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The kinetics of the reaction between soot nanoparticles and molecular oxygen were studied by tandem
differential mobility analysis (TDMA). The particles were extracted from the tip of an ethene diffusion flame.
Reactions were studied at atmospheric pressure in mixtures of nitrogen and oxygen. The studies involved
particles of an initial mobility diameter of 30 nm over broad ranges of temperature-(3@D °C) and
oxygen volume fraction (81). Measurements as a function of oxygen partial pressure establish that the
oxidation kinetics are not first-order in oxygen volume fractié®, . Rather, the oxidation rate increases
rapidly and linearly withFq, between 0 and 0.05 and then more slowly but still linearly between 0.05 and 1.
Temperature dependent measurements are consistent with a reaction pathway involving two kinetically
distinguishable oxidation sites which interconvert thermally and through oxidation. Results and conclusions
are compared to those of earlier studies on the oxidation of soot.

Introduction gradually shift from reaction- to diffusion-limitetf. These

. . temperatures are much higher than temperatures particles would
The atmosphere abounds in all types of aerosol particles, both P g P P

L . - . encounter in typical exhaust after-treatments.
natural and anthropogenic, including combustion particles (e.g., We recently described a method to studv the kinetics of soot
soot), mineral dust, sea salt, organic particles, and aqueous y y

inorganic acidé. Among the most important anthropogenic oxidation usi.ng on-line aerosol techniques applied to freshly
particles are soot particlésn some urban areas:15% of al generated, size-selected soot nanopartfcieBoth ethene and

atmospheric particles between the sizes of 1 and 1000 nm ing!gsel sqolt havbe_l_been sltud_|ed. Klnetlcs_werﬁ_ srt]uc:]led by tgndem
diameter are sodtSoot consists mostly of elemental carbon, Iiferentia rlno ('j'ty. ina ysis (T.'%MA)c’j'nhW ich the rea}cltlon

but depending on the combustion source, small amounts ofg‘te IS c%rrg ated wit reactlon-:n fur(:e d.c %nges n partflces[ze.
sulfates, nitrates, and metals may also be present. Additionally, ur method overcomes several of the disadvantages of previous

often there is volatile organic material adsorbed to the eIementaIStUd'es' Becayse the soot is freshly gengrated and studied by
carbon? aerosol techniques, effects of aerosol aging and transport are

. . . minimized. In addition, a stream of aerosol particles is relatively
The U”'t.ed States EPA has prop_osed more stringent partlcu'easily controlled. Last, particle size selection allows size-
late emission standards to be put into eﬁect_ln 2007. To meetgependent effects to be examined.
these standards, a great amount of research is currently devote . . .
to reducing particulate emissions. One proposed method is to In th'_s paper, we ext_end our earlier _work, which concemed
oxidize the particles as a means to remove them from the exhauspPOt oxidation in dry air at atmosphe_rlc pressure, to consider
streant However, the fundamentals of the oxidation process the effects of oxygen partial pressure in mixtures g&0d N>

of nanometer sized soot particles at relevant temperatures andTh(i. t?tal pressure'V\éaE rtr\wNalnta(l)nSd a(; i gtT’ Wv'\tlh Lhe.l dO;(yr?r? n
oxygen partial pressures is not fully understood. parual pressure varied between £.0 and 1.U:atm. Ve bulld turther

Oxidation of soot and soot surrogates has been studied®" our earlier work by emphasizing smaller particles than before,

extensively in the past using a variety of technigti@arbon of initial mobility diameter of 30 nm. Particles of these
filamentss carbon or graphite rod? graphitel®-12 charl3 and dimensions are nearly spherical, in contrast to the more complex

carbon black¥-16 have been used as soot surrogates. Most aggregate structures of larger partictehis is important

. . . : it simplifies the kinetic analysis.
previous studies on soot generated in flames and/or dleselbecause t simplifies the kinetic analysis
engines have relied on collecting and/or immobilizing the i .
soot417.180r on light scattering within a flame environméfit2: Experimental Section
The majority of previous studies have considered how oxidation The kinetics of soot oxidation were studied by tandem
depends on temperature. S(_)me V\_/ork has been published on thﬁifferential mobility analysis (T-DMA) using an atmospheric
order of the oxidation reaction with respect to oxygen partial pressure aerosol flow tube reactor. The aerosol flow reactor,
{)ressurétlpvl&lwsm Mf:éé)f tthei? ﬁttUd'es w;are C?:dllipte? al shown schematically in Figure 1, was a modified version of a
emperatures above » atwhich temperatures the KINEUICS o 5ctor described in detail elsewhéré Briefly, soot particles
E—, g o bo add L Telenn (612) 625 were extracted into the reactor from the tip of an ethene diffusion
* Towhom correspondence should be addressed. Telephone: flame through a small orifice in a stainless steel tube. The
2363. Fax: (612) 626-7541. E-mail: roberts@chem.umn.edu. . . )
ax: (612) mall: roberts@chem.umn.edu resulting particle stream was swept by an atmospheric pressure

T University of Minnesota.
* University of Maryland. carrier gas through a bipolar diffusion charger, which established
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Figure 1. Schematic diagram of the experimental apparatus. The bold 0 10 20 30 40 50
line indicates the path taken by the soot particles. furnace coordinate / cm

o Figure 2. Temperature profiles as a function of distance in tube furnace
a known charge distribution on the aero%ot’ Under the for selected temperatures (data fit to 4th order polynomials): Set furnace
conditions of this experiment, very fews(0%) of all particles temperature of 500C (M), set furnace temperature of 700 (@), set
had a charge exceedingl or —1. Particles were then passed furnace temperature of 110C (a).

through a differential mobility analyzer (DMA-1, TSI Model . .
g v yzer ( ’ d furnace setting, from 100 to 110TC. Several representative

No. 3081), which was set to transmit particles of a selecte il h in Fi 5 The dat ints | h orofil
electric mobility. The resulting stream of particles then passed profiies are shown In Figure 2. The data points In each profiie
were fit to a 4th-order polynomial. Some oxidation measure-

through the reaction zone, a quartz tube encased in a tube . :
furnace. The temperature of the furnace could be set to anymen.tS were made at furnace settings for which temperature
value between room temperature {226 °C) and 1100°C. As profile measurements were unavailable. In such cases, profiles
will be shown below, oxidative and nonoxidative processing were ‘?S“mat‘?d by linearly interpolating_between two profiles
took place in the reaction zone which led to changes in particle forv_vhlch profile measurements were available. The_temperature
size. The particle stream was therefore sent through a SeconOoroflle measurements are considerably more extensive than those
DMA (DMA-2, TSI model no. 3085) for mobility and size reported by us earliérThe gas and particle temperatures were
reclassification, and finally into an ultrafine condensation particle ass_umed to t_>e equal. Prewpus work h‘_a_s shown this to be a
counter (UCPC, TSI model no. 3025A) for detection. The most valid assumption for soot particles of mobility diameter between
1 . . 8

important difference between this apparatus and that describedlo_l_"’r‘]nd hl5?1 nnTt \v for DMA-2 el
previously?® is that DMA-2 and the condensation particle € high-voltage supply for UVIA-2 was remotely pro-
counter were replaced by newer models which allowed the grammed using a PC V.V'th a muIt_lfunctlon board (National
investigation and detection of particles as small as 3 nm in Instruments Lab-P€) with a 12 bit D/A converter under
mobility diameter. softyvare .control. Scans were performed by |ncrement|ng the

In any given experiment, the same gas, either dry air, nitrogen, |tohart|cle”3|zte_ by51 nrré,_ waltfgp8 st:]orLtJfEePf low to tStab'll'Zeéﬁnd
or a synthetic nitrogenoxygen mixture, was used as both carrier en coflecting > readings from the Intervais. ©hen
and sheath gas. Compressed air was supplied in-house anélnd Kesten measured the size-dependent transmission efﬁgency
gaseous nitrogen was obtained from liquid nitrogen tanks of the nano-DMA model used for DMA-2, as well as the size-

(99.998% pure with less than 8 ppm)OCompressed air was dependent counting efficiency of the UCPE° Their measure-
filtered and dried before use with a series of particulate and ments were used to correct the size distribution measurement.

coalescing filters and a desiccant drier. The desiccant wasd. iokr) t?e TDMA sf(.:tatns, peaklsclan the.corfrecttta.d parthle St'ﬁe
changed regularly. Mixtures of nitrogen and oxygen were LIS fl lbllonsMwere Idto lnorr_ma _?rl:ssmntuncfli)hns ésmg_ N
prepared by simultaneously introducing nitrogen and oxygen -SVENberg-Marguarat aigontnm. fhe center or the aussian

(Industrial Grade, 99.5% pure) into a copper mixing coil through gjnctlop was set ag the particle St'Z?’ atrkl]d tthf lareat.ulnder thf
calibrated rotameters. The volume percent of oxygen in a Tr?ussllan.twhas ulse da? a §urrggagesc;)r ef'do a pa.\r;ce clc:cun.
mixture (Fo,) was taken as e algorithm also determined a 6 confidence interval for

the mean; this interval was used to calculate the uncertainty of

f each data point. A single Gaussian was used to fit the data at
E. = O 1) low temperatures and oxygen pressures. At high temperatures
0 f02 + sz (>1000°C) and high oxygen pressures .05 atm), multiple

Gaussians had to be used to fit the size distributions, which

wherefo, andfy, are the oxygen and nitrogen gas flow rates, were b'qua,l' ) .
respectively, as measured by the rotameters. For gas mixtures _1ransmission electron microscopy (TEM) images were
containing up to 12.5% oxygen by volume, the mixtures were °Ptainéd using a Tecnai T12 microscope. Particles were
prepared by combining a flow of 35 L per minute (Ipm) nitrogen colleqtgd onto carbon film TI_EM grids |mmed|at_ely after motyhty
with between 0 and 5 Ipm oxygen. Mixtures that were more classification by DMA-1, using an electrostatic sampler biased
concentrated in oxygen were prepared using lower values of at+3000 V.
TN

Profiles of the gas temperature in the quartz tube reactor were
measured with a K-type thermocouple (Omega), as described Figure 3 shows two T-DMA scans, each corresponding to
previously. There are no significant radial temperature gradientsthe oxidation of soot particles of original mobility diameter 40
in the cylindrical tube, but the temperature does vary along the nm at a peak furnace temperature of 1030In one experiment,
tube. A series of profiles was obtained at 1D intervals in the carrier gas was dry, filtered air (which containg0.9%

Results
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50000 |~ synthetic air . TABLE 1. ADPZ
—e— compressed air set oven temperatufe AD}/nm

-
s 500 0.552
400004 ././'-'\.:\. 800 1.527
/./ o 850 1.945
5 ’ A% 875 2.193
T 30000+ \: 900 2.382
3 \. 925 2.763
5 ’ \ 950 3.499
Z 200004 /- \ 975 4.264
/I/ °\\\ 1000 5.075
N 1025 5.076
10000 ./ ey 1050 5.569
1075 6.382
0 1100 6.857
15 20 25 30 35

Figure 3. TDMA scans of the oxidation of 40 nm soot particles at
1000 °C with synthetic air—79.1% N/20.9% Q mixture @) and

compressed air-20.8% Q (@).

Dp /nm

decrease in peak mobility diametex[d,) can be related to the
kinetics of the reaction between soot and molecular oxygen.
From Figure 4, it is also apparent that the scan peak heights
decrease with increasing oxygen volume fraction. Partly, this
is because the size distributions broaden. However, the integrated

300000 peak areas of the scans decrease significantly as the extent of
e —— reaction increases, particularly f6p, > 0.05. Possible reasons
e 0.0023 2tm O for this behavior will be considered in the Discussion.
2500004 | _,_ 0057 atm Oz Some size reduction occurs even in pure nitrogen gas, when
—v—0.0011atm O, no oxidation is possible. For instance, for a furnace setting of
—6—0.0034 atm O, 975°C, the decrease in peak mobility diameter in pure nitrogen,
2000004 |—#—00305atmO, AD? is 4.3 nm. If it is assumed the nonoxidative and
e gg;:; ::2 gz oxidative size reduction components are additive (as is justified
Da 150000 |~*—0.143emO, below), then_ADoZ, the size reduction resulting from oxidation,
S —0—0263atm O, can be obtained from the equation
% —0—0.526 atm O, o N
Z 100000 ADy*= AD, — AD,* 2)
For the T-DMA scans obtained at a furnace setting of 925
50000 ADS2 ranges betweer-0.60 nm atFo, = 0.0023 (the most
dilute O, + N, mixture studied at this furnace setting) anii8.0
nm for Fo, = 0.53.
0+ - Size reduction data were obtained for 30 nm initial mobility

2 4 6 8 1012

14 16 18 20 22 24 26 28 30 32 34

Dp / nm

diameter particles as a function Bf, at 13 furnace settings
between 500 and 110TC. Scans that were obtained in pure

Figure 4. Representative TDMA data for the oxidation of 30 nm soot nitrogen gas were used to determim.*i)lg'2 at each furnace
particles at 975C with No—O, mixtures with oxygen partial pressures  setting; results are tabulated in Table 1. The measured values
from 0 to 0.526 atm. Some TDMA scans have been omitted for clarity. of AD, andADgz were then used to determim}D,?Z for each

oxygen by volum&): in the other experiment, the carrier gas | -DMA scan. _TheAESZ measurements are summarized in
was “synthetic air’, a mixture of Nand G containing 20.8%  Figure 5, in whichAD,* is plotted againsko, for ea_ch furnace
0, by volume. There are no significant differences between the Setting. From these plots, two things are clear: first, thaf*
two T-DMA scans. In particular, passage through the furnace increases with temperature at a fixed valu€gf, and, second,
results in the same reduction of peak mobility diameter, from thatADS? increases withFo, at constant temperature. TRe,-
40.0 to 22.0 nm. The difference in peak heights of the two dependent data are particularly revealing in that they imply two
T-DMA scans is probably associated with the slightly different different kinetic regimes for particle oxidation. At low oxygen
flow conditions in the two sets of experiments. We conclude partial pressures (up fo, values of approximately 0.01), there
(i) that a minority component of air is not responsible for the is a “fast” oxidation regime in WhiCthg’2 increases rapidly
measured size reduction and (ii) that we are able to produceand linearly withFo,. AboveFp, = 0.01, the reaction enters a
N2/O, mixtures of desired composition. “slow” regime, in whichADF?2 continues to increase witho,,
Reactions of soot nanoparticles with, @ere investigated but much more slowly than before. Possible reasons for this
over broad ranges of temperature and/@lume fraction. Figure behavior will be discussed below.
4 shows a representative set of T-DMA scans for the oxidation  Figure 6 shows a representative TEM image of soot particles
of 30 nm initial mobility diameter particles at a peak furnace collected immediately after exiting DMA-1, with the DMA set
temperature of 975C. In this set of experiments, 23 scans were to pass particles dd, = 30 nm. Most of the particles are nearly
obtained, in whichFo, was varied between O and 1. In the spherical and of diameter30 nm, as expected. Some of the
interest of clarity, several scans are omitted from Figure 4. From particles are larger, with a diameter of60 nm. These are
inspection of the data, it is clear that the particles decrease inattributed to particles that were doubly charges when they left
size as they pass through the furnace and that the amount oDMA-1. When a statistically significant number of images are
size reduction increases wikp,. As will be shown below, the analyzed, the relative numbers o880 and~60 nm particles
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the number of particles transported to the UCPC decreases as
Fo Fo, increases. The origin of this behavior is unclear. The
’ decreased particle numbers are not associated with some effect
having to do with mixing ever larger amounts of @to the
carrier gas, because an analogous series of scans recorded at a

Figure 5. (a) Experimental particle size change as a function§f F
measured at peak furnace settings between 500 and°C1q®) The
same data plotted betweeg,= 0 and 0.008, to better illustrate the

break between the two oxidation rates. 5@ (%), 800 °C (m), 850
°C (a), 875°C (v), 900°C (+), 925°C (half black circle), 950°C
(@), 975° (<), 1000°C (#), 1025°C (O), 1050°C (O), 1075°C (a),

furnace setting of 500C shows no significant decrease in the
number of particles detected by the UCPC. The most likely
explanation for decreased particle numbers is wall loss. Because

and 1100°C (@). Both figures display error bars for the 1100 data.
Error bars for the other sets of data are omitted for clarity, but are of
the same relative error.

the diffusion rate of a particle increases as its size decreases,
wall losses are more significant for small particles and, therefore,
for particles that have undergone more extensive oxidation. As
a test of this hypothesis, we plotted the fractional penetration
of the particle streams against the calculated particle diffusion
constant. Except for the highest and lowest temperature
measurements, all data sets collapse onto the same curve. This
implies that diffusional wall losses are an important reason for

The T-DMA measurements establish that soot nanoparticlesthe decreasing particle numbers.

decrease in size as they pass through a high temperature furnace Particles undergo modest size reduction even when pure
and that the amount of size reduction depends on temperaturenitrogen is the carrier gas, as shown in Table 1. The size changes
and gas-phase composition. In any given experiment, particlesthat occur in pure nitrogen are presumably not the result of
do not all shrink by the same amount, and the size distribution material lost to the gas phase through chemical reactions, but
function of a particle stream therefore broadens as it passesinstead are associated with physical processing. In earlier work
through the furnace (see, for example, Figure 4). This broaden-on larger soot particles, we attributed nonoxidative shrinkage
ing is probably associated mostly with the fact that gas flow is either to the evaporation of semivolatile material or to thermally
laminar or near-laminar, and as a result, particles experience ainduced restructuring of aggregates to more dense structures.
range of residence times in the reactor. No attempt was madeThe latter explanation seems less likely for the work reported
to model how the shapes and widths of the distribution functions here, because 30 nm mobility diameter particles are, on average,
evolved with furnace setting. Instead, results were analyzed nearly spherical (Figure 6%.It is conceivable that primary soot
entirely in terms ofADy/At, whereAD,, is the change in peak  particles are porous and subject to densification upon heating,

are approximately what would be expected for particles that
were ionized by a bipolar diffusion charger.

Discussion
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but a more plausible explanation is that heating in nitrogen therefore independent of oxygen pressure. There is no single
results in the loss of semivolatile material. solution to the LangmuirHinshelwood model; the solution

For most of the measurements reported in this waiR, is depends, for instance, on the orders of the elementary reaction
dominated by size changes that are associated with the presencsteps with respect to oxygen pressure and surface site coverage.
of oxygen in the carrier gas. Molecular oxygen reacts with soot However, for any physically reasonable kinetic description of
to produce gas-phase products, principally CO, one result of eqs 5 and 6, surface saturation effects would eventually cause
which is smaller soot particles. The question becomes, how to the reaction rate to become independent of oxygen pressure,
separate the oxidative and nonoxidative components of sizewith a relatively rapid transition from pressure-dependent to
reduction. Let us assume that size reduction results from two pressure-independent kinetics. The data reported in this work
parallel processes, evaporation/densification and oxidation. At show no signs of any such plateau, even as the gas composition
any given temperature and value &b, each process is approaches pure oxygen. A Langmuifinshelwood model
described by an areal mass loss rée, for evaporation/ seems unlikely.

densification andRo, for oxidation, expressed in units of g ci A model that successfully explains how the soot oxidation
s L The rate of mass loss in a single soot particle is then given rate depends on temperature and oxygen volume fraction is one
by that invokes two kinetically distinguishable surface oxidation
sites, & and . The model is a variant of ones suggested by
_dd_Tz (§N2+ R’oz)a (3) Blyholder, Binford, and E_yrin@ and Nagle and Strickle_md-
Constablé:® In our two site model, § and & react with

. ) . . _molecular oxygen to generate gas-phase products. Each of these
whereo is the particle surface area. For spherical particles in oo-tions is first order in oxygen pressure and first order in

the molecular flow regime, the mobility diameteDy, of @ 540t site coverage. The two sites are characterized by different
particle may be taken as equal to its physical diameter, and e, qified Arrhenius rate constantia(and kg), but equally

3 reduces to important, they differ in that reaction ataSegenerates S

dD, 5 _ - whereas reaction atsSesults in formation of a new A site
o ;(RN2 +Ro) 4) "
Spt Oy —Ss T Py @)
w_herep is the density of soot. The implica_tion_ is that, at any o
e omponer a5y e, o e a3 o S+ 05,47y ®
Plots of AD;" versusFo, are not linear betweefio,=0and  For completeness sake, and to guarantee that steady-state

1 (Figure 5), in contrast to what would be expected for a process congitions are met, the model also allows for thermally activated
that is first-order in oxygen partial pressure. Rather, there are jnierconversion between A and B

two kinetic regimes, a “fast” regime in whioﬁDS2 increases
relatively rapidly withFo, and a “slow” regime in whichtAD®? s J‘A_,;B )
increases more slowly. One possible explanation for this A kea
behavior is that the particles have shell-like structures, consisting
of refractory, graphitic cores surrounded by more readily
oxidized shells. However, were that the case, the turnover from
“fast” to “slow” kinetics would occur at the samf'eDS2 value,
regardless of furnace setting, whereas the turnover occurs a
approximately the same value Bf,. A “fluffy shell” model dD®:
cannot explain the experimental observations. P _ gﬁo (10)

A second possibility is that oxidation occurs via a Langmuir dt p 2
Hinshelwood or related mechanism. Under Langmtimshel- _ S . .
wood kinetics, oxidation would proceed via the formation of a WhereRo,, the rate of oxidative mass loss per unit surface, is
surface-oxygen complex followed by the decomposition of that the sum of the rates on sites A and B. If oxidation at both sites

We now solve for the oxidation rate in terms of the experi-
mentally measurable quantitieSD,?z, T, and k,. From egs 3
and 4, it follows that ﬂ)gzldt, the rate of change of mobility
tdiameter due to oxidation, is

complex A and B is first order in oxygen pressure and site coverage,
then
ki _
S+ O2(9) T S_OZ(aml) ®) F"02 = AZOZ(MC/ Na)OA + kBZoz(Mc/ Na)0g (11)
S_Oz(ad)ﬁ, S* + P(g) (6) wheref and0g are the fractional coverages of sites A and B,

respectivelyZo, is the collision rate between,@nd the surface

wheresS is a reactive surface site;®sq)is the surface-oxygen expressed in units of cM s7%, Mc is the formula mass of soot,
complex,k andk: are the forward and reverse rate constants, which we take as equal to the molar mass of element.al carbon,
respectively, for formation of the complei is the rate constant ~ @NdNa is Avogadro’s number. Because A and B are intercon-
for decomposition of the complex, argg represents the vertlble,_ it is reaso_nable to assume Fhat the total number of A
primary gas-phase products (almost certainly CO). A Lang- and B sites per unit surface area is fixedatIn that case, eq
muir—Hinshelwood model predicts two kinetic regimes. At low 11 reduces to

oxygen pressures, gas-phase product formation is limited by ZoMc

S—0, g formation, and the rate is therefore controlled by-gas B 2 _ *

surface collisions. At high enough pressures, however, the Roz Na [(kn = Ka)On + kg6"] (12)
surface becomes saturated with adsorbed oxygen. The reaction

rate is limited by the rate of -SOyaq) decomposition and  As long as the reaction rate parameters are independent of
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particle sizeRo,, 6a, and@g will reach steady-state values under effects cause the gas flow velocities to vary with furnace
conditions of fixed temperature and oxygen pressure. If we position. In a laminar flow system of constant cross-sectional
assume that the reactions which thermally interconvert A and area, the position-dependent peak flow velocitfx), is

B (i.e., the forward and reverse of eq 9) are first-order in site described by the equation

coverage, they, the steady-state fractional coverage of A,

may be calculated by considering the competition between A u(x) = ﬂ@u (18)
formation (eq 8 and the reverse of eq 9) and destruction (the 3T, °

forward of eq 9)
where T(x) is the temperature at, and Tp and up are the

kB(ZOZ/N*)(g* —03) — Ky g0+ kg_a(0* — 60) =0 (13) temperature and mean flow velocity measqred at some other
position in the reactor. If a furnace of lendthis assigned the
coordinatex = 0 at its entrance, then the total oxidative size

whereN* is the density of atoms at the soot surface in units of Lo
reduction is given by

cm2. Substituting into eq 10, and assuming that the reactions

reach steady-state very quickly, we obtain fo
ADZ = . L(—de )(A) ox (19)
DY 2ZoMct* [[(kaZo/N*) + ky_lks + gk P~ Jodt \u(x)
dt Nap (kBZOZIN*) + Ky g+ Kgp We now have an equation which can be used to predict total

(14) oxidative size reduction as functio(;ls af,Rand furnace setting.
Equation 19 was fit to theAD;? measurements using a
Qualitatively, eq 14 explains the experimentally observed trends. Microgenetic algorithm. Genetic algorithms were first developed
In particular, it predicts two kinetic regimes, at low and high in the late 1960s to model biological rep_roduc_tﬁ;rbut they
oxygen partial pressures. In both regimes, the size reductionnave developed into a method for iteratively fitting complex,

rate is expected to depend linearly on oxygen partial pressurenonlinear data sets. Details of genetic algorithms and their
applications are described elsewhere. In brief, an initial popula-

D% tion of “chromosomes” is defined, which for the present
P — application was an array of sets of Arrhenius parameters. A cost
dt function, defined so that the “best” chromosomes have the

low pressure limit:

Z'Zoz’Mc'e* Kg.p'Ka + Ky_p°Kg lowest cost, is evaluated for each chromosome in the population.
- R ’ Kyg + Kgp (19) The best chromosomes of the new population are allowed to
mate and mutate to form a next generation. A new cost function
dDC: 2:Z *M-6* is evaluated, and the mating/mutation/cost evaluation process
high pressure limit: P _ 2 ks (16) is repeated until convergence is achievtep.
dt Natp In this work, a microgenetic algorithm was employed to fit

the data, with single-point crossover, tournament selection, and

This qualitative agreement is gratifying, but in the following an initial population of 20 chromosomes. Each chromosome
paragraphs we demonstrate that eq 14 can be quantitatively fityas a set of eight Arrhenius parameters, two for each of the
to the ADS2 measurements. Remarkably, excellent agreement elementary steps shown in eqsd. The values of\x andAg
between experiment and the model is obtained using a singlewere constrained so thit andks were always less than unity,
set of eight Arrhenius parameters, two for each of the elementaryso as to exclude nonphysical solutions. Other Arrhenius
steps described by egs-9, to predict size reduction for all of  parameters were unconstrained. The cost funcfiowas de-
the 13 furnace settings studied. fined as the sum over all data points of the absolute value of

Before eq 16 can be used for quantitative data interpretation, the percent difference between the model predictiorﬂf)ﬁ?
we must identify the functional forms of the rate constants and (AD%= and its corresponding experimental measurement
assign values to certain constants. All rate constdqtsare B e
assumed to be adequately described by a modified Arrhenius(ADp ™)

expression DOzmeas _ A DCzcalc
P

12 - f=2|A ]| x 100 (20)
k = AT"e S/IRT (17) ADp2ese

where Ay and E; are the reaction prefactors and activation Evaluation ofADf)’m'C required that eq 19 be numerically
energies, respectively. The collision rate of oxygen with the integrated. The furnace was divided into 451 hypothetical finite
surface may be calculated from gas kinetic theory, taking the elements of equal length, with the temperature of each element
oxygen partial pressure, in units of atm, as numerically equal assigned by reference to the temperature profiles described in
to Fo,. The density of a particlep, is taken as equal to the the Experimental Section.

density of bulk soot, or 1.80 g cri. The surface site density, The Arrhenius parameters that come out of the fitting
N*, is assigned the value 2.04 10 cm~2, which corresponds  procedure are shown in Table 2. The activation energies of the
to the density of exposed atoms in a hypothetical cubic carbon two oxidation steps are 151 kJ mélfor reaction atS, and 98
lattice of p = 1.80 g cn73. As can be inferred from egs 15 kJ mol1 for oxidation atS. The higher activation energy value

16, an error in the value chosen fpror N* will result in a is associated with the process that dominates at Irigh
corresponding error of the fitted values of the prefactors but Previous measurements of soot oxidation in air, which would
not of the activation energies. correspond to the high pressure regime, have generally reported

Equation 14 describes the particle oxidation rate at a single activation energies between 140 and 170 kJtholinterest-
temperature, but the particle streams experience nonuniformingly, Ax and Ag, the oxidation prefactors, are within 10% of
temperature fields in the furnace. Moreover, gas expansion each other (0.750 and 0.705 K2, respectively). The prefactors
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TABLE 2: Kinetic Parameters 16 i
Sa+ 02— Sa + 2CO 1 ; . 288 g
N o
A 0.750 K12 1 J . 1025°C
Ean 151 kJ mot? ] 4
! /
Ss+ 0,— Sp + 2CO 124 ] Y
Aa 0.705 K 12 { /
Ean 98.0 kJ mot? ] ‘I’ {
] s
Sa—Ss
An—B 6.71x 1PK12g71
Ean—s 135.5 6 kJ moi?
S— S
Ag—a 5.65x 10°K 1251
Ea—a 489 kJ mot?

are also quite close to their constrained maximum values. The
activation energies for site interconversion indicate that these
reactions are quite slow. Indeed the quality of the fit is only
weakly dependent on the Arrhenius parameters for site inter-
conversion. Figure 7 plotADg?™=and AD?<* versus k, for
several representative furnace settings (800, 900, and°1X)25
Agreement between experiment and the model is remarkable, 2
especially considering that only eight parameters were used to 6
fit data obtained over wide ranges of temperature and oxygen | e
partial pressure. The mean percent difference betwaen e . ¢
Dy2me= and AD?<* for all data sets was 22%; for furnace 1 e
settings of 900°C or greater (where the reaction rates were e = 800°C
higher and the measurements correspondingly less uncertain), 4 ’ A 900°C
the mean difference was 12%. Just as significant, the model . e 1025°C
predicts the value dfo, at which the reaction “turns over” from
the rapid to the slow oxidation regime. S .

The most widely cited kinetic model for soot oxidation is %
that of Nagle and Strickland-Constable (NSC). NSC was I 24
originally developed as a method for predicting oxidation rates : S winy wli ¥ S S
at relatively high temperatures (1062400°C) and atmospheric le }f -
pressure. However, because NSC is reasonably successful even IV
at temperatures below 1008C, and because it explicitly e m 2 = " m u
considers the oxygen partial pressure dependence, it is a 0 " T y T " T y
necessary starting point in any discussion of a new or refined 0.000 0.002 0.004 0.006 0.008
kinetic model. NSC is conceptually similar to the model Fo
developed in this work. In particular, the two models postulate ?
two oxidation sites, A and B, which undergo rapid thermal Figure 7. (a) Particle size change as a function of oxygen concen_tration
interconversion, as in eq 9. In both cases, B is also converted@ 800°C (M), 900°C (), and 1025°C (#). Solid lines show size
back to A through oxidation. For both NSC and the model change caIcEIated from the fitted model. (a) The same data plotted

: . i . X betweenFo, = 0 and 0.008, to better illustrate the break between the

described herein, good fits to the experimental data require anyyg oxidation rates.
activation energy for A oxidation in the vicinity of 150 kcal
mol~1. Where the models disagree is in fitted values of the than does NSC. In particular, although NSC does predict low
activation energy for B oxidation: NSC finds thBg > Ea, and high partial pressure regimes for oxidation, the high pressure
whereas we conclude the opposite. This disagreement is of someegime is nearly independent of oxygen partial pressure,
concern, and we cannot offer an explanation except to point implying a mass transport-limited process. The two models are
out that the models, although similar, were developed to close in their rate predictions at an oxygen partial pressure of
rationalize different observations. In particular, in the case of 0.2 atm (i.e., in air), which is consistent with the fact that the
NSC, the two sites are invoked to explain temperature-dependentdata sets both models attempt to model include measurements
measurements which show that oxidation rates decrease withat 0.2 atm.
increasing temperature abovel 900°C. In NSC, the reaction The literature on soot oxidation encompasses literally hun-
slows down at high temperatures because the site interconversioireds of experimental studies on soot and soot surrogates.
equilibrium heavily favorsss above 1900C, and this site reacts  Although most of these studies concern oxidation in air at
more slowly with oxygen. atmospheric pressure and are therefore of limited relevance to

In Figure 8, we compare our measurements of the pressure-this work, some pressure dependent work has been reported.
dependent oxidation rate at 1100 with the predictions of the  Figure 8 compares our measurements of the pressure-dependent
two kinetic models. As would be expected, the model described oxidation rate at 1100C to those published in several of these
here, which was developed specifically to rationalize the studies. Where necessary, the measurements from other studies
pressure dependent measurements, agrees better with the datre extrapolations to 1100C using the rate expressions

£
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-
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