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a b s t r a c t 

New formulation is introduced to model surface oxidation of soot particles. In the new development, the 

surface is represented by an arbitrary number of reactive sites and their physically-founded transforma- 

tions. The latter are combined and integrated with gas-phase and particle-dynamics models. The surface 

reaction model defines two state properties and establishes a structural relationship between them that 

guides evolution of the surface. This new model form for the surface-chemistry led to close reproduction 

of shock-initiated oxidation of soot: CO profiles in two experiments performed at substantially different 

temperatures, 1990 and 2780 K, as well as CO production rates over a wide range of temperatures, 1652–

3130 K, all without employing the parameter- α empiricism of the previous model formulation. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Oxidation of soot is one of the constituent processes of soot

particle dynamics [1] . It counters surface growth and ultimately is

responsible for elimination of soot from the exhaust. A recent the-

oretical study [2] revealed that fundamental details of soot oxida-

tion are more complex than assumed in current models. Moreover,

the present numerical representation of the process in combustion

modeling is inadequate to capture the new, emerging knowledge.

This study reviews the shortcomings of the formalism presently

used in modeling soot oxidation and introduces a new model form

for a reduced representation of the processes identified in the de-

tailed study [2] . 

Present models of soot oxidation consider OH and O 2 to be the

primary oxidizers and express the former process through collision

efficiency of OH with the particle surface [3] and the latter one ei-

ther by an empirically-derived rate expression, most notably that

of Nagle and Strickland-Constable (NSC) [4] , or by a physically-

based model, e.g., that of Appel et al. (ABF) [5] . 

The NSC expression has its origin in century-old experimen-

tal observations [6,7] of fast oxidation during a brief initial pe-

riod followed by a slow-oxidation one. This phenomenon, which

has been reproduced ever since (e.g., [8,9] ), was explained by a

two-reactive-site model, with more reactive, A, and less reactive,

B, sites [6,7,10,11] . The NSC expression was developed by assuming

first-order “thermal rearrangement” of A into B and oxidation of B

forming Zachariah and co-workers [12] added thermally-activated
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onversion of B into A. The parameters of these models were ob-

ained by fitting the overall oxidation data. 

In a quest for resolving the physical nature of surface sites,

renklach suggested oxidation of soot surface by O 2 to be anal-

gous to the oxidation of radical sites of polycyclic aromatic hy-

rocarbons (PAH) [13] . This chemical-analogy postulate has formed

he foundation for a kinetic model [14] ; one of its updated ver-

ions, ABF [5] , has been widely used in modeling soot oxidation

and growth). The oxidation in that model is described by two pro-

esses: a single reaction step of O 2 with a surface radical, assumed

o be in steady state, and the OH attack of a generic surface active

ite, following Neoh et al. [15] . 

Further exploration of the oxidation chemistry revealed a more

omplex behavior, involving multiple surface sites and an intri-

ate coupling of the surface reaction kinetics to particle nanostruc-

ure (see [2] for review, discussion, and references). The identified

rinciple reaction mechanism is formation of oxyradicals in reac-

ions of surface radicals with O 2 and OH, decomposition of the

xyradicals that leads to the formation of imbedded five-member

ings, and relatively slow oxidation of the latter by O atoms [2] .

he kinetics of such a multi-site reaction network cannot be prop-

rly coupled to particle dynamics using the steady-state method-

logy of the earlier approach [14] . The present study develops and

emonstrates a new way of accomplishing this. 

Part of the new development is a finer resolution of parame-

er α of the initial formulation [14] , advancing formulation of sur-

ace reactivity in more physically-based terms. Hence, the presen-

ation continues with a review of this subject matter; parameter

received a considerable attention in recent literature (see, e.g.,

16–18] ) and yet some of its aspects are not covered adequately. 
. 
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. Modeling surface reactions, and parameter α

.1. Physical model and numerical framework 

The development of a detailed model for soot-particle surface

eactions begun with the observation [13] that representing the

article surface as edges of polycyclic aromatic hydrocarbons (PAH)

nd applying the dominant reaction mechanism identified in the

receding modeling study [19] , 

 soot −H + H � C soot • + H 2 (1) 

 soot • +H → C soot −H (2) 

 soot • +gaseous reactant → products , (3) 

eproduces the correct orders of magnitude for both soot oxi-

ation by O 2 and soot growth by C 2 H 2 . The latter has become

nown as HACA, an acronym given in [14] for the H-abstraction-

 2 H 2 /Carbon-addition mechanism discovered in [19] (see [20] for

urther details). 

The proposition of soot particle surface being comprised of PAH

dges originated from and was consistent with the assumption of

oot particle inception arising from PAH clustering [13,20,21] . In-

eed, the two assumptions, PAH clustering into particles and HACA

urface growth, link in very natural way the undergoing chemi-

al reactions occurring at PAH edges: PAHs grow in size through

 mechanism, such as HACA, and starting with a prescribed size,

hey begin to cluster, with the gas-phase reactions of these cluster-

ng PAHs evolving into surface reactions of the emergent particles. 

Modeling of this physical system was enabled through parallel

evelopment of numerical methods: the growth of gas-phase PAH,

p to an infinite size, was resolved via chemical lumping [22] and

AH clustering and particle dynamics via a method of moments

hat attained closure without a priori assumption of particle size

istribution function (PSDF) [23] . Particle growth through mass de-

osition by surface chemical reactions was described by kinetic

odel ( 1 ) − ( 3 ) and the corresponding reaction rate expressions, 

eaction rate = k g,s C g χs S, (4) 

hat couple the surface reaction kinetics with the dynamics of par-

icle evolution [24] . In Eq. (4) , k g,s is the per-site rate coefficient

f reaction of gaseous reactant g with surface reactive site s, C g is

he concentration of gaseous reactant g, χ s is the surface number

ensity of sites s , and S is the soot particle surface area computed

rom the PSDF moments. Thus, the rate of the forward reaction ( 1 )

s given as 

 1 = k 1 [ H ] χC soot −H S, (5) 

here k 1 [H] is the pseudo-first-order rate coefficient of reactions

 1 ) and χCsoot-H is the number density of reactive C–H surface

ites. The value of χCsoot-H was evaluated as 

C soot −H = α χnominal , (6) 

here χnominal is the nominal number density of possible C–H sur-

ace sites computed from purely geometric considerations and α is

he fraction of these sites that undergo reaction, both properties

iscussed in the next section. The rest of the reaction rates of the

 1 ) − ( 3 ) mechanism are 

 i = k i [ G i ] χC soot • S, (7) 

here G i = H 2 , C 2 H 2 , O 2 , and χCsoot • is the number density of sur-

ace radicals, evaluated by assuming it to be in steady state and

hus expressed through the established value of χ [14] . 
Csoot-H 
.2. Surface reactivity and parametrization 

The nominal number density of the C 

–H surface sites, χnominal 

n Eq. (6) , was evaluated in [14] from a geometric model of a soot

article whose surface is assumed to be composed of outward-

ooking PAH edges with PAH molecular moieties (or graphene

akes) assembled into turbostratic structures (not surface “covered

ith stacks of benzene rings” as misinterpreted in [16] ). Estimat-

ng the area of a carbon surface site as 4.32 Å 

2 gives 2.3 × 10 15 

ites/cm 

2 for the number density. Obviously, this estimate is an

pper bound. It was known (and has continued to be confirmed

9,25,26] ) from high-resolution electron microscopy [27–30] that

ot all PAHs (or PAH clusters) are positioned with their edges up

ut some (or many) with their basal planes up. In addition, not all

AH edge sites are reactive in the context of carbon growth and

xidation. The multiplier α, defined by Eq. (6) and often referred

o as “parameter alpha”, accounts for the fraction of the nominal

umber density of surface sites that partake in carbon growth and

xidation reactions. 

It was immediately found [14,31] that different flames re-

uired different values of α to reproduce experimental soot yields:

amely, a single premixed laminar flame was able to be repro-

uced by adjusting α, but that value could not be transferred to

nother flame. Naturally, it was of interest to find a parametriza-

ion that could be applied more broadly. 

From the known or presumed underlying physical picture, α
as to be close to 1 at the initial phase, inception, when particles

re forming from colliding PAHs and thus having their “surface”

omprised essentially of PAH edges. The alignment of the PAH clus-

ers with their basal planes up occurs with the increase in particle

ize and temperature. But then, after such alignment took place,

here could be no “realignment back” with the decrease in tem-

erature; surface PAHs continue to grow in a planar or somewhat

urved manner [32] . Consistent with this mechanistic picture, val-

es of α fitted to reproduce individual flames were found to cor-

elate with the corresponding flame peak temperatures [31] . The

bserved correlation was summarized in [31] as 

= 

1 

2 

[ 
1 + tanh 

(
a 

T max 
+ b 

)] 
, (8) 

here T max is the peak flame temperature. This functional form

ssured α not to exceed its physical bounds, 1 and 0, and

he fitted values of constants a = 8168 K and b = –4.57 provided

 smooth asymptotical approach to unity at T max below about

500 K, thereby covering the regime of particle inception in pre-

ixed laminar flames. 

In a later study [5] , the functional form of Eq. (8) was extended

o include the dependence on particle size explicitly, 

= tanh 

(
a ( T ) 

log μ1 

+ b ( T ) 

)
, (9) 

here μ1 is the first PSDF moment [24] and a ( T ) and b ( T ) became

emperature-dependent parameters. The extended form, Eq. (9) ,

xpressed the desired physical trend of α decreasing with the in-

rease in the particle size, while maintaining asymptotic approach

o unity for the regime of particle inception (of lower particle sizes

nd lower temperatures). Parameters a and b , fitted for individ-

al laminar premixed flames, exhibited a linear correlation with

he flame peak temperature. Following this observation, parametric

ependencies a ( T ) and b ( T ) were developed by fitting soot yields

n eight premixed laminar flames, simultaneously, assuming that a

nd b are linear functions of local flame temperature. A follow-up

tudy [33] slightly reparametrized a ( T ) and b ( T ), but retained the

unctional form of Eq. (9) . 

Kraft and co-workers [34] suggested expressing α in terms of

oot particle age, A p , which was tracked computationally in their
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Fig. 1. Comparison of “parameter α” expressions at the conditions of an atmo- 

spheric laminar premixed ethylene flame, JW1.69 [31, 36] ; top panel – values of α

computed by Eq. (9) as parametrized in [33] (solid black line), Eq. (11) [17] (dashed 

red line), and equation α = ( 6974 . 6 / T 2 a ) exp ( −88 . 06 / T a ) [16] (dotted blue line); bot- 

tom panel – soot volume fraction: experimental data [36] (symbols) and computed 

(lines) with the model of Ref. [33] using the expressions of α displayed in the top 

panel. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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stochastic simulations. The developed correlation, 

α = 0 . 2 + 0 . 8 e ( 882 −0 . 52 T max ) A p , (10)

was based on analysis of several premixed laminar flames, exhibit-

ing behavior similar to that of Eq. (9) as parametrized in [5] . 

Dworkin and co-workers [ 16–18 , 35 ] devoted considerable effort

on developing formulation for α applicable to modeling soot for-

mation and oxidation in diffusion laminar flames. Veshkini et al.

[16] suggested correlating α against thermal age, defined as the in-

tegral of the temperature that a soot particle experiences over its

residence time, namely T a = 

∫ 
T dt . The latest parametrization orig-

inating from this effort [17] is of the form 

α = 

(
T a , max 

T a 

)2 . 2 

e 
2 . 4 

(
0 . 85 − T a , max 

T a 

)
, (11)

where T a,max is the thermal age at the point of maximum soot.

While this expression exhibits a decrease in α with the increase

in local flame temperature at later stages of particle evolution, it

does not capture the inception-region behavior required for de-

scription of soot formation in premixed laminar flames. This is

demonstrated in Fig. 1 , which compares the different parameter-

izations of α in numerical simulations of an atmospheric premixed

laminar flame of ethylene, designated as JW1.69 [ 31 , 36 ], one of the

eight-flame set that served the basis for the development of Eqs.

(8) and ( 9 ) [ 5 , 31 , 33 ]. The results displayed in Fig. 1 show that the

expression developed for α with the laminar diffusion flames does

not predict soot evolution in premixed laminar flames (and seem-

ingly vice versa [ 16 , 17 ]). It is conceivable that an expression fitting

both premixed and diffusion laminar flames could be developed,

but then will such an expression be meeting other conditions, such

as turbulent flames? 

Irrespective of differences among above empirical formulations,

all of them use global properties—temperature, particle size, or

age—as surrogates for the atomistic state of soot particle surface.

In the past three decades since the introduction of model ( 1 ) − ( 3 ),

understanding of soot surface processes advanced to the level of

detailed, sterically-resolved kinetics [ 2 , 32 , 37 , 38 ]. At the detailed

atomistic resolution, modeling is able representing the surface pro-

cesses as Markovian sequence of reaction events [39–41] with the
eaction outcome determined by an instantaneous state of the par-

icle surface, thereby eliminating the need for empirical parameter-

zation and tracking particle history. Yet, such models are computa-

ionally expensive for the use in numerical simulations of practical

ombustion systems. At the same time, as explained in the intro-

uction, the nearly 30-year old approach based on model ( 1 ) − ( 3 )

oes not have provisions to capture the current knowledge of soot

urface chemistry. Motivated by these considerations, the objective

f the present study is to advance reduced formulation of soot ki-

etics to a higher level of atomistic resolution, effective in repre-

enting multi-site reaction mechanisms for practical applications. 

. Essential features of the new model form 

One of the core elements of the new development is represen-

ation of soot surface by an arbitrary number of reactive sites and

heir physically-founded transformations. The latter are combined

ith the gas-phase reaction model. This integration offers flexi-

ility in selecting a surface reaction submodel, its form (e.g., de-

ailed or empirical), parameterization, and coupling to the particle

ynamics, as exemplified with the present development. It natu-

ally accounts for the effects of gaseous species on the state of

he surface and, wise versa, the influence of surface reactions on

he concentrations of gaseous species. The surface oxidation rate

s obtained directly from the surface-reaction rates and is used

n particle-dynamics part of the combined model. The properties

omputed by the particle-dynamics submodel are used in regulat-

ng the surface-reaction kinetics. 

Another core component of the new development is account-

ng for the surface steric effects via a given state of the sur-

ace, namely, by instantaneous number densities of surface sites,

hereby eliminating the need for empirical parametrization of sur-

ace reactivity. In doing so, the surface reactivity is determined in

n identical manner for any reactive process, such as oxidation,

rowth, and thermal annealing. 

While the new formulation can be applicable to both soot

rowth and soot oxidation, it starts here with the oxidation. First,

he improved knowledge of graphene-edge oxidation reactions [2] ,

hich motivated the present study, rests in the fact that the ox-

dation is controlled by not just oxidation of surface radicals but

lso, and critically, by the formation of embedded five-membered

ings, the process that cannot be properly captured by the single

teady-state of the generic surface radical of the old formalism.

econd, experimental data available for model validation is more

irect in the case of oxidation as compared to growth. Indeed, the

ate of growth is determined by deconvolution of optical or mass

easurements of particle cloud, whose evolution is affected also

y particle nucleation, coagulation, and fragmentation. The rate of

xidation, on the other hand, can be inferred from more direct

easurements of carbon oxide products, and starting with a priori

repared soot particle sample eliminates the dependence on the

etails of particle nucleation and surface growth. The experiment

ata chosen for the present analysis were collected at conditions

hat allow one to make further simplifying assumption. Hence,

he presentation continues with the description of those data and

onditions. 

. Selected experimental data 

Following the previous numerical study [2] , the shock-tube data

ollected by Roth et al. [42] on soot particle oxidation were chosen

or the present analysis. With this technique, a homogeneous mix-

ure is heated instantaneously to high temperatures and reacts for

 relatively short period of time, thus creating a gaseous environ-

ent for soot oxidation that is better understood in terms of ele-

entary chemical reactions and that is amenable to more detailed
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uantitative modeling [2] . The oxidative environment utilized in

hese experiments was made of H 2 –O 2 -Ar mixtures, thus providing

ne of the simplest systems, with better-known kinetics and with-

ut sources of carbon that would otherwise complicate the anal-

sis with the surface growth. Having no carbon in the oxidative

aseous mixture allowed Roth et al. to measure soot oxidation rate

irectly, by laser absorption of CO and CO 2 . The large amounts of

 2 , included in the gaseous mixtures, alleviated possible influence

f extraneous sources of H atoms [2] . 

A sample of carbonaceous particles, prepared in a specially-

esigned aerosols generator [43] , was dispersed in the shock tube

rior to reaction. The initial sample was of a commercial grade,

amp black 101 of Degussa. While there are clear differences be-

ween carbon black produced in commercial flame reactors and

oot formed in engines or forest fires [ 44 , 45 ], the carbonaceous

articles formed in laboratory flames from controlled fuel mix-

ures, composed of pure hydrocarbons and free of mineral mat-

er, have primary-particle structure similar to that of carbon black

e.g., [ 25 , 29 , 46 , 47 ]), the fact underlying the frequent use of both

aterials interchangeably in fundamental soot studies (e.g., [48] ),

ncluding those of Roth and co-workers [42] , as well as utilization

f the knowledge gained from soot studies for carbon black pro-

esses (e.g., [ 49 , 50 ]). These facts and consideration that the present

odeling study is focused primarily on the structural aspects asso-

iated with the aromatic composition of the carbonaceous particle

erve as justification for the use of Roth et al.’s experimental ob-

ervations for comparison with model predications in the present

tudy. 

The properties of the injected particle cloud were determined

y multiple-wavelength laser-light absorption. For the experiments

sed in the present study, Roth et al. [42] reported the most proba-

le diameter of the injected particles, D pm 

= 110 nm, and the parti-

le surface area per cm 

3 of suspension, a p , specified for individual

hock-tube experimental runs. As no further information on the

nitial particle cloud was reported, its additional properties were

omputed here through PSDF estimated as follows. The PSDF was

ssumed, following Roth and co-workers [43] , to be lognormal of

article diameter, D p , 

 d ( D p ) = 

N total √ 

2 π D p ln σg 

e 
− ( ln D p −ln D pg ) 

2 

2 ( ln σg ) 
2 

, (12) 

nd quantified by specifying its three parameters: geometric mean

iameter, D pg , geometric standard deviation, σ g , and the total

umber of particles, N total , [51] . The geometric mean was evalu-

ted from the reported value of D pm 

= 110 nm through the known

elationship (e.g., [52] ) 

n D pg = ln D mode + ( ln σg ) 
2 
. (13) 

he geom etric standard deviation, σ g , was assigned a value of 1.6,

ased on the analysis performed on the same or similar carbon-

lack grades [ 53 , 54 ]. The value of N total was then computed from

 p = 

∞ ∫ 
0 

πD 

2 
p n d ( D p ) d D p . (14) 

efined in this manner PSDF, Eq. (12) , was used to compute the

nitial values of PSDF moments, discussed in Section 5.2 . 

. Model 

The numerical model is a single system of ordinary differential

quations (ODE) that includes three subsystems: gas-phase reac-

ions, surface reactions, and particle dynamics. The details of these

ubmodels and their integration are presented in the following

ubsections. 
.1. Gas phase 

Similar to the prior study [2] , the kinetics of the gaseous

 2 –O 2 -Ar mixtures used in Roth et al.’s experiments [42] was

odeled by an optimized H 2 –O 2 reaction model of You et al. [55] ,

ocumented in the PrIMe Data Warehouse [56] , augmented by re-

ction CO + OH � CO 2 + H with the rate coefficient recommended

y Baulch et al. [57] . 

.2. Particle dynamics 

The conditions of Roth et al.’s experiments [42] have charac-

eristics that allow us to make simplifying assumption, detailed as

ollows. Notwithstanding that the lamp black has a broad particle-

ize distribution, its mode is rather large, D pm 

= 110 nm, and con-

equently most particles of the cloud are relatively large (e.g., the

wo-sigma interval, ln D pm 

± 2ln σ g , contains 93 % of the particles).

n this basis, we can assume coagulation/aggregation to be rela-

ively small. The observations of Roth et al. [42] corroborate this

urther by reporting a rather small change in a most probable di-

meter of the primary particles (80 nm) to that of agglomerates

110 nm) forming during particle dispersion. Considering further

hat most initial particles are of larger sizes and that their oxi-

ation takes place for a short period of time implies a small ex-

ent of particle oxidation and hence a small change in particle size.

he latter is confirmed in the present simulations, as presented in

ection 6 . If particle size does not change appreciably during ox-

dation, then the extent of particle fragmentation and of particle

omplete burnout should be small as well. 

Given the above arguments, particle dynamics under Roth et

l.’s experimental conditions can be modeled neglecting parti-

le coagulation, aggregation, fragmentation, and complete burnout.

nder these assumptions, a simple variant of the method of mo-

ents is proposed here. 

In the method of moments (MoM), a particle system is de-

cribed in terms of PSDF moments, 

 r = 

∞ ∑ 

i =1 

m 

r 
i N i , (15) 

here M r is the r th PSDF moment, and m i and N i are the mass and

umber density, respectively, of the i th particle class. In the prior

iscrete MoM derivation [58] , the particle classes are defined by

 preset, unchanging set of masses; i.e., in differentiating Eq. (15) ,

 i ’s are considered constant, 

d M r 

dt 
= 

∞ ∑ 

i =1 

m 

r 
i 

d N i 

dt 
. (16) 

his approach enables straightforward formulation of particles co-

gulation [23] and aggregation [ 59 , 60 ]. 

Without the need to account for particle coagulation, a simpler

pproach is emerged by classifying particles by their initial iden-

ity. In other words, given an initial set of N i particles, we consider

hat N i ’s are now constants and m i ’s are changing due to surface

rocesses; i.e., by differentiating Eq. (15) , we get 

d M r 

dt 
= 

∞ ∑ 

i =1 

(
r m 

r−1 
i 

d m i 

dt 
N i 

)
. (17) 

The oxidation rate of an individual particle is 

d m i 

dt 
= −k s S i , (18) 

here S i is the surface of i th-class particle and k s is the surface ox-

dation rate (in g cm 

−2 s -1 ). Assuming particles are spherical with

ensity ρ = 1.86 g cm 

−3 [42] , we rewrite Eq. (18) as 

d m i 

dt 
= −k m 

m 

2 / 3 
i 

, (19) 
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where 

k m 

= k s π
(

6 

π ρ

)2 / 3 

. (20)

Multiplying Eq. (19) by N i and summing up, we get 

∞ ∑ 

i =1 

(
dm i 

dt 
N i 

)
= 

∞ ∑ 

i =1 

(
−k m 

m 

2 / 3 
i 

N i 

)
; (21)

recall ing that N i is time independent and exchanging the or-

der of summation and differentiation on the left-hand side of

Eq. (21) gives 

d 

dt 

( 

∞ ∑ 

i =1 

m i N i 

) 

= −k m 

∞ ∑ 

i =1 

m 

2 / 3 
i 

N i (22)

and recalling the definition ( 15 ), we obtain 

d M 1 

dt 
= −k m 

M 2 / 3 . (23)

To determine M 2/3 , appearing on the right-hand side of Eq. (23) ,

we start with Eq. (17) for r = 2/3, 

d M 2 / 3 

dt 
= 

∞ ∑ 

i =1 

(
2 

3 

m 

−1 / 3 
i 

d m i 

dt 
N i 

)
, (24)

and substitute dm i / dt by Eq. (19) , 

d M 2 / 3 

dt 
= −2 

3 

k m 

∞ ∑ 

i =1 

m 

1 / 3 
i 

N i = −2 

3 

k m 

M 1 / 3 . (25)

The equatio n for M 1/3 , appearing on the right-hand side of Eq. (25) ,

is obtained in a similar manner, 

d M 1 / 3 

dt 
= −1 

3 

k m 

∞ ∑ 

i =1 

m 

−2 / 3 
i 

m 

2 / 3 
i 

N i = −1 

3 

k m 

∞ ∑ 

i =1 

N i = −1 

3 

k m 

M 0 . 

(26)

The 0th moment, M 0 , appearing on the right-hand side of Eq. (26) ,

is the total number of particles, N total , as follows from Eq. (15) .

Since N i ’s are assumed to remain constant, so will be N total , with

its value specified by Eq. (14) . With M 0 known, we attain the ex-

act closure of the MoM equations, consistent with the analysis of

Hulburt and Katz [61] . 

Summarizing the final results, we get 

d M 0 

dt 
= 0 

d M 1 / 3 

dt 
= −1 

3 

k m 

M 0 

d M 2 / 3 

dt 
= −2 

3 

k m 

M 1 / 3 

d M 1 

dt 
= −k m 

M 2 / 3 (27)

Solution of Eq. (27) provides time-dependent soot-particle proper-

ties, like mean particle diameter 

〈 D p 〉 = 

∞ ∑ 

i =1 

D p , i N i 

N total 

= 

∞ ∑ 

i =1 

(
6 m i 

π ρ

)1 / 3 
N i 

∞ ∑ 

i =1 

N i 

= 

(
6 

π ρ

)1 / 3 M 1 / 3 

M 0 

(28)

and surface area of a unit-volume of the particle ensemble 

S = 

∞ ∑ 

i =1 

S i N i = 

∞ ∑ 

i =1 

π
(

6 m i 

π ρ

)2 / 3 

N i = π
(

6 

π ρ

)2 / 3 

M 2 / 3 . (29)
uch relati onships are also used to obtain the initial conditions for

q. (27) , evaluating the initial mass moments, M r ,0 , from the size

oments of the initial lognormal distribution, Eq. (12) , 

 r, 0 = 

(
π ρ

6 

)r 
∞ ∫ 

0 

D 

3 r 
p n d ( D p ) d D p . (30)

he value o f k m 

, appearing in Eq. (27) , is specified by 

 m 

= 

r oxid 

M 2 / 3 

, (31)

hich follows from the last of Eq. (27) recalling from Eq. (15) that

 1 is the total particle mass. The value of the mass oxidation rate,

 oxid , is established in the surface-kinetics part of the model, de-

cribed next. 

.3. Surface reaction model 

The surface submodel is the key and defining part of the new

ormalism. It commences with composition of a set of surface re-

ction steps. Such a set, assembled for the present study, is pre-

ented in Table 1 . Its construction was based on the results of the

etailed, sterically-resolved simulations and analysis of soot oxida-

ion [2] , which follows the direct, Eiley-Rideal surface kinetics as

he previous studies [62] . 

All reaction steps in Table 1 are first or pseudo-first order with

espect to surface sites, and their abundances are expressed in the

nits of mol/cm 

3 . Adding this reaction set to the gas-phase one

nd solving the combined ODE system accounts in a direct man-

er for the influence of gaseous species on surface processes and,

ice versa, for the impact of the surface reactions on the gas-

hase composition. Also, the rate of CO production in surface re-

ctions establishes the oxidation rate term, r oxid in Eq. (31) , for the

article-dynamics part of the model, Eq. (27) , 

 oxid = 12 ( r S 4 + r S 6 + r S 8 + 2 r S 9 ) , (32)

here r S4 , r S6 , r S8 , and r S9 are the rates (in units of mol cm 

−3 s −1 )

f Reactions S4, S6, S8, and S9, respectively, and 12 is the atomic

eight of the carbon atom. 

The new model considers multiple surface reactive sites: arm-

hair, C A , zigzag, C Z , their radicals and oxides, and embedded five-

ember rings, C R5 , as contrasted with the single “generic” C soot of

he previous model [ 5 , 14 ]. The site multiplicity is motivated by the

ew knowledge of the surface chemistry (see [2,32] and literature

ited therein) and, specifically to the present study, by the need to

ccount for the multi-step kinetics of the oxidation [2] . 

Reaction steps (S1)–(S8) in Table 1 encapsulate reactive chem-

stry of oxidation: formation and disappearance of surface radicals,

ormation of surface oxyradicals, their decomposition to gaseous

arbon monoxide, CO, and surface five-member rings, C R5 , and ox-

dation of the latter by O atoms. Notation “– C A -H” appearing on

he right-hand side of reaction equations (S4) and (S6) symbolizes

hat an additional, neighboring C A -H site is removed during the

ormation of the five-member ring, C R5 . Reaction (S9) represents

hermal desorption of C 2 H 2 and its subsequent oxidation in the gas

hase to 2 CO + H 2 . The reaction equation expresses in this case

he reaction stoichiometry; its reaction rate, r S9 , is assigned half of

 S4 + r S6 + r S8 , so that the rate of CO production through the C 2 H 2

hermal desorption, represented by reaction (S9), is the same as

he rate of CO formation in all the oxidation channels, represented

y reaction steps (S4), (S6), and (S8). This assignment follows the

esults observed in the sterically-resolved simulations [2] . 

Reaction steps (S10)–(S16) capture reactions occurring on inner

igzag sites, those that do not undergo oxidation [73] . Of those,

nly reactions (S10) and (S11) were found to have an influence,

lbeit very small, at the simulated here conditions. The rest were
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Table 1 

Surface oxidation reaction model. 

Surface reaction Rate coefficient Source 

(units mol/cm 

3 , s, K) 

S1 C A -H + H � C A • + H 2 forward 6.09 × 10 7 T 1.85 e −7448/ T reverse 1.07 × 10 4 T 2.65 e −2796/ T Per-site, armchair [63] 

S2 C A • + H � C A -H 3.26 × 10 13 T 0.17 High-pressure-limit 2-naphthyl + H [64] 

S3 C A • + O 2 � C A -O + O 1.29 × 10 14 e −1812/ T High-pressure-limit 2-naphthyl + O 2 [65, 66] 

S4 C A -O → C R5 + CO – C A -H 6.42 × 10 10 T 4 e −29183/ T High-pressure-limit, phenanthryl [67] 

S5 C A -H + OH � C A • + H 2 O 3.89 × 10 3 T 2.683 e −369/ T 1/6 k benzene + OH [68] 

S6 C A • + OH → C R5 + CO – C A -H 1.00 × 10 14 [69] 

S7 C A -H + O � C A -O + OH 2.40 × 10 12 e −2328/ T 1/6 k benzene + O [70] 

S8 C R5 + O → �A C A -H + �Z C Z -H + CO 3.54 × 10 11 T 0.505 e −306/ T [2] ( k S104 ) 

S9 C R5 + O 2 → �A C A -H + �Z C Z -H + 2CO + H 2 r S9 = ( r S4 + r S6 + r S8 )/2 see text 

S10 C Z -H + H � C Z • + H 2 forward 9.80 × 10 7 T 2.65 e −8039/ T reverse 1.60 × 10 4 T 2.63 e −2137/ T Per-site, zigzag [63] 

S11 C Z • + H � C Z -H 4.86 × 10 13 T 0.13 High-pressure-limit 1-naphthyl + H [64] 

S12 C Z -H + OH � C Z • + H 2 O 3.89 × 10 3 T 2.683 e −369/ T k S12 = k S5 

S13 C Z • + O 2 � C Z -O + O 9.40 × 10 13 e −1771/ T 1-naphthyl + O 2 [71] 

S14 C Z -O + H � C Z -OH 4.34 × 10 14 e −984/ T [69] (S69 in [2] ) 

S15 C Z • + OH � C Z -OH 1.47 × 10 14 e −632/ T [69] (S59 in [2] ) 

S16 C Z -OH + H � C Z • + H 2 O 2.00 × 10 14 e −2670/ T [72] (S89 in [2] ) 
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Fig. 2. Fraction of zigzag sites, ζ , versus fraction of reactive sites, α: red circles, 

coronene series; blue squares, pyrene series; red line, linear fit of the coronene se- 

ries, ζ = 1 – 2 α. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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dded to test possible effects on gaseous O/OH/O 2 concentrations

ue to surface-catalyzed interconversions, referred to as the regen-

ration mechanism [71] . Similarly to the outcome of the prior tests

62] , the impact of the regeneration mechanism was found to be

nsignificant. Nonetheless, reactions (S12)–(S16) were retained in

he present model rendering a test option and can be removed if

o significant impact is revealed. 

One of the key processes in the mechanism is step (S8), oxida-

ion of embedded five-membered rings by atomic oxygen. While

ate limiting [2] , it serves two additional tasks in the reduced

odel. First, reproduction of the initial surface sites, C A -H and C Z -

, accomplishes linear lumping [22] of the PAH reduction in size.

econd, the stoichiometric split between the two sites, armchair

nd zigzag, aims at capturing the steric nature of the reaction out-

ome. These two features are also present in Reaction (S9). The

echanistic reasoning for the split will be discussed in Section 8 ;

ere, we continue with the model formulation. 

Recovery of the sterically-driven kinetics in the reduced model

s attained by employing two state properties: fraction of surface

eactive sites, α, and zigzag fraction of the reactive sites, ζ . To

etain harmony with the past work [14] , I will keep the original

efinition of α given by Eq. (6) . However, now it does not require

arameterization, the kind described in Section 2 , but its instan-

aneous value is expressed in terms of state variables, surface site

oncentrations, namely, 

= 

∑ 

i 

[ C reactive ,i ] ∑ 

j 

[
C surface , j 

] = 

A + Z 

χnominal 

(33) 

here, for the present model in Table 1 , 

 = 

∑ 

n 

[ C A n ] = [ C A −H ] + [ C A •] + [ C A −O ] + [ C R5 ] (34)

s the sum of all armchair site concentrations, and 

 = 

∑ 

m 

[ C Z m ] = [ C Z −H ] + [ C Z •] + [ C Z −O ] + [ C Z −OH ] (35)

s the sum of all zigzag site concentrations; the nominal number

ensity of surface sites appearing in the denominator of Eq. (33) is

btained as 

nominal = 

χs 

N Av 

π
(

6 

π ρ

)2 / 3 

M 2 / 3 , (36) 

here M 2/3 is the instantaneous value of the 2/3-rd moment, ob-

ained from solution of Eq. (25) , and N Av is the Avogadro number.

roperty ζ , the zigzag fraction of the reactive sites, is expressed
n a manner similar to α, as a ratio of instantaneous surface-site

oncentrations, 

= 

∑ 

m 

[ C Z m ] ∑ 

i 

[ C reactive ,i ] 
= 

Z 

A + Z 
. (37) 

Stoichiometric coefficients �A and �Z of the armchair and

igzag product sites in Reactions (S8) and (S9) are assumed to be

unctions of α and ζ , and their values can be either integer or frac-

ional numbers. Undoubtedly, development of these dependencies

alls for challenging experimental and theoretical endeavors. At the

resent state of knowledge and for the rather small extent of par-

icle oxidation (as confirmed in Section 6 for the experiments con-

idered in the present analysis), the following parametrization was

ound compelling. 

Let us begin by considering α and ζ values of two homologous

AH series, coronenes and pyrenes, summarized in Table 2 . The

-vs- α relationship, displayed in Fig. 2 , appears to follow a linear

elationship, 

= 1 − 2 α. (38) 

his simple re lationship is exact for the coronene series and

losely approximates the pyrene series, with the exception of

yrene itself, whose oxidation or pyrolysis should lead to rapid

issolution. 
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Table 2 

Coronene and pyrene series. 



M. Frenklach / Combustion and Flame 201 (2019) 148–159 155 

 

o  

t  

f  

t  

z

�

a  

b  

c  

t  

a  

m  

D  

n(
w

w

Z

E  

l

S  

f

r

E  

a  

r

E  

t

5

 

t  

d  

O  

M  

t  

n  

a  

s  

[

6

 

d  

p  

i  

t  

p  

e  

R  

e  

i  

t  

o

 

T  

P  

t  

o  

m  

i  

c  

a  

l  

r  

t

 

t  

c  

e  

o  

a  

p  

t  

t

[

a  

ζ  

i  

k  

p  

α  

t  

o  

t  

[  

b

 

t  

s  

i  

i  

r  

s  

i  

p  

r  

b

Let us assume, as a postulate, that the evolution of surface sites,

n average, follows the ζ ( α) relationship, and assume further, for

he present study, that this relationship is ζ = 1 – 2 α. The rational

or this proposition is discussed in Section 8 . Now, equipped with

he postulate, we continue with the development of the armchair-

igzag stoichiometry. 

From the conservation of mass, we have 

A + �Z = 2 , (39) 

s removal of the outer carbon atom due to oxidation of the em-

edded five-member ring in Reaction (S8) and desorption of a

hemisorbed C 2 H 2 in Reaction (S9) each leaves behind two reac-

ive surface sites, armchair and/or zigzag. Following the introduced

bove postulate, the split between armchair and zigzag should

aintain the overall, global relationship between α and ζ , Eq. (38) .

ifferentiating Eq. (38) with respect to time, while recalling defi-

itions of α and ζ given by Eqs. (33) and (37) , 

Z 

A + Z 

)′ 
= −2 

(
A + Z 

χnominal 

)′ 
, (40) 

e get 

Z ′ ( A + Z ) − Z ( A + Z ) 
′ 

( A + Z ) 
2 

= −2 

( A + Z ) 
′ χnominal − ( A + Z ) χ ′ 

nominal 

χ2 
nominal 

, 

(41) 

hich after rearrangement takes the form 

 

′ − ( ζ − 2 α) ( A + Z ) 
′ = 2 α2 χ ′ 

nominal . (42) 

xact reproduction of reactive sites, as part of linear lumping,

eaves the total number of them unchanged and hence 

( A + Z ) 
′ = 0 . (43) 

ubstituting Eq. (43) into Eq. (42) and expressing χ ′ 
nominal 

by dif-

erentiation of Eq. (36) , 

dZ 

dt 
= 

χs 

N Av 

π
(

6 

π ρ

)2 / 3 d M 2 / 3 

dt 
, (44) 

esults in 

( r S8 + r S9 ) �Z = 2 α2 χs 

N Av 

π
(

6 

π ρ

)2 / 3 d M 2 / 3 

dt 
. (45) 

q. (45) defines the production rate of zigzag sites in Reactions (S8)

nd (S9). Combining Eqs. (45) and ( 39 ) defines the corresponding

ate of armchair sites, 

( r S8 + r S9 ) �A = 2 ( r S8 + r S9 ) − 2 α2 χs 

N Av 

π
(

6 

π ρ

)2 / 3 d M 2 / 3 

dt 
. 

(46) 

qs. (45) and ( 46 ) thus establish the stoichiometric split between

he armchair and zigzag sites. 

.4. Implementation 

Time evolution of all state variables—gaseous species concentra-

ions, surface site number densities, and moments of particle mass

istribution—were obtained by numerical solution of the compete

DE system under adiabatic isochoric constraints, employing the

atlab ode15s solver [74] , with its integration tolerance parame-

ers set at RelTol = 1 × 10 −5 and AbsTol = 1 × 10 −20 . The thermody-

amic data were taken from [75] . The particle temperature was

ssumed to be equal to that of the ambient gas, as typical for

hock-tube analysis, since particle radiation losses are negligible

76] . 
. Numerical results 

The introduced above model was tested on the experimental

ata collected by Roth et al. [42] in shock-tube oxidation of soot

articles. The motivation for focusing on these data was presented

n Section 4 . The first series of tests was performed on one par-

icular experiment, the one that was extensively scrutinized in the

rior detailed, sterically-resolved modeling study [2] ; this selected

xperiment is in the middle of the temperature range studied by

oth et al. and is specified in most detail, with the explicit set of

xperimentally observed concentrations of gaseous CO, displayed

n Fig. 7 of Roth et al. [42] . Like in the prior detailed study [2] ,

he present modeling with the reduced model of Section 5 had its

bjective of matching the reported experimental CO profile. 

The experimental gas-phase conditions [42] —temperature

 = 1990 K, pressure P = 0.72 bar, partial pressure of O 2 ,

 O2 = 8 × 10 −3 bar, ratio P O2 / P H2 = 0.5—were used to calculate

he initial concentrations of O 2 , H 2 , and Ar of the gaseous part

f the model ( Section 5.1 ). The initial PSDF moments were deter-

ined from the reported in [42] most probable diameter of the

njected particles, D pm 

= 110 nm, and their surface area, a p = 0.23

m 

2 /cm 

3 , with additional here assumptions of lognormal PSDF

nd its geometric standard deviation, σ g = 1.6 ( Section 5.2 ). The

atter assumption was tested by varying σ g from 1.1 to 2, and the

esults showed no measurable effect on properties of interest to

he present analysis. 

For the surface part of the reduced model ( Section 5.3 ), the ini-

ial site number densities needed to be specified. In the present

ase, these are the properties of carbonaceous particles prepared

lsewhere and injected into the shock tube prior to reaction. With-

ut any pertinent details available, the following protocol was

dopted. The reactive particle surface was assumed to be com-

osed initially of only C A -H and C Z -H sites (with this assump-

ion tested in Section 7 ), whose number densities were assigned

hrough the initial values of α and ζ , namely, 

χnominal , 0 = 

χs 

N Av 

a p 

 

C A − H ] 0 = ( 1 − ζ0 ) α0 χnominal , 0 

[ C Z − H ] 0 = ζ0 α0 χnominal , 0 , (47) 

nd α0 and ζ 0 were assumed to be related by Eq. (38) , namely,

0 = 1 – 2 α0 . Recalling that a p is the experimentally determined

nitial particle surface area per cm 

3 ( Section 4 ) leaves only α0 un-

nown. Its value was determined by matching the experimental CO

rofile of the modeled experiment. The best match was found with

0 = 0.27. The results, depicted in the top-left panel Fig. 3 , indicate

hat the model has the flexibility of predicting correctly the shape

f the CO profile. This in itself is not a trivial outcome, considering

he effort in attaining the same with a detailed stochastic model

2] and facing the high sensitivity to the fitted value, demonstrated

y its 50 % changes yielding the dashed lines in the figure. 

Also shown in Fig. 3 are number densities of surface sites (bot-

om left panel) and the corresponding values of surface-state de-

criptors, α and ζ (top right panel). As can be seen, the changes

n these properties are small during the reaction time, thus val-

dating, among other things, the neglect of pyrene in developing

elationship ( 38 ). Likewise, the computed changes in particle en-

emble properties, presented in Fig. 4 , are relatively small, display-

ng about 10% decrease in particle mass and about 8% decrease in

article surface area, very close to the initial estimates (10 and 7%,

espectively [2] ), thus corroborating the assumed small degree of

urnout in prior [2] and present model developments. 
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Fig. 3. Numerical results computed for the 1990 K experiment of Roth et al. 

[42] with α0 = 0.27: top left, concentration of gaseous CO computed with α0 = 0.27 

(red solid line), α0 = 0.27 × 1.5 (upper dashed line), and α0 = 0.27/1.5 (lower dashed 

line), and experimental data (symbols) from Fig. 7 of Roth et al. [42] ; top right, sur- 

face properties α and ζ , defined by Eqs. (33) and ( 37 ); bottom left: number densi- 

ties of armchair, A ( 34 ), zigzag, Z ( 35 ), and embedded five-member-ring, C R5 , surface 

sites; bottom right, stoichiometric coefficient of zigzag products defined by Eq. (45) . 

(For interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article.) 

Fig. 4. Particle ensemble properties computed for the 1990 K experiment of Roth 

et al. [42] with α0 = 0.27: top left, ensemble average particle diameter; top right, 

surface area per unit volume of the mixture; bottom left, carbon mass per unit 

volume in the mixture; bottom right, apparent oxidation rate “constant”, computed 

from Eq. (48) (red, left axis) and concentrations of oxidizers, O 2 , OH, and O (blue, 

right axis). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

 

 

Fig. 5. Numerical results computed for the 2780 K experiment of Roth et al . 

[42] with α0 = 0.27; the designation is the same as in Figs. 3 and 4 ; the experi- 

mental data points shown in the top left panel are from Fig. 4 of Roth et al. [42] . 
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The bottom-right panel of Fig. 4 displays the apparent oxidation

rate “constant”, computed by summing up Eq. (18) , 

∞ ∑ 

i =1 

(
d m i 

dt 
N i 

)
= −

∞ ∑ 

i =1 

( k s S i N i ) 

d 
∞ ∑ 

i =1 

( m i N i ) 

dt 
= −k s 

∞ ∑ 

i =1 

( S i N i ) 

d M 1 = −k s S, (48)

dt 
nd solving for instantaneous k s values from the resulting expres-

ion. The computed in this manner k s first increases, due to rise in

he gaseous radical pool and the corresponding increase in the sur-

ace radicals and hence oxyradicals, and then decreases, following

he decay in the abundance of the oxidizers. 

There is one more experiment of the H 2 –O 2 -Ar series, whose

bserved CO concentrations are reported in Roth et al.’s paper [42] .

ts conditions, presented in Fig. 4 and Table 1 of [42] , are: tem-

erature T = 2780 K, pressure P = 1.05 bar, partial pressure of O 2 ,

 O2 = 1.25 × 10 −2 bar, ratio P O2 / P H2 = 0.5, and particle surface area,

 p = 0.16 cm 

2 /cm 

3 . Numerical simulations with the present model

f this experiment were performed using the same initial value of

as those of the 1990 K experiment, namely, α0 = 0.27. The latter

ssignment follows from recognition that a quantifies the state of

article surface and, presumably, the same or similar carbonaceous

articles were used in the course of the entire experimental series

42] . 

The numerical results are displayed in Fig. 5 . The experimen-

al values of the CO concentrations are reproduced by the model

ufficiently close but the computed shape of the profile, as a

hole, somewhat deviates from the experimental one. The differ-

nce could be due to a larger extent of oxidation at this high tem-

erature, a 26% decrease in surface area, and larger variations in

and ζ . Yet, what is of most significance here is that the model,

ith its state-based treatment of surface chemistry, was able to

eproduce two experiments, conducted at very different tempera-

ures, without any adjustments and using the same initial value

f α. 

The latter outcome is further reiterated by numerical results ob-

ained for the entire CO experimental series of Roth et al. [42] . The

onditions of these experiments are presented in Table 1 of [ 42 , 77 ],

isting the rates of CO production as observable results. Keeping

he value of α0 at 0.27, obtained for the 1990 K experiment, the

resent model was applied to the entire set of experiments, rang-

ng from 1652 to 3130 K. The computed rates for the comparison

o the experimental values were obtained by fitting the 10–80 %

arts of the computed CO profiles. The results, shown in Fig. 6 , dis-

lay a remarkable degree of agreement between experiment and

odel, considering that the same value of α0 (i.e, no adjustments

hatsoever in the model) was used over such a wide range of

emperature. 
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Fig. 6. Rate of CO production: blue circles, experimental data from Table 1 of Roth 

et al. [42, 77] ; red pluses, computed with the present model using α0 = 0.27 for all 

the experimental runs. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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. Sensitivity to the initial state of particle surface 

In the numerical analysis described in Section 6 , the initial state

f the particle surface was assumed to be an ideal aromatic edge,

omposed only of proper six-member rings with all edge carbons

aturated by hydrogen atoms. However, the carbonaceous parti-

les introduced into the shock-tube experiments could have “pro-

essed” edges, considering the manufacturing process of the ini-

ial powder and subsequent treatment by the aerosol reactor of

oth et al. [43] . Indeed, Roth et al. [42] reported that the initial

arbonaceous particles contained 0.4% hydrogen and 0.4% oxygen

y mass. It is also known that carbon black may contain a similar

mount of nitrogen [78] . Much less resolved is the detailed atom-

stic structure of particle surfaces, except that they contain carbon

xides [78] and can chemisorb water, oxygen, and nitrogen oxides

79] . 

Numerical tests were performed to probe the behavior of the

ew model form under differing assignments for the initial atom-

stic landscape of the particle surface. The first of them considered

hat the PAH constituents of the initial particle surface have all

heir armchair sites in the state of embedded five-member rings,

.e., all initial C A -H sites replaced by half the amount of C R5 sites.

tarting with such initial structure did not require refitting of α0 

nd reproduced the CO concentrations similarly to the results re-

orted in Figs. 3, 5 , and 6 . Decreasing, in addition, the fraction of

he initial C Z -H sites to attain the mass H/C ratio of 0.004 (e.g.,

y reduction of 80, 76, and 71% of the C Z -H sites considering the

eometries of C 54 H 18 , C 96 H 24 , and C 150 H 30 , respectively), produced

o numerical differences in the computed CO profiles. Likewise, re-

ssignment of the initial distributions among armchair or among

igzag sites produced no noticeable differences in the numerical

redictions of [CO]. At the same time, increasing the total number

f C A sites (either as C A -H, C A • , C A -O, or C R5 ) by a factor 2, for in-

tance, required reduction of α0 to 0.19 to retain the same quality

f fit for the CO concentrations in the validation tests. 

The results of these sensitivity tests reiterate the rate-limiting

ole of the embedded five-member rings and demonstrate the

obustness of the reduced model form in capturing this critical

echanistic feature identified in the detailed, sterically-resolved

imulations [2] . 
. Discussion 

This section elaborates on the underlying features of the pro-

osed model form. First, the surface reaction model moves away

rom the previously assumed steady state for surface radicals

14] and replaces it with gas-phase-like reaction kinetics. This, by

tself, offers the flexibility of expressing the reaction mechanism at

 desired level of complexity. The oxidation kinetics, addressed in

he present study, required a multi-step representation to capture

he key features of the mechanism identified in detailed modeling

2] , which could not be expressed within the prior formalism. 

While, in principle, there is no limit on the model size or form—

hich could be detailed, empirical, lumped, or a combination of

uch—the focus here is on developing a reduced formulation of

urface processes to serve the needs of numerically-demanding

omputations. To accomplish this objective, the surface reaction

odel has to reproduce the steric features of the detailed mech-

nism. The present formulation achieves this by (a) introducing

wo state properties, α and ζ , and (b) postulating a relationship

etween them, ζ = 1 − 2 α ( Eq. (38 )), defined by and defining the

tructural evolution of the surface. 

It is imperative to emphasize that while in the new model for-

ulation α retains its initial definition, fraction of reactive sites of

oot particle surface [14] , it no longer serves as model “parame-

er”, which needs to be empirically parametrized, but becomes a

urface state property. ζ , which accounts for the zigzag fraction of

eactive sites, is a similar property. Both α and ζ represent and are

etermined by instantaneous surface site abundances. In the prior

pproach, α was parameterized in terms temperature and particle

ize ( Section 2 ), where these properties were essentially used as

urrogates of the reactive state of the surface; now this state is ex-

ressed directly, through surface inherent properties, α and ζ . 

Introduction of α and ζ on its own does not produce new infor-

ation, but simply summarizes the state of the surface, defined by

nstantaneous concentrations of individual surface sites. In fact, if

he surface kinetic model included all reactions of all possible sur-

ace sites, expressing the detailed mechanism, no additional prop-

rties, like α and ζ , would be needed. The problem with such an

pproach would be an excessively large size of the model, required

o capture the steric effects, i.e., all possible combinations of neigh-

oring sites. 

A reduced formulation that captures the steric constraints was

ccomplished by the introduced in Section 5.3 postulate. There are

wo key aspects of the postulate: structural and behavioral. The

ormer is the apparent existence of a relationship between α and

for condensed aromatics, those that are expected to be the “is-

ands of stability” of aromatic growth in combustion environments

 19 , 20 ]. The behavioral side of the postulate is that the evolution

f the surface during oxidation is assumed to follow this structural

elationship, understood as averaged over and thus representing

he entire particle surface. The postulate therefore suggests that

he structural relationship, like Eq. (38) , is purely geometric in na-

ure, regardless of the sequence of reaction events and their kinet-

cs, i.e., while the kinetics will possibly affect the order of reaction

vents, the α and ζ site fractions, on average, are mostly depen-

ent on the carbon networking in the condense-PAH atomic struc-

ure. 

Considering α and ζ as site fractions evaluated over the en-

ire particle surface helps to explain the flexibility of the reduced

odel, as compared to the detailed model [2] , in reproducing

he shape of the experimental CO profile in Fig. 3 . The detailed

odeling [2] followed evolution of a single PAH substrate and

howed a rapid decline in the oxidation rate that resulted in level-

ng off in the concentration profile of CO. This leveling off was ex-

lained by the formation of hard-to-oxidize embedded five mem-

er rings. The matching of the CO profile was attained by invoking



158 M. Frenklach / Combustion and Flame 201 (2019) 148–159 

Fig. 7. Illustration of surface site reproduction. 
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multi-layer structure of the surface: as the oxidation of the top-

layer PAH slows down and its periphery carbons are removed,

the edges of the next-layer PAH become exposed to oxidation. In

this way, both the top-layer and next-layer reactive sites consti-

tute the total reactive-site coverage of the particle surface, and

all these sites together define α and ζ of the reduced model. In

other words, by following the ζ - α relationship and thus consider-

ing the overall surface coverage, the reduced model incorporates

the multi-layer phenomenon of soot particle oxidation. The surface

averaging also explains the relatively small changes in the com-

puted values of α and, correspondingly, ζ , presented in Figs. 3 and

5 ; namely, while a single reaction event or a sequence of them for

an individual PAH can deviate from the ζ - α relationship, on av-

erage, over time and surface, the relationship holds, with the net

change in α balancing differing outcomes. 

It is pertinent to emphasize that α is not entirely determined

by the geometry of individual PAHs comprising the particle surface.

α is defined (see Eq. 33 ) as the fraction of particle surface covered

by reactive sites. The surface, however, may not necessarily be cov-

ered in its entirety by flat-laying PAHs but comprised, or parts of it,

of overlapping PAHs thereby exposing reactive sites of multiple lay-

ers and of angled PAHs (as discussed in Section 2.2 ). The difference

between the surface-site α, determined by surface site abundances,

and the PAH-site α, computed from molecular PAH geometry, may

reflect such surface structure. 

We can now turn to the explanation of Reactions (S8) and (S9)

of the mechanism ( Table 1 ). Both are designed to reproduce the

results of the detailed modeling study [2] . Reaction (S8) represents

oxidative destruction of the embedded five-member rings, and it

is rate-limiting. The reactants, rate coefficient, and rate law of Re-

action (S8) are those of the detailed model, but its products are

assigned varying stoichiometric coefficients, �A and �Z , thereby

controlling the split between the armchair and zigzag sites. The

physical picture of the reaction outcome is illustrated in Fig. 7 .

Consider the sites marked in Fig. 7 as I, II , and III . Each is an arm-

chair site that can undergo H-abstraction, subsequent formation of

an oxyradical, and its decomposition to gaseous CO and surface

embedded five-member ring. The oxidation of the latter by O, re-

action (S8), leaves behind two surface reactive sites, and hence the

sum of �A and �Z must be equal to two, as stated by Eq. (39) .

However, depending on the particular steric environment of the

reactant site, the product sites can be either both armchair (as in

case I ), both inner ‘zigzag (as in case II ), or a mixture of the two

(as in case III ). Furthermore, the sites neighboring the products of

I are “converted” from inner zigzag to armchair as an additional

outcome of Reaction (S8). The �A and �Z expressions, defined by

Eqs. (45) and ( 46 ) and developed on the basis of the discussed

above postulate, aim to account for the differing products of Reac-

tion (S8). Considering the example cases in Fig. 7 , it is somewhat

surprising that the calculated value of the split, quantified by �Z 

displayed in Figs. 3 and 5 , is rather very small. This is, again, due

to the surface averaging intrinsic to the ζ - α relationship, on which

basis �Z is developed. Another thing to notice is that such aver-

aged value of � can be either positive or negative. 
Z 
Reaction (S9) designates thermal desorption of C 2 H 2 , whose

ubsequent oxidation in the gas phase was seen in the detailed

odeling [2] to contribute as much to CO production as the di-

ect oxidation of surface sites. Therefore, the total rate of the latter

as assigned to Reaction (S9). The detailed modeling also indicated

hat the formation of sites leading to C 2 H 2 desorption usually orig-

nated with the removal of the embedded five-member rings, and

his observation motivated the surface-site reactant assignment for

eaction (S9). Its surface-site products, left-behind chemisorbed

 2 H 2 , and their stoichiometric coefficients were assumed to be the

ame as those of Reaction (S8). 

Overall, the new surface model is congruent with the two-

eactive-site empirical model discussed in Section 1 , but with

more reactive sites” of that model corresponding to those form-

ng oxyradicals that decompose to CO and “less reactive sites” to be

he embedded five-member rings rather than “edge” versus “basal”

ites [9] . Furthermore, in the present formulation, Reaction (S8)

nd (S9) combine the oxidation [4] and thermal [12] “steps” of site

ransformation. 

. Conclusion 

The introduced here new model form for the surface chemistry

ed to close reproduction of selected experimental data for soot ox-

dation, CO profiles in two experiments performed at substantially

ifferent tem peratures, 1990 and 2780 K, as well as CO production

ates over a wide range of temperatures, 1652–3130 K, all while

tting only the initial value of α. However, this fitting of α was

one to determine the initial condition—reactive state of injected-

article surface. When particle inception and growth are included

n the model, there will be no need for such a fitting, as the state

f particle surface will be determined in a manner similar to the

ne described in the present work for the oxidation, from com-

uted instantaneous site number densities. Such development and

alidation are the next endeavors. The present work introduces a

odel form that removes the empiricism remaining in the for-

ulation of soot modeling and replaces it with a physics-based

ormalism. 
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