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Size-Selected Nanoparticle Chemistry: Kinetics of Soot Oxidation

Kelly J. Higgins,™ Heejung Jung} David B. Kittelson,* Jeffrey T. Roberts,*" and
Michael R. Zachariah*-T#

Department of Chemistry, Usrsity of Minnesota, 207 Pleasant Street SE, Minneapolis, Minnesota 55455,
and Department of Mechanical Engineering, Werisity of Minnesota, 111 Church Street SE,
Minneapolis, Minnesota 55455

Receied: December 11, 2000; In Final Form: October 3, 2001

A new experimental method has been developed to conduct surface chemistry and extract surface kinetic
rates on size-selected nanoparticles. The method utilizes a tandem differential mobility analyzer (TDMA)
technique in which monodisperse particles are selected from a polydisperse aerosol input stream and then
subjected to chemical processing. The change in particle size is measured and used to determine kinetic
information for the relevant surface reaction. The method has been applied to measure the oxidation rate of
soot in air over the temperature range 8AA20°C. Soot was generated in situ using an ethylene diffusion
flame and sent to a differential mobility analyzer (DMA) to extract monodisperse particles. Three initial
particle sizes of 40, 93, and 130 nm mobility diameter were subjected to oxidation in a high-temperature
flow reactor, and the resulting change in particle size was measured with a second DMA. The measured size
decreases were fit to a model utilizing a modified Arrhenius expression for the rate of deddgase: Ay, T2
exp(—E4(RT)). The fit yielded an activation energy & = 164 kJ mot* with a different preexponential

factor, Anm, for each initial particle size. The size-decrease rates, and therefore the preexponential factors,
differed by a factor of 1.7 between the 40 and 130 nm particles, with the 130 nm particles decreasing faster
than the 40 or 93 nm particles. This may be the result of several factors including different effective densities
or different soot particle compositions. The current experiments are the first measurements of the soot oxidation
rate to be performed on size-selected, freshly generated soot particles using online aerosol techniques. Our
results agree well with previous work over the temperature range covered, which is somewhat surprising
given the wide range of techniques and materials previously studied in the effort to understand soot oxidation.

Introduction as a model system by which to study surface reactions on size-
selected nanopatrticles.

Soot production in combustion systems is a research area of
much past and current interéstOnce 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 hyGM,

Many important industrial processes produce nanoparticles
either as unwanted byproducts or as desired end products
Virtually every combustion system from laboratory burners to
coal-fired power plants and diesel engines produces soot
nanoparticles as unwanted pollution. Nanoparticles can form

'(? the progess egwgmgnt qfs((ied to.fadbnca';]e .mlcr?elecr\rlonlcl and other gas-phase oxidants. To understand and model soot
evices and ruin the devices if deposited on their surface. Novel .4 ,otion it is necessary to obtain a molecular-level under-

catalysts and materials can be prepared using nanOpa_‘rt'Clestanding of these processes. This includes, as a start, measuring
technology. In all of these systems, surface reactions that dictate,,iyation and growth rates as functions of temperature and
growth'a'nd dlsappegrance of the. p'artlcles play a keY role in chemical composition. It is the purpose of the current study to
determining the phy_slcal characte_nstlcs of the nanopamcles thatpresent a new method for obtaining information on fundamental
are forme_d. In addition, nanoparucle_s play an important role in gurface processes on nanoparticles, starting with the high-
the chemistry of the atmosphéraVhile the majority of the temperature oxidation of soot in air

volume and mass of atmospheric particles is contained in '

icl ith di b 01 and h There have been many studies relevant to soot oxidation in
particles with diameters between 0.1 an /‘m the greatest o past, beginning with early work on the oxidation of carbon
number count occurs for particleslO nm in diameter, and most

f1h ; £ ot heri icles i iod b icl filaments? carbon or graphite rod=? coal char, and soot in a
ofthe surface area of almospneric particles IS carried by particlesy, s \ore recent work has used various manufactured carbon

!ess than 500 nm In d|arr_1etérG|ven_ th's.' and the p_oss't_)le . blacks as soot models and employed a variety of techniques
important changes in particle behavior with decreasing size, it including shock tube®,thermogravimetric analysi€:! and
is important to develop methods to probe the surface reactions; . . “hii-ed bed4? Studies using real laboratory-generated

of nanometer-sized particles as a function of their size. Toward flame or diesel soot have been confined to techniques that rely

this end, we have chosen the high-temperature oxidation of sooty, collecting and immobilizing the so#t:2or light scattering

. or absorption within a flame environmekit.
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Figure 1. Schematic diagram of the experimental apparatus. The bold
line indicates the path taken by the soot patrticles.

amounts in flame soot and all possibly important in determining
the oxidation rate. Manufactured carbon blacks also may not
be good models for freshly generated soot, as aging may change;
the surface characteristics of the particles. Immobilizing soot
leads to difficulties in separating diffusion effects from reaction
effects, while studying the oxidation in a flame environment
cannot differentiate between oxidation by &nd oxidation by
other species present in the flame such as OH. In addition, all
of the previous studies worked with polydisperse soot size
distributions and therefore were unable to explore possible size-
dependent effects.

We report a new approach to the study of the oxidation of
soot by Q using soot freshly generated in an ethylene diffusion
flame and a tandem differential mobility analyzer (TDMA) to
measure the decrease in size of monodisperse soot particles
exposed to an oxidative environment. The TDMA technique
has been used extensively in the past to measure minute particle-f===
size changes associated with the hygroscopic and deliquescentigyre 2. TEM images of soot particles generated in the ethylene
propertie$® and the condensation or evaporation of aero¥ols, diffusion flame and collected by quickly passing a carbon-film TEM
while being used less often to measure particle-size changesgrid through the tip of the flame ¢ad) or by holding the grid for-10
due to reactive processes. McMurry et al. studied the reactions in one of the vent streams (). Panel a gives an overview of the sizes
betwen ammonia gas and slurio i aerosols by measuring 1266 2058 L P, bl o e b perie
the hygroscopic and deliquescent properties of the prOd!‘lCtWhile,paneFd shows a much |arger soot agglomerate.g Y
aerosols’ Recently, Franz et al. used a TDMA apparatus in
conjunction with a thermolysis tube to study the effect on diesel
soot particles of KO, addition to the exhaust streahTheir
measurements were concerned with the evaporation of the
volatile fraction of the particles and were only performed up to
a thermolysis temperature of 65C.

100 nm

outside air currents. For the current experiments, ethylene
(Matheson, polymer grade) was used at a flow rate of 8% cm
min~! to produce a flame 50 mm high.

The probe system used in this study is similar to one described
by Kasper et at? It consists of a horizontally fixed stainless
steel tube with an inner diameter of 11 mndam1 mmorifice
drilled in its bottom. Soot particles are collected through the 1

A diagram of the apparatus used in the present experimentsmm orifice and diluted and cooled by a 20 L minflow of
is presented in Figure 1. In brief, polydisperse soot particles carrier gas. The sampling flow rate is determined by the pressure
were generated in a diffusion flame and then sent to a differential difference between the flame and the carrier gas stream, which
mobility analyzer (DMA) for size selection. The produced flows at a slightly reduced pressure. For all of the air flows in
monodisperse soot particles were then subjected to oxidationthe current oxidation experiments, air was supplied by the house
by air in a high-temperature furnace, and the resulting size compressed air system and was cleaned, dried, and filtered
changes were monitored using a second DMA with a condensa-before use. Transmission electron microscopy (TEM) images
tion particle counter (CPC) as a particle detector. The details of soot particles collected directly in the flame or in the sampling
of each subsystem are as follows: stream are shown in Figure 2. It can be seen that the soot

Soot Source.The soot was generated in a Santoro-type particles are agglomerates of spherical particles with primary
diffusion burner? It consists of two concentric tubes: a 4 in. particle diameters of 2630 nm.
outer brass cylinder for air flow and a 0.5 in. inner brass tube  Soot Size SelectionBecause soot particles generated in the
for fuel flow. Between the concentric tubes is a honeycomb flame are highly charged with many more multiply charged
and a stack of beads and mesh to provide a uniform exit flow particles than an equilibrium charge distribution, the entrained
profile for the air. A 10 in. high glass cylindrical shroud is placed soot particles were passed througi#'&Po bipolar diffusion
on the outer tube to prevent the flame from being disturbed by charger (neutralizer) to establish a known equilibrium charge

Experimental Section
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—— - 2er0sol flow TABLE 1 FIOW Rates
<':': sheath flow flow description value
Burner/Soot Sampling System
fuel (CHa) 85 cn® min~?!
carrier gas (airor By 20L mi_rr1
flame air 50 L min?
DMA-1
polydisperse aerosol inlet 1.0 L mih
monodisperse aerosol outlet 1.0 L min
sheath inlet (air or B 10.0 L min?
excess outlet 10.0 L mirt
DMA-2
processed aerosol inlet 1.0 L min
monodisperse aerosol outlet 1.0 L min
trajectory — sheath inlet (from DMA-1 excess) 10.0 L mih
of size- trajectories excess outlet 10.0 L mirk
selected of particles
particles Wirtnhomicmg If the DMA is used to measure the size distribution of a particle
Yy stream, the voltage on the center rod is stepped and the sample
output flow is monitored for particle concentration as a function
— of applied voltage.
= In the current TDMA experiments, DMA-1 was used to
: produce a monodisperse particle output stream from the
monodisperse == > excess flow polydisperse input stream. As seen in Figure 2, soot particles
aerosol outlet are geometrically complicated agglomerates of smaller particles,

Figure 3. Schematic view of the DMAs used in this work. Particles  therefore the meaning of size used here is not straightforward.
with mobilities outside the desired range either hit and stlck_ to the | the free-molecular and transition regimes, where the particle
icne ?r:gr erggeilse(letgevde or go past the sampling slot and are carried aWa¥size is smaller than or comparable to the mean free path of the
' gas molecules~65 nm for air at room temperature and one
distribution. Differential mobility analyzers select size based atmosphere), it has been shown that the particle mobility is
on electric mobility, which is related to the drag and charge on inversely proportional to the mass transfer rate to the particle,
a particle, rather than on absolute particle size. This means largemwhich in turn is proportional to the gas-accessible surface area
particles with multiple charges will pass through at the same of the particle?* Therefore, for the particle sizes under
voltage setting as the singly charged particles of the size of consideration in this work, the DMA will select particles on
interest, much like a mass spectrometer will pass ions of the the basis of their accessible surface area rather than a projected
same mass-to-charge ratio. Although selecting multiple discreetsurface area as would be the case with much larger particles.
sizes has the advantage of allowing one to track size-dependenthe particle size is still described by a mobility diamet@,
effects in one experiment, in the present case the extent of sizewhich is the diameter of a spherical particle of equivalent
reduction and broadening of the peaks caused by oxidationmobility and therefore of the same surface area.
served to blend the individual peaks together to such an extent DMA-1 was operated at one of three voltages to size select
that data analysis became extremely difficult. Thus, for all of D, = 40, 93, and 130 nm particles, respectively. Flow rates
the current experiments a neutralizer was used between the flameised for DMA-1 and DMA-2 are listed in Table 1. It was found
and DMA-1. that to provide a constant sheath flow rate three stages of
After the neutralizer, the soot particles were passed to DMA-1 pressure regulation were required to damp out variations in the
(L =144.413 cm, RE 0.945 cm, R2= 1.924 cm). The details  house air pressure. With one stage of pressure regulation, the
of DMA operation as both a monodisperse particle sctiiaed center of the selected size distribution varied by about 5% over
as a particle size distribution measurdfgool have been the cycle, while with three stages of pressure regulation the
presented previously. A DMA, illustrated schematically in center varied negligibly. The excess flow output was sent
Figure 3, consists of a center rod upon which a voltage is placedthrough a HEPA filter to remove the nonselected soot particles
and an outer cylinder held at ground. The sheath flow is and then used as sheath air input for DMA-2.
introduced at one end and flows coaxially between the outer Flow Tube and Furnace.Monodisperse soot particles were
cylinder and the inner rod. Aerosol particles enter the DMA in sent to a tube reactor and furnace for oxidation. The quartz flow
a thin ring adjacent to the outer cylinder, and the charged tube of 1.0 cm i.d. (1.2 cm o0.d% 120 cm was prepared by
particles are attracted or repelled by the potential on the centerwashing with acetone, followed by baking at 1100 in the
rod. Near the end of the center rod is a slit through which furnace until particle production ceasedl( h). The quartz tube
particles of the desired electric mobility pass, while particles is suspended at the center of a 2.5 cm i.d. aluminum oxide tube,
of higher electric mobility (particles that are smaller and/or more which is placed in a tube furnace (Lindberg model 55122 with
highly charged) hit the center rod upstream of the sample slit 58114 temperature control). This arrangement reduces hot spots
and particles of lower electric mobility (larger and/or uncharged) in the flow tube that may be caused by uneven furnace heating
pass out of the DMA through the excess output flow. If the elements or by contact between the aluminum oxide and quartz
DMA is used to select a particular particle size, the center rod tubes. The furnace is 50 cm long with a heated length of 30
is held fixed at a voltage and the sample output flow will contain cm. A bypass line around the furnace was used to measure
only particles of a single electric mobility. For the particle sizes unoxidized particle concentrations at various times during the
used in the current experiments, the vast majority of charged experiments.
particles in an equilibrium charge distribution will carry a single The temperature profile in the quartz tube was measured using
charge?® so the output aerosol will be essentially monodisperse. a K-type thermocouple (Omega). Measurements were made with
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1100 The high-voltage supply for DMA-2 is remotely programmed
using a PC with a multifunction board (National Instruments
_ Lab-PCt) with a 12 bit D/A converter under software control.
900 g ------ - R ELCETEETEFEPE) . S The output of the CPC is processed by a TSI 3703 remote

10004 ccecnncnn. 0 i S

g 800d o e g ) processor, and the output of the 3703 is read through the serial
g port of the PC. Scans are performed by incrementing the particle
B 7004 eferee e size by 1 or 2 nm, waiting 10 s to allow the flow to stabilize,

é- O AU and then collecting 5 readings from the CP(2&s intervals.

kd The 5 readings are averaged together to give the final data. The

500 --f-ccmcceirenn 0800° C shielded prc_)grammed voltage islcalculated from the de;sired particle size
o Y S 01000° C shielded | using a standard equaﬂéﬁ?z.'l'h.e.lz bit resolution of the D/A

x 1000° C exposed converter can cause a significant mismatch between the

300 ¥ ' r ' programmed voltage and the actual voltage, leading to errors

0 10 20 30 40 as large as 0.5 nm at the smaller particle sizes. To correct for

Horizontal position / cm this, the actual voltage supplied to DMA-2 has been measured

. ) - at each of the particle sizes used in the experiments, and this
Figure 4. Temperature profiles within the quartz flow tube for furnace . -
settings of 800 or 100€C. The data represented by open circles and voltage has peen _used to calculate the particle size measured
squares were measured using a thermocouple shielded with a coil off0r €ach particle size requested.
iron wire, while the crosses show measurements made with an exposed Experimental Procedure.The experimental procedure used
thermocouple. The heated section of the furnace runs from a horizontalwas as follows: The flame was ignited, and all flows were set
position of 5-35 cm. as previously specified. The system was allowed to stabilize

for 1 h, at which point the flows were rechecked and the particle

the thermocouple junction exposed and with it shielded with a count for each size particle was measured using the bypass line.
coil of iron wire to assess the effects of radiative heat transfer The flow was then rerouted through the flow tube, and scans
on the particle temperature. With the radiation shield in place of DMA-2 were made for each of the voltages of DMA-1. The
the thermocouple measures the gas temperature, while with thefurnace was set to the next temperature, and the system was
1 mm junction exposed to the tube walls, radiative heat transfer allowed to equilibrate. This generally took about 15 min after
dominates and the thermocouple measures the wall temperaturethe furnace temperature display reached the proper temperature
Results of measurements made with the furnace set at 800 anéind was monitored by tracking the decay in particle count at
1000°C and an air flow rate of 1.0 L mirt through the tube  the peak of one of the previous size distributions. While the
are shown in Figure 4. There is very little difference between furnace was reaching the proper temperature, particle concentra-
the shielded and exposed thermocouple results, indicating thattions were measured for the three sizes with the flow going
the gas and wall temperatures are essentially the same. The peajrough the bypass line. Furnace settings ranged from 25 to
temperature in the flow tube was typically 4G higher than 1100 °C, and all oxidation experiments reported here were
the furnace setting. performed in one 20 h session to reduce fluctuations due to

Size Distribution Measurement.The resulting size distribu- atmospheric and other variations. During the course of the
tion of the oxidized soot particles was measured using DMA-2 session, unoxidized particle concentrations measured through
(same design as DMA-1) running in size-stepping mode with a the bypass line around the furnace decreased by7606.
condensation particle counter (CPC, TSI model 3760) detector. To check for size reduction due to thermal effects such as
CPCs count nanoparticles by first passing them through a heatedparticle collapse, rearrangement, or evaporation, experiments
saturated vapor ofi-butanol and then allowing the-butanol were run with the furnace set at 1180 using nitrogen (Airgas,
to condense onto the particles in a cooled region so that theindustrial grade) as the soot-sampling carrier gas, the dilution
particles grow to a size that scatters light efficiently. The gas, and the sheath gas for the two DMAs. All other conditions
particles then pass through a single-particle-counting optical were kept the same as for the oxidation experiments.
detector, where they are detected by the pulse of scattered light )
as they cross a laser beam. Results and Analysis

The aerosol input was taken directly from the flow tube output ~ Several corrections must be made to the raw CPC particle
with no venting or dilution and run through?&Po neutralizer. concentrations to determine the particle size distribution entering
As with the first neutralizer, preliminary experiments were run DMA-2. Particle-size-independent effects, such as the overall
without a neutralizer between the flow tube and DMA-2. This decrease in particle count, do not affect the peak position in
is standard in TDMA experiments 1’ because the majority of  the size distribution and were not corrected for here, whereas
particles that pass through DMA-1 will have one positive charge, particle-size-dependent effects, such as charging and CPC
so it can be expected that a second neutralizer is not needecounting efficiency, can change the peak position and appropri-
and in fact would diminish the signal at the CPC by as much ate corrections were applied as follows. The fraction of particles
as 90%. This is what we observed at lower furnace temperaturescarrying a single positive charge in the equilibrium charge
but at temperatures above 500, the signal begins to diminish  distribution created by th€%o neutralizer is a strong function
significantly because of the apparent disappearance of theof particle size. When the model developed by Fuchs is &5ed,
positive charge on the patrticles, so by 8@) the signal is 10% approximately 4% of 10 nm particles and 22% of 100 nm
of that at 500°C, and at 900C, there are no detectable particles. particles will have one positive charge, while 91% of 10 nm
This same phenomenon was apparently observed in a previouslhparticles and 43% of 100 nm particles will have no charge at
published study of the effect of @, on diesel sod# but was all. To correct for this effect, we have used Wiedensohler's
left without comment. The 3760 CPC requires on input flow approximatiof® to Fuchs’ model with the assumption that all
rate of 1.415 L min?, so a small amount of make-up air is of the particles in the peaks of interest were singly charged.
sampled through a filter from the room air to supplement the  Another particle-size-dependent correction accounts for the
1.0 L min~! aerosol output of DMA-2. combined detection efficiency of the CPC and transmission
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Figure 5. Single DMA scan of the overall soot particle size distribution
sampled from the flame. Also shown is the particle size distribution
after DMA-1 for the 93 nm size cut. Full width at half-maximum for
this size cut is 7 nm. The large decrease in concentration is mainly
due to the low percentage of positive, singly charged particles present
at charge equilibrium for this size particle.

efficiency of the DMA. Wang and Flagéh measured the
detection efficiency of the TSI 3760 CPC and the transmission
efficiency of a TSI DMA similar in dimension to the DMAs
used in this work, and we have used an approximation to their
data to correct for the overall CPC/DMA efficiency. As can be
seen in Figure 2 of ref 26, the combined efficiency is quite poor 15 65 115 165
for particles below 13 nm, so the data have been truncated at a
minimum particle size of 13 nm.

For the TDMA scans, peaks in the corrected particle size S .H, .......... (c)

4

Particle concentration / 10° em™

distribution were fit to a normal Gaussian function with the
center of the Gaussian taken as the particle size and the area 1
under the Gaussian taken as the total particle count. In most 6d-ccecuccncancann o R R R R PR
cases, a single Gaussian was used for each peak, but in cases <
in which peaks began to overlap or in which a bimodal
distribution developed, multiple Gaussians were used. 4q4-memcnnca- EERRRE R R
Single DMA Results. The overall particle size distribution  {
sampled from the flame was obtained by bypassing DMA-1,
running the particles through the flow tube, and measuring the
distribution using DMA-2 and the CPC. Results for a furnace
setting of 25°C are presented in Figure 5, along with a typical
size cut at 93 nm. Setting the furnace at 11Q0resulted in no

particles being detected at the CPC, indicating that soot was 15 65 1;5 /nm 165 215
completely oxidized away at that temperature. P
Preliminary Tandem DMA Results. Initial broad TDMA Figure 6. Broad TDMA scans at the three voltage settings of DMA-1

scans, ranging from 15 nm to approximately twice the selected used in the experiments: (&)281 V; (b) —1283 V; (c) —2282 V.
particle size, are presented in Figure 6. The scans for the 93Panel a shows scans at 25 (thick line) and, moving down and to the

and 130 nm particles were performed at°®5 while the scans left of the 25°C peaks, at 800, 850, 900, 925, 950, and &Z5Panels
P P b and c show scans at 2&. The three largest peaks of each scan are

for the 40 nm particles were performed over a temperature igentified from left to right as being due to doubly charged particles of
range of 25-975°C. The 40 nm particle data again show no the primary selected size, singly charged particles of the primary
evidence of particle break-up. These data also give an indicationselected size, and particles that were doubly charged when passing
of the number of multiply charged particles passing through through DMA-1 but were singly charged when passing through DMA-
DMA-1 by comparing the two largest peaks. The peak at the 2-

higher size is from patrticles that were doubly charged in DMA-1 each case, less than 10% of the main peak is due to the larger
but were singly charged when passing through DMA-2. The particles.

largest peak is from particles of the size of interest that were  The results from the experiments using nitrogen instead of
singly charged in both DMA-1 and DMA-2, with a small air as the carrier gas are shown in Figure 7. The size decrease
contribution from larger particles that were doubly charged in for each of the selected particle sizes~i& nm at 1100°C. In

both DMA-1 and DMA-2. The number of these larger particles contrast, at this temperature in air all of the soot has disappeared.
in the main peak can be calculated from the size of the secondThis indicates that thermal effects do not substantially alter the
peak by looking at the ratio of singly to doubly charged particles mobility diameter of the particles. Some restructuring may be
of the larger size in an equilibrium charge distribution. In taking place, but it does not significantly change the measured
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Figure 7. Results for the three particle sizes used in this study
comparing the use of Nas the carrier gas with air as the carrier gas.
Filled circles are at a furnace setting of 26, while filled boxes are

at a furnace setting of 1100 using N. Filled triangles are for air at
1100°C.

particle size. This small size change may also be due to a thin
layer of semivolatile material evaporating off of the surface of
the particles.

Oxidation Results. The TDMA scans for the oxidation in
air of the three initial soot particle sizes are presented in Figure

8. Measured size changes are presented in tabular form in Table

2. The initial~1% decrease iD, at 500°C for all three particle
sizes was most likely due to volatile or semivolatile material

evaporating off of the particles, and the size decrease due to

oxidation is calculated relative to the particle sizes at 500
An increase in the width, or spreading, of the size distributions
as oxidation occurs can be seen in Figure 8, along with the
appearance of a bimodal distribution at higher temperatures for
the 40 nm particles. What appears to be a bimodal distribution
for the larger particles is actually a blending of the peak due to
singly charged particles with the peak due to doubly charged
particles.

Kinetic parameters can be obtained from the observed
decreases in particle size using a modified form of the Arrhenius
expression for the size decrease rate:

. E
D, = —A, T exp[— R—;‘]

whereAnn, is a size-dependent preexponential factor Bpis

1)
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Particle concentration / 10° cm™

40

140

Figure 8. TDMA soot oxidation results in air for furnace settings of
25-975 °C (see legend). Results from higher furnace settings are
omitted for clarity: (a) 40 nm initial particle size; (b) 93 nm initial
particle size; (c) 130 nm initial particle size.

TABLE 2: Measured Particle Sizes
initial and final particle size (nm)

a size-independent activation energy. Given experiments at a fyrnace setting®C) 40 93 130
series of constant temperatures and a known residence time in o5 203 926 1298
the reaction region, one can straightforwardly calculate these 500 397 91.7 128.2
parameters. The complication in the present study is a result of 800 37.8 88.8 124.5
the nonuniform temperature profile in the reaction region of 850 35.8 86.1 121.3
the flow tube, as seen previously in Figure 4. 900 30.4 81.6 114.4
To extract more accurate kinetic parameters, it is necessary gég g;é ;g% 1822
to integrate the diameter change as a particle travels the length 975 185 65.2 91.0
of the tube: 1000 48.8 75.3
) 1025 34.6 56.6
x Dp(X) 1050 19.6 35.9

AD,= [ de ) 1075 17.0

wherex is the horizontal position in the tubX,is the length of
the tube, and is the flow velocity. The dependence of the rate
and flow velocity on horizontal position is a result of their
dependence on temperature as seen in eq 1 and

4, T
3™M™T,

uix) =

3

whereun, is the mean flow velocity calculated from the volume
flow rate and the cross sectional area of the flow tube,*ang
is the peak volumetric flow velocity assuming laminar flow.

A nonlinear least-squares fit to the experimental data was
performed by numerically integrating eq 2 for each furnace
setting and initial particle size combination. Temperature profiles
for furnace settings other than 800 or 10W were estimated
using a linear interpolation or extrapolation of the points
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140 parameter was attempted, but no adequate functional dependence
130 nm initial size on particle size could be found to fit the data for all three initial
12011 soanmintiasize |TTTTTTTTTTTTTC particle sizes. This indicates that the differences in size decrease
1004l e@40nminitiarsize f.oeoa.... i rate observed for the three initial particle sizes are most likely
more a function of the initial particle structure than the absolute
particle size.

The particle size decrease rate can be translated into an
oxidation rate by first assuming the soot mass lost is equal to
the mass lost by a sphere with the same density as soot
undergoing the same diameter decrease. The mass lost is simply

0 T T T v T T
840 880 920 960 1000 1040 1080 1120

7ps
Arns = ?(Dp,is - Dp,fs) (4)

Peak flow tube temperature / °C whereDp; andDy s are the initial and final mobility diameters
Figure 9. Particle size change as a function of peak flow tube of the soot particlems is the soot particle mass, apdis the
temperature for the three initial particle sizes. Solid lines show size mass density of the soot particle. The surface specific oxidation

change calculated from the fitted model. rate,w, is defined as
TABLE 3: Fitted Kinetic Parameters dm,
parameter value ot —WA, (5)
Ea 164 kJ mof?
Aso 1.9x 10; nm Kjg S:i with As being the soot surface area. Using the approximation
293 g-gx 187””‘ ﬁ_ms_l of spherical soot particles and integrating over the residence
130 e A IMEREES time , one gets
measured using the shielded thermocouple at 800 and 100
while interpolation for a specific furnace setting was performed P{Ppi ~ Do) _ ps .
e . = SC . W=——-—7F——=7D (6)
by fitting the points measured at specific distances in the flow 2t 2°°

tube to a sixth-order polynomial. The values obtained for the
parameterg\g, Aoz, A1zo, andE, are listed in Table 3. Figure 9 :
presents the observed and calculated size decreases of the soffameter decrease rate.

which relates the surface specific oxidation rate directly to the

particles. Discussion
An attempt was made to fit the exponent of the temperature
in eq 1, but this was highly correlated with thgn parameters The largest uncertainty in the present experiments comes from

and not determinable from our data. It was held fixed at 0.5 to the assumption of laminar flow. Because of the horizontal
roughly account for the dependence of collision frequency on orientation of the flow tube, buoyancy effects may cause the
temperature. Also, fitting with a single size-dependént soot particles to take a complicated trajectory through the flow
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Figure 10. A comparison of the current work with selected prior work. The thick lines show the current work with the 40 nm particle results on
the bottom and the 130 nm particle results on the top. A density of 1800 Rgvas used to calculate the surface specific rate from the particle
diameter decrease rate. Prior work is from the following sources: NSC (ref 5), WSC (ref 6), LTB and LTB model (ref 8a), FJ (ref 8b), Smith (ref
7), Park (ref 9a), Miyamoto (ref 13a), and Gilot (ref 10).
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tube, thereby increasing the residence time by as much as af the mechanism of soot oxidation can be gained. In addition,
factor of 2. This may not be a bad thing, because calculations this method lends itself to studies of soot generated by real-
assuming a laminar flow show a large spreading of the particle world sources such as diesel engines. With the growing
size distribution as the oxidation occurs due to the wide emphasis on reducing diesel particulate emissions, information
distribution in particle residence times in a laminar flow. If on diesel soot burnout through oxidation will be quite valuable.

buoyancy effects cause significant randomizing of the particle

trajectories, the differences in residence time will be reduced,  acknowledgment. K.J.H. and J.T.R. would like to thank
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distributions is more in line with the later residence time

assumption. Either way, if we assume the uncertainty in the
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