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ABSTRACT
The negative health implications associated with combustion produced soot demand identification
of contributing sources, quantification and characterization of their emissions to assess its impact,
and control to minimize the imposed hazard. Distinguishing different sources of soot from engines
and combustors is challenging, given the morphological and chemical similarity of the emitted
soot. Leaner combustion conditions and tighter emission limits challenge traditional filter-based
measurements for soot mass. Meanwhile, current after-treatment particulate control strategies are
based on regeneration, i.e., soot oxidation which in turn depends upon soot nanostructure and
composition (such as in a diesel particulate filter). Presently, effects on human health associated
with soot exposure are largely correlative, while controlled lab studies predominantly use varied
washings or extracts of soot, but rarely the actual particulate. Given the intertwined nature of these
topics this dissertation addresses each in an integrated approach.
Laser-induced incandescence (LII) is used to determine soot concentration while Time-resolved
LII (TiRe-LII) can be used to estimate soot primary particle size largely by using available and
appropriate models. The use of laser diagnostics has been used to experimentally demonstrate
prevailing inconsistencies between experimentally measured and model-derived particle diameter
values. Discrepancies have been attributed (a) to the empiricism associated with evaluating
modeling variables and (b) to the lack of proper accountability of the changes in soot nanostructure
upon heating with a pulsed laser. This work uses an experimental approach coupled with
microscopy to (a) test the robustness of existing LII models and (b) inform existing models of
experimental observations so that these can be accounted for in future models. Specifically, the
contribution of changing soot nanostructure on laser heating is known and is shown here again
with transmission electron microscopy (TEM). However, the change in soot’s optical properties
because of an altered nanostructure remains unclear. Optical properties change when soot is laserheated, and this alteration of optical properties upon laser heat treatment has been shown in this
work experimentally, by using UV-Vis spectroscopy. Also, the effect of the degree of aggregation
on the soot’s cooling profile is highlighted. This work demonstrates that different degrees of
aggregation results in a shift of the time-temperature-history (TTH), thereby resulting in erroneous
particle size predictions, which are calculated from the material’s TTH. Unfortunately, most
models assume point-contacting spheres and aggregation remains unaccounted for. The effect of
the thermal accommodation coefficient is similar in that a small change in the value of this
mathematical parameter significantly alters particle cooling as simulated here by an open-access
simulator, indicating the need to exercise caution when assigning a value to this parameter in the
model.
While the change in soot nanostructure as a consequence of laser annealing complicates the
interpretation from LII measurements, laser heating of soot can reciprocally be used to
purposefully study the evolution in soot nanostructure as a function of its chemistry. Soot
chemistry varies with its combustion environment, with fuel and combustion conditions specific
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to each source. Thus, by association, the evolution of soot nanostructure observed upon laser heat
treatment can be correlated to its fuel origins and combustion origins, potentially identifying its
formation source. Fundamentally, the presence of oxygen in nascent soot is identified here as a
key compositional parameter. The increase in oxygen content of the fuel, as diesel is blended with
increased proportions of biofuel, is correlated to increased oxygen content in the soot that is
generated by the respective fuel. In other words, fuel with a higher oxygen content generates soot
which also has oxygen content relatively higher than soot generated by fuel with low oxygen
content. This work shows that oxygen dictates the evolution of soot nanostructure when it escapes
the material upon laser heat treatment. When laser heated, the nanostructure of soot with a higher
oxygen content evolves as hollow-shell like structures while nanostructure of soot with a low
oxygen content evolves to show a ribbon-like interior. This divergence in soot nanostructure based
on the oxygen content of nascent soot, which in turn is shown to be a function of the fuel
composition, could be used to identify the source that generated the soot sample studied. Given
the lack of availability of authentic soot samples, the combination of laser heat treatment and TEM
of soot to identify fuel or source is powerful when sample quantities are in the range of less than a
few nanograms.
Being able to identify sources and their contributions using laser derivatization of soot as a
diagnostic can help optimize new or existing control measures to reduce the concentration of
atmospheric soot. For instance, diesel particulate filters (DPFs) are used to reduce diesel soot
emissions. Effective protocols for DPF operation can be developed by understanding soot
nanostructure changes as captured soot is oxidized during passive and active DPF regeneration.
Typically, O2, NO2 or a combination of the two oxidants are encountered during DPF regeneration.
In this work, soot nanostructure has been shown to vary with the order of oxidants to which it is
exposed, a significant finding towards optimizing DPF filter regeneration protocols. The study has
been performed on authentic diesel soot in a thermogravimetric analyzer under conditions
mimicking active and passive regeneration in a DPF. To validate observations with diesel soot,
three carbon blacks with varying nanostructure are also subjected to oxidation by O2 and NO2. The
intriguing result is that order of oxidation matters, i.e., the oxidation rates are dependent upon
nanostructure changes in response to oxidation by O2 alone, or O2 with NO2.
Prolonged exposure to particulate matter causes unwanted ill-health, lung dysfunctions, and
breathing problems. Most toxicity studies are done using a washing, or an extract of the organic
fraction of soot and cells are exposed to this extract. This work tests the adverse effect of soot on
human (male) lung cells when these are exposed to surrogate soot as is, i.e., structure and chemistry
intact to mimic real-time exposure conditions. The impact of soot chemistry and the presence of
acidic functional groups on lung epithelial cells for varying exposure times is demonstrated in our
collaborative work with the College of Medicine at Penn State, Hershey, PA. Soot chemistry is
shown to directly and adversely impact cell viability and mRNA expressions of the IL-1B and IL6 cytokines as well as mRNA expression of the TLR4 protein. Specifically, cell viability was
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shown to reduce significantly after 6- and 24-hours of exposure to carboxylic groups on the soot,
thereby demonstrating the health impact of soot surface chemistry in comparison to extracts.
In summary, soot measurement, its extensive characterization to identify source contributions and
develop practically applicable control strategies has a direct implication on our health and
surroundings and can aid in promoting a healthy living environment.
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CHAPTER 1: INTRODUCTION
Incomplete combustion releases carbonaceous particulate matter into the atmosphere having
adverse effects on the environment, and contributing to the worsening air quality index in
developing countries [1,2]. Regions with a high population density such as New Delhi in India
recently experienced its worst bout of pollution and is infamously known as the asthma capital of
the world as of 2016 [3,4]. Particulate matter in these regions is generated from on-road traffic,
heavy industries, and in homes from inefficient cookstoves and boilers used daily, resulting in poor
indoor and outdoor air quality [5]. Significant organic and elemental carbon emissions have been
observed and recorded from cookstoves burning wood [6] and from the burning of other biomass
fuels [7,8] adding to atmospheric particulate matter. Cities with high population density and
resultant continued heavy traffic conditions experience air pollution from automotive exhaust and
tailpipe soot [9,10] while emissions from aircraft and soot exposure at airports from associated
auxiliary transportation affect millions of air-travelers internationally [11,12].
Numerous studies point to the devastating impact of soot exposure on life expectancy and overall
well-being of the individuals exposed to soot, adversely affecting society as a whole [13]. Apart
from its impact on health, the global impacts of particulate matter are also being assessed. For
instance, soot is hydrophobic but chemical and physical changes occurring at its surface can create
functional groups that attract and retain water, causing it to become hydrophilic [14]. These
changes can significantly influence the radiative balance in the atmosphere based on whether soot
acts as cloud condensation nuclei along with its susceptibility to either get washed out or to
participate in heterogeneous atmospheric reactions while it remains aerosolized [15]. Prior works
have also shown that soot may have a contribution to the changes happening near the North Pole,
for example, the accelerated melting of ice and snow and the resulting change in the temperature
of the atmosphere [16,17].
Soot measurement and identification play a key role in assessing its environmental and social
impact. This work aims to address aspects of soot measurement and characterization and especially
contribute to understanding the role of soot nanostructure as an essential defining parameter. The
layout of this dissertation consists of five parts that address the aspects of measurement,
characterization, identification, control and health implications of combustion produced soot,
depicted by the schematic in Figure 1. Brief explanations follow.
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Figure 1: A schematic representation of the dissertation layout

PART I: MEASUREMENT
Primary particle diameters of soot and size of its aggregates are among the first parameters
measured when soot is analyzed. Soot concentration, i.e., its volume fraction, is another crucial
parameter widely studied in relation to its impact on the environment [18–22]. Soot concentration
and its primary particle size are critical parameters for soot-related modeling [22–25]. For instance,
air quality models are used (a) to simulate ambient pollution concentrations and its impact on the
community, (b) to predict emissions from new sources and (c) to identify the atmospheric
contribution from existing sources. Additionally, combustion models are used to study the
influence of varying combustion conditions on the soot formation mechanism, still an active area
of research [26–28]. Model-based assessment of soot emissions can help rapidly develop
mitigation strategies to regulate its release into the environment. However, models require reliable
experimental data for calibration or validation. This makes it extremely important to continually
evaluate and improve upon existing tools and available experimental data to ensure accurate
assessments.
Primary particle sizes of soot are typically measured using classical particle analyzers such as the
scanning mobility particle sizer (SMPS), the condensation particle counter (CPC) and the electrical
low-pressure impactor (ELPI) to name a few. SMPS measures the aerodynamic mobility diameter
of soot, a geometric quantity with a typical resolution of 10 nm particle diameter [29–31] while
the ELPI sizes particles using their aerodynamic diameter, i.e., measuring aggregates and not
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primaries [30]. A CPC is a particle counter and can detect particles < 10nm in diameter with a 3
nm limit of detection [30]. In contrast to particle sizing equipment, soot concentration has been
measured using optical measurements such as absorption and extinction [32]. These measurements
are often plagued by uncertainty in correlations for extinction coefficients or the index of refraction
of soot [19,32].
The disparity in particle diameter and concentration measurements emphasizes the importance of
realizing the limitations of these techniques. Measured over macro- and micro- scales, the particle
and aggregate sizes reported by classical devices almost always have broad distributions [33].
Classical devices typically measure primary particle sizes ex-situ, i.e., the measurement is
performed after soot samples are released from the combustion system and acquired for analysis.
Although soot concentration is a function of its particle diameters and number density [19],
existing sizing tools cannot be used for concentration evaluation, and its measurement requires a
different analytical toolkit. In contrast, laser-based techniques can be used to measure soot
concentration as well as primary particle size [34]. The measurement can be performed in-situ,
avoiding sampling issues, with a high spatial and temporal resolution [34].
Laser heating of carbonaceous materials has its beginnings in 1984 with the demonstration of laserinduced incandescence (LII) being a potential measurement technique to determine soot volume
fraction in-situ [18–20,35]. When heated to high temperatures > 2000˚C in a short timespan
(nanoseconds), soot incandesces, i.e., it radiates light due to the temperature it attains. This
incandescence phenomenon has been researched extensively to correlate the radiative properties
of soot to be able to estimate its concentration with relatively fewer studies available for particle
diameter estimation [19–21,35–39]. LII signal intensity is used as an optical diagnostic for in-situ
soot volume fraction measurements. The incandescence signal decay, resolved over time, can be
used to estimate particle size [40]. This is referred to as time-resolved laser-induced incandescence
(TiRe-LII). Particle size, in particular, is estimated based on LII signal processing using models
that are capable of extracting particle diameter by analyzing the cooling profile of the particle, or
by simulating a cooling profile based on available experimental data for similarly sized soot
particles [24,25].
Unfortunately, LII models make many assumptions of physical parameters, soot properties and
heat transfer processes taking place when soot is rapidly heated and cooled with a laser pulse [41].
Primary particle diameters calculated by curve-fitting experimentally measured TiRe-LII signals
with existing models do not match diameters calculated from direct visualization of transmission
electron microscopy (TEM) images. Optical properties change as does the nanostructure upon laser
annealing whereas aggregate morphology and primary particle size remain equivalent to the
original material. Aggregate structure in the form of intra-aggregate connectivity and shielding is
an additional underlying cause for erroneous particle sizing, not presently captured by LII models.
Uncertainty in modeled results is exacerbated by the elusive accommodation coefficient, an
empirical but important parameter to predict soot particle size.
3

Part I of this work addresses the typical modeling assumptions used when determining soot
primary particle size using TiRe-LII as an in-situ optical diagnostic technique. The impact of such
assumptions is evaluated by comparing particle diameters obtained experimentally to those
calculated from LII models. The assumptions and their drawbacks are assessed with experimental
TiRe-LII measurements conducted on carbon blacks, used as a surrogate for combustion produced
soot. The goal is to make the interested reader cognizant of the implications of existing modeling
assumptions. Experimental analysis from this work is aimed at better informing future LII models
and contributing to the development of LII as one technique applicable to both measurements, i.e.,
soot particle size and soot concentration.

PART II: CHARACTERIZATION
Characterization of soot provides a basis to interpret its measurement. Accurate characterization
of soot can aid in tracking the soot back to its source to understand source contribution and develop
control strategies to help reduce its impact on our health and our surroundings. Often, the
availability of authentic soot samples is limited and detailed characterization of the material is a
challenge. Thus, the utility and complementarity of carbon blacks as model materials are explored
with detailed characterization to infer the performance of soot when sample quantities are
insufficient for analysis.
Physical-chemical characterization of soot such as microscopy and spectroscopy can be used to
visualize soot particles and probe its chemical composition, respectively. Typically probed using
X-rays, the chemical composition is estimated based on the characteristic elemental binding
energies when a core-shell electron of that element is knocked out by incident X-rays. Techniques
such as energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy and Fourier-transform Infra-red
spectroscopy (FTIR) can be used to probe the surface or the bulk of the material. When using XPS,
for instance, this information is limited to the top few nanometers (< 7 nm for carbon powders
[42])1 of the material’s surface, while EDS, performed in a TEM, probes the entire volume of the
particle given the < 100 nm sample thickness requirement for informative TEM. Information from
EDS is elemental while that from XPS and FTIR can be used to identify the presence of oxidation
states and thereby, functional groups present in the material. Thermogravimetric analysis (TGA)
is a thermal analysis technique that characterizes the material volumetrically based on its thermal
response, i.e., weight loss and phase transitions when heated.
Reliable characterization requires information from multiple techniques. For example,
characterization of functionalized carbon black as a surrogate for soot, detailed in Chapter 3, shows

1

Equation 7 of the cited reference uses the K.E. of C1s (1486.7 eV) to calculate its inelastic mean free path (IMFP),
i.e., the average depth from which an escaped electron can reach the detector, i.e., 3.4 nm. The detector used for XPS
in this dissertation is at a 45˚ angle, resulting in a IMFP = 2.4 nm (i.e., 3.4nm*sin(45˚)). For carbon, 63% of the signal
comes from the IMFP, i.e., 2.4 nm, while 95% is detected from 3*IMFP = 7.2 nm. See Appendix C.
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consistency in proportional amounts of the functional groups quantified by EDS, XPS, TGA, and
FTIR. However, unlike the model materials in Chapter 3, given the compositional discrepancy
among authentic soot samples characterized in Chapter 4, the agreement may not always be
universal. Thus, information from multiple characterization techniques can help eliminate false
positives and recognize false negatives, aiding in an unbiased analysis of the material. Part II of
this work demonstrates the strength of uniquely tying together multiple techniques to characterize
authentic soot as well as untreated and functionalized carbon black as a surrogate for combustion
produced soot. The multiplicity of analytical characterization techniques supplemented with a
unique inter-dependent analysis is implemented throughout the dissertation to emphasize the need
for a robust material analysis.

PART III: IDENTIFICATION
Soot is an ancillary byproduct of combustion. It is a carbonaceous material whose structure has
widely been observed to be a function of its formation conditions [43]. This may lead to a variety
of functional groups being introduced onto its surface given its formation temperature and its
reactivity with atmospheric gaseous species such as sulfur oxides (SOx), oxides of nitrogen (NOx)
or ozone (O3) [44,45]. Measurement of soot volume fraction can indicate areas of high
concentration or environmental hot spots and thereby, the extent of adverse human exposure at a
receptor site. Given the typical presence of 2-4 soot sources per receptor site, the information
available from soot samples obtained at a site can act as a ‘fingerprint’ for the soot generated by a
specific set of combustion conditions [46]. With the appropriate characterization of its composition
and nanostructure, the source of the soot can be identified [46,47]. Knowledge of source
contributions can not only help regulate emissions from that source but can also provide
experimental evidence to air quality models that are used to formulate effective pollution control
measures.
Traditionally, the distribution of organics or other elemental signatures in soot has been used as a
potential ‘marker’ or ‘tracer’ of its source [48]. For instance, Retene is a marker for wood smoke
while hopanes and steranes have been used as tracers to detect crude petroleum. Elements like Pb,
Ni, and V, were analyzed in soot emitted from motor vehicle exhaust using leaded gasoline and
residual fuel oil, respectively, while Al and Si were present in soot originating from soil and road
dust [48]. However, in addition to their short and limited applicability, these markers are not
universal cannot be used as representative tracers for soot from a particular source [48]. In contrast,
the nanostructure of soot has been proposed as a unique identifier of its source but remains a largely
unexplored parameter for this purpose [46,47]. Variation in soot nanostructure and in soot
chemistry as a function of its formation conditions has been reported in recent literature [43,49,50].
The influence of varying soot chemistry on its nanostructure is explored here as a potential
‘fingerprint’ for source identification.
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Apart from the presence of markers, various analytical techniques may be used to characterize
soot. It may be argued that an extensive and detailed characterization along with the presence of
markers can be used for source identification. However, this is challenging from the standpoint of
insufficient sample quantities of soot or limitations of the analytical techniques themselves. For
instance, Raman spectroscopy, with its operational ease is often used to probe carbon materials,
but it does not uniquely differentiate soot samples or carbon blacks (see Appendix B). The
absorption of infra-red radiation by carbon limits the detection of functional groups unless these
are present in excessive proportions for sufficient, detectable counts, atypical of soot samples. XPS
provides good detection limits for hetero-elements present in soot, but measurements are good
only for the < 7 nm of the particle’s surface [42] (see Appendix C). The presence of volatiles, if
any, and soot sample collection techniques makes sample preparation challenging for reliable XPS
characterization. TEM, on the other hand, uses nanogram sample quantities and has long been
successful for nanostructure visualization and soot characterization [43,49,51]. TEM gives size
information by “direct” visualization, crystalline structure by diffraction, lattice and atomic detail
by phase contrast imaging, and qualitative chemical information by Z-contrast imaging. Electron
energy loss spectroscopy (EELS) or EDS provide a quantitative elemental composition (Z > 4)
within the TEM instrument, each potentially spatially resolved depending upon instrument
configuration. However, for soot that looks more alike, accentuating differences in its
nanostructure by heating the material to change (or derivatize) its structure as a function of its
composition is developed and proposed as a new technique in Part III of this work.
Derivatization is the process of modifying an analyte to make it recognizable by a particular
analytical method. Laser-based heating of carbon, and of carbonaceous material such as soot, is
adopted here as an analog for material derivatization. Laser heating soot exploits differences in
soot surface chemistry and uniquely probes its nanostructure relative to traditional furnace-based
thermal annealing, a process applied to carbon heat treatment studies since the 1800s [52]. Over
the years, different nano-carbons such as fullerenes (C60) [53] and carbon nanotubes [54–56] have
been synthesized using laser-based ablation or pyrolysis. Given the rapid heating and cooling
timescales observed on laser heating of carbon, this technique has also been used to investigate the
timescales of carbon graphitization [57], an aspect previously limited by long timescales (hours to
days) of furnace-based heating [58,59]. Efforts have been made to recognize the nature of carbonlinks leading to curvature and the resultant graphitizing or non-graphitizing nature of the annealed
product [57,60,61], with pre-existing heteroatoms and odd-membered rings resulting in eventual
curvature on heat treatment.
Although having its basis in fundamental carbon science, traditional graphitization to understand
nanostructure evolution of soot as a function of its formation conditions is not a feasible option
because of the sample quantities of soot available from authentic sources. However, electron
microscopy and laser-based heat treatment of soot, like the recent demonstration on cokes and
chars [57], can be used to probe soot chemistry in addition to its application for concentration and
particle size measurements. Specifically, laser-based derivatization has been used to study the
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influence of oxygen evolution on nanostructure when soot is annealed with a pulsed laser. Using
fuels with progressively increasing oxygen content has been shown to influence the oxygen content
present in nascent soot, consequently dictating its nanostructure upon annealing. Engine power is
also an important parameter shown to influence nascent soot chemistry and thereby the
nanostructure of annealed soot, correlated with the amount of oxygen introduced at a high-power
operation relative to low-power engine operation. While divergent soot nanostructures are used to
differentiate between sources, fuel chemistry and engine power, similarity in nanostructure
evolution upon laser heating is also observed. Specifically, likeness in fuel chemistry results in
nanostructural similarity upon laser annealing in soot samples procured from disparate sources.
Varying combustion conditions have been known to result in altered soot chemistry and sp2/sp3
content [50,62] while differences in carbon chemistry have been shown to manifest in its annealed
nanostructure, thereby influencing its path to graphitization [43,47,49,63]. Thus, by association,
variation in combustion conditions would result in differences in annealed soot nanostructure
[46,47]. Part III of this dissertation addresses the role of oxygen on the evolution of soot
nanostructure upon laser-heating as a function of fuel chemistry and operating engine power.
Specifically, fuel chemistry has been observed to play a dominant role in determining the oxygen
content of the resultant soot generated by burning that fuel. The resultant divergence in soot
nanostructure upon laser annealing is proposed as a method towards source identification.

PART IV: CONTROL
Along with identification, information gathered by measuring and characterizing atmospheric soot
can help formulate effective strategies to control its release into the atmosphere thereby working
towards mitigating its detrimental effects. At a receptor site, measurement of soot concentration
will dictate the need for deploying control measures while characterization of soot and
identification of contributing sources can help quantify the extent of pollution. Consequently,
regulatory decisions can be made for sources analyzed at a particular receptor site.
One example of a pollution control strategy is to reduce the soot produced by using alternative
fuels to influence the combustion mechanism [64,65]. Reduced emissions have been observed for
higher proportions of alternate fuel blends with conventional diesel fuel, for instance [64] but only
replacing the fuel component of combustion has not yet proved sufficient to reduce soot emissions.
The use of Diesel Particulate Filters (DPFs) in diesel engines is another strategy and a postcombustion attempt to reduce diesel soot emissions. DPFs are used to remove particulate matter
from the exhaust gas of a diesel engine, typically attaining an 85-90% efficiency [66]. These filters
require periodic regeneration typically done by subjecting the filter to oxidation, typically in the
presence of O2 and NO2 as oxidants. [66].
Filter regeneration is a function of the oxidative reactivity of accumulated soot, which in turn
depends upon its nanostructure for oxidation by O2, but untested for oxidation by NO2 [10,65,67–
70]. The filter undergoes a slow, passive regeneration during normal vehicle operation but
7

periodic, high temperature (>500˚C) active regeneration is required for efficient operation,
promoted by NO2 [71]. The impact of nanostructure on filter regeneration under representative
exhaust gas composition and temperatures is examined in Part IV (Chapter 5) of this dissertation,
informing and potentially impacting filter regeneration strategies towards efficient working of a
DPF.
A filter trap is not a permanent solution. Contributing to its rate of deterioration are insufficient
time for filter regeneration and lack of optimized regeneration strategies to remove clogged
particulate matter. Low-temperature passive regeneration is slow while repeated high-temperature
active regeneration can induce unwanted micro-cracks in the DPF. The effect of changes in fuel
composition or increased fuel oxygen content on the lifespan of a DPF remains largely
understudied. Measurement, characterization, and identification of partially oxidized soot will play
a significant role in better understanding and eventually optimizing DPF regeneration when
combustion conditions change. Suggested as future work in Appendix E, laser annealing of
oxidized soot as a diagnostic to measure its particle size and concentration is demonstrated using
partially oxidized carbon black as a surrogate. The development and potential implications of
measurements using LII on this unique material and characterization using TEM are discussed.

PART V: HEALTH EFFECTS
Measurement, characterization, identification, and control of soot emissions are important to help
develop methods to mitigate consequences of particulate matter released into the atmosphere. Soot
contributes adversely to human health and is a potential hazard to the environment, a phenomenon
that has been recently exacerbated in developing countries.
Aggregates, primary particles, and nanostructure of soot are widely studied in combustion science
and are of interest to pollution control and regulatory agencies for their contribution to atmospheric
particulate matter and their role in epidemiology research owing to their size and surface chemistry
[72]. As described in the review by Lighty et al., different particle characteristics are associated
with the different health-related aspects with an added dependence on exposure time and
concentration, making this a non-trivial and compounded problem to tackle [72]. Ultrafine
particles have been reported to contain a higher proportion of organic and elemental carbon that
may be the cause of oxidative stress when it contacts human lung cells [73]. In the same study, the
effect of redox-active species such as quinones has also been reported to be medically detrimental.
Previous studies have shown increased, equal, or decreased levels of pro-inflammatory markers
and cytotoxicity due to particulate matter exposure. Such contradictory outcomes complicate the
toxicity assessment vehicle exhaust from different engines using a variety of fuels and do not allow
a systematic understanding of the specific contributions of different soot components [74].
Genotoxicity or mutagenicity has been attributed to extracted poly aromatic hydrocarbons (PAHs),
oxygenated organic fraction, or metals. Extracts of soot are increasingly being recognized as a
poor representation of the full range of toxicity and mutagenic effects. Rather, the particles and
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especially their surface chemistry, are being identified as significant contributors to adverse health
effects [75].
Part V attempts to study the effect of soot particles on human lung cells, maintaining physical and
chemical soot characteristics as it would be encountered real-time. The work is performed in
collaboration with the College of Medicine at Penn State, Hershey, PA. It attempts to delineate the
effect of functional groups, e.g., phenolic vs. acid groups, and that of the carbonaceous primary
particle, on human lung cells. To this effect, surrogate soot samples were generated by in-house
controlled functionalization of carbon black and extensively characterized to demonstrate their
similarity to real biodiesel soot using multiple characterization techniques. These model soot
samples were then supplied to collaborating groups at Penn State, Hershey, where lung epithelial
cells were exposed to the soot for 6- and 24-hour incubation times. Cell viability, oxidative stress
markers and gene expression related to the inflammatory response are measured when the cell line
is exposed to lab generated soot. The study provides information on the particular aspect of soot
surface chemistry that acts as a potential lung irritant and inhalation hazard in human lung cells.

SUMMARY
Overall, this dissertation aims to address the aspects of soot measurement, characterization,
identification, and control with a preliminary assessment of its implications on human health.
Insights on the significance of soot nanostructure as an operational parameter are extensively
highlighted by high-resolution microscopy of the soot itself or by assessing and drawing parallels
with untreated or chemically modified carbon blacks as surrogates for varied combustion formed
soot samples. A variety of characterization techniques are applied for physical-chemical
characterization of the materials used. Laser annealing and the resultant nanostructure evolution
are uniquely used as diagnostics for soot differentiation, and source identification premised on the
significance of soot composition, especially oxygen content of nascent soot. Soot surface
chemistry, specifically the oxygen-rich carboxylic (COOH) functional group, is shown to be an
important causative factor for adverse health effects in humans, emphasizing the need for emission
control, informed by soot measurement, characterization, and identification of soot and the
resources contributing to specific receptor sites.

9

PART I: MEASUREMENT
CHAPTER 2: SOOT PARTICLE SIZING USING TIRE-LII
The contents of this chapter were originally published in Applied Physics B and are referenced as
Singh, M., Abrahamson, J. P., & Vander Wal, R. L. (2018). Informing TiRe-LII assumptions for
soot nanostructure and optical properties for estimation of soot primary particle diameter. Applied
Physics B: Lasers and Optics, 124(7), [130]. https://doi.org/10.1007/s00340-018-6994-x

PREFACE
Author contributions: RVW conceptualized the outline. JPA and MS performed the experiments.
MS performed material characterization and all analyses of the data. MS wrote the manuscript in
consultation with RVW and JPA.

INTRODUCTION
Time-resolved laser-induced incandescence (TiRe-LII) is a non-intrusive, in-situ optical
diagnostic technique used to estimate soot primary particle size [35]. In TiRe-LII, soot is heated
to temperatures close to carbon vaporization temperature (~3700 °C) with a pulsed laser [39]. High
laser fluences are avoided to reduce sublimation. The decay of the incandescence signal is
dependent on the conductive cooling rate of the particles, which in turn is a function of the
particles’ surface area to volume ratio [76,77]. Conductive cooling to the surroundings is
considered the primary mode of heat dissipation after a period of ~ 100 ns following the laser pulse
under atmospheric pressure and at fluences that do not cause the particle to sublime [78]. An
inherent assumption in TiRe-LII theory is that the particles must lie within the Rayleigh size
regime of the wavelength of light used to irradiate the soot (πdp/λ < 0.3) [79]. For the 1064 nm
pulsed Nd:YAG laser used in this work, particles of diameter < 102 nm satisfy the Rayleigh
approximation, acting as volumetric absorbers, and hence emitters, of light. Particle sizing is thus
dependent upon successful incandescence signal detection and consequent inference of the
particle’s time-temperature-history (TTH) as it cools.
To better understand particle sizing by TiRe-LII, models have been developed to shed light on the
experimental parameters driving the heating and physical processes governing the cooling of the
primary particle [23]. In-spite of using similar model conditions and calculations, vast differences
are observed in the calculated LII signal and predicted particle size when compared across ten
different TiRe-LII models [23]. Most models neglect nanostructural changes in soot when
irradiated with a pulsed laser to high temperatures (~3500 °C) and the subsequent effect on the
emissive properties of soot [80]. A better understanding of the effects of annealing are critically
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important for using LII to size particles. Notable works [38,81,82] have attempted to include the
effect of annealing on conductive cooling rates and soot optical properties. Soot emissivity is often
considered to be a function of wavelength in TiRe-LII modeling and one- or two-wavelength
pyrometry is typically used to collect and analyze the incandescence signal [83,84]. The
wavelength dependence of emissivity is typically incorporated in models via the soot's index of
refraction [85]. Just as different TiRe-LII models predict different particle sizes, the dependence
of the index of refraction on wavelength varies with the correlation used [23,83]. However, most
models assume a wavelength-independent refractive index, while the emissivity may yet be
considered wavelength dependent. The vast majority of this effort to determine wavelength
dependent emissivity has focused on nascent soot. Here, “nascent” refers to fully formed soot or
commercially obtained carbon black that is unmodified prior to laser heating. However, when
irradiated with a high energy pulsed laser, soot has been observed to undergo significant changes
[80]. The degree of annealing and nanostructural rearrangement has been observed to increase with
increasing laser fluence [86]. The effect of such changes upon the optical properties of soot was
demonstrated by a novel two pulse experiment where flame soot was heated, in-situ, twice in rapid
succession via a two laser setup [86]. The second LII signal was markedly different than that
generated by the first laser pulse of identical energy, indicating altered optical properties.
Notable heat-treatment studies on soot, both traditional [87] and laser-based [76,80,88], have
shown soot nanostructure after annealing using transmission electron microscopy (TEM) to be
drastically altered from the starting nascent structure. It is otherwise well known that the optical
properties of soot depend on the material’s structure [87]. In support, more recent studies have
reported evidence that the optical properties change, as inferred by scattering/extinction
measurements [84,89] or by disagreement with LII models [24,89]. Heat-treatment changes soot
structure at the nanometer length scale and this in turn influences its absorption/emission properties
[86,87,90].
Along with soot nanostructure and its optical properties, related works [91–97] have also
emphasized the effect of aggregate size and soot morphology on modeled LII temporal profiles to
determine primary particle size. As the number of primary particles per aggregate increase, the
effect of shielding by outer particles becomes appreciable, decreasing the aggregate’s accessible
surface area below that of the sum of its primary particles [91]. The result is larger aggregates
cooling slower despite being heated to the same peak temperature [94]. The effect of morphology
on LII decay rates is shown explicitly using a coating of oleic acid on soot [98] which results in
different LII decay rates owing to a changed morphology when compared to uncoated particles.
This non-uniformity in conductive cooling from soot aggregates results in an erroneous particle
sizing if left unaccounted. Yet the exceeding complexity and the fact that both the size of primary
particles and number of particles per aggregate are log-normally distributed along with the fractal
nature of aggregates renders this an untenable approach. Notable attempts have been made to
explicitly model the effect of morphology on LII decay rates [96] but remain widely absent from
most LII models.
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The accommodation coefficient is yet another parameter central to TiRe-LII modeling with
inherent uncertainty and a spectrum of values, ranging from 0.07 – 1.0 [81,99,100]. Traditionally
defined as a function of temperature [101], LII studies often use a temperature-independent or a
constant accommodation coefficient to model heat dissipation via conduction, with little consensus
on the value of the coefficient being used. In addition to this, particle annealing results in a changed
thermal accommodation coefficient, thereby affecting its cooling rate [39,81,102]. Notable works
[81,102] have studied this dependence, but the effect of annealing on thermal accommodation
coefficient is otherwise largely unaccounted for by most models.
Thus, multiple factors plague results from TiRe-LII modeling and this work aims to provide insight
into assumptions regarding these. Using carbon black as a soot surrogate, three samples with
known primary particle sizes as measured by TEM are shown to have cooling rates dependent
upon particle diameter. Planck’s approximation corrected for a wavelength-dependent emissivity
is used to calculate particle temperatures. Hence, the LII TTHs in relation to primary particle
diameters are observed experimentally. These experimental time-temperature profiles are
compared to an analytical model for conductive cooling as well as numerical models that simulate
an expected LII signal using known experimental conditions. The effect of laser irradiation on the
particle’s nanostructure is shown using TEM. UV-Vis absorption spectra for nascent and annealed
carbon blacks are analyzed to assess changes in their optical properties and associated implications
for particle sizing. The consequences of using a constant value of the accommodation coefficient
and the effects of aggregate size and morphology are also discussed. This is followed by a
discussion of the applicability and interpretation of temporal profiles for particle sizing by TiReLII theory in light of our results.

MATERIALS AND EXPERIMENTAL METHODOLOGY
The carbon blacks used in this study are Black Pearls 800 and Regal 250 obtained from Cabot
Corporation and Flammrus 101 obtained from Degussa AG (now Orion Engineered Carbons LLC)
respectively. TEM micrographs of the three nascent carbon blacks used in this study are given in
Figure 2.
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Figure 2: TEM micrographs of nascent carbon blacks illustrating their different primary particle
diameters – (a) 18 nm and its (b) associated histogram, (c) 45 nm and (d) 112 nm (To note is the
different magnification scales for each image)
The average primary particle diameters and standard deviation found from 100 particles per grade
are 18±4, 45±8, and 112±13 nm, shown in Figure 2. This set of carbon blacks was selected to
provide a large range of primary particle diameters and for possessing a narrow distribution of
diameters within a given grade, as illustrated by the associated histogram for the 18 nm average
diameter sample. An ordinary kitchen blender was used to suspend the carbon in an aerosol. A
nitrogen sweep carried the carbon black to an optically transparent quartz tube with an additional
nitrogen shroud used to keep carbon from building up on the quartz walls (Figure 3). A laser
fluence of 200 mJ/cm2 from a Continuum Surelite-III Q-switched Nd:YAG laser was used to heat
the carbon with the incandescence signal recorded on a Princeton Instrument PI-MAX® intensified
camera fitted to a spectrograph. The camera was controlled with a model ST-130 controller. The
spectrograph-camera system was calibrated for intensity and wavelength with a black body
tungsten lamp and a Hg-Ar lamp, respectively [103]. The system is capable of collecting spectra
using a 2 ns gate width, enabling the collection of detailed TTHs by stepping out the gate delay.
The spectra were then fit to Planck’s approximation corrected for a wavelength-dependent
emissivity to determine temperatures at different instances in time.
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Nd:YAG

Figure 3: A schematic of the experimental setup
LII signal occurs over a short (hundreds of ns - a few μs) timescale, with soot nanostructure
changes also occurring during this short period while at elevated temperature. Since TiRe-LII
measurements are concurrent with the carbon annealing it is important to understand the effect of
nanostructure on particle sizes extracted from the cooling profiles. TEM imaging provides a visual
illustration of the change in nanostructure and UV-Vis spectroscopy is used to quantify changes
in the material’s absorption (and hence, emission) spectra before and after annealing. UV-Vis
spectroscopy was performed using a Perkin Elmer Lambda 950 UV/VIS/NIR spectrophotometer
with the materials uniformly dispersed in spectrophotometric grade ethanol and tested in 3 ml
quartz cuvettes.
Further, in an attempt to provide insight into modeling TiRe-LII, temperature traces (and thereby
primary particle sizes) calculated from experimental data are compared to those from an analytical
and a numerical model. First, experimental TTHs from this work have been fitted to the following
analytical equation [104] that models conductive cooling, delayed 100 ns post laser pulse
excitation, at which point the cooling contributions from vaporization and radiation are
insignificant.
Equation 1
Tt = (T100ns − T0 )e

6Ʌt
)
−(
πdpρC

+ T0

In Equation 1, Tt, T100ns and T0 are temperatures determined experimentally for this analysis at
time t, 100 ns post laser pulse excitation and at ambient conditions, respectively. Ʌ, ρ and C
respectively are the heat transfer coefficient, density and specific heat for carbon black. An average
value of heat transfer coefficient in the range of 10 – 50 W/m2K for the surrounding gas, nitrogen,
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is used. Density for carbon black, 1.8 g/cm3 is used and specific heat is calculated using Eq. (5) in
Kuhlmann et al. and presented here as Equation 2 [99]
Equation 2
cs = 34.84 −

437.3
√T

J/molK

However, for ease of curve fitting, an average value of C is used in the range of temperatures
measured for the three carbon blacks. These parameters are assumed constant with temperature
and annealing. The equation itself assumes point-contacting spheres and no interference in
different modes of heat transfer with conductive cooling dominant after ~100 ns of the laser pulse
[104]. Particle diameter, dp, is an unknown and is used as a fitting parameter. This fit enables
primary particle diameter estimation based on the slope of the curves that best fit to the
experimental temperature traces. These estimated diameters are then compared to mean diameters
observed with microscopy.
Particle cooling by conduction requires heat transfer between the particle and the surrounding gas
molecules. This makes it important to study the behavior of α, the thermal accommodation
coefficient, traditionally defined as [39,99,101]
Equation 3
α =

Tf – T0
T – T0

where T0 and Tf are the initial and final temperatures of the gas molecules before and after
interaction with the particle which is at temperature T. The thermal accommodation coefficient
accounts for the “temperature jump” between the particle and the surrounding gas molecule when
these are not in thermal equilibrium [100,101]. α = 1 if Tf = T after the gas molecule has interacted
with the carbon particle and the gas is fully accommodated with the particle while if T f = T0 after
gas molecule-particle collision, then α = 0 and no energy is transferred during the process.
To better understand the effect of particle aggregation upon the heat transfer because of changes
in surface shielding and modified collision rates, a simulation tool, LIISim [22] has been used to
generate simulated TTHs at different values of the accommodation coefficient and at varying
degrees of particle aggregation. LIISim [22] provides a web-based interface for simulating LII
signals with selectable experimental parameters and the gas-kinetic regime for heat conduction.
These can be divided into the free molecular, continuum or the transition regime. The transition
regime is modeled using the McCoy and Cha [105] or the Fuchs’[106] approach. Here, the Fuchs’
approach has been used to simulate LII signals corresponding to heat conduction in the transition
regime, unless stated otherwise. This is because some degree of aggregation has been considered
for comparisons that follow and for the reason that aggregation cannot be used with the McCoy
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and Cha transition regime model in LIISim. Aggregation has been modeled on the work of Liu et
al. [107]. LIISim uses a monodisperse aggregate size of a given number of primary particles. Thus,
primary soot particle diameters are uniform within an aggregate but can vary between aggregates.
Soot particles are assumed to be point-contacting spheres and the effect of bridging within the
aggregate is not accounted for in this model. Physical parameters used to simulate LII signals in
this work are similar to the experimental conditions used.

RESULTS AND DISCUSSION
Experimentally measured TTHs for the three model carbons are shown in Figure 4 post 100 ns,
when conduction is the dominant mode of heat loss. As observed, the large 112 nm particles have
the slowest cooling rate, followed by the 45 nm particles and the 18 nm particles, illustrative of
conductive cooling having a direct correlation to their respective primary particle sizes. This trend
highlights the importance of volume to surface area ratio for conductive cooling, experimentally
verifying the basis of TiRe-LII for particle sizing.
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Figure 4: Time-Temperature-Histories of laser heated model carbons with different primary
particle diameters
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The change in slope for the 112 nm diameter particle is indicative of its contrasting size with the
smaller 18 nm and 45 nm diameter particles. Initially, the three carbon blacks show a similar,
almost overlapping cooling profile but begin to differentiate markedly at the 1000 ns mark. The
time-temperature profiles at this late observation time are particularly characteristic of size as the
sensitivity of the particle to the surrounding gas increases and true cooling by conductive heat
transfer to the surrounding gas is observed. The larger particles cool much slower than smaller
particles because it has a relatively low specific surface area for cooling. Owing to primary particle
size and aggregate morphology, as the temperature gradient between the carbon particle and the
surrounding gas decreases, the process of heat transfer is slower leading to a gradual decline in
temperature with time and the change in slope. This is in agreement with the analysis of parameters
affecting cooling in Will et al. [36]

PARTICLE TEMPERATURE CALCULATION
This experiment uses a forward approach, materials of known primary particle sizes are used to
verify differences in their cooling rates, as should be predicted by TiRe-LII. However, the purpose
of TiRe-LII is to provide a solution to the reverse approach i.e., to determine the particle size of
soot using the observed incandescence signal temporal behavior. An important aspect of this
methodology is to compute the TTH of the materials being heated. This involves temperature
calculation at periodic instances of time as the soot cools after irradiation with a pulsed laser. For
the current study, temperatures have been calculated by fitting the incandescence signal to Planck’s
approximation corrected for a wavelength-dependent emissivity, with an illustration shown in
Figure .

Calculated
Measured

-3

Intensity

4 10

-3

2 10

0

440

520

600

680

760

Wavelength (nm)

Figure 5: Illustration of an LII spectrum collected and fit to a grey-body approximation for a carbon
black with 45 nm particle diameter [103]
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Each spectrum was collected using the same timing sequence with the grating position moved.
Absolute temperatures were determined by minimizing the residual sum of squares for a range of
temperatures (1000 °C – 5000 °C), with the temperature corresponding to the minimum residual
being chosen. This was repeated for three different spectra at each of the three grating positions of
the spectrograph. Residuals are of the order of 10-5 to 10-7 across all the measured spectra. This
range of residuals is based off of multiple measurements at each time delay, corresponding to the
same particle temperature range. The final particle temperature is then reported as the average of
the measurements at this time delay with a maximum observed standard deviation of ±2%.
Notable works [83,85] have proposed correlations for the index of refraction of soot as a function
of wavelength. Most studies that incorporate a wavelength-dependent index of refraction use oneor two-wavelength pyrometry for particle sizing with TiRe-LII [23]. Thus, the value of the index
of refraction of soot, or in other words, its emissivity, is required at one or two wavelengths,
respectively to determine temperature. In-spite of using a wavelength-dependent emissivity, there
is no consensus yet on the correlation to be used.
For multi-wavelength pyrometry shown here, a constant value of 0.2 is used for the index of
refraction function, E(m) [83,85], while emissivity is dependent on wavelength as per Equation 4
[22,83] with relevant particle sizes used respectively for the three carbon blacks.
Equation 4
ϵ=

4πdp E(m)
λ

All time-temperature profiles are calculated using this wavelength-dependent correction in the
wavelength range of 400 – 700 nm. A comparison of the calculated grey-body fits presented here
to an alternate blackbody fit with unit emissivity are shown in Appendix D, illustrating the
equivalency of a black-body fit to time resolved LII spectral profiles for purpose of sizing primary
particles. The explicit inclusion of a 1/λ Rayleigh derived factor is evaluated and its origin and
underlying assumptions are discussed. Related implications for the optical properties of the
annealed soot particles are outlined.

EXPERIMENTAL VS. MODELED CONDUCTIVE COOLING PROFILES
In order to compare experimentally obtained TTHs from particles of known diameter, Eq. (1) is
applied, with dp as the fitting parameter. Eq. (1) uses the experimental time-temperature data.
Particle diameters calculated from this curve fit are compared to those determined by TEM image
analysis. Primary particle diameters of 40, 60 and 170 nm provide reasonable fits to the
experimental TTH for 18, 45 and 112 nm diameter particles respectively, as shown in Figure 6.
For the 112 nm particle, curve fits are done starting at 200 ns, once the particle temperature has
reached ~3000 K. This is done to avoid any influence from sublimation although a TEM survey
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of multiple primary particles did not indicate significant evidence of particle ablation due to
vaporization. For the 18 and 45 nm particles, temperature at ~100 ns is close to 3200 K and its
TTHs were used for the curve fits as is.
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Figure 6: Comparing dp’s obtained from Eq. (1) fitted to experimental TTH vs. dp from TEM
image analysis
A similar comparison of experimental TTH with simulated temporal profiles using the latest
release of LIISim, LIISim 3.0 [25], is shown in Figure 7. For the simulated temperature traces, the
“Kock” heat transfer model, summarized by Michelsen et al. [23] is used along with the
corresponding “Kock-Nitrogen-100%” model for the surrounding gas and “Kock-Soot” model for
the material used. E(m) and emissivity of the material were modified to match those used to
calculate temperature traces from experimental LII data. A constant value of 0.3 is used for the
thermal accommodation coefficient [38]. LIISim 3.0 allows a maximum particle diameter of 150
nm when generating temperature traces. The colored markers in the figure correspond to
experimental data overlaid onto the simulated time-temperature profiles. The mismatch between
known primary particle size and that predicted by the simulation increases as dp increases.
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Figure 7: Experimental vs. LIISim [25] simulated time-temperature profiles for a series of
primary particle sizes
This disagreement may be attributed to a number of factors and assumptions inherent to the various
models used for particle sizing with TiRe-LII. The effect of soot particle aggregation, changed
nanostructure on laser irradiation and the consequent change in optical properties along with an
uncertain accommodation coefficient are underlying factors for the disagreement among different
models [23] and between the experimental and simulated time-temperature profiles.
Effect of changed nanostructure
Studies on LII have interpreted changes in soot structure and particle size using
absorption/emissivity values (based on measurements prior to LII) [23,83] to calculate the
parameter of interest i.e., the primary particle size of soot. Some prior studies based on changes in
the absorption/scattering ratio have inferred a possible increase in primary particle size, ranging
from 6 – 40% [84]. Aggregates have been speculated to fuse together under rapid heating [108]
yet other works have mentioned no fragmentation of aggregates into primary particles at
sublimation temperatures [109]. A possible unifying explanation for these different conclusions is
that the particle nanostructure has changed, i.e. annealed, and that the resulting optical properties
are no longer those of the original soot (i.e. prior to being heated to 3000 °C). To directly examine
these proposed structural changes, laser-heated soots were examined by TEM.
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TEM imaging shows that particle diameter does not irreversibly change due to laser heating.
Changes in carbon black due to annealing upon laser heating are illustrated in the representative
TEM micrographs in Figure 8. Figure 8a shows nascent carbon black followed by its laser heated
counterparts. The lower magnification image, Figure 8b, illustrates that the aggregate morphology
is preserved on laser heating. Figure 8b and 7c show apparent mass loss from and/or material
rearrangement in the particle interior without a change in primary particle diameter, indicating that
the size distributions of nascent and laser heated material are equivalent for laser fluences below
those that lead to sublimation. Surveying over a hundred aggregates where no coalescence or
evidence of breakup was observed when irradiated with fluences typical of LII, (and below the
carbon vaporization temperature) leads to the conclusions of preservation of aggregate
morphology and primary particle size. Within the constraints of aggregate morphology and
primary particle size, the laser heated carbon black has reached a graphitic-like state. These
observations are consistent with the results of Bambha et al. [96,98] and with prior imaging of
laser heated soot [76,80,103].
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Figure 8: TEM micrographs of (a) nascent and (b,c) laser heated carbon black with an average
particle diameter of 45 nm (geometric mean)
Effect of particle aggregation
Another assumption applied when modeling conductive cooling, is that the particles are point
contacting spheres [21]. TEM images show aggregate structures that are composed of overlapping
(i.e. partially merged) particles for the most part, with very few conforming to the implicit
assumption of point contacting spheres. This partial amalgamation of particles can result in a
significant difference in calculation of particle diameter numerically, as the surface area of the
particle undergoing conductive cooling is less than that of a true isolated sphere. This reduction in
the area available for conductive cooling will result in differences in predicted particle size when
compared to those observed by TEM [77]. Notably, high inter-particle connectivity will also
modify conductive cooling as shown by the distribution of heat transfer rates owing to the effect
of morphology of numerically generated aggregates using a quasi Monte Carlo method [91] or by
including the effect of bridging of overlapping particles on the heat conduction rate in the free
molecular regime [110]. Thus, the aggregate morphology provides shielding, restricting
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conductive heat loss to the ambient. The effects of aggregation compared within and across each
of the three regimes, i.e., free molecular, continuum and transition, for 20 and 200 primary particles
per aggregate using LIISim [22] are shown in Figure 9.
Effect of Aggregation
4000
200 PP/Agg

Temperature (C)

3500
3000

Transition
Regime

2500

Free Molecular
Regime

2000
1500
1000
500

Continuum
Regime

0

200

400

600

800

1000

Time (ns)

Figure 9: Effect of particle aggregation and its variation across different heat conduction models.
Time-temperature profiles were generated using the LIISim web interface [22]
Figure 9 illustrates that the effect of particle aggregation, with all else being constant, may (or may
not) result in a significant change of the particle’s conductive cooling profile. The effect of
polydispersity in the free molecular regime is relatively unimportant but it becomes increasingly
significant as heat conduction occurs in the transition and on into the continuum regime [107]. It
should be noted here that LIISim models aggregates as being monodisperse and consisting of
primary particles as point-contacting spheres and as such, polydispersity of aggregates and the
effect of aggregate morphology influenced by overlapping of particles is unaccounted for.
The three carbon blacks studied here have similar structure as defined by their aggregate size
(number of primary particles per aggregate) yet there remain significant differences in particle
connectivity within the aggregates. Particle connectivity remains unaccounted for under the
assumption of point-contacting spheres, resulting in different primary particle diameters calculated
using TiRe-LII models when compared to experimentally determined values (Figure 6 and Figure
7). With reference to Figure 8, the physical occlusion of the particles in the aggregate interior is
apparent. This morphology will restrict heat transfer by conduction while also providing a thermal
reservoir to perimeter particles. This inference is consistent with previous studies numerically
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demonstrating the effect of aggregate size on the TTH of laser heated carbon black [95,111]
predicting a relative reduction of up to 40% in heat conduction per primary particle from large
aggregates when compared to isolated primary particles of the same size [107]. Models have also
been unable to distinguish TTHs of soots showing variation in particle size distribution, when
compared to experimental results [112]. Although studies show a decrease in conductive cooling
[81,102] upon annealing, the impact of changed nanostructure to a more graphitic form upon such
particle-to-particle heat transfer is unknown. This has been explored in light of the material’s
changed optical properties.
Effect of changed optical properties
Annealing changes nanostructure and thus soot optical properties [80,87]. The optical absorption
of soot has long been in controversy [83,84,86] with measurements and soots varying widely
[90,113–117]. In light of Kirchoff’s equality of spectral emissivity and spectral absorptivity, UVVis absorption data is analyzed for the three carbon blacks before and after laser heating. The
absorption data was collected after the laser heated material had cooled to ambient. Thus, the
observed change in optical properties is due to the changed structure while the potential effect of
temperature on the material’s optical properties is neglected. Figure 10 illustrates a strong
wavelength dependent emissivity for nascent (untreated) carbon black while this dependence is
relatively reduced for the annealed material, indicating a change in the material’s optical properties
or more specifically, its refractive index, after heat treatment relative to its untreated self.

Figure 10: Relative absorbance measurements for nascent and heat-treated carbon blacks by UVVis spectroscopy
Absorptive heating is dominant [84] for the experimental conditions used here, i.e., at temperatures
below carbon vaporization temperature at atmospheric pressure. Of the two factors that influence
the emissivity of soot or carbon black used in this work, the

1
λ

factor is attributed to the particle

being a Rayleigh absorber and emitter of light i.e., relating to the primary particle size of soot,
while E(m) depends on the material’s refractive index, a parameter that is influenced by the
1

particle’s nanostructure. While λ plays a dominant role in the absorption, and therefore emission,
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spectra for the nascent material its effect is countered by the change in E(m) after laser irradiation.
Particle size and morphology are preserved after laser heating, maintaining the dependence of

1
λ

which is now countered by the increase in the index of refraction function, E(m) with wavelength,
shown in Figure 11. This is attributed to the refractive index of the material changing due to an
altered nanostructure, a factor unaccounted for by most models.
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Figure 11: Experimental trend of E(m) obtained from UV-Vis absorption data as a function of
wavelength
The effect of changed nanostructure, responsible for an altered refractive index and E(m), can also
be assessed using the optical band gap of the material. The optical band gap measures the energy
difference between the highest occupied and the lowest unoccupied π orbitals and can be calculated
experimentally [118] from the material’s absorbance spectra in the ultraviolet-visible region using
the Tauc [119,120] equation, Equation 5, for analysis,
Equation 5
1/n

hνα
̅ ~ (hν − Eg )

where hν is the incident energy calculated based on the wavelength on incident light, Eg is the
optical band gap, α
̅ is the absorptivity which in this case uses values of relative absorbance shown
in Figure 10 and n typically assumes the values of ½ for a direct allowed transition. Thus, the
linear portion of the plot of √(hνα
̅) vs. hν can be extrapolated to estimate Eg . The optical band
gap for the carbon black materials used in this study are calculated and presented in Figure 12. The
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dotted lines are representative of the extrapolation of the linear portion of the curve to the X-axis,
which corresponds to the value of Eg .

Figure 12: Computing the optical band gap using Eq. 5 for nascent and heat-treated carbon black
Figure 12 shows: (1) The optical band gap for the three carbon blacks, nascent and heat treated, is
in agreement with the range of values reported in literature by works [120–122] for flame formed
carbons. (2) When the curves are extrapolated to the X-axis to estimate band gap, heat treated
carbon has an optical band gap value close to zero and this value is ~1 eV less than its nascent
form. This decrease in the band gap is consistent with the increased sp2 content of the material,
resulting in a greater π conjugation and a larger number of aromatic rings in the aggregate [87,122].
A larger aromatic domain has an increased density of states near the highest occupied and lowest
unoccupied molecular orbital (HOMO-LUMO) gap, thereby reducing the optical band gap [121].
Effect of the accommodation coefficient
Literature suggests an effective value of α = 0.25 based on ease of model implementation [99] or,
as in other studies, α = 0.3 is likely assumed as an average of values ranging from 0.2 – 0.5 derived
from measurements of N2 at 1220 K or NO at 700 K scattered from graphite surfaces [38]. Most
of these measurements are at temperatures significantly lower than those observed on laser
annealing and assume α to be temperature-independent. However, subsequent studies also suggest
a temperature (and thereby time) dependent [100] α in agreement with explicit studies on thermal
accommodation coefficients [101]. The LIISim web interface [22] was used to understand the
effect of the accommodation coefficient on the particle’s cooling profile. Figure 13 uses constant
values of accommodation coefficients to simulate time-temperature profiles for two carbon blacks,
in the free molecular regime. The trends remain consistent for other regimes and for different
aggregate sizes.
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Figure 13: Effect of a varying accommodation coefficient on the particle's time-temperaturehistory shown here for monodisperse particles in the free molecular regime
As demonstrated in Figure 13, all else being constant, different accommodation coefficient values
can result in a dramatic change in the particle’s TTH which in turn will influence particle size
calculations. Since the thermal accommodation coefficient is defined as a ratio of temperatures,
given in Equation 3, it is essential to understand how this varies as a function of the particle’s
temperature as the particle cools to ambient. An expression of the accommodation coefficient as a
function of temperature is derived by Michelsen [100] for use in modeling LII of soot and
presented here for open systems.
Equation 6
αT = [0.28 − 3.23 ∗ 10−5 TS + 0.800 exp(−1.53 ∗ 10−3 TS )] ∗ (0.175 + 5 ∗ 10−4 Tg )
Where, αT is the total accommodation coefficient, TS is the surface temperature of the particle and
Tg is the effective gas temperature. Using this equation with particle surface temperatures as
determined experimentally in Figure 3 at a constant gas temperature of 298 K due to a continuous
supply of fresh nitrogen, calculated values of αT are shown in Figure 14. Values of αT for
temperatures < 1000 K are based on extrapolation of the range of temperatures observed during
experimental measurements (Figure 4). This calculation is shown for dp = 45 nm to illustrate the
range of variation in αT with particle temperatures typical of LII.
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Figure 14: Numerical estimation of the thermal accommodation coefficient from experimentally
measured TTH using Eq. (5)
Figure 14 shows that at typical particle temperatures of ~3300 K observed by LII, the
accommodation coefficient has a value ranging from 0.05 – 0.2 approx. With results of this work,
for instance, it reaches a value of 0.3 or higher only at temperatures ~100 K for Tg = 298 K. The
value of αT will, however, change with Tg . This trend is in agreement with αT as shown by
Michelsen [100] for NO colliding with graphite in an environment of Tg = 1650 K. Thus,
unchanging values of αT ranging from 0.2 - 0.3 as typically used in TiRe-LII modeling can result
in erroneous size calculations if not taken specific to the LII conditions being used. The thermal
accommodation coefficient α is one of the most uncertain parameters in TiRe-LII modeling and
therefore must be chosen carefully specific to LII conditions and interacting molecules for particle
size accuracy.

INTERPRETATION AND APPLICABILITY OF TIME-TEMPERATURE PROFILES
FOR PARTICLE SIZING

Conductive cooling profiles obtained from irradiation of soot (or carbon black in this work) are
used for primary particle size determination typically under the assumption of point-contacting
sphere-like aggregated particles that satisfy the Rayleigh approximation or the Rayleigh-DebyeGans approximation for fractal aggregates (RDG-FA) to ensure uniform volumetric heating of the
particle [35,79]. In order to interpret particle size from TTHs, a carbon black with unknown particle
size and morphology was heated using the same experimental conditions and setup as for the
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reference carbon blacks. The experimental TTH for this fourth carbon black is shown in Figure
15, quite similar to the TTH for the 18 nm diameter size carbon black.
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Figure 15: Experimental time-temperature profiles comparing two carbon blacks for particle
diameter inference
By this comparison, one would infer the unknown carbon black to have primary particles also
possessing a mean diameter of 18 nm. Instead, TEM images before and after laser heating show
elongated “ribbon-like” structures with no well-defined spherical particles (Figure 16). This points
to the caution needed in interpretation of particle size from time-temperature profiles. The primary
particle size calculated is an equivalent diameter rather than a true particle diameter for the carbon
aggregate under study. Particle sizing using TiRe-LII will only be fully accurate for an ideal
material satisfying the assumption of having point-contacting spherical particles rather than
clusters or aggregates, unless their merged nature and collective shielding is accounted for.
Neglecting such requires recognition of the approximations and assumptions.
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Figure 16: TEM images of the carbon black showing no well-defined particle diameter (a) before
and (b) after annealing
Additionally, the applicability of TiRe-LII also relies on the particles being much smaller than the
wavelength of light used (πdp/λ << 1, typically πdp/λ < 0.3 [79]) for volumetric heating followed
by conductive cooling from the particle’s surface. If larger, then non-uniform heating, and cooling,
would occur. To test for uneven heating, a carbon black with little to no aggregation and mean
primary particle diameter ~280 nm, measured by TEM image analysis, was subjected to laser
heating with a fluence of 200 mJ/cm2. The diameter of this particle lies well outside the Rayleigh
size regime for this study (102 nm). Figure 17 shows images of this carbon black before and after
laser irradiation.
As Figure 17b shows, not only is the full particle, but aggregates of 2-3 such particles are uniformly
annealed. This indicates that the Rayleigh approximation may not be a limiting factor for TiReLII measurements as compared to the other assumptions that have larger implications on particle
sizes measured using time-temperature profiles from TiRe-LII. It should be noted however that
full particle annealing is likely due to rapid intra- and inter-particle thermal equilibration.
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Figure 17: TEM images (a) before and (b) after laser irradiation of a carbon black with 280 nm
primary particle diameter measured by image analysis
Particle temperature history is provided in the figure below along with its closest neighbor, the 112
nm diameter particle. The graph shows a cooling profile of a material with particle size > 112 nm.
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Figure 18: Time-temperature history for carbon black with dp = 280 nm
The seeming similarity of the two profiles can be attributed to the effective particle size that the
material demonstrates after accounting for effects of aggregation and morphology. TEM images
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of the 112 nm carbon sample show a higher degree of aggregation with a greater number of primary
particles per aggregate as compared to the 280 nm sample. A comparison is shown in Figure 19.
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Figure 19: TEM images comparing the degree of aggregation for carbon black with primary
particle size of (a) 112 nm and (b) 280 nm
The effects of aggregation are to slow conductive cooling while contributing radiative feedback,
accounting for the similarity of the cooling curves for these differently sized particles. Thus,
aggregated 112 nm cools slower than a truly dispersed 112 nm sample would, making its cooling
profile comparable to the larger, relatively dispersed primary particles. While the post-heating
TEM is not conclusive for uniform temperature during LII, using 1064 nm light does nominally
meet the Rayleigh criteria for dp = 280 nm, where πdp/λ < 1. Non-uniform cooling of aggregates
in the 280 nm carbon back would manifest itself as deviations in the temperature history but such
deviations from an expected trend are not observed. Moreover, given that the heat conduction
within the carbon particles (and between connected particles) occurs on sub-nanosecond
timescales given the estimated timescale of thermal energy (phonon) transport [26], LII appears
applicable to larger sized particles.

SUMMARY
Time-resolved LII has the capability to resolve primary particle size within carbon (soot)
aggregates. Yet most TiRe-LII models are based upon an energy balance that has several
assumptions regarding optical and material properties. TEM clearly reveals substantial particle
annealing, not surprising given the temperature attained but perhaps unexpected given the short
duration at which the particles remain above 2000 °C. Preservation of morphology and primary
particle size as shown by TEM is consistent with the theory of particle sizing by TiRe-LII.
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However, most TiRe-LII models do not yield meaningful particle diameter values by the usual
formalism, as shown by comparison to TEM measured values and images of materials that lack
point-contacting sphere-like particles. Shielding effects due to the fractal-like nature of aggregates
further add to uncertainty in size measurements. Moreover, there is no single value of the thermal
accommodation coefficient which applies to the different carbons and associated range of primary
particle sizes. However, it is also important to understand that the various available models differ
in their assumptions. Some models do a better job at reproducing LII signals under a wide range
of conditions. There still is room for improvement, and some understanding of the system and the
types of particles expected is needed prior to drawing conclusions of particle size using TiRe-LII.

32

PART II: CHARACTERIZATION
CHAPTER 3: O2 FUNCTIONALIZED CARBON BLACK AS A SURROGATE
FOR SOOT CHARACTERIZATION
The contents of this chapter are in print, to be published as a chapter in the Handbook on
Nanoengineering, Quantum Sciences and Nanotechnologies and will be referenced as
M. Singh, T. J. Zimudzi, J. L. Gray, J. R. Shallenberger, and R. L. Vander Wal. Oxygen
Functionalization of Carbon Black as a Surrogate Carbon for Material, Health and Environmental
Studies. in Nanoengineering, Quantum Sciences and Nanotechnologies (CRC Press, 2019).

PREFACE
Author contributions: RVW and MS conceptualized the outline. MS conceived and planned
experiments and material characterization. JRS performed XPS, JRS and MS analyzed the data.
JLG performed high magnification EDS. MS post-processed and analyzed data acquired from
EDS. TJZ performed FT-IR experiments. MS analyzed the data in consultation with TJZ. MS
wrote the chapter in consultation with RVW, TJZ, JLG, JRS. All authors provided critical feedback
and helped shape the analysis and chapter.

INTRODUCTION
The surface of carbon has been modified for decades to enhance its properties. Its allotropic forms,
such as carbon black, carbon nanotubes (CNTs) and graphene have found a wide variety of
applications in recent years [123–127]. For instance, carbon black, given its age-old established
bulk manufacturing process, has extensive use in the tire and rubber industry. It is manufactured
free of ash, hetero-elements (S, O, N), mineral matter or metal catalysts. However, carbon black
tends to aggregate or agglomerate when dispersed in solvents or polymers owing to strong van der
Waal’s interactive forces, limiting their applicability when used in its nascent state [128]. For its
use ranging from that of a binding agent to a conductive filler often requires functionalization
[126]. Though not formally considered a nanoscale material, given its aggregate structure, the
substructures, primary particles, and their nanostructure are directly relatable to that of the prized
carbon allotropes. The mixed edge and basal sites make it sufficiently representative of carbon sp2
forms like nanotubes and graphene [129]. Nanotubes and graphene also require to be
functionalized for their various applications. Thus, oxygen functionalization is widely used as a
gateway to enhance surface reactivity for carbon to further tailor its chemistry with other atypical
functional groups [130–134].
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Functional groups impart surface reactivity to an otherwise relatively unreactive material like
carbon. Typically, carbon functionalization is done in a controlled manner towards a specific
application of the functionalized material. However, we come across functional forms of carbon
in our everyday life as well in the form of particulate matter or soot, largely invisible but present
in developed countries, while wreaking health havoc in developing countries [1–3]. Soot structure
has widely been observed to be a function of its formation conditions resulting in a variety of
functional groups chemically bound or adsorbed onto its surface due to atmospheric reactions
[44,45]. Specific health effects of soot particles and the functional groups adsorbed on its surface
are being studied combining research and knowledge from combustion science, material surface
chemistry, atmospheric pollution, and epidemiology research [72]. The carbon along with its
surface functionalities is regarded as the leading causes of lung diseases and reduced life
expectancy in populations that are routinely exposed to this material for prolonged durations of
time [4,5]. Different particle characteristics are associated with the different health-related aspects
with an added dependence on exposure time and concentration, making this a non-trivial and
compounded problem to tackle [72]. In a positive light, functionalized carbon materials, given
their organic nature and compatibility with the human body, are being explored for drug delivery
and other medical applications [135]. Given this diversity in functionalized forms of carbon, their
applications and implications in the real world, this chapter will provide quantification of these
functional groups by controlled treatment and subsequent microscopic and spectroscopic analysis
precluded with a brief overview of the landscape of functionalized carbon as encountered in the
scientific and the everyday world.
Over decades, carbon black has been widely used as a proxy for studies on soot oxidation [136–
140] given the challenges involved in acquisition of sufficient soot samples and the lack of tailored
chemistry for controlled analysis. Soot is an ancillary combustion product while carbon black is a
purposefully manufactured product made from hydrocarbons. It consists of dangling bonds at the
edges of the carbon lamellae, primarily satisfied by hydrogen [141]. Thus, carbon black surfaces
can be modified to closely replicate the surface of soot and thereby perform systematic analysis
on its chemistry and structure as a surrogate to soot, to better infer the effects of soot with such
controlled experiments. However, there are numerous grades of carbon blacks, all tailored for
specific applications, and therefore it is important to use one that resembles the soot sample of
interest in morphology, nanostructure and decomposition characteristics.
In this chapter, material characterization and functional group quantification techniques show a
consistent and complimentary comparison of the functionalized carbon blacks across analytical
techniques. Testing the varied quantification techniques for oxygen functional groups and
documenting a consistent and complimentary comparison across analytical techniques is essential
to establish a robust characterization mechanism, especially when applied to authentic soot
samples. The flowchart in Figure 20 provides an overview and a layout of this chapter.
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Figure 20: A flowchart outlining the chemical treatment and subsequent analytical characterization

FUNCTIONALIZATION METHODS
Oxygen functional groups can be introduced on a variety of carbon allotropes by dry or wet
chemical treatments [142–147]. The basic nature of π-electrons allows mild acids to functionalize
carbon blacks, for instance, and the presence of surface oxides makes the otherwise hydrophobic
material, hydrophilic, with enhanced water solubility post-functionalization [141].

WET CHEMICAL TREATMENT
The surface of carbon has been modified by treatment with nitric acid resulting in carbonyl
functionalization [147] with hydrogen peroxide and ammonium peroxidisulfate functionalizing
introducing ketone and ether groups [146]. Quinone functionalization of carbon blacks has been
done by immersion in a solution of acetonitrile [143]. Wet chemical treatments have also been
used for purification of nanotubes [148], for instance, with acidic and non-acidic oxidative reagents
employed owing to differences in their oxidation capability, thereby changing the quantity and
composition of functional groups introduced [149].
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DRY CHEMICAL TREATMENT
Dry surface modification includes treatment with microwave radiation [150], microwave oxygen
plasma introducing keto-enol groups [145] or using nitric acid vapor for carboxylic groups [151].
Radio frequency plasma treatment with oxygen for hydroxyl, carbonyl and carboxyl groups,
ammonia for amine groups and carbon tetrafluoride for fluorine groups has been studied for the
effect of treatment time, gas pressure and plasma power [152]. Ozonolysis, gaseous treatment with
ozone, has been observed to influence carbon black pH and tensile strength in rubber [142]
although treatment with ozone is a relatively milder functionalization as compared to nitric acid as
observed by the atomic percentages of functional groups reported in the literature [141], also
shown in this work.

CONTROL OF FUNCTIONAL GROUPS
Controlling the type of functional groups introduced onto the carbon material is a challenge, given
the inert chemical nature of sp2 forms of carbon. Acid functionalization primarily introduces
carboxylic acid groups while milder oxidative treatments show an abundance of phenolic groups.
The reagent, treatment time and temperature also influence the functional groups.
The degree of functionalization can be determined by quantifying the amount of acidic or basic
functional groups by titration and neutralization with a base or an acid, respectively [153].
However, titration may require a large quantity of the functionalized material, and therefore, other
spectroscopic techniques have been employed for quantitative and qualitative assessment of
functionalization. For instance, functionalized carbon materials have largely been quantitatively
assessed by X-ray photoelectron spectroscopy (XPS) [142,153,154], Fourier transform infrared
(FT-IR) spectroscopy [142,155,156], thermal analysis such as thermogravimetric analysis (TGA)
[149,150,157] and temperature programmed desorption (TPD) [158], along with electron
microscopy like scanning electron microscopy (SEM) [149,150,159,160], transmission electron
microscopy (TEM) [45,148,157,159] and/or atomic force microscopy [131]. The area under the
curve of the peaks after XPS spectra deconvolution has been used to quantitatively estimate
relative atomic percentages of the functional groups on the material’s surface [154]. FT-IR has
been used qualitatively to identify functional groups [155]. FT-IR peak assignments vary with the
interpretation of what the functional groups may be and the potential shift in the FT-IR spectra due
to the carbon structure/morphology [153]; consequently, it is largely used to identify groups
qualitatively. FT- IR is somewhat limited in its detection capability due to the high absorbance of
carbon [153]. It is useful to identify groups on highly functionalized carbon because of sufficient
absorption intensity, and when present, the intensity of an absorption band can have contributions
from multiple groups making it challenging to delineate quantitatively [158]. Carbonaceous
material subject to thermal treatment has been well documented to result in the evolution of
carbon-dioxide (CO2) and carbon monoxide (CO) as off gases, with CO2 typically resulting from
carboxylic and lactonic groups while CO is from phenolic, quinone, pyrone and anhydride groups.
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CO2 is observed to evolve at relatively lower temperatures (300 ˚C) [153,158] as compared to CO,
which evolves from these acidic groups at higher temperatures (600 ˚C) [146,147,153,155,158].
In intermediate temperature regions where both off-gases may be evolved, deconvolution of the
TPD spectrum becomes important to analyze surface chemistry [158]. SEM and TEM are routinely
used to study morphology and nanostructure of carbons and have extensively been used to
visualize carbon black or CNTs for their structural integrity post-functionalization [149–151,160].

EXPERIMENTAL METHODOLOGY
Commercially produced carbon black (Regal 250 of Cabot Corp.) has been used here as the model
carbon black for its chemical purity and absence of organic content. Towards characterization and
quantification of functional groups on carbon, R250 was subjected to controlled oxidation by the
following two methods:

WET CHEMICAL TREATMENT
A gram of carbon black was treated with 100 ml laboratory grade concentrated nitric acid
(HNO3, > 90%) at 80 ˚C under reflux for 24 hours at 80˚C, just below the acid’s boiling point
of 83˚C. The carbon-acid mixture was continuously stirred using a magnetic stirrer for uniform
oxidation and functionalization. The mixture was maintained at a consistent simmer and was
washed with distilled water, filtered and dried to obtain functionalized carbon black as
synthetic soot. The effect of treatment time on the degree of functionalization of the material
is assessed by exposing the raw material to wet chemical treatment for 6, 12, 18, 24, 48 and 72
hours.

DRY GASEOUS TREATMENT
Carbon black was exposed to ozone (O3) generated by the action of ultraviolet (UV) light on
oxygen (O2). O3, being a reactive gas, interacts with the carbon at room temperature and mildly
oxidizes it, thereby functionalizing the carbon in the process. This method is a comparatively
mild oxidative treatment than the wet acid reflux. Only one exposure time of ~45 minutes has
been used.
Carbon black generated by the wet and dry treatments has been characterized for its atomic oxygen
content and functional groups introduced onto the carbon surface. Material characterization was
conducted by TEM, EDS, Raman, and XRD. Nascent (untreated) and graphitized R250 are used
as reference materials. The nascent material serves as a base case raw material consisting of edge
and basal-plane sites making it prone to functionalization, while the heat-treated graphitized
carbon is an extreme case with no available edge sites. Comparative characterization results for
nascent, heat treated and functionalized carbon black are shown and discussed. Functional groups
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on the oxygenated material are quantified by XPS, TGA-MS, and FT-IR. The characterization and
functional group quantification methods and their results follow.

MATERIAL CHARACTERIZATION
TRANSMISSION ELECTRON MICROSCOPY
The instrument: TEM has been done using the 200 keV FEG source of an FEI Talos F200X with
a resolution of 0.12 Å. Samples were dispersed and sonicated in methanol before being dropped
onto 300 mesh C/Cu lacey TEM grids.
A transmission electron micrograph of a carbon black aggregate and primary particle is shown in
Figure 21. (The web in the background of Figure 21-A is part of the lacy mesh of the TEM grid
support.) The carbon black, R250, was subject to high-temperature heat treatment in a
graphitization furnace at 3000˚C. TEM images of an aggregate and a primary particle of
graphitized R250 are shown in Figure 22, and those of nitric acid and ozone treated and graphitized
carbon black follow in Figure 23 and Figure 24, respectively.

B
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100 nm
Figure 21: TEM image of a carbon black (A) aggregate and (B) primary particle
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Figure 22: TEM images of an (A) aggregate and (B) primary particle of graphitized carbon black
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Figure 23: TEM micrographs showing (A) aggregate and (B) primary particles of R250 after
exposure to ozone
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A) 12 hour HNO3 treatment

B) 48 hour HNO3 treatment
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Figure 24: TEM micrographs showing R250 after treatment with nitric acid for (A) 12 hours and
(B) 48 hours
The images show the nanostructure evolution from well-defined commercially manufactured and
untreated carbon black particles in Figure 21 and its gradual evolution into a more fused, real sootlike morphology as the nitric acid functionalization proceeds with the images taken after the first
12 hours and then 48 hours of treatment. Figure 24-B shows an eroded particle surface and highly
merged R250 particles after functionalization. This is based on surveying multiple (>20) areas on
the grid and >100 aggregates.

ENERGY DISPERSIVE X-RAY SPECTROSCOPY
The instrument: EDS for elemental analysis and mapping has been performed in the TEM (FEI
Talos) in scanning transmission electron microscopy (STEM) mode with a sample holder designed
to provide low background signal for EDS. STEM mode offers a high spatial resolution on the
order of the minimum probe size which is 1.6 Ǻ. The Talos uses the Super X-EDS system which
is comprised of four silicon drift detectors that produce very large X-ray counts to allow for a
better signal to noise ratio. The high counts from the large area of the detectors also provide for
very low detection limits of typically < 1 atomic percent (at. %) depending on collection
parameters. In these experiments, ~7-10 regions of each material were sampled, and the data
averaged for representative elemental quantification.
EDS has been used here towards identification and preliminary quantification of elemental carbon
and oxygen content. Figure 25 shows high-angle annular dark field (HAADF) images and EDS
maps for untreated and graphitized carbon black. Figure 26 and Figure 27 show these for ozone
and nitric acid functionalized carbon black, respectively. Quantification of relative atomic
percentages of elemental carbon and oxygen are tabulated in Table 1. 1-D line scans extracted
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from EDS maps, comparing relative intensities of carbon and oxygen along the diameter of a
particle in each of the four materials, are shown in Figure 28.
A) Untreated: HAADF

B) Untreated: EDS

20 nm

C) Graphitized: HAADF

D) Graphitized: EDS

C O

C O

20 nm

20 nm

Figure 25: Image panel shows HAADF images, and EDS maps, respectively, of (A, B) untreated
and (C, D) graphitized carbon black. Carbon and oxygen are represented by blue and red pixels,
respectively
Untreated R250 shows a layer of oxygen accumulated at the particle periphery, while graphitized
R250 shows no such oxygen buildup. R250, without any treatment, contains edge sites and
therefore, tends to attract atmospheric oxygen, resulting in the formation of an oxygen shell around
the carbon particle. Oxygen detected amounts to ~2 at. % relative to graphitized carbon with no
available edge sites and no detectable oxygen content, having being subjected to high-temperature
heat treatment. Oxygen pixels observed for graphitized carbon in Figure 25-D is noise, given the
detection limit of the instrument. No corresponding peak for oxygen is observed in the EDS
spectrum for graphitized carbon black.
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Figure 26: Image panel shows (A, B) HAADF images and (C, D) respective EDS maps showing
carbon (blue) and oxygen (red) in ozone-treated carbon black
Ozone-treated carbon black shows a scattered presence of oxygen around the particle’s perimeter.
Ozone has likely reacted with available edge sites and reduced the amount of atmospheric oxygen
adsorbed by “cleaning” the surface of the carbon particle, thereby showing a reduced concentration
along the particle perimeter, resulting in an overall scattered presence. Oxygen is quantified at ~1
at. % for this material. In contrast, nitric acid functionalized carbon (Figure 27) with a ~7 at. %
oxygen content, shows oxygen distributed throughout many of the particles instead of just being
concentrated only on the edges. While EDS cannot point to a definitive volumetric vs. surface
oxygen presence given its 2-D nature, the presence of volumetric oxygen for this material can be
well correlated with its respective HAADF image. The variation in contrast within each particle
corresponds to the presence of holes or pores created in the particle, now occupied by oxygen. The
surface of the particle has been etched, owing to the vigorous acid treatment, and resulted in
oxygen penetrating throughout for volumetric functionalization of the material.
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Figure 27: Image panel shows (A-C) HAADF images and (D-F) respective EDS maps showing
carbon (blue) and oxygen (red) in nitric acid functionalized carbon black
Nitric acid treated carbon black shows an increase in the relative amount of elemental oxygen
compared to untreated carbon while ozone treated carbon shows a reduced amount of oxygen as it
etches edge sites off of the particle’s surface. Thus, oxygen content changes with the type of
functionalization used, dry or acid chemical treatment, and with treatment time within a particular
functionalization method such as acid functionalization in this case. High-temperature
graphitization removes all oxygen content, making it almost pure carbon. The graphitized carbon
does not show a significant affinity to atmospheric oxygen either and therefore registers as a near
100% carbon content. A snapshot of comparative oxygen atomic percent is shown in Table 1.
Table 1: Relative carbon and oxygen weight percent from EDS
Carbon

Oxygen

(Rel. at. %) (±3%)

(Rel. at. %)

Untreated

98

2 (±0.10)

Graphitized

100

0 (±0.10)2

O3

99

1 (±0.15)

HNO3 (12 hr)

97

3 (±0.15)

HNO3 (48 hr)

93

7 (±0.20)

Treatment

2

Value is at the instrument’s detection limit. No actual oxygen peak is observed in the material’s EDS spectrum.
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The four materials show a significant visual and quantitative difference in the oxygen detected by
EDS. Given the electron transparent nature of a TEM sample owing to its thickness of ~100 nm,
the beam interacts with the entire thickness and therefore, volume, of the sample while collecting
EDS data in a TEM. A relatively thin sample, such as that used for TEM analysis, does not cause
the beam to spread, allows low energy X-rays to pass through to the detector and therefore, gives
a high-resolution elemental mapping from the region illuminated by the beam. Figure 28 shows
line scans of primary particles from each of the four materials, with relative carbon and oxygen
intensity plotted across the particle’s diameter.

Relative Intensity

(A) Untreated

(B) Graphitized
Carbon

Carbon

Oxygen

Oxygen

Diameter

Diameter
(D) HNO funct

(C) O funct

3

3

Relative Intensity

Carbon

Carbon

Oxygen

Oxygen

Figure 28: Image panel shows line scans of (A) untreated, (B) graphitized, (C) ozone and (D) nitric
acid functionalized carbon black showing relative intensities of carbon and oxygen along the
diameter of the primary particle
Figure 28-A for untreated carbon black shows a higher oxygen content along the particle edges
relative to carbon, shown in Figure 25-B. This likely corresponds to atmospheric oxygen being
adsorbed on the surface of the untreated material, helping satisfy any dangling bonds or edge sites.
Oxygen intensity for graphitized carbon black in Figure 28-B is negligible. Graphitization results
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in the elimination of edge sites present in the untreated material, thereby resulting in even less
atmospheric oxygen clinging to the particle (Figure 25-D). Ozone functionalization results in
increased oxygen content relative to graphitized but decreased oxygen relative to nascent carbon,
especially at the particle perimeter (Figure 28-C). Figure 28-D shows line scans from nitric acid
treated carbon, showing a significantly high oxygen intensity, nearly equal to carbon across the
particle’s diameter, indicating volumetric functionalization of the material, supported by its
HAADF and EDS maps in Figure 27. The high intensity of the EDS line scans for acid
functionalized carbon necessarily implies that the oxygen content is volumetrically distributed
throughout the particle. It’s interesting to note the volumetric elemental oxygen detected
throughout the functionalized material as compared to the surface bound oxygen for the untreated
carbon and virtually no oxygen for its graphitized form, evidenced by a scattered presence of
elemental oxygen. Thus, acid functionalization introduces oxygen through the bulk of the material
and not just the surface as seen by its respective EDS map. However, it must be noted that EDS
shows relative amounts of elemental carbon and oxygen and does not give information on what
functional groups are present or, in other words, how carbon and oxygen are bonded to one another.

RAMAN SPECTROSCOPY
The instrument: A Horiba LabRam Raman microscope was used to obtain Raman spectra for the
samples when exposed to a 488 nm 100 mW laser with a 300 grooves/mm grating providing a
spectral resolution of 4 cm-1.
Raman spectroscopy has been used to infer changes in the carbon’s structure after functionalization
Figure 29 shows overlaid and offset Raman spectra for nascent (untreated), O3 exposed and HNO3
treated R250. The spectrum for O3 and HNO3 treated carbon black has been offset to help visualize
these spectra when overlaid. As a comparison, Raman spectrum for graphitized R250 is shown on
a different graph due to the order of magnitude change in intensity. Its Raman spectrum is
compared to untreated R250 as a baseline reference and to give the reader a sense of the highintensity counts for graphitized R250.
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Figure 29: Raman spectra for nascent, ozone exposed and nitric acid treated carbon black
As observed from the comparative Raman spectra, O3 treatment mildly modifies the structure of
the carbon black and has a spectrum similar to nascent R250. Treatment with a strong oxidizing
agent like HNO3 results in a significant change in carbon structure, seen by the appearance of the
second order peaks in the 2400 – 3200 cm-1 wavenumber regions. Peak intensities have been
tabulated in Table 2. Peak positions and the ratio of the D/G and 2D/G peaks compare structural
changes in R250 when oxidized with the two reagents and, as a comparison, when graphitized at
3000˚C.
Table 2: Peak ratios from Raman Spectroscopy
Peak Position (cm-1)

Peak Intensity Ratio

Sample

D

G

D’

2D

ID / I G

ID’/IG

I2D / IG

Untreated

1359

1589

--

2682

1.23

0

0.10

HNO3

1358

1595

1620

2711

1.38

0.75

0.18

O3

1360

1583

1619

2700

1.52

0.52

0.15

Graphitized

1359

1581

1620

2717

0.21

0.05

0.66
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ID/IG Ratio:
The successive increase in ID/IG with functionalization is attributed to the creation of edge sites
due to chemical treatment. Edge sites in graphene layers register as “defects” and activate the D
(~1360 cm-1) and the D’ (~1620 cm-1) peaks [161]. This is supported by the intensity of the D’
peaks for functionalized carbon showing the presence of defects or edge sites when compared to
graphitized or untreated R250 for which there is no significant D’ peak, pointing to the absence of
detectable edge sites. Graphitized R250 has the lowest ID/IG, supported by its TEM image in Figure
22 and exhibits the least number of lamellae defects of the four materials.
I2D/IG Ratio:
Graphitized R250 shows an intense 2D peak, typically considered a signature for pristine singlelayer graphene, is due to the change in the electronic band structure of the material and relates to
the number of stacked layers, their relative orientation, and spacing. Graphitized carbon black
shows a d002 ~ 3.44 Ǻ (see section 5.4, Table 3), typical of turbostratic graphite. Turbostratic
graphite is known to have a sharp 2D peak despite it being graphite and not few-layer graphene
[161]. The twist between the layer planes changes the material band structure giving rise to a
prominent 2D at ~2700 cm-1. For the functionalized material, the relative intensity of the 2D peak
increases as nascent R250 is mildly oxidized with O3. I2D/IG is larger with strong HNO3 treatment
with the broad peak at 2700 cm-1 splitting into four peaks. This is due to oxygen intercalation in
the carbon black lattice structure and alteration of the material’s electronic band structure in a
similar manner to that seen in turbostratic (d002 ~3.44 Ǻ) vs. regular (d002 ~3.35 Ǻ) graphite.
Considering that graphitization and functionalization are two different treatments, a comparison is
presented here only as an example of interpretation.
The intensity of the 2D peak is not a result of the functionalization per se but rather is due to the
structural modification of carbon blacks as a consequence of chemical or thermal treatment.
Turbostratic layer plane happens to have a favorable electronic band structure for the graphitized
carbon to exhibit a 2D peak. Again, the 2D peak is not because of turbostratic layer planes either.
It exists because this particular orientation is favorable. The presence of a sharp 2D peak is
necessarily observed in pristine single-layer graphene, but a favorable combination of some layer
planes, their spacing, and relative orientation can also result in a similar sharp peak because of the
altered electron band structure. Thus, exercising caution is important while interpreting Raman
spectra. This has been well summarized in the review by Ferrari and Basko [161].

X-RAY DIFFRACTION
The instrument: XRD measurements of the powdered samples were carried out in a PANalytical
Empyrean X-ray Diffractometer using a Cu source, para-focusing optics, and a PIXcel 3D detector.
Background subtraction and peak deconvolution of the XRD pattern was performed using JADE®
software, which also calculated the d002 layered plane spacing as per the Bragg equation. The
carbon layer plane stacking height (Lc) were calculated using the (002) peak at 26° by applying
the Scherrer equation [162].
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Area Normalized Intensity (a.u.)

Area Normalized Intensity (a.u.)

XRD has been used to characterize functionalized carbon black for its structure and the degree of
change in its crystallinity due to the functionalization process relative to the untreated carbon
black. Figure 30 shows comparative XRD line shapes of untreated, O3 treated, HNO3 treated and
graphitized R250. Lattice parameters after peak deconvolution are tabulated in Table 3.
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Figure 30: Comparison of XRD spectra of untreated, nitric acid and ozone treated R250
While nascent and O3-treated R250 show a significant similarity in their line shape owing to the
mild oxidation process, XRD spectrum of HNO3-treated R250 deviates in that there is
development of a peak at ~10˚ (2θ) and a broadening of the peak ~26˚ (2θ), also marked by a
relatively lower peak intensity. This is likely due to the incorporation of oxygen into its crystal
structure given the strong and corrosive nature of nitric acid causing a change in the overall
material crystallinity. This is consistent with D, G and 2D peak intensity ratios observed by Raman
spectroscopy, where incorporation of the oxygen increases the lamella spacing (d002) seen by XRD,
and consequently, the resultant vibrational modes that manifest itself as changed D/G and 2D/G
peak ratios by Raman.
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Table 3: Lattice parameter calculations from X-ray diffraction
Treatment/
Untreated

HNO3

O3

Graphitized

d002 [Å]

3.60

3.54

3.58

3.39

Lc (using 002) [nm]

1.7

2.2

1.8

6.7

La (using 100) [nm]

5.6

4.0

3.2

15.7

Lattice Parameter

Graphitized R250 is significantly different from untreated and oxidized carbon black with a
reduced d-spacing, close to that of highly ordered turbostratic graphite (3.44 Ǻ) [163], and long
lamellae, also seen by its TEM. Lattice parameters calculated from XRD show a somewhat reduced
d-spacing of functionalized R250 relative to the nascent material, similar Lc and a reduced La, in
line with the breaking up of carbon lamellae, creating more fragments and edge sites which are
then functionalized.
It is interesting to note the absence of the (101) peak at 2θ = 44˚in Figure 30-A, and its presence
in Figure 30-B for graphitized R250. This peak is a result of c-axis stacking and is usually
challenging to deconvolve from its neighboring (100) peak at 2θ = 42˚, sometimes even for heat
treated carbons with an ordered structure. Its prominence in Figure 30-B shows the extensive caxis stacks present after graphitization relative to nascent and functionalized R250. Its seeming
“absence” from Figure 30-A does not indicate complete lack of stacks along the c-axis. Short and
stacked carbon lamellae exist for carbon black as seen by TEM, but lack the intensity for detection
by XRD reflects misaligned lamellae and thus not fulfilling the criteria required for Bragg
diffraction from the (101) planes. Although present in Figure 30-A, the sharp (110) peak in Figure
30-B relative to untreated R250 is an additional indicator of long and expansive lamellae after
graphitization as compared to the other carbon materials.

FUNCTIONAL GROUP CHARACTERIZATION AND QUANTIFICATION
X-ray spectroscopy (XPS), thermal analysis (TGA) and infrared spectroscopy (FT-IR) have been
used to characterize and quantify functional groups on carbon black. These methods, their results,
and inferences from the data collected follow.
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X-RAY PHOTOELECTRON SPECTROSCOPY
Operating Principle: XPS is a surface analysis technique based on the photoelectric effect where
incoming X-rays are used to eject electrons. With the known total energy of a photon, the kinetic
energy (KE) of the ejected electron is measured, and binding energy (BE) is calculated. BE of a
core-shell electron is characteristic of the element from which it is ejected and is used to identify
the elements present. Thus, XPS is used here to identify and quantify possible different functional
groups on the carbon surface, typically at a depth of 1-5 nm, and their contribution to the total
surface atomic oxygen.
The instrument: XPS experiments were performed using a Physical Electronics VersaProbe II
instrument equipped with a monochromatic Al Kα X-ray source (hν = 1.4867 keV) and a concentric
hemispherical analyzer. Charge neutralization was performed using both low energy electrons (<5
eV) and argon ions. The BE axis was calibrated using sputter cleaned Cu foil (Cu 2p3/2 = 932.7
eV, Cu 2p3/2 = 75.1 eV). Peaks were charge referenced to the C-C band in the carbon 1s (C1s)
spectra at 284.5 eV. Measurements were made at a takeoff angle of 45° with respect to the sample
surface plane. This resulted in a typical sampling depth of 3-6 nm (95% of the signal originated
from this depth or shallower). Quantification was done using instrumental relative sensitivity
factors (RSFs) that account for the X-ray cross-section and inelastic mean free path of the
electrons. The accuracy of the O1s and C1s RSFs were checked by analyzing a polyethylene
terephthalate (PET) film in triplicate. The measured PET composition was within 1 at. % for
carbon and 1.5 at. % for oxygen. The repeatability (standard deviation) was < 1%. Similar accuracy
is expected on these functionalized carbon samples. However, the repeatability of oxygen may be
slightly poorer due to lower signal-to-noise.
Untreated, HNO3 and O3 functionalized and graphitized carbon blacks were characterized with
XPS using survey and high-resolution scans. These are shown in Figure 31.
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Figure 31: XPS (A) survey scans and (B) C1s spectra for untreated, HNO3 and O3 functionalized
and graphitized carbon black
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Survey scans are used as a quick analysis tool to identify the elements present on the surface,
following which high-resolution scans are done focusing only on the relevant range of BE for the
elements of interest. Quantification of the elements is done by appropriate curve-fitting of the highresolution scan using Casa XPS version 2.3.19. As a baseline, nascent (untreated) carbon black is
used as a “blank” sample with its line-shape being a reference for curve fitting and subsequent
peak assignment for the functionalized material. No surface functionalities were observed after
high-temperature graphitization treatment of the material, and therefore, graphitized carbon black
is ~100% carbon seen by the intense C1s peak and lack of any oxygen peak, also verified by EDS
analysis. Survey and C1s spectra for functionalized carbon blacks are shown in Figure 32 followed
by curve-fitted high-resolution scans in Figure 33.
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Figure 32: XPS (A) survey scans and (B) C1s spectra for HNO3 and O3 treated carbon black
Survey scans showing C1s and O1s peaks for both functionalized materials show the significant
extent of oxygen introduced onto the HNO3 carbon (Figure 32-A). The change in the line-shape of
the C1s envelope is compared in Figure 32-B, with a prominent O-C=O peak for acid treated
carbon. Peak deconvolution of the C1s spectrum for both materials is shown in Figure 33.
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Figure 33: High-resolution scans showing C1s spectrum and its respective peak deconvolution
for (A) HNO3 and (B) O3 treated carbon black
Exposure to a strong acid such as HNO3 results in the presence of a significant number of
carboxylic acid (-COOH) groups, seen from the peak at ~288 eV. The change in line-shape of the
O3 treated carbon spectrum is less significant as compared to acid functionalized carbon with most
functional groups being phenolic.
Curve fitting of the C1s spectra for both materials has been done by using the minimum number
of peaks that are necessary and sufficient to describe the functional groups present. For instance,
COOH may also be present as an interchangeable lactol or other functional group forms [141] and
the presence of other lactone and quinone groups has been reported [164]. However, in keeping
with what is historically known [153,165], minimizing the number of peaks involves the least
assumptions and avoids over-fitting the spectrum with peaks that may not correspond to real
groups.
Atomic percentages of the elements present in the materials analyzed are summarized in Table 4.
The table is divided into the measured and calculated atomic percentages. Measured numbers are
obtained directly from counts observed by the detector. Curve fitting is then used to help delineate
the contribution of oxygen from the various functional groups present. These numbers are shown
in the second half of the table. A good agreement (± 10%) in the measured and calculated value of
atomic oxygen indicates an appropriate curve fitting procedure for functional group identification.
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Table 4: Atomic % of elements using XPS
Treatment

Measured atomic %

Calculated atomic % after curve-fitting spectra

C

O

C-C

C-O

C=O

O-C=O Aromatic Total O

Untreated

97.2

1.3

--

--

--

--

--

1.3

HNO3

67.8

31.5

41.1

10.2

4.9

9.4

1.6

34.0

O3

90

9.4

84

2.2

1.4

2.4

--

8.3

Thus, wet acid reflux treatment of carbon black results in ~32 atomic % oxygen compared to a
~10 at. % from dry gaseous treatment, the latter being a relatively mild oxidant with oxidation
performed at room temperature, thus explaining this difference in the type and degree of
functionalization. Higher oxygen content changes and distorts the layer plane arrangement of
individual graphene sheets. Oxygen atoms attach to the carbons and keep consecutive layers parted
from one another, and the resultant intermolecular interactions cause the layer planes to twist with
respect to one another with higher d-spacing as a consequence, confirmed by XRD and Raman.
It should be noted that the total O-content percentages as listed in Table 4 are significantly higher
than those measured by EDS. XPS is a surface analysis technique, and for a disordered carbon,
such as the functionalized carbon blacks considered here, the effective depth probed is ~ 2 nm.
Intuitively the highest oxygen content would be expected near the particle surface. By contrast,
EDS in the TEM instrument provides a volumetric measure; the lower value reflecting total Oatom content. Therein lies the information value for these complementary techniques as only EDS
shows the volumetric O-atom content. Although this carbon has very low porosity, the aggressive
oxidation apparently can open pores, accessing particle interior.
In addition to this, a time-series HNO3 functionalization of R250 was done to analyze the effect of
treatment time on the atomic percentages of functional groups as determined by XPS. R250 was
treated in reflux of HNO3 for 6, 12, 18, 24, 48 and 72 hours and XPS spectra were recorded for
these. These spectra have been analyzed for the concentration of oxygen and the contribution of
different functional groups. These data are presented graphically in Figure 34 as well as tabulated
in Table 5.
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Figure 34: Percentage of atomic oxygen measured by XPS at different treatment times with nitric
acid
The concentration of oxygen as measured by XPS is presented in Figure 34. Values calculated by
a mole balance on oxygen using the bonding information about the other detected elements are in
good agreement with measured values and almost always within a 5% error margin shown by the
error bars. With increasing treatment time, the concentration of oxygen functionalization increases
rapidly at first up to 20 hours of treatment time, but eventually, it reaches a plateau and increasing
treatment time beyond this threshold does not add more functional groups or oxygen content to
the carbon black. Contribution from the different functional groups is shown in Figure 35. Values
for the analysis presented are tabulated in Table 5 for reference.
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Figure 35: Relative percentage contributions from the likely carbon-oxygen groups to the total
atomic oxygen
Table 5: XPS data showing the effect of treatment time for nitric acid functionalization of R250
Treatment time
in HNO3 (hours)

C

C

C

C

As

As

As

As

C(C,H)

C-O

C=O

COO

O-C
C

O

O

Measured

Calc'd

0

97.8

1.3

6

81.5

16.9

14.1

72.5

2.3

1.6

5.0

13.9

12

84.9

14.3

12.3

76.1

3.2

1.2

4.4

13.3

18

74.0

23.8

20.0

61.1

3.3

2.3

7.3

20.2

24

71.8

25.9

20.9

59.6

2.9

2.3

7.0

19.3

48

72.4

27.1

25.9

60.2

3.1

0.1

9.0

21.3

72

65.6

30.5

22.9

51.4

4.1

0.6

9.6

23.8

In-situ heating stage XPS
HNO3 and O3 treated carbon were analyzed with in-situ vacuum heating using a hot stage
attachment in the X-ray spectrometer. Spectra were collected at room temperature, ~30˚C, and
subsequently heated to 300˚C and 500˚C as measured by the thermocouple accompanying the hot
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stage apparatus. Changes in the XPS C1s line-shape of the samples with increasing temperature
are shown in Figure 36 and measured atomic percentages of carbon and oxygen are compared with
calculated amounts in
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Table 6.
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Figure 36: XPS spectra comparison for acid functionalized carbon heated in-situ showing change
in line-shape of C1s spectra with temperature
Figure 36 compares the change in line-shape as the acid functionalized carbon black is heat treated
in-situ with a heating stage apparatus. The decrease in the peak corresponding to the acidic COOH
group is evident. Given the short heating duration, a small quantity may be left over, seen by the
small peak at ~288 eV after in-situ heating at 300˚C, but this peak virtually disappears at 500˚C.
Atomic percentages of carbon and oxygen after peak deconvolution of the in-situ heat treated
carbon materials are summarized in
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Table 6.
Oxygen atomic percentage shows a consistent decline with increasing temperature for both
materials in-situ. However, being a surface technique, most of the atomic percentage value is the
amount of oxygen present in the top 5 nm surface of the functionalized material. The amount of
oxygen present is calculated based on the numbers for carbon that are a result of the C1s peak
deconvolution. The nascent (untreated) R250 XPS line-shape was used as reference and deviations
from this line-shape are assigned to the presence of possible functional groups based on the BE
signatures of C-O, C-H or C=O bonds.
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Table 6: Variation in C and O atomic % with in-situ heat treatment
Measured (at. %)
Treatment Temperature
Reagent
(˚C)

O3

HNO3

Calculated (at. %)
C As

C As
C(C,H) C-O

C As
C=O

C As
COO

Total
O

0.7

1.1

1.5

4.7

91.0

0.1

1.0

0.5

2.0

3.6

95.8

0.0

0.1

0.0

0.0

78.7

21.1

62.3

4.5

3.1

6.5

20.5

300

83.5

16.2

58.1

7.6

2.7

4.6

19.5

500

88.1

11.6

68.6

7.5

2.2

2.6

14.9

C

O

30

93.6

6.1

89.7

300

93.7

5.7

500

96.1

30

THERMOGRAVIMETRIC ANALYSIS
Operating Principle: Thermal analysis is used to study the response of a material to controlled heat
treatment and draw inferences regarding its composition or thermal properties based on its weight
loss as a function of temperature. It is a bulk material analysis technique and gives a qualitative
volumetric assessment of the material. It can be often coupled with an auxiliary instrument, such
as a mass spectrometer (MS), to identify evolved gases towards a component analysis as the
material changes with heat treatment.
The instrument: A TA instruments Thermogravimetric Analyzer TA 5500 coupled with their
Discovery Mass Spectrometer (MS) is used to analyze weight loss and the composition of the
evolved gases. The temperature was ramped up at 5˚C/min. The measurements were performed
under conditions of air oxidation diluted with an inert, so results at temperatures > 600˚C compare
the different reactivities of the carbon forms as compared to lower temperatures (< 600˚C) that
show weight loss by the evolution of pre-existing oxygen functional groups. In this manner, hybrid
data were effectively taken in one TGA scan.
TGA is used as a bulk material characterization tool to complement results observed by XPS.
When subject to a steady temperature ramp, functional groups on the carbon oxidize (leave) at
different temperatures. Inflections on the subsequent weight loss curve can be used to identify the
functional groups present on the carbon black qualitatively. For the significant functionalization
observed by HNO3, its TGA curve shows distinct regions of weight loss owing to functional groups
leaving as temperature increases. The TGA and MS curve for HNO3 functionalized R250 is shown
in Figure 37.
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Figure 37: TGA-MS analysis for HNO3 treated carbon black
The weight loss curve in Figure 37-A and its respective derivative show a significant loss at 300˚C,
a temperature that corresponds to the loss of COOH groups [153,158] observed to leave as CO2,
as corroborated by the time-resolved mass spectrum at 44 AMU, Figure 37-B. Other time-resolved
mass channels such as CO and its overlap with that of N2 makes it challenging to delineate the two
gases. The mass channel for water, 18 AMU, follows the trend of evolved CO2 as detected by the
mass spectrometer. Thus, CO2 and H2O evolve preferentially with significant detectable quantities.
It should be noted that the elevated H2O baseline as observed by the mass spectrometer is likely
due to the moisture present in atmospheric gases used for the experiment.
Past 600˚C, there is a loss of the remaining phenolic functional groups that overlap with pure
carbon black oxidation, and thus, functional groups have not been further demarcated owing to
this experimental uncertainty. O3 oxidized carbon shows no peak at 300˚C, confirming the absence
of significant COOH group content in this mildly oxidized material, consistent with XPS analyses.
It, however, does contain phenolic groups and their overlapping oxidation with pure carbon after
600˚C again makes it challenging to point to the specificity of the phenolic groups in the material.
TGA weight loss and derivative weight curves are shown in Figure 38-A with corresponding mass
spectral data showing 44 AMU evolution, in correspondence to the weight loss in Figure 38-B.
The 18 AMU decomposition product channel is also shown but a significant change in the ion
current from its detected baseline value is not observed.
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Figure 38: TGA-MS curve for O3 treated carbon black
TGA and its weight derivative with respect to temperature for the four materials discussed are
shown in Figure 39, with HNO3 functionalized R250 showing a stark difference in its response to
thermal treatment with multiple temporal regions of varying weight loss relative to the other
carbon blacks with one narrow range of temperature over which all mass is lost. HNO3-carbon
shows the greatest weight loss at 300˚C in the form of CO2 and H2O, consistent with XPS
measurements of the material heated in-situ, showing a decrease in atomic percent of oxygen at
the 300˚C mark. It should be noted that the two thermal treatments differ, i.e., XPS in-situ heating
is in a vacuum while TGA is at atmospheric pressure.
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Figure 39: Comparative weight loss and derivative weight graphs for untreated, functionalized and
graphitized carbon black
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The comparative derivative weight plot shown in Figure 39 is telling of the differences between
the nascent material and oxidized (functionalized) forms, with reference to the graphitized form.
HNO3 treated R250 has a highly oxygenated and thereby unstable surface with multiple functional
groups (likely -COOH) attached to the particle corresponding to the first weight loss peak at
~300˚C followed by a peak at 600˚C, coinciding with the weight loss for the untreated R250 (due
to residual oxidation). A third peak is observed at ~700˚C, likely corresponding to the graphitic
structures/periphery of the particles, analogous to the derivative of graphitized R250 at ~800˚C,
given its resilient particle nanostructure. The derivative peak for O3 functionalized R250 is broad
and spans a 600 – 900˚C range, corresponding to oxidation of primary particles resembling those
of R250, more graphitic particles owing to the oxidative treatment and finally, weight loss of all
the remaining carbon from that sample by ~950˚C. Thus, three distinct regions of weight loss have
been identified based on the derivative curves and percentage weight loss has been calculated from
the area under the curve for each region with respect to the total area under the derivative curve.
These self-normalized values are tabulated in Table 7.
Table 7: Percent weight loss as a function of the range of treatment temperature
Contribution to weight loss (%)
Temperature Range
Untreated

HNO3

O3

Graphitized

200 – 400 ˚C

--

35

--

--

400 – 700 ˚C

100

41

24

--

700 – 900 ˚C

--

24

76

100

Untreated and graphitized forms of carbon black show weight loss in only one of the three
identified regions given the material’s structural uniformity and chemical purity. Acid and ozone
functionalized carbon black, on the other hand, show weight loss over two or all three regions,
supporting the presence of functional groups which are lost first at temperatures < 600˚C while the
material yet follows a pyrolysis treatment given the reduced reactivity of (external) oxygen at low
temperatures, followed by loss of the carbon matrix itself. Finally, the relative weight loss between
700 – 900˚C corresponds to oxidation, and as such, the differences between the carbons reflects
the relative reactivities, with the nascent and graphitized forms serving as references by which to
gauge the increased reactivity of the functionalized forms after thermal removal of oxygen groups.

FOURIER TRANSFORM INFRARED SPECTROSCOPY
Operating Principle: FT-IR works on the principle of absorption of IR radiation by a material. For
a material to be IR active, a change in the dipole moment of the molecule is required for it to
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generate a signature absorption peak that corresponds to the wavenumbers causing that dipole
moment change. Thus, an asymmetric molecule, such as functional groups, will be IR active, while
the backbone, carbon, in this case, is IR inactive and tends to absorb all wavelengths of incident
radiation equally.
The instrument: All FT-IR spectra were collected on a Bruker Vertex 70v FT-IR Spectrometer
with liquid nitrogen cooled narrow band mercury cadmium telluride (MCT) detector. These
measurements were taken using a Harrick Praying MantisTM Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) accessory equipped with an in-situ heating cell. The
instrument was constantly purged using nitrogen while the in-situ heating cell was purged using
argon. Each spectrum was an average of a total of 800 scans collected at a resolution of 4 cm-1 and
absorbance calculated using KBr as the reference material.
FT-IR spectroscopy was used to compare the degree of functionalization of the HNO3 and O3
treated carbons. Given the absence of functional groups on untreated and graphitized carbon forms,
these materials were not analyzed with FT-IR. Carbon sp2 forms absorb IR radiation and therefore,
to make the measurement, the sample was prepared by diluting the carbon with KBr to increase
the signal to noise ratio. Spectra were first collected at room temperature of ~30˚C and
subsequently with in-situ heating. Each measurement was performed after collecting a KBr
reference spectrum to which the measured sample spectra were normalized after atmospheric
compensation, to correct for water and CO2, and baseline correction. Peak assignments for all
spectra have been done based on functional carbon analyzed in the literature [150,155,158]. Room
temperature (30˚C) FT-IR for the wet and dry functionalized carbons are shown in Figure 40. Insitu heated spectra for both materials and their evolution with temperature follow.
The 1000-1800 cm-1 regions are indicative of different functional groups, whose contributions to
absorbance intensity often overlap [158]. Peaks in the ~1000-1200 cm-1 region indicate the
presence of carbon-oxygen single bonds, such as ethers, alcohols, and phenols, i.e., a C-OH or a
C-O-C group, along with the O-H from water whose bending mode occurs at ~1500 cm-1, unclear
here given overlapping peaks. The next set of peaks in the ~1600-1750 cm-1 mark the presence of
carbon-oxygen double bonds such as the C=O of carboxylic acids. Peak contribution in the ~17501800 cm-1 region can be ascribed to the C=O of lactones or carboxylic anhydrides, likely present
in small quantities. In-situ heating of the HNO3 treated carbon has been used in an attempt to parse
out the contribution of these functional groups with complementary information available from
XPS and TGA-MS.

63

0.03

FT-IR

HNO funct CB

COOH

Absorbance (a.u.)

O funct CB

3

3

C-OH; C-O-C

(1600-1750 cm-1)

(1000-1200 cm-1)

0.02

0.01

0
2000

1600

1200

800

-1

Wavenumber (cm )
Figure 40: FT-IR spectra for HNO3 and O3 functionalized carbon at room temperature
In-situ heating stage FT-IR
Both, O3- and HNO3-carbon were subjected to the following heating protocol in-situ. Spectra were
collected after a 20-minute hold at each temperature.
In-situ heating with the spectra collected at
a. 30˚C: room temperature, as a baseline before temperature ramp,
b. 125˚C: to remove moisture,
c. 300˚C: carboxylic acid groups have been observed to leave at this temperature
using XPS and TGA-MS,
d. 500˚C: to explore changes in the FT-IR spectrum due to leaving functional groups,
if any.
All spectra have been processed for atmospheric H2O and CO2 with KBr at 300˚C as a reference.
Heating KBr to 300˚C ensures there is no moisture in the reference which would result in negative
spectral features at 1590-1650 cm-1 and 3200-3600 cm-1. Baseline corrected spectra are presented
here. Spectra collected using the above protocol with the in-situ heating cell is shown in Figure
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Figure 41: Effect of temperature on FT-IR spectra of the (B) O3 and (A) HNO3 treated carbon
subjected to in-situ heating (Note different Y-axis scales)
A consistent broad peak and overlapping C-O or C-O-H contributions from phenols, ethers,
alcohols, and carboxylic acids are present in the ~1000-1400 cm-1 region. Peak contributions in
the ~1500-1800 cm-1 region show a consistent drop in absorbance, especially in the 1600-1800
cm-1 range. Given the visible decrease, the relative change in area under the curve for this region,
along with complementary information from XPS and TGA-MS, is used in an attempt to quantify
the carboxylic groups. Percentage values are computed as a function of the total area under the
curve in the 800-1900 cm-1 range. These values are presented in Table 8. Given the lack of peaks
observed for O3-treated carbon black, no such quantification was attempted.
Table 8: Relative % of COOH using area under the curve of the FT-IR spectrum
Area under the curve /

COOH (%)

Temperature (˚C)

(1600 – 1800 cm-1)

30

20

200

14

300

11

500

5

A consistent decrease in the area under the curve for the region that contains the COOH absorbance
signature as the temperature is increased agrees with observations from XPS and TGA-MS. The
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presence of small peaks and some remaining intensity after in-situ heat treatment to 300˚C and
500˚C is probably due to the presence of small quantities of anhydrides or lactone groups, which
have been observed to evolve and leave as CO2 at temperatures > 500˚C [164].
Ex-situ heating and FT-IR
A possible concern is the effect of in-situ vacuum heat treatment on the evolution of functional
groups and their associated temperature ranges as reported by in-situ FT-IR analysis when
compared to the same material heated ex-situ to drive off functionalization and subsequently
analyzed by FT-IR. To compare observations of such in-situ to ex-situ heating, HNO3-treated
carbon is heated outside of the FT-IR spectrometer (ex-situ) to temperatures of 300˚C and 500˚C
under controlled and isothermal conditions in a TGA until a near-stable weight reading was
attained. The heating protocol is as follows.
Ex-situ heating isothermally until a near stable weight loss at
a. 300˚C: to remove COOH before FT-IR analysis,
b. 500˚C: to explore changes, if any, including loss of other functionality.
The ex-situ heated carbon is then transferred to the FT-IR spectrometer for spectra acquisition at
room temperature (~30˚C), and after moisture removal at ~125˚C. Thus, spectra from samples
heated ex-situ are compared to the FT-IR spectra of the sample heated in-situ as a check for
consistency in functional group evolution with treatment conditions. This comparison is shown in
Figure 42.
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Figure 42: Comparison of FT-IR spectra from HNO3 treated carbon heated to (A) 300˚C and (B)
500˚C, in-situ and ex-situ
Spectra for both temperature treatments are consistent for both in-situ and ex-situ heating, although
there may be some minor contribution in the 1400-1800 cm-1 range from leftover functional groups
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in the sample heated in-situ, given their vacuum conditions and limited time at temperature. This
contribution is higher for the 300˚C treatment as compared to 500˚C, likely due to leftover
carboxylic anhydrides, their presence evidenced by their signature peak around the ~900 cm-1 mark
[158], visible in the spectra of carbons heated in-situ.

STRENGTHS AND LIMITATIONS OF THE CHARACTERIZATION
TECHNIQUES
To summarize, the presence of functional groups works towards altering molecular arrangements
and layer plane structure of the carbon black, observed by the differences in lattice parameters and
d002 measured using XRD and the resultant change in vibrational modes seen by Raman. Visual
differences in nascent and functionalized materials are shown by the TEM micrographs, with
elemental carbon and oxygen quantified by EDS. Elemental mapping using EDS in a TEM
typically has nanometer resolution and gives an approximate analysis of the volumetric elemental
composition of the sample, given that the interaction of beam is with the entire thickness of an
electron-transparent sample such as that used for TEM.
Compositional analysis of the material is done using XPS providing for an accurate and precise
relative measure of the elements with an accuracy of < 1.5 % for quantified carbon and oxygen
with ~1% standard deviation. XPS also provides information on how carbon may be bonded to
oxygen. Bonding information is extracted by XPS spectra curve fitting because of known changes
in the BE of carbon when singly or doubly bonded to oxygen. XPS can inform the user about the
oxidation state of the element, making it a very useful technique for elemental as well as functional
group quantification. However, XPS probes the top 1-10 nm of the sample and is most sensitive
to the top 1-3 nm of the material, classifying it as a surface sensitive technique.
In addition to XPS, FT-IR is used towards identifying signature peaks from the same functional
groups seen by XPS. The signal detected by the FT-IR spectrometer is considered to be from the
bulk of the sample given that the sample is mixed and ground with KBr before analysis and the
depth of signal detection is of the order of a few microns into the sample. The presence of
carboxylic acid and phenolic groups is confirmed by prominent peaks in the 1600-1800 cm-1 and
1000-1400 cm-1 regions, respectively. Given the IR-absorbing nature of the carbon material and
the instrument’s signal to noise ratio, quantification of the functional groups is a challenge, and
reliable relative quantification will require a uniformly functionalized and externally quantified
carbon as a calibration standard.
Thermal treatment of the functionalized carbon black drives away functional groups over a range
of temperatures. With a resolution of < 0.1µg, weight loss from a bulk sample (~10s of mg) at
different temperatures can be attributed to the presence of different functional groups. Based on
the reactivity of the functional group on the carbon black, these are observed to leave at the ~300˚C
and ~500˚C mark, with loss of the carbon backbone thereafter. Typical sample amounts required
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for analysis make it a bulk analysis technique. The associated mass spectrometer analyses the
evolved off-gases for molecular mass and the release of H2O, CO, and CO2 molecules, for instance,
can be correlated with observed weight loss for a range of temperatures. Thus, the TGA records
the response of the sample with temperature, and the mass spectrometer can help identify the
presence of elements with prior knowledge about the sample. It cannot, however, be used for
elemental quantification, but can provide a relative measure of the degree of functionalization by
comparing the weight loss of untreated carbon black to functionalized carbon black in the same
temperature range. For carboxylic acid groups, this assumes minimal oxidation of the carbon
matrix at the ~300˚C mark with weight loss then attributed to the evolution of carboxylic acid as
CO2, in agreement with the literature [153,158].
Correlating functional group evolution with temperature has been further resolved by in-situ XPS
and FT-IR measurements that show a consistent reduction in the intensity of the peak attributed to
the presence of carboxylic acid, indicative of this being the leaving group at 300˚C.
Complimenting this is the significant weight loss as CO2 and H2O observed by TGA-MS at the
same temperature. The presence of carboxylic acid groups at room temperature and their
subsequent evolution with thermal treatment in the TGA, XPS, and FT-IR show consistency in the
temperature-functional group relationship across the techniques. Given the overlapping
temperature ranges of the comparatively less reactive carbonyl and phenolic groups with the
carbon backbone oxidation at temperatures > 500˚C, delineating these by TGA-MS is a challenge.
Specific peak assignments and quantification of these groups by XPS and FT-IR can result in
erroneous values given their overlapping peak contributions and has, therefore, not been
calculated.
Table 9 summarizes key parameters across analytical techniques. Each technique has its
advantages and limitations, and complementary information from different techniques can
potentially help with better material characterization and elemental quantification based on the
functionalization technique used, which also influences the type and quantity of functional groups
introduced. A discussion on the process feasibility and amount of oxygen introduced for both wet
and dry chemical treatment follows.
Table 9: Comparison of measurement parameters across analytical techniques

Analytical
Technique

Signal
detected
from

Depth
probed

Pressure
Conditions

Resolution

Accuracy

Precision

XPS

Surface

< 10 nm

Vacuum

< 1 eV

< 1.5 at.%

< 5%
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TGA

Bulk

~ 1 mm

Ambient

< 0.1 µg

1˚C

0.1˚C
0.01 wt.%

FT-IR

Bulk

< 5 µm

Ambient/
Vacuum

< 4 cm-1

< 0.2%

0.1%

ADVANTAGES AND LIMITATIONS OF WET AND DRY CHEMICAL
TREATMENT
As seen from the microscopic and spectroscopic material characterization, a clear distinction is
observed when carbon black is functionalized using a wet method vs. a dry chemical treatment.

EASE OF FUNCTIONALIZATION
Modifying the chemistry of carbon with a dry functionalization method such as treatment with
ozone gas is likely to be the least challenging approach regarding sample preparation, retrieval
post-functionalization and processing time. The set-up does require ozone gas and ultraviolet light
to excite and dissociate ozone molecules into the reactive O radical so that it reacts with the surface
of the carbon.
Comparatively, HNO3 treated carbon black is an involved process. It requires the use of an
extremely strong acid which can become a concern for the safety of the personnel handling the
acids, for instance. Concentrated HNO3 can burn one’s skin to the touch, and therefore extreme
caution is required when functionalizing using HNO3 or any other strong acid. The material to be
functionalized is mixed with the acid and allowed to reflux for a few hours. Apart from being time
intensive, this process requires a reliable reflux apparatus set up within a fume hood to ensure no
acid, in liquid or vapor form, leaks to the surroundings. Sample retrieval can be challenging
because of the introduction of highly acidic groups with the material soaked in the acid. The
functionalized material requires repeated washing with distilled water to dilute any acid yet wetting
the carbon black surface to a near neutral pH of 7 from an initial pH of 0.1-1. If required for use
in a dry form thereafter, separating this material from distilled water into which it will now dissolve
given the presence of hydrophilic oxygen functional groups, is a task unto itself. An ultra-highspeed centrifuge may be used to separate most of the material from its solution in distilled water.
However, there may still be sufficient amounts of carbon dissolved, and complete separation will
require more labor and time intensive processing. Even more problematic than water removal is
the inevitable clumping and random agglomeration that will challenge achieving a “dry” and
flowable powder, and render any subsequent aqueous re-dispersal difficult.
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AMOUNT OF OXYGEN INTRODUCED
Wet chemical treatment being more rigorous with a strong oxidizing agent like HNO3 introduces
a lot more atomic oxygen as compared to dry O3 treatment which only lightly modifies the surface
of the carbon. XPS, TGA-MS, and FT-IR are used to quantify this difference as complementary
analytical techniques. A summary of the amount of oxygen introduced as per the results of these
analytical techniques is shown in Table 10.
Table 10: Relative amounts of COOH calculated using XPS, TGA, and FT-IR
Relative amount of
COOH (%)

Analytical techniques
XPS

TGA

FT-IR

(at. %)

(wt. %)

(funct. %)

30

24

35

20

200

--

--

14

300

19

--

11

500

14

--

5

Temperature (˚C)

It is important to note that these values are calculated from the results – wherein the measurements
have an inherently different physical basis, restricting direct comparisons. XPS is a surface
analysis technique, probing the top 5 nm of the surface while TGA-MS registers bulk weight
changes based on leaving groups at various temperatures. FT-IR spectroscopy is typically used as
a qualitative measure to detect signature peaks, confirms the presence (or absence) of COOH at
different temperature conditions. However, relative quantities have been computed here to give
the reader a sense of the change in the COOH signature peak intensity with temperature.

DISTRIBUTION OF FUNCTIONAL GROUPS
HNO3 being a strong acid imparts a number of carboxylic acid groups to the carbon black.
Carboxylic acid accounts for almost a third of all functional groups on the surface, quantified by
XPS, and a relatively similar proportion in bulk, quantified by TGA-MS and FT-IR. Phenolic
groups are observed to be quantitatively approximately half of the carboxylic groups present.
Carbonyls and phenols are challenging to differentiate using TGA given that these groups and
carbon begin to oxidize and leave in a similar temperature range, observed to be typically < 500˚C.
Given the XPS and TGA-MS curves of the two functionalizations and the missing prominent
carboxylic acid peak for O3 treated carbon, implies the introduction of phenolic and maybe some
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carbonyl groups with this dry functionalization. In this functionalization, carboxyls are rare or
present in insignificant quantities.

PROCESS SCALABILITY
Given the ease of O3 functionalization, a dry gaseous process such as this is more scalable with
fewer requirements for bulk functionalization of carbon black. However, the amount of oxygen
introduced is limited to ~10 at. % with phenols and carbonyls dominating the functional group
make-up. Strong acid treatment, when scaled for bulk functionalization, will result in a strong
oxidation treatment and an abundance of acidic functional groups but requires apparatus and
multiple steps to retrieve the material in the desired form for further applications. We note the
availability of industrial-scale ozone generators.

SUMMARY
A commercially manufactured carbon black has been subject to oxygen functionalization using a
dry and wet chemical treatment with ozone and nitric acid, respectively. Subsequent
characterization of the material and functional groups introduced is done using complementary
analytical techniques. Wet functionalization introduces a significant amount of oxygen functional
groups volumetrically relative to the dry, gaseous treatment for which surface modification is
observed. Acid functionalized carbon shows prominent carboxylic acid groups while ozone
introduces relatively mild phenolic and carbonyl groups. TEM, EDS, Raman, and XRD are used
to infer changes in the material’s structure and elemental content after chemical treatment, while
XPS, TGA, and FT-IR characterize and quantify major functional groups. Effect of treatment time
shows a threshold duration above which functionalization reaches a plateau or a saturation point.
In-situ heating of functionalized carbon black analyzed with XPS and FT-IR show a consistent
decline in oxygen content as the temperature is increased. Evolution of the type of functional
groups is tracked and complimented by TGA-MS. Characterization and quantification of
functional groups is shown to be consistent across the analytical techniques, with results
complimenting one another to better comprehend the degree and type of functionalization along
with its effect on particle nanostructure.
Endnote
Multiple characterization techniques have been applied to functionalized carbon black to
demonstrate the potential degree of detail to which analyses may be required, especially for an
ancillary and undefined carbonaceous product of incomplete combustion, i.e., soot. One
challenging aspect of analyzing soot with such detail is the lack of availability of sufficient sample
quantities. Most often, authentic soot from known combustion sources are collected with state-ofthe-art equipment designed to collect nanogram quantities of soot directly on TEM grids for
imaging purposes or by forming a few micrometers thick deposit on filter paper. Further, to
maximize coverage on TEM grids, carbon thin films are often used instead of a lacey carbon grid,
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making nanostructure visualization and quantification an added challenge with the carbon thin film
interfering with the material’s nanostructure during HRTEM. When collected on filter papers, any
compositional analysis will likely include filter paper contribution which would then have to be
subtracted using a blank filter paper as reference.
Combustion produced soot is highly variable in its composition and nanostructure, both of which
are dependent upon combustion conditions. Characterizing soot can help understand the story of
its formation. However, given such sample acquisition and associated analytical challenges, the
next chapter tackles soot characterization from a unique perspective – using the available sample
quantities at hand, and derivatizing soot using laser diagnostics to piece the story of its formation
and potentially delineate contributions from different sources at a receptor site. Many structural
and chemical aspects are subtle, unaccounted for in direct nanostructure quantification. The
process of pulsed laser annealing is demonstrated to enhance slight differences in nanostructure
and chemical composition. Chemistry based limitations imposed due to nanosecond heating and
microsecond cooling timescales highlight these initial compositional and structural differences as dependent upon source-specific formation conditions.
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PART III: IDENTIFICATION
CHAPTER 4: THE ROLE OF OXYGEN IN NANOSTRUCTURE EVOLUTION
OF SOOT TOWARDS SOURCE IDENTIFICATION

INTRODUCTION
Particulate matter (PM) emitted by industries, power plants, construction sites, unpaved roads,
wildfires and various means of transportation such as cars, trucks, buses, and aircraft pollute the
our surroundings [166]. Small particles, < 2.5 µm (PM2.5) or even < 0.1 µm (PM0.1 classified as
ultra-fines) [167], remain aerosolized and are eventually carried downwind affecting seemingly
distant areas [168,169]. Aerosolized ultrafine particles can be inhaled and increased exposure time
to polluted air can lead to respiratory issues like asthma and decreased lung function with increased
risks of irregular heartbeat leading to eventual heart attacks [170]. Some ways in which polluted
air affects our environment is by contributing to acid rain, disrupting the Earth’s radiative balance
by altering its surface albedo, and causing haze that impairs visibility [170,171].
Management and regulation of air pollution require good air quality data to develop effective
mitigation strategies [166,172]. For instance, characterizing emissions and ensuring compliance
of air quality standards are some of the tasks undertaken by the Environmental Protection Agency
(EPA) to maintain healthy living conditions [169,172,173]. The first step towards regulating
emissions from a source is to understand what sources contribute to poor air quality and by how
much, i.e. source identity and contribution. Detailed characterization of soot using particle sizers,
spectroscopic and microscopic analytical tools can help identify the source of the pollutant while
diagnostic techniques such as laser-induced incandescence (LII), as described in Chapter 2, can be
used to determine soot (black carbon) concentration emitted by a particular source [19,136,174].
Experimental investigation of soot samples provides reliable data often used to inform receptor
models, used for source apportionment studies [27,28,175,176].
Combustion-produced soot varies in its aggregate morphology, primary particle size, chemistry,
and nanostructure due to differences in fuel and combustion conditions of temperature, pressure,
equivalence ratio and fuel [31,33,70,177–179] making source identification a non-trivial task. One
approach is to use ‘tracers’ or ‘markers’, i.e., hetero-elements adsorbed on or embedded in the
carbonaceous soot matrix. These include inorganics from lube oils [180], metals from engine wear
[48,181], sulfur from petroleum fuels [182,183], or oxygen from oxygen-rich fuels [49,63].
However, the presence of atypical tracers, specific to particular sources, for accurate fingerprinting
is becoming increasingly challenging given the move to cleaner and more efficient burning fuels
with less traceable quantities of chemicals. Other elemental markers such as Pb for gasoline, Ni
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and V from fuel oil and Al and Si from road dust are limited in their applicability for their generic
occurrence. [48]. Moreover ‘fingerprinting’ relies on the tracers being unreactive to the
environment and minimal temporal variation with transport and aging [48,184,185]. Apart from
elemental markers, parameters such as the C/H content [186,187] and nanostructure of soot
[187,188] have been shown to vary as a function of fuel chemistry, temperature, and engine power
[49,50,189–192]. Heteroatom content, aromatic ring arrangements (odd/even membered rings)
[193] and carbon hybridization (sp2/sp3) [43,67] influence soot nanostructure as it forms under
various conditions. Thus, for those soots that lack such elemental markers, soot nanostructure and
chemistry are potential identifiers of the soot source.
High-temperature heat treatment of carbon materials has been studied for decades to understand
its behavior and properties that differ across its allotropic forms [52,57,58,60,63,194]. Detailed
analysis has been performed at various stages of graphitization heat treatment using a variety of
microscopic and spectroscopic techniques to infer its time-temperature-history and consequent
changes in its structure [122,163,195–202]. Recently, high-temperature heat treatment of carbon
precursors was carried out with pulsed and continuous wave lasers [88]. The influence on carbon
nanostructure, and in turn it's micro- and macro-scale structure, due to high heating rates over
comparatively short timescales (microseconds) relative to traditional graphitization (hours) has
been explored [57,103]. Thus, heat treatment of carbon has been demonstrated to ‘derivatize’ the
material and study the evolution in its structure to infer material characteristics based on its thermal
response. Derivatization is a well-practiced analytical approach wherein a targeted analyte is
chemically altered to facilitate its detection or assay recognition. While soot is carbonaceous, one
of the challenges in a similar experimental investigation of soot samples collected from different
sources is obtaining sufficient sample quantities for characterization. Most analytical techniques
require at least a few milligrams of the sample for reliable measurements, and such quantities of
real soot are often unavailable, particulary with receptor-site based sampling. Given sampling
challenges and the existing drawbacks of elemental markers, how can derivatization be applied to
a carbon material, specifically, to study its nanostructure?
Transmission electron microscopy (TEM) is an analytical technique that can provide meaningful
information with nanograms of a soot sample. Imaging in a transmission electron microscope
requires a < 100 nm thick layer of the material which can often be collected directly on a TEM
grid or can be scraped off of a filter paper on which soot was during sampling. TEM instruments
may be equipped with Energy Dispersive X-ray Spectroscopy (EDXS or EDS) detectors for
elemental analysis of the material. This combination of TEM and EDS can, thus, prove to be very
informative in a situation where limitations on sample availability are one of the prime reasons
that restrict material analysis. While small (nanogram) quantities typically collected on TEM grids
or filter paper cannot practically be graphitized in a traditional furnace, these can be laser heated
directly on TEM grids with a pulsed laser to alter its nanostructure and potentially distinguish two
soot samples generated under different combustion conditions [46]. A recent successful but
preliminary demonstration of the technique on a variety of soot samples has pointed to nascent
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soot nanostructure to be the likely cause for divergent nanostructures upon annealing [46]. Current
literature lacks systematic tests that can point to a potential correlation or causation for this
observed divergence in the annealed nanostructure. The absence of such studies is attributed to the
lack of availability of a systematically generated set of authentic soot samples from sources, owing
to practical experimental challenges, and the novelty of this application of laser annealing as
presented here. This work aims to address this knowledge gap with real soot samples,
compositionally analyzed by EDS and XPS, laser annealed with a pulsed laser and characterized
using TEM for nanostructure analysis. Oxygen is shown to play a significant role in dictating
nanostructure evolution, primarily influenced by the fuel used, but also likely influenced by engine
operating conditions.

MATERIALS AND EXPERIMENTAL METHODOLOGY
MATERIALS
A number of authentic soot samples from sources have been used for comparisons and derivatized
using laser-based heating. Soot samples were chosen to illustrate the variable nature of the material
as obtained, and the subsequent nanostructure differentiation upon laser derivatization can be used
for source identification. Following is a brief description of the sources from which soot samples
used in this work are obtained.
Engine Sources
Diesel Engine:
1. A Cummins ISX15 heavy-duty diesel engine, operated with certified fuel and at different
power conditions ranging from 0% - 60% torque. These samples were obtained from the
Variable Response In Aircraft nvPM Testing (VARIAnT)-3 field campaign conducted by
EPA in 2016. Engines and test conditions were determined by the EPA as required for the
campaign.
2. A 1999 1.7L Mercedes Benz direct-injection common rail diesel engine, operated at a
single speed-load point of 1500 rpm and 2.6 bar. The engine specifications and detailed
description of the system are given elsewhere [189]. This engine used Ultra-low Sulfur
Diesel (ULSD) fuel, and ULSD blended with varying proportions (5-20%) of soy methyl
ester biodiesel (B100). For example, B5 is 5% biodiesel blended with ULSD. Variations
used are ULSD, B5, B20, and B100, where, B100 is 100% biodiesel.
Combustor Gas-Turbine Sources
Jet Engine:
1. A General Electric (GE) J-85 jet engine, burning Jet A fuel. The J-85 is a small, singleshaft turbojet engine. Jet A is a kerosene grade fuel, produced to ASTM specification and
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only available in the United States [203]. These samples were also a part of the EPA’s
VARIAnT-3 campaign.
Biomass-Fueled Sources (Wood-based)
1. Cookstove: Jiko Poa cookstove burning wet and dry red oak wood in a rocket-type stove.
It is a stove burning small-diameter wood as fuel. The cookstove consists of a vertical
chimney ensuring efficient combustion before the flames reach the cooking surface. Details
of the cookstove used can be found elsewhere [204].
2. Wood Boiler: Manufactured by Alternative Fuel Boilers (AFB), an Econoburn boiler is
used to collect soot after a 24-hour operation. More details on the technology and collection
procedure are provided elsewhere [46,205]
Oil-based Sources: Heating and Pollution (open burning)
1. Residential Oil-fired boiler: A Weil-McLain residential oil boiler, model SGO-5W with a
combustion efficiency of 85 and a 185 MJ/h heating capacity located in a test facility
operated by Brookhaven National Laboratory. Details are elaborated on elsewhere [206].
2. Gulf-oil spill: A 4.0-m diameter, helium-filled aerostat (Kingfisher model, Aerial Products
Inc., FL) was used to loft an instrument package (the “Flyer”) into oil fire plumes (BP
Deepwater Horizon disaster) for PM sample collection. Details are available elsewhere.
[207].

LASER DERIVATIZATION APPARATUS
Nascent soot, typically obtained on a filter paper or TEM grids, was laser heated using a Nd:YAG
laser, described previously. For soot annealing, one pulse with a fluence of 150 mJ/cm2 was used,
and soot was heated directly on TEM grids in an inert atmosphere of nitrogen. Unless the samples
were acquired directly on carbon thin-film TEM grids, soot was deposited on 300 mesh C/Cu lacey
TEM grids by a dry-filter paper rub before annealing.

NANOSTRUCTURE ANALYSIS
For nanostructure quantification, high-resolution TEM images were obtained using the FEI Talos
200X S/TEM instrument. The equipment, its operation, and imaging modes are described
previously. Bright field imaging was used here at magnifications of 390x, 500x or 650x. In-house
image quantification algorithms were used to assess soot nanostructure for its fringe length and
curvature [51,208] as previously described.

COMPOSITIONAL ANALYSIS
EDS has been performed in STEM mode using the Super X-EDS system in the Talos. XPS
experiments were performed using a Physical Electronics VersaProbe II instrument equipped with
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a monochromatic Al Kα X-ray source (hν = 1.4867 keV) and a concentric hemispherical analyzer.
Both techniques are described previously.

RESULTS AND DISCUSSION
LASER DERIVATIZATION AND NANOSTRUCTURE QUANTIFICATION
Laser derivatization has been demonstrated to accentuate nanostructure statistics between soots of
varying origin [46]. As an illustration, Figure 43 shows TEM images of nascent and laser annealed
soot nanostructure for soot generated by a cookstove burning wet red oak wood. Figure 44 shows
corresponding graphs of fringe length and tortuosity statistics quantified from their TEM images.
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B
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D

Figure 43: TEM micrographs of cookstove generated soot burning wet red oakwood showing
(A,B) nascent and (C,D) laser annealed soot nanostructure
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Figure 44: Length and tortuosity statistics of nascent and laser annealed cookstove generated soot
Figure 44 shows a greater percentage of longer and straighter (tortuosity = 1) fringes for annealed
soot as compared to nascent soot. In a similar manner, soot samples obtained from a variety of
common sources are derivatized by high-temperature laser heat treatment. Laser-based
derivatization is used to study the evolution in soot nanostructure upon heating and correlate
observed changes with the fuel used for or power consumed during combustion the respective
samples. Soot generated by a diesel engine, a jet engine, a cookstove, a wood-boiler, a residential
oil- fired boiler and the Gulf of Mexico Oil spill catastrophe were derivatized using the Nd:YAG
laser. Their nanostructures are quantified and compared pair-wise to highlight the changes upon
annealing correlated to their respective formation conditions, specifically, fuel and power.

DIFFERENTIATING BETWEEN SOURCES: THE ROLE OF NASCENT
NANOSTRUCTURE

Laser derivatization of diesel- and jet-engine generated soot illustrates the wide variation in
nanostructure that can arise by laser heating two soot samples, that vary widely in their combustion
conditions with their emissions yet observed at the same receptor site, such as an airport. Figure
45 compares nascent and annealed diesel- and jet-engine generated soot followed by a statistical
fringe length comparison of their nanostructures in Figure 46. Annealing shows very different
nanostructure evolution for diesel- and jet-engine generated soot, supported by the degree of
change observed statistically (Figure 46).
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Diesel

Jet
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Figure 45: TEM micrographs showing (A, C) nascent and (B, D) annealed nanostructure for (top
row) diesel- and (bottom row) jet-engine generated soot
The difference in engine/combustor and variation in combustion conditions leading to the
formation of diesel- and jet-engine generated soot results in dissimilar nascent nanostructures seen
by Figure 45-(A, C) for diesel- and jet-engine generated soot, respectively. When annealed with
the Nd:YAG laser, the nascent nanostructure appears to direct the evolution of the nanostructure
as it is heated. Thus, diesel-engine generated soot shows carbon lamellae arranged concentrically,
with an exterior band of lamellae along the perimeter of the particle (Figure 45-B). On the other
hand, jet-engine generated soot shows multiple shell-like structures, banded by carbon relatively
elongated carbon lamellae (Figure 45-D). Soot nanostructure of jet-engine generated soot
resembles its nascent counterpart in that it follows its fullerene-like structure because of the
interlocked carbon lamellae in nascent soot having restricted mobility when heated.
HRTEM images from Figure 45 have been quantified using fringe analysis [209] shown in Figure
46. Graphs for lamellae length (end-to-end distance) and lamellae tortuosity (the degree of
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curvature relative to a straight lamella) are shown as bar charts after quantifying length and
tortuosity parameters from multiple (>10) TEM images each of diesel- and jet-engine generated
soot. These are difference plots, i.e., each bar represents the statistics quantified from images of
nascent (as received) soot subtracted from the statistics quantified from images of laser annealed
soot. This representation shows the degree of change in the nanostructure of the soot as it evolves
upon laser heating.
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Figure 46: Fringe length and tortuosity statistics compared for diesel and jet engine soot (difference
plots)
Figure 46-Length shows the degree of change in the lamellae lengths of diesel-generated soot as
compared to the change in lamellae lengths of jet-engine generated soot after laser annealing. As
observed in Figure 45-(C, D) for jet-engine generated soot, its nascent fullerene-like nanostructure
restricts lamellae mobility, exhibiting a reduced degree of change after laser heating relative to
diesel-engine generated soot. Annealed diesel-engine generated soot has many longer (> 3 nm)
lamellae (positive %’s) while a comparable increase in lamellae length for jet-engine generated
soot is not observed. Figure 46-Tortuosity supports this as well. Tortuosity of jet-engine generated
soot does not change significantly upon laser heating as compared to diesel-engine generated soot,
although both show a greater % of straighter fringes after annealing (positive %’s for tortuosity =
1).

DIFFERENTIATION WITHIN A SOURCE: THE ROLE OF SOOT CHEMISTRY
Soot generated from widely varying sources show significant visual differences in nascent
nanostructure. However, such obvious differences in nascent nanostructure may not be evident in
soot generated by similar engine combustion parameters. For instance, the same engine may be
operated with different fuels, all other parameters being consistent. Similarly, fuel can remain
unchanged, but the engine may be operated at various powers to evaluate fuel efficiency. Soot
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generated in such cases may be expected to have similar nascent nanostructure. Laser
derivatization of soot to test its nanostructure evolution on laser heat treatment are described in
this section for (a) soot generated using different fuels and (b) at different engine powers.
Effect of fuel:

Annealed nanostructure

Nascent nanostructure

ULSD and its blends with biodiesel were used as fuel in a Mercedes Bens direct injection diesel
engine. Soot generated by the engine operating with the difference fuel blends imaged as received
and after laser annealing in Figure 47.
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Figure 47: TEM images showing (A, D, G, J) nascent and (B-C, E-F, H-I, K-L) annealed
nanostructure of ULSD, B5, B20, and B100 as indicated (Scale bar is 5 nm)
Figure 47 shows the evolution of nanostructure upon annealing for soot generated when the engine
operates with ULSD (referred to as ULSD-soot), B5 (referred to as B5-soot), B20 (referred to as
B20-soot) and B100 (referred to as B100-soot). ULSD- and B5-soot show ribbon-like particle
interiors with the lamellae arranged somewhat concentric to its peripheral ‘graphitic’ band. More
biodiesel blended with ULSD results in B20- and B100-soot that exhibit a hollow-shell-like
nanostructure upon laser annealing, with an outer banded perimeter and a hollow core, indicated
by the mass-thickness contrast of the images H, K, I, L in Figure 47. The similarity in nascent
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nanostructure of ULSD-, B5-, B20- and B100-soot shown by images A, D, G and J respectively
of Figure 47 points to the likelihood of varying fuel chemistry, and the resultant chemistry of the
combustion produced soot being the cause for this divergence in nanostructural evolution as the
soot samples are laser heated. The role of soot elemental composition, specifically oxygen content,
is further confirmed by compositional analysis of the nascent soot by EDS for volumetric analysis
and by XPS for surface analysis. Figure 48 shows an overlay of carbon (blue pixels) and oxygen
(red pixels) obtained using spatial elemental mapping by EDS. For each soot sample, EDS was
performed on ~10 regions. Quantified results are averaged and presented in Table 11. EDS and
XPS measure relative quantities, and therefore carbon % is calculated by subtracting the oxygen
% from the total 100%, assuming only carbon and oxygen are present. No other elements are
observed in significant amounts.

B5

ULSD

B20

B100

Figure 48: EDS maps showing relative carbon and oxygen content for ULSD, B5, B20 and B100
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Table 11: Elemental C and O quantified by EDS
Analytical Technique
Source

EDS
Carbon

Oxygen

(wt. %)

(wt. %)

ULSD

97.6

2.4 (± 0.2)

B5

96.2

3.8 (± 0.2)

B20

94.4

5.6 (± 0.2)

B100

93.2

6.8 (± 0.3)

Fuel Blend

Diesel
Engine

Nascent soot generated by the engine operating with the four fuel blends shows an increase in the
oxygen content as the proportion of biodiesel blended with ULSD increases. The oxygen content
in ULSD- and B100-soot has also been reported elsewhere [189] with B100-soot having a higher
wt. % of oxygen, confirmed here by EDS in Table 11. As a secondary check, XPS is used to infer
the surface composition of the four soot samples. C1s spectra obtained from XPS for the four soot
samples, overlaid for comparison, are presented in Figure 49. Each C1s spectrum has been
individually curve-fitted for C and O quantification. The individual curve fits follow, in Figure 50.
Not having any ‘standard’ soot sample, nascent carbon black (R250) without any oxygen is as a
baseline reference for the curve fits.
XPS
Normalized Counts
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Figure 49: XPS C1s spectra of ULSD-, B5-, B20- and B100-soot
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Figure 50: XPS curve fits to C1s spectra of ULSD-, B5-, B20- and B100-soot
Figure 50 shows curve fits to the C1s spectra for all four soot samples. Peak broadening relative
to the reference material (R250) and the prominent bump at ~289 eV indicates the presence of
oxygen with the likely functional groups observed at increasing binding energy (BE) shown by
their respective curve fits. A significant presence of O-C=O groups is observed in B100-soot,
relative to ULSD- or B5-soot. Quantified using the area under the curve, atomic percent (at. %) of
carbon and oxygen measured and the at.% oxygen calculated after curve are tabulated for
comparison in Table 12. Calculated values are from curve fits after accounting for the number of
oxygen atoms bonded to carbon in O-C=O, C=O and C-O groups. The last column of Table 12 is
the deviation of calculated oxygen from measured values. This quantity is the difference in the two
values as a percent of the measured oxygen.
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Table 12: Quantified at. % of C and O using XPS
Analytical
Technique: XPS
Source

Diesel
Engine

Measured
(at. %)

Calculated
(at. %)

Fuel
Blend

Carbon
(C)

Oxygen
(O)

C-C

CO

C=O

OC=O

O
calc’d

Difference
b/w
measured &
calc’d O
(%)

ULSD

82

18

70.6

5.6

2.2

3.7

15.0

17

B5

86

14

77

4.6

2.1

2.9

12.6

10

B20

83

17

70.1

5.6

2.9

4.1

16.6

2.4

B100

77

23

59.8

8.6

3.4

5.4

22.8

0.8

Measured and calculated at. % oxygen increases as the proportion of biodiesel blended with ULSD
increases, a trend similar to that observed by EDS. The agreement between measured and
calculated oxygen at. % improves as the amount of detected oxygen increases and the best
agreement in values is seen for B100-soot. Although ULSD shows higher oxygen at.% relative to
B5, the large deviation between measured and calculated oxygen likely means ULSD has a similar
oxygen content as B5, supported by the similarity in the evolved nanostructures upon laser heating.
Given sufficient quantities available for this sample set, the XPS signal detected is from the top ~2
nm of the soot surface. In contrast, given the <100 nm sample thickness for TEM, EDS in STEM
mode provides a volumetric measure of the oxygen in individual particles and aggregates with the
added advantage of being able to create a spatial elemental map.
The compositional evaluation of diesel-engine generated soot points to the increase in elemental
oxygen likely causing the observed divergence in nanostructure evolution from ribbon-like carbon
lamellae arrangements observed for ULSD- and B5-soot to hollow shells exhibited by B20- and
B100-soot. As yet another check to this claim, laser annealing of 6- and 48-hour in-house nitric
acid (HNO3) functionalized carbon black (R250), referred to as HNO3-R250, with 13 at. % and 26
at. % XPS-reported oxygen, respectively, is performed. Functionalized carbon black is extensively
characterized in Chapter 3 and laser heated here with one pulse of 150 mJ/cm2 fluence of the
Nd:YAG laser under an inert. Figure 51 shows TEM micrographs of HNO3-R250 after laser
annealing.
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Figure 51: TEM micrographs of (A, B) 48- and (C, D) 6-hour HNO3 treated R250 after laser
annealing with one pulse of the Nd:YAG operating with a fluence of 150 mJ/cm2
A similar divergence in nanostructural evolution, i.e., concentric/ribbon-like arrangement of
lamellae vs. hollow shells, is also observed after HNO3-R250 is subject to laser heat treatment in
a similar manner as biodiesel soot. The 6-hour HNO3-treatment results in a relatively low oxygen
content (~13 at.%), and this material correspondingly shows a ribbon-like, somewhat concentric
carbon lamellae arrangement after laser heat treatment (Figure 51-D) as compared to the hollow
shells observed with the 48-hour HNO3-treatment (Figure 51-B) where the starting material
contains a lot more oxygen (~26 at.%).
Thus, nanostructure evolution of functionalized carbon black with low and high oxygen is similar
to that observed in biodiesel soot. It tracks with oxygen content of the material, i.e., a low oxygen
content (<15 at.% by XPS and <5 wt.% by EDS) results in a ribbon-like internal particle
nanostructure upon laser annealing while a comparatively high oxygen content ( >15 at.% by XPS
and >5 wt.% by EDS) results in a hollow, shell-like particle nanostructure when laser heated.
Discussion on the effect of oxygen on nanostructure evolution of carbon upon laser annealing
Oxygen has been studied as one of the elements leading to the formation of odd-membered rings
as it leaves upon carbonization [63]. Its escape from the matrix has been reported as the cause for
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curvature and the evolution of closed, fullerene-like shells when carbonized materials are subject
to high-temperature graphitization heat treatment [63]. The evolution of oxygen distorts the
intermediate liquid-like mesophase development of the carbon material to form isotropic chars
upon carbonization as opposed to cokes that have a well-developed mesophase starting with a
material that lacks in elemental oxygen [63]. Laser heating of model cokes and chars were recently
explored with the Nd:YAG and CO2 lasers [57,88]. However, material ablation was an observation
from laser heat treatment with the Nd:YAG at moderate and high laser fluences [88]. CO2 laser
heating provided a comparatively slower heating rate than the Nd:YAG, and is therefore
considered a better technique to study nanostructural changes in cokes and chars, reducing heat
treatment times as compared to traditional graphitization [57] while resulting in similar graphitic
structures. CO2 laser heat treatment of oxygen-rich sucrose char was shown to result in the
formation of closed shells while that of oxygen deficit anthracene coke resulted in a graphite-like
material. Oxygen evolution before carbonization is stated as the cause for curvature due to the
resultant odd-membered rings now embedded in the material’s carbonized form. Similar curvature
was observed for sucrose char with the Nd:YAG but the fixed pulse duration of the laser hindered
a systematic temporal study of the evolution of the material’s nanostructure with this laser.
Cokes and chars are formed by traditional slow carbonization of a precursor for a few hours at
temperatures typically < 1000˚C while the formation of soot is comparatively instantaneous, and
occurs at temperatures typically > 1200˚C. While heteroatoms like oxygen, present in carbon
precursors like sucrose, leave during traditional carbonization (T < 1000˚C), these heteroatoms are
incorporated in the carbon matrix during the soot formation process at relatively higher
temperatures. Oxygen, thus, remains chemically bound to soot as it forms, influencing its
nanostructure. The presence of oxygen in soot has been widely reported [43,47,49,190,192,210]
and is observed in this work by the compositional analysis of diesel-engine generated soot.
A direct comparison of nanostructure evolution observed in cokes and chars with that of soot
would require carbonization and graphitization heat treatment of soot as has been done for cokes
and chars. Such an experimental approach will be a challenge for real soot from real sources given
soot sampling techniques and available sample quantities. While possible in select cases, it would
not create a uniform platform for comparison across all soot samples and therefore, has not been
pursued. High-temperature heat treatment of soot with lasers, however, has been pursued for soot
concentration evaluation using LII since 1984 [18]. The technique has also been demonstrated to
work well with limited soot samples for soot differentiation by laser heating the sample with the
Nd:YAG directly on a TEM grid [46]. Laser annealing is, therefore, considered here as the
derivatization technique of choice given constraints on available sample quantities.
When an oxygenated carbon such as B100-soot or the 48-hour HNO3-treated R250 is subjected to
one pulse of the Nd:YAG laser, the sample reaches a temperature > 3000 ˚C in < 10 nanoseconds
and cools down to ambient over the next few thousand microseconds. High-temperature heat
treatment simultaneously activates all energies required for vaporization, lamellae de-wrinkling,
lamellae mobilization and rearrangement [88]. Carbon fragments from the particle’s interior are
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likely lost to gasification in the presence of available oxygen escaping as CO and CO2. Evolution
of oxygen from the carbon matrix results in the creation of edge sites as bonds break and the
lamellae fragment when oxygen leaves. With all processes occurring simultaneously, the newly
created edge-site-dominant carbon fragments are likely lost to vaporization and escape the particle
altogether. The more resistant basal plane carbon along the particle’s perimeter keep the particle
intact and provide a template for the lamellae to orient peripherally, giving it a banded appearance.
The arrows in Figure 51-(B, D) show evidence of vaporized and condensed carbon, also observed
elsewhere [103].
On the other hand, when the available oxygen content is low, such as in B5-soot or the 6-hour
HNO3-treated R250, relatively less carbon is lost to gasification leaving behind more carbon in the
particle’s interior. Less oxygen evolution now leaves behind a larger number of reactive edge-site
dominant fragments, i.e., partial gasification creates more radical sites than full gasification.
Simultaneous mobilization of all carbon fragments in the particle’s interior thereby results in the
formation of relatively long ribbon-like lamellae, templating the outside banded periphery and
creating hollow pockets in the particle as the lamellae rearrange.
Many processes take place in the short duration (10s – 1000s of nanoseconds) after the material is
heated. Delineating the effect of one process from another is an experimental challenge. Atomistic
simulations would potentially be effective way to study laser heat treatment on carbon at less than
nanosecond timescales, with TEM providing information of the final structural outcome after laser
heat treatment. While out of the current scope of this work, this approach is suggested as a pathway
towards developing this work in the future.
Effect of power
A similar evolution in soot nanostructure, i.e., ribbon-like lamellae arrangement vs. hollow shells,
are observed when soot samples generated by different engines, now operating at low and high
powers, respectively, are laser heated. Shown for diesel- and jet-engine generated soot, each engine
operates at a high and a low power setting. The diesel-engine uses the certified fuel, and the jetengine uses Jet A as fuel. Thus, the effect of power on soot nanostructure, while using the same
fuel for both operating powers, is shown in this section.
Diesel: The Cummins diesel engine was operated with certified fuel at two different powers
(torque). Soot generated by the engine at the minimum and maximum power conditions, 0% and
60% torque respectively, is compared for its nanostructure as received and after laser annealing in
Figure 52. Soot generated at 0% torque evolves into the ribbon-like nanostructure upon laser
annealing (Figure 52-B) while that generated at 60% torque shows a hollow-shell nanostructure
(Figure 52-D). TEM micrographs are quantified for fringe length and tortuosity in Figure 53.
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Figure 52: TEM images showing (A, C) nascent and (B, D) annealed nanostructure of soot
generated by a diesel engine operating at (top row) 0% and (bottom row) 60% torque
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Figure 53: Fringe statistics for diesel-engine generated soot at 0% and 60% torque
Figure 53 shows difference plots, i.e., statistics of nascent soot are subtracted from respective
statistics of laser annealed soot to quantify the degree of change in nanostructure for soot generated
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at 0% torque and 60% torque, respectively. The degree of change in the two soot samples shows
similarity for fringe length, because both soot samples now have long fringes, proportionally
greater in number than their nascent counterparts. However, soot generated at 60% torque shows
many straighter fringes (tortuosity = 1) as compared to soot generated at 0% torque. This is also
evident from their TEM images, where Figure 52-B has longer fringes with undulations, not
observed in Figure 52-D.
Jet: Soot generated at high and low powers in the J-85 jet engine analyzed for its nanostructure
evolution after laser heating is shown in Figure 54.
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Figure 54: TEM images showing (A-B, E-F) nascent and (C-D, G-H) annealed nanostructure of
jet soot at (top row) low and (bottom row) high power conditions
Soot generated at the higher power in the J-85 evolves to a hollow-shell like structure while that
from the low power condition has a ribbon-like interior with lamellae showing short-range order
and no particular long-range alignment observed in the hollow-shell structures. Figure 55 shows
corresponding fringe analysis and statistical quantification of the nanostructure.
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Figure 55: Fringe statistics quantifying the degree of change in diesel and jet engine soot as a
function of engine load conditions
The statistics are difference plots, i.e., each bar represents the degree of change in nanostructure
due to laser heating, calculated as the fringe statistics of nascent soot subtracted from annealed
soot. Soot generated at the high-power condition shows many straighter fringes (tortuosity = 1)
while the degree of change in fringe lengths are somewhat similar for both soot samples, with both
having longer fringes relative to the nascent material.
The four soot samples generated at low and high powers from the diesel- and jet-engine were
characterized for their oxygen content using EDS and XPS. Relative percentages of carbon and
oxygen from these techniques are shown in Table 13 for EDS and Table 14 for XPS.
Table 13: Elemental C and O quantified by EDS
Analytical
Source
Technique

Power
Conditions

Carbon (wt. %)

Oxygen (wt. %)

0% torque

96.8

3.2 (± 0.5)

60% torque

95.5

5.1 (± 0.4)

Low

95.8

3.2 (± 0.5)

High

92.9

7.1 (± 0.9)

Diesel
EDS
Jet

These soot samples were obtained on polytetrafluoroethylene (PTFE) filters and analyzing them
with XPS was a challenge given problems with the sample thickness on the filter and sample
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charging, resulting in a shift of the spectrum although contributing minimally to the area under the
curve used for quantification of the results. An overlay of the spectra for soot generated by low
and high-power operation of the jet engine is shown in Figure 56.

0.3

Normalized Counts

Jet Engine Soot: XPS

0.2

Low Power
High Power

0.1

0

295

290

285

280

Binding Energy (eV)
Figure 56: XPS C1s spectra overlay for jet-engine generated soot at low- and high-power
operation
As quantified, the high power C1s spectrum shows a tail end expansion indicating a higher number
of ketone and carboxylic acid groups. The At. % of O and C is calculated from the O/C ratio after
removing any contribution of carbon bonded to fluorine in PTFE. Only carbon bonded to oxygen
is considered.
Table 14: C and O quantified by XPS
Analytical
Source
Technique

Power
Conditions

Carbon (at. %)

Oxygen (at. %)

Approx. %
Signal from
soot

0% torque

94.4

5.6

19.1

60% torque

93.5

6.5

19.4

Low

90.8

9.2

66.9

High

88.5

11.5

53.4

Diesel
XPS
Jet
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These soot samples were available as an extremely thin coating on the PTFE filter. Even though
XPS is sensitive to the top ~2 nm of the material, the contribution of the filter to the signal cannot
be ignored for these particular samples. Therefore, an approximate quantification to delineate the
fraction of signal obtained from the soot relative to a 100% of the signal detected from the soot
and filter combination is shown in the last column of Table 14. For diesel-engine generated soot,
only ~20% of the signal detected is from soot, while for jet-engine generated soot, > 50% of the
signal detected is from the soot. This likely associates a greater error value (~10 at.%) with the
XPS quantification of these samples. While the variety of biofuel blends were definitively shown
to contain more oxygen as the proportion of biofuel blended with ULSD increased, the increase in
oxygen content may not be as obvious when operating an engine at a high-power relative to a lowpower operation. The diesel- and jet-engine soots generated at the high-power condition show
hollow shells when laser heated and its corresponding nascent soot shows a higher oxygen content
by EDS and XPS pointing to the incorporation of oxygen in the soot matrix when operating at the
different powers. Likely associated with greater error by XPS, the relative increase in oxygen still
holds, given consistency in measurement and quantification between sample by both techniques.
The presence of oxygen in the fuel has been shown, by multiple works, to alter the formation
mechanism [190,192] and result in the formation of soot exhibiting a higher oxidative reactivity
[49,69,193,211]. Higher reactivity is attributed to the nanostructure of soot containing a significant
number of reactive edge sites or C5 species [49,190,193] due to changes in fuel-air mixing
associated with fuel-bound oxygen, consequently resulting in the formation of more reactive soot.
Unclear yet is the incorporation of oxygen in the soot matrix as a function of other conditions such
as power, pressure or temperature, assuming the same fuel is used for combustion, with ongoing
research on variations of this aspect [62,212]. In one study, soot generated by four different aircraft
engines was analyzed for its chemical composition by XPS [62]. Oxygen functionality is one of
the aspects analyzed and discussed among other elements adsorbed on the surface of the soot. For
higher operating power, two out of four engines showed increased COOH while one engine each
showed increased C-OH and C=O, inconclusively correlating the oxygen content to engine
operating power while also using fuels that differ aromatic and sulfur content. Three out of four
engines showed a higher sp3/sp2 (or lower sp2/sp3) carbon for a higher operating power as
quantified by XPS. In another study, sp2/sp3 carbon was shown to increase with operating power
for a different aircraft engine [191]. This points to the highly variable and potentially inconclusive
correlations of oxygen to engine power to date.
Given the EDS and XPS analysis of nascent soot and its nanostructure evolution on laser heating,
while drawing inferences from similar results obtained with biodiesel generated soot, it is likely
that more oxygen is incorporated into the soot matrix when it forms at higher power. However,
soot formation is highly dependent on the localized conditions prevailing in fuel-rich regions of a
spray or premixed pockets rather than global combustion conditions of temperature, pressure or
fuel-air ratio [190]. With the limited number of engines (two – diesel and jet) and power settings
(high and low) analyzed here, this finding, while significant, may not be universally applicable,
i.e., across all powers for all engines. It does, however, suggest using laser derivatization as a
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potential tool for a comparative analysis of soot nanostructure to delineate the effect of operating
engine power from that of fuel chemistry while using many more soot samples preferably
generated systematically in different engines at various power settings.

SIMILARITY OF NANOSTRUCTURE AFTER LASER HEATING: THE ROLE OF
FUEL CHEMISTRY
Nanostructure evolution upon laser annealing follows divergent pathways. Initial nanostructure
appears to dictate nanostructure evolution of the soot when soot samples from two different
sources are compared. Within a source, the similarity in nascent nanostructure is likely, and
therefore, soot chemistry, influenced by fuel and power conditions, is dominant in direction
nanostructure evolution. Given this, similar nanostructures after laser heating may also be
observed, and it is important to identify and study such outcomes and reasons for the observed
similarity. Although generated by different sources, the following examples illustrate the
resemblance in nascent soot nanostructure. These also evolve similarly upon laser heating, seen
visually by TEM and quantified by fringe analysis while EDS and XPS quantify the oxygen
content.
Wood- fired boiler vs. cookstove generated soot
Soot is generated by and sampled from a wood-fired boiler burning pine wood and a residential
cookstove burning oak wood. Both sources are biomass-fueled and the soot generated by these
sources shows similar nanostructure upon laser heating (Figure 57).
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Figure 57: TEM images showing (A, C) nascent and (B, D) annealed nanostructure of soot
generated by a (top row) wood-fired boiler burning pine wood and (bottom row) cookstove burning
oak wood
Quantified fringe statistics confirms the visual similarity in nanostructure. Difference plots in
Figure 58 show similar degrees of change of the annealed soot relative to the nascent material.
Longer and straighter fringes are observed for both soot types, arranged somewhat concentric to
the particle perimeter, as observed by their respective TEM images.
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Figure 58: Fringe statistics showing similarity in the degree of change observed after laser heating
soot from a wood boiler and a cookstove
This similarity in nanostructure can be attributed to the observed equivalent oxygen content of the
nascent soot, quantified by EDS and XPS in Table 15. Being wood-based, both have comparable
oxygen present due to their high cellulose and hemicellulose content.
Table 15: C and O quantification for wood-fired boiler and cookstove soot by EDS and XPS
Analytical Technique
Fuel

EDS

XPS

Carbon

Oxygen

Carbon

Oxygen

(wt. %)

(wt. %)

(at. %)

(at. %)

Wood boiler

96.2

4.8 (± 0.45)

86.6

13.4 (± 0.68)

Cookstove

96.8

4.2 (± 0.46)

87

13 (± 0.89)

Source

Wood

Oil-fired boiler vs. oil spill generated soot
Soot generated by and sampled from a residential oil-fired boiler and samples analyzed from the
Gulf of Mexico oil spill catastrophe, fueled by oil-based fuels originating from different sources
yet also show resemblance in their nascent and annealed nanostructures, as illustrated in Figure
59.
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Figure 59: TEM images showing (A, C) nascent and (B, D) annealed nanostructure of soot
generated by (top row) an oil-fired boiler and (bottom row) the Gulf of Mexico oil spill catastrophe
The fringe statistics (Figure 60) follow similar trends with the difference plots quantifying the
degree of change in the soot after laser heating relative to the nascent material. As observed for
soot generated by wood-fueled sources, the similar trends in nanostructure of soot generated by
oil-fueled sources can also be correlated to its oxygen content, quantified by EDS and tabulated in
Table 16. Sample quantities were insufficient for an XPS analysis.
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Figure 60: Fringe statistics showing the similarity between soot generated from two sources using
an oil-based fuel
Table 16: C and O quantification of soot generated from oil-fueled sources by EDS
Analytical Technique
Fuel

EDS
Carbon

Oxygen

(wt. %)

(wt. %)

Oil-fired boiler

97.2

2.8 (± 0.4)

Oil Spill

97.5

2.5 (± 0.3)

Source

Oil

Likeness in the evolution of soot nanostructure upon laser annealing for the wood- and oil-fueled
sources point to the greater impact of fuel chemistry than source in driving soot formation,
ultimately resulting in comparable soot chemistry and nanostructure. While the effect of fuel on
soot chemistry has been studied [189,190,211], the resemblance in nanostructure owing to similar
fuels used across different sources has not been analyzed yet for nascent or laser derivatized soot.
The hierarchy of factors influential in soot formation can be explored by expanding the analysis
from this work to a variety of real sources operating on similar fuels, and laser derivatization can
be used as a secondary check for equivalent soot chemistry based on similar nanostructure
evolution upon annealing.
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SUMMARY
The premise of source identification using laser derivatization is that soot formation conditions
differ by fuel, pressure, temperature, time and species across combustion sources. The blend of
formation conditions leads to different chemical composition (C/H, heteroatoms) and other
structural variations including cross-links, defects, etc., in the soot. The effects of the lattice defects
and crystallite organization become magnified during rapid annealing under the action of pulsed
laser heating. Our goal is to illustrate improved nanostructure recognition brought about by laser
annealing to differentiate soots formed under different operational conditions yet originating from
the same source. Nanostructure evolution on laser heating has been shown to depend upon the
oxygen content present in the fuel used, subsequently influencing nascent soot chemistry and
thereby, its annealed nanostructure. Specifically, higher oxygen content in nascent soot results in
the formation of hollow shell-like particles upon laser annealing while a lower oxygen content
shows nanostructure evolution in the form of ribbon-like lamellae in the particle’s interior within
a graphitic or banded perimeter. On the other hand, soot from different sources burning fuels
comparable in their chemistry may result in nanostructure similarity both before and after
annealing, as demonstrated by the wood- and oil-fueled sources. The role of fuel chemistry and its
influence on soot nanostructure is significant, observed by evaluating the nanostructure of soot
generated by the use of like fuels in unlike sources or the use of varying fuel blends in the same
source. Soot generated by widely varying sources also varies in its nascent nanostructure such as
that from a diesel- compared to a jet-engine. Soot generated by disparate sources may, therefore,
be first identified by its nascent nanostructure with laser derivatization providing a secondary
check. Power variation within an engine (diesel or jet) is observed to have a similar effect on soot
structure as that of fuel chemistry. A higher power operation has shown to result in higher oxygen
content in nascent soot. This is yet another factor pointing to the influence of combustion
conditions on the soot formation mechanism and eventually its chemistry.
Thus, given the number of variables involved and complexity of the soot formation process, soot
differentiation based on nanostructure can be meaningful when assessed and documented one
receptor site at a time, to unambiguously identify sources contributing to a receptor site.
Developing a database of known soot samples and identifying unknown soot samples based on a
database match of soots analyzed similarly would ultimately help tackle more complicated
differentiations, i.e., across receptor sites, sources and conditions. Source identification would, in
turn, help develop mitigation strategies towards controlling soot emissions while also informing
source models for better predictive modeling.
Towards emission control, alternative fuels are increasingly being explored as a means to reduce
emissions. Soot generated by burning synthetic paraffinic or oxygenated fuels has been shown to
reduce the concentration of emitted soot while the use of alternative fuels has consistently been
shown to result in more reactive soot, also observed here with the biodiesel blends. This knowledge
about soot reactivity and its properties based on its source can help in developing effective
emission control strategies. One such approach towards developing better control is the efficient
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operation of diesel engines, for instance. Diesel engines use diesel particulate filters (DPFs), to
control emissions and filter regeneration is an important aspect to ensure emission reduction,
driven by soot oxidation [211]. Efficient DPF regeneration strategies for effective emission control
will depend upon identification and characterization of the soot generated by the engine, and the
soot that remains trapped in the filter pores even after filter regeneration. To inform better emission
control strategies, the behavior of soot and evolution of its nanostructure when subject to typical
active and passive regeneration in DPF-like conditions towards filter regeneration is explored in
the next chapter.
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PART IV: CONTROL
CHAPTER 5: ANALYSIS OF OXIDIZED SOOT AS A FUNCTION OF
NASCENT NANOSTRUCTURE FOR DPF REGENERATION
The contents of this chapter are published in the International Journal of Engine Research and are
referenced as
M. Singh, M. Srilomsak, Y. Wang, K. Hanamura, and R. Vander Wal. Nanostructure changes in
diesel soot during NO2–O2 oxidation under diesel particulate filter-like conditions toward filter
regeneration. Int. J. Engine Res. (2018). doi:10.1177/1468087418807608
PREFACE
Author contributions: RVW conceptualized the outline. M. Srilomsak performed oxidation
experiments. M. Singh performed all characterization and data analysis. M. Singh wrote the paper
in consultation with RVW. Y. Wang provided input on the application of the work to developing
a DPF regeneration strategy. The authors acknowledge support by the National Science
Foundation (NSF), Chemical, Bioengineering, Environmental, and Transport Systems (CBET),
under Grant Number 1236757. TEM was performed using the facilities of the Materials Research
Institute at The Pennsylvania State University. The diesel engine soot was provided by Cummins
Technical Center, Columbus, IN. The carbon blacks were supplied courtesy of Cabot Corp.

INTRODUCTION
Diesel Particulate Filters (DPFs) are used in vehicles to decrease the amount of particulate matter
released into the atmosphere. Efficient working of a DPF is subject to periodic filter regeneration
by oxidizing the accumulated soot [10,71]. This depends on the oxidative reactivity of soot which,
in turn, is influenced by fuel formulation, combustion conditions and soot nanostructure
[10,65,67,69,71,213–215]. Surface oxygen groups, whose presence is dependent on fuel and
combustion conditions, are often cited as causative for higher soot oxidative reactivity
[68,216,217]. However, as demonstrated by Strzelec et al. [65], the presence of such groups only
affects initial reactivity and not then ensuring reactivity thereafter. Soot morphology has also been
tied to oxidative reactivity [217–220]. Although morphology has been related to engine and fuel
conditions, such as found in the work by Su et al. [219], it should be understood that this was not
measured nor connected to differences in reactivities for the two soots during oxidation under 5%
O2. A linked study by the same group [217] showed that soot oxidative reactivity was qualitatively
related to its morphology and subsequently to its nanostructure as the primary factor regulating
oxidative reactivity. In contrast, several notable works have identified soot “structure”
[178,217,219,220], either understood or named as nanostructure [10,65,70,138] as an essential
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metric governing soot oxidative reactivity and as consequence, nanostructure has been studied
across a variety of fuels and fuel blends under different oxidation conditions. Yet absent from
present literature is a study showing comparative nanostructure evolution for conditions of passive
DPF regeneration with and without NO2 at typical exhaust temperatures, as detailed in this
manuscript. Thus, changes in soot nanostructure – qualitative via high resolution transmission
electron microscopy (HRTEM) and quantitative via image analysis – when soot is subjected to
oxidation under conditions observed in a diesel exhaust for passive DPF regeneration are the focus
of this work.
Development of the regeneration process of a DPF via soot oxidation is a challenge because of the
complex nature of soot and lack of predictability of its structure due to varying fuel compositions
and engine operating conditions [139]. Between active or passive regeneration processes, the latter
is considered more efficient, taking place at normal exhaust temperatures (200°C – 400°C)
continuously, without potential damage to the filter itself when exposed to higher temperatures (>
500°C) required for aperiodic active regeneration. The prevailing low temperatures inhibit the
reactivity of oxygen (O2). Noteworthy studies [137,221–223] have provided evidence of such, with
NO2 from the exhaust gases being the trigger for soot oxidation and increasing the reactivity
towards O2. Reactions by NOx, including N2O and N2O4, with associated kinetics, have also been
studied and well summarized by Stanmore et al. [137]. Most works have focused on soot oxidation
for DPF regeneration by analyzing reaction kinetics at various temperatures [68,223–226],
changing NO2 and O2 gas concentrations [223], with and without the presence of moisture [223]
and/or by using representative carbon blacks as surrogates for diesel soot [220,221]. Due to the
inactivity of O2 at typical passive regeneration conditions, soot oxidation is initiated by the
presence of NO2 in the exhaust gas. Once the process of oxidation begins, the mechanism has been
shown to occur via the formation of surface oxygen complexes (SOCs) as intermediates [221].
These intermediates subsequently react with O2 to produce carbon dioxide (CO2) and/or carbon
monoxide (CO). K. O. Lee and coworkers reported that in the presence of O2, increasing NO2
promotes soot oxidation at relatively lower temperatures (200°C – 580°C) [224].
When NO2 is added to the mix at relatively high concentrations, for instance, the 10,000 ppm (1%)
NO2 in Argon, as studied by Strzelec et al. using temperature programmed oxidation (TPO) from
50°C – 650°C [10], contrasting nanostructure was observed wherein NO2 oxidation led to lamellae
breakup while O2 preferentially attacked curved lamellae under low-temperature conditions due to
enhanced reactivity introduced by curvature [208]. Different than our prior collaborative work,
this study tested the role of lamellae curvature upon oxidative reactivity towards O2 versus NO2 +
O2. Seong and Choi [222] observe a similar shrinking sphere in the presence of NO2 at
concentrations of 1000 ppm (0.1%) and 2500 ppm (0.25%), levels that are significantly above the
nominal NO2 concentration (100 – 900 ppm) within exhaust gases from a diesel engine [10]. These
studies show aggressive oxidation by NO2 at high concentrations, not discriminating between the
more reactive edge sites and the relatively stable basal planes. O2 oxidation, on the other hand,
shows an internal burning mode at low temperatures (~ 500°C) due to competing rates of reaction
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kinetics versus mass transport, resulting in O2 migrating to the core of the particle and oxidizing
the reactive PAHs present at its center. Soot oxidation by O2 will preferentially remove amorphous
carbon relative to graphitic carbon as well as loosely stacked and curved fringe segments.
Pahalagedara et al. [220] provide a detailed statistical study of the influence of particle structure
on soot oxidation activity. A central point from this work is that soot activity towards oxidation
decreases with the increased organization of structure in the soot, making it less reactive to further
oxidative attack, as shown in our prior studies [67,69,138,139], and as mechanistically described
in terms of basal to edge site carbons [67,139].
Such comparative knowledge for oxidation by NO2-O2 gas mixtures is still limited, having
received little attention until recently. Few studies [10,222] have investigated the impact of
nanostructure on rate, and there is little study of oxidant mixture NO2 + O2 upon nanostructure –
and in turn change in rate as the nanostructure evolves. Largely absent from relevant literature on
NO2 oxidation of soot for passive DPF regeneration are micrographs of soot showing the effect of
oxidation by NO2 and O2 on soot (nano)structure and under conditions that are routine to the
regeneration process. Significant insight into the reaction mechanism and its kinetics of oxidation
are prevalent [10,137,221–223,226], despite which there is a need to understand the physical
features underlying the reaction mechanism, i.e., the nanostructure origins for soot undergoing
oxidation at 400°C and the subsequent plateau of oxidation rate observed with time.
This work aims at analyzing the effect of passive regeneration conditions on the nanostructure of
soot and the interdependence of these parameters. Carbon blacks have been used as model soots
for this analysis, along with soot from a diesel engine to understand nanostructure evolution as it
would take place in a DPF. Carbon blacks are not contaminated with metals, lube ash, nor volatile
or organic content – facilitating a clean and uncomplicated comparison. The oxidative reactivity
of a diesel soot collected from a DPF is also analyzed by subjecting it to oxidation under gas,
oxidant staging and temperature conditions similar to those occuring during passive regeneration.
Similarly, its reactivity to oxidation is analyzed qualitatively based on changes observed in its
nanostructure using TEM and quantified using fringe analysis of the images.

EXPERIMENTAL PROCEDURE AND METHODOLOGY
The model carbons used in this study are Monarch 1300 (M1300) and Regal 250 (R250) provided
by Cabot Corporation and arc generated soot. To benchmark the R250 carbon, a diesel engine
generated soot provided by Cummins Inc. possessing similar nanostructure was tested. This soot
was collected from a DPF, generated by a 6.7L ISB engine running ultra-low sulfur diesel (ULSD)
fuel.

THERMOGRAVIMETRIC ANALYSIS
A Perkin Elmer TGA 7 thermogravimetric analyzer has been used to oxidize the carbons above.
The samples were pretreated with ultra-high purity nitrogen gas (N2) until the desired oxidation
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temperature of 425°C was attained at a ramp rate of 20°C/min. Upon reaching this temperature,
the samples are exposed to the desired gaseous atmosphere of (a) 10% O2 or (b) NO2-O2 gas
mixture comprised of 500 ppm (0.05%) NO2 and 10% O2 by volume with N2 making up the
balance flow in both cases. Mass loss data for each sample is collected every 30 seconds with a
maximum instrument error of ~5% observed when calibrated with a standard. Oxidation rates have
been normalized to the initial weight of the sample at the start of oxidation after attaining the
desired temperature, i.e., weight loss during the temperature ramp-up in N2 is not considered. The
following are details of the isothermal experimental runs on the TGA for the different samples at
425°C.
Single-stage Oxidation
For the single stage oxidation studies using (a) 10% O2 (balance N2), oxidation was performed
until 40% conversion for R250 and diesel soot and until 80% conversion for Arc Soot and M1300.
This difference in conversion is due to prolonged exposure time required for R250 and diesel soot
owing to a slower oxidation rate. For (b) 500 ppm NO2 and 10% O2 (balance N2), oxidation was
performed until 40% conversion for all materials studied.
Two-stage Oxidation
Practically, DPF soot will be oxidized predominantly by NO2-O2 passive regeneration, prior to any
active regeneration by O2 at higher temperature. However, when the engine operation conditions
are not favorable for passive regeneration (e.g. low exhaust temperature and associated low NOx
emission, as may arise during operation with extensive idling), soot may undergo active
regeneration (by O2 oxidation) which will be followed by continued NO2-O2 passive regeneration.
This preceding oxidation could then impact the following oxidation rate. Such an impact would
occur through a change in soot nanostructure.
To replicate these different regeneration exposures occurring in a DPF, an additional set of
experiments utilized a two-stage oxidation procedure. Diesel soot was subsequently analyzed for
the effect of changed nanostructure by first stage oxidation upon second stage oxidation reactivity.
This two-stage oxidation study has the following two experimental conditions associated with it
at 425°C – a common temperature to provide comparable conditions and therein establish a
baseline reference:
(A) Diesel soot subjected to oxidation under 500 ppm NO2 and 10% O2 (balance N2) until 40%
conversion. At this point, the gas was switched to 10% O2 only (balance N2) until a net
conversion of 60% was attained. (referred to as Ox-A)
(B) A reciprocal scenario to (A). Diesel soot is subjected to oxidation until 40% conversion
under 10% O2 only (balance N2) after which the gas is switched to 500 ppm NO2 and 10%
O2 (balance N2) until 60% conversion. (referred to as Ox-B)

104

HRTEM imaging and subsequent fringe analysis have been performed using the aforementioned
methodology and in-house algorithms.

RESULTS AND DISCUSSION
TEM images of the untreated carbon blacks and diesel soot used are shown in Figure 61. Arc soot
shows an amorphous structure with no visible stacking or spatial order, as also observed from soot
generated from spark-ignited direct injection engines [227,228]. Nascent M1300 exhibits multiple
closed shells or fullerenic structures, similar to soot observed from a EuroIV test diesel engine
[219]. R250 shows short lamellae organized concentrically with disorganized PAHs present in the
center of the particle. Soot generated from a diesel engine has an appearance similar to R250 but
has particles that are not as well defined and as spherical as those of the carbon black.
10 nm
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100 nm

B) M1300

50 nm

20 nm

C) R250

D) Diesel Soot

Figure 61: Transmission electron micrographs of A) Arc Soot, B) M1300, C) R250 and D) Diesel
Soot showing their nascent nanostructure
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OXIDATION IN 10% O2
Figure 62 shows oxidation rates of the materials studied when subject to isothermal treatment
under 10% O2 (balance N2) at 425°C. R250 and diesel soot show a relatively unchanging oxidation
rate throughout their conversion indicative of a slow, uniform burnout of the material with time.
Oxidation rates of arc soot and M1300, on the other hand, are different from the former materials
and show opposing trends with respect to each other. With time, the conversion of arc soot rapidly
decreases as observed from a significant decreasing rate of mass loss while that of M1300 increases
dramatically. This can be better understood by examining their nanostructures, shown in Figure
63 for arc soot and Figure 64 for M1300. As arc soot undergoes oxidation, its nanostructure
changes towards a more “graphitic” state with increasing degree of conversion. Figure 63B shows
arc soot having a mixed nanostructure comprised of its nascent structure-less form along with the
appearance of “ribbon-like” organized structures in the center of the amorphous material. Figure
63C consists largely of the ribbon-like graphitized form, bearing little resemblance to the
amorphous structure of virgin arc soot. This development of structure in the material and
consequent “graphitization” results in arc soot becoming progressively less reactive to oxidative
attack by O2 at this temperature, slowing down its oxidation rate. M1300 shows the opposite trend
as seen in Figure 64. Nascent M1300 has highly curved basal planes and a fullerenic nanostructure
showing lower reactivity to O2 initially when compared to arc soot. After 80% conversion (Figure
64B) and significant exposure to O2, while there is evidence of relatively longer fringes, it still
bears a resemblance to its initial structure. Although slow to begin with, prolonged oxidation
results in O2 necessarily beginning by attacking the basal sites given the interlocking and nested
curved lamellae characterizing this fullerenic nanostructure. Removal of basal carbons creates
reactive edge sites along the interior perimeter of the “hole” in the shells. These newly formed
edge sites preferentially oxidize thereby multiplying and accelerating the mass loss as oxidation
proceeds. These findings are complemented by a previous study by Gaddam et al. [138] at a
relatively higher temperature of ~500°C.
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Figure 62: Comparison of oxidation rates of arc soot, M1300, R250 and diesel soot under 10% O2
at 425°C
A) Nascent
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B) 40% Conversion
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Figure 63: TEM images showing nanostructure of A) nascent arc soot, and arc soot oxidized in
10% O2 to B) 40% and C) 70% conversion
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A) Nascent

B) 80% Conversion

10 nm

10 nm

Figure 64: TEM micrographs of M1300 showing nanostructure of A) nascent material and B) after
being subjected to 80% conversion in 10% O2

OXIDATION IN 500 PPM NO2 + 10% O2

Oxidation Rate (1/m dm/dt) 1/min

When the materials are subject to oxidation in an atmosphere of NO2 and O2, oxidation rates show
trends similar to those observed when only O2 was used for oxidation, i.e., R250 and diesel soot
show relatively constant and overlapping rates of oxidation while arc soot and M1300 show
opposing trends. Due to their slow rates, these materials were oxidized upto a 40% conversion.
Oxidation rates as a function of conversion are shown in Figure 65. Although trends are similar,
the absolute oxidation rate is higher when 500 ppm NO2 is added to the prevailing 10% O2, with
comparisons of oxidation rates shown subsequently in Figure 70.
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Figure 65: Comparison of oxidation rates across carbon blacks and diesel soot under 500 ppm
NO2 + 10% O2
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Transmission electron micrographs of R250 (Figure 66), diesel soot (Figure 67), M1300 (Figure
68) and arc soot (Figure 69) comparing nanostructure of the nascent material, material oxidized in
O2 only and oxidized in the NO2+O2 gas mix are shown in the following images.
C) 40% Conversion (500 ppm NO2 + 10% O2)

A) Nascent

20 nm

B) 40% Conversion (10% O2)

10 nm

20 nm

Figure 66: TEM images of R250 – A) Nascent, 40% conversion under B) 10% O2 and C) 500 ppm
NO2 + 10% O2
A) Nascent

B) 40% Conversion
(10% O2)

10 nm

10 nm

C) 40% Conversion
(500 ppm NO2 + 10% O2)

10 nm

Figure 67: TEM images of diesel soot – A) Nascent, 40% conversion under B) 10% O2 and C) 500
ppm NO2 + 10% O2

109

A) 40% Conversion in 10% O2

B) 40% Conversion in 500 ppm NO2+10% O2

10 nm
10 nm

Figure 68: TEM images of M1300 – 40% conversion under A) 10% O2 and B) 500 ppm NO2 +
10% O2
40% Conversion in 500 ppm NO2 + 10% O2

10 nm

A

10 nm

B

Figure 69: (A, B) TEM images of arc soot showing 40% conversion under 500 ppm NO2 + 10%
O2
While a significant difference in nanostructure is not observed by visual inspection when the
material is subject to O2 oxidation only, as compared to when it undergoes oxidation under
NO2+O2, inferences on nanostructure and material reactivity can be drawn by comparing the
oxidation rates of the materials from the two exposure conditions and by quantifying HRTEM
images to compare fringe characteristics between these conditions, across samples.
Figure 70 compares oxidation rates for arc soot and M1300 between the two gas exposure
conditions. For both samples, the increase in oxidation rate is significant when the carbon blacks
are exposed to the NO2+O2 gas mix. This increase in oxidation is comparatively marginal for R250
and diesel soot and given their relatively unchanging overlapping oxidation rates – the differences
are challenging to discern and therefore have not been presented here. However, arc soot (Figure
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69) and M1300 (Figure 68) show vastly different nanostructures, thereby bracketing the range of
observable nanostructures in engine soot and therefore are good points of reference to understand
the oxidation phenomenon here.
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Figure 70: Comparison of oxidation rates of arc soot and M1300 when subject to an atmosphere
of 500 ppm NO2 + 10% O2 vs. 10% O2 only. Error arcs indicate a maximum ~5% instrument error
Also telling of differences in nanostructure are fringe characteristics of length and tortuosity shown
in subsequent figures. Fringe characteristics are represented as difference plots i.e., HRTEM
images have been analyzed for the two gas exposure conditions and fringe statistics have been
extracted for each material after oxidation in (a) O2 and (b) NO2+O2. To quantify the degree of
change in nanostructure after oxidation relative to its nascent self without any oxidative treatment,
fringe length statistics for M1300 oxidized by gas composition (b) have been subtracted from gas
composition (a), thereby showing differences (in nanostructure) between the two conditions. These
are nanostructure statistics of NO2+O2 oxidized soot subtracted from nanostructure statistics of
10% O2 oxidized soot, thereby quantifying the degree of change in the material by one oxidant
relative to the other. Figure 71 shows this difference plot of fringe length and tortuosity for M1300.
A greater percentage of short (<1.5 nm) fringes are present when M1300 is oxidized by 10% O 2
as compared to oxidation by NO2+O2. In fact, oxidation by gas composition (b) showed a
seemingly higher proportion of relatively longer (>2nm) fringes (positive %’s originally, now
registering as negative percentages on subtraction). This is corroborated by the respective fringe
tortuosity showing the presence of less tortuous (i.e., longer, straighter) fringes (remaining) in
NO2+O2 oxidation as compared to the O2 only case (shown by difference as the -12% bin at 1) –
reflecting a deficit of highly curved fringes for the NO2+O2 case. (A tortuosity of 1 means the
length and shortest distance between fringe endpoints are the same, i.e., straight fringes.)
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Figure 71: Difference plot of fringe length and tortuosity for M1300 compared for the two gas
exposure conditions of 10% O2 and 500 ppm NO2 + 10% O2
To summarize, as inferred by the difference plots, longer and flatter lamellae remain after oxidation
by NO2+O2. For reference, by our prior studies [67,69,138,193], lamellae with higher curvature
are preferentially attacked in O2 oxidation. Added NO2 appears to accentuate this, accelerating the
preferential loss of short and more curved lamellae. Therein it would appear that NO2 acts as a
promoter, synergistically enhancing the known edge site attack by O2. Moreover, this
quantification of remaining fringes after oxidation demonstrates that NO2 in the NO2+O2 gas
mixture does not attack basal sites leading to lamellae breakup – else more, shorter lamellae would
be observed, and displayed as negative length difference in Figure 71. Notably such breakup has
been observed previously by NO2 oxidation alone when present in significantly higher
concentration [10]. Moreover, lamellae with high curvature are preferentially lost under NO2+O2
oxidation – their curvature accelerating their edge site oxidation.
Figure 72 shows a similar result for the diesel engine generated soot for its fringe characteristics.
This supports the higher rate of oxidation observed when NO2+O2 is used. The presence of NO2
results in a preferential oxidative attack on the available smaller fragments comprised of a greater
number of edge sites compared to basal planes in these materials. It also explains the seeming
similarity of HRTEM images because the absence of short lamellae is a challenge to directly
visualize (for the soots oxidized by NO2+O2), given the variation in contrast and brightness of the
images and limits on resolution. Although the net difference in fringe length is seemingly small,
its impact on subsequent oxidation is significant, as demonstrated by the two-stage oxidation tests.
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Figure 72: Difference plot of fringe length and tortuosity for diesel soot compared for the two gas
exposure conditions of 10% O2 and 500 ppm NO2 + 10% O2

TWO-STAGE OXIDATION
In an actual DPF, the collected soot would generally be first exposed to passive regeneration via
NO2+O2. Under real world transient driving conditions, soot accumulation continues to increase,
and it is necessary to trigger an active regeneration when DPF pressure loss is too high. Hence, the
accumulated soot is oxidized by O2 after passive regeneration. Still, some soot will remain in a
DPF after active regeneration. Consequently, the remaining soot from the active regeneration
would then be subjected to passive regeneration conditions. This study sought to test whether these
two scenarios of soot oxidations described by cases Ox-A and Ox-B show a significant difference
in reaction rate, and whether one type of regeneration affected the other regeneration rate by
change in nanostructure.
To mimic these two-stage oxidation scenarios, diesel soot was first oxidized by the combined gas
mix, 500 ppm NO2 + 10% O2 to a ~ 40% mass loss followed by oxidation in 10% O2 until a net
conversion of 60% (Ox-A) all at 425°C for direct comparison. This second stage oxidation serves
as a probe for change in nanostructure by the preceding oxidation stage. The reciprocal case was
also analyzed i.e., oxidation in 10% O2 to a ~40% mass loss followed by oxidation in 500 ppm
NO2 + 10% O2 gas mixture at 425°C until ~ 60% mass loss (Ox-B). Figure 73 shows the mass loss
curves for both two-stage oxidation cases Ox-A and Ox-B with time.
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Figure 73: Mass loss curves of diesel soot for oxidation under two-stage oxidation case Ox-A (NO2
+ O2 followed by O2) and Ox-B (O2 followed by NO2 + O2)
It is challenging to reconcile the lower absolute mass loss by NO2 + O2 than that by pure O2 for
diesel soot even though accelerated edge burnout by NO2 + O2 is observed for M1300 and arc soot.
An additional contribution by NO2, that of increased surface oxidation and consequent inhibition
of internal burning of the particle by O2, is resulting in a lower net mass loss. According to
literature, the promotional oxidation by the presence of NO2 is described by a shrinking sphere
burnout mode [10,222]. The difference in the degree of internal burnout when using NO2+O2
relative to using O2 (only) are illustrated by the representative image panel shown in Figure 74 and
further explained thereafter. Images A-C are of diesel soot oxidized with 10% O2 only and show a
higher proportion of particles oxidized to a greater degree of internal burnout relative to images
D-F for diesel soot treated with NO2+O2. These qualitative comparisons are made using > 30 TEM
images each and additional survey of multiple sampling points on the TEM grid.
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Figure 74: TEM images of diesel soot subject to oxidation to a 40% conversion under (A, B, C)
10% O2 and (D, E, F) 500 ppm NO2 + 10% O2
During stage 1, by promoting edge site oxidation, NO2 fosters surface oxidation by O2. In the
absence of NO2, the lower reactivity of O2 allows its diffusion into the particle and results in
internal burning. The higher reactivity of lamellae within the particle interior, now being exposed
to and oxidized by O2, outweighs the promoting effect of NO2 in the dual gas mixture (NO2+O2),
resulting in a greater absolute mass loss rate for O2 (only) oxidation. In essence, the burning mode
is altered by the presence of NO2, and surprisingly NO2 restricts internal diffusion by enhancing
edge site oxidation, and as consequence, promoting surface oxidation.
In stage 2, upon switching oxidants, the greater surface area produced due to internal burning by
O2 (only), coupled with a likely greater number of edge sites by this burning mode, now maintains
a greater absolute mass loss rate. To the author’s knowledge, this appears to be the first illustration
of change in burnout mode by a co-reactant, and illustration of apparent inhibition of (internal)
burnout by the promotional (reactivity) effect of NO2. Contrary to expectation, lower initial
oxidant reactivity accelerates latter stage oxidation as shown by the comparison of these two stage
oxidation cases. Alternatively stated, the order of oxidants matters, mediated by nanostructure.
However, further study is required to delineate relative contributions of preferential removal of
edge sites by NO2 and increase in surface area due to internal burning by O2. Towards practical
implementation of these initial results, larger or smaller divergence between rates of stages 1 and
115

2 will be dependent upon the soot nanostructure, often a function of fuel composition, engine
operation, and oxidation temperature [69,214,229–232].
The important parameter quantifying rate of oxidation is the slope of the graph and the change in
slope between 0-40% conversion and 40-60% conversion when the oxidant is switched out. The
slopes of the mass loss curves diverge after the 40% conversion mark to a final 60% conversion
indicating a difference in the material’s oxidative reactivity due to a changed nanostructure on
exposure to stage 1 of oxidation. This dependence on nanostructure is shown in Figure 75 for OxA and Figure 76 for Ox-B of this two-stage oxidation study.

20 nm

10 nm
A

B

Figure 75: HRTEM images of diesel soot subject to oxidation under two-stage oxidation case OxA (500 ppm NO2 + 10% O2 followed by 10% O2) to a burnout of 60%
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Figure 76: TEM images of diesel soot subject to oxidation under the two-stage oxidation case OxB (10% O2 followed by 500 ppm NO2 + 10% O2) to a burnout of 60%
This is further supported by fringe analysis for length and tortuosity of the respective HRTEM
images after a 60% conversion, shown in Figure 77.
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Figure 77: Fringe length and tortuosity difference statistics for case Ox-A (NO2 + O2 followed by
O2) minus case Ox-B (O2 followed by NO2 + O2)
Fringe analysis is shown using difference plots of length and tortuosity i.e. respective statistics of
two-stage oxidation case Ox-A minus case Ox-B. Fringe length shows small differences between
the two cases with soot having reached similar fringe lengths, also observed by the similarity in
nanostructure post-oxidation shown by TEM. Overall, however, Ox-A has a higher percentage of
long fringes (> 3 nm) supporting its slowing oxidative rate while Ox-B shows a higher percentage
of short fringes (~1 nm or less, negative %’s) indicating the presence of shorter lamellae with a
larger proportion of edge sites and thereby an increased mass loss rate due to edge oxidation.
Tortuosity differences support this and are also significant in contrast to differences in fringe
length. Ox-A has a significant number of straighter fringes (tortuosity = 1), i.e. flatter lamellae as
compared to Ox-B indicating the absence of curved basal planes and consistent with a reduced
activity towards oxidation by O2 at a temperature of 425°C.
Notably these differences are smaller relative to those observed at the mid-point of this oxidation
sequence i.e., at the 40% burnout point, but, are consistent with results shown in Figure 72 for the
single stage oxidation tests. The single-stage results for diesel soot are exactly equivalent to stage
1 of these two-stage tests at the intermediate point i.e., until the 40% conversion point. Fringe
analysis after stage 2 (Figure 77) shows a similar pattern as that of Figure 72, but with differences
indicating the shorter lamellae undergo accelerated oxidation under NO2+O2 and therein there is a
relative deficit of short lamellae, leaving longer and flatter lamellae remaining (positive %’s for
lamellae > 3 nm and tortuosity = 1). Although the second stage of oxidation acts to reduce the
differences induced by the first stage, the results are yet manifested even after an additional 20%
mass loss, as the fringe results in Figure 77 show and burning rates exhibit.
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SUMMARY
Underpinning rates and mechanism is physical nanostructure. The nascent nanostructure not only
impacts but can govern oxidation behavior for various types of carbon (including diesel soot) under
O2 oxidation at moderate temperatures [68,69,233], such as those in a DPF. This chapter aims to
analyze the influence of soot nanostructure on its oxidative reactivity and in turn, the effect of
oxidation on its final nanostructure to help explain and complement what has been observed
kinetically. One such metric, curvature, has been observed in our prior studies to increase the
reactivity of basal plane carbon atoms to O2 attack in the temperature range of 500°C – 800°C
[65,67]. Curvature is an increasingly prevalent nanostructure metric being observed in soots
originating from biodiesel fuel blends [65,69,193,213,229]. Both model carbons and engineered
soot with model nanostructure confirmed the increase of reactivity towards oxidation with the
interpretation of ring/bond strain, where the non-planar atomic configuration effectively introduces
an admixture of sp2 and sp3 hybridization [67,138] – thereby increasing reactivity [234]. In fact, a
high degree of curvature was shown to increase reactivity becoming equivalent to that of
amorphous carbon soot [138].
To address curvature, surrogate soot wherein nearly all lamellae are curved (M1300) was evaluated
relative to a different surrogate soot with general absence of curvature (R250). M1300 and arc soot
present contrasting nanostructure and oxidation results encompassing the range of nanostructure
that diesel soot may exhibit based on its formation conditions [138]. The similarity of oxidation
results and HRTEM images of R250 and diesel engine generated soot are supportive of a carbon
black like R250 being representative of diesel soot and thereby its use as a surrogate material to
study the behavior of diesel soot. Oxidation of carbon blacks at relatively low temperatures of
425°C studied here show an increased oxidation rate in the presence of NO2 owing to preferred
edge site oxidative attack by NO2 in the presence of O2. The interaction of diesel soot with the
gases oxidizing it shows a burning mechanism contrary to expectation when diesel soot is
subjected to a two-stage oxidation mimicking DPF-like conditions. TGA rates and corresponding
TEM images point to an altered burning mode in the presence of NO2 which promotes surface
burning by preferential edge-site oxidation with its co-oxidant (O2) and in the process, does not
allow significant internal burning of the particle (relative to the internal burning mode observed
with O2 as the only oxidant). NO2 appears to act as an accelerator, increasing the oxidative attack
of edge site carbon atoms but not basal plane sites. Contrary to literature and observations with
pure NO2, lamellae breakup by basal plane attack does not occur under the conditions of this study.
While hollow-shell formation due to internal burnout is an observation common to diesel soot
oxidation by both gases – O2 and NO2+O2 – the degree of internal burnout is far less when soot is
exposed to NO2+O2, indicating an altered burning mode due to NO2, not only by preferential edge
site oxidation, but also by inhibiting its co-reactant’s (O2) typical internal burnout mechanism
previously observed at these temperatures.
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Increased curvature in soot results in further oxidation of these curved lamellae, typically leaving
behind straighter and longer fringes, seemingly “graphitizing” the material in case of arc soot,
R250, and diesel soot. M1300 shows an opposing behavior due to the fullerenic nature of its initial
nanostructure with the carbon lamellae subjected to a high bond strain to begin with. Thus,
nanostructure has a strong influence on the reaction pathway and kinetics of soot oxidation shown
here using model carbons of varying initial nanostructure. Moreover, changes in overall
nanostructure, i.e. a change in net nanostructure content – by selective removal of short versus
longer lamellae impacts mass loss rate. This highlights the importance of nanostructure and its
impact on the order of oxidizing gases towards better DPF regeneration strategies.
Given the importance of initial soot nanostructure, an interesting aspect of this would be to study
nanostructure evolution on partially oxidized soot when this is subject to laser irradiation.
Assumptions used to interpret LII of soot for volume fraction and particle size will likely have to
be re-defined to make accurate predictions for primary particle size of partially oxidized soot.
Given the lower limit of detection of classical devices for soot size distribution and the breaking
up of soot into fragments when oxidized to a large extent, tiny particles (< 10 nm diameter) of soot
released into the atmosphere from soot oxidation will typically go undetected, yet have maximum
contribution towards detrimental health effects.
It is therefore essential to expand LII and study the response of oxidized soot to laser heating
experimentally, and incorporate this in existing LII models to better predict soot emissions and
consequently, better assess its impact as a health hazard for emission control. Preliminary work
demonstrating the change in nanostructure on partially oxidized carbon black upon laser annealing
is shown in Appendix E. Extending this preliminary analysis to LII of partially oxidized soot is
suggested as future work.
Endnote
Increasing regulations have been imposed on soot emissions and control strategies are extensively
being used to reduce its release into the environment. In the recent years, however, soot has had a
tremendous anthropogenic impact owing to increasing global population and population-dense
areas, especially in developing countries. Globally, it affects half the world’s population in Asia
alone. Researching its health effects is, therefore, paramount to accurately determine the extent of
its impact and propose effective solutions to mitigate it. The next chapter assess the impact of
surrogate soot particles, with demonstrated similarity to biodiesel soot, on human lung epithelial
cells in a controlled and systematic manner. An attempt has been made to delineate the effect of
the carbonaceous soot particle from its chemistry, while maintain soot aggregate morphology and
structure. As a result, soot chemistry and the presence of acidic functional groups on the material
has been shown to be the most damaging to lung cells.
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PART V: HEALTH EFFECTS
CHAPTER 6: HEALTH IMPLICATIONS OF SOOT EXPOSURE
PREFACE
This work is performed in collaboration with Dr. Patricia Silveyra, Associate Professor of
Pediatrics at Penn State College of Medicine, Hershey, Pennsylvania. Functionalized carbon black
as model soot was prepared and characterized by Madhu Singh (RVW Group) at Penn State,
University Park. Constant guidance, help with analysis and related discussions with Dr. Vander
Wal and Dr. Silveyra and her group are greatly appreciated.

INTRODUCTION
As of 2016, 91% of the world population suffers from exposure to air quality worse than that
specified by the World Health Organization (WHO) guidelines [235,236]. This effect is
exacerbated in developing countries with high population densities like India and China, resulting
in ~ 0.5 million deaths annually in India alone and ~3 million deaths worldwide [3,5]. Vehicular
traffic and consequent engine exhaust and industrial emissions have recently been identified
among the top contributors to outdoor pollution, especially in developing countries, resulting in
~4.6 million casualties worldwide [235]. Diesel soot, for instance, is considered a significant
component of traffic emissions. According to a study on diesel particulate matter by the
Environmental Protection Agency (EPA), soot from diesel sources is responsible for 1.5 million
lost work days in the US per year owing to more than 8,000 premature deaths, 23,000 bronchitis
cases, and numerous asthma attacks [237]. Following this study, subsequent epidemiology studies
on diesel particulate matter by the Health Effects Institute (HEI) has since re-classified diesel
exhaust as a carcinogen to humans (Group 1) from its prior classification of being a possible
carcinogen (Group 2A) [238].
Particulate matter (PM)-related health effects are not well understood. Many of the adverse health
effects are hypothesized to be derived from oxidative stress, initiated by the formation of reactive
oxygen species (ROS) within cells [239–241]. Though several studies have demonstrated the ROS
potential and inflammatory action of diesel particulate from diesel engines, the causative factors
are less clear [242]. Most studies use organics diluted and extracted from real exhaust particulates
and results reported may be skewed relative to cell exposure to the ‘complete’ soot, i.e., particulate
matter along with its heteroatoms and condensed fractions [243]. It is increasingly being
recognized that extracts of diesel soot are a poor representation of the full range of toxicity and
mutagenic effects. Rather, the particles and, in particular, their surface chemistry have
considerable direct health impacts [75]. To understand and quantify the effect of parameters like
particle size, morphology, and chemistry, surface modified carbon black has been chosen as a close
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substitute for real soot. Functionalized carbon black is a surrogate for soot to understand the
hierarchy of detrimental effects of soot from a combustion engine, i.e., health effects of the primary
particle itself as compared to those of the functional groups on the carbonaceous backbone.

MATERIALS AND EXPERIMENTAL METHODOLOGY
Synthetic soot is produced by functionalizing carbon black and characterizing the functional
groups introduced onto the carbon black following the procedure outlined in Chapter 3. The
following varieties of model soot are used:
(a) Nascent, untreated carbon black, Regal 250 (R250) (Cabot Corp.) in powdered form as the
reference material without any oxygen content.
(b) Ozone (O3) treated R250 in powdered form. R250 is exposed to ozone under UV light for 45
minutes. This is a dry functionalization process and results in the introduction of ~10 at. %
oxygen as quantified by XPS.
(c) Nitric acid (HNO3) treated R250 as a solution in distilled water. R250 is treated in reflux of
nitric acid for ~24 hours followed by a wash with distilled water. Now soluble in distilled
water, this material was supplied as a solution with a concentration of ~7 mg/ml such that it
can be diluted to a user-specified concentration. This carbon black comprised of ~25 at. %
oxygen, measured by XPS.
(d) HNO3 treated R250 was also supplied in a dry and agglomerated powdered form after
centrifuging the solution of functionalized carbon black obtained in the previous step and
collecting the solid residue. This also comprised of ~25 at. % oxygen, quantified by XPS.
(e) The powdered form of HNO3 treated carbon black was subject to isothermal heat treatment at
300˚C in a Thermogravimetric analyzer (TGA) until mass loss stabilized. Being the most
reactive, the -COOH functional group is selectively removed from the material, significantly
reducing the oxygen content to ~12 at. % as measured by XPS.
The particles of these model soots were brought in contact with human epithelial lung cells. This
work and related analysis was performed by Dr. Silveyra and her group at the College of Medicine,
Penn State, Hershey. The BEAS-2B (male) cell line, derived from normal bronchial epithelium, is
exposed to varying concentrations (0-100 µg/ml) for each model soot and incubated for 6- and 24hours, along with positive and negative controls. The powdered forms were dissolved in dimethyl
sulfoxide (DMSO) and cell culture media. The following measurements were made after
incubating the cells.
(a) Cell viability, i.e., the percentage of living cells after exposure to the soot a the 6- and 24-hour
time points. Cell viability is measured using the MultiTox-Fluor Multiplex Cytotoxicity Assay
(Promega). Cells exposed to ionomycin (a compound that increases intracellular calcium levels
and triggers cell death) were used as positive controls for cell death. Cells exposed to culture
media, and DMSO, were used as negative controls (viable cells).
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(b) mRNA expression of the (a) IL-1B and IL-6 cytokine proteins and (b) the TLR-4 protein as a
function of soot concentration for the aforementioned incubation times. Cells exposed to
culture media, and DMSO, were used as controls.
These tests enable the evaluation of cell response to oxidative stress (i.e., inflammation) initiated
by the formation of reactive oxidative species within cells.

RESULTS AND DISCUSSION
CARBON BLACK AS A SUBSTITUTE FOR SOOT
Carbon black is used as a substitute for soot to enable control of its surface chemistry and help
delineate the adverse effects of the functional groups, relative to the carbon backbone itself. Its use
as model soot is justified by the similarity in aggregate morphology and particle size of R250 and
real biodiesel soot (also characterized in Chapter 4). Bright field TEM micrographs show
nonstructural similarity in Figure 78-(A, C). Functionalization modifies the surface of the carbon
black, as characterized in Chapter 3, and introduces oxygen functional groups like carboxyl,
carbonyl, and phenols. The composition of functionalized R250 (shown in Chapter 3) is compared
to that of biodiesel soot (shown in Chapter 4) by spatial EDS maps shown in Figure 78-(B, D) with
corresponding elemental quantification in Table 17. Similarly, XPS spectra for the two materials
are compared in Figure 79 followed by quantified C and O surface concentrations in Table 18.
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Figure 78: TEM images and EDS elemental maps for (A, B) biodiesel soot and (C, D) nitric acid
functionalized R250
Table 17: C and O quantified by EDS for biodiesel soot and functionalized R250
Carbon

Oxygen

(at. %)

(at. %)

Biodiesel Soot

93.2

6.8 (±0.30)

HNO3 functionalized CB

93

7 (±0.20)

Analytical Technique: EDS
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Figure 79: XPS C1s spectra showing functional groups for (A) biodiesel soot and (B) nitric acid
functionalized R250
Table 18: C and O quantified by XPS for biodiesel soot and functionalized R250
Analytical
Technique: XPS

Measured
(at. %)

Calculated
(at. %)

Elements

Carbon
(C)

Oxygen
(O)

C-C

C-O

C=O

OC=O

O
calc’d

Biodiesel Soot

77

23

59.8

8.6

3.4

5.4

22.8

HNO3 funct. CB

74

26

60.2

3.1

0.1

9.0

21.3

Functionalized carbon black and biodiesel soot are similar in their nanostructure, and chemical
composition, specifically, the oxygen content. This makes functionalized carbon black a viable
substitute to study the effect of soot on human lung epithelial cells. Results showing the effect of
cell exposure to model soot follow.

EFFECT ON HUMAN EPITHELIAL LUNG CELLS: PRELIMINARY RESULTS
Preliminary results from our collaborative work are presented here. Figure 80 shows cell viability,
i.e., the proportion of cells alive after exposure to the soot, as soot concentration increases when
the cells are exposed for 6- and 24- hours.
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Figure 80: Cell viability expressed as a percentage relative to the control for different soot
concentrations as indicated
As the concentration of nascent R250 increases, cell viability drops, although not significantly
when compared to the change in cell viability as a function of concentration for the functionalized
material. The number of cells adversely affected is highest for HNO3-treated R250 in solution,
followed by its powdered form. The % viable cells decrease rapidly as the concentration of soot
increases for the given exposure times. HNO3-R250 contains more oxygenated species relative to
O3-R250, and the adverse effect of the increased oxygen content is evident by the greater % drop
in HNO3-R250. These trends are consistent for the 6- and 24-hour time points.
An interesting observation in these results is for the last set of bars on the graph for both exposure
times. This set of bars corresponds to cell viability measured relative to the control when HNO3treated carbon is first heated ex-situ to 300˚C to remove the acidic functional groups selectively.
The cell line is exposed to this variant of model soot, now devoid of acid functionality. The cells
are adversely affected relative to nascent R250, but when compared to HNO3- and O3-treated
R250, a greater number of viable and healthy cells are observed. This shows a direct correlation
of the acidic groups on cell health. It brings to attention the role of soot chemistry on cell health,
especially the effect of acid functionalities present on combustion generated soot. Although further
investigation is underway, the presence of acidic groups on soot likely has the most harmful effect
on lung cells when soot is inhaled, resulting in an inflammatory response and increased ROS
causing cell apoptosis (cell death) due to oxidative stress and decreased cell viability.
The IL-1B and IL-6 are cytokine proteins generated in the inflammatory response to an unwanted
stimulus such as the presence of particulate matter in lung cells on inhaling polluted air. Figure 81
shows the mRNA expression for the IL-1B and Figure 82 shows the mRNA expression for IL-6
cytokines after 6- and 24-hour cell exposure as a function of soot concentration.
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Figure 81: mRNA expression for the IL-1B mRNA cytokine expression as a function of soot
concentration
Figure 81 shows an increase in the mRNA expression for the IL-1B cytokine as the oxygen content
of the model soot increases (nascent < O3-treated < HNO3-treated) and within each model soot
variant, the mRNA expression also sees an increase with soot concentration.

Figure 82: mRNA expression for the IL-6 mRNA cytokine expression as a function of soot
concentration
A similar trend in cytokine expression for IL-6 is observed, i.e., an increase in mRNA expression
as the cells are exposed to higher soot concentrations for each variant of model soot. Exposure to
HNO3-R250 for 24 hours when cells are exposed to a soot concentration of 12.5 µg/ml, shows the
largest spike in mRNA expression for the IL-6 cytokine expression.
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Toll-Like Receptors (TLR) are a part of the family of pattern-recognition receptors that trigger the
immune system when infected. The role of the TLR4 gene is to mediate the production of cytokines
to activate the body’s immune system effectively [244]. The TLR4 gene gets activated in response
to various stimuli, including air pollution exposure [244,245]. The TLR4 protein is generated by
the TLR4 gene when it recognizes molecular patterns of pathogens expressed on infectious agents
that enter the body. Figure 83 shows the mRNA expression for the TLR4 protein at the 6- and 24hour time points for the control, O3- and HNO3-treated carbon black as a function of concentration.
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Figure 83: mRNA expression for TLR-4 as a function of soot concentration as indicated
An increase in the mRNA expression with concentration correlates with the increased adversity
experienced by the lung cells with prolonged soot exposure. The lung epithelium faces a greater
challenge with increased soot concentrations and acts to generate the necessary cytokines that will
help in the development of effective immunity against the foreign species. Overall, the higher
oxygen content of soot results in greater cell damage and death and causes the body to aggressively
react to activate the immune system to tackle the pathogens introduced. For a given oxygen
content, this is exacerbated by increased soot concentration and exposure time. These results
demonstrate the impact of particle surface chemistry as a direct operative factor impacting health.
This physicochemical property is relatable to combustion conditions and fuel. Thus, precautions
for exposure to other soot types with similar surface (oxygen) chemistry may be improved,
enabling better assessment from other anthropogenic sources thereby formulating effective
mitigation strategies to tackle this problem worldwide.

SUMMARY
Human lung cells are exposed to functionalized carbon black as model soot that closely resembles
real combustion generated soot in structure, particle size, and chemistry. Specifically, the effect of
acidic functional groups is explored by analyzing the effect of model soot on lung cells with and
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without the carboxylic functionality. Such controlled studies are challenging with real soot, given
variation observed in soot chemistry and nanostructure based on combustion conditions, presented
in Chapter 4, with the added challenge of obtaining sufficient sample quantities for the same. Thus,
instead of studying compounds adsorbed on (and removed from) the soot particles, this work
attempts to investigate the particles directly as encountered by an individual working in a polluted
environment, with the focus being the particle’s surface chemistry as the most probable cause of
oxidative stress rather than the carbonaceous backbone itself.
Exposure to carbonaceous aerosols resulting in deteriorating health can also be a function of
occupation. For instance, both men and women may be exposed to large cooking stoves or open
ovens (referred to as a tandoor). Extending this example, as meals are prepared for the day, there
is constant and likely prolonged exposure within a household or in a community kitchen where
these cookstoves will operate round the clock. Many such occupations exist, especially in mining,
building and manufacturing industries where exposure to carbonaceous and other aerosolized dust
is common and such hazardous conditions are overlooked. How one gender may be more
susceptible to such exposure is yet unclear and studies to understand the role of gender specific
hormones are still under way [246–248]. Preliminary studies suggest women are more susceptible.
In addition, women expecting a baby need to exercise greater caution so as to not transfer
consequences of the exposure to the fetus. Consequences of prolonged exposure when pregnant
can result in the child developing lung dysfunctions and breathing problems during his/her early
childhood [249,250]. More studies in the form of animal exposures or clinical trials on humans are
needed to establish causation but correlations exist and it is important, especially in developing
countries, to increase awareness and improve working and living conditions for men, women and
children.
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CONCLUSION
Measurement and characterization of soot are foundational to understanding the soot formation
process. It can also help differentiate between various soot samples towards identifying its origin.
Accordingly, strategies may be formulated to control soot emissions from specific sources, thereby
reducing their environmental and health impact. Soot exhibits several length scales, i.e., aggregate
morphology, primary particle size, and nanostructure. Meanwhile, soot chemistry also bears
relevance to its formation conditions, specifically fuel composition, as shown in this work. Each
of these physical and chemical measures impacts soot measurement, its control, and its impact on
human health. Using model materials as soot surrogates towards the development of improved
techniques for soot measurement and analysis entails detailed characterization of authentic
combustion-formed soot. To the extent that the physical and chemical characteristics of soot are
specific to the fuel (and combustion conditions) used at its source permits identification of the
source.
Laser-induced incandescence (LII) has been used to measure soot primary particle size
experimentally. The implications of the assumptions on the particle sizes calculated by models
have been addressed with microscopy and spectroscopy. When heated with a pulsed laser, it is
important to consider (a) changes in nanostructure that influence material optical properties, (b)
account for intra-aggregate shielding owing to its aggregate morphology and (c) resolve the
empiricism associated with the accommodation coefficient and soot index of refraction
parameters. All of these quantities influence the material’s rate of cooling, and if improperly
accounted for, these parameters contribute to erroneous particle size estimation.
LII is used to estimate soot particle size, as a consequence of which soot nanostructure is observed
to change upon laser heating. Thus, reciprocally, laser heat treatment is used to derivatize soot and
purposefully change its nanostructure premised on existing differences in nascent soot chemistry,
specifically, its oxygen content. Soot nanostructure evolves along divergent pathways and can be
correlated to the oxygen content in nascent soot, which in turn is shown to be a function of fuel
composition or engine operating conditions used to generate the soot. Given the lack of sample
availability, this method can potentially be used to identify the fuel used and, by extension, the
source that resulted in the formation of a particular soot sample, in turn providing a tool to identify
source contributions to a receptor site. Further, this can help develop effective strategies to control
atmospheric emissions, such as the use of a Diesel Particulate Filter (DPF) in diesel engines or the
use of alternative fuel blends to produce less soot. For instance, DPF regeneration can be optimized
by studying the nanostructure evolution of soot subjected to DPF-like conditions. Slow
regeneration of soot has been shown to seemingly “graphitize” the particle, i.e., increase
nanostructure order, resulting in soot that is less reactive to further oxidation. However, switching
between active and passive regeneration modes (and oxidants, O2 versus O2 + NO2) has been
shown to accelerate the oxidation process as a function of the order of oxidants used. This
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knowledge helps develop an efficient DPF regeneration protocol, which is of practical interest to
diesel engine manufacturers, like Cummins Inc. and Volvo, for instance.
Recently, particulate matter has created a health crisis in developing countries making emission
control and mitigation of the detrimental health effects of soot paramount. The effect of soot
surface chemistry, particularly the acidic oxygen functional groups, is evaluated here for its
adverse health implications. More such studies to help understand soot fundamentally, and develop
effective control strategies to reduce emissions based on its characteristics will be essential for a
thriving planet and population.

RECOMMENDATIONS FOR FUTURE WORK
The following are recommended as future work:
1. Understanding the impact of oxygen on the nanostructure evolution of authentic soot
samples obtained from a systematic variation in engine operating conditions. Additionally,
soot generated with a greater variety of fuel blends across sources can be used to confirm
the divergence and similarity in nanostructure reported in this work, as well as develop a
database of the different soot samples analyzed.
2. The potential use of atomistic simulations to understand the phenomena leading to hollow
shells when the oxygen content in nascent soot exceeds a threshold, identified here as ~5
wt.% by EDS and ~15 at. % by XPS. Gasification is proposed as a possible explanation,
given the evolution of oxygen at temperatures > 500 ˚C. Oxygen creates porosity in the
soot particle as it escapes, taking with it carbon in the form of CO and CO2, while
simultaneously resulting in vaporization and escape of the fragments at the particle’s core
at elevated temperature. It is challenging to decouple these phenomena experimentally and
thus, simulations are proposed to confirm and complement experimental observations.
3. Extension of LII-based particle size and soot concentration measurements to partially
oxidized soot. Partially oxidized soot provides a unique material on which experimental
LII has not been performed, partly due to the unavailability of large quantities of the
material. However, using laboratory-generated partially oxidized carbon black can serve
as a surrogate towards this analysis. Towards future work, an initial demonstration and
characterization of partially oxidized carbon black are shown in Appendix E.
4. High resolution TEM images can help inform image reconstruction algorithms such as
Fringe 3D [251–254] towards better understanding carbon reactivity and associated
kinetics as it transforms under laser heat treatment. This can include analyzing the effect
of initial composition on evolution of the material’s nanostructure upon laser heating.
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The above recommendations are proposed as direct extensions of this work. However, variations
to the above may be necessary based on available resources, the ease of implementation of the
methodology and sample preparation required for successful execution.
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Appendices
APPENDIX A: MATERIALS AND LASERS
This chapter briefly outlines the materials, soots and carbon blacks, used throughout this work,
along with the laser-based heating technique employed for nanostructural modifications to soot
and carbon black.

MATERIALS
The following soots and carbon blacks are used for experiments and subsequent analysis.

SOOT
Soot samples (courtesy the U.S. Environmental Protection Agency) from a variety of sources and
combustion conditions have been analyzed via microscopy, spectroscopy and laser-based heating.
These samples are typically available on a filter paper or soot is collected directly on a microscopy
sampling grid. Given the small amount (nanograms) of sample typically available for these
‘authentic’ samples, analysis is limited to TEM (with EDS), XPS and laser-based heating.
Examples of soot samples obtained and used are:
a)
b)
c)
d)
e)
f)
g)

Jet engine soot
Diesel engine soot
Biodiesel soot
Outdoor wood boiler soot
Oil boiler soot
Cookstove soot
Soot from the plumes of the Gulf of Mexico oil spill

Details of the source type, combustion conditions, microscopy analysis, etc. are presented in the
context of each chapter as these soot samples are used.

CARBON BLACKS
Thermal decomposition of hydrocarbons in a controlled manner results in the formation of carbon
blacks in a gaseous phase. Typical sources of feedstock for carbon black production include coal
tar, anthracene oil, decant oil, aromatic crude oil, etc. The feedstock is thermally treated by heating
and vaporization, resulting in the thermal decomposition of hydrocarbons into small fragments
which then coalesce to form polyaromatic hydrocarbons (PAHs) that grow into carbon black
particles and aggregates with a reduction in their H/C ratio, thereby releasing hydrogen in the
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process. Broadly, the processes used to generate carbon black can be categorized as thermal
decomposition in the (1) presence or (2) absence of oxygen.
Thermal blacks are carbon blacks produced by thermal decomposition in the absence of oxygen
using a discontinuous two-step process. Complete combustion (without the formation of soot or
carbon black) of fuel such as oil or natural gas is used to heat the reactor. The feedstock is injected
into this hot reactor which decomposes and forms carbon black, known as thermal black [255]. A
variant of this process is the continuous decomposition of acetylene gas into acetylene black.
Acetylene, being an unstable/flammable gas, is used to initiate the reaction by igniting it after
which the reaction is self-sustaining once the desired temperature of > 800 ˚C is attained.
Incomplete combustion in the presence of insufficient air is typically the cause for the production
of soot and in a controlled environment is used to produce a furnace black in a closed reactor under
turbulent flow conditions. Temperatures attained in the reactor are in the 1200 – 1800 ˚C range.
The furnace black process accounts for ~98% of carbon black production given its economies of
scale. It is also less polluting given the continuous nature of its production [255].
Carbon blacks have been used as surrogates for detailed analysis on soot. Carbon blacks for every
aspect of the study are different, and this variation is to better suit the material to the experiment
being conducted. The following carbon blacks, in no particular order, have been experimented on
and characterized going forward:
a)
b)
c)
d)
e)
f)
g)
h)

Regal 250 (Cabot Corp.)
Black Pearls 800 (Cabot Corp.)
Black Pearls 2000 (Cabot Corp.)
Monarch 1300 (Cabot Corp.)
Arc Soot (MER Corp.)
Lamp Black (Degussa, now Orion Engineered Carbons)
CanCarb N990 (CanCarb)
Graphitized Carbon Black (Regal 250 heat treated in-house to 3000˚C in a graphitization furnace)

Details on these carbon blacks, i.e., microscopy, spectroscopy, particle size, aggregate size, etc.
have been discussed and presented in the context of each chapter

LASERS
Laser-based heating has been used as an analytical tool for derivatization of carbon blacks and
soot. The Nd:YAG laser has been the primary laser used to heat these samples followed by a
comparative qualitative and quantitative TEM image analysis. The CO2 laser has not been used
but is described here as an extension of the Nd:YAG laser-based derivatization towards future
work.
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THE ND:YAG LASER:
A Q-switched Continuum Surelite III neodymium-doped yttrium-aluminum-garnet (Nd:Y3Al5O12)
laser, also referred to as the Nd:YAG is a pulsed laser used for high-temperature heat treatment of
carbon. Being similar in size, triply ionized Nd replaces ~1% of the Y atoms in the YAG crystal
structure and is responsible for the lasing action of the resultant crystal. The primary harmonic,
1064 nm, is the stimulated laser emission wavelength and is used for heat treatment of the materials
in this work. Other available harmonics are the 532 nm (frequency-doubling), 355 nm (tripling)
and 266 nm (quadrupling) wavelengths. Higher frequencies have not been used given their
tendency to ablate the material with their high energy output and the potential excitation of spectral
interferences in the form of fluorescence or phosphorescence. The Nd:YAG has a fixed pulse width
of 8 ns, and the laser fluence can be controlled by the voltage that pumps the flash lamps (quartz
tubes filled with Krypton gas) used to excite the Nd (III) ions in the Nd:YAG crystal.

Nd:YAG Laser: Energy Level Diagram

E3
Non-radiative Decay

E2
E4
Laser, 1064 nm
E1

E0

Non-radiative Decay

Figure 84: Simplified energy level diagram for Nd:YAG laser
Nd3+ ions are optically pumped from their ground state E1 to the excited state E4 when light of
wavelength 700-800 nm is used for excitation. The excited ions then rapidly transition in a nonradiative manner from E4 to E3, which, being metastable, results in stimulated emission. The laser
light when transitioning from E3 to E2, finally reaching the ground state E1. This laser typically
emits light in the infrared region with a wavelength of 1064 nm, although the high-intensity pulses
can be doubled in frequency to generate laser light at 532 nm (visible range, green) and higher
harmonics at 355 nm, 266 nm and 213 nm.
A laser fluence of 150 mJ/cm2, suitable for carbon annealing as determined in prior works [103],
is used here. Maximum temperature attained at this laser fluence is ~3500 ˚C. Beam diameter is 9
mm used with a ground-glass diffuser for uniform sample irradiation. Heating rate for the Nd:YAG
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laser has been estimated at 3x1011 – 9x1011 ˚C/s. Detailed schematics for the laser setup have been
presented in the context of the respective chapters where the technique is employed.

THE CO2 LASER:
A 250-watt Synrad Firestar F201 continuous wave carbon dioxide (CO2) laser is also used for laser
annealing of carbon and provides for a slower heating rate ~2x106 ˚C/s and maximum temperature
of ~2600 ˚C. The laser consists of a CO2-N2-He gas mixture with N2 providing collisional
excitation to CO2 molecules which are responsible for the lasing activity. Helium provides for
good conduction and stability of the plasma so formed. 10.6 µm is the stimulated emission when
the laser is pumped with 40.68 MHz radio frequency.
CO2 Laser: Energy Level Diagram
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Figure 85: Simplified energy level diagram for CO2 laser
This laser system consists of three gases (CO2, N2 and He) mixed and fed into one end of the
discharge tube. For this laser, only the ground state of CO2 and its corresponding vibrational modes
are of interest. CO2 has three characteristic vibrational modes – (a) symmetric, where the two
oxygen atoms vibrate against each other, (b) bending, where the carbon moves out of the molecular
axis, and (c) asymmetric, where the two oxygen atoms oscillate against the carbon. Each of these
vibrational states is further divided into the rotational levels of the vibrating molecule, each having
its quantized rotational number. Collisions of N2 with CO2 molecules creates the population
inversion needed for lasing, assisted by the He molecules for heat removal. An electric discharge,
being the pumping source, passes through the gaseous mixture in the discharge tube resulting in
excited electrons colliding with N2 molecules causing them to excite to a higher vibrational level,
which is metastable for this symmetric molecule. CO2 molecules also get excited, and their
collision with the N2 molecules results in a resonance, leading to an increase in pumping efficiency
by exciting CO2 to 001 level. N2 molecules then fall to their ground state, causing a population
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inversion between (a) 001 and 100 (10.6 µm) or (b) 001 and 020 (9.6 µm). The de-excitation causes
an over-population of the 020 energy level in CO2, which is kept in check by additives like He, to
which the excitation energy is transferred before finally returning to the ground state.[15]
Given the rise and fall time of the lasing medium, 100 µs is the shortest obtainable pulse width.
Pulse durations of > 1 s are used for heat treatment in this work. Beam diameter is 4 mm expanded
to 12 mm with a Galilean beam expander.
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APPENDIX B: ANALYTICAL TECHNIQUES
Spectroscopy is the measurement and analysis of spectra obtained when matter interacts with
electromagnetic (EM) radiation. EM radiation comprising the gamma rays, X-rays, ultraviolet
(UV), visible, infrared (IR) rays, microwaves and radio waves are used for spectroscopy giving
rise to a wide variety of analytical techniques to probe the material studied. Thus, spectroscopy is
a record of this interaction typically in the form of a line function representing the response of the
material to EM radiation based on its physical-chemical composition.
Microscopy derives its information from visualizing the material, i.e., imaging the material’s
macro-, micro- or nano-scale structure and post-processing it to draw qualitative and quantitative
information about the material from its image. It is used to obtain resolutions > 0.2 mm (200 µm),
i.e., the limit of resolution of the human eye. This is made possible for the micron-scale by using
visible rays, such as in light microscopes while higher ~1 Ǻ resolutions can be obtained with
electron microscopes.
This chapter will describe both microscopic and spectroscopic techniques that have been used to
study nanoforms of carbon, particularly, carbon black, soot and its chemically or optically
derivatized forms.

TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscopy (or microscope, when referring to the instrument) (TEM) lies
at the heart of characterization of nanomaterials and carbon nanoforms in this work. The TEM is
an electron microscope, i.e., it uses the wave-like nature of electrons to probe materials at the
atomic scale. The high energy (or short wavelengths) of electrons along with these being smaller
than the typical atom led to the development of the TEM in the 1930s and 1940s with the goal of
probing atoms with entities smaller than the atom itself to be able to “see” at the atomic level [256].
“Transmission” refers to the electrons being able to move through the sample, analogous to moving
through a membrane. Electrons as compared to X-rays, have much shorter wavelengths, interact
with other electrons and nuclei can easily be directed because they carry charge. During this
interaction, the electrons interact with the atoms/molecules of the sample and lose energy or
diffract, resulting in interference patterns based on the sample’s structure, producing an image that
is representative of its atomic or nano-structure.
A TEM allows visualization of specimens in the realm of 1 micron to 1 nanometer, with the
focused high energy electron beam revealing specimen details at high-magnification and
resolution. This permits analysis of specimen crystal structure and its orientation, phase
compositions and presence of contaminants among others. A TEM can reach magnifications of
up-to 1,000,000x and resolution < 1 nm [257]. The highest useful magnification of any microscope
is governed by its resolution (resolving power) and therefore, going higher in magnification
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beyond the resolving power of the microscope will not necessarily yield a better image of the
structure [256].

SAMPLE PREPARATION
For the electrons to transmit through the sample and successfully diffract off of the atoms in the
sample, it is important to have a thin, electron transparent sample, i.e., there are sufficient number
of electrons penetrating through and falling on the detector to have reasonable intensity. “Thin” is
relative and is dependent on the composition of the sample. It is a function of the electron energy
and the average atomic number of the sample. For instance, a higher energy beam can image
“thick” samples, but there is then a trade-off between image quality and beam damage of the
specimen with the extremely high energy electrons. Typically, < 100 nm is a recommended sample
thickness if attainable, and has been used as a guideline for imaging carbon materials in this work.
It is this requirement of the TEM that makes sample preparation a crucial part of the process and
can be intensive based on the material at hand. For instance, an ultramicrotome can be used to slice
off thin films of the material for TEM [258]. This technique or others like focused ion beam or ion
beam etching may be material dependent and may not be applicable to or useful for all materials.
In this work, for carbon powders, a small amount of the material is sonicated for 5-10 minutes in
methanol and drop-casted on a C/Cu 300 mesh lacey TEM grid. The solvent evaporates, leaving
the material deposited on the grid held by the spider-web like lacey carbon support. Particulate
matter samples are typically collected directly on TEM grids for which no sample preparation is
required and the grid is imaged directly. Filter paper is another collection method for soot samples
and sample preparation for this involves gently rubbing a TEM grid onto the filter paper, resulting
in the grid picking up some soot, sufficient for TEM.

INSTRUMENT
An FEI Talos F200X with a 200 keV FEG source exhibiting a resolution of 0.12 Å has been used
for imaging in this work. Samples were dispersed and sonicated in methanol before being dropped
onto 300 mesh C/Cu lacey TEM grids. A Gatan Image Filter was used for digital imaging and
images were processed with the Gatan image software v3.4. For each sample analyzed, ~50 images
were taken per sample while surveying > 20 regions of the grid to ensure a representative set of
micrographs.

SENSITIVITY TO THE BEAM
Materials can undergo beam damage with prolonged exposure to the high energy electron beam in
a TEM [256]. Carbon materials are generally observed to be stable under the beam for the duration
of TEM alignments and imaging of the sample, typically of the order of < 5 minutes. Critics of the
technique have demonstrated beam damage on materials with prolonged (tens of minutes)
exposure time, claiming that specimen damage will muddle TEM interpretation [259]. Changing
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nanostructure with prolonged beam exposure when the carbon lamellae are loosely bound after a
modest laser heating and are likely energetic and mobile has been observed in our work as well
[103] but beam energy, exposure times and types of pre-treatment if any are carefully considered
before imaging to avoid visual changes in the sample while imaging. Young and nascent soot has
been observed to change form with the beam parked on it for ~15 minutes [259], a timeframe
clearly excessive for any experienced TEM user. Thereafter, the same work addresses the artefacts
introduced due to an over- or under-focused beam, resulting in erroneous statistical analysis of
fringes. TEM images, when done right, will not have artefacts, neither will the particle be imaged
over a timeframe that changes its nanostructure. Moreover, nanostructure change due to beam
damage is visually apparent. It can be recognized by the experienced eye and must be kept out of
any representative analysis. State of the art TEMs can successfully image sensitive biological and
thin film samples and are potential candidates for imaging carbon, one of the more stable materials
under an electron beam, should excessive beam damage cloud one’s analytical assessment.

IMAGING MODES WITH EXAMPLES
Imaging using a transmission electron microscope can be done in different ways, with each method
or imaging mode contributing to additional information from the sample, based on the specimen
studied. These modes and their characteristics are outlined below and corresponding images from
the TEM in that imaging mode are shown as examples.
(a) Bright Field
Image

Optical Axis

(b) Dark Field
Image

Incident Beam
Reflecting Planes
Sample

Sample

Objective Lens

Direct Beam

Diffracted Beam

Direct Beam

Objective Aperture

Figure 86: Ray diagrams for (a) bright field image and (b) dark field image modes in a TEM
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Bright Field
This is the most commonly used mode in TEM image generation. This imaging mode allows the
incident primary beam to transmit through the specimen, making less dense areas appear brighter,
with darker regions being those which scatter electrons. The mechanism of bright field image
formation is shown in Figure 86(a) and TEM micrographs in bright field imaging mode are shown
in Figure 87.

A) Graphene Sheets

50 nm

B) Graphitized Carbon Black

20 nm

Figure 87: Bright field TEM images showing (A) graphene sheets and (B) graphitized carbon black
Figure 87 shows examples of bright field images of graphene sheets and polyhedral graphitized
carbon black. The bright halo around the image indicates a slight under-focus enhancing the edges
and giving the image a better definition for visualization.
Dark Field
This mode is used to enhance the contrast in the sample, to better visualize sample defects, particle
size, crystal structure, etc. This mode consists of imaging using electrons that are in-elastically
scattered by the sample. These images appear to have a dark background, corresponding to most
electrons which have transmitted through the sample and are left undetected in this mode. Scattered
electrons enhance relevant features that appear bright. The mechanism of image formation in this
mode is shown in Figure 86(b) and examples of high angle annular dark field (HAADF) images
are shown in Figure 88.
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A) Low magnification HAADF

B) High magnification HAADF
Multiple layers

500 nm

1-2 layers

50 nm

Figure 88: HAADF images of entangled graphene sheets at (A) low and (B) high magnification
showing multiple layers by thickness contrast
Figure 88 shows HAADF images of entangled graphene sheets. With intensity roughly
proportional to Z2, higher intensity correlates to increasing layer number, i.e., stack thickness, as
indicated by the arrows in image B.
Phase Contrast
Also known as high resolution transmission electron microscopy (HRTEM) and unlike the bright
field and dark field imaging modes, this mode uses both the transmitted and the diffracted beam
to form and image, resulting in an interference pattern. A larger aperture is used to allow multiple
beams to pass through to give this phase contrast image. This is a high-resolution image useful for
studying features that may be a few angstroms apart and can help distinguish structures with
similar transparency, making it visible to the eye.
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A) Graphene Sheets

Likely 1-2
graphene layers

B) Graphitized Carbon Black

Visible carbon
layer planes

5 nm

5 nm

Figure 89: High resolution phase contrast images of (A) graphene sheets and (B) graphitized
carbon black particle
Phase contrast imaging uses a collection of multiple beams that are selected to go through the
aperture and form the image. In contrast, in bright and dark field imaging modes, a single beam is
selected using the objective aperture to form the image.
Typically, when we talk about “fringes” we are talking about a phase contrast image. Lattice
fringes are not direct images of the structure itself but give information on how the layer planes in
the actual material are spaced/oriented/aligned. The image is a projection of the crystal structure
in the direction of the electron beam [260]. The contrast observed occurs due to differences in the
phase of the electron waves that are scattered throughout the specimen and this contrast is very
sensitive to sample orientation, thickness, focus and astigmatism of the objective. Thus, highresolution imaging involves repeated checks on direct beam alignments, diffraction alignments,
objective stigmation and careful focusing of the sample for a “good” image that captures these
fringes for further quantification.
Phase contrast or diffraction contrast is due to the interaction of diffracted beams of different
intensity from varying regions of the specimen. This can arise due to variation in sample thickness
or in diffraction conditions from these regions. Diffraction patterns can be useful to help determine
local (nm-scale) crystallographic orientation. Examples and insights from interpretation of
diffraction patterns follows.
Diffraction Pattern
A diffraction pattern is obtained to study the lattice parameters and crystalline nature of the
specimen. On being illuminated by a high energy beam, the crystal structure acts as a diffraction
143

grater causing electron to scatter in a manner that is specific to the crystal lattice. It consists of
using a selected area aperture, which contains different sized holes and can be used to focus on
one crystal in the lattice, to study its orientation and lattice dimensions, based on the principle of
Bragg’s diffraction. A pure crystal structure results in a dotted diffraction pattern (spot pattern)
and moving towards disordered crystals shows a ring pattern, which diffuse and become unclear
as the sample becomes amorphous [13]. The diffraction pattern can be thought of as a 1-D slice
parallel to the X-axis across a 2-D X-ray diffraction pattern with the XRD intensity variation seen
in the brightness of the rings or spots observed. Each ring or set of spots at the same radius from
the central transmitted beam corresponds to a particular diffracting plane, whose (hkl) parameters
can be calculated from the diffraction pattern.
Examples of some interesting diffraction patterns and their corresponding bright field images are
shown here to give the reader a sense of the patterns that can be observed.

A

5 nm

B

C

5.00 1/nm

D

20 nm

5.00 1/nm

Figure 90: Bright field TEM images and corresponding diffraction patterns of (A, B) graphene
and (C, D) graphitized carbon black
Figure 90 show bright field images of few layer graphene showing a clear spot diffraction pattern.
Spot patterns are necessarily associated with the material’s crystallinity and ordered atomic
arrangement. A monolayer of pure graphene has a six-fold symmetry meaning that its diffraction
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pattern shows six spots as the vertices of a hexagon [261]. The multiple spots here forming a ring
around the central bright spot from the direct beam indicates the presence of overlaid graphene
sheets angularly displaced with respect to each other. Each sheet contributes six spots and therefore
the presence of 24 spots is likely due to 6 overlaid and displaced sheets.
Graphitized carbon black forming polyhedral onion-like shells are inherently non-graphitizing but
exhibit a highly ordered lamella after graphitization heat treatment [88]. Consequently, their
selected area electron diffraction SAED pattern shows bright rings around the central spot
indicative of a polycrystalline structure with the ring formed from multiple diffracted spots from
the many crystals contributing to the pattern, resulting in a ring.
Figure 91 shows three SAED patterns corresponding to three different bright field TEM images as
shown by the respective inserts. These are shown here as illustrations to be able to infer material
characteristics from its bright field TEM and corresponding SAED.
A

B

20 nm

C

20 nm

5.00 1/nm

5.00 1/nm

20 nm

5.00 1/nm

Figure 91: Images showing different types of diffraction patterns - (A) diffused-ring, (B) spot-ring
and (C) spot pattern
Figure 91-A shows a diffused ring pattern, indicative of the material being amorphous with no
significant presence of ordered lamella. Figure 91-B shows a spot-ring pattern from a graphenelike sheet of graphitized carbonaceous material with the spots revealing crystallinity but their
arrangement in a ring implying polycrystallinity of the material. Figure 91-C for a graphitizing
material shows a six-fold symmetry similar to what would be observed for pristine monolayer
graphene. The diffused nature of the spots typically relates to short range order or presence of a
minor defect/disorder in that region of the specimen while overall crystallinity is intact. The
speckled nature of the diffraction patterns in B and C indicate a larger grain size as compared to
Figure 91-A or Figure 90-B.
Diffraction patterns are formed when crystal structure of the specimen diffracts electrons from the
direct beam following Bragg’s law [262]. A once diffracted electron beam can act as the incident
beam for another crystal and Bragg diffract off of that second underlying crystal plane. Such
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multiple diffractions make for very interesting diffraction patterns, an example of which is shown
in Figure 92.
A

B
(0 0 2)

(1 0 1)
Multiple
Diffractions

(1 0 0)
(0 0 2)

(0 0 2)
50 nm

5.00 1/nm

Figure 92: TEM micrographs showing (A) bright field and (B) its corresponding diffraction pattern
showing multiple diffraction
These patterns can be classified as double or dynamic diffractions based on the pattern observed.
Double diffraction occurs when each diffracting ray acts as an incident beam for a second crystal
in the lattice and as a result, each spot in the diffraction pattern forms its own diffraction pattern
with the primary spot acting as the central bright direct beam-like spot for the second diffraction.
Diffraction is dynamical when the diffracted beam gets re-diffracted back into the direct beam by
the same set of crystal planes. This may not be a uniformly true for all diffracted beams in that
specimen and will depend on the local crystallinity of the material. Both these phenomena are
indicators of crystallinity although dynamical diffraction occurs when the specimen has sufficient
thickness. Figure 92 here shows such multiple diffractions with the direct beam diffracting off of
the (100) planes gets diffracted again resulting in three distinct bright spots on the (100) ring with
each bright spot having its own diffraction pattern.

SOME USEFUL IMAGING ARTEFACTS
Kikuchi Lines or Kikuchi Maps
Kikuchi lines are observed in diffraction patterns of relatively thick materials by TEM standards.
They are observed when the incident electrons are diffusely scattered by the material due to its
intermediate thickness where they cannot transmit but are not absorbed either [263,264]. Electrons
can incoherently scatter or can lose energy and scatter inelastically when interacting with a
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relatively thick sample [256]. Kikuchi lines are formed when incoherent yet elastically scattered
electrons are incident on other layer plans and diffracted by Bragg’s law. Bragg angles/angles of
beams formed between incident and diffracted beams are typically ~ 1˚. These are typically not
observed when the material is < 100 nm or if the specimen is very thick because a very thick
materials will cause inelastic scattering and there will be no detectable Bragg diffraction of these
electrons. The direction of the incident beam is the general direction in which these electrons are
primarily scattered. Kikuchi lines are fixed to the crystal and can be used to determine a precise
alignment of the specimen relative to the beam, information that is more accurate when using
Kikuchi lines than using just the selected area diffraction pattern. When extended and mapped,
they are considered to be “roadmaps” of the crystal lattice in reciprocal space [265].
50 nm

A

B

5.00 1/nm

(0 0 2)
(1 0 0)
(0 0 4)
Kikuchi Lines

(1 1 0)

Figure 93: TEM micrographs showing (A) Bright field image and (B) diffraction pattern with
Kikuchi lines for a graphitized carbonaceous composite material
Figure 93 shows the SAED pattern of a carbon composite material with multi-walled carbon
nanotubes (MWCNT) in a phenolic resin subject to carbonization (500 ˚C) and graphitization
(3000 ˚C) heat treatment. The diffraction pattern shows a textured ring pattern showing high ring
intensity at an angle. This is because of the presence of a particular plane that is common to nearly
all grains present in the polycrystalline material. It has grains that are not completely randomized
but have some texture to it, which, if not immediately visible, can be seen in the diffraction pattern
of the tilted specimen. The streaking is an example of Kikuchi lines from this relatively thick
specimen giving a sense of orientation of the crystals in the sample.
Moiré Fringes
Moiré fringes are formed when two sets of lines interfere but are only slightly different in their
periodicity i.e., spacing, or are off axis with respect to one another so that their overlap forms an
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illusion of a pattern, which has proved very useful for microscopy. In principle, this pattern arises
because of the interference of two diffracted beams (or direct beam if in bright field image mode)
from overlapping but slightly displaced crystals [256,266]. Moiré fringes will likely be observed
in bright field TEM if the corresponding diffraction pattern shows double or dynamic diffraction.
The term moiré (pronounced mu-ray) originated in the textile industry, and is French for the hair
of the Angora goat, ‘mohair’, which is silky and makes patterns similar to those observed on a silk
cloth. Moiré fringes can be translational or rotational based on how the crystals are displaced with
respect to one another. Rotational patterns are typically observed on twist boundaries [256].
Moiré fringes were used to identify dislocations in the material [260] before diffraction patterns
became popular because moiré patterns seemingly magnify the location defect in the material by
a change in the orientation of the pattern around the defect [266]. More recently, they have been
seen as an imaging artefact but they still are and have been useful when imaging thin films or grain
boundaries in materials, for instance [266]. The grain boundary is where the change in the pattern
or its orientation is observed which helps in identification of the material’s “defect”.
Examples of moiré fringes from a carbon-carbon composite material made in-house are shown in
Figure 94 to illustrate the type of interpretation that can be made about the crystal structure should
these be encountered elsewhere.

A

50 nm

100 nm

B

Moiré lines encircling a
possible defect
Figure 94: Bright field TEM showing (A, B) moiré fringes
The straight-line pattern artefacts are moiré fringes. This material exhibits high crystallinity as
seen by its diffraction pattern in Figure 93. It is interesting to note the moiré fringe pattern in Figure
94-B likely changing direction and seemingly indicating a defect region in bright field TEM.
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SPECTROSCOPY WITH TEM
The TEM is a versatile tool, primarily used for high resolution imaging of nanomaterials. However,
TEMs can also be used to obtain spectroscopic data from samples that cannot otherwise be
analyzed by traditional spectroscopy techniques either due to (1) challenges with sample
preparation, (2) unavailability of sufficient sample for analysis as seen in the case of particulate
matter studied here, or (3) for high resolution spectroscopic data required to understand the
material composition at the nanometer scale when tailoring material chemistry or bonding for
specific applications [256]. Apart from the direct transmitted electron beam, interacting with the
specimen results in inelastic electron scattering due to loss of energy from the electron. Analysis
of the energy lost by these electrons can be used to better characterize the sample with this
available and complimentary data. A brief description of the spectroscopic techniques using a
TEM for characterization of carbon and soot samples in this work follows.
Energy-dispersive X-ray Spectroscopy
A fraction of the incident electrons that interact with the electron cloud of the specimen of interest
may knock out a core-shell, the inner-most K-shell for instance, electron from an atom of the
specimen. An L- or M-shell electron may transition to the K-shell vacancy to take its place and in
the process, emit characteristic X-rays whose energy equals the difference in energies of the two
shells involved in the electronic transition. These X-rays act as fingerprints, characterizing the
binding energy (B.E.) of that atom, and can therefore be used for element identification to generate
compositional maps at the nano-meter scale in a TEM [256].
An application of EDS in a TEM is illustrated here with a real-world example. This soot sample
was obtained from a combustor for incineration of waste gas [258] and bright field imaging showed
the presence of dark spot-like particles peppered throughout the sample and over the lacy carbon
grid. High-resolution TEM of the dark spot-like particle only showed fringes, indicative of this
being from a highly crystalline material, most likely metallic in nature. Bright field TEM and
HRTEM are shown in Figure 95.
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B) Bright Field HRTEM

A) Bright Field TEM

50 nm

Fringes: Crystalline Particle

5 nm

Figure 95: Bright field (A) TEM and (B) HRTEM image showing the contaminant in a soot sample
On visualizing this under STEM imaging mode, the dark spots now appear bright due to their high
Z as compared to the surrounding carbon and the image looks like that of a starry night (Figure
95). EDS spectrum was collected for a duration of 5 minutes from a magnified region (Figure 96)
to correctly identify the elements. Such an EDS mapping is challenging given the sheer amount of
carbon present on the grid with the lacey and the soot sample being carbonaceous, along with the
copper grid bars adding to the spectral interference. Thus, a higher magnification was chosen to
help get a better signal to noise ratio from the contaminant particle of interest and successfully
identify it.

150

A

B

C

D

Figure 96: For the sample analyzed, (A) a low-magnification and (B) high-magnification
HAADF image are correlated with EDS maps of the elements (C) Carbon and (D) Copper
Elemental maps in Figure 96-(C, D) show the distribution of carbon and copper, these being the
two main elements detected by the EDS detector. On correlating this mapped spatial distribution
with its HAADF image (Figure 96-B), the contaminant can be identified as copper that has likely
sputtered onto the grid and sample. In its HAADF image, carbon appears to have a lower diffused
intensity while sputtered copper appears as a sharp and intense white spot. Due to the intense heat
it encounters given the sample collection process, it has likely eroded some on the copper from the
grid bar which then deposits everywhere onto the grid. EDS spectrum corresponding to Figure 96(C, D) is shown Figure 97. Spectrum acquisition, element identification and quantification is done
using the ESPIRIT Microanalysis software by Bruker.
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Figure 97: EDS spectrum showing elements identified from the inbuilt database
Figure 97 shows carbon (C), oxygen (O), copper (Cu) and silicon (Si) as the primary elements
detected by EDS in the imaged region. The EDS spectrum can also be used to quantitatively
estimate relative percent of the elements present after element identification, spectrum
normalization and peak deconvolution. The area under the peak is used for relative weight percent
calculation. For the example here, this is shown in Table 19.
Table 19: Quantification of relative amounts of elements using EDS
Error
Element

Mass (wt.%)
(3 sigma, wt.%)

Carbon (C)

61

6.3

Oxygen (O)

10

1.3

Copper (Cu)

13

1.76

Silicon (Si)

16

1.06
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It must be noted here that the contribution for copper is from the contaminant as well as the X-rays
generated from the copper TEM grid bars. Given the size of the contaminant particle, it likely
accounts for a very small fraction of the total copper detected, and therefore, trying to quantify
copper as the contaminant with the sample on a copper grid may not be a reliable way towards
this. This sputter deposition of copper has been observed when sampling of the particle is done
under heated conditions which causes some of the copper from the grid to melt and sputter all over
the sample and on the rest of the grid. This calls for caution with EDS and its quantification if
sample preparation involves direct TEM grid heating, as has been done here for laser heating of
soot samples. However, using the elemental maps, EDS can help identify the elements present in
a particular region of interest.
Electron Energy Loss Spectroscopy
Based on the energy lost by an incident beam of electrons when interacting with the specimen, one
can analyze its response to laser annealing based on the proportion of its sp2 to sp3 hybridized
carbon [267]. Electron energy loss spectroscopy (EELS) is used to illustrate particle-to-particle
variation (or lack thereof) within a sample. EELS in scanning TEM (STEM) mode, with a spot
size of ~1 nm helps determine bonding chemistry for several particles within an aggregate.
Electron energy loss can be measured due to the energy loss from incident electrons in the
promotion of core-shell electrons to the unoccupied antibonding σ* or π* states. For carbon this
occurs in the ~284 – 305 eV range, comprised of the 1s to π* transition at ~285 eV and 1s to σ*
transition at ~292 eV [268–270]. The 1s to π* is typically quantified by the integrated intensity
under the electron energy loss curve in the ~284 – 289 eV and 1s to σ* in the ~290 – 305 eV range
[268]. The relative intensity of the two transitions provides relative measure of the density of states
and therefore quantification of its sp2 and sp3 content.
EELS as a characterization technique is sensitive to the angle of approach of the electron beam
with respect to the orientation of the σ and π bonds in the material. For instance, an electron beam
interacting with a highly anisotropic material such a graphene or graphite will emerge differently
based on a parallel approach to in-plane carbon atoms vs. a perpendicular approach to the same.
This is because the orientation of π-bonds, for instance, changes and so does the electron cloud
that surrounds the molecular species. Thus, when using a standard for EELS, it is important for
the standard to be free of orientation effects and therefore, using an isotropic material such as
diamond or quasi-spherical carbon nano-onions eliminates this problem to an extent. The magic
angle is, therefore, defined as the angle of approach of the electron beam at which the measurement
becomes independent of this angular orientation effect. At this angle, the momentum of incoming
electrons in the perpendicular direction equals that of their momentum in the parallel direction of
approach, i.e., the interaction in both directions of approach is somewhat equivalent.
Thus, quantification in EELS is dependent on an appropriate calibration standard [216].
Graphitized carbon black has been used as the EELS calibration standard in this work with the
assumption of 100% sp2 content, its quasi-spherical geometry making it free of orientation effects
- a potential disadvantage when using graphite as a standard [103].
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TEM as a technique has the unique ability to probe and visualize atomic scale structure, a feat
which has led to the opening of a whole new world of materials and their analysis towards making
new and improved materials or modifying existing ones.
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LATTICE FRINGE ANALYSIS
Lattice fringes, formed by the constructive interference of the transmitted and diffracted beams in
a TEM provide a reconstruction of the lamellae structure and can be used to quantify the
nanostructure of the soot or carbon black and differentiate between materials based on their
lamellae arrangement.
Quantification of the nanostructure of soot from its HRTEM images can help in developing a
nanostructure-reactivity correlation. Graphitic nanostructure can be characterized by its in-plane
layer dimensions (La, Lb), stacking height (Lc), inter-planar spacing (d), and tortuosity or curvature
of the lamellae [51,67]. Lattice fringe length determines the physical extent of the atomic carbon
layer planes. It is the end-to-end distance measuring the fringe along its length. Longer lengths
correspond to a higher degree of organization and hence the material is considered to be more
graphitic. Fringe tortuosity, defined here as the ratio of the actual fringe length to the shortest
distance between the endpoints of a carbon segment, provides a measure of the undulation of the
layer planes. Fringes can be arbitrarily oriented or they can be stacked with respect to one another.
Differences in soot nanostructure upon laser derivatization can also be quantified by the extent of
fringe stacking of carbon lamellae observed post annealing. The stack analysis algorithm
implemented here uses three different parameters obtained from a TEM image analysis [271].
These parameters help classify fringes into a stack based on the distance between the fringes, the
angle formed between two fringes and the width of the stack, related to the number of fringes seen
in one stack. If a fringe is far displaced laterally or angularly, it will not be a part of one stack but
can form a part of a different stack for which it lies within the defined threshold parameters relative
to its neighboring fringes. These parameters have been represented by the schematic in Figure 98
[209].

Length

Stacked

L

L

A
Tortuosity

Stacked Fringes

Un-stacked

Figure 98: Fringe parameters characterizing nanostructure [209]
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HRTEM images facilitate a direct measure of the length, curvature, and stacking of graphitic
fringes. Vander Wal et al. [272] showed HRTEM images revealing differences in soot
nanostructure for different types of soot primary particles before and after partial oxidation, for
instance. Fringe analysis algorithms are employed here to relate reactivity to soot nanostructure
(fringe length and tortuosity), building upon prior works [208,273]. Fringe analysis is specifically
shown chapter-wise, specific to the materials being analyzed for that chapter. Here, a general
sensitivity analysis of this analysis technique is done to demonstrate repeatability of the technique
and consistency of fringe analysis results using multiple different HRTEM images within the same
sample.

SENSITIVITY ANALYSIS
Using a few example soots, a sensitivity analysis of lattice parameter calculation has been done
here to demonstrate consistency in results for multiple images of the same material. i.e., fringe
statistics of length, tortuosity and stacking show consistent numbers and trends using multiple
TEM images for the same soot sample. The soots used for this analysis have been described as
presented with supporting TEM images of the nascent and laser heated material.
Fringe length and tortuosity
The following cookstove soots were imaged to representatively analyze their sensitivity to the
fringe length and tortuosity statistics applied in this work.
Table 20: Details of cookstove soot samples used for fringe analysis
Sample

Stove

Fuel

PM 2.5 mass conc
mg/m3

1

Jiko Poa

Red Oak Wet

0.822

2

3 stone fire

Red Oak Dry

1.339

Fringe and tortuosity analysis for cookstove soot from red oak wet and dry wood as fuel were
performed for multiple TEM micrographs to representatively assess variation of fringe statistics
as a function of the image used. In order to understand how representative one image is of the
material being characterized, two or more of the high resolution TEM images were chosen and
analyzed by quantification of the fringe length and tortuosity separately. Results of the respective
distributions obtained from both images are compared to understand the similarities and
differences, if any, between two or more images of the same soot sample. This comparison is done
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for nascent (as obtained) soot and laser annealed soot. Laser annealing is done with 1 pulse of 150
mJ/cm2 fluence of the Nd:YAG laser.
A) Red Oak Dry (1)

10 nm

10 nm
B) Red Oak Dry (2)

10 nm

10 nm
C) Red Oak Wet (1)

D) Red Oak Wet (2)

Figure 99: Images used for a sensitivity analysis of fringe statistics of length and tortuosity for
cookstove soot with red oakwood (A-B) dry and (C-D) wet
Figure 99 shows TEM images of nascent cookstove soot obtained by burning a dry and wet red
oakwood as fuel with a comparison of fringe length and tortuosity statistics shown in Figure 100.
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Figure 100: Fringe statistics from different images compared for nascent soot from red oak dry
and wet wood as fuel in a cookstove
In a similar manner, TEM images for laser annealed cookstove soot from the two oakwood as fuel
are shown in Figure 101 with statistics presented in Figure 102 types. Consistency in distribution
trends of fringe length and tortuosity for images of soot from both fuels, nascent and laser annealed,
shows consistency in quantification and supports high resolution TEM micrographs as
representative of the soot nanostructure being analyzed.
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B) Red Oak Dry (2)

10 nm

10 nm

10 nm

C) Red Oak Dry (3)

A) Red Oak Dry (1)

20 nm

E) Red Oak Wet (2)

20 nm

D) Red Oak Wet (1)

Figure 101: Images used for a sensitivity analysis of fringe statistics of length and tortuosity for
annealed cookstove soot with red oakwood (A-C) dry and (D-E) wet
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Figure 102: Fringe statistics from different images compared for laser annealed soot from red
oak dry and wet wood as fuel in a cookstove
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Stack Analysis
In a similar manner to fringe length and tortuosity, a sensitivity analysis is done for fringe stack
analysis using ULSD blended with biodiesel. B20 (20% blend) and B100 (100% biodiesel) are
analyzed here using multiple arbitrarily chosen TEM images for each soot type. This analysis
allows for selection of an optimum set of parameters to analyze the extent of stacking for the
purpose of differentiation in soot nanostructure.
For B20, the following different sets of parameters were used to perform an analysis on the
stacking distribution observed.
a) Set A: Midpoint distance = 0.5 nm, perpendicular distance = 3.8 nm, angle difference = 20 deg
b) Set B: Midpoint distance = 1 nm, perpendicular distance = 3.8 nm, angle difference = 20 deg
c) Set C: Midpoint distance = 1 nm, perpendicular distance = 3.8 nm, angle difference = 30 deg

These parameters are referred to in their respective statistical distributions as [midpoint distance –
perpendicular distance – angle difference], i.e., Set A is referred to as [0.5-3.8-20] for ease of
relatability and reference.
2.1.2.1

B20: Image 1

10 nm

a

b

c

Figure 103: (a) TEM image of B20, (b) filtered image for parameter extraction, (c) grayscale
skeletonized image and (d) RGB image of the skeleton colored by fringe length.
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Figure 104: Stack analysis on a B20 soot particle using three different stack parameter sets (a)
[0.5-3.8-20], (b) [1-3.8-20] and (c) [1-3.8-30], respectively.
2.1.2.2

B20: Image 2

The same 3 sets of parameters were used for this second image for B20.

b

a

c

Figure 105: (a) TEM image of B20, (b) filtered for parameter extraction and (c) RGB image with
the skeleton colored by fringe length.

b

a

c

Figure 106: Stack analysis parametric study for three sets (a) [0.5-3.8-20], (b) [1-3.8-20] and (c)
[1-3.8-30], respectively.
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The pair of images selected here for B20 are compared for their stacking distribution below. The
graph shows the percentage of fringes in stacks of 2, 3, 4 and 5+ fringes per stack for both images
of B20. Consistency in distribution between the two images points to the repeatability of this
procedure for image analysis of one particular soot type, i.e., the analysis of one or two images is
likely representative of the material. Parameters from set B seem to be a good balance, with set A
not being able to capture a lot of the stacks and set C reporting an unusual number of high stacks.
B20 - Stack Parameter Sensitivity Analysis
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Figure 107: Fringes per stack compared for two arbitrary images of B-20 for consistency and
parameter optimization
A similar analysis of soot nanostructure from 100% biodiesel follows. This is simply done to
ensure that this procedure is valid across a variety of soot types. Thus, a pair of arbitrary images
are analyzed for their stacking distribution, using the following sets of parameters.
a)
b)
c)
d)

Set A: Midpoint distance = 0.5 nm, perpendicular distance = 3.8 nm, angle difference = 20 deg
Set B: Midpoint distance = 1 nm, perpendicular distance = 3.8 nm, angle difference = 20 deg
Set C: Midpoint distance = 1 nm, perpendicular distance = 3.8 nm, angle difference = 30 deg
Set D: Midpoint distance = 1.5 nm, perpendicular distance = 3.8 nm, angle difference = 30 deg

Based on the analysis using sets B and C, parameters for set D were further relaxed in the hope to
better assess the stacking distribution. Set A further restricts this set of images and therefore, has
not been used for the analysis of B100.
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2.1.2.3

B100: Image 1

10 nm

a

b

Figure 108: (a) TEM image of an annealed B100 soot particle and (b) RGB skeletonized image
colored by fringe length after parameter extraction

b

a

c

Figure 109: Sensitivity study for stack analysis of B100 using parameter sets (a) [1-3.8-20], (b)
[1-3.8-30] and (c) [1.5-3.8-30], respectively
Set B shows very few stacks extracted from the TEM image as compared to the high resolution
TEM image, and therefore, sets C and D with relaxed parameters were used for comparison. Set
C is probably optimum, with set D going overboard in the percentage of stacks consisting of 5 or
more fringes per stack.
2.1.2.4

B100: Image 2

A similar analysis with the second of the image pair from B100 shows the following stacking
distribution.
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10 nm

a

b

Figure 110: (a) TEM image of annealed B100 and (b) RGB skeletonized image colored by fringe
length value after parameter extraction

a

b

c

Figure 111: Sensitivity analysis of the parameters used for a stack analysis done using (a) [1-3.820], (b) [1-3.8-30] and (c) [1.5-3.8-30], respectively
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B100 - Stack Parameter Sensitivity Analysis
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Figure 112: Stacking distribution compared for a pair of B100 images, using three different sets
of parameters
For this set of images, there seems to be consistency in the percentage of 2 and 3 fringes per stack
across the images, with some differences appearing in 4 and 5 fringes per stack. However, here
too, set B or set C would contain the optimum parameters owing to the least variability observed
across images. Set D, however, shows a large variation, particularly for 5+ fringes per stack, likely
over-counting the number of stacks with 5+ fringes per stack, and therefore, has not been used.
A word of caution regarding image quantification
Although a sensitivity analysis indicates TEM images being representative of the soot
nanostructure being analyzed, it also points to an important consideration when implementing
algorithms for image analyses. While there is consistency in a set of images from one soot sample
for a given set of parameters, the same parameter set may not guarantee a consistent response from
a completely different soot sample and therefore, there is not universally consistent parameter set
that will work flawless for all image quantification. Such quantification has to be done on a case
by case basis, with the quantification reflecting what is observed visually by TEM and not skewing
statistics based on over or undercounting of the elements of the image that are being assessed.

165

X-RAY DIFFRACTION
X-ray diffraction is a spectroscopic analysis technique used to probe the crystal structure of
materials and identify crystallographic phases or atomic arrangement in the crystal structure. The
technique works on the principle of constructive interference of scattered light by the periodic
arrangement of atoms and molecules in a crystal lattice [262]. This constructive interference of Xrays scattered from a plane occurs when the travel path between the two interfering rays is an
integer multiple of the wavelength of light being scattered [262]. It is a “diffraction” as opposed
to a “reflection” because each atom that scatters the incident radiation acts as a pseudo-point source
of scattered light in phase with light scattered from its neighboring atoms/molecules. Bragg’s law
[262] describes the relationship between the X-ray wavelength, angle of incidence and distance
between the atomic layer planes and is given by the following equation
Equation 7
nλ = 2 d sin θ
In this equation, n is an integer, λ is the wavelength of incident radiation, d is the interplanar
distance and θ is the glancing angle of incidence, also called the Bragg angle. Traditionally, the
angle of incidence is defined as the angle made by the incident ray with the normal (perpendicular)
to the plane of incidence. Here, the glancing angle of incidence is the angle made by the incident
ray with the plane on which it is incident.
Coherent and intense diffraction peaks observed from salt and iron pyrite crystals [262] led to the
assumption of constructive interference of incident X-rays occurring from long-range order of
crystallites. Such an intense peak at a particular angle would not be observed if an ordered crystal
has intermittently dispersed irregularities or, in other words, there is no long-range order. Thus,
parameters from Bragg’s diffraction will likely have to be interpreted with caution for highly
disordered materials. Another inherent assumption in this equation is that it accounts for far-field
diffraction and therefore, will likely breakdown if information of diffracted light is collected too
close to the object of interest. However, this can likely be controlled by using appropriate
instruments designed to collect diffracted far-field X-rays.

XRD FOR CARBON
The element, carbon, does not exist individually or is a very short-lived species and it combines to
form other stable forms called allotropes. The versatility of carbon as a material for
characterization by XRD is because of the numerous atomic arrangements that it exhibits,
imparting varying physical and thermal properties to it. For instance, it can take the form of a hard
diamond structure, or that of perfectly ordered soft graphite. Alternatively, carbon can exhibit a
2D sheet-like arrangement of sp2 hybridized atoms in the form of graphene or it can curl up into a
ball and exhibit a fullerene-like highly curved structure due to “defects” in the form of 5 membered
166

rings distributed throughout a sheet of 6-memebered rings causing it to become unstable and closein on itself, much like a soccer ball. When 2D graphene sheets roll up to stabilize their edge sites,
1D carbon-nanotubes are formed with one or multiple walls, i.e., rolls of graphene sheets, another
recent addition to the carbon allotrope family.
XRD is applied here to carbon and has been studied for decades on carbonaceous materials, having
its beginnings in the 1930s when Warren and confirmed the existence of a graphite-like d-spacing
between adjacent layers of carbon [195] using a Fourier integral analysis of XRD patterns of
carbon black [274]. Carbon black is another form which has been shown to be an intermediate
turbostratic form of carbon with 2D order but no 3D order unless heated to graphitization
temperatures [196]. Franklin furthered the analysis on the graphitic and non-graphitic structure of
carbons with XRD in the 1950s [60,197]. Other typical allotropes include glassy carbon with
randomly oriented crystallites showing a broad going onto narrow (002) peak by its XRD as it is
heat treated to higher (~1000 ˚C) temperatures [202]. Amorphous carbon, is slightly different from
carbon black in that it lacks structure and consists of a random arrangement of carbon atoms [196],
and is typically a component of soot.
Various soot and carbon black samples are analyzed in this work using XRD for their structural
differences. While carbonaceous materials typically have a handful of peaks watched out for in
XRD, the intensity and peak width are telling of the carbon’s atomic structure and how differences
in its atomic arrangement can impart various properties to the material. An attempt is made to
explain some of these tell-tale signs for better analysis of XRD spectra with examples of XRD
measurements of model materials to span a range of atomic arrangements of carbon. Typical peak
assignments observed from XRD measurements of carbonaceous materials are:
(002) @ 2θ = 26˚
The (002) peak is observed due to the c-axis stacking of graphene layers forming a stack-of-papers
like arrangement with the d-spacing calculated from XRD corresponding to the spacing between
these sheets. For the ABAB stacking in perfect graphite, the distance between two AA sheets is
twice its d-spacing calculated from XRD. Alternatively, ‘d’ corresponds to the distance between
the AB sheets. It tends to a value of 3.345 Å as carbon is heat treated and transforms into a
thermodynamically stable form. 3.345 Å is the d-spacing for perfect graphite. Based on the
stacking, values of ‘d’ can range from 3.345 Å to 3.44 Å, traditionally referred to as perfect
turbostratic graphite [60,163] with adjacent layer planes twisted with respect to one another
resulting in an increase in the distance between sheets. ‘d’ can extend as far as 3.8 Å and similar
values have been observed for carbons studied here.
A large value of ‘d’ will probably coincide with broadening of the (002) peak likely due to misaligned graphene segments [199] or due to multiple phases/forms of carbon existing in one
material, with the characteristic stacking of each phase contributing to the (002) peak [275] also
referred to as distortion broadening [198]. While a large value of ‘d’ can indicate widely spaced
graphene sheets, a very broad (002) peak may not necessarily mean an always increasing distance
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between layer planes. Increasing the distance beyond a certain threshold will mean that the
individual graphene sheets cease to form a part of the same stack and therefore, will tend to a
random, amorphous arrangement, typical of carbon blacks and soot.
Deconvolution of a broad (002) peak into phases of carbon, should they exist in the material, will
have to be done with caution based on how the material has been formed or pre-treated, the
presence of other peaks that may be indicators of its graphitic (or non-graphitic) nature, and
complimentary characterization with techniques like TEM, SEM or Raman spectroscopy, to
correctly interpret the materials’ morphology.
(100) @ 2θ = 42˚ and (101) @ 2θ = 44˚
The (100) and (101) peaks have been discussed together because most often than not these peaks
are merged into one broad peak and are challenging to tell apart even by deconvolution given the
presence multiple possible peaks in the 40 – 50˚ 2θ region.
The (100) peak arises due to the lateral extent of the layer planes, and can thus be used to measure
the La f the carbon being analyzed. However, given its uncertainty in deconvolution from the (101)
peak, the La measure may be somewhat skewed, depending on the clarity of the peak width and
intensity. Therefore, a better measure of the material’s La may be derived from the (110) peak at
2θ = 77˚, if it exhibits sufficient intensity to XRD.
The (101) peak is another indicator of c-axis stacking and if not present in the nascent material, it
can be seen to develop as carbon is heat treated to graphitization temperatures [196], as the number
of stacked layer planes increase. It is usually not prominent in carbon blacks or soot although given
that there will always be some slight degree of random stacking, it gets hidden under the broad
peak in that region, suggestive of continuum spacing between the 3.345 Ǻ for perfectly graphitic
and 3.44 Ǻ for turbostratic carbon [60,198].
(004) @ 2θ = ~54˚
The (004) peak is a doublet of the (002) peak and is typically present for highly ordered carbons.
It corresponds to the imaginary planes between the A and B sheets in an ABAB stacked graphite.
Intensity and peak width wise, it usually follows the (002) peak in its trend but for the same
material, has a significantly lower intensity than the (002). It can potentially be used to derive dspacing of the carbon as well.
(110) @ 2θ = 77˚
The (110) peak is a second measure of the lateral extent of the sheets of carbon after the (100)
peak. This is typically a standalone peak, making it easier to peak-fit and extract lattice parameters
from as compared to the convoluted (100) peak typically merged with the (101) peak in the 42 –
44˚ 2θ region. However, this too has a significantly lower intensity relative to other peaks and is
most prominent in highly ordered graphitic materials.
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Other peaks
Based on the treatment of the carbon material, other peaks may be observed in its diffraction
spectra such as the (102) @ 2θ = ~52˚, (103) @ 2θ = ~58˚, (112) @ 2θ = ~84˚ or the (006) @ 2θ
= ~86˚ [276] but these have not been encountered for the materials studied here and have therefore,
not been discussed given their low intensity/absence from the materials analyzed.
When reporting lattice parameters, it is always a good idea to mention the angle and (hkl)
parameters of the peak used to calculate the values and ideally, comparisons must be made for
similar calculations. This is because one lattice parameter may have two different values based on
the peak used to calculate it. This is because the lattice parameter extracted from XRD is an average
of the bulk measurement is by no means the only value of La (or Lc) that exists in the material.
There can be a range of La/Lc values of which, XRD only reports an average and this average can
change based on the orientation of the crystallite structure relative to the incident and diffracted
X-rays or can be skewed in favor of crystallites of larger sizes. This insight, word of caution and
its implications have been well summarized by Short and Walker [163].

INSTRUMENT
XRD measurements of the samples were carried out in a PANalytical Empyrean X-ray
Diffractometer using a Cu source (λ = 1.54 Ǻ), para-focusing optics, and a PIXcel 3D detector.
Spectrum was collected from 2θ = 5 – 95˚. Measurements were performed after correcting for
instrument broadening using an internal silicon standard. Background subtraction and peak
deconvolution of the XRD pattern was performed using JADE® software, which also calculated
the d002 layered plane spacing as per the Bragg equation. The carbon layer plane lateral extent (La)
stack height (Lc) were calculated by applying the Scherrer equation [162], represented here.
Equation 8
La or c =

K a or c λ
B cosθ

K is the Scherrer constant and B is the line broadening due to diffraction, or the full-width at half
maximum (FWHM) of the peak measured in radians. K is typically considered close to unity. For
carbons, Warren [195] obtained values of K as 1.84 for La (2D particle size) and 0.89 for Lc
(crystallite particle size) from crystallite reflections of the type (00l) and 2D lattice reflections of
the type (hk).

ILLUSTRATIVE EXAMPLES
The materials used as illustration are (A) Regal 250 (R250), a carbon black exhibiting a core-shell
nanostructure, from Cabot Corp, (B) Monarch 1300 (M1300), with fullerene-like highly curved
lamellae, from Cabot Corp., (C) arc-generated soot (Arc Soot), and (D) graphitized R250, i.e.,
R250 subject to high temperature (3000 ˚C) heat treatment for one hour forming polyhedral onion169

like shells. These four materials show significant variation in nanostructure shown by their TEM
micrographs in Figure 113.
50 nm

10 nm

A) R250

B) M1300
50 nm

C) Arc Soot

100 nm

D) Graphitized Carbon Black

Figure 113: Carbon blacks (A) R250, (B) M1300, (C) Arc Soot and (D) Graphitized R250 as
illustrative examples
Their respective XRD spectra is shown in Figure 114, normalized by the area under the curve for
a comparison.
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Figure 114: Area normalized XRD spectra for (A) R250, (B) M1300, (C) Arc Soot and (D)
Graphitized R250
Qualitatively, XRD shows the contrast in the intensity of the 002 peak at 26˚ (2θ). This peak is a
measure of the degree of c-axis stacking in carbon materials, with a sharp and narrow peak for
graphitized R250 followed by that of Arc Soot indicating the presence of relatively large stacks of
carbon layer planes. The intensity of the peak is a measure of the relative concentration of layer
planes stacked with a graphite-like d-spacing in the material, with graphitized R250 having the
highest intensity (note Y-axis scale) followed by Arc Soot. Contrary to this R250 and M1300 show
a broad and low intensity (002) peak implying the presence of less graphitic and more amorphous
or disordered carbon lamellae. The (002) peak intensity for M1300 is almost negligible, owing to
its fullerene-like nanostructure. The highly curved lamellae prevent any measurable stacking of
the carbon layer planes in this carbon black. Lattice parameters from their respective XRD
spectrum are calculated and tabulated in Table 21 for a quantitative comparison.
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Table 21: Lattice parameters from XRD

Parameter

R250

M1300

Arc Soot

Graphitized
R250

d002 [Å]

3.6

3.7

3.5

3.4

Lc (using 002) [nm]

2

1

18

7

Lc (using 004) [nm]

--

--

25

6

La (using 100) [nm]

6

4

8

16

La (using 110) [nm]

3

--

39

19

Graphitized R250 shows a d-spacing of 3.4 Å close to that of perfect turbostratic graphite (3.44
Å), while Arc Soot, R250 and M1300 showing successively increasing d-spacing. Consequently,
Arc Soot has the largest Lc and La. The Lc and La parameter are calculated here using both peaks
that give information about that lattice parameter to illustrate the difference observed in the two
measurements. These differences can be attributed to the orientation angle at while X-rays are
incident on the sample, exposing more or less of a particular aspect of the crystal structure.
Typically, a significant difference in the La values from the (100) and the (110) peak may be
because of the nature of the (100) peak which is merged with the (101) embedded in it, making it
challenging to delineate contributions from the two or due to extraneous broadening for which a
correction factor is required. It is also recommended to use the (110) peak for later stages of
graphitization for a more reliable measure [198]. Thus, when sufficiently intense, the (110) peak
may be a better measure of La. However, multiple measures of La and Lc for graphitized R250
agree with each other, given its quasi-spherical and isotropic nature, making this sample relatively
independent of orientation effects. Thus, it can be used as a standard for spectroscopic
measurements, such as EELS, relative to which the sp2 content of other carbons can be evaluated.
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RAMAN SPECTROSCOPY
Raman spectroscopy is a technique used to probe the physical structure of a material, given the
fingerprinting nature of this spectroscopy that provides a baseline to potentially identify structural
modifications. To understand the working of this technique, it is important to understand the
following definitions of fundamental particles like a photon and a phonon.
A photon is described as the smallest discrete or quantized unit of energy. This can be in the form
of electromagnetic radiation, i.e., light, and can also represent a quantum of electromagnetic force.
A photon can be thought to be the smallest packet of energy.
Phonons are ‘particles’ derived from vibrations of atoms in a solid. A phonon represents a packet
of vibrations and is often used to describe an excited state of an atom or molecule. It is a collective
excitation that occurs when a solid behaves like it is made up of particles that interact weakly in
free space. A phonon is, therefore, a quasi-particle with the concept derived from the Greek word
that means sound, because long-wavelength phonons lead to sound.
Raman spectroscopy is a light scattering technique where a monochromatic laser is used to produce
photons that interact with a sample to then scatter and, thereby, produce scattered light of different
wavelengths. Most light scatters elastically (Rayleigh scattering). The inelastic interaction of the
monochromatic laser light with the molecule results in a change the incident photon energy when
the molecule briefly goes into a virtual energy state before relaxing back down. This interaction
puts the molecule in a different rotational or vibrational state. A decrease in the energy of the
emitted photon is called the Stokes shift, and an increase in the emitted photon’s energy is called
the anti-stokes shift.
Raman scattering is the inelastic scattering of photons due to a change in the polarization of
the phonon caused by the dipole-dipole interaction between the electric dipole of the molecule
and that of the incoming photon.
If there is no change in the polarizability tensor, the material is said to be Raman inactive, while
its counterpart is referred to as being Raman active.
Raman has wide applicability due to its non-intrusive and non-destructive nature. It has been used
with old books, paintings and works of art to be able to date these, tell the composition of inks
used at the time and infer socio-economic conditions from there. It is used for biological specimens
and is becoming increasingly popular in the medical field with one reason being its noninterference with water molecule signatures, for instance, a feature typically observed in infrared
spectroscopy. Raman has been used extensively with carbon-based forms due to the Raman-active
nature of carbon. The following peaks and typical peak positions are observed from Raman on
carbon based on different vibrational modes encountered.
The G peak at 1580 cm-1 represents the primary in-plane vibrational mode. It is a stretch mode of
the E2g symmetry at sp2 sites [277]. The in-plane vibrational mode can be thought of as a 2-D
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sheet of carbon atoms making up a sheet and moving side-to-side within the 2D plane. The motion
of individual carbon atoms may not be harmonious i.e., atoms vibrate in plane but not necessarily
in the same direction at the same time. The presence of the G peak is attributed to the bond stretch
of pairs of sp2 carbon atoms [278], and these do not need to be a six-fold symmetry, typically
associated with a pristine ‘graphene’ sheet. The G peak will be present where sp 2 carbon atoms
are present in chain-like structures as well. This peak is non-dispersive, i.e., it will not vary with
the excitation energy of the photon.
The D peak at 1360 cm-1 arises from the A1g breathing mode at the edges of the graphite planes
in sp2 carbon. It can be thought of as a six-membered carbon ring inflating and deflating, i.e.,
breathing, in and out. This is also an in-plane vibrational mode, but given the nature of this mode,
it is disallowed in perfect graphite because its presence will mean a destruction in the lattice
structure of graphite. Therefore, it is a peak that is active in carbon exhibiting disorder or defects,
and is also referred to as a “disorder” or a “defect” peak. This peak is dispersive, i.e., its peak
position will vary with the excitation energy of the photon and its intensity is strongly a function
of the presence of six-fold aromatic rings. These symmetric breathing modes have the largest effect
on the change in polarization of the molecule and thus, are said to have a large Raman crosssection. The D peak has a higher intensity for an armchair edge relative to a zig-zag edge of a sheet
of carbon atoms. This can be understood based on the geometry of the two edges shown in Figure
115.

A) Armchair Edge

B) Zigzag Edge

Figure 115: Illustration of the armchair and zigzag edge of a graphene sheet
The armchair edge geometry is conducive to the breathing mode with more room for the carbon
atoms to breathe as compared to the zig-zag edge geometry that restricts breathing given the
adjacent ring placement causing restriction for the rings at the center of the chain. Armchair edges
tend to elastically scatter charge carriers that give rise to the D peak relative to zigzag edges. It is
important to interpret the D peak (or any other peak for that matter) based on available information
of the specific material being analyzed. For instance, D is typically thought to signify disorder in
the carbon material. However, the more disordered the carbon, the smaller is the size (La) of
fragments that exist. In such a disordered carbon, the D peak intensity will be proportional to being
able to locate the six-fold ring in the cluster. The presence of a six-membered ring then implies the
degree of order in the material instead.
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Another commonly analyzed peak for carbon is the 2D (or G’) peak. This peak has been given
multiple notations for convenience or ease of reference and will be referred to as the 2D peak in
this work, in keeping with a more commonly used notation. The 2D peak is the second overtone
of the D peak, is typically observed near the 2700 cm-1 mark and is dispersive in nature which may
cause it to move around based on the excitation source used [278,279]. Although being an overtone
of the D (disorder/defect peak) and potentially deriving its name from there, the 2D peak is always
allowed, and does not correlate with defects or disorder in the carbon. The 2D peak is observed to
split into a shoulder at 2680 cm-1 in a highly ordered graphitic lattice. This split in the 2D peak,
also observed in the D peak, with increased c-axis stacking can be understood as being due to an
increase in the inter-layer interactions, resulting in a split up of the phonon and electron branches
of a wave vector. Single layer graphene typically exhibits a sharp 2D peak and it necessarily exists
for this material. However, the reverse is not true. The existence of a 2D peak does not indicate
the presence of single layer graphene. In fact, the 2D peak is influenced by the number of layers
and their relative orientation to one another. These parameters play a role in modifying the
electronic band structure of the material being studied and some orientations with an optimum
number of stacked layers can result in a 2D peak [161].
Other first and second order peaks encountered in Raman for carbon are the D2 peak at ~1620 cm1
, often a low intensity shoulder to the G peak at 1580 cm-1. The D2 originates from the free surface
graphene layer [279], not sandwiched between two adjacent graphene layers. The 2D2 at 3200 cm1
is the second overtone of the D2, seen as a part of the second order peaks along with the 2D peak
at 2700 cm-1. The D3 peak at ~1500 cm-1, said to be attributed to the presence of amorphous
carbon and typically included when the D and G peak are comparable in intensity, giving rise to a
valley between 1360 cm-1 and 1580 cm-1. Its inclusion can be justified by a good, low-residual,
peak fit in this region. A gaussian peak is said to best fit this D3 peak [279]. Typically Raman
inactive, the D4 peak at ~1180 cm-1 may be present as a shoulder to the D peak, originates from
the presence of sp3-sp2 C-C or C=C stretch or the presence of ionic impurities [279]. The second
overtone of the D4, i.e., the 2D4 is Raman active and may be observed at ~2450 cm -1, thereby
providing evidence of the D4 peak being present, although relatively insignificant in intensity. At
2900 cm-1, typically seen in graphitic materials, is the G+D peak, characteristic of disturbed
graphite structures. All of the second order peaks – 2D4 (2450 cm-1), 2D (2700 cm-1), G+D (2900
cm-1) and the 2D2 (3200 cm-1) – become prominent as the crystallinity of the sample increases.

ANALYSIS OF RAMAN SPECTRA – PEAK DECONVOLUTION
The reason for the interest in Raman for carbon, specifically soot in the context of this work, has
been the calculation of lattice parameters of the carbonaceous material, first demonstrated by
Tuinstra and Koenig [201] who showed that the ID/IG ratio varies inversely with the lateral size
(La) of the aromatic domains. This information is crucial to infer the effect of heat treatment
temperature on carbon, for instance, and how this changes its layer plane dimensions to indicate
graphitizability or lack of it, which in turn affects is electronic and optical properties [280]. The
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Tuinstra-Koenig relation has been modified over the decades to better estimate La for carbon [278].
Its coefficient of proportionality was calculated by Knight and White by accounting for the
dependence on laser wavelength [281], Ferrari et al. modified it for La < 2 nm [278] with it being
experimentally demonstrated that the original Tuinstra-Koenig is valid for La > 2 nm [282]. Other
works, well summarized by Larouche and Stansfield [283], have modified this ratio to include
integrated area under the D and G peak rather than its intensity ratio to be able to incorporate the
effect of the peak’s full width at half maximum (FWHM) into the lattice parameter calculation.
Raman spectrum may often be noisy, based on the material’s type and activity to Raman
spectroscopy, and delineating the different peak contributions is an important aspect of analyzing
raw Raman spectra, before any calculations on lattice parameters is feasible. Curve fitting for
Raman has therefore been done in an attempt to separate peak contributions and help understand
the C-C interactions that affect the material structure. Sadezky et al. [279] proposed a five-peak fit
for the first order Raman spectrum of soot consisting of four Lorentzian (D, G, D2, D4) and one
Gaussian peak fit (D3). This analysis was done for a variety of Printex carbon blacks, spark
discharge soot and a standard NIST diesel soot. Seong and Boehman [277] propose a modification
of the Knight and White [281] method with a 3 Lorentzian – 1 Gaussian peak fit to diesel and
flame soots analyzed in their work. Sadezky’s approach with the five-peak deconvolution was
further adopted to describe carbonization and partial graphitization with Raman demonstrated with
different varieties of Printex carbon blacks including furnace, gas and conductive blacks [284].
In addition to Raman, XRD and HRTEM are potential means to obtain lattice parameters [273],
these techniques require involved sample preparation relative to Raman spectroscopy which
requires virtually no sample preparation, making it the go-to technique for carbon structure
analysis, but on the flip side, also resulting possible mis-interpretation of Raman data. Multiple
such studies for carbon blacks and a variety of soot exist where Raman spectroscopy has been used
to infer structural information of the material [31,178,222,277,280,285–288]. However, while
most works have additional analytical techniques that complement their Raman analysis, those
that rely solely on Raman for carbon must be considered with caution, given the variability in
carbon, especially soot, types. There is no universal recipe for peak deconvolution, the line-shapes
used or an agreement on peak intensity vs. peak area ratios to determine La for carbon [282]. While
there should be no preference towards a particular set of line-shapes or number of deconvoluted
peaks [278], it is important to correlate analysis from Raman spectrum with other analytical
techniques to infer structural variation and peak fit iteratively to a physically justified result and to
avoid mis-interpretation due to lack of information. For instance, although sound in its approach,
the five-peak deconvolutions involving 4 Lorentzian – 1 Gaussian peak fit is also empirically true
and observed in this work, when the peaks are allowed to freely move until a reasonable tolerance
is reached, without there being any physical explanation for this particular set of peak fits to be
suited to soot in particular relative to any other set that potentially results in similar residuals. Thus,
while this approach has literature precedence and is widely used for Raman spectroscopy analysis
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of soot, any other set would work just as well, provided the Raman spectra is deconvolute such
that it captures the essence of the soot structure, aided by other methods like XRD or TEM.

INSTRUMENT
A Horiba LabRam Raman microscope is used to obtain Raman spectra for the samples when
exposed to a 488 nm 100 mW laser with a 300 grooves/mm grating providing a spectral resolution
of 4 cm-1. Measurements were conducted using DuoScanTM mode (www.horiba.com) with a 50x
objective over a 20 µm radius scanned continuously. This improves signal to noise ratio when
compared to a point measurement and was done to gather information from a representative sample
area over a spectral range of 500 – 3500 cm-1, most relevant to the carbon materials in this work.
Peak deconvolution was done using OPUS 5.5 using the Levenberg-Marquardt (LM) algorithm to
minimize the residual sum of squares.

ILLUSTRATIVE EXAMPLES
The following Raman spectra in Figure 116 are for (A) R250, (B) M1300, (C) Arc Soot and (D)
Graphitized R250 showing varying structure and physical properties. These are presented here in
light of the above discussion and demonstrate the importance of curve fit and the possible
variability that may arise given the material type and its characteristic nanostructure shown here.
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Figure 116: Raman spectra of (A) R250, (B) M1300, (C) Arc Soot and (D) Graphitized R250
Although R250, M1300 and Arc Soot are seemingly similar in their first order peak line shapes
i.e., D and G peaks, there is considerable difference in their second order peaks in the 2500 – 3000
cm-1 region. While R250 shows a broad peak in this region, the broad peak splits up and
contributions from other peaks become recognizable in M1300 and distinct in Arc Soot. The
distinct 2D peak and its split up in Arc Soot indicate stacked layer planes. Given the fullerene-like
nature of M1300, such stacks are few with a low intensity second order Raman peak. R250 shows
fringes aligned concentrically, but these are largely offset, not forming distinct stacks, resulting in
a broad peak with minor contributions summing up to this spectrum. Graphitized R250 has a welldeveloped nanostructure with few defects, reflected in its D/G peak ratio. Given that R250 has
relatively few layers stacked as seen from XRD, it shows an intense 2D peak and the presence of
other second order peaks, while arc soot shows the highest Lc and therefore a depressed but
prominent peak at 2700 cm-1.
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Deconvolution of Raman spectra was performed by fitting only the minimum number of peaks
required to obtain a good fit to avoid mis-interpretation about the material due to an excess of
peaks. The first order peaks in the spectral range of 800 – 2000 cm-1 is the primary differentiator
for the four materials here and thus its deconvolution to calculate relative peak contribution is
shown in Figure 117.
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Figure 117: Peak deconvolution of Raman spectra of (A) R250, (B) M1300, (C) Arc Soot and (D)
Graphitized R250
Apart from the D and G peaks, R250, M1300 and Arc Soot show contributions from the D3 and
D4 peaks, indicating the presence of an ad-mixture of amorphous carbon, C-C and C=C. These
peaks are absent in the graphitized sample, having bonded to neighboring atoms during their hightemperature heat treatment to reach a thermodynamically stable state. M1300 and graphitized
R250 show an additional D2 peak at 1620 cm-1 as a shoulder to the G peak, relatively pronounced
in the graphitized sample originating from any graphene layers on the surface of the material.
Given the graphitization treatment, there will likely be the presence of such after heat treatment.
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M1300 does not show a pronounced shoulder but adding the D2 peak does minimize the residual.
Thus, it likely has free sp2 carbon on its surface, although not as much quantitatively as compared
to graphitized carbon.
Peak positions and the functions used to get the best fit are tabulated in Table 22 with extracted
peak ratios tabulated in Table 23.
Table 22: Peak positions and corresponding fitting functions used for Raman spectra
deconvolution
Carbon Material /
Peak position (cm-1)

D

G

D2

1359

1580

D3

D4

1519

1200

(G)

(L)

(function used)
R250

-(L)

(L+G)

1359

1583

1613

1525

1256

(L)

(L)

(L)

(G)

(L)

1340

1580

1481

1266

(G)

(L)

--

--

M1300

Arc Soot

-(L)

(L)

1359

1580

1620

(L)

(L)

(L)

Graphitized R250

Most peaks are fit by a Lorentzian function indicated by (L). D3 was empirically observed to fit
best with a Gaussian (G) function. (L+G) indicates a mixed function, but was rarely used unless
necessary for a better residual, seen in the case of the R250 G peak.
Table 23: Peak ratios calculated from Raman spectra
Parameter

R250

M1300

Arc Soot

Graphitized
R250

ID/IG

1.23

1.67

0.81

0.21

I2D/IG

0.1

0.12

0.19

0.66

180

Peak ratios show an overall decreasing trend for ID/IG from left to right in Table 23 with M1300
being the exception and exhibiting greater disorder due to tis fullerene-like nanostructure. I2D/IG
shows a consistent increase from left to right in the table with the intensity of the 2D peak
increasing as the materials nanostructure changes towards fewer stacks of ordered graphene layers
resulting in an intense 2D.

LATTICE PARAMETERS USING RAMAN AND XRD
Like XRD, Raman spectra has been used to calculate the lattice parameter, La, for carbons. A
comparison of the La calculated from Raman and XRD for the four carbons presented are shown
in Table 24.
Table 24: Lattice parameters calculated from Raman spectroscopy compared to values from
XRD
Lattice Parameter
(La) (nm)

XRD La

Raman: Correlation used for La
Knight &
White Modified
K&W
[281]

Cancado Ferrari &
et al.
Robertson
[278]
[289]

Carbon Material /
Correlation used

(100)

(110)

R250

6

3

4

2

5

15

M1300

4

--

3

2

4

17

Arc Soot

6

39

6

5

13

12

Graphitized R250

16

19

22

14

41

6

Compared to La calculated from the (100) XRD peak in this work, values computed by the Knight
and White (K&W) correlation [281] given by Equation 9 are the most alike. An underlying
assumption with this correlation is that it was empirically calculated by analyzing Raman spectra
of a number of diamond films excited with the 514.5 nm argon line, and therefore, the empirical
constant, 4.4, is widely considered to be a function of the laser wavelength used [289], making it
a relatively less accurate calculation when other laser lines are used for excitation.
Equation 9
ID −1
La (nm) = 4.4 ( )
IG
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While the K&W correlation uses the ratio of peak intensities to compute La, various works have
suggested the use of the ratio of peak areas instead, to encompass the effect of the FWHM due to
peak broadening [283]. Thus, Equation 9 can be re-written as
Equation 10
AD −1
La (nm) = 4.4 ( )
AG
Where, AD and AG respectively correspond to integrated area under the D and G peaks after peakdeconvolution and has been referred to here as the modified K&W equation.
Cancado et al. [289] attempted to generalize the K&W or the modified K&W equations to make
these applicable when different laser wavelengths are used to probe the sample for Raman
spectroscopy and proposed Equation 11, using the ratio of peak areas instead of intensities
Equation 11
La = 2.4 ∗ 10

−10

AD −1
λ ( )
AG
4

This equation is for wavelengths in the visible range and was developed by studying diamond-like
carbon films heat treated to different temperatures yielding nano-graphitic structures.
For the four materials presented here, the above correlations are mostly in agreement with one
another for R250, M1300 and Arc Soot although some discrepancy may be observed for
graphitized R250, although the trend remains with the graphitic material exhibiting the largest La.
On the other hand, the correlation by Ferrari and Robertson [278], presented in <e, shows almost
and opposite La trend for these carbons. The correlation to compute La was proposed for three
stages of conversion – (a) graphite to nanocrystalline graphite, (b) nanocrystalline graphite to
amorphous carbon and (c) amorphous carbon to defected diamond.
Equation 12
C(λ)′ L2a =

ID
IG

C(λ)’ = 0.0055 for stage (b) of their graphite to defected diamond conversion. They propose a La2
dependence for amorphous carbon, especially when La < 20 Ǻ. For La > 20 Ǻ, they propose an
inverse dependence of the ID/IG ratio on the square of optical band gap, Eg, of the carbon material
as,
Equation 13
C′′ ID
=
Eg2 IG
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Thus, applying Equation 12 or Equation 13 is probably not appropriate for the carbon blacks here
which lack the presence of hydrogen and likely have no sp3 carbon, resulting in the discrepancy
observed in Table 24.
Note:
The above is by no means an exhaustive explanation of the physics behind the technique but is an
attempt towards understanding it to apply it to characterize soot and correctly interpret Raman data
as it should be, without excessive peak-fitting unless there is a basis for doing so with information
gathered from other analytical techniques.
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APPENDIX C: A NOTE ON XPS
How does the signal intensity detected in XPS attenuate with sample depth, specifically for
powdered carbon samples?
(Based on emails and invaluable verbal conversations with Dr. Jeffrey R. Shallenberger, Associate
Director of the Materials Research Institute at the Pennsylvania State University.)
The estimation of sampling depth is a widely debated topic in XPS. It depends on the probability
of an electron making it out of the sample, which drops exponentially with depth. The terms that
are used to describe the average escape depth are either inelastic mean free path (IMFP) or effective
attenuation length (EAL). The main difference between these being the treatment of elastic
scattering effects. Universal approaches to calculating these have been developed and refined over
the years. The one that seems best is Eq. 7 in this recent work [42] that only requires the kinetic
energy of the electron and the average atomic number.
For carbon, KE of the C 1s is 1486.7 eV (i.e., X-ray energy) - 285 eV = 1200 eV and the average
atomic number is Z = 6. This results in an IMFP of ~3.4 nm (or 35 A). For our instrument, the
samples are tilted at 45° to the detector and so IMFP is 3.4 nm * sine 45° = 2.4 nm. Some of the
confusion results from whether you quote the IMFP or 3*IMFP. 63% of the signal comes from the
IMFP depth or shallower and 95% of signal comes from 3*IMFP. Three times the IMFP for carbon
is 7.2 nm. i.e., 95% of the signal is detected from the top ~7 nm for carbon.

Figure 118: XPS intensity as a function of sampling depth
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The signal intensity distribution shown in the figure is calculated for a material with IMFP = 3.5
nm (or 35 A) and take off angle 80, and is thus shown as an illustration of signal intensity variation
with sampling depth. On an average, 1 monolayer of organic will decrease the substrate signal
~10%.
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APPENDIX D: SUPPLEMENTARY ANALYSIS FOR TIRE-LII
A COMPARISON OF GREY-BODY VS. BLACK-BODY APPROXIMATION
TO PLANCK’S FUNCTION
Temperatures for the carbon blacks in this study are calculated using a wavelength-dependent
emissivity correction applied to Planck’s function. This function can also be used for a black-body
using a constant value of emissivity = 1. The same LII spectra were thus fit to a black-body
approximation (emissivity = 1) and a comparison of spectral fits as well as time-temperature
profiles from these two approximations are shown in this section.
Figure 119 shows measured spectra for the carbon black with primary particle diameter 45 nm fit
to a grey-body (Figure 119-A) and a black-body function (Figure 119-B). The black-body function
predicts a higher particle temperature (T = 3400 K) for the same range of residuals and goodness
of fit as compared that from a grey-body approximation (T= 2900 K).
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Figure 119: Measured spectra fit to Planck's approximation modified for (A) a grey-body with
wavelength-dependent emissivity and (B) a black-body with emissivity = 1
Individual comparisons of time-temperature profiles for the three carbon blacks with 18, 45 and
112 nm particle diameters using the black-body and grey-body approximation are compared in
Figure 120. The three temperature traces see a shift in the observed temperatures.
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Figure 120: Time-temperature profiles for the three carbon blacks compared using a grey-body
and a black-body approximation
Accordingly, the overall comparison of the time-temperature profile overlay for the three materials
is also shown on the same X-Y scale for ease of comparison.
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Figure 121: Time-temperature profiles showing the scaling or shift of temperature profiles for a
grey-body as compared to a black-body with no change in their line-shape
d

The above graphs show that the incorporation of the λ dependence of emissivity seemingly scales
the temperature thereby shifting the time-temperature profile to comparatively lower temperatures
(grey-body maximum temperature in the ~3300 K range rather than the ~3700 K range observed
for the black-body assumption). This difference between absolute temperatures is due to the
function used, i.e., a black-body function vs. a Rayleigh relational dependence. However, the
temperature decay profile remains unaltered after incorporating a wavelength dependent
emissivity. Temperature decay profiles are key to estimating primary particle size and thus, the
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interpretations and analysis of this work still hold for a black-body approximation or after
incorporating a wavelength dependence of emissivity, thereby using a grey-body approximation
for temperature calculation.
This seeming shift or scale down of particle temperatures can be explained by comparing the
Planck distribution curves for the two temperature ranges as shown in Figure 122.
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Figure 122: Planck’s distribution for 3700 K and 3300 K for (A) 200 – 1400 nm and (B) for the
visible range of 400 – 700 nm
A change in temperature shifts the peak position of the distribution curve (Figure 122-A).
However, for the typical wavelength range of interest, i.e., 400 – 700 nm, the two curves are almost
linear and somewhat parallel (Figure 122-B) with one curve seemingly “scaled” relative to the
other. This shift then manifests itself in the temperatures calculated by fitting measured LII spectra
to Planck’s distribution in the same wavelength range without altering the line-shape of the timetemperature profiles – a parameter essential to particle sizing.
As demonstrated, spectrally resolved temperature profiles were well-fit by a blackbody spectrum
with an emissivity = 1, albeit showing higher absolute particle temperatures but with the same
temperature-decay profile (line-shape). A wavelength-dependent emissivity, if critical, would have
manifested itself as a mismatch when the spectrum is fit to blackbody across the multiple
measurements made. Across these spectra, such a mismatch was not observed. Standard deviations
in calculated temperatures are on the order of +/- 2%, indicating a tight fit.
Explicitly including the 1/ λ as a wavelength-dependent “correction factor” in temperature fits to
spectra appears predicated on particle properties not changing after laser heating. While TEM
shows particle size and aggregate morphology to be similar before and after laser annealing, the
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assumption that the particles yet can be treated optically as isolated spherules in the Rayleigh size
regime is unlikely to be correct. Explicitly including the 1/λ factor introduces an unjustified bias.
The conventional guide to determining the scattering regime of a particle is the size parameter X
= 2πdp / λ, where ‘dp ’ is the particle radius and λ is the wavelength of light being scattered. As
arguments to the Bessel functions in Mie theory, however, X is multiplied by ñ where ñ is the
complex index of the particle relative to that of the surrounding medium (and 1.0 for vacuum). In
this form ñ2πdp / λ is also complex:
Equation 14
πdp

ñ2

λ

̃
πdp n

=2

λ

+2

πdp k
λ

= XR + XI

This multiplication is predicated on the actual scaled form of the argument in the Bessel functions,
hence it is not written in the usual radiation form of E(m)*X. To note, both XR and XI are yet
dimensionless and correspond to the real and imaginary parts, respectively.
For thermal emission, a large particle emits a spectrum that is dominated by black-body emission.
By this we mean the shape of the spectrum resembles a black-body with a low-contrast spectral
structure indicative of the underlying optical constants. A small particle, on the other hand, emits
according to its optical constants and may show little evidence of black-body emission. Although
XR is often used to characterize the particle’s relative size, it does not include the imaginary part
of the refractive index, ‘k’, and therefore is not appropriate for distinguishing “large” particles
from “small” ones based on thermal emission. The observed thermal emission is proportional to
the product of emissivity, Qabs and Planck’s function. When the particle is small, its Qabs is much
less than unity and the spectral structure in the optical constants is reﬂected as the spectral structure
in Qabs. For larger particles, Qabs increases at all wavelengths and eventually ﬂattens to a value
close to unity. Such particles are opaque or nearly so, and they emit a spectrum that is roughly
Planckian. For a sphere, a particle’s emissivity is determined only by its size ‘dp ’ and the
imaginary part of the refractive index ‘k’.
The terms “large” and “small” refer to the mean absorption depth of the particle if, in the Rayleigh
size regime, the particle absorbs and emits radiation volumetrically. For radiative emission, this
implies that all emitted wavelengths are in-phase at the particle surface whereas for “large”
particles whose mean absorption depth is comparable to the wavelength of emission, the thermal
(optical) waves are out-of-phase at the particle surface and the spectral dependence then is that of
a black-body radiator.
Unheated soot aggregates appear to optically absorb as independent Rayleigh range particles, and
that this is true for annealed (graphitized) soot is uncertain at best. Although essential, these
considerations and discussion are beyond this scope and purpose of this work. Other groups, as
referenced, e.g. Thomson et al., are pursuing this topic in detail. The purpose of this work was only
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to illustrate shortcomings associated with present assumptions, and thereby motivate more detailed
numerical and coupled experimental studies of the optical properties of “hot” and annealed soot.
For annealed soot aggregates with a nanostructure equivalent to that of graphite, the refractive
index of graphite should be a good approximation. For d = 30 nm and using k = 1.38 from Stagg
and Charalampopoulos [290], yields a value for XR of 0.52 at 500 nm, a value far from the Rayleigh
criteria of X << 1. (Even without including k, the particles are “optically thick” by this calculation.)
Yet, more uncertainty exists in what the true value of “d” (particle radius) is. The optical equivalent
radius is likely different than the physical radius given the extended lamellae running 10’s of
nanometers and crystalline (graphitic) coupling between particles by the contiguous lamellae.
Factoring out the 1/ λ in the measured absorption spectra supports this interpretation - the resulting
E(m) is observed to increase with wavelength – using the UV-visible spectral data presented in
Fig. 9 of the main manuscript. The annealed soot’s increasing index of refraction function reflects
an increasing density of electronic states at smaller bandgaps – due to the high proportion of
extended lamellae with integral sp2 conjugation. And, if the primary particles are acting together
optically, different scaling factors other than 1/ λ appear in the arguments of the electro-magnetic
functions. Notably, this is an opposite trend as observed for “young soot”, (a soot most opposite
of annealed soot) whose absorption spectra is dominated by large molecules (PAHs) acting
independently.
As the particle transforms, its optical properties are changing, and this is an unknown. Fitting to a
black-body radiation spectrum is probably a less biased approach regarding the soot’s optical
properties as it makes no reference to or assumptions of the radiator geometry. The fits as shown
in this work are well described by a black-body fit as well, suggesting merit to this rationale.
Changed nanostructure contributing to an altered E(m) is also consistent with the Tauc analysis
showing a reduction in optical band gap of ~1 eV after laser heat treatment – and escalation of
electronic density of states – descriptive of a zero-band gap material. Indeed, Jager et al. [87]
showed that annealed carbon black shows a near-zero band gap indicating an increase in the
density of states causing a change in the material’s refractive index function.
RDG theory neglects multiple scattering with no interaction between primary particles in
absorption which has been suborned for radiative emission in LII. Most LII models still assume
an isolated individual spherule within an energy balance formalism. TEM results for engine and
combustor soots and engineered carbons such as carbon blacks reveal that these carbon particles
such are poorly described by this idealized conceptual picture as shown below.
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Figure 123: TEM images of soot from a diesel engine showing fused/overlapping soot particles
forming an aggregate
Although other models such as the electrostatic approximation (ESA) yet assume that all
characteristic length scales for aggregates are significantly smaller than the wavelength, while
approximately true for primary particles in the near-UV to visible spectral region, it certainly is
not so for aggregates. Accordingly, Mackowski [291] developed a simple expression for aggregate
absorption in the ESA framework. More recently, Liu et al. [292] have shown that significant
deviations from Rayleigh absorption exist even for one primary particle if X ~ 0.1, using a
generalized multi-sphere Mie solution procedure. For many primary particles with high binary or
ternary merging of graphitized particles suggest that explicit inclusion of a 1/ λ dependence is
incorrect. Hence, including an explicit 1/ λ dependence introduces a false bias in the radiative
analysis.
A blackbody model applied to time-resolved LII data has both literature precedence and is
incorporated into the recent LIISim 3.0 software. The difference, as outlined here, is the initial
peak LII temperature. For time-resolved LII, wavelength-dependent emissivity only influences the
initial (< 100 ns) radiative heat loss and thereafter is irrelevant to the dominating conductive
cooling post 100 ns. Although the general practice is to include an explicit 1/λ factor, inherently
accepting the Rayleigh approximation, yet the resulting E(m) then can balance any partial
dependence on wavelength. Given that E(m) is poorly known, with widely ranging values and
wavelength dependences being reported in the literature, including an explicit and physically
unjustified 1/λ merely to satisfy convention artificially assigns any variation of emissivity with
wavelength to E(m).
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EMISSIVITY ANALYSIS USING MICRO-VIS ABSORPTION USING A
RAMAN SPECTROMETER
Absorption experiments are traditionally done using UV-Vis spectroscopy. Instead of using a
traditional UV-Vis spectrophotometer, which measures the absorbance/transmittance over a 2 mm
spot size, the Raman spectrometer was modified to study absorption from the sample in the visible
range, over a spot size of the order of a few micrometers. This is referred to as “Micro-vis
Absorption Spectroscopy” in the context of this work. The advantages of this approach over using
traditional UV-Vis spectroscopy are as follows:
a) Micro-vis absorption spectroscopy allows for a spot size that is 1000 times smaller than
that of traditional UV-Vis spectroscopy, resulting in a higher probability of measuring
absorption over a uniform spread of the material. This is crucial, particularly for laser
heated carbon black. Laser heating of carbon black over a large area (2 mm spot size) will
most likely not be uniform. Any absorption study from this large area will be dominated
by nascent carbon black, one that did not get heated by the laser, due to a non-uniform
spread, or because it was shielded by other particles.
b) Micro-vis absorption uses a broadband tungsten light source as compared to a combination
of the deuterium (UV) + tungsten (Vis) source used by traditional UV-Vis, which is then
passed through a monochromator, scanning through the entire range of wavelengths. The
broadband tungsten source allows for rapid measurements and all wavelengths are
measured at once, like a snapshot in time. However, this results in a limited range of
wavelengths, with 500-800 nm being the most trusted of the entire span.
c) Micro-vis can also be used to scan areal maps to see variation in the absorbance at different
points within a radius of a few hundred micrometers, thus helping visualize any obvious
variations in the sample itself that can then result in peak shifts/change in intensity. An
example of this is shown in Figure 124.
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Figure 124: Map showing spatial variation in intensity detected from the sample
Example images of the glass slide on which the carbon black is dispersed using a 10x objective
and a 40 µm confocal hole is shown in Figure 125. The images show non-uniformity in the coating
of the glass-slide at a micron scale, although the coated slide appeared seemingly uniform to the
eye.

A) Transmission

40 µm

B) Backscatter

40 µm
Figure 125: (A) Transmission and (B) backscatter images of carbon black coated in a glass slide
for micro-vis absorption
This visualization helps select an appropriate region coated with carbon from which data is
acquired for untreated R250 (nascent), furnace graphitized R250 (onions) and laser annealed R250
(annealed), shown in Figure 126 below. Image A of this figure shows all of the detected
wavelengths from 400 – 1000 nm, while image B shows a selected range in the visible region from
600 – 900 nm. Raw intensity plotted as relative absorbance is shown in Figure 127.
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Figure 126: Micro-vis absorption data for (A) 400-1000 nm and (B) 600-800 nm for nascent,
furnace graphitized and laser annealed carbon black
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Figure 127: Relative absorbance of the three carbon-based materials compared
Annealed R250 is similar to furnace graphitized R250 (onions) indicating that uniform laser
annealing over a small micrometer area can capture the absorbance (hence, emission) accurately.
Nascent and annealed R250 differ from each other significantly. Annealed R250 is relatively flat
in the 600 – 800 nm range while nascent R250 shows a strong wavelength dependence in
absorption, in agreement with traditional UV-Vis data, but now at a higher resolution. This
supports a relatively unchanging absorption/emission spectrum for laser annealed carbon black in
the visible range, in agreement with using a blackbody assumption for particle temperature
calculation as discussed above.

EFFECT OF EMISSIVITY ON TEMPERATURE AND PARTICLE
DIAMETER

CALCULATION

USING

A

CONDUCTIVE

COOLING

EQUATION
Discrepancies in determining emissivity can result in erroneous soot primary particle diameter or
soot volume fraction calculation. This section attempts to quantify this error, based on typical
emissivity values and correlations for E(m) function reported in literature. Planck’s black-body
equation is used as a starting point to derive expressions to calculate wavelength-dependent (greybody) temperatures, and consequently, calculate soot particle diameter and volume fraction as a
percentage change in value relative to values calculated when a wavelength-independent (blackbody) temperature is used.
The black-body spectral radiance is given by Planck’s black-body equation
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Equation 15
2hco2
hco
Bλ (λ, Tp ) = 5 (exp (
) − 1)
λ
k B λTp

−1

.

1
Ωo

Here, Bλ is the spectral radiance by a black body, i.e., the power emitted per unit area per unit solid
angle per unit wavelength, h = 6.626 x 10−34 m2 kg/s is Planck’s constant, co = 3 x 108 m/s is
the speed of light in vacuum, k B = 1.38 x 10−23 m2 kg s −2 K −1 is Boltzmann’s constant, λ is the
wavelength, Tp is the particle temperature, Ωo is the solid angle per unit area of 1 sr (steradian).
Solid angle is the angle subtended at the center of a sphere by part of the sphere’s surface that is
equal in area to the square of the radius.

Figure 128: Pictorial representation of the solid angle for reference
The above can be simplified using the Wein’s approximation for wavelengths of < 800 nm and
temperatures of < 4000 K and can then be written as follows:
Equation 16
−1

2hco2
hco
Bλ (λ, Tp ) = 5 (exp (
))
λ
k B λTp

By combining known quantities and constants, this equation takes the following form:
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Equation 17
−1

K1
K2
Bλ (λ, Tp ) = 5 (exp ( ))
λ
λTp
Where, K1 = 2hco2 and K 2 =

hco
kB

. The spectral radiant intensity can then be calculated as follows:

Equation 18
Iλ (λ, Tp ) = Ap ϵ(λ, r)Bλ (λ, Tp )
Consider the ratio of spectral intensity at two wavelengths, λ1 and λ2 ,
Equation 19
Iλ1 (λ1 , Tp )
Iλ2 (λ2 , Tp )

=

Ap ϵ(λ1 , r)Bλ1 (λ1 , Tp )
Ap ϵ(λ2 , r)Bλ2 (λ2 , Tp )

Which can then be written as,
Equation 20
K1
exp(K 2 /λ1 Tp )
Iλ1 (λ1 , Tp )
λ15
R=
=
Iλ2 (λ2 , Tp ) ϵ K1 exp(K /λ T )
2 5
2 2 p
λ2
ϵ1

Where, R denotes the ratio of intensities. Further,
Equation 21
R

ϵ2
ϵ1
5 exp(K 2 /λ2 Tp ) = 5 exp(K 2 /λ1 Tp )
λ2
λ1

Equation 22
R

ϵ2 λ15
K2 1
1
5 = exp ( T (λ − λ ))
ϵ1 λ2
p
1
2

Taking the natural log on both sides,
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Equation 23
ϵ2 λ15
K2 1
1
ln (R
)
=
(
−
)
Tp λ1 λ2
ϵ1 λ52
Thus, in terms of temperature, in the case where 𝜖1 = 𝜖(𝜆1 , 𝑇𝑝 ) and 𝜖2 = 𝜖(𝜆2 , 𝑇𝑝 ), i.e.,
wavelength-dependent emissivity, we get particle temperature as,
Equation 24
−1

1
1
𝜖2 𝜆15
𝑇𝑝𝜖 = 𝐾2 ( − ) (𝑙𝑛 (𝑅
))
𝜆1 𝜆2
𝜖1 𝜆52
Or,
Equation 25
𝜖2 𝜆15
)
1
𝜖1 𝜆52
=
𝑇𝑝 𝜖 𝐾 ( 1 − 1 )
2 𝜆
𝜆2
1
𝑙𝑛 (𝑅

However, in the case of wavelength-independent emissivity, 𝜖1 = 𝜖2, and we get,
Equation 26
−1

1
1
𝜆15
𝑇𝑝 = 𝐾2 ( − ) (𝑙𝑛 (𝑅 5 ))
𝜆1 𝜆2
𝜆2
Or,
Equation 27
𝜆15
)
1
𝜆52
=
𝑇𝑝 𝐾 ( 1 − 1 )
2 𝜆
𝜆2
1
𝑙𝑛 (𝑅

Subtracting Equation 25 from Equation 27,
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Equation 28
1
1
1
𝜖2 𝜆15
𝜆15
−
=
(𝑙𝑛 (𝑅
) − 𝑙𝑛 (𝑅 5 ))
𝑇𝑝 𝑇𝑝 𝜖 𝐾 ( 1 − 1 )
𝜖1 𝜆52
𝜆2
2 𝜆
𝜆2
1
Which, using properties of the natural log, can be simplified to,
Equation 29
1
1
1
𝜖2
−
=
𝑙𝑛 ( )
𝑇𝑝 𝑇𝑝 𝜖 𝐾 ( 1 − 1 )
𝜖1
2 𝜆
𝜆
1
2
Or,
Equation 30
𝜖
𝑙𝑛 (𝜖2 )
1
1
1
=
+
1
𝑇𝑝 𝑇𝑝𝜖 𝐾 ( − 1 )
2 𝜆
𝜆2
1
𝜖
𝑙𝑛( 2 )

Thus, the term

𝐾2 (

𝜖1
1
1
− )
𝜆1 𝜆2

is effectively the difference between the reciprocals of the two temperature

values, one calculated under the assumption of a wavelength-dependent emissivity, while the other
using wavelength-independent emissivity.

QUANTIFICATION OF TEMPERATURE DIFFERENCES
For 𝜆1 = 400 𝑛𝑚 and 𝜆2 = 700 𝑛𝑚, consider the following emissivity trends, calculated from
correlations of the complex index of refraction of soot, E(m), reported in literature [23].
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Figure 129: Three different correlations of the wavelength dependence of emissivity
Case A: Emissivity increases linearly with wavelength
For this case, the two emissivity values are 𝜖1 (𝜆1 = 400 𝑛𝑚) = 0.15 and 𝜖2 (𝜆2 = 700 𝑛𝑚) =
𝜖
0.17, by reading off the above graph. This translates to an emissivity ratio of 𝜖1 = 0.88. resulting
2

in a 3.5% difference in the two temperature values.
Case B: Emissivity decreases non-linearly with wavelength
Here, 𝜖1 (𝜆1 = 400 𝑛𝑚) = 0.15 and 𝜖2 (𝜆2 = 700 𝑛𝑚) = 0.12. Thus, their ratio is

𝜖1
𝜖2

= 1.25

translating to a temperature difference of 5.5%.
Case C: Emissivity is independent of wavelength
Since the ratio of emissivities in this case is 1, there is no difference observed, i.e., 0% error.
Case D: By observation
The ratio

𝜖1
𝜖2

= 2 would probably be at its practical limit, at which point a difference of 15% is

calculated in grey- and black-body temperatures using the above method.
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However, these values span a range that is a function of the base temperature at which the percent
difference is calculated. For a typical observed range of temperatures from 1500 K – 4500 K, the
variation in percent difference between 𝑇𝑝 and 𝑇𝑝 𝜖 can be summarized graphically.

Figure 130: Variation in percent temperature difference with temperature (K) at different
𝜖
emissivity ratios 1 ranging from 0.4 – 2.
𝜖2

EFFECT ON CALCULATED PRIMARY PARTICLE DIAMETER
To understand the effect of temperature on primary particle size, the following equation [104] that
models conductive cooling was used.
Equation 31
𝑇𝑡 = (𝑇100𝑛𝑠 − 𝑇0 )𝑒

6Ʌ𝑡
)
−(
𝜋𝑑𝑝 𝜌𝐶

+ 𝑇0

This can be re-written in terms of the primary particle diameter as:
Equation 32
𝑑𝑝 =

6Ʌ𝑡
𝑇100𝑛𝑠 − 𝑇0
𝑙𝑛 (
)
𝜋𝜌𝐶
𝑇𝑡 − 𝑇0

Let 𝑑𝑝 𝜖 represent the primary particle diameter at time 𝑡 and temperature 𝑇𝑝𝜖 , i.e., when emissivity
is wavelength-dependent. 𝑑𝑝 then corresponds to the same time 𝑡 but temperature 𝑇𝑝 when
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emissivity is wavelength-independent. The ratio of the two primary particle diameter values can
then be written as:
Equation 33
𝑇
− 𝑇0
𝑙𝑛 ( 100𝑛𝑠
𝑑𝑝
𝑇𝑝 − 𝑇0 )
=
𝑑𝑝𝜖 𝑙𝑛 (𝑇100𝑛𝑠 − 𝑇0 )
𝑇 −𝑇
𝑝𝜖

0

Assuming 𝑇100𝑛𝑠 = 4000 𝐾 and 𝑇0 = 300 𝐾 to be the same for both wavelength-dependent and
independent emissivity, the following differences are observed at a temperature of 𝑇𝑝 = 3000 𝐾.
𝑇𝑝 𝜖 is calculated based on the percentage difference observed at 3000 K from Figure 130 (above).
𝛜

Case 1: 𝛜𝟏 = 𝟎. 𝟖:
𝟐

Corresponding to 3000 K, 𝑇𝑝 𝜖 is greater than 𝑇𝑝 by 5%. Thus, using these values, we get,
Equation 34
𝑑𝑝
0.3151
=
= 1.21
𝑑𝑝 𝜖 0.2610
Or, primary particle diameter predicted using a wavelength-dependent emissivity is 20% less than
what would be observed with a wavelength-independent emissivity.
𝛜

Case 2: 𝛜𝟏 = 𝟐.0:
𝟐

Corresponding to 3000 K, 𝑇𝑝 𝜖 is less than 𝑇𝑝 by 12%. Thus, using these values, we get,
Equation 35
𝑑𝑝
0.3151
=
= 0.70
𝑑𝑝 𝜖 0.4582
Or, primary particle diameter predicted using a wavelength-dependent emissivity is 30% greater
than what would be observed with a wavelength-independent emissivity. This is summarized
below.
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Table 25: Effect on particle diameter for different emissivity ratios with reference to the particle
diameter calculated for a wavelength-independent emissivity
Emissivity Ratio

𝒅𝒑 w.r.t. 𝒅𝒑

0.8

20% less

2

30% greater

𝝐

EFFECT ON CALCULATED SOOT VOLUME FRACTION
For spherical particles with diameter 𝑑𝑝 following a monodisperse size distribution, soot volume
fraction is expressed as [293]
Equation 36
𝜋𝑑𝑝3
𝑓𝑣 = 𝑁
6
Where, 𝑓𝑣 is the soot volume fraction and 𝑁 is the number concentration of particles. Expressing
soot volume fraction under the assumption of wavelength-dependent emissivity as 𝑓𝑣𝜖 , The ratio
of the soot volume fraction under a wavelength-dependent and independent emissivity assumption
would simplify to
Equation 37
d3p
fv
= 3
fvϵ dpϵ
Thus, for the two cases described above, the difference in soot volume fraction would amount to
the following:
Case 1:
Here,

𝛜𝟏
𝛜𝟐

dp
dp

ϵ

= 𝟎. 𝟖:

= 1.21, and therefore,

fv
fvϵ

= 1.213 = 1.77. Thus, soot volume fraction under the

assumption of a wavelength-dependent emissivity is 77% less than that calculated with a
wavelength-independent emissivity.
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𝛜

Case 2: 𝛜𝟏 = 𝟐.0:
𝟐

Here,

dp
dp

= 0.77, and therefore,

ϵ

fv
fvϵ

= 0.773 = 0.46. Contrary to case 1, soot volume fraction

under the assumption of a wavelength-dependent emissivity is 54% greater than that calculated
with a wavelength-independent emissivity. This is summarized below.
Table 26: Effect on particle diameter and soot volume fraction for different emissivity ratios with
reference to the particle diameter calculated for a wavelength-independent emissivity
Emissivity Ratio

𝐝𝐩 w.r.t. 𝐝𝐩

𝐟𝐯𝛜 w.r.t. 𝐟𝐯

0.8

20% less

77% less

2

30% greater

54% greater

𝛜

Using typical values of the emissivity ratio that are different from 1 (black-body) can result in a
variation of upto 30% in calculated particle diameter and upto 80% in soot volume fraction. Thus,
using a blackbody approximation and an emissivity ratio of 1 steers away from introducing an
analysis bias by assuming an available correlation to incorporate wavelength-dependent E(m).
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APPENDIX E: LASER DIAGNOSTICS OF PARTIALLY OXIDIZED SOOT
INTRODUCTION
Over the last few decades, the soot formation has been widely regarded to follow the hydrogenabstraction-acetylene-addition (HACA) mechanism [294,295] beginning with the disintegration
of hydrocarbon chains from the fuel under prevailing combustion conditions resulting in the
creation of small nuclei nanoparticles, followed by particle growth due to acetylene free-radical
additions, eventually coalescing and condensing to form solid carbonaceous soot particles. In spite
of numerous studies on the topic, soot inception and growth mechanisms are the least clearly
understood steps of the soot formation pathway. This is an active area of study, with the goal being
to understand the rapid bonding of polyaromatic hydrocarbons (PAHs) at high temperatures
(>1000 ˚C) in the presence of clustering nuclei to form aggregated soot particles [296]. A recently
proposed mechanism is that of the formation of resonance stabilized radicals (RSR) that begin
formation with the abundantly available acetylene and vinyl radicals, resulting in larger RSR. As
the size and mass of the RSR grows, these survive longer at high temperatures. The unpaired
electron ensures continuation of the reaction and eventually results in the formation of large RSR
clusters which condense and nucleate at these high temperatures. These are nuclei of the fully
formed soot particle. Nucleation to full particle formation occurs when hydrocarbons available
from the fuel condense onto the RSR cluster through radical chain reactions with the gain and loss
of extended conjugation [296].
Soot oxidation is a process that occurs concurrently with its formation and growth [297] and can
result in shrinking particle size if oxidized from the outside-in following the shrinking sphere
model, or alternatively, soot can oxidize internally given conditions of temperature, fuel, available
oxidant and initial nanostructure [43,67]. Surface oxidation of soot will result in a reduction in
soot aggregate and primary particle size while internal oxidation will preserve particle size but can
result in particle rupture if over oxidized, breaking up the particle into smaller nanometer-scale
fragments which may then be released into the atmosphere. Degree of particle oxidation is also
dependent on its location in the aggregate. Particles that are exposed to the oxidant will likely
oxidize and breakup faster than those in the aggregate’s interior [91]. This location-dependence
changing the aggregate structure of the soot under study has been demonstrated experimentally in
an environmental TEM [297]. Oxidative attack on soot is also a potential cause for aggregate
fragmentation to form many smaller aggregates as the soot nears the flame front [297,298].
Primary particles that bridge aggregates see greater exposure to and interaction with the oxidant,
resulting in their oxidation and ultimate fracture of the large aggregate into smaller entities.
During active regeneration of a light duty diesel engine, a large proportion of emissions comprises
of nucleation mode particles (diameter, d < 30 nm) while before or after the regeneration process,
the emissions are observed to be larger accumulation mode particles (0.1 µm < d < 2.5 µm) [299].
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Notable studies have attempted to assess particle number and mass concentration of these two
fractions under on-road in-situ vehicle or engine testing. One such test showed different modalities
of particle size distribution from the exhaust. Unimodal accumulation mode soot particles were
observed in a lab test of exhaust particulate matter when a low sulfur content (< 10 ppm) fuel was
used while a bimodal distribution was seen for conditions with a high sulfur content fuel [300].
Typical number and mass concentration of particle size distribution from a diesel engine exhaust
is very well summarized [301] and shows a high number concentration of nuclei mode particles (d
< 50 nm) while mass concentration is higher for accumulation mode particles. This is an important
consideration given the number of small nanoparticles released in the atmosphere being
unaccounted for by mass-concentration based particle analyzers because of the net resulting
volume of these nuclei particles which are likely under the limit of measurement of mass analyzers
and are therefore disregarded without a particle number measurement to aid emission analysis.
Such experiments are, therefore, crucial to understanding particulate matter emissions and have
provided the basis for numerical models to be able to make predictions of emission and their
modality from these engines.
Numerical modeling to understand soot formation and its growth has been extensively studied in
combustion science over the last few decades and is still an active area of research [294–
296,302,303]. Notable works on particle number prediction of soot from flames, for instance, have
observed discrepancies in experimentally observed and numerically predicted particle numbers. A
potential reason for this has been attributed to overlooking the effect of oxidation on soot particle
and aggregate size [298]. Recent works have attempted to explore this aspect, have modeled soot
oxidation kinetics [224,225] and found success in terms of agreement in particle numbers when
experiments are compared with the modified model accounting for oxidation [298]. Particle
numbers would also increase when internal burning leads to particle rupture. Modeling aggregate
fragmentation is non-trivial given the lack of understanding of the fragmentation process [298] but
accounting for soot oxidation, when incorporated in soot particle size and number prediction
models, has been shown to give better estimates of soot volume fraction produced [304], in turn
effecting the ability to assess its health and environmental impact.
Particle size, in particular, is estimated based on LII signal processing using models capable of
extracting primary particle diameter by analyzing the cooling profile of the particle, or by
simulating a cooling profile based on prior available data on similar sized soot particles [24,25].
While sound in its approach given simulation has its benefits over experimental measurements for
every soot type ever generated, these models rarely account for all of the thermal and kinetic
mechanisms taking place when soot is rapidly heated and cooled with a laser pulse [41]. Parameters
like soot aggregation and change in nanostructure or material morphology due to processed like
oxidation can influence the material’s optical properties and hence, its rate of cooling which if left
unaccounted for can result in erroneous particle size estimation [305]. Sizing internally oxidized
particles while their exterior is preserved, thereby preserving particle size, is in sync with the
theory of particle sizing using time-resolved LII. However, this will not hold true when the particle
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sees external burning or excessive internal oxidation resulting in particle rupture. There is, thus, a
need to study this experimentally and account for this phenomenon in existing models to help
better control and characterization of soot emissions.
Changes in nanostructure of soot when oxidized is illustrated here by analyzing structure alteration
on a control material, i.e., a commercially manufactured carbon black. In this chapter, carbon black
is partially oxidized and this partially oxidized carbon black is then subjected to laser heating by
two different lasers with variation in their type, heating rate and maximum observed particle
temperature. Oxidation of carbon black (or soot), commonly presumed to follow an outside-in
burning mechanism [306], shows an altered burning mode when oxidized at relatively low
temperatures (500 ˚C) with oxidation proceeding inside-out instead, leaving behind hollow
particles [68,138]. This burning mode is observed to be typical of soot from a DPF given the
relatively low exhaust gas temperatures (250-400 ˚C), and the effect of its nanostructure on particle
reactivity is therefore of interest from a filter regeneration point of view [65,182]. Thus, partially
oxidized soot has been laser-annealed with a pulsed and continuous wave laser to further study the
effect of this technique on a nanomaterial with unique structure as that of partially oxidized carbon
black.

MATERIALS AND EXPERIMENTAL METHODOLOGY
Partial oxidation is done on a furnace black and a thermal black at different degrees of mass loss
to visually understand the burnout process. Thermal blacks are carbon blacks produced by thermal
decomposition in the absence of oxygen using a two-step discontinuous process. Complete
combustion (without the formation of soot or carbon black) of fuel such as oil or natural gas is
used to heat up the reactor. The feedstock is then injected into this hot reactor which decomposes
and forms carbon black, known as thermal black [255]. Incomplete combustion in the presence of
insufficient air is typically the cause for production of soot and in a controlled environment is used
to produce a furnace black in a closed reactor under turbulent flow conditions. Temperatures
attained in the reactor are in the 1200 – 1800 ˚C range. The furnace black process accounts for
~98% of carbon black production given its economies of scale, its less polluting and continuous
production process nature [255].
The carbon blacks were heated in a TA instruments thermogravimetric analyzer (TGA)
isothermally at 500 ˚C. Ramp up and down was in an inert atmosphere of nitrogen (N2). Isothermal
treatment in air (~20 % O2) was done until different degrees of burnout or mass loss were attained.
A typical 50% mass loss was obtained over an experimental run time of ~1 hour for the furnace
black with mass loss data were collected every 30 seconds. The thermal black showed a greater
resistance to oxidation at this temperature, reaching a ~50% burnout in > 7 hours. Data for this
carbon black was collected every 60 seconds. A schematic of this temperature profile is shown in
Figure 131. Thereafter, these partially oxidized carbon blacks are laser-heated and changes in
morphology and nanostructure are discussed.
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Figure 131: Temperature profile for isothermal partial oxidation of carbon black in air
The Micromeritics ASAP 2020 Surface Area and Porosity Analyzer was used to assess the change
in surface area of the carbon black after partial oxidation. Surface area measurement was done by
analyzing the amount of Nitrogen (N2) required for physical adsorption of the gas on the available
surface of the particle. 1 g each of untreated and partially oxidized R250 were used for surface
area analysis. Samples were allowed to degas for 24 hours in Helium before starting the
measurement with N2. Pressures of up to 950 mm Hg can be measured by the instrument with a
resolution of 0.1 mm Hg and accuracy > 0.15% of the reading. Laser heating, HRTEM and fringe
analysis have been used as per prior methodology descriptions.

RESULTS AND DISCUSSION
FURNACE BLACK
A furnace black, Regal 250 (R250) by Cabot Corp., was partially oxidized in a TGA. Partial
oxidation of the material was carried out isothermally at a relatively low temperature of 500 ˚C.
The activity of oxygen towards carbon oxidation has been observed to increase around the 500 ˚C
mark [138], resulting in slow oxidation of carbon, with the material experiencing very different
oxidation kinetics as compared to that at higher temperatures of ~1000 ˚C. Temperatures > 600 ˚C
[222] have been shown to result in an outside-in oxidation mechanism, where the particle shrinks
in diameter as it comes in contact with oxygen, with successive underlying layers oxidizing as the
exposed surface peels away. Oxygen activity increases with temperature, and there is little
difference in reactivity of edge sites and relatively stable basal-plane carbon beyond ~600 ˚C. This
reactivity difference plays a significant role at low temperatures, resulting in the observed internal
burning mode. The following TEM micrographs (Figure 132) show nascent (untreated) and
corresponding partially oxidized carbon black particles to different degrees of mass loss as
indicated by the image.
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Figure 132: TEM micrographs showing (A) untreated and (B-F) partially oxidized carbon black
with varying degrees of mass loss
The internal burning of the furnace black particle is due to prolonged exposure of the particle to
oxygen at the relatively low temperature of 500 ˚C where oxidation reaction kinetics compete with
mass transport of oxygen into the particle via available pores, given the 5% porosity of the
untreated material. Once at the core of the particle, oxygen encounters reactive edge sites on carbon
fragments which readily oxidize and escape out of the particle through the oxidation-developed
particle porosity, leaving behind a hollow core, seen by the mass-thickness contrast in the images.
The dark outer particle shell corresponds to a dense particle perimeter relative to the lighter colored
interior seen clearly at 50% oxidation. Once past the ~50% oxidation mark, oxidation has been
empirically observed to increase rapidly, as more edge site carbon encounters the continuous
supply of oxygen. Once hollow in its interior, the dense particle perimeter begins to crumble under
oxidative attack, having now developed significant porosity as oxygen transports itself into the
particle. This perimeter crumbles and can be observed at the 75% mass loss mark and is evident
for the material oxidized to a 90% mass loss. showing an almost broken particle shell.
The development of porosity was confirmed with nitrogen adsorption using the Brunauer-EmmettTeller (BET) surface area method [307]. The quantity of N2 adsorbed to form a single layer on the
particle at -196 ˚C (77 K) is measured to calculate surface area. External surface area calculation
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uses an equation to determine external area by excluding pores < 2 nm, thus giving micro-pore
area. Mesopore area can also be calculated based on the condensation of N2 in the porous region
of the solid. The calculation is based on a geometric model and uses the volume/area of a cylinder
to calculate pore area. This measurement gives a representative porosity, based on the pores
accessible to N2. BET measurements of untreated carbon black and after 50% mass loss by
oxidation are shown in Table 27.
Table 27: BET Surface area comparison of untreated and partially oxidized carbon black
Mass loss after
oxidation

BET Surface
Area (m2/g)

External
Surface Area
(m2/g)

Micropore
Surface Area
(m2/g)

Pore Area (%)

0% (Untreated)

58

55

3

5

50%

132

85

47

36

Total BET surface area shows a two-fold increase in value, with a six-fold increase in calculated
pore area, attributing the increase in surface area to oxidation-induced porosity which allows
greater contact of N2 on carbon. An approx. two-fold increase agrees with the hollowing out of the
particle interior, adding the inner surface area of the hollowed-out particle to the available external
surface area, increasing available area to N2 by twice that of the original particle.
Nd:YAG laser
Partially oxidized R250 is heated with one pulse of 150 mJ/cm2 of the Nd:YAG laser, thereby
heating the particle to a temperature of 3500 ˚C, above nominal graphitization temperature range
of 2600 – 3300 ˚C. A high degree of stacking is observed in particles with an intact outer shell.
With the interior hollowed out, there is not enough material to anneal, but the exterior being dense
in carbon, undergoes rearrangement, showing stacking along the particle perimeter shown in
Figure 133-A. Effect of laser heating on highly oxidized particles that have crumbled can also be
seen in Figure 133-B. The circumference of the particle is not intact anymore and therefore
stacking is not observed. However, annealing results in the curling up of carbon segments onto
themselves to stabilize by terminating edge sites created by oxidation.
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10 nm

20 nm

T = 3500 C

Fullerene-like

A) 50% Ox + Nd:YAG

B) 90% Ox + Nd:YAG

Figure 133: TEM images showing (A) 50% and (B) 90% oxidized and laser annealed carbon black
with arrows pointing to curled fullerene-like structures.
When compared to similar laser heat treatment on 0% oxidized (untreated) carbon black, carbon
lamellae rearrange into a graphitic structure but are seen to form nested, long and continuous
ribbon-like stacked lamellae concentrically distributed throughout the particle (Figure 134-A).
Qualitatively, stacks of ~5 nm width are typical in untreated and laser annealed carbon black, given
the volumetric availability of carbon. This is in stark contrast to the nanostructure evolution of its
50% oxidized counterpart (Figure 134-B), showing stack widths of ~20 nm, with a relatively
hollow and unstructured particle core.

T = 3500 C

10 nm

B) 50% Ox + Nd:YAG

Stacked

20 nm
5 nm
A) 0% Ox (Untreated) + Nd:YAG

20 nm

Figure 134: TEM images comparing laser annealing of (A) untreated and (B) 50% oxidized carbon
black
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Quantitatively, the two materials from Figure 134 were analyzed for the number of fringes per
stack using available image analysis algorithms [271]. Figure 135 shows a comparative analysis,
showing a significant increase in the number of fringes per stack for 50% oxidized and Nd:YAG
annealed carbon black relative to the untreated and annealed material.
0% Ox + Nd:YAG
50% Ox + Nd:YAG

% Stacked

30

20

10

0

2

3
4
Fringes per stack

5

Figure 135: Stack analysis for laser annealed carbon black before and after partial oxidation
CO2 laser
On heating partially oxidized R250 for 3 seconds with the CO2 laser, similar stacking of fringes is
observed at the particle periphery (Figure 136-A). The interior of the particles that consist of a
higher proportion of edge sites curl up into fullerene-like structures to terminate reactive edge sites
(Figure 136-B).
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A) 50% Ox + CO2

B) 90% Ox + CO2

Fullerene-like

20 nm

T = 2600 C

10 nm

Figure 136: TEM images of (A) 50% and (B) 90% oxidized carbon black after CO2 laser annealing
Unlike the Nd:YAG where the particle experiences 3500 ˚C for ~ 8 ns, exposure to the CO2 laser
heats up the particle to a temperature close to graphitization, ~2600 ˚C with a slower heating rate
(2x106 ˚C/s) as compared to the Nd:YAG (3x1011 – 9x1011 ˚C/s). Here, time at temperature
becomes important for lamellae rearrangement and subsequent stacking. Thus, stacks observed
with CO2 laser heating seem relatively incomplete, though the skeletal structure at 3 seconds is
indicative of the final product nanostructure. This is evident in Figure 136-A, and by the annealing
pathway observed when the untreated carbon black is laser-heated with CO2 for varying time
durations at elevated temperature [103].

THERMAL BLACK
A thermal black, CanCarb N990, with a median particle diameter of ~300 nm was subject to
isothermal partial oxidation at 500 ˚C and subsequent laser heat treatment with the pulsed Nd:YAG
and continuous wave CO2 lasers. TEM micrographs are used for morphology and nanostructure
visualizations. Figure 137 shows the untreated (image A) as well as partially oxidized thermal
black (images B-F).
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Figure 137: TEM images showing (A) untreated and (B-F) partially oxidized thermal black
Oxidation of this material is seemingly outside-in to begin with, best described by the shrinkingsphere model. This can be observed by the uniformity of mass-thickness contrast (image B)
through the particle volume. As oxidation proceeds at this relatively low temperature, the particle
interior is observed to hollow-out, first developing a relatively thick shell (images C-D) with its
eventual crumbling seen at the 90% oxidation mark (image F).
Nd:YAG Laser
When subject to high-temperature laser heating with one 150 mJ/cm2 pulse of the Nd:YAG for 8
ns under an inert, the untreated particle anneals towards a graphitic nanostructure, much like the
furnace black, forming concentric stacks of carbon layer planes (Figure 138-A). However, the
partially oxidized material breaks apart and ablates, given the particles amorphous nanostructure
and the rapid heating rate of the laser (Figure 138-B, C).
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A) 0% Ox + Nd:YAG

100 nm

200 nm

B) 50% Ox + Nd:YAG

200 nm
C) 90% Ox + Nd:YAG

Figure 138: TEM images showing particle morphology after pulsed laser annealing of (A)
untreated and (B-C) partially oxidized thermal black
CO2 Laser
Graphitic rearrangement of carbon lamellae is not observed when the material is heated with the
continuous wave CO2 laser for 1 second (Figure 139). Instead, there is a development of holes
throughout the particle due to curling up of reactive edge sites into fullerene-like structures as
shown by the high-resolution image in Figure 139-C. The CO2 laser has a relatively slower heating
rate and attains a lower maximum temperature of 2600 ˚C. Thus, particle ablation is not observed
here when compared to the material heated by the Nd:YAG attaining a maximum temperature of
~3500 ˚C in < 10 ns.
100 nm

10 nm

Fullerene-like

A) 75% Ox + CO2

200 nm

B) 85% Ox + CO2

C) Nanostructure 85% Ox + CO2

Figure 139: TEM images show partially oxidized and CO2 annealed thermal black
Fringe and stack analysis for this carbon black was not performed given the lack of definition of
fringes in this material given the conditions of its formation in the absence of oxygen relative to
the furnace black that forms in the presence of oxygen.
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SUMMARY
Partial oxidation and laser heating of oxidized carbon blacks using a pulsed and continuous wave
laser is demonstrated towards extending this work on LII of oxidized soot. Given the vast
difference in initial nanostructure of the furnace and thermal black, owing to their respective
formation conditions, their nanostructures evolve along different kinetic pathways, leading to
further differentiation after laser annealing.
Given the lack of availability of a yet optimized process to produce gram quantities of partially
oxidized carbon black, LII was not applied to these materials but is suggested as potential future
work to contribute to a holistic assessment of particulate emissions, especially those which consist
of primary particle sizes < 10 nm and may go undetected using classical particle analyzers.
Soot collected from a DPF would be ideal to test for its response to LII. Particle sizes can be
measured using HRTEM, and compared to a predicted particle size using existing LII models,
following a similar procedure to that demonstrated in Chapter 2. However, existing LII models
may not account for oxidized soot and therefore, result in a potential mis-match. Nevertheless, the
lack of experimental LII on oxidized soot will prove important for the development of models in
to include this aspect.
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