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Abstract: In this paper we summarize a number of onr soot surface-oxidation kinetics
measurements. The measnrement methods include: (a) direct viswalization using electron
microscopy and (d) tandem differential mobility analysis (TDMA). Arrhenions kinetic
analysis allows s to extract the oxidation rate, and activation energies for flame, diesel and
bio-diesel soot as well as the role of metals in soot oxidation.

For flame soot oxidation, a activation energy of 148 kJ/mol was found at low tempera-
tures (< 800K). Using the TDM.A method, the activation energy of soot oxidation in air
was equal to 163 kJ-mol’ over the temperature range 800°-1120° C. The reasons for the
difference in activation energies at low and high temperatures are discussed. The activation
energies were 114, 109, and 108 k] mol! for the 10, 50, and 75% load diesel nano-
particles sampled directly from a medium duty diesel engine exhaust over the temperature
range of 800 1140 °C. The reason for the low activation energies of diesel soot compared
to that of flame soot is attributed to the presence of metals in the diesel fuel, possibly coming
from lubricating oils. To fest the influence of metals in soot oxidation, cerium was added
to dsesel fuel and iron was added 1o flame soot in hwo separate studies. It was found that
the addition of iron to a flame reduced the activation energy significantly from ~162%3
kJ/mol to ~11613 k] mol, comparable with diese! engine generated soot with an ativa-
tion energy ~ 110 kJ/mol.

The oxidation kinetics for bio-diesel was found 1o be ~6 times higher than that of regular
diesel furel in the temperature range of 700 to 825 °C.

1. INTRODUCTION

Soot is produced by incomplete combustion or pyrolysis of hydrocarbon fuels and is
a useful material termed “carbon black” which is widely used in printing inks, and in
rubber and plastic products. The global market demands carbon black in millions of
tons every yeat. On the other hand, soot is released into the atmosphere as an undesi-
rable product by several natural and man-made combustion processes such as wood
burning, diesel engine exhaust emissions [1], powet plants, air craft emissions[2] Soot
is known to be harmful to the respiratory tract if inhaled, especially when the particles
are less than 5 m in diameter. Recently it has been revealed that carbon soot emission
from combustion is an important factor leading to climate change [3, 4]. A typical
transmission electron microscope (TEM) image of a soot aggtegate is shown in Figure
1. The aggregate is composed of individual patticles termed primary particles of about
30 nm in diameter.
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Figure 1. A typical transmission electron microscope (TEM) image of an atmospheric aggre-
gate is shown in Figure 1. The aggregate is composed of individual particles called primary pat-
ticles of about 30 nm in diameter (teproduced from [54]).

Ultimately it is the surface of the soot that communicates to the surrounding
environment, either for future growth, oxidation, ot as a substrate for heterogeneous
nucleation. These surface processes and the reaction kinetics determine soot size,,
composition, mass and the sutface area. This implies that we need both the tools,
and methodology to characterize surface processes on soot. In what follows, we
describe size resolved soot surface oxidation kinetics in a systematic manner. The
soot sutface oxidation kinetics in the presence of metals is also discussed. Studies are

shown for three types of soot: diesel soot, bio-diesel soot and flame soot (catbon
black).

L.1. Soot formation and growth

Soot formation is 2 multi-stage process which includes nucleation, coagulation, surfa-
ce growth, aggregation, agglomeration and oxidation. At the initial nucleation stage the
first condensed phase materials form from the gas species originating from the pyroly-
sis or oxidation products of the fuel molecules such as acetylene and PAH. This pro-
cess leads to very small particles with diameters up to 2 nm which have only a small
fraction of the total particulate mass ultimately formed.

Once soot nucleation has occurred, the amount of soot generated is determined by
the competing processes of growth through the addition of gas-phase species, and
destruction through oxidation by O,, OH, and other gas-phase oxidants. In order to
understand and model soot production, it is necessaty to obtain a molecular level
understanding of these processes. This includes, as a start, measuting oxidation and
growth rates as functions of temperature and chemical composition. It is the purpose
of the current study to present a new method for obtaining information on funda-
mental surface processes on nanopatticles, starting with the oxidation of soot in air.
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Size resolved soot surface oxidatdon kinetics

1.1.1. Flane soor

The description of flame soot used in this study is as follows. The flame soot was
generated in a Santoro type diffusion burner [5] It consists of two concentric tubes: 2
4 inch outer brass cylinder for air flow, and a 0.5 inch inner brass tube for fuel flow.
Between the concentric tubes there is a honeycomb and a stack of beads and mesh to
provide a uniform exit flow profile for the air. A 10 inch high glass cylindtrical shroud
is placed on the outer tube to prevent the flame from being disturbed by outside air
currents. For the experiments presented in this paper, ethylene was used at a flow rate
of 85 ccmin! to produce 2 flame 50 mm high

1.1.3. Diesel and bio-diesel so0t

Biodiesel is a generic term that refers to various fatty-acid mono-esters that can be used
as diesel fuel. It is made from the conversion of triglyceride (vegetable oil and animal
fats) to esters (ptimarily methyl esters) via vatious esterification processes 16]. Biodiesel
has very similar physical propertics to conventional diesel fuel |7); but is renewable, non-
toxic, and biodegradable [8]. Biodiesel is the only alternative fuel to have fully comple-
ted the health effects testing requirements of the Clean Air Act. It may be made from
a vatiety of different vegetable oils or animal fats. For example, in Germany rapeseed
oil based biodiesel, RME, is the most abundant [9], whereas soy based biodiesel, SME,
the fuel used in this study is the most widely used in the United States [10].

In general it is reported that biodiesel has a less adverse effect on human health
than petroleum based diesel fuel. Schroder et al. {9] and Krahl et al. [11] reported that
mutagenicity of biodiesel particulate emissions is much lower than that of petroleum
based fuel Finch et al. [12], in their study of rats exposed to biodiesel emissions, sho-
wed only modest health effects at the highest exposure level. Even these effects were
described as “no-observed-adverse-effect” within the uncertainties of their study.

Europe is the most significant biodiesel producer in the wotld {13, 14]. Germany
and France lead the production having tax benefit for producing biodiesel. In South
America, Brazil launched national program for biodiesel in 2002 {15], leads the pro-
duction and considers export of biodiesel to other countties [16].

1.2. Size measurement and resolution

Soot aerosol consists of a wide size distribution of nanoparticles and nanopatticle
aggregates. The soot surface reaction kinetics is a strong function of the size and the
surface area. Thus to study the size dependent reaction kinetics, a method is needed to
separate soot nanoparticles with respect to the size.

Aerosol size distributions are commonly measured using differential mobility analy-
zet (DMA) that measures the electrical mobility of the particles. The electrical mobi-
lity is translated into mobility diameter for spherical patticles by equating the drag on
spheres to the electtic force inside the DMA. For non-sphetical particles such as soot
nanoparticle aggregates (with low fractal dimension < 2), it is generally accepted that
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of the particles{17].

1.2.1. Differential mobility analyzer

the surface area calculated using the mobility diameter is close to the actual surface area

A differential mobility analyzer (DMA), illustrated schematically in Figure 2, is a class
of ion-mobility spectrometer, which sizes ot selects patticles base on electrical mobi-
lity. The DMA consists of a center rod upon which a voltage is placed and an outer
cylinder held at ground. The sheath flow is introduced at one end and flows coaxmlly
between the outer cylinder and the inner rod. Aerosol particles enter the DMA in a
thin ring adjacent to the outer cylinder, and the chatged particles are attracted or repel-
led by the potential on the center rod. Near the end of the center rod is a slit through
which particles of the desired electric mobility pass, while patticles of higher electric
mobility (particles that ate smaller and/or mote highly charged) hit the center rod
upstream of the sample slit and particles of lower electric mobility (larger and/or
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Figure 2. Schematic of differential mobility analyzer.
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uncharged) pass out of the DMA through the excess output flow If the DMA is used
to select a particular particle size, the center rod is held fixed at a voltage and the sam-
ple output flow will contain only particles of a single electric mobility. In this mode the
DMA acts like a high resolution band-pass filter. For the particle sizes used in the cur-
rent experiments the vast majority of charged particles in a steady state charge distyi-
bution will carty a single charge, so the output aerosol will be essentially monodispet-
se. If the DMA is used to measure the size distribution of a particle stream, the vol-
tage on the center rod is stepped and the sample output flow is monitored for particle
concentration as a function of applied voltage.

As shown in Figure 1, soot particles are geometrically complicated agglomerates of
smaller particles, thetefore the meaning of size used hete is not straightforward. In the
free-molecular and transition regimes, where the patticle size is smaller than ot com-
parable to the mean free path of the gas molecules (~65 nm for air at room tempera-
ture and one atmosphere pressure), it has been shown that the particle mobility is
inversely proportional to the mass transfer rate to the particle, which in turn is pro-
pottional to the gas-accessible surface atea of the particle [1 8-20]. Thetefore, for the
particle sizes under consideration in this work, the DMA will select particles based on
their accessible surface area. The particle size is still described by a mobility diametet,
D,, which is the diameter of a spherical particle of equivalent mobility, and therefore
ofﬁ the same sutface area.

1.2.2. Tandem differential mobility analyzer

The term “tandem” is used for a DMA (usually identical) which is placed downstream
of another DMA. The tandem DMA (TDMA) system can be used for online monito-
ting of size changes occurring by some process condition imposed between the two
DMA’s. In this manner the TDMA system operates much like 2 MS-MS system. Fot
example, 2 DMA classified aerosol stream can be passed through a tubular furnace at
an elevated known temperature whereby the aerosol undergoes a change in mobility
due to processes like oxidation, sintering, or change in charge state [21]. The resulting
mobility change can be measured by a second DMA, which can be related to 2 chan-
ge in size or charge. If the process time and chemistry is known then the size change
can be used to measute the process kinetics.

Figure 3 shows the TDMA system [22] for measuring oxidation kinetics of freshly
generated and size-selected soot nanoparticles. The TDMA method as described in
section 2.2, was advantageous because for freshly generated soot, effects of aging and
tr'ansport/ diffusion of the reactant can be minimized.

1.3. Soot oxidation and kinetics

We define the mass based oxidation tate as:

dm
dt

= —-1.&114s M
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Figure 3. Soot oxidation kinetics measurements using TDMA system The bold line indicates
the path taken by the soot aerosol particles.

with 4, the soot sutface area and # is the mass-based surface specific rate, often mode-
led using a modified Arrhenius expression,
O\

s
v
W=AT" exp| —= @)
P RT

where A is size independent preexponential factor, E, is an activation energy, Ris gas
constant, and T is temperature in Kelvin.

Fot a non-uniform axial-temperature profile in a flow reactor the diameter change
can be integrated as a particle travels the length of the reactor:

X .
AD, =2 Ww(x)r(x) " o)
0 Ps
where x is the axial distance in the reator tube and X is the length of the reactor tube.
The dependence of the rate and residence time on hotizontal position is a tesult of
their dependence on temperature,

W VA Ea
— = Ay [ T(x)]” -exp| ——— 4)
05 am [ ( )] P RT (X) (
T(.
T = 2’0 4 (5)
T(x)

whetre A is a different frequency factor for each initial soot particle size, E, is the
activation energy, and T, is a characteristic residence time at temperature T, The resi-
dence time is calculated assuming laminar flow and 2 flow velocity equal to the peak

volumettic flow velocity of 4/3 # , whete #,, is the mean flow velocity calculated from
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the volume flow rate and the cross-sectional area of the flow tube. The flow velocity
as a function of axial position can be written as

4  T(x)
X)= Uy — 6
u(x) 3 u T ©)

2. SOOT OXIDATION KINETICS MEASUREMENTS

Soot oxidation kinetics is measured by both offline and online methods: (a) the offli-
ne method employs direct visualization using TEM analysis, (b) the online method uses
TDMA system.

2.1. Offline method: TEM observations

The soot oxidation was qualitatively visualized by Tanaka [23] using TEM analysis of
diesel soot collected on a thin AL,O, plate. Tanaka [23] observed the size change of an
agglomerate and found that each of the primary particles gets smaller as it is oxidized.
In this section we extend Tanaka’s [23] method and desctibe a method to quantify soot
oxidation: An experimental protocol is described to measure the oxidation rate of soot
particles at low temperatures (< 800 K) using TEM image analysis.

2.1.1. Method

The size-selected soot particles wete deposited on TEM gtids. A section of TEM grid
containing a number of particles sufficient to provide statistically meaningful data was
selected. A series of TEM images taken using a digital CCD camera from low to high
magnification are shown in Figure 4. A map of the grid was made. The grid is then
removed from the TEM and inserted into a furnace for a specified time and tempeta-
ture. The soot particles on the TEM grid were oxidized in heated air for the given time
and temperature. Analysis of the oxidation exposed grid used the same field of view
as was used ptior to oxidation using the procedure illustrated in Figure 4. The projec-
ted area change is related to the sutface specific reaction rate for soot oxidation. The
projected atea determined using a public domain image program (NIH Irmage).

3imm ( )

—r N

%150 x1000 %4000
Figure 4. Maps of TEM images to track a field of view.
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2.1.2. Visualization of soot oxidation- Tracking individual particles
¢ 8

Figure 5 shows examples of individual particles duting oxidation at different cumula-
tive oxidation time at 450 °C. Inital images of particles (a) and (e) were taken and
those particles were tracked separately. The soot aggregates are composed of primaty
patticles in 20-30nm size range Clearly the primary particles are shown shrinking
during this process, but we also observe that some changes in the aggregate motpho-
logy. The latter observation presumably has to do with how the particles find them-
selves anchored to the gtid, and one might expect differences from what might occur
in the gas phase. Most of the primary patticles were observed to shrink evenly during
oxidation. For these particulas images an arm of the aggregate seemed to move during
oxidation (Figures 5a-d) whereas the particle in Figutes 5e-h shrank in size without
significant changes in shape.
The individual particles can undergo different projected area reduction rates due to
the following reasons:
A. A pottion of a particle can disappear during oxidation.
B. The oxidation rate can be different due to differences in chemical composition for
individual particles).

Thus, in the following sections, we track a group of particles rather than individual par-
ticles to quantify the oxidation rate.

2.1.3. Comment on hollow particles

Our more gradual evolving patticle shape and size is in contrast to Heckman’s [24]
observation. He employed high temperatute heat treatment (partial graphitization in an
inert atmosphere) before cartying out an oxidation experiment. His wotk found very

Cumulative oxidation . . )
time at 450 °C 4 min 12 min 20 min

o

Figure 5. TEM images of individual particles during oxidation at different cumulative oxidation
time at 450 °C
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litde shrinking, but rather an internal hollowing out of the particles. He speculated that
a more ordered graphitic layer structure, at the surface of the particles was stable
against oxidation, and Gilot et al. [25] also reported internal oxidation of carbon black
spherules after 60% burn-off at low temperature. We observed no selective hollowing
of soot patticles in this study, which we believe is related to the absence of a pre-gra-
phitization process [26].

2.1.4. Visualization of soot oxidation- Tracking a group of particles

A field of view containing about 100 particles was chosen for tracking during oxida-
tion. In order to observe such a large number of particles in a single image the magni-
fication used (X4000~X5000) is about 6 times lower than that used for tracking indi-
vidual particles and is shown in Figure 6a. Figute 6b shows the image after oxidation
in a furnace for 4 minutes at a furnace set temperature of 450°C. Qualitatively we see
that particles are clearly shrinking, but some particles are oxidizing fastet, and in some

Figure 6. TEM images before and aftet oxidation for a group of particles. (a) Size classified soot

patticles before oxidation (d,,=50nm). (b) After oxidation (4min at 450 °C of furnace set tem-
perature).
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cases particles disappeared entirely. These differences in oxidation rate would seem to
indicate that even though all particles were sampled from a single location and size
segregated with a DMA, they may not be chermcally the same. Particles that disappea-
red were excluded manually during image analysis so that the exactly same group of
patticles could be tracked.

Figure 7 shows the resulting size distributions for particles in Figure 6 using the
data analysis procedure described. Both the size distributions wete broadened and shif-
ted towards lower sizes. In the following section, the change in size is quantified by
relating the projecting atea equivalent diameter to the mobility equivalent diameter.

40 T
A Before oxidation
O After oxidation
30 | Lognormal fit A
Lognormal fit
Z 20 -
10
[ M. SOR——— - . ] .
1 10 100 1000
da[nm]

Figure 7. Size distributions based on projected area equivalent diametet for particles shown in
Figure 6.

2.1.5. Projected area equivalent diameter vs. mobility equivalent diameter

The mobility equivalent diameter (d) is based on the DMA measutements and the
projected area equivalent diameter (d,) is based on the TEM measurements. In otdetr
to quantify these size changes, it is necessary to establish a relationship between the
two diameters. The DMA was used to classify particles with moblhty diameters: 50nm,
100nm, 130nm, and 150nm. The TEM samples for each selected size were taken. It is
assumed that both d, and d_, are otientation-averaged propetties, since the agglome-
rates ate expected to rotate randomly in a DMA column, and in an impactor. Figure
8a, shows size distributions of the TEM samples for a given mobility diameter as 2
function of d,. Figure 8a shows that the selected mobility size from the DMA (50nm)
coincides with the peak of the projected atea equivalent diameter obtained by analy-
zing the particles on the TEM grid. The second peak (at 75nm) corresponds to parti-
cles of the same electrical mobility but with two charges. Figure 8b shows a mobility
size distribution measured using the TDMA method with the furnace tutned off. The
peak, which is around 75nm in d_ as shown in Figure 8b, represents particles, which
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wete doubly charged when they passed through the DMA-1 but singly charged when
they passed through the DMA-2.

The excellent agreement between Figure 8a,b confirm that d, is effectively equiva-
lent to d in the size ranges of interest to this study. The TEM data is noisier because
we limited the analysis to only 100 particles, while the DMA effectively is sampling
several orders of magnitude of particles. Similar results wete obtained for mobility dia-
meter 100, 130 and 150 nm. For these measurements, the relationship between d, and

d, is shown in Figure 9. Tt is found that the mobility diameter scales linearly with the
projected area equivalent diameter with a slope of unity.

30

o data
- Lognormal fit

=
o

10

o 3
0 s 9.8
10 100 1000
(2) dafnm]
200
800
< wm

800 e Lognarmat fit 150
‘UE =
m E
i‘f 400 5_; 100
=
T

200 4 50

04 0+
10 100 1000 1) 50 100 150 200

W dnm) dr{nm]
Figure 8. Comparison between size distri- Figure 9. The relationship between projec-

butions measured as a function of projec-
ted area equivalent diameter (d,) and as a
function of mobility equivalent diameter
(d,,,) for a given mobility diameter selection
(d,,=50nm) by a DMA. (2) TEM measure-
ment. (b) TDMA measurement.

2.1.6. Determination of the soot oxidation rate

ted area equivalent diameter (d ) and mobi-
lity equivalent diameter (d,,)) for soot agglo-
merates. d/ 2\ is the normalized particle
diameter by 2A, whete A is the mean free

path of the cartier gas.

As we see in the previous section, d., and d, are equal for the set of expetiments
discussed in this study. Thus d, can be replaced by d,, for calculating the rate of oxi-

dation
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The surface area for mass transfer of the soot particles in the free molecular regi-
me is 714, By definition the effective density is
3
.1 m
S pcf_/i'ccnve

6

After mass and area are expressed in terms of the mobility equivalent diameter, Eq.
(1) becomes

dd, 3 2w

®
dt Y effective

The effective density is assumed constant and equal to 1800 kg/m? (Kennedy [27]).
Eq. (8) can be integrated over time as follows:

' 2t
Ad, = Ad, = [- 20y, o
6o P

Using experimental data on the change in d, at different furnace set of temperatu-
res, a least-square fit was carried out to determine 4 and E, for #

For the low temperatures (< 800K) discussed in this study, the soot oxidation acti-
vation energy was found to be ~148 kJ/mol The sutface area specific oxidation rate
of soot particles at temperatures below 800 K is higher than found in prior studies: A
compatison is discussed in the next section. Further work is necessaty to identify what
caused the difference between low and high temperature oxidation rates.

2.2. Online method
2.2.1. Sige selected TDMA measurements

Soot particles were generated in an ethylene diffusion flame. Samples for TEM analy-
sis were collected ditectly in the flame or in the sampling stream. The TEM images
shows that the soot particles were agglomerates of spherical particles, with primary
particle diameter of about 20-30 nm.

The size distributions were measured using a DMA. The DMA was also used as an
clectrostatic classifier to separate particles in a given mobility diameter range. The
mono-dispetse soot particles were oxidized in the presence of air at a high temperatu-
te inside a tube furnace. The resulting changes in mobility diameter were measured
using a second DMA. The experimental system is shown in Figure 3.

In order to check for size reduction due to thermal effects such as particle collapse,
rearrangement, Ot evaporation, experiments wete run with the furnace set at 1100° C
using nitrogen as the soot sampling carrier gas, the dilution gas, and as the sheath gas for
the two DMAs. All other conditions were kept the same as for the oxidation experiments.

The TDMA scans for the oxidation in ait of the three initial soot particle sizes are
presented in Figure 10. The initial ~1% dectease in D, at 500° C for all three particle
sizes was most likely due to volatile or semi-volatile matetial evaporating off of the
particles, and the size decrease due to oxidation is calculated relative to the particle
sizes at 500° C. An increase in the width, or spreading, of the size distributions as oxi-
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Figure 10. TDMA soot oxidation tesults in air for furnace settings of 25° to 975° C (see
legend). Results from higher futnace settings are omitted for clarity. (a) 40 nm initial particle
size, (b) 90 nm initial particle size, and (c) 126 nm initial particle size.

dation occurs can be seen in Figure 10, along with the appearance of a bimodal distti-
bution at higher temperatures for the 40 nm particles. What appeats to be 2 bimodal
distribution for the larger particles is actually a blending of the peak due to singly-char-
ged particles with the peak due to doubly-charged particles,

The decrease in particle size assuming spherical particles and no density change
duting oxidation is

Am, = ”’6) (D3, -D2,) )

p./
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whete , is the soot particle mass, P, is the mass density
the mobility diameter of a soot particle. Assuming sphe
grating Eq. 1 over the residence time 7, we get

]i’ — ps (Dp,/ - Dp,'f )

of a soot particle, and D, is
rical soot particles and inte-

(10)
2T

Eq. 10 suggests that the surface specific rate is linearly
in diameter. Thus given experiments at a seties of constant temperatures and a known
residence time in the reaction region, one can calculate the activation enetgy and pre-
exponential factor using the standard Arrhenius equation (Eq. 2).

A non-linear least-squares fit to the expetimental data was performed by numeri-
cally integrating Eq. 10 for each furnace setting and initial particle size combination.
Temperatute profiles for furnace settings other than 800° or 1000° C were estimated
using a linear interpolation or extrapolation of the points measured using the shielded
thermocouple at 800° and 1000° C, while interpolation for a specific furnace setting
was petformed by fitting the points measured at specific distances in the flow tube to
a sixth-ordet polynomial Figure 11 presents the observed and calculated size decreas-
es of the soot particles.

The activation energy was found to be 162 kJ/mol. An attempt was made to fit the

exponent of the temperature in Eq. (4), but this was highly cotrelated with the 4

B
parameters and therefore not determinable from our data. Also, fitting with a single

size-dependent .4 parameter was attempted, but no adequate functional dependence
on particle size could be found to fit the data for all three initial particle sizes. This indi-
cates that the differences in oxidation rate observed for the three initial particle sizes
1s most likely more a function of the initial patticle structure rather than the particle
mobility size measured by the DMA.

The largest uncertainty in the present ex
laminar flow. This may not be too inaccur.
results in a spread in particle residence tim

proportional to the change

petiments comes from the assumption of
ate, because the laminar flow assumption
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Figure 11. Particle size change as 2 function of peak flow tube temperature for the three initial
patticle sizes. Solid lines show size change calculated from the fitted model
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the size distributions is in line with the later residence time assumption. In such cases,
if we assume that the uncertainty in residence time is lineatly proportional to the resi-
dence time, then it translates linearly into an uncertainty in the ,,, parameters without
affecting the activation energy.

There is a factor of 1.7 difference between the measured oxidation rates of the 40
and 126 nm particles. This may be due to a diffetence in the effective densities of the
soot patticles, or in the chemical composition of the particles. Because of the agglo-
merate structure of the soot particles, the effective density of the larger particles is
lower than that of the smaller particles. This could lead to a higher rate of observed
size reduction for the larger particles. Preliminary expetiments in altering the soot
composition indicate that increasing the amount of hydrogen in the soot leads to a
higher oxidation rate. It can be conjectured that the different size particles have had
different histories within the flame, and thus different elemental composition can be
expected.

2.3. Compatison of oxidation rates based on TEM observations and TDMA
measurements

In this section, we verify, both online and offline kinetics measurements against each
other. The compatison between the two methods is made. A compatison of size dis-
tributions at 25 C (toom temperature) and a furnace tempetature of 1000°C is pre-
sented in Figure 12. The two expetimental methods show excellent agreement in the
most probable particle diameter before and after oxidation. l'urthermore it provides
another validation for the equivalence of d,, and d, .

Figure 13 shows Arthenius plots of the surface specific oxidation rate for our
measutements and prior studies. The activation energy of low temperature flame
soot oxidation, was determined to be 148 kJ /mol by TEM method and is consistent
with the 143 k]/mol used in the Nagle and Strickland-Constable (N SC) {28] oxida-
tion model (curve “d” in Figure 13) as extracted by Stanmore et al. |29]. However,
out oxidation rate is an order of magnitude higher, than the extrapolated NSC
model and even more than that for the other studies presented in this temperature
range To assess the possibility that this experimental approach somehow results in
a higher observed reaction rate, we conducted an experiment under the same con-
ditions (i.e. highet temperature) as our TDMA oxidation measutement. The results
are shown in Figure 13 as the open circle, and overlaps with excellent agreement
with our TDMA measurements [30], rate curve “c”. The agreement suggests that
the TEM sizing apptoach should be yielding accurate results at the lower tempera-
ture conditions.

To assess other possibilities for our higher rate, the soot sampled on the TEM grid
was pretreated undet a N, environment at 550 C for 5 min from which no noticeable
size change was observed.

Another possibility considered was that the soot which was in contact with the SiO,
TEM grid might somehow accelerate oxidation, however van Dootn et al. [31] have
shown that SiO, has no catalytic effect on diesel soot patticles. One may expect a lower
activation energy along with an increased rate if catalytic effects are important as
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Figure 12. Compatison of (2) TEM and (b) TDMA measurements: The number distributions
are shown before and after soot oxidation at 1000 °C.

observed by Miyamoto et al. [32]. In their work they saw enhanced rates for calcium
laden diesel soot of up to 2 orders of magnitude higher (curve “e” in Figure 13) as
compared with undoped soot (curve “f” in Figure 13).

Temperature is one of the most sensitive vatiables in determining reaction rate.
Our uncertainty analysis indicates an uncertainty of <+ 2 K. If one wete to assume a
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worst case scenatio and assume an uncertainty ten times larger, the resulting effect on
the rate is shown in Figure 13, as the thin lines above and below rate curve “a”.
Obviously uncertainty in tempetature cannot explain our observed higher rate.

The uncertainty related to the image analysis in the measurement of a 20 nm dia-
metet is expected to be less than +2nm. However, for patticle below 20 nm, the uncer-
tainty increases due to a decrease in the number of pixels which constitute a given pat-
ticle. The dotted lines seen in Figure 13 “a” show +16 confidence lines. The propaga-
tion of the uncertainty in determination of d to the final rate is negligible, since it lies
within the confidence lines limits above,

Stanmore et al. [29] in their recent review has discussed the variation in the meas-
ured oxidation rates, some of which are presented in Figure 13. T hey suggested the
possibility that some of the measured rates might be corrupted by mass transfer
effects which would tend to make the observed rate lower. We should also note that

10000/ T[1/K]
3 5 7 9 11 13 15 17

log{wo)llog(ka/sec m?)]
N
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38636 496 394 3
TjeC]
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Figure 13. Arrhenius plot of the surface specific rates of soot oxidation for the current study
and for other relevant prior studies. Previous studies produced a variety of activation energies,
as can be seen by the varying slope of the lines. Results are presented for 21% O,. (a) Flame
soot by TEM method (), rates for 16 confidence lines (), rates for T20K variation ().
(b) Flame soot by TDMA method (c) Diesel soot (d) Nagle and Strickland-Constable using a
pyrogtaphite rod (e) Miyamoto et al. TGA of catalyzed (Ca added to fuel) Diesel soot. ®
Miyamoto et al. TGA of uncatalyzed Diesel soot. (g) Ahlstrém and Odenbrand flow reactot
study of Diesel soot. (h) Otto et al. TGA of Diesel soot. (i) Gilot et al thermogtavimetric
analysis (TGA) of carbon black. (j) Neeft et al. flow reactor study of Printex-U flame soot from
Degussa AG.
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in the low temperature range, curve “j” reflects results for black carbon, while cu-
ves “h and g” are Diesel soot results from Otto et al, [33], and Ahlstrém and
Odenbrand [34], respectively. This difference in source may also create differences in
measured rates.

Ishiguro et al [35] studied the microstructure evolution for Diesel
at about 800 K using an analytical electron micr
obsetved flaking of crystallites from the outer most

soot oxidation
oscope. During oxidation they
shell of the particles This would

Furthermore, given the resolution of our instrument
flaking phenomena was taking place for our particles.

We conclude that the measured higher rate by TEM method is attributed to a meas-
urement protocol that more effectively assesses the intrinsic chemical reactivi Y,
without the cotruption of heat and mass transfer effects associated with bulk methods.
These results are consistent with our single particle mass-spectrometry studies on con-

densed phase chemical kinetics, much higher reaction rates were observed for small
patticles over bulk samples [36]

2.4. Bio-diesel soot kinetics

In this study the kinetics of particle oxidation are measured for patticles emitted by a
diesel engine opetating on a 100% soy methyl ester (SME) biodiesel fuel (B100). The
TDMA method described in section 2.2 is employed to measure sutface-specific oxi-
dation rates from size-selected diesel exhaust particles over the temperature range of
700 to 825 °C. The change in particle diameter after oxidation took place was meas-

ured and converted into the surface specific oxidation rate using method described in
section 1.3,

Figure 14 shows tepresentative TDMA data for 89 nm particles
biodiesel at 1400 RPM, 75% load. Results for the other initial particle sizes tested 40
and 128 nm) are not presented here but ate similar. Figure 14 illustrates that the parti-

cles shrink as the furnace temperature increases, and that the mobility diameter
decteases by 2 nm at 500 °C and 9 nm at 800 °C,

The initial shrinkage in size below 500 °C is likel
of volatile materials. We previously [37] found that the total particle size decrease, due
to non-oxidative effects at 500 °C, measured using nitrogen as the carrier gas, amoun-
ted to ~1 nm at 75% load using regular diesel fuel The latger 2 nm shrinkage we
observed at 500 °C using biodiesel can be attributed to the presence of more volatile

generated using

y due to desorption or evaporation
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Figure 14, TDMA diesel particle oxidation Figure 15. Particle size change as a function
results in air for furnace settings of 30-800 of peak flow tube temperature for the three
°C. 89 nm initial particle size with B100 initial particle sizes. (a) B100 biodiesel. (b)

biodiesel at 1400 RPM, 75% load. D2 fuel |37].

observed an increase in the apparent oxidation rate with increasing initial particle size
That result was investigated in our previous study [37] It is necessary to correct the
rates for the effective density of soot, which was measured [39] using an Aerosol
Particle Mass analyzer. We [39] observed that the effective density increases as the par-
ticle size decreases. Normalization to the effective density using their data resulted in
an oxidation rate that was essentially particle size independent [37].

For practical convenience, we define the light-off temperature of oxidation as the
peak-flow tube temperature, where the particle shrinks ~1 nm (beyond that due to
thermal evaporation). This is not the same as the light-off or balance point tempera-
tures used in desctibing DPF petformance which ate generally much lower than those
observed here. The difference is due to the much shortet reaction times, about 1s, used
in our experiments compared to DPF regeneration times. Our light-off temperatures
are a fundamental measurement of patticle reactivity in a system not constrained by
heat and mass transfer effects. The light-off temperature was determined to be ~ 840
°C fot the regular diesel (D2) particles as shown in Figure 15b, but decreased signifi-
cantly to 740 °C for biodiesel, as shown in Figure 15a. The data in Figure 15a were fit-
ted to an Arrhenius expression (Eq. 1). The activation energy was 88.5 kjmol!. The
A, factors were 0.77,15 and 1.9 (x10% nm K/?s! for 40, 89 and 128 nm mobility
diameter aggregates.
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2.5. Role of metals

In this section, the role of metals in soot oxidation is examined. Diesel soot and flame
soot are discussed. As shown in previous sections, the oxidation kinetics of these two
types of soot differs It is hypothesized that the presence of metals in diesel possibly
coming from the lubticating oil leads to a higher oxidation rate, Furthermore, recent
studies show that metal based fuel additives can lower the patticulate emissions and
enhance oxidation rates. In these works, a variety of metal additives have been tested.
Miyamoto et al. [32, 40] investigated the effect of Ca, Ba, Fe, and Ni naphthenates.
They found Ca and Ba most efficiently reduced the soot, by both suppressing soot for-
mation and enhancing soot oxidation. Valentine et al [41] studied the catalytic effect
of bimetallic Pt/Ce additives in an attempt to lower the dosing level of the metal addi-
tive down to 4 ppm to reduce ash loading on the diesel particulate filter (DPF) and the
emission of metallic ultrafine particles. Skillas et al. [42] studied the effect of Ce and
Fe on the size distribution and composition of Diesel PM; they observed a reduction
in the accumulation mode, but an increase in ultrafines. Lahaye et al. [43] studied the
catalytic effect of Ce on simulated Diesel PM oxidation and observed that the cerium
was both on and within the soot as cerium oxides, Kasper et al. [44] added ferrocene
to the fuel and speculated that the enhancement of oxidation was more effective in
teducing soot than a suppression effect.

Many studies [45, 46] have focused on the change in ignition temperature of the
Diesel PM bed with different metal additives, While these results are of obvious prac-
tical benefit, it has been difficult to decouple the role of the catalyst on the increase in
the oxidation tate from other effects that may also promote an increase in oxidation
tate and a decrease in ignition temperature (Lg, the heat and mass transfer effect, pat-
ticle size, etc).

In view of the complex interrelationships discussed above, we have attempted to
extract intrinsic oxidation kinetics in the following sections, in order to assess the role
of the catalyst in the enhancement of the oxidation rate. First, the role of cerium addi-
tive on the diesel soot oxidation is discussed. Then, the role of metals in diesel soot
oxidation is examined against iton-doped flame soot oxidation.

2.5.1. Influence of cerinm additive on the sige distribution

Figure 16 shows the effect of the cerium additive on the particle size distribution for
vatious dosing levels at fixed engine condition (75 % engine load (300 N m) at 1400
RPM). The addition of the cetium additive clearly had a significant effect on reducing
the number concentration of particles in the accumulation mode. A 50 % reduction in
peak concentration was observed at the 25 ppm dosing level, which was further redu-
ced to 65 % with 100 ppm of additive. The relative insensitivity of the results to dosing
level was qualitatively consistent with wotk from Skillas et al [42]; they found signifi-
cant reduction of particles in accumulation mode at 20 ppm of cerium, but did not see
any noticeable effect of further increases in cerium additives. While the accumulation
mode cleatly decreased, a dramatic increase in the nuclei mode was observed with the
addition of cerium, which has also been confirmed by Skillas et al. [42]. This behavior
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is consistent with particle physics. A decrease in the accumulation mode, and therefo-
re available sutface area, as shown in Figure 16b, reduces scavenging of particle pre-
cursors, thus promoting homogeneous nucleation, while at the same time decreasing
coagulation of nuclei mode particles with accumulation mode particles.

2.5.1.1. TDMA results

The expetimental system is described by Jung et al. [47]. Figure 17 shows representa-
tive TDMA data for 90 nm particles generated under 25 ppm cerium added fuel, at a
fixed engine condition (75 % engine load (300 N 'm), 1400 RPM). Results for othet ini-
tial particle sizes at 25 ppm and 100 ppm cerium doping wete similar to those pre-
sented in Figure 17. The particles shrink as the furnace temperature increases and the
mobility diameter decreased by 1 nm at 300 °C and 7 nm at 650 °C. The total particle
size decrease, due to non-oxidative effects at 500 °C, measured using nitrogen as the
carrier gas, amounted to ~1 nm at 75 % load using regulat diesel [37]; this is consistent
with the shrinkage we observed at 300 °C for cerium loading: The initial shrinkage in
size below 300 °C is inconsistent with the kinetic tesults observed at higher tempera-
tures and is likely due to the evaporation of semi-volatile materials condensed on the
diesel particles. Sakurai et al. [48] have also reported such shrinkage. Above 300 °C,
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Figure 16. Size distributions of diesel parti-
cles with cerium dosed fuel for vatrious
dosing levels at 1400 RPM, 75 % load. (a)
Number distributions. (b) Geometric surfa-
ce area distributions.

Figute 17. TDMA Diesel particle oxidation
results in air for furnace settings of 30-700
°C. (2) 92nm initial particle size with 25 ppm
cetium dosed fuel. (b) 41nm initial particle
size with 100 ppm cetium dosed fuel.
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Figure 18 TEM fmages of 50 nm mobility diameter selected cetium-laden diesel particles.
Samples ate taken under the condition of 75 % load at 1400 RPM using 100 ppm cerium
doping level. (¢) and (e) are at higher magnification,

most of the diameter change results from particle oxidation. In addition to 2 decrease
In particle size with increasing oven temperature, we also observed a dectease or logs

reactivity, but rather, thermophoretic transport losses, which become most impottant
at higher temperatures [49] In Figure 19b, we see results for 40 nm particles at 100
ppm cetium doping At higher oven temperatutes, two modes wete observed In this
case, rather than a steady decrease to smaller sizes by the primary peak, as observed in
all our previous studies, here we saw 2 mode (e.g, at 600 and 650 °C) near 40 nm, and
another peak at about 34 and 32 nm, respectively. This behavior may be attributed to
some particles being primatily composed of cerium compounds that homogeneously
condensed from the vapor and have an associated catbon coating, The mixture of 40
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Figure 19. TEM images of 130 nm mobility diameter selected of cerium-laden diesel particles.
Samples were taken undet the condition of 75% load at 1400 RPM using 100 ppm cerium
doping level. (b) and (c) at higher magnification compared to (a).

nm, predominately either cetium or carbon, resulted in a bimodal size distribution after
oxidation. This is consistent with the TEM observations discussed below.

Figures 18 and 19 show TEM images of cerium-laden-diesel particles under 75%,
1400 RPM at 100 ppm cetium doping level. Sampling patticles on SiO, coated nickel
TEM grids follows the procedute detailed in our previous study [50]. In brief, the aero-
sol flow after the 1st stage of the dilution tunnel was sent to 2 DMA and the resulting
monodisperse output was sent to a Low Pressure Impactor (LPI)[51]. Particles were
collected on the TEM grid at the bottom stage of the LPL

Referring to Figure 17b, we observed a bimodal distribution after oxidation at 700
°C. The first mode consists of pre-selected 40 nm particles that remained after oxi-
dation, while the other mode reflects shrinkage to ~ 20 nm. This is consistent with
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some particles exiting the engine being primarily composed of metal, as seen in
Figure 18d. g

Size decreases due to oxidation were determined relative to the size of the particles
at 300 °C. This is lower than the temperature of 500 °C which we used in our previous
studies [37, 49]. Lowering the base temperature was necessary because of the increased
reactivity of the diesel patticles by the addition of metal additives

2.5.1.2. Kinetic rates

Figure 20 shows experimentally determined size reductions at various oxidation tem-
peratures for 41, 92 and 132 nm particles at 25 ppm (Figure 20a) and 100ppm (Figure
20b) cerium doping levels. Figures 20a,b can be compared with Figute 15b for undo-
sed Diesel oxidation in Section 2.4. One of the obvious differences seen between this
work and the undosed results is that we did not see any size dependant oxidation. In
the undosed case, we observed an increase in the apparent oxidation rate with increas-
ing initial particle size. That result was investigated in our previous study [37] to cot-
rect the rates for the effective density of soot, which was measured by [39] using an
Aerosol Particle Mass analyzer. Park et al. [39] observed that the effective density
increases as the particle size decreases and that normalization to the effective density
resulted in an effective oxidation rate that was essentially particle size independent [37].
At this point, we do not have a definitive explanation of the differences observed bet-
ween the dosed and undosed cases; however, it is possible that the nature of the soot
structure in the dosed case is different and it is also possible that the mass fraction of
cetium in the soot particles is size dependent. All that can be concluded without fus-
thet investigation is that the apparent oxidation rate for dosed Diesel is size invatiant.

The light-off temperature was determined to be ~ 840 °C for the undosed Diesel
particles as shown in Figure 15b, but decreased significantly to 540 and 590 °C respec-
tively, for the 25 ppm and 100 ppm dosing level, as shown in Figures. 20a,b. The results
suggest that the catalyst fulfilled a major, practical objective of decreasing the thermal
budget of a DPF and that, after a threshold concentration, thete is little benefit to ope-
rating at higher doping levels. The data in Figures 20a,b were fitted to an Arrhenius
expression (Eq. 1). Table 1 lists the Arrhenius patameters (frequency factors, 4, ’s, and
activation energy, E ) obtained.

The activation energies of Diesel particle oxidation for 25 and 100 ppm cetium-
dosing rate were essentially equivalent, within experimental error, and equaled 107 and
102 kJ mol, respectively. Mote interesting, perhaps, is that the activation energy of the
dosed fuel was not any different from that of the undosed case (108 k] mol ), even
though the absolute oxidation rate in the range of temperature studies was some ~ 20
times faster. These results are qualitatively consistent with the study by Stanmote et al.
[29]. Using the thermogravimettic method, they compared oxidation rates of cerium
dosed Diesel particles with that of undosed Diesel particles at various engine condi-
tions (idle, medium speed, and high speed). They found that the presence of the
catalyst did not change the activation enetgy, consistent with our observation; howe-
ver, their measured activation energy (210 k] mol!) was a factor of two higher than
out observation. Miyamoto et al. [32] also found an increase in the oxidation rate
(Figure 13 °g)) for Ca-catalyzed DPM. However, they observed a two stage oxidation
process. In their TGA study, they observed an initial stage of rapid oxidation with very
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Figure 20. Particle size change as a function of peak flow tube temperature for the three initial
particle sizes. (2) 25 ppm cerium dosed fuel. (b) 100 ppm cerium dosed fuel. Compate with

Figure 15b for regular base fuel [37].

low activation enetgy (Figure 13 ‘h’) followed by slower and higher activation energy
kinetics (Figure 13 ‘g’) of a similar magnitude to other studies. This rapid early stage is
similar to an observation referred to as auto-acceleration by Lahaye et al. [43]. While
our experiments are unable to resolve transients such as described above, we do note
that, the general addition of metals does not seem to change the activation energy, but

does increase the oxidation rate significantly.
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Table 1. The preexponential factors and the activation energies of diesel soot oxidation under
different loads and cerium doping for mobility diameters of 40 and 93 and 130 nm. The bio-
diesel soot data is presented for 40, 89, 128 nm mobility diameter. The oxidation kinetic param-
eters of flame soot with and without iron doping is also shown.

Diesel Bio-diesel Cerium-doped  Diffusion soot
particles particles  flame diesel particles
[37] [55] patticles [47] [56]
10% 50% 75% 25 100 Non-iton Iron
load load load ppm  ppm doping doping
E, [kJ mol] 114 109 108 885 107 102 16213 11613
A [10'nm K21 88 31 26 0.77 66 50 1200 800
Agy [10*nm K1/2 571 1.5
Ags [10'am K125 77 45 38 73 70 2200 1100
Aqpg [10%nm K1/2 571 1.9
Ay [10fnm K251 112 54 48 86 58 3200 1800

This corroborated observation that the use of a catalyst did not reduce the activa-
tion energy. We have previously observed that Diesel soot oxidation has a lower act-
vation enetgy than flame generated soot; it has been speculated that small quantities of
metals from lube oil may setve as an inadvertent catalyst |37, 49]. This provides a con-
sistent picture for the observed results, although further work is still needed to esta-
blish if, indeed, sufficient metals from lube oil ate incotporated into soot. Stanmore et
al. [29] observed the fall-off of the reactivity above 600 °C for cetium dosed particles,
which was not seen in our work. It is possible that the, so called, auto-acceleration may
be an artifact of the TGA measurements, which ate notorious for being corrupted by
mass and heat transfer effects as demonstrated by Mahadevan et al. {36}, From a prac-
tical point, the similarity of Ca vs. Ce might suggest the opportunity that other metals
may setve the function of oxidant accelerator and that one is left with the opportunity
to choose the dopant based on cost, ease of use, and environment/health concetns, as
well as oxidation rate.

Literature on the health effects of a cerium additive is limited. A report [52] from
the Health Effect Institute was the only extensive study, we could find on the health
etfect of cerium additive. The report concluded that the tisk of inhaling cerium at the
estimated worst-case ambient level (1.2 Wg/m?) arising from heavy Diesel traffic, using
a cerium additive with a particulate trap, appeats to be small. However the absence of
more complete information precluded their fully assessing the possible health effects of
using cerium as a fuel additive. They mentioned that tisk of chronic exposure was more
difficult to estimate due to the lack of adequate studies, and the possible increase in
cetium emissions during the regeneration process of the particulate trap. It should be
further noted that no one is proposing to use Ce or any metal as a soot suppression
additive on its own. It would only be used in combination with a particle filter. Used in
this manner Ce has a double benefit, it reduces the amount of soot collected in the fil-
ter, and thus the frequency of regeneration, and facilitates regeneration when it occuts.
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2.5.2. Difference between flame and diesel soot

The flame soot and diesel soot show significantly different tempetature sensitivity to
oxidation (i.e. activation energy). In the previous section we saw that adding cetium
oxide a known catalyst, to diesel fuel increased the oxidation rate, but did not affect the
activation enetgy. Similarly, the addition of lubrication oil, which contains significant
quantities of metal, increased the oxidation rate but did not affect the activation energy
[53]. All these results point to an indirect conclusion that Diesel soots already contain
metals that catalyze the oxidation of soot. The addition of metal additives to diesel
may result in a decrease in soot emissions, which can be attributed to either supptes-
sing soot inception and growth, or promoting oxidation in the combustion chamber.

The flame soot has significantly higher activation energy for oxidation than the die-
sel soot. It is hypothesized that metals, possibly coming from lubricating oils, within
the diesel soot may be responsible for lowering the activation energy. In order to test
the hypothesis metals are added to the soot in a systematic manner as described below.
The TDMA method described above is used to find out the size dependent oxidation
kinetics for flame soot and flame soot doped with iron.

The representative TDMA measurement for the 130 nm initial particle size with
and without iton-doped soot is presented in Figure 21. For pure soot particles as
shown in Figure 21a, the patticle size changed by less than 1% for temperatures up to
500°C and is likely due to evaporation of volatile materials condensed on the soot pat-
ticles. This fact is verified by employing nitrogen carriet gas instead of air. Above
500°C, the soot patticles undetgo significant oxidation and higher extents of oxidation
with increasing temperature for fixed residence time. Careful observation of the pro-
files in Figure 21a also shows small satellite peaks. These correspond to the small frac-
tion of particles that have two chatges and are larger particles with the equivalent
mobility diameter. The dectease in number density with increasing temperature can be
attributed to thermophotetic deposition of soot patticles to the reactor wall. The ther-
mophoretic loss of soot particles is promoted with increasing temperatute due to the
higher temperature gradient. With increasing reactor temperature a greater fraction of
the aerosol is lost to the walls at the exit of the reactor. Howevet, since thermophore-
tic velocity is particle size independent we expect no changes to the resulting size dis-
tribution. Since our analysis relies on size change, and does not depend on number
concentration, these losses have no impact on our data analysis. Figure 21b shows the
evolution of size distribution of iron-doped soot nanoparticles at vatious oxidation
temperatures. Unlike the pure soot patticles, the mean size of the iron-doped soot pat-
ticles decreased significantly even at 500°C. At the higher temperature range (700°C-
900°C), particle shrinkage ceases as shown in the inserted graph Here we believe we
have completely burned out the soot leaving behind iron which also has presumably
been oxidized. If we assume that the iron nanoparticles are oxidized to Fe,O;, and
using the bulk densities of iron and iron oxide with 7.86 and 5.18 g/ cc, respectively,
we can work backwards to determine the effective size of the original iron constituent.
In this way the 60 nm peak corresponds to a volume equivalent diameter of 41 nm for
pure iron. Working back further we can determine that the relative volume loading
from the original 131 nm soot patticle we started at, gives a ~ 3% iron volume loading
telative to soot mass.
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Figure 21. TDMA results fot soot oxidation in air for vatious temperatutes from 400 to 1000°C:

(a) non iron-doped soot nanoparticles and (b) iron-doped soot nanopatticles. Initial mobility
diameter = 130 nm.

Figure 22 presents the size decrease measured by TDMA system (symbols) and the
fitted into Eqs. 1-6. The open citcle data tepresent the iron-doped case cleatly show a
much reduced on-set temperature relative to the undoped case (solid symbols). Table
1 summarizes the kinetic parameters, (A, Ags, Ap3p, and E,) found by a best fit to the
experimental data, which ate also plotted in Figure 22 as the solid lines. We first note
a significant dectease in the activation energy from 16213 k] /mol for the pute soot, to
11613 k] /mol for the iron-doped case. The pre-exponential factots for the iron-doped
soot particles are slightly smaller (factor of 2) as compared to the undoped case.
However, due to the sensitivity of the fit to the activation enetgy it is difficult to assess
if this is a real effect or simply an artifact of the fit. The absolute values of the A fac-
tor ate consistent with the data shown in eatlier sections. The slight size dependent
rates observed, whereby the larger particles have an increased apparent oxidation rate
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Figure 22. Compatison of particle size change as a function of temperature for the 40 nm
(triangles), 93 nm (squates) and 130 nm (citcles) initial sizes of non iron-doped (solid symbols)
and iron-doped (open symbols) soot nanopatticles. Solid lines are the fitted models based upon
the kinetic parameters of Arthenius equation as shown in Table 1.

has been discussed in our prior work and have been attributed to an assumption made
of constant effective density. One also notes that there is a large difference in pre-
exponential factors between diesel and flame soot particles. This observation, as seen
above, is presumably related to some inherent chemical difference between flame and
diesel generated soot which has not yet to be addressed adequately. For example hydro-
gen content is generally higher and diesel soot also generally contains a significant
amount of sulfur and nitrogen [34].

Since the volume fraction of metal content in the curtent flame soot matrix (~3%
volume fraction) is larger than that of diesel soot (~1% volume fraction), we reduced
the iron addition down by a factor of 5 (~0.02 mol % of the fuel) to obsetve the effect
of the amount of iron loading on the activation energy and A factot. For comparison,
93 nm initial iron-doped flame soot patticles were selected for TDMA measutement.
The kinetic patameters found were 161£3 k] mol? {22 107 nm K172 571), 13343 k]
mol? [1.2 107 nm K-1/2 51, and 116£3 kJ mol! [1.1 107 nm K172 5°1] for non-iron
loading, 0.02 mol % iron loading, and 0.1 mol % iron loading cases, respectively. These
results are consistent with the hypothesis that small quantities of metal seeding in soot
matrix increases the reactivity of the resulting soot nanopatticles by significantly
decteasing their activation energy. These results are consistent with the idea that small
quantities of metals duting diesel combustion may play an important role in soot aba-

tement.
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2.6. Conclusions

In this paper we summarize our studies on the oxidation kinetics of size selected soot
particles. The size dependent Arthenious kinetic parametets are measured using two
methods: (a) direct observation by TEM and (b) TDMA method. We found that the
oxidation rate of flame soot measured by the TEM method at low tempetatures (< 800
K) was higher than that measured by TDMA method over the temperature range 800°-

1120° C. Using the TDMA method, the activation energy of soot oxidation in air was
equal to 163 k] mol-!,

than the bio-diesel soot (88.5 kJ/mol). The faster oxidati
should facilitate tegeneration when used with a diesel particulate filter.

A comparison of the behavior of flame vs. Diesel soot suggest that Diesel soot

behaves as though it has small amounts of catalytically active metals, which we con-

firm by adding metal to flame soot. These results are consis
in lubrication oils afe incotporated i

tantly perhaps is that combustion modeling of soot formation in Di

effect.

Nomenclature

A Pte-exponential factor

Ao Frequency factor for each initial soot particle size
d, Projected area equivalent diameter
d., Mobility diameter

E, Activation energy

m, Mass of soot particle

R Universal gas constant

T Temperature

T Time

#, Mean flow velocity

W Mass based surface specific rate
X Hortizontal position in the tube

X Length of the tube

Peffective Effective density of soot particle
P, Mass density of soot patticle

7, Chatacteristic residence time
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