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Project Scope

The focus of the proposed research was to develop kinetic models for soot oxidation with the hope of
developing a validated, predictive, multi-scale, combustion model to optimize the design and operation of
evolving fuels in advanced engines for transportation applications. The work focused on the relatively
unstudied area of the fundamental mechanism for soot oxidation. The objectives include understanding
of the kinetics of soot oxidation by O, under high pressure which require: 1) development of intrinsic
kinetics for the surface oxidation, which takes into account the dependence of reactivity upon
nanostructure and 2) evolution of nanostructure and its impact upon oxidation rate and 3) inclusion of
internal surface area development and possible fragmentation resulting from pore development and /or
surface oxidation. These objectives were explored for a variety of pure fuel components and surrogate
fuels.

This project was a joint effort between the University of Utah (UU) and Pennsylvania State University
(Penn State). The work at the UU focuses on experimental studies using a two-stage burner and a high-
pressure thermogravimetric analyzer (TGA). Penn State provided HRTEM images and guidance in the
fringe analysis algorithms and parameter quantification for the images. This report focuses on completion
done under supplemental funding.

Findings
The results of the oxidation studies can be summarized in two different sections.

1. Oxidation of soot derived from liquids fuels
2. Oxidation of model carbons

1. Oxidation of soot derived from liquid Fuels
1.1 Soot oxidation kinetics

The study of the oxidation kinetics of soot samples obtained from different liquid fuels, both oxygenated
fuels and jet fuels, and two standards {(a commercial black carbon sample and a reference diesel soot) was
performed under different pressures. The experiments were conducted using pure n-dodecane, m-xylene,
and a mixture of the two. n-butanol was used as oxygenated fuel and n-dodecane with the addition of
butanol was used as a surrogate for an oxygenated diesel.

Soot samples from the liquid fuels previously mentioned were generated in a flat-flame, premixed burner
under heavily-sooting conditions and captured on a water-cooled stabilization plate located above the
burner surface. The collected soot was oxidized using a high-pressure Thermogravimetric Analyzer (HTGA).
The TGA operation was optimized to reduce mass transfer effects by adjusting the oxidizer flow rate and
initial sample mass. Further corrections for mass transfer were accomplished by computing the
effectiveness factors for intraparticle, interparticle, and external mass transfer. Two pressures were
evaluated (1 and 10 atm) and O, concentration was varied between 10 and 21%. Tables 1 to 3 show the
results of this part of the study. Results showed that there was not a significant difference in the
activation energies of the soot samples for either pure components or as a mixture, with exception of



soot from oxygen-containing fuels. in addition, pressure did not change the activation energies when
mass transfer corrections were applied.

Table 1 presents the results of the kinetic parameters after mass transfer limitation corrections were
applied for the carboxen and m-xylene/n-dodecane samples. The activation energies were nearly the

same for the 1 and 10 atm experiments.

Table 1. Kinetic parameters after mass transfer limitation corrections were applied.

1 atm 10 atm
Ea ) Ea )
Soot sample (kJ/mol) R (k}/mol) R?
carboxen 141+ 6 0.98 144+ 7 0.99
r::z:;en/e " | 16164 | 099 | 159+5 | 0.8

“mixture consist of 83 mol% n-dodecane and 17 mol% m-xylene

Table 2 presents the soot-oxidation kinetic parameters obtained in this study. These parameters were
calculated from the TGA mass loss curves under isothermal conditions together with an Arrhenius-type
equation. As listed in Table 2 for the m-xylene, n-dodecane, and the mixture, the activation energies were
quite similar with a range from 154 to 165 kJ/mol. There was not a significant difference between the
pure component fuels and the mixture. The activation energies for reference diesel soot and commercial
black carbon were 139 and 141 kJ/mol respectively. The activation energy values for different soot
samples under atmospheric conditions were in the range reported in the literature [1-8] for experiments
where kinetics control the reaction. The activation energy for standard carboxen was also in the range
previously reported by Sorensen et al.[9].

Table 2. Kinetic parameters extracted from Arrhenius plots for the different soot samples.

Soot sample % 0, |Trange Ea A R

(°C) |({kJ/mol) (pa'lmin'l)

m-xylene 10 550-625| 160+ 5 2.63E+05 0.91
m-xylene 15 400-625] 160z6 9.87E+04 0.99
m-xylene 21 550-650| 161+7 2.53E+05 0.98
n-dodecane 10 550-650| 16215 9.93E+04 0.98
n-dodecane 15 400-625| 1594 2.96E+05 0.96
n-dodecane 21 550-625| 16515 5.58E+05 0.98

m-xylene/n-dodecane 10 550-625| 1614 3.04E+05 0.99
m-xylene/n-dodecane 15 400-625| 15415 6.95E+05 0.97

m-xylene/n-dodecane 21 550-625| 15816 1.63E+05 0.98

Carboxen 21 550-650| 141t4 1.86E+03 0.94

Standard diesel 21 575-675| 13913 7.40E+02 0.96




Table 3 presents the kinetic parameters extracted from Arrhenius plots for the oxygenated diesel and n-
butanol fuels. The activation energy values were 114 kJ/mol for n-butanol and 129 kJ/mol for the mixture
of n-butanol/n-dodecane. These activation energies were lower than those estimated with the fuels listed
in Table 2.

Table 3. Kinetic parameters extracted from Arrhenius plots for n-butanol and n-butanol/n-dodecane.

Soot sample E, R?
(kJ/mol)
n-butanol/n-dodecane 1294 | 0.98
n-butanol 11443 | 0.96

1.2 Soot nanostructure

Soot nanostructure for the soot collected from the flat flame “nascent”, and partially oxidized at 1, 10 and
40 atm was studied by High-Resolution Transmission Electron Microscopy (HRTEM). The lattice fringe
length and fringe tortuosity were estimated to correlate the nanostructure with the soot reactivity.

The HRTEM images for each of the nascent soot samples are shown in Figure 1. From the figure it is
possible to visualize that the nascent soot nanostructure was quite similar across the different fuels

Figure 1. Representative HRTEM
images of nascent soot for the
fuels: {(a) n-butanol/n-dodecane,
{b) n-butanol, {(c) n-dodecane, (d)
m-xylene/n-dodecane, and (e)

m-xylene.

The image quantification by lattice fringe analysis was performed to obtain statistical metrics (fringe
length and tortuosity) which describe the nanostructure order.

Figure 2. shows the extracted lamellae length and tortuosity distributions across the five different fuels.
The distributions were quite similar across the different fuels with the n-butanol/n-dodecane distributions
showing only a slightly longer tortuosity and smaller fringe length.
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The HRTEM images of partially oxidized (extent 50%) soot across the different fuel components and
blends at pressures of 1 atm, 10 atm, and 40 atm showed that core-shell structures [10, 11] were
predominantly found in most of the samples, with this term denoting a marked difference in
nanostructure between the interior and outer portion of the particles. The fringe analysis on these images

was obtained and shown in Figure 3.
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Fringe-length and tortuosity histograms are shown separately in Fig. 3 for the n-butanol/n-dodecane
mixture. Across the oxidation series there was a progressive decrease in structure for the n-butanol/n-
dodecane soot, as manifested by the narrowing of the fringe length distribution and a broadening of the
complimentary tortuosity distributions.

Surface carbon oxidation studies by X-ray photoelectron spectroscopy (XPS) were carried out to
understand the differences in reactivity of the fuels studied. Figure 4 summarizes the spz/sp3 ratio values
across nascent soots from the different fuel blends.
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Figure 4. The spz/sp3 values (derived from XPS)
for different nascent fuel components and blends,
representative error bar shown.

As shown, the pure fuel components and their blend {m-xylene/n-dodecane) exhibited similar {(higher)
spz/sp3 ratio values, while the spz/sp3 ratio of soot from the oxygenated fuel blend (n-butanol/n-dodecane)
was significantly lower (by a factor of ~6). Notably, the oxygenated fuel blend contains considerable
organic content, as evidenced by the large sp3 component; similar composition was observed elsewhere
in biodiesel derived soots [12].

in order to establish a relation between HRTEM results and the reactivity, the fringe length and the fringe

tortuosity for the different nascent soot samples, are plotted against the activation energy values (see

Figure 5). Similarity of fringe length values for the nascent soots make challenging a definitive

interpretation of E, values as reflecting initial nanostructure, as reflected in the plots shown in Figure 5.
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Figure 5. Activation Energy vs. Fringe analysis parameters, a) Fringe length, b) Fringe tortuosity,
representative error bar shown.



While previous studies have shown such dependence, those studies also benefited from a diversity of
nascent nanostructures, in contrast to the present set. The second part of this study, using model
carbons, helped resolve such dependencies.

2. Oxidation of Model Carbons

2.1 Soot Oxidation kinetics

Oxidation kinetics and fringe analysis studies of three “model” carbons, ranging from amorphous to
onion-like nanostructures and a reference diesel soot were performed in a Thermogravimetric Analyzer
(TGA). The samples were oxidized isothermally at temperatures ranging from 575 to 775 °C in air. Multiple
tests were performed to obtain the most favorable operating conditions to minimize mass-transfer
diffusion limitations in the experiments.

An Arrhenius-type equation and first-order reaction kinetics was used to extract the kinetic parameters.
The activation energies for the oxidation of the carbon samples range from 124 to 204 kJ/mol, and it was
approximately 140 kJ/mol for the reference diesel soot sample. The onion-like structure exhibited a
slower kinetic rate compared to the amorphous M1300 as shown in Figure 6. Similar kinetic parameters
were found for R-250 and reference diesel soot samples. The activation energies obtained for the samples
studied were in accordance with data reported in the literature for carbon blacks and diesel soot samples
[3, 6,13-15].

Conversion

Figure 6. Mass-based oxidation rate
for three different carbon black
samples and diesel sample, at 600 °C
in air.
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2.2 Soot nanostructure

Upon partial oxidation {extent 50%), HRTEM was performed to examine the nanostructural changes
relative to the nascent material, and also to study the pressure dependence.

HRTEM images of the three carbon blacks and the diesel soot were obtained and presented in Figure 7. in
these images, M1300 exhibits mostly partially and completely closed shells whose diameter is roughly a
few nanometers. In most cases the shells are not spherical but distorted, with the interior of these shells
appearing to be a void. in contrast, R250 has short, disconnected, planar crystallites comprising several
polyaromatic hydrocarbon layers that are oriented concentrically. The particle interior was more spatially



disorganized carbon. The OLC exhibited extended carbon lamella, many of which are oriented parallel to
each other. This organization is characteristic of a crystallite structure. Dissimilar to the carbon blacks, the
reference diesel soot showed a core shell structure.

Figure 7. HRTEM images of different nascent
samples, a) M1300, b) R 250, ¢) OLC, and d)
diesel soot.

Results of the partial oxidation (extent 50%) samples showed that for M1300 (see Figure 8} still consists of
partially formed shells, but many of which have transformed to extended lamellae with no visible voids.
Both the pressure conditions ( 1 and 10 atm) showed roughened surfaces that are indicative of oxidation.

Figure 8. Representative HRTEM
images of partially oxidized (50%)
M1300, a) 1 atm and b) 10 atm.

In contrast, R250 carbon black exhibited noticeably different nanostructure compared to the nascent
nanostructure as shown in Figure 9. At atmospheric pressure, the extended lamella at the particle
perimeters is observed in the images. Hollow shell-like particles appear together within aggregates. The
lamellae on the particle perimeters were not highly ordered, but it was more undulated. This different
burning mechanism was earlier reported for diesel soots, but it is a unique observation for R250 [16-18].



Figure 9. Representative HRTEM
images of partially oxidized (50%)
R250, a) 1 atm and b) 10 atm.
White arrow shows hollow shell,
black arrow indicates lamellae on
the particle perimeter.

The surface oxidation caused by internal burning enabled nanostructure development under atmospheric
pressure conditions. This variation in nanostructure was not observed when R250 was oxidized at a higher
pressure (10 atm). The mass transfer diffusion limitations {as observed from the TGA data) might have

played a crucial role under higher pressure conditions.

With increasing oxidative pressure, OLC exhibited a decrease in graphitic structure and increase in
curvature primarily because of outer surface breakup { see Figure 10).

Figure 10. Representative
HRTEM images of partially.
oxidized {50%) OLC, a) 1 atm and
b) 10 atm .Black arrow indicates

lamellae on  the particle

perimeter.

Similar to the R250, diesel soot also showed different burning modes at the two oxidative pressures

studied. HRTEM images for diesel soot are presented in Figure 11.

Figure 11. Representative
HRTEM images of partially
oxidized (50%) diesel, a) 1 atm
and b) 10 atm.
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The median fringe length and tortuosity values are summarized in Figure 12, for the three carbon blacks
and diesel soot at nascent and oxidation pressure conditions.

2FF 13 -
(a) (b) ]
—O—M1300
1.8 | —&—R250 125 |
—4&— Onion
. =
16 | —&@— Diesel Soot g
S 2l
5
1.4 | =
(<]
o> 1.15 |-
12 | =
-
- L
11 |
1} {
®
L \
0.8 L 1 ; 1.05 : i :
Nascent 1 atm 10 atm Nascent 1 atm 10 atm
Oxidation Condition Oxidation Condition

Figure 12. Comparison of the median (a) fringe length and (b) tortuosity extracted from the lognormal
distribution plots by lattice fringe analysis.

Consistent with the visual representations, there is a minimal change in nanostructure with increase in
oxidation pressure. With increasing oxidation pressure, M1300 exhibited a progressive increase in
graphitic structure, as observed by a small increase in fringe length and decrease in fringe tortuosity
values. R250 still showed a progressive increase in graphitic structure, albeit different burning mode. With
increasing pressure, the median fringe length increased and the median fringe tortuosity decreased
substantially. OLC showed a decrease in nanostructure order, in agreement with the visual
representations where external burning occurred leading to breakup of outer surface lamellae. The diesel

soot has little change in fringe length and tortuosity.

XPS results were obtained for each sample to obtain chemical information regarding heteroatom
concentration, and sp2/sp3 carbon bonding configurations. Table 4 summarizes the atomic percentages
of the elements, and the spz/sp3 values obtained from the C1s peak.

Table 4. Summary of C and O concentration, and carbon bonding by XPS

Sample| C(%) | O (%) spZ/sp3

M1300 | 98.1 1.9 2
R250 95.8 4.1 2.6
OoLC 95.4 4.5 3.4

While oxygen content is typically assumed as a good indicator of oxidative reactivity [19-20], this study
showed that the surface atomic concentrations of carbon and oxygen were similar, however the

reactivities were different.



Fringe analysis parameters such as fringe length, fringe tortuosity, and spz/sp3 for the different model
carbons and reference diesel soot, are plotted against the activation energy values, in order to establish a
relation between HRTEM results and the reactivity. Figures 13 and 14 show that as the activation energy
value increases, the fringe length and the spz/sp3 ratio increase and the fringe tortuosity decreases.
Previous studies have similarly shown a correlation between these nanostructure metrics and oxidation
rate [11, 21]. This is consistent with the interpretation of increasing reactivity as reflecting a lower relative
fraction of edge site carbon atoms. Another consideration is less C-C bond strain (reflecting lower lamella

curvature), effectively increased the activation energy and decreased the oxidation rate.
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Summary

The results of this work can be summarized as:
Oxidation of soot derived from Liquid Fuels

* Isothermal oxidation experiments were conducted in a HP-TGA for soot generated from different
liquid fuels and two standards: carboxen and standard reference diesel. Three total pressures
were evaluated, 1, 10 and 40 atm., and the O, concentration was varied between 10 and 21%.
Parameters such as oxidizer flow rate, initial mass loading, and amount of inert bed were
optimized in order to ensure that the experiments were carried out under conditions where
kinetics control the reaction.

* Even under optimized conditions, mass transfer diffusion limitations influenced the pressurized
experiments and corrections based on effectiveness factors were used to account for this.

* There was not a significant difference in the activation energies of the soot samples for either
pure components or as a mixture, with exception of soot from oxygen-containing fuels. The
activation energies were within the range reported by others.

*  Soot nanostructure for the soot collected from the flat flame “nascent”, and partially oxidized at 1,
10 and 40 atm was studied by High-Resolution Transmission Electron Microscopy (HRTEM). The
lattice fringe length and fringe tortuosity were estimated to correlate the nanostructure and the
soot reactivity, and the nascent soot nanostructure was similar across the five fuels. n-butanol/n-
dodecane soot showed a significant change in nanostructure with increasing pressure; however,
there was no apparent change in the nanostructure (length or tortuosity) for the other fuels.

*  Validating the HRTEM data, surface carbon oxidation studies by XPS showed that the spz/sp3
content for the oxygenated fuel blend was 6 times lower than the other fuels leading to lower
activation energy and external surface lamellae break-up.

Oxidation of model carbons

* Isothermal oxidation experiments were conducted for three-carbon black and one reference
diesel sample. Results showed that the onion-like structure exhibited a slower kinetic rate
compared to the amorphous M1300. Similar kinetic parameters were found for R-250 and
reference diesel soot samples.

* HRTEM images revealed that the three carbon blacks exhibited different nanostructure in their
nascent form. M1300 exhibited mostly partially and completely closed, not spherical but distorted
shells. R250 had short, disconnected, individual graphene segments that appear to be oriented
concentrically but the inner core was disorganized. OLC exhibited extended carbon lamella, many
parallel to each other. Dissimilar to the model carbons, the reference diesel soot showed typical
core shell structure.

* HRTEM images with increasing oxidative pressure showed a significant change in nanostructure
relative to the nascent structure. Both the nascent material nanostructure and pressure played a
role in the observed changes. This observation may be caused by mass transfer diffusion
limitations which were found to affect the pressurized experiments.



* The fringe analysis explained the differences in the kinetic parameters between the carbon
samples studied. The OLC nascent sample had a longer range of fringe lengths and smaller
tortuosity, suggesting a flatter structure; the nascent M1300, had much shorter fringe length and
broader tortuosity, suggesting more curvature. The nascent R250 and diesel sample were
between the other two carbons. A linear correlation between the image analysis and XPS data
was found. Results showed that as the spz/sp3 ratio increased, the fringe length increased. In
contrast, as the spz/sp3 ratio increased, the fringe tortuosity decreased.
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