportion of sp3 bonded carbons. The sp3 carbon is
attributed to paraffinic (organic) content, which can occur as alkyl groups of substituted

125

aromatics [56,259–261] or perhaps be independent saturated molecular species [262–264]. Under
the action of pulsed laser light, pyrolysis and/or volatalization of such organic carbon in the
particle interior will occur, followed by rearrangement and concurrent “densification” of the
carbon thereby accounting for the formation of large central voids [42,44,265–267].
Conversely, particles with high Iπ/Iσ ratio contain significant aromatic carbon at their
particle cores. For these particles, depending on the crystallite units and their relational order,
graphitization will proceed to link and reorder these units. The resulting structure will depend
upon geometrical constraints and potential nucleation centers with potential for multiple
substructures, or small voids within a single particle such as observed in Figure 7-7(c) due to
geometrical constraints at the molecular and nano scales. The variation in R250 particles’
chemistry is consistent with the variety of structures observed upon pulsed laser heating,
supporting third sub-goal i.e., chemistry controls the extent of nanostructure evolution.
Table 7-2: Iπ/Iσ peak ratios of the R250 particles shown in Figure 7-11
Particle no.

Iπ/Iσ

1

0.60

2

0.76

3

0.52

4

0.47

5

0.47

6

0.57
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Lamp Black – Similarly, EELS analysis was performed on lamp black particles to
validate the above findings. As previously seen in Figure 7-5, laser heating of lamp black led to
similar structures i.e., banded lamellae with extended lengths that leave small diamond-shaped
compartments and other small internal voids formed by gaps between the ribbons, but notably,
with no evidence of hollow shells. Three different lamp black particles were chosen for EELS
analysis; the respective HRTEM and HAADF images are shown in Figure 7-14.

Figure 7-14. HRTEM (top panel) and HAADF (bottom panel) indicate the respective probe
positions for the EELS analysis of lamp black particles.
Figure 7-15 displays K (1s) EELS spectra of three different lamp black particles. Similar
to the R250 EELS spectra, 2 peaks are observed, a π* graphitic peak at 287 eV and σ* reflective
of defective carbon at 295 eV. The overlaid plots don’t reveal any significant variations in the
two peaks intensities. As noted in the figure legend, the Iπ/Iσ values do not differ significantly
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across the three lamp black particles. These results confirm the role of chemistry of construction
as an additional parameter governing the material transformation under pulsed laser annealing.
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Figure 7-15. Overlaid EELS spectra of the lamp black particles shown in Figure 7-14.
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7.3.

Combustion induced soots
7.3.1. Dependence on transportation combustion source: Diesel, jet and gasoline
Towards SSILD technique demonstration for identifying sources, three combustion soots

are laser heated in this section. These carbonaceous soots were those collected from 1) a
Mercedes Benz direct injection common rail diesel engine running pure diesel (ULSD) fuel, 2) a
commercial Jet (DC-8) with GE CFM 56-2C3 turbine engine running JP-8 fuel at maximum
power, and 3) a Chevy Impala with multiport fuel injection system, running commercial gasoline
fuel. The nascent nanostructure of soots from these sources are illustrated in Figure 7-16.
Initial Nanostructure – Figure 7-16(a) shows the bright-field HRTEM image of the
diesel (ULSD) soot. These TEM images of the diesel soot show a nanostructure commonly
referred to as core-shell structure [268]. Soot from this engine possessed highly organized
lamellae. The outer shell is composed of several crystallites that are arranged concentrically
about the particle center, whereas the inner core is composed of several fine particles that are
covered by several carbon layers with a distorted structure [162].
As illustrated in Figure 7-16(b), the HRTEM image of jet soot produced at 100% engine
operating power showed highly ordered lamellae. High temperatures and promotion of fuel
pyrolysis conspire to produce a more ordered soot nanostructure by uniformity of species
[51,160].
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Figure 7-16. Representative HRTEM images of engine soots (a) Diesel (b) Jet, and (c) Gasoline
The initial nanostructure of soot from a gasoline engine showed some structure along the
particle perimeter with the interior lamellae appearing non-uniform and highly disorganized, as
shown in Figure 7-16(c). Lack of order is thought to be indicative of integrated organic content,
e.g. alkyl aromatics that can interrupt growth of the ordered graphene layers [52].
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Figure 7-17. Overlaid lognormal distributions of (a-c) fringe length, (d-f) fringe tortuosity.
Samples from left to right are – Diesel, Jet and Gasoline soots.
Fringe analysis – To quantify these visual differences across the soots from different
combustion sources, a fringe analysis algorithm was applied [57]. Figure 7-17 shows fringe
length and fringe tortuosity distributions of three soots as produced by a diesel, jet and gasoline
engine(s). Slight differences may be seen between each source as illustrated by variations in the
histograms of lamella length (Figure 7-17(a-c)) as well as tortuosity (Figure 7-17(d-f)).
Alternatively, Table 7-3 summarizes the fringe length and tortuosity statistics as extracted from
the lognormal distributions.
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Table 7-3: Summary of fringe length and tortuosity of soot from the indicated combustion
sources
Fringe Length

Soot Source

Fringe Tortuosity

(Engine-type)

Median (nm)

Fringes % > 1 nm

Median

Fringes % > 1.3

Diesel

0.87

32

1.17

13.7

Jet

0.90

35

1.16

13.6

Gasoline

0.82

25

1.2

17.1

Complementing the visual representations in Figure 7-16, soot from jet engine consisted
of ~35% fringes that are > 1nm, while gasoline engine soot possessed the lowest amount (~25%)
of fringes that are > 1nm. Diesel soot with its organized lamellae showed relatively similar
statistics as the Jet soot. The tortuosity statistics are nearly identical across all the soots. The
differences are small and variability is high, given both the complexity and variations in the
combustion processes in such sources [101,102]. The SSILD technique is applied to accentuate
such slight structural differences and bring out subtle chemical differences.
Laser heating – Figures 7-18 illustrates the comparative changes in nanostructure for
diesel, jet and gasoline soots along with their evolved nanostructure upon pulsed laser heating.
As the figures visually suggest, upon action of pulsed laser light, nanostructural differences are
magnified. Figure 7-18(a) shows representative HRTEM images of laser-heated diesel soot.
Graphitic layer planes are clearly observed within and along the outer periphery of the soot
primary particles. Larger internal voids with a more pronounced definition of internal
organization are observed. Some of the large particles appear to consist of a rim of a few
graphitic planes with an interior that appears less opaque. These substructures give rise to the
compartmental appearance of primary particles. A few shells appear to be formed by the merging
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of adjacent particles given their elongated shape, though in general the dimensions of the original
particles appear to be largely preserved.

Figure 7-18. Representative HRTEM images of laser heated soots from the indicated sources (a)
Diesel, (b) Jet, and (c) Gasoline
In contrast, the laser heated jet (JP-8) soot consists of graphitized particles as shown in
Figure 7-18(b). The number of parallel graphitic layers forming the outer wall generally numbers
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>20 layers for the jet soot, compared to 5 – 10 layers for the laser heated diesel soot. No internal
voids due to material rearrangement and/or concurrent densification of the carbon are observed.
As illustrated in Figure 7-18(c), upon laser heating the gasoline soot, the nanostructure consists
of extended lamellae that are more visually recognizable compared to the nascent soot. Although
graphitic bands were observed, the organization of nanostructure was different compared to that
of the laser heated diesel or jet engine soots. The laser-heated gasoline soot structure reflects a
reorganization of material within the particle, leaving many small voids throughout the interior
of the particles. The number of layer planes within a stack as viewed on-edge, varied from 2 to 6.
Their winding within the particle created a somewhat contorted nanostructure.
Discussion – Quantification of the initial nanostructure of the engine-derived soots
revealed that the lamellae organization was rather similar as indicated by the nanostructure
metrics in Figure 7-17, and Table 7-2. Yet the laser annealing process produced distinctly
different nanostructures across the diesel, jet and gasoline engine soots. XPS was applied to
measure the surface carbon bonding, and the deconvolution of C1s peak revealed a slight trend,
an sp2/sp3 ratio of 2.40 (jet) > 2.34 (diesel) > 2.25 (gasoline) though blurred by the error
estimates [56]. These observations in Figure 7-18 suggest that the initial soot nanostructure in
conjunction with the chemistry of construction governs the material transformation under pulsed
laser annealing.
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7.3.2. Fuel specificity between IC-engines
For the SSILD technique to be robust, soot collected/emitted from the same platform
(engine-type, fuel) should not diverge upon laser annealing. In order to validate this, soot
collected from two different engine sources are laser annealed.
Diesel soot – Soot generated from a different diesel engine (Cummins medium-duty ISL
365) running pure diesel (ULSD) was laser heated. The nascent nanostructure of this diesel soot
exhibited lamella with a discernible length and some stacking order was evident between
adjacent lamella. Moreover, the carbon lamella appears to be concentrically ordered about the
particle center as observed in Figure 7-19(a). Relative to the diesel soot from the Mercedes Benz
engine (Figure 7-16(a)), the outer surface of these nascent diesel particles appears to have a layer
of amorphous carbon, suggesting the particles might have undergone surface oxidation while in
the exhaust before being collected on the filter.

Figure 7-19. Representative HRTEM images of diesel soot from a Cummins ISL 365 engine, (a)
nascent soot, (b) laser heated
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Not surprisingly, laser heating led to extended lamella but with concentric shapes with
internal voids as shown in Figure 7-19(b). Graphitic layer planes are clearly observed upon laser
heating. Thicker ribbons appear to define the internal structure. Some of the bands appear to be
nested concentric semispherical shells, while others appear rather random in shape and position
within the particles. Finally, the majority of particles are transformed into compartmentalized
carbon nanoparticles. At large and small scale, the laser-annealed structure appears very similar
to the diesel soot from Mercedes engine (Figure 7-18(a)), showing large internal voids.
Gasoline soot – To further study the dependence on platform, another gasoline soot from
a different engine (model/year/injection system) is laser heated. This soot is collected from a
Dodge caravan minivan burning commercial gasoline fuel. The HRTEM image showing the
nascent nanostructure is illustrated in Figure 7-20(a). The initial nanostructure of soot from this
gasoline engine showed somewhat organized lamellae along the outer periphery of the particles,
while the central region is largely unstructured.

Figure 7-20. Representative HRTEM images of gasoline soot from a Dodge caravan minivan (a)
nascent soot, and (b) laser heated
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Upon laser heating, Figure 7-20(b) reveals bands as being ribbons of carbon layer planes
with extended lengths. Very similar to the soot from Chevy Impala (Figure 7-18(c)), laser heated
soot from Dodge caravan minivan showed compartmental organization. Yet the lamellae were
not highly ordered as was observed in some of the laser-heated diesel engine soots. Instead,
stacking order was less and more varied while interior compartments were fewer and less
defined. These collective results suggest that fuel commonality leads to similar structure upon
laser heating, for the same class of combustion source, e.g. diesel or gasoline engines.
7.3.3. Dependence on fuel
Diesel engine Soot
B100 soot – Soot generated in a Mercedes Benz direct-injection common rail diesel
engine burning pure biodiesel (B100) fuel was laser heated to study the dependence upon fuel
and ensuing soot chemistry differences relative to soot from ULSD. The soot produced by the
pure oxygenated fuel B100, exhibits disorganized nanostructure initially, consisting of short
randomly oriented graphene segments, lacking any graphitic structure as shown in Figure 7-21(a)
though some orientation order about the particle interior could be discerned. Compared to the
ULSD derived soot sample (Figure 7-21(c)), the nascent lamellae of biodiesel soot appears to be
shorter, and curvature is absent.
A HRTEM image of laser-heated biodiesel (B100) soot is shown in Figure 7-21(b). Laser
annealing led to very large increase in lamella order as evidenced by the length of the graphitic
ribbons encircling the particle. After laser heating, most prominent are large particles consisting
of a larger interior devoid of structure. As observed, the interior appears less opaque, as shown
in Figure 7-21(b). Both the lack of structure and uniform translucent appearance to the electron
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beam strongly suggests that the interior region is hollow. In comparison, the laser-heated ULSD
derived soot showed graphitic planes within and along the outer periphery of the particles, as
illustrated in Figure 7-21(d).

Figure 7-21. Representative HRTEM images of biodiesel (B100) soot from a Mercedes Benz
engine (a) nascent soot, and (b) laser heated. [For ease of reference, (c) nascent and (d) laser
heated images of diesel soot from the same engine are also shown]
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Although, the initial nanostructure was quite different between the pure diesel and
biofuel, chemistry of construction might have played an important role in the annealing process.
Figure 7-22 shows high-resolution scans over the nominal C1s region for nascent soot produced
from the combustion of diesel (ULSD) and biodiesel (B100), respectively. These scans were
deconvolved in order to extract information on the sp2 and sp3 carbon bonding fractions and
oxygen functional groups as relative percentages. The main C1s position at approximately 284.5
eV corresponds to the sp2 carbon, while the peak centered near 285.4 eV is interpreted as sp3
hybridized carbon [52]. These two types of carbon bonding are integral to the overall soot
nanostructure. Details of sp2 and sp3, oxygen functional group peak assignments and the
deconvolution of the C1s carbon peak are presented elsewhere [56,245].

Figure 7-22. High-resolution XPS spectra of C 1s peak for (a) diesel (ULSD) soot and (b)
biodiesel (B100) soot, with curve fitting for component resolution
The sp2/sp3 ratio of pure diesel was 2.25, whereas biodiesel was 1.5 with an experimental
uncertainty of ±3% [56]. Notably, the oxygenated fuel blend contains considerable organic
content, as evidenced by the larger sp3 component. More reactive components of the matrix, such
as alkyl groups will decompose upon pulsed laser action, thus leaving voids while also creating
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radical sites for lamellae vegetative growth [186,269]. These results suggest that the initial soot
nanostructure in conjunction with the chemistry of construction governs the material
transformation under pulsed laser annealing. Further resolution of the relative roles will require
more such comparisons and tests.
Flame soot
To further study the dependence of SSILD upon fuel and soot chemistry, soot generated
in a flat flame, premixed burner was laser heated. The fuels investigated were – 1) pure ndodecane, and 2) a mixture of n-butanol/n-dodecane (40/60 mol%). Previous engine studies have
shown that n-butanol is a suitable oxygenated additive due to its good solubility with diesel high
energy content, minimal water absorption and similar volatility [270,271].
As shown in Figure 7-23(a) and (c), the visual HRTEM images reveal very similar
lamellae organization for the nascent soots from the respective fuels. Overall, the nascent flame
soots possessed recognizable carbon lamellae, generally oriented circumferentially about the
particle perimeter. Nanostructure did not show fullerenic shells or highly curved lamellae.
Quantification by lattice fringe analysis published elsewhere confirmed similar fringe statistics
[240].
Upon pulsed laser heating, the pure n-dodecane soot showed graphitic lamellae that are
several nanometers in length. As shown in Figure 7-23(b), the outer wall of the laser annealed
particles were composed of 5-9 graphitic layers with thinner and thicker ribbons in the interior
with randomness in shape and position giving rise to a compartmented interior structure.
Conversely, laser heating of the oxygenated fuel blend, n-butanol/n-dodecane soot led to
formation of completely hollow particles with a graphitized exterior, as visually seen in Figure 7-
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23(b). Based on the observations of multiple particles, the outer wall of laser heated oxygenated
blend soot consisted of 10 – 15 graphitic layers (roughly twice that of the B100 soot).

Figure 7-23. Representative HRTEM images of flame soots (a, c) nascent, and (b, d) laser heated
[Top row – n-dodecane soot, Bottom row – n-butanol/n-dodecane soot]
While the initial nanostructure between the two flame soots was similar as quantified by
fringe analysis, in comparison, laser heating led to quite different structures. The n-dodecane
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soot showed compartmentalized nanoparticles, whereas the oxygenated fuel blend showed
hollow particles with highly stacked graphitic lamellae as an outer ribbon. Given initial structural
similarity, XPS was performed to further study the chemistry of the nascent soots.

Figure 7-24. High-resolution XPS spectra of C 1s peak for (a) n-dodecane soot and (b) nbutanol/n-dodecane soot, with curve fitting for component resolution
Figure 7-24 shows the high-resolution scans over the nominal C1s region for nascent soot
produced from the combustion of n-dodecane and n-butanol/n-dodecane, respectively. As can be
observed in Figure 7-24(b), the oxygenated fuel blend showed a significantly large sp3
component. Further quantification reveals an sp2/sp3 ratio of 3.1 for the pure n-dodecane fuel,
while the sp2/sp3 ratio of soot from the oxygenated fuel blend (n-butanol/n-dodecane) was
significantly lower (by a factor of ~6). The comparatively higher alkyl (organic) content of the
B100 soot could account for the void left by pyrolysis and vaporization of this content as
discussed previously [272–274]. These results further confirm the role of chemistry of
construction governing the material transformation under pulsed laser annealing.
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Overall, the dissimilarities in laser-heated structures within the same system but for
different fuels, illustrate the fuel dependence as an additional parameter in directing the structural
transformation during the annealing (SSILD) process.
7.3.4. Residential combustion source: Outside wood boiler soot
The nascent boiler soot as shown in Figure 7-25(a) contains no discernable crystalline
structure; given the absence of measurable lamellae (> 1 nm) this structure is often referred to as
amorphous nanostructure.

Figure 7-25. HRTEM images of a classic boiler burning red oak pine wood, (a) nascent, and (b)
laser-heated
Laser heating produced particles with extended but highly intertwined lamellae as shown
in Figure 7-25(b). Long-range order is inhibited, instead chaotic structure emerges which is
similar to that observed for non-graphitizing carbons [253,254]. Precursor materials that yield
non-graphitizing carbons are those high in O-atom content, such as biomass. Here, soot derived

143

from combustion of such material yields similar structure, suggesting similar chemistry as
causative.
While the nascent nanostructure between two widely different sources, the B100 and
boiler soots are accidentally quite similar (by virtue of amorphous nanostructure), the differences
in chemistry (or composition) may have played an important role during pulsed laser annealing.
To investigate this, XPS analysis was performed and compared between these two soots. Figure
7-26(a) shows a bar graph summary of the heteroelement concentrations for the two soots,
summarizing the survey scans. Across the two soots, there was very little variation in the
elemental surface compositions. The Oxygen (O 1s) atom content was ~15% across the two
soots, while the Si observed in the boiler soot can be attributed to the quartz filter upon which the
wood boiler soot sample was collected.

Figure 7-26. Bar graphs are shown summarizing (a) heteroelement concentrations, and (b)
surface carbon bonding
Figure 7-26(b) shows bar graph histograms of the oxygen functional groups for the two
soot samples ordered by the type of oxygen group and carbon hybridization states. The sp2/sp3
ratios are quite different between the two soots, with biodiesel soot exhibiting a ratio of 1.5,
whereas the wood boiler soot showed a sp2/sp3 ratio of 2.1, corresponding to a 40% difference.
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The experimental uncertainty associated with these values is less than 3% [56]. A larger sp2
component for the wood boiler soot should effectively mean more aromatic carbon in the nascent
particles. But upon laser heating, wood boiler soot did not show highly ordered graphitic layers,
instead extended lamellae with chaotic nanostructure were observed suggesting the matrix-bound
chemical composition to be different than planar aromatics. The behavior of the B100 soot is
understandable. The higher alkyl (organic) content of the biodiesel soot would be consistent with
more pyrolysis and volatilization leaving void(s) upon laser heating – analogous to the behavior
observed for the n-butanol/n-dodecane soot.
In contrast the O-atom content may interact with the greater sp2 content of the wood
boiler soot to introduce curvature into the evolving lamellae [162]. Curvature would prevent
long-range ordering, and is an inherent feature of non-graphitizing carbons, according to Harris
[110]. Curvature would also inhibit stacking of lamellae, as their reorientation requires mobility,
this also inhibited by curvature. The greater sp2 content could also impose constraints at the
molecular level preventing long-range ordering of lamellae at the nanometer scale. The
constrained lamellae could account for the predominance of thin ribbons of 2-3 lamellae.
7.3.5. Gulf oil spill soot
Because of the rarity of the soot source, the laser derivatization of this sample is not to
demonstrate the technique, but to verify if laser annealing will bring out any differences.
Soot collected from the oil fire plumes during the gulf oil spill (BP horizon disaster)
exhibited a wide range of structures, both at macro- and nano-scale. For example, as shown in
Figure 7-27(a), lower magnification TEM image of the soot reveals that there is variation in
particle size (at minimum two size classes), certainly some within an aggregate. Quantification
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of the primary particles revealed a bimodal distribution, with mean sizes of ~39 nm (±10) for the
smaller particles, and ~65 nm (±12) for the larger particles. This difference in particle size
indicates that the fuel and air mixing remained heterogeneous, and likely particles have
experienced different trajectories.
At higher magnification, the larger particles show a nanostructure similar to carbon
blacks’ (such as the lamp black), possessing small crystallites that are oriented concentrically
around the particle perimeter, as shown in Figure 7-27(b). As illustrated in Figure 7-27(c), coreshell arrangements, and fullerene-like structures were more common for the small particles,
indicating that these might have undergone further oxidation processes. Clearly, the particles
heterogeneous nature indicates that the fuel, fuel-air ratio or the combustion processes had a
significant impact.
Figure 7-27(d-f) illustrates that, upon pulsed laser heating, the impact of initial
nanostructure is clearly observed. As shown in Figure 7-27(e), the large particles have
significantly graphitized due to laser action. Banded ribbon structures with extended lamella are
clearly evident (such as those observed in carbon blacks) across the particle radius. Whereas the
fullerene-like structures (small particles, Figure 7-27(c)) formed small hollow shells with
extended lamella, as shown in Figure 7-27(f). While the internal structure was more chaotic, the
bands particularly on the outer periphery consisted of 6 – 9 graphitic layers giving the particle a
compartmental structure. This magnified difference in the structures resulting from laser-heating
strongly highlights the heterogeneity across the nascent particles.
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Figure 7-27. Survey HR-TEM images of soot collected from the Gulf oil spill study. (a-c)
nascent particles, and (d-f) laser heated
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7.4.

Summary
This chapter demonstrated the SSILD technique on a variety of combustion soots and

carbon blacks. In summary,
• Carbon blacks with different initial nanostructures evolved to yield a similarly uniform
product, albeit with much greater distinctiveness.
• R250 carbon black showed a variety of structures such as graphitized hollow particles,
and particles with multi-faceted internal structure.
o Fringe analysis confirmed similarity of nanostructure in the unheated R250.
o EELS measured particle to particle variation in chemistry – the sp2/sp3 ratio as
likely operative.
• Multiple combustion soots were laser annealed.
o Nanostructure of soot from different transportation combustion sources evolved
distinctively upon laser annealing for this limited sample set.
o As consequence, source specificity was illustrated.
o Fuel commonality (ULSD, gasoline) lead to similar structure upon laser heating
for different engines of the same type, e.g. diesel versus gasoline engine.
o

Soots from known different sources and fuels exhibiting no initial nanostructure
followed opposing directions upon laser heating suggesting underlying difference
in chemistry between the soots – as XPS results confirmed.

Two very different methods for examining the sp2 and sp3 content of carbon soots were
applied to interpret observations. EELS in STEM mode offers nanometer resolution and aided
interpretation of particle-to-particle variability upon laser irradiation. With larger sample

148

amounts, XPS provides an averaged measure, albeit restricted to the outer perimeter of the soot
particles. Results from both techniques illustrate that low sp2 relative to sp3 content fosters large
void formation and multiple concentric graphitic shells around the particle. Higher sp2 content
appears to impose constraints that inhibit such large-scale transformations. Instead, small and
more numerous voids form, with geometries dictated by the limited restructuring. The division
between these behaviors is not rigid, nor is their prediction based on the specific value for the
sp2/sp3 ratio. The tests and observations presented in this chapter warrant further definition of the
sp2/sp3 ratio and outcomes by more samples with varied chemistry exposed to high intensity laser
irradiation.
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Chapter 8
SSILD recognition and implementation
In this chapter, image processing algorithms are applied to the laser heated soots to
furnish a benchmark to quantify and differentiate carbon nanostructural changes. For two soots,
parameters such as fringe length and tortuosity, stacking distributions, and void size distributions
are reported. Radial intensity profile analysis and database development are discussed in detail.
Following is a test of source identification on a mixture of soots.
8.1.

Quantification of HRTEM images
Laser-induced transformation of soot particles nanostructure could evolve along length

scales of 10 nm or more. Such long-range structural reorganization has been observed in prior
studies [211] and is presented here in detail. Varied internal structures for e.g., voids or welldeveloped internal ribbons (parallel stacked graphitic segments with lengths of several
nanometers) have been observed within particle interiors, as dependent upon the soot source.
Given the variety of structures observed, and to discern the differences between the laser-heated
structures, any one structural parameter might be insufficient. Nevertheless, present algorithms
can process the pronounced nanostructures. This presents opportunity to create a robust multiparameter set for source identification.
In this section three different image-processing algorithms are applied to quantify the
laser-heated carbons’ nanostructure. The metrics are 1) Nanostructural parameters (fringe length
and tortuosity), 2) Lamellae stacking distributions, and 3) Hollow/void dimension. Two laserheated carbon blacks as shown in Figure 8-1, – R250 and lamp black, respectively, are quantified
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by three different algorithms for these above parameters. The analysis results are documented in
the following subsections.

Figure 8-1. Representative HRTEM images after laser-heating of (a) R250, and (b) Lamp black
8.1.1. Fringe analysis
Soot nanostructure is defined as the degree of atomic order as manifested by graphitic
layer plane segments and their physical relation to each other. Quantification of nanostructure
can be performed by lattice fringe analysis of HRTEM images [57]. Statistical quantities include
measures such as fringe length, separation and tortuosity, as summarized in the form of
histograms for each laser-heated soot sample.
Figure 8-2 compares the fringe analysis distributions between the laser heated R250 and
lamp black carbons. R250 shows a broader fringe length distribution relative to lamp black.
While the fringe tortuosity distributions of the two carbons appear similar. Complementing these
distributions, fringe statistics are summarized in Figure 8-3.
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Figure 8-2. Fringe length and tortuosity distributions of the HRTEM images shown in Figure 8-1
The median fringe length and percentage of fringes > 3nm across the two carbon blacks
were quite similar in their nascent form. Upon laser heating, the fringe analysis results are quite
different between the carbons. Median lamellae length of R250 increased to 1.6 nm from 0.92
nm, while the percentage of fringes > 3 nm increased from 1.5% to 23%. A similar trend was
also observed for lamp black – lamellae length increased to 1.2 nm from 0.84 nm. In contrast, the
laser-heated carbons exhibited an extremely low level of tortuosity (curved lamellae), with
nearly 95% of the measured fringes having a tortuosity ratio of less than 1.1, suggesting
tortuosity might not be a differentiating metric for laser heated soots. Based on this comparison,
emphasis should be given primarily to fringe length, given its sensitivity to laser-induced change.
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Figure 8-3. Median fringe length and tortuosity statistics of laser heated R250 and Lamp black
8.1.2. Stacking distribution
Prof. Jonathan Mathews performed the second image processing algorithm in Adobe
Photoshop software. Dr. Chang’an Wang measured the stacking distributions using the code
developed by Dr. Louw [275]. The text was written and/or edited by Chethan K. Gaddam unless
explicitly mentioned.
Digital images were processed using custom code developed by Mathews and coworkers
[59,134]. Image Processing Toolkit coupled with Adobe Photoshop software was used to extract
lattice fringes from HRTEM micrographs [275]. The authors suggested using Photoshop
software since it makes automation possible thereby increasing the analysis speed. Briefly, the
image processing involved several operations such as contrast enhancement, histogram
equalization, Gaussian low-pass filtering, fast Fourier transform filtering, binarization and
skeletonization. Fringes that are lower than 0.3 nm are rejected. Further details on image
analysis algorithm hierarchy, and the major subroutines are discussed elsewhere [59]. The
corresponding skeletonized images of Figure 8-1 are shown in Figure 8-4.
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Figure 8-4. Skeletonized images after image processing of laser heated (a) R250, and (b) Lamp
black
Louw [275] developed a stack identification algorithm that can provide quantitative
means to compare structural order such as stacking number. This algorithm was developed in
Matlab, but has been since updated to be executable on any computer. Differences in fringe
orientation angles, direct (Euclidean) distance between the midpoints of all the fringes and their
perpendicular distance formed the basis to identify stacks [275].

Figure 8-5. Stacks identified for laser heated (a) R250, and (b) Lamp black
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Figure 8-5 shows the stacks identified for the skeletonized image shown in Figure 8-4.
Stacks identified with two layers are colored red, three layers are colored blue, four layers are
colored pink, and five and more layers are colored teal. Using this algorithm, the stacking
distributions (number of layers per stack) were determined. Figure 8-6 shows the stacking size
distribution calculated from the laser heated R250 and lamp black samples, respectively.
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Figure 8-6. Distributions of lamellae stacking according to the number of layers in a stack for the
indicated laser-heated carbons.
Consistent with the fringe length observations, laser heated R250 carbon contains a very
high fraction (~60%) of stacks comprising of 5+ graphitic layers. Also the no-stacks (single
layer) decreased from ~35% to ~5% after laser heating. In contrast, laser heated lamp black
showed only ~31% stacks that are 5 or more layers, which is approximately half that of the laser
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heated R250. The higher fraction of stacks observed in laser heated R250 when compared to
lamp black might be reflective of its initial nanostructure, the former containing short lamella
with concentric spatial organization. In this manner, stacking statistics of each laser heated soot
can be measured. The distributions of stacking order can then serve as a “recognition key”
towards source identification.
8.1.3. Hollow/void dimension
Traditionally, blob detection/analysis methods are aimed at detecting regions in a digital
image that differ in properties such as brightness or color, compared to surrounding regions. In
this sense, a blob is a region of an image in which some properties are constant. Voids observed
in HRTEM images also have an approximately constant visual appearance (i.e. intensity).

Figure 8-7. Representative HRTEM images of (a) diesel, and (b) gasoline soot. The outlined
regions represent the void interiors.
Pulsed laser annealing of soots leads to lamellae growth, reflective of material
reorganization within the particle, thereby leaving voids throughout the interior of the particle.
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As observed in Chapters 6 and 7, laser heating of soots led to a variety of structures such as
particles with multi-faceted internal structure, particles with hollow shells, compartmental
structures, etc. Depending on the number of interior nucleation sites, non-uniformity of structure
and chemical composition, the laser heated particles will possess voids whose size might be
specific to a combustion source. For example, in Figure 7-13 of Chapter 7, soots from three
combustion sources exhibited very different void sizes after laser heating. Quantification of the
void size (area) could serve as an additional parameter towards source identification.
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Figure 8-8. Distribution of voids by area for the indicated laser-heated soots.
Generally several sophisticated tools are used for blob analysis [276]. Here a
simpler approach is undertaken to show the concept. Image processing software, ImageJ® was
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used to perform the analysis. For all images, calibration was determined from the scale bar.
Using a polygon selection tool, the areas of individual voids are measured. Figure 8-7 shows
representative HRTEM images of diesel and gasoline soot, with the void regions outlined for
subsequent measurement. For the samples measured/demonstrated here, more than 10 images
comprising of >50 voids are measured in this process.
As can be seen from Figure 8-8, there is substantial difference in the void sizes across the
laser-heated diesel and gasoline soots. The majority of the voids (~75%) observed in laser heated
gasoline soot had an area of less than 20 nm2. Whereas ~85% of the laser heated diesel soot is
comprised of voids that are >80 nm2 in area. These preliminary results suggest that hollow/void
dimension varies for different sources, and thus can be effectively used as one of the parameters
towards source identification fingerprinting.
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8.1.4. “Recognition Key” schematic
In summary, the three spatial quantification algorithms discussed in earlier sections can
be used in combination for source identification. Each laser heated carbon will have its own
fingerprint, or varying parameter distribution values as shown in the form of a “recognition key”
schematic in Figure 8-9. The schematics comprise information from lamellae geometry, stacking
distribution, and void dimension. The patterns in the schematics as shown in Figure 8-9 for the
two laser heated carbons are quite different and could therefore be used to identify the particular

Lamp
Black

R250

source by reference to a database of such metrics for different potential soot emission sources.

Figure 8-9. "Recognition Key" schematics of R250 and Lamp black.
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8.2.

Radial profile analysis procedure
An analytical method was implemented for quantitatively analyzing the TEM images of

the laser-heated particles. Image analysis of the TEM images by this method would provide a
quantitative means to identify soot source upon laser derivatization against a reference set of
values in a database. Figure 8-10 shows the overall image analysis hierarchy. The procedure
includes steps of HRTEM image conversion to the frequency domain, band-pass filtering, radial
intensity profiling, and identification by least squares comparison.
Start

HRTEM Image

Fast Fourier Transform
(FFT)

Bandpass Filter

Radial Profile

Stop

Figure 8-10. Flow chart of the radial intensity profile calculation method.

160

Digital Micrograph® was used for fast Fourier transformation and band-pass filtering,
while ImageJ® was used towards radial intensity profiling. In its current form, the quantification
method is semi-automated. The HRTEM images in their original full size (2048 px) gatan 3
format (.dm3) were used towards the analysis. In the following sections, to explain the
procedure, a thermally annealed carbon black HRTEM image was used as input.
8.2.1. Fast Fourier transform (FFT)
The digital HRTEM images can be converted to the frequency domain by applying a fast
Fourier transform (FFT). Fourier transformation reveals the periodic contents of an image. The
result of a Fourier transform on a real-valued image is a complex image. While the input image
represents the image in spatial domain, the output of FFT transformation is the frequency domain
equivalent (with symmetric points being complex conjugates of one another). In the Fourier
domain image, each point represents a particular frequency contained in the spatial domain
image. Depending on crystalline structure observed in the image, the FFT pattern varies. Highly
ordered carbon general exhibits lattice layer planes of (002), (100), and (004). Figure 8-11 shows
the HRTEM image and its corresponding FFT image of a thermally annealed carbon black.
The HRTEM image in Figure 8-11(a) shows highly ordered graphitic layer planes that
are very well aligned. The conversion of the TEM image into a FFT results in spots and arcs that
represent particular lattice planes contained in the TEM image. Note that the FFT pattern in
Figure 8-11(b) shows prominent graphite (002), (100), and second order 004 diffraction rings (or
arcs/spots).
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Figure 8-11. (a) HRTEM image of a thermally annealed carbon black, and (b) FFT of the
HRTEM image
8.2.2. Band-pass filter
Using a band-pass filter, spatial frequencies within a particular range are excluded, as
applicable in Fourier space. The controlling parameters here are the inner and outer radius of the
band-pass (as fractions of the Nyquist frequency) and the half width of the transition at the edge
of the band pass. The transition at the edge of the band pass is Gaussian in shape, selected
because it results in fewer artifacts than a sharp cut off of the filter. The resultant image after
applying band-pass filter is shown in Figure 8-12(b). As can be seen from the image, the filter
removes high- and low-frequency artifacts, reduces noise and sharpens the edges, respectively.
This step reduces the background noise and leads to a constant intensity baseline.
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Figure 8-12. FFT pattern of Figure 8-11(a) before and after band-pass filtering.
8.2.3. Radial intensity profile measurement
Using ImageJ’s analysis software, radial intensity profiles as a function of distance from
center can be produced. The intensity at any given distance from the center (point) represents the
sum of the pixel values integrated 360° at that radial distance. A radial profile extended plugin
coupled with ImageJ® software was used to measure the radial intensity profiles of the
respective filtered FFT’s [277]. Using the plugin, the size, position and integration angle of the
region of interest (ROI) can be defined and modified.
For demonstration purposes, the radial intensity profile of the frequency domain image
shown in Figure 8-12(b) was calculated. Depending on the dimensions of the image (e.g. 2048
pixels etc.), the ROI is positioned in the center with an integration region size of 300 pixels and
angle of 3600 as shown in Figure 8-13(a). The resultant radial profile for the FFT of the annealed
carbon black is displayed in Figure 8-13(b). In similar fashion radial intensity profiles of each
laser heated soot can be measured, each having its own specific intensity profile.
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Figure 8-13. (a) Region of interest, and (b) radial intensity profile from the FFT pattern of the
thermally annealed carbon black.
8.3.

Application of radial intensity profile analysis
Using the procedure outlined above (section 8.2), the HRTEM images of the various

annealed soots were processed. Consistency for a given sample, and variations across different
samples are quantified and compared. The radial intensity profiles of all the laser-heated soots
are reported in this section.
8.3.1. Comparison across laser-heated carbons
In this section a comparison is first made between two laser-heated lamp black HRTEM
images and then these variations are compared with a different laser-heated sample, carbon
black, R250. For the radial intensity profile method to serve as an effective identification tool,
the differences between the two laser-heated lamp black HRTEM images should be minimal,
whereas comparison with R250 should be significantly different.
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In Figure 8-14, the first two rows show 2 different HRTEM images of laser-heated lamp
black, their corresponding filtered Fourier transformed images and the integrated radial intensity
profiles. For comparison, the bottom row shows a HRTEM image of R250, and its corresponding
FFT image plus radial intensity profile. These 3 images represent a subset of >50 HRTEM
images for each carbon black.
Visually and as quantified earlier by fringe analysis, the two lamp black images show
very similar lamellae statistics. The question is if there are any differences in the radial intensity
profiles. The filtered Fourier transforms (Figure 8-14(b,e)) appear very similar, albeit depending
on the lamellae spatial arrangement, they show similar spot/arc patterns (differing merely by
rotation). Quantification for radial intensity reveals little to no differences in their profiles as
shown in Figure 8-14(c,f). Both plots show similar peak heights and shapes.
In contrast, the frequency domain image as shown in Figure 8-14(h) of the laser-heated
R250 showed sharper and continuous spatial frequencies. The corresponding radial intensity
profile of R250 showed peaks that are narrower and have relatively high intensities indicative of
more graphitized structure.
To discern whether the radial intensity profiles are significantly different, a formula
represented by Eq. 7.1 is used to calculate the sum of “residuals” (Di), as squared differences.
D! =   

I! − I!

!

(8.1)

where Ia is the normalized radial intensities of sample “a” at each pixel point, and Ib is the
normalized radial intensity at the same relative pixel points for the different sample.
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Figure 8-14. HRTEM images (a, d, g), their fast Fourier transforms (b, e, h) and radial intensity
profiles (c, f, i). The first two rows are of laser-heated lamp black, whereas the bottom row is
laser-heated R250.
For the three laser-heated sample comparisons discussed in Figure 8-14, plots of residual
values are shown in Figure 8-15. As can be seen, the residual plot comparing the radial intensity
profiles of the two laser-heated lamp blacks show near-zero coefficients, suggesting similarity.
Alternatively, comparison of either of the lamp black profiles to that of R250 shows a huge spike

166

in the observed residual values at every pixel point. These results suggest that radial profile
analysis can be effectively used to quantitatively distinguish the visual HRTEM images.
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Figure 8-15. Difference radial intensity plots between the lamp blacks, and across R250.
8.3.2. Tracking a solid-state transformation
In this section radial profile analysis of M1300 carbon black and its annealed forms are
compared. Figure 8-16(a) shows the nascent HRTEM image of M1300 primarily dominated by
curved lamellae. Upon laser annealing, extended lamellae were observed as shown in Figure 816(d). Pulsed laser annealing will accentuate existing nanostructure, but as applied here (one
laser pulse) will not cultivate its final form. For comparison, the HRTEM image of furnace
treated M1300 carbon at 3000 °C for 2 hours is shown in Figure 8-16(g). This image shows
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small polyhedral onion structures. The visual comparison of bright-field HRTEM images in
Figure 8-16 qualitatively demonstrates the progressive changes in carbon nanostructural order.

Figure 8-16. HRTEM images (a, d, g), their fast Fourier transforms (b, e, h) and radial intensity
profiles (c, f, i) of the M1300 carbon in different forms – nascent (a-c), laser heated (d-f) and
thermally annealed (g-i).
In order to further quantify and/or differentiate these solid-state transformations as
observed here, the HRTEM images were analyzed by the FFT radial profile analysis method
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(discussed in Section 8.2). The images in the Fourier domain are consistent with substantial
structure, with the image in Figure 8-16(h) showing sharper and brighter frequencies (rings).
Alternatively, the measured radial profiles show different breadths and intensities for the
observed peaks. As shown in Figure 8-16(c), peaks for the nascent M1300 are broad. Whereas as
observed in Figure 8-16(f), peaks for the laser-heated M1300 are more sharp, and also exhibit an
increase in the intensity of the 002 peak (best observed in the FFT image). Following the trend,
peaks for the thermally annealed M1300 are sharp, with the 002 intensity maximum compared to
other samples.
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8.3.3. Development of database
Using the procedure outlined in section 8.2, the HRTEM images of the various laserheated soots were analyzed. For the development of the database, HRTEM images, their Fourier
transforms and corresponding radial intensity profiles of the carbon blacks and combustion soots
are reported. Table 8-1 lists the soot samples used to build the database.
Figure 8-17 illustrates the representative HRTEM images, Fourier transforms and
corresponding radial intensity profiles of the four laser-heated carbon blacks described in Table
8-1. Due to the differences in the nanostructure upon laser-heating, the pattern of the intensity
profile across these carbon blacks varied. Arc soot having the least organized structure after laser
heating showed broad radial intensity (peak) profiles. Conversely, R250 with the most
graphitized structure showed narrow peaks with the peak representing the 100 diffraction ring (at
approximately the 200 pixel point) showing a marked intensity increase, indicative of extended
lamellae.
Table 8-1: Model carbons and combustion soots employed to build the database
Soot source

Soots

Carbon Blacks (Model
carbons)

Arc Soot
M1300
Lamp Black
R250

Combustion Soots

Diesel (Mercedes Benz common rail engine)
Gasoline (Chevrolet Impala)
Jet (GE CFM 56-2C3 turbine)

Boiler

Outside wood boiler

Flame

n-butanol/n-dodecane
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Figure 8-17. HRTEM images (a, d, g, j), their fast Fourier transforms (b, e, h, k) and radial
intensity profiles (c, f, i, l) of – arc soot (a-c), M1300 (d-f), lamp black (g-i), and R250 (j-l).
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Figure 8-18. HRTEM images (a, d, g), their fast Fourier transforms (b, e, h) and radial intensity
profiles (c, f, i) of – gasoline soot (a-c), diesel soot (d-f), and jet soot (g-i).
The radial intensity profiles of the transportation combustion soots (diesel, gasoline, and
jet) described in Table 8-1 are presented in Figure 8-18. The radial intensity profiles in Figure 818(c, f, i) show a progressive increase in nanostructure order, both in separation and length. In
general, jet soot with its highly ordered graphitic structure showed sharper radial intensity
profiles compared to the other combustion soots.
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Figure 8-19. Laser-heated outside wood boiler soot – (a) HRTEM image, (b) fast Fourier
transform, and (c) radial intensity profile.
The radial profile of the laser-heated boiler soot is shown in Figure 8-19(c). Although
consisting of long lamellae, the intertwined lamella for this boiler soot is a chaotic nanostructure,
similar to that observed in non-graphitizing carbons [253,254]. Accordingly, the observed peak
profiles were broader confirming the non-graphitized structure.
In summary, these radial profiles display distinctive patterns of varying intensities that
are unique to the particular laser-heated sample. Such patterns could serve as a fingerprint of the
particular source and can provide a means towards source identification.
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8.3.4. Development of recognition algorithm
To discern whether the radial intensity profiles could provide source identification, a
macro was developed by which to compare radial intensity profiles of unknown sample
(HRTEM images) to those within the database, developed using SSILD. For the initial library,
the soots described in Table 8-1 are included in the database.
The radial intensity profiles are normalized to the central peak at zero pixel point, thus
permitting straightforward comparison to the vectors representing the different soots within the
database. As explained earlier, to determine whether the radial intensity profiles are different, a
formula represented by Eq. 7.2 is used to calculate the variance or the sum of “residuals” (Di).
Residual =   

D! =   

I!" − I!"

!

(8.2)

where IUj are the normalized radial intensities corresponding to each radial point (0 – 300
range) of the unknown soot, and IDj is the normalized radial intensity at the same relative radial
points for a soot from the database.
These operations were all automated within the data analysis software package
KaleidagraphTM using the formula entry menu to sequence the different column operations via
macros. Database vectors were pre-entered into the program for the aforementioned
comparisons. The program calculates the variances for all the standard soots included in the
database. The matching and identification of the unknown sample is easily obtained when the
value of the variance of one reference soot is within empirically set limits. Based upon the
relative magnitudes of the sum of squared differences, the unknown soot sample could be
identified or categorized.
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As example, three combustion soots shown in Figure 8-18 are analyzed by this algorithm
to test the analytical performance. The residual plots from the cross comparison of the three soots
from these different combustion sources show large variances at each pixel position, as shown in
Figure 8-20. The biggest differentiator is the jet soot given its well graphitized nanostructure and
absence of voids. The sum of residuals (ΣDi) for the comparisons shown in Figure 8-20 are 1)
Diesel vs. Gasoline soot – 260,000, 2) Diesel vs. Jet soot – 201,000, and 3) Gasoline vs. Jet soot
– 180,000.
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Figure 8-20. Residual plots showing the cross comparison of radial intensity profiles of the three
combustion soots.
Based on variance calculations including comparing the sample to itself (different
images, such as Figure 8-14(a,d)), and comparisons across different samples (soot sources, such
as Figure 8-18), the empirically set limit for source identification is ΣDi = 100,000. In other
words, for the program to match the unknown to particular soot from the database, the sum of
residuals should be less than the empirically set limit of 100,000.
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8.4.

SSILD analysis of a mixture
The goal of this section is to demonstrate the analytical capability of the SSILD technique

for identifying soot sources. The real test of source identification will be whether a mixture of
soots can be resolved into their components. Figure 8-21 shows the overall sequence of the
SSILD process. As a test, a mixture of soots with roughly equal proportions by mass, is laser
derivatized. HRTEM images before and after laser annealing are acquired. Image analysis
quantifies the nanostructure parameters. Statistical comparisons are then made with the database,
potentially identifying the soot source(s).

Soot Mixture
(I, II, II)

Statistical
Analysis &
Comparisons

Image
Processing

Laser Annealing

HRTEM Imaging

(e.g. radial intensity
profiles)

Figure 8-21. Flow chart showing the SSILD procedure
The test mixture consisted of equal proportions of flame (n-butanol/n-dodecane) soot,
pure diesel (ULSD) soot and a carbon black (R250). The sample was prepared for analysis by
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suspending the mixture in ethanol (200 proof) with sonication for 15 minutes, followed by drop
deposition using a glass pipette on a TEM grid. The nascent TEM images are shown in Figure 822.

Figure 8-22. (a-c) Low and (d-f) high magnification TEM images of the soot mixture. (The
mixture contains flame and diesel soot, and R250 carbon black).
The low magnification images in the top panel of Figure 8-22 show primary particles and
aggregate morphology. The bottom panel shows the three most common HRTEM images
representing the test sample components. Figure 8-22(d) shows a nanostructure typical of flame
soot with radial variation of lamellae order. Figure 8-22(e) shows particles with highly
recognizable lamellae, but with primary particles consisting of multiple nucleation sites
indicative of diesel or otherwise engine produced soot. The image in Figure 8-22(f) shows a
periodic crystalline structure comprised of roughly parallel lamellae oriented in concentric
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fashion. The need for SSILD is to accentuate these recognizable structural differences and bring
out potential chemical differences.

Figure 8-23. (a-c) Low and (d-f) high magnification TEM images of the laser derivatized soots
mixture. (The mixture contains flame and diesel soot, and R250 carbon black).
Using the SSILD operational conditions outlined in Chapter 6.4, this mixture sample is
laser heated by one pulse. The resulting TEM images are summarized in Figure 8-23. The top
panel shows low magnification TEM images from different locations on the TEM grid. These
images show a variety of structures primarily dominated by particles with hollow shells,
compartmentalized structures and rosette shaped particles. Notably the morphology of the
primary particles, and their overall assembly within the aggregate is preserved.
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The bottom panel of Figure 8-23 illustrates comparative changes in the evolved
nanostructure of the laser annealed soots present in the mixture at the primary particle level.
Upon pulsed laser light action, the differences in nanostructure are magnified. Figure 8-23(d)
shows a hollow particle indicative of flame or biofuel soot as was earlier observed in Section 7.3.
Figure 8-23(e) shows graphitic ribbons within and along the outer periphery of the primary
particle. Internal voids give rise to the overall compartmental appearance of the particle
indicative of a diesel or gasoline source. Finally, the particle shown in Figure 8-23(f) shows
highly graphitized lamellae. The outer wall of these particles consist of >15 graphitic layers.

Figure 8-24. Radial intensity profiles of the HRTEM images shown in the bottom panel of Figure
8-23, respectively.
Quantification of the above images by the radial intensity profile analysis as outlined in
section 8.3 should identify the sources by comparison to the database vectors. Figure 8-24 shows
the respective radial intensity profiles corresponding to the HRTEM images shown in the bottom
panel of Figure 8-23. As can be visually seen, the intensity profiles are quite different across
these particles. Both the peak positions and intensities are observed to be different between the
laser derivatized soots.
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Table 8-2: Statistical comparison of the laser heated mixture to the closest sources from the
database
HRTEM image

Radial Intensity Profile

Closest Match
(database)

Variance (ΣDi)

Figure 8-23(d)

Figure 8-24(a)

n-butanol/n-dodecane
flame soot

119,000

Figure 8-23(e)

Figure 8-24(b)

ULSD soot

122,000

Figure 8-23(f)

Figure 8-24(c)

R250

117,000

The recognition algorithm as outlined in Section 8.3.4 was applied to these unknown
radial profiles. Each radial profile (column vector) of the unknown is entered into the program,
which calculated the residual sum across all the sources included in the database library. The
closest matches are summarized in Table 8-2, the corresponding residual plots are shown in
Figure 8-25.
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Figure 8-25. Residual plots showing the comparison of radial intensity profiles of the three
HRTEM images shown in Figure 8-23 to their respective closest matches from the database.
(Note – the y-axis maximum limit is intentionally kept at 12,000 for easier reference to Figure 820)
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Caveats to the present analysis are that a sufficient number of images must be obtained
and analyzed to ensure representation of all possible sources from any given sample. Moreover,
the reference database is presumed to be complete, with all sources known. If some emission
sources are potentially absent, a (residual sum) threshold for rejection would in practice need to
be utilized so as to disallow false identification. To establish a robust database, many images and
their FFT radial analyses would be averaged together to ensure fidelity of representation by the
1D numerical matrix. Of course, such averaging may blur some differences between sources.
Still, the analysis as outlined is highly simplified in its representation and comparison.
Each radial profile is a spectrum of sorts, and as such, principal component analysis
(PCA) can be applied, a much more sophisticated methodology that can capture subtle
differences pertaining to peak positions, widths, etc. Correspondingly many images of any given
nanostructure/particle type, laser treated, would need to be collected from an unknown sample
for best results by such a comparative methodology. Ultimately an automated routine could be
devised and implemented to sort the set of images from an unknown into similar groups, without
relying upon manual selection as done here.
8.5.

Summary
The analysis as outlined here presents the framework for database development and

comparative methodology, albeit simplistically. Robust identification will require statistically
representative, multiple images and analyses, both for unknowns and for each soot in the
database. Still, at most receptor sites of interest, sources contributing combustion-produced soot
are relatively few, with identity if not relative contribution by geographical proximity, e.g.
airports, highways and powerplants. With such sources the temporal variability may further aid
deconvolution of their relative contributions.

Chapter 9
Implications of laser annealing
While the overall goal of this study is to develop laser-based heating as an analytical tool
for soot source identification, laser annealing on short timescales can address fundamental
graphitization timescales. And for combustion systems, it can provide further insights into soot
particle inception. A brief description of these results is discussed in this chapter.
9.1.

Graphitization path
Previous studies using HRTEM have revealed that when heat-treated > 2000 °C soots

form multi-faceted graphitic particles [46,122,123]. But the focus of these studies was on only
one specific time scale, i.e., hours of duration at graphitization temperatures within a
conventional furnace. Pulsed high-temperature heat treatment using laser light provides a novel
method to monitor the graphitization path. Figure 9-1 compares the HRTEM images of two
nanocarbons – R250 and diesel soot, respectively, for the different heat-treatment methods. Laser
heating was performed using a single pulse, fluence of 250 mJ/cm2, whereas, furnace heating
was performed in a conventional furnace at 2100 °C for 2 hours.
As shown in Figure 9-1(b), laser heating of R250 leads to partial graphitization. Extended
lamellae with voids are observed. In contrast, furnace heating of R250 shows multifaceted
polyhedral onion structures, as illustrated in Figure 9-1(c). Similarly, laser heating of diesel soot
generated partially graphitized particles (Figure 9-1(e)), and furnace heating produced highly
ordered polyhedral particles.
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Figure 9-1. HRTEM images of R250 and diesel soot. Top row – R250 [(a) nascent, (b) laser 250 mJ/cm2, 1 pulse, (c) furnace - 2100 °C. Bottom row – Diesel soot [(d) nascent, (e) laser - 250
mJ/cm2, 1 pulse, (f) furnace - 2100 °C
Lattice fringe analysis was applied to quantify these visual differences [57].
Complementing the bright field representations in Figure 9-1, the extracted lamellae length
distributions between the two carbons, for the different heating methods appear significantly
different as shown in Figure 9-2. For both samples, not surprisingly, furnace heating led to
broader fringe length distributions, with the laser-heating (fringe distribution) results somewhat
less extended, but much more than those of the nascent soots, effectively lying between these
two distributions, as illustrated in Figure 9-2.
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Figure 9-2. Overlaid lognormal fringe length distributions of (top row) R250, (bottom row)
diesel soot.
Summarizing these fringe length distributions, the mean length (nm) and percentage
fringes (> 3 nm) are plotted against the sample heat-treatment method/state, in Figure 9-3. Upon
laser heating the differences between the two carbons are largest, despite having very similar
nascent nanostructure. With laser heating, the median lamellae lengths of R250 and diesel soot
are 1.6 and 1.18 nm, respectively. Moreover, the percent fringes above 3 nm were 22% and 10%
for the R250 and diesel soot, respectively. As can be seen from Figure 9-3, quantification of
furnace-heated material shows nearly identical fringe statistics. These plots suggest that
graphitization trajectory initially proceeds in a divergent path dependent on the nanostructure and
chemistry of the sample, but ultimately converges into an equivalent final structure.
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Figure 9-3. (a) Mean fringe length (nm), and (b) % fringes (> 3nm) – variation across the heattreatment methods for the two carbons – R250 and diesel soot, respectively.
These results also confirm that on a nanosecond timescale graphitization is only partially
completed, leading to different intermediate structures. Long durations allow full graphitization
where all the bond breaking and reforming, structural rearrangements, and lamellae reorientation
and growth are completed thus showing similarity in fringe statistics for the two different soots.
The differences in the laser-heated carbons can then be attributed to the variations in the nascent
samples’ chemistry and nanostructure, thus also validating the SSILD concept.
To confirm if the furnace-heating was indeed the final graphitized form, the furnaceheated R250 carbon was further heated by a pulsed laser with a fluence of 250 mJ/cm2. Figure 94 shows the HRTEM images of the particles shown in Figure 9-1(c) that are now laser-heated.
Notably, pulsed laser heating did not alter the aggregate morphology or the nanostructure. These
HRTEM images suggest that furnace heating transforms the material into final graphitic form.
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Figure 9-4. HRTEM images of laser-heated R250 onions (shown in Figure 9-1(c))
Of course an exception to this "divergence-converge" in the graphitization portrayed
graphitization path would be so-called non-graphitizable carbons. As described previously in
Chapter 3, inhibition of graphitization has been attributed to various structural features, most
recently fullerenic (aka curved) lamellae, here referred to fullerenic nansotructure. As shown in
Chapter 7.1.3, pre-existing fullerenic nanostructure establishes the direction of nanostructure
evolution upon heat treatment. Notably fullerenic nanostructure does not graphitize [110]. Even
if not recognizable in the nascent structure, some soots could also follow this path. This would
not restrict or otherwise limit SSILD, as this divergence is precisely the desired action. The only
caveat here is that the above discussion pertains only to graphitizable nanostructure.
9.2.

Kinetics of graphitization
High temperature furnaces have been used to determine the temperatures required to

achieve a given level of graphitization [122]. While carbon reaches a thermodynamically stable
(graphitic) structure under these extended duration conditions, the kinetics of the transformation
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are unknown experimentally. Clearly pulsed laser heating of nanometer-sized carbon particles
achieves heating/cooling rates vastly higher than any other heating method used to-date with
times at elevated temperature (> 2000 °C) significantly shorter by several orders of magnitude.
The laser pulse supplies energy for ~ 5 ns, while radiative and conductive cooling restricts time
at (elevated) temperature to less than ~50 ns. Thus the time scales on which
carbonization/graphitization occur can be uniquely probed for these carbons with particle size <
~100 nm.
As previously seen in Chapters 6, pulsed laser heating of soots transforms the material
into a partially graphitized form thus enabling differentiation of soots from various combustion
sources. While this intermediate stage appears to be governed by the nanostructure and chemistry
of construction of the particular soot, less clear is the degree of structural transformation by
exposure to multiple laser pulses. Additional energy additions would be expected to induce a
greater level of transformation, though fragmentation would also be possible [226]. If the
aggregate and in particular the primary particles remain intact, exposure to series of laser pulses
would be a way of probing the kinetics of graphitization. Figure 9-5 shows the representative
HRTEM images of R250 carbon that is laser-heated at constant laser fluence of 250 mJ/cm2, but
for a varied number of pulses. The single pulse laser width for the Surelite-III laser is ~4–6 ns
with cooling time constant of ~ 25 ns. Each additional pulse was provided in a 100 msec interval,
corresponding to the 10 Hz laser repetition rate.
Relative to the single pulse, laser heating with 2 pulses as illustrated in Figure 9-5(b)
shows a greater level of transformation, i.e., more recognizable structure reflecting longer, more
parallel lamellae and larger voids as the material is rearranged. Laser heating with 5 pulses of
250 mJ/cm2 of laser fluence shows a similar level of organization, but layer planes especially on
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the outer wall appear to be bending from one facet to another. This is in agreement with the
furnace heating studies where growth and parallel alignment with heating occurs between 2000 –
3000 °C. Here, increased heat-treatment duration by repetitive (pulsed) heating also induces an
increase in stacking and particles evolve towards faceted polygons [158]. For reference Hu et al.
[216] showed similar structural observations in a lamp black using a 0.4 millisecond Nd: YAG
laser.

Figure 9-5. Representative HRTEM images of laser heated R250 carbon at a laser fluence of 250
mJ/cm2, for (a) single pulse, (b) 2 pulses, (c) 5 pulses.
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Given the focus of this study to develop a laser-based diagnostic tool for source
identification, structural changes induced by addition of multiple pulses were not
comprehensively probed. Still these initial experimental results as shown in Figure 9-5 provide
insights into the kinetics of graphitization while paving a experimental methodology. These
experimental studies coupled with modeling efforts such as by ReaxFF could effectively
benchmark graphitization timescales for the varied carbon allotropes [278,279].

Chapter 10
Conclusions & Recommendations for future work
10.1.

Conclusions
This study focused on developing laser-based heating as an analytical tool for

highlighting compositional and structural differences thereby distinctively and uniquely
identifying the source of soot. The research encompassed identifying optimal laser operational
parameters for derivatization, demonstrating differentiation of soots from various combustion
and synthetic sources, and finally quantifying the nanostructural differences against a reference
set of values in a database.
Three different carbons (ethylene soot, R250 and lamp black) are selected to investigate
the dependence of laser fluence and number of pulses on the degree of differentiation. These
soots with highly different primary particle sizes (24, 50 & 110 nm) provided a diverse suite to
appropriately gauge the most suitable laser fluence for SSILD.
Soots collected from varied sources and conditions including those from transportation
(diesel, jet, and gasoline) and residential (wood boiler) combustion sources, laboratory flames
and synthetic carbons provided a robust way to demonstrate the SSILD technique and lay the
foundation for database development.
Soots are laser annealed using a Nd:YAG laser operating at 1064 nm within a inert
environment. Subsequently soot samples before and after laser annealing are characterized by
HRTEM for nanostructural differences. To attain the chemistry information such as elemental or
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sp2/sp3 bonding, XPS and EELS were employed respectively, depending on sample size
considerations. The main conclusions of the study are:
1. Laser annealing on nanosecond timescales accentuated the nanostructural differences
while yet retaining the initial morphology. The degree of differentiation depended upon
the laser fluence and number of pulses. Quantification by lattice fringe analysis showed
that a single pulse laser fluence of 250 mJ/cm2 (~2800 K) offered the best derivatization.
2. Laser annealing of carbon blacks with different initial nanostructure evolved into
products with much greater distinctiveness. Notably the chemistry of these carbon blacks
was similar as quantified by XPS, containing >95% atomic carbon. These results
illustrate the predisposition of the original nanostructure in controlling the direction of
nanostructure evolution.
3. Laser derivatization of R250 carbon formed both graphitized hollow shells and particles
with internal structures, highlighting the heterogeneity across the nascent particles. While
the particles possessed similar initial nanostructure, their chemistry was significantly
different, affirming chemistry as causative factor controlling the extent of nanostructure
evolution.
4. Nanostructure of soot from different transportation combustion sources evolved
distinctively upon laser annealing. Fuel commonality (ULSD, gasoline) led to similar
nanostructure upon laser heating for different engines of the same type. Soots from
known different sources (and fuels) exhibiting no initial nanostructure followed opposing
directions upon laser heating, suggesting underlying difference in chemistry between the
soots.
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Although the SSILD technique shows promise, this work needs to be recognized that the
samples analyzed were limited. Majority of the samples as provided by various collaborators
were sampled pure (within a laboratory/controlled environment). In real world samples, there
might be variability within a source [52,55,280]. In the real world (e.g. samples at receptor sites),
idealized samples from known sources will be limited.
10.2.

Recommendations for future work
Future directions of this work follow from the studies and results presented in this thesis.

1.

Database expansion
Fundamentally the results of this study support the sub-goals, but do not prove them, as

results from but a few test cases are examined. Proof would require exhaustive sampling, a
situation not possible. Still, prospects are bright for SSILD by results on the varied sources
presented here.
More support for the technique can be gained by further samples and analyses. Areas to
focus upon would include soots from power generation, e.g. residential and industrial boilers, the
older coal-fired powerplants, and the transportation sector, specifically jet aircrafts for which
only a smoke number is used for engine certification. Additionally, off-road vehicles, though
comparatively few, yet emit soot in large quantities comprise another significant emission
source.
2.

Model soots
If model soots could be generated with controlled levels of a particular nanostructure –

such a series could lend insight into the graphitization process, at the core of SSILD. Similarly if
chemistry, i.e. elemental content could be varied, the relative contributions of hydrogen or
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heteroatom content towards contributing to lamellae growth and reorientation could be
disentangled. Large quantities of model soots would permit more analytical comparisons before
and after laser heating and further advance understanding of SSILD processing.
Doping the soot with transition elements will allow their reaction(s) with carbon during
laser heating. Such interactions may well introduce additional nanostructure variations, thereby
contributing to the technique’s dynamic range. To the extent that additional transformations
occur as dependent upon hetero-elements would add a substantial signature towards
characterizing the soot. Presently HRTEM and image processing do not visualize nor identify
dispersed elements except when in particle form.
3.

Image recognition development
Statistical development of data from samples to better test the residual sum of squares

method for identification will aid SSILD implementation. By the FFT method, the robustness of
SSILD will depend upon the uniqueness of the radially integrated diffraction profiles. The
potential trouble with this approach is that the radial integration includes all diffraction
information but could blur fine details by many-image averaging. The alternative method, the
multi-parameter approach or the “recognition key” as reported here has potential, but this too
needs to be tested against a statistically meaningful sample set.
4.

MD simulations of the transformation
Comparative ReaxFF atomistic simulations would significantly advance the underlying

material science for SSILD. The timescales for concerted macro-molecular rearrangements and
dependencies upon initial nanostructure and H/C ratio could guide experimental conditions for
best SSILD implementation. Temperatures and timescales are not easily varied experimentally
with the present conditions being identified by empirical determination. Reciprocally insights
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into the solid-state material transformation that SSILD represents is a fascinating and as yet
unexplored aspect of the carbon phase diagram – with the short timescales effectively freezing
“graphitization” at intermediate stages.
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Appendix A

Reconciliation of oxidation rates and activation energies based on
changing nanostructure
Given the need for reference carbons, particularly those with well defined structures, and
given the impact of nanostructure upon oxidation, a separate study was performed to map both
the range of oxidation rates, and oxidation modes by this model suite. The soots contained in this
set have been discussed in the context of SSLID earlier in this thesis, for technique development.
In the study following, conditions were chosen for relevance to diesel particulate traps, i.e.
moderately low (mild) oxidation by oxygen. Results follow.
These results will be published in a peer-reviewed journal and was authored by Chethan
K. Gaddam, Randy L. Vander Wal, Aleksey Yezerets1, Krishna Kamasamudram1, Xu Chen1.
References cited in the text are separately provided at the end.
1. Results
1.1 HRTEM of nascent and partially oxidized (extent 50%) model carbons
1. The nascent R250 consists of short lamella, arranged somewhat concentrically, with
radial variation in structure evident as shown in Figure A1-1. Lamellae are shorter and more
(spatially) disorganized within the particle interior. Upon oxidation R250 exhibited an internal
burning mode, but no change of the (remaining) outer shell by comparison to the nascent
material. This was observed uniformly, across all particles observed. No solid particles with ~ ½
diameter were found as might be expected if a shrinking sphere burning mode were operative.
Aggregate morphology also did not appear to change.
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Figure A1-1. HRTEM images of R250 before and after oxidation (arrow indicates hollow
interior)
2. The nascent arc soot is largely amorphous, though some lamellae are recognizable.
There is no appreciable stacking or spatial order evident, given lamellae spatial sparseness.
During oxidation this arc soot exhibited preferential oxidation of amorphous material with
concurrent oxidation-induced graphitization of remaining material – as seen by the extended
lamellae formed along significant portions of the particle perimeters in Figure A1-2. The relative
fractional removal of disordered or amorphous material relative to existing lamella and
reformation into graphitic ribbons is difficult to gauge from TEM images.

Figure A1-2. HRTEM images of arc soot before and after oxidation (marked area shows
extended lamella on particle perimeter)
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3. As shown in Figure A1-3, nascent M1300 exhibits closed shells that are distorted, with
the interior of these shells appear to be a void especially of those on the perimeter. When
oxidized, the M1300 carbon appeared to oxidize uniformly. Though loss of shell structure did
occur, smaller, more highly curved shells were largely absent after oxidation. Otherwise no
unusual burning modes (such as hollowing or tunnel formation) were found. Exterior diameters
appeared to generally regress with increasing level of burnout.

Figure A1-3. HRTEM images of M1300 before and after oxidation
4. The graphitized MWCNTs show extended graphite-like layers that are parallel to each
other, and the side wall usually consists of >30 layers. But upon oxidation, thinning is observed
as shown in Figure A1-4. Sidewall divots, pits or other evidence of basal plane opening was not
found, even at kinks or bends. Only steps – as formed by multiple lamella edges were observed
and inferred to correspond to the oxidation sites. This regression is attributed to edge site
oxidation appearing as steps (as marked by the arrow) in the TEM image (right).
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Figure A1-4. HRTEM images of graphitized MWCNTs before and after oxidation
5. Similar to MWCNTs, the graphitized carbon onions showed only edge site oxidation.
The graphitic carbon onions showed clear evidence of step-edge burning (preferential oxidation
of lamella at their edges as opposed to basal plane oxidation) is seen in the right-side image, as
marked by the arrows in Figure A1-5. (The initial graphitization pre-treatment produces the
hollow interiors – these are not the result of oxidation).

Figure A1-5. HRTEM images of graphitic carbon onions before and after oxidation (arrows mark
step-edge oxidation sites)
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1.2 Fringe Analyses
Image analysis for nanostructure is problematic with non-uniformity of nanostructure at
the primary particle level. Characterization of a particle interior – as may be relevant to an
inside-out burning mode requires partitioning the analyzed regions between the near-boundary
and internal regions, requiring subjective judgment.

Figure A1-6. Fringe length difference distribution(s) between nascent and partially oxidized (a)
arc soot, (b) R250, and (c) M1300.
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Identification of graphitization as induced by oxidation is best related to its impact by
analyzing only those region(s) showing such change – again requiring user interpretation. Even
difference histograms presume similar, if not identical regions in the analysis – an impossibility
in the case of substantial oxidation. As for all our analyses, several regions, typically 3-5 are
surveyed and several aggregates (5-10) or primary particles between these (~ 10) are analyzed to
test statistical similarity, with results co-added to form reported distributions.

Fits and

parameters are derived from these.
The difference plots of the nascent fringe length distribution minus the same for a
particular burnout level show changing trends in the distributions as shown in Figure A1-6. For
arc soot, as observed, as burnout proceeds the soot becomes more graphitic. This is consistent
with the HRTEM images suggesting preferential burnout of the shorter lamella and/or oxidation
induced graphitization. For the R250 soot, as burnout proceeds, despite the different burning
modes, little change in nanostructure was observed in the HRTEM images. This is confirmed by
the quantitative fringe length analyses (revealing similar distributions) and the corresponding
difference plots.
For the M1300 some preferential burnout of shorter lamella is observed but no increase in
distribution breadth suggesting no graphitization through oxidation, as observed in the difference
distribution shown in Figure A1-6(c). This is consistent with a non-graphitizing structure where
the initial nanostructure is “locked-in” by virtue of constrained lamella and an insufficient
number of reactive sites to allow reorientation.
1.3 Oxidation rates
With progressive oxidation, rate change trends differ between samples. These are
proposed to arise from different nanostructures. As observed in Figure A1-7, the rate for R250 is
relatively constant. There is little change in nanostructure as shown by HRTEM images and
verified by comparative image analysis relative to R250, nascent, and at different oxidation
stages (< 10%), despite the unusual burning mode [1].

The modest rate increase can be

understood in terms of increasing porosity development of the perimeter shell, as it (likely) limits
reactant and product transport to and from the interior.
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The dramatic decrease in the arc discharge soot is related to both a preferential burnout of
amorphous carbon and concurrent graphitization of outer shells, as measured by analysis of
HRTEM images. In fact the oxidation activates the formation of the extended outer lamella.
Without removal of cross-links, adventitious carbon and alkyl substituents, graphene segments
would not be “unlocked”, able to reorient and expand. The rapid rise in the M1300 soot also
reflects the initial nanostructure. The fullerenic nanostructure throughout the particle contains
extended lamella dominated by basal carbon atoms. Once oxidation of a shell starts, the number
of reactive edge sites rapidly multiplies while also exposing underlying shells to oxygen.
Additionally these interior fullerenic shells with higher curvature will increase in reactivity, due
to higher curvature imposing bond strain. The inset in Figure A1-7 shows a graph for these three
model carbons with expanded scale showing the different trends in oxidation rates for these
varied carbons.

Figure A1-7. Change of oxidation rate with conversion for the three model carbons: Arc soot,
M1300, and R250.
As for the MWCNTs and nano-onions, they exhibit similar trends as shown in Figure A18. Composed of extended, contiguous lamella, these forms initially present only basal plane
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sites. With very low curvature, these positions are largely unreactive under the conditions
studied.

Figure A1-8. Change of oxidation rate with conversion for the graphitized model carbons:
MWCNTs and nano-onions
The arc soot oxidation rate is consistent with initial burnout of amorphous material
followed by oxidation of ever increasing graphitic content. The highly disordered matrix
provides material for growth of lamella upon segment reorientation, realignment upon removal
of cross-links, pendant side groups, etc. The fringe analysis shows that the decrease in oxidation
rate is not due solely to preferential (initial) removal of amorphous material but also a concurrent
shift in the distribution to longer lamella, due to graphitization, a form of oxidative induced
densification, as has been noted for other carbon materials such as cokes [2–4].
The rate variation for the M1300 is consistent with increasing exposure of strained layers
and disordered carbon, as outer fullerenic shells are removed. Exposing only basal plane
positions, oxidation proceeds slowly at first. Reflecting bond strain as a result of curvature, these
sites are however more reactive than flatter lamella as in the R250 carbon. As an initial vacancy
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(hole) is created in a shell, edge sites are formed. With progressive oxidation an increasing
number of perimeter edge sites are formed and oxidation accelerates geometrically with the hole
radius. Once an opening is created in a basal plane, it not only creates edge sites for subsequent
oxidation but also exposes an interior shell – with higher curvature and reactivity. The
combination of these two processes in repeated succession accounts for the dramatic increase in
rate over the course of burnout. Fringe analysis shows little difference between the nascent and
50% burnout forms – indicating absence of oxidation-induced graphitization. Such lack of
change is consistent with the fullerenic nanostructure – a recognized form of non-graphitizing
carbon. That the fringe distribution does not shift towards smaller mean values suggests that
shells oxidize in a successive, rather than concurrent manner, thereby leaving inner
(measureable) shells intact.
By comparison the R250 has a relatively constant oxidation rate, with preferential interior
oxidation, progressing in an outward direction. Such a burnout mode suggests very different
reactivity between interior and peripheral lamella. That no significant change in the “shell”
nanostructure is observed suggests that these lamellae are not sufficiently freed to realign nor
that there is available material for so-called vegetative growth [5]. This is consistent with it
being not a flame-formed soot with high hydrogen content but rather a carbon black formed at
very high temperatures. In fact by elemental analysis H-atom content is small (< 1%) [6].
Moreover any growth would be countered by edge site oxidation.
While the surface area of initial R250 is 54 m2/g, and that of the 50% oxidized form is
196 m2/g. While a doubling might be expected based upon the largely unchanged exterior, and
now open interior surface, the 4-fold increase suggests a considerable contribution by the shells.
BJH analysis was applied to assess the porosity within the shells created by the oxidation. A
microporosity increase from 0.45 cm3/g to 0.82 cm3/g was found. It appears that sufficient
porosity develops within the particle shell (~ outer 3 nm) to permit O2 and CO2 passage. Oxidant
and product transport through this shell is likely reflected in the very low, and steady oxidation
rate. Consistent with this preservation is negligible change in the peripheral fringe length
distributions upon burnout to these levels [1].

226

The increases in rates for graphitized carbons such as the onions and MWCNTs likely
reflect an increasing number of edge sites, but at a comparatively slower rate relative to the other
model carbons, as HRTEM images did not show an appreciable change in size. Both materials
are highly graphitic, exposing only edge sites of well-stacked, extended lamella. Oxidative
attack occurs preferentially at these edge sites. These sites are not multiplied by geometry nor
are they under high strain, except at bends, as for the onions. In fact due to their highly graphitic
form, the lamellae are not turbostratically stacked but maintain a c-axis spacing near that of
graphite. Therein steric considerations can further inhibit oxidation, as for graphite under similar
conditions [7]. Only upon substantial burnout are additional edge sites made assessable, finally
allowing for a rate increase, as observed.
1.4 Activation Energies
As shown in Figure A1-9, the activation energy for R250 asymptotes logarithmically.
Activation energy increased from 119 kJ/mol at 10% burnoff to 161 kJ/mol at 60% burnoff. A
simple Arrhenius form was applied to interpret rates in terms of activation energies. The
difference predicts a rate decrease of 1/exp(-6.6), contrary to the observed ~5% increase. This
dramatic increase in activation energy that is not reflected in the oxidation rate clearly highlights
other causation. These seemingly contradictory data trends can be reconciled by consideration of
nanostructure and carbon atom sites associated with lamella.
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Figure A1-9. Change of activation energy (Ea) with conversion for the R250 carbon
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As a carbon black produced at temperatures above 2300 K, R250 contains little
hydrogen. Most carbon is sp2 hybridized with little alkyl group content. Yet the particle cores as
shown by HRTEM contain disordered carbon with very short lamella. Such a form is dominated
by edge site positions. In contrast, outer lamellae are extended by comparison, organized
peripherally along the particle perimeter. This outer lamella contains mainly basal plane sites. As
shown in Figure A1-10, fringe length and tortuosity statistics were compared between the
lamellae from outer shell and particle core. As the difference plots suggest, there is a strong
difference between the distributions corresponding to the outer shell lamellae and particle core
lamellae. The positive statistics at extended length scales indicate the outer shell consists mainly
of basal sites, and a negative difference in tortuosity suggests relatively flatter lamellae on the
shell compared to the particle core.
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Figure A1-10. Fringe analyses difference distributions between outer shell (~5 nm) and inner
core of R250 carbon particles
At the oxidation temperature of 550 °C, there is a substantial difference in the relative
reactivity of basal sites compared to edge site carbons. Larger graphene layer planes (or sites
with lower edge accessibility) result in fewer potential reaction sites or sites with lower reactivity
[8]. Edge sites exhibit a greater reactivity towards molecular oxygen for temperatures between
400 – 600 °C, compared to the basal plane positions [9–11]. As a result the outer lamellae have
overall lower reactivity compared to interior lamellae. Additionally the chaotic interior structure
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offers greater site accessibility to the carbon edge sites compared to stacked lamellae. The
increase in activation energy reflects the loss of edge site carbons compared to basal plane sites.
Since the basal sites are preferentially located in the outer lamella, and being less prone to
oxidation, they are preserved. The result is the apparent and novel mode of inside-out burnout
proceeding from the particle interior, outward. This stands in contrast to the often presumed
shrinking sphere assumption used to interpret mass loss rates in kinetic studies. The preferential
loss of material from within is not the only change that occurs. Edge sites of outer lamella can
also oxidize. Their oxidation will, as with any such site produce reactive radicals. With the
lamella in the outer band possessing partial alignment with some degree of stacking order, socalled vegetative growth can occur. Removal of interstitial carbons and cross-links between
lamellae can also aid their reorientation. The net result is lamella growth competing against
oxidation during a substantial portion of burnout where the majority of mass loss occurs from the
particle interior.
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Figure A1-11. Change of activation energy (Ea) with conversion for the arc soot.
As the HRTEMs showed, nascent arc soot is an entirely amorphous carbon. Significant
changes occur upon oxidation. Particles appear to form but more importantly these are ringed by
extended lamella. As radicals form at edge site carbons and cross-links between aromatic groups
are broken, lamella can reorient and growth by bonding with adjacent aromatic units. During
oxidation the material transforms towards a form more resistant to oxidation with carbons
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becoming incorporated into basal plane sites. This behavior is opposite that observed for the
fullerenic (M1300) and graphitic materials (GMWNTs, onions). Aligning in stacks around the
perimeter these new lamella shield interior graphene segments that are less ordered. As a
consequence the oxidation rate drop precipitously, in fact nearly exponentially between 10 and
60% burnout. As shown in Figure A1-11, over this course activation energy increases, but
modestly (108 to 120 kJ/mol), indicative of the fact that much of the carbon is yet of the more
reactive edge site type. By best linear fit of the activation energy values, the arc soot shows
excellent agreement with the measured rate at this temperature. The linear increase is consistent
with the exponential decrease in rate, as an independent fit of the rate yielded the same slope
(~4) for the activation energy increase across the measured burnoff levels.
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Figure A1-12. Change of activation energy (Ea) with conversion for the M1300 carbon.
As revealed by the HRTEM images, M1300 oxidation proceeds by successive oxidation
of shells, in a peeling fashion, proceeding inwardly. Once a basal plane atom is oxidized, the
interior perimeter carbons are then transformed into edge sites (internal rather than external to
the lamella). Thereafter the oxidation rate reflects edge site oxidation as the perimeter recesses
from the initial site. This oxidation mode is not without precedent. Analogous oxidation by hole
opening and progressive edge recession has been observed in graphene by AFM and STEM [12].
With oxidation proceeding mainly by edge site oxidation the activation energy remains relatively
constant over the course of burnout. Removal of but one basal carbon shifts all subsequent
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oxidation to that of edge sites around the central hole. As lamellae are highly curved, bond strain
contributes to the initial basal site reactivity. As can be seen in Figure A1-12, the M1300 carbon
black exhibits a modest decrease in activation energy between 10% and 60% burnoff, with the
rate predicted to decrease by 1/exp(-1.7) between these values. Instead the rate increases by ~7
fold. The proposed reason is the mode of successive shell oxidation as previously described. The
geometric increase in edge site number can account for the rapid increase in rate while the fact
that edge sites are created can account for the rather uniform values of activation energies across
this range of burnoff. That successive shells possess smaller radii with commensurately higher
bond strain is consistent with the slight decrease in observed activation energy values.
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Figure A1-13. Change of activation energy (Ea) with conversion for the graphitic carbons.
The activation energies of both graphitized nanocarbons, the polyhedral nano-onions and
GMWNTs show a substantial decrease over the course of burnout, as shown in Figure A1-13. A
nearly linear drop from 169 to 133 kJ/mol is seen between 10 and 60% burnout for the nanoonions. Clearly as oxidation proceeds new sites are being formed with much greater inherent
reactivity towards oxygen at this temperature. The activation energy value reflects the composite
average of both site types and their relative amounts as oxidation progresses. The steep decline in
activation energy reflects their introduction while its leveling off at higher burnoff levels reflects
a declining percentage increase in their concentration at high burnout levels. The HRTEM
images for both materials show the introduction of edge sites, at multiple levels in the stacked
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lamella. An interesting point of self-consistency is observed between the initial activation energy
for the polyhedral onions and the asymptotic value of the R250 at high burnout levels – each
reflecting dominance of basal carbon atoms in the nanostructure.
1.5 Raman Spectroscopy
Several studies have related with varied success the relation between Raman
spectroscopic signatures with carbon structure and/or reactivity. For example, Lapuerta et al.
[13] found by Raman analysis that biodiesel produced soot displayed more graphite-like
structures and lower amorphous carbon concentration – at odds with the higher reactivity
observed. Presenting detailed deconvolutions for a variety of soots, Al-Qurashi and Boehman
[14] presented evidence that the observed changes in the ID/IG ratio during oxidation can reflect a
variety of processes. They cautioned that emphasis should not be placed on comparing the
absolute values of ID/IG with oxidation but rather that the mechanism by which ID/IG changes
with oxidation should be of primary consideration. This clearly suggests an interpretative instead
of a predictive role, as underlined by their recommendation to closely follow the nanostructural
changes with oxidation with the aid of other analytical techniques.
Still, several authors have applied Raman to interpret carbon structural changes upon
oxidation. Sadezky et al. [15], and Atribak et al. [16]did not find significant differences in either
the G-band positions, but did observe some differences in the G-band widths for their soot
samples. Sadezky et al. [15] concluded that differentiation of different types of soot by Raman
microspectroscopy is feasible, but is limited by the reproducibility of spectra and statistical
uncertainty of spectral parameters determined by curve fitting. Pahalagedara et al. [17]
performed a comprehensive investigation of structure – reactivity relationships for a diesel
engine soot sample (Corning) and 10 commercially available carbon black samples. Various
structural parameters including particle size, specific surface area, degree of organization and
average crystallite stacking height were correlated with TGA oxidation reactivity. A fairly linear
relationship (R = 0.64 with all points, whereas R = 0.65 after excluding the outlier PrintexXE2B) was found, indicating a dependence of the oxidation activity upon the degree of
organization of the carbonaceous material. Yet the D1/G intensity ratio does not correlate well
with the structure observed via HRTEM, such as stacking order or planarity of lamellae, as noted
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in their paper. For carbons with substantial oxidation, the ID/IG intensity ratio becomes less
representative of crystallite size (La). Instead it becomes more reflective of the distance between
defects [18].
In an attempt to relate structure to the observed changes in rates, Raman analysis was
performed on the five model carbons at ~80% mass loss with comparison to nascent material. As
shown in Figure A1-14 for the two graphitic carbons, the band near 1580 cm-1 (G band) reflects
the graphitic lattice, while the band near 1360 cm-1 (D1 band) reflects the disordered graphitic
lattice. The bands near 1500 and 1200 cm-1 (D3 and D4 bands) also reflect amorphous structure
and disordered graphitic lattice [15].

Figure A1-14. Overlaid Raman spectra for nascent and partially oxidized (extent 80%) graphitic
model carbons (a) carbon onions, and (b) graphitized MWCNT.
For the GMWNTs and nano-onions, La is physically bounded by the nanocarbon
morphology. For the polyhedral onions it is the length of an edge. For the GMWNTs it is the
length of the tube. Oxidation of the onions occurs initially at the strained corners, separating the
adjacent lamella, but does not change La significantly from its initial value until substantial
regression occurs from these opened edges. For the GMWNTs any basal oxidation creates a
defect and thereby decreases La. The absence of change in La or its decrease for the GMWNTs is
mirrored by the intensity ratio extracted from the Raman spectra. Applying the Tuinstra and
Koenig relation, for the onions, La decreases by ~ 15% between 10% and 80% burnoff whereas
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for the GMWNTs the distance between defects or open edges decreases by ~ 50% between these
oxidation levels.
1.6 X-ray photoelectron spectroscopy
XPS has capability to provide the relative split between carbon hybridization states, sp2
and sp3 [19,20]. Basal plane carbon atoms in lamella, nominally sp2 hybridized, if highly curved
will contain an sp3 component, to achieve the curvature. As discussed for the M1300 carbon
black, these shells also possess considerable bond strain that increases with increasing radius of
curvature. Not surprisingly some preferential burnout of shorter lamella is observed but no
graphitization through oxidation as the initial nanostructure was “locked-in” by virtue of
constrained lamella. While the fringe analysis distribution plot show no increase in distribution
breadth, the XPS data provide confirmation by relatively unchanged sp2/sp3 ratio between the
nascent (2.3) and partially oxidized (2.4) M1300.
XPS also validates the interpretation of graphitic lamella acting to restrict further
oxidation for the arc soot. The sp2/sp3 ratio increases from 2.1 for the nascent arc soot to 3.0
upon 50% oxidation. Notably XPS is a near-surface technique probing only the outer 1-2 nm
portion of any carbon, even if particles are nano in scale. The increase in the sp2/sp3 ratio
supports the interpretation that these layered lamella form on the exterior of the arc soot.
Moreover with an X-ray spot size of ~ 15 microns, XPS shows this graphitization to be
uniformly widespread, as would be expected based on marked downturn in burning rate, but
difficult to claim based solely upon HRTEM.
2. Discussion
These results highlight the need for HRTEM when studying oxidation rates. Thermogravimetric “bulk” techniques such as TGA offer little resolution of the underlying factors
responsible for the oxidation rates of the different carbons. Activation energies (Ea) provide
better differentiation when constant. Recent studies, have noted changes in either rate or Ea
during oxidation [21,22]. TEM as illustrated here can identify the origins. Many prior oxidation
studies have used carbon blacks, real engine soots, other carbon forms, measuring different rates
and reporting a range of Ea values. Results here suggest that differences in morphologies,
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variations in nanostructure and differences in chemical content may account for the range of
reported values. Yet at present there is no analytical path by which to calculate oxidation rates,
activation energies or their fractional changes based upon the aforementioned parameters and
their changes.
Initial studies of graphite oxidation revealed a strong dependence upon site heterogeneity
reflecting edge versus basal positions [23,24].

Accordingly a two-site rate model was

empirically developed [23]. However most carbons differ substantially in their nano- and microstructure compared to graphite. Therein the details of structure at these length scales impact the
individual carbon site reactivity and overall rate of oxidation. The variability of carbon matrices
at these spatial scales largely accounts for the variety of oxidation rates that have been presented
to-date, each derived using a different carbon [17,25]. As inferred by these studies on model
carbons, oxidation rates varied by an order of magnitude, dependent upon nanostructure and
associated burning mode. As a result numerous kinetic expressions have been developed for
carbon oxidation. All such expressions have been developed empirically or semi-empirically,
specific for a particular temperature range, oxidizer, and carbon. The traditional model for soot
oxidation is based upon a shrinking core model – which as shown here and elsewhere [26,27], is
not necessarily valid for model soots nor universal for other nanocarbons.
These results reveal changes that occur within the carbon nanostructure during oxidation
due to inherent lamella mutability, spatial (e.g. radial) carbon site type variation, or morphology
constraint. These variations will impact observed rates and activation energies. Hence these
intrinsic kinetic parameters describing carbon oxidation reactions are not constant, but depend
upon the extent of reaction. Microscopic analysis of carbon at different stages of oxidation can
reveal both the changes in nanostrucuture towards reconciling activation energy and oxidation
rate variations. Spectroscopic measures can provide independent confirmation in select cases as
guided by HRTEM.
3. Conclusions
A particularly intriguing aspect of this study is that the Ea does not necessarily remain
constant over the course of oxidation. Dependent upon initial nanostructure, changes in
nanostructure lead to varying Ea. As illustrated by the present work, the carbons can become
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either more or less reactive towards oxidation, or remain roughly constant. Variations in each
case are a reflection of a varying proportion of edge and basal carbon sites. If nanostructure
changes during the course of oxidation the relative proportion of these sites will change with this
then being manifested in Ea values. Surprising examples include oxidation assisted lamella
formation and growth. The relative spatial distribution of these carbon types also impacts
oxidation rates. Extended lamella oriented with preferential exposure of basal sites can shield
edge sites associated with internal, more disordered carbon. For some nanocarbons, these
peripheral lamellae form during oxidation. In other nanocarbons initial oxidation can create edge
sites along strained lamella junctions leading to an acceleration of oxidation rate by creating edge
sites.
The interpretation of the nanostructural changes contributing to Ea variation during
oxidation and differences in Ea between the different carbons are enabled by HRTEM. The
physical structure provides the basis for interpretation of changes and differences in terms of
nanostructure – itself being a fundamental manifestation of carbon atom site type.
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Appendix B

Test for fringe length data similarity
As was shown previously in Figure 7-9 in Chapter 7, the HRTEM images of 12 different
R250 particles appear very similar. Lattice fringe analysis was employed and the resultant fringe
length distributions are summarized in Figure 7-10. The extracted mean fringe lengths are
summarized in Table A2-1 below.
Table A2-1: Extracted mean fringe length values for the respective HRTEM images shown in
Figure 7-9.
Particle

Mean Length (nm)

1

0.94

2

0.93

3

0.92

4

0.92

5

0.95

6

0.90

7

0.95

8

0.90

9

0.90

10

0.91

11

0.94

12

0.93
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One of the most commonly used methods in statistical decisions is hypothesis testing.
Generally, a hypothesis test assumes an initial claim to be true, and then tests this claim using
sample data. Hypothesis tests include two hypotheses: the null hypothesis (denoted by H0) and
the alternative hypothesis (denoted by HA). The null hypothesis is the initial claim and is often
specified using previous research or common knowledge. The alternative hypothesis is what you
may believe to be true. In case of R250, we believe the means are similar (based on HRTEM
images and fringe length distributions). Therefore,
H 0 : µ i = µj
HA : µi ≠ µj
To statistically test the differences among the fringe length statistics across the 12 images
of R250, Analysis of variance (ANOVA) test was applied. The analysis was carried out in
Minitab®. ANOVA tests the differences between group means and their associated procedures
(such as "variation" among and between groups).
The decision-making process for a hypothesis test can be based on the probability value
(p-value) for the given test.
1.

If the p-value is less than or equal to a predetermined level of significance (α-

level: 0.05), then you reject the null hypothesis and claim support for the alternative hypothesis.
2.

If the p-value is greater than the α-level (0.05), you fail to reject the null

hypothesis and cannot claim support for the alternative hypothesis.
An example demonstration of the one-way ANOVA between the images 1 & 2 is
reported below. The probability values (p) for all the other combinations are summarized in
Table A2-2.
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-----------------------------------One-way ANOVA: Image #1, #2
Method
Null hypothesis:
Alternative hypothesis:
Significance level:

All means are equal
At least one mean is different
α = 0.05

Equal variances were assumed for the analysis.
Factor Information
Factor Levels Values
Factor 2
1, 2
Analysis of Variance
Source DF
Factor 1
Error 3277
Total 3278

Adj SS
0.36
1407.60
1407.96

Adj MS
0.3598
0.4295

F-Value
0.84

P-Value
0.360

Model Summary
S
R-sq
0.655393

R-sq(adj)
R-sq(pred)
0.03% 0.00%
0.00%

Means
Factor N
1
2253
2
1026

Mean StDev 95% CI
1.0766 0.6755 (1.0496, 1.1037)
1.0540 0.6090 (1.0139, 1.0942)

-----------------------------------The probability (p-value) calculated between the images #1 & #2 is 0.36. This value is
significantly greater than the α-level (0.05). The resultant p-value (0.36) suggests that there is
insufficient evidence to infer that the mean fringe length values differ, supporting the claim that
particles 1 and 2 have similar nanostructure.
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Table A2-2: Summary of the probability values from ANOVA test across the HRTEM images #1
to #12 (as shown in Figure 7-9).
Comparison

Probability

1 vs 2
1 vs 3
1 vs 4
1 vs 5
1 vs 6
1 vs 7
1 vs 8
1 vs 9
1 vs 10
1 vs 11
1 vs 12
2 vs 3
2 vs 4
2 vs 5
2 vs 6
2 vs 7
2 vs 8
2 vs 9
2 vs 10
2 vs 11
2 vs 12
3 vs 4
3 vs 5
3 vs 6
3 vs 7
3 vs 8
3 vs 9
3 vs 10
3 vs 11
3 vs 12
4 vs 5
4 vs 6

0.360
0.204
0.266
0.998
0.206
0.504
0.145
0.176
0.212
0.755
0.935
0.811
0.856
0.343
0.839
0.702
0.557
0.793
0.767
0.552
0.365
0.969
0.189
0.969
0.489
0.704
0.994
0.948
0.375
0.203
0.250
0.998
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4 vs 7
4 vs 8
4 vs 9
4 vs 10
4 vs 11
4 vs 12
5 vs 6
5 vs 7
5 vs 8
5 vs 9
5 vs 10
5 vs 11
5 vs 12
6 vs 7
6 vs 8
6 vs 9
6 vs 10
6 vs 11
6 vs 12
7 vs 8
7 vs 9
7 vs 10
7 vs 11
7 vs 12
8 vs 9
8 vs 10
8 vs 11
8 vs 12
9 vs 10
9 vs 11
9 vs 12
10 vs 11
10 vs 12
11 vs 12

0.558
0.701
0.966
0.923
0.441
0.266
0.192
0.493
0.129
0.161
0.194
0.746
0.932
0.506
0.666
0.960
0.912
0.386
0.207
0.332
0.461
0.477
0.796
0.539
0.672
0.745
0.227
0.133
0.943
0.332
0.173
0.350
0.208
0.795

For none of the comparison in Table A2-2, the probability values were less than
or equal to the level of significance (α-level: 0.05), supporting the claim that all the
particles shown in Figure 7-9 have similar nanostructure. This analysis also suggests selfsimilarity, and analyzing 3-5 HRTEM images is sufficient to acquire representative
results if the SOP as presented in Chapter 5.5.1 is followed.

Appendix C

Repeatability of XPS
1. Survey spectra
In this section, the repeatability of survey and C 1s data analysis is reported. Figure A3-1
shows four survey spectrums of B100 soot, acquired from four different spots. Visually the
spectra look very similar, showing photoelectron peaks from elements C, O and N.

Figure A3-1. Comparison of XPS survey spectra collected from four different spots on the
sample surface (B100 soot)
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Using CASA XPS software, atomic concentrations of the elements observed was
quantified. The resulting values are reported in Table A3-1. As can be seen from the quantified
values, there is high similarity (standard deviation – 0.19) between the measured spots, thus
adding reliability to the analysis.
Table A3-1: Summary atomic concentration across the four spots for the B100 soot
Spot No.

%C

%O

%N

C/O

1

83.65

15.91

0.44

5.26

2

84.09

15.07

0.83

5.58

3

84.00

14.80

1.20

5.68

4

83.71

14.88

1.41

5.63

2. C 1s spectra
A representative deconvolved C 1s spectrum of R250 carbon black is shown in Figure
A3-2. The deconvolution process was explained in detail in Chapter 5.5.2.
14000
2

C-C sp

12000

C/S

10000
8000

3

C-C sp

6000
4000

O-C=O
C=O

2000
0
292

C-O

290

288

286

284

Binding Energy (eV)
Figure A3-2. Representative deconvoluted C 1s spectra of R250
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Similarly, here the C 1s spectra measured across different sample spots are quantified to
extract information on the sp2 and sp3 carbon bonding and oxygen functional groups as
percentages. Table A3-2 summarizes the carbon bonding information.
These values show very little variation across the different sample spots. Especially, the
quantified sp2/sp3 ratio shows high similarity with a variation of less than 5%.
Table A3-2: Summary of C 1s deconvolution for the R250 carbon across different sample spots
Spot No.

sp

sp2

sp3

C-OH

1

5.08

57.7

22.55

10.21

2

61.57

25.3

6.69

3

62

23.9

8

O=C-OH

sp2/sp3

4.46

2.56

1.24

5.17

2.46

1.9

4.1

2.59

C=O
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