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A B S T R A C T

Recent studies demonstrate that the decomposition of nitric oxide on a sootmolecule forms

surface nitrogen and oxygen. The surface nitrogen can be recombined to gaseous N2 while

the surface oxygen desorbs from the soot molecule as CO. This non-catalytic conversion of

gaseous NO into N2 is investigated using density functional theory, transition state theory

and a kinetic Monte-Carlo (kMC) simulation. The results are validated against experiments.

Amechanism for the conversion of NO to N2 on a soot surface is explored. The geometries of

the intermediate stable species as well as the transition states were optimized to identify

the different reaction steps. The forward and backward reaction rate of each intermediate

reaction is calculated applying transition state theory. A kMC simulation using the current

rates and intermediate species demonstrates feasiblemechanisms for the conversion of NO

to N2 on a soot surface. It is also suggested that a portion of NO is trapped on the soot surface

and this increases during the reaction and blocks the active carbon sites inhibiting further

reactions. By combining different theoretical techniques in amulti-scale model, we are able

to describe the conversion of soot in the presence of NO accurately.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Diesel exhaust contains many harmful substances including

soot, NOx and CO. The removal of these pollutants is thus

important for the environment and consequently for human

health. The reduction of soot and NOx has been investigated

by many researchers andmost of the studies published in this

area have investigated the removal of either NOx or soot from

the exhaust gas. Diesel particulate filters are the most favored

exhaust treatment to reduce soot whereas NOx storage cata-

lysts are preferred to abate NOx. Twigg summarizes these ex-

haust-gas aftertreatment techniques in a recent review [1].

The reduction of NOx has mainly been studied in the presence

of catalysts [2–5], however, the direct interaction between

soot and NOx can also remove both substances simulta-

neously. This direct non-catalytic reaction between nitrogen

oxide and soot is studied in [6–12]. In most of these studies

the hydrogen atoms have been removed from the soot by oxy-

gen to create free radical carbon sites, denoted as C(). NO at-

taches to two neighboring active carbon sites forming surface

nitrogen C(N) and surface oxygen C(O)

2CðÞ þNO ! CðNÞ þ CðOÞ or CO ð1Þ
The surface nitrogen C(N) recombines to N2 as suggested by

[8,9,20,21]:

CðNÞ þ CðNÞ ! N2 þ 2CðÞ ð2Þ
CðNÞ þNO ! N2 þ CðOÞ or CO ð3Þ

Illán-Gómez et al. have also investigated the reduction of

NO on activated carbon sites concerning also the catalytic
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reduction [13–19]. Similar surface decomposition processes

are also observed on noble metal surfaces [22,23]. There is evi-

dence in the literature that soot is formed of polycyclic aro-

matic hydrocarbons (PAH) [24–28]. These PAHs are organized

in layers that are stacked together forming a soot molecule

as suggested by transmission electron microscopy and X-ray

diffraction studies [29]. The surface properties of soot can

be studied using a small PAH molecule. This is important be-

cause the computational time of density functional theory

(DFT) calculations depends strongly on the size of the mole-

cule. A first attempt to study the direct soot–NO interaction

without catalysts using DFTwas made by Kyotani and Tomita

[30], but transition states (TS) and reaction rates were not re-

ported in this work.

The purpose of this work is to clarify the non-catalytic inter-

action between soot and molecular nitric oxide. Different

reaction pathways proposing the intermediate steps of the

reactions (1)–(3) are presented. These two pathways describing

the reduction of NO on a zigzag PAH surface are studied using

DFT calculations, transition state theory and kinetic Monte-

Carlo (kMC) simulations. The adsorption on a armchair PAH

surface will be investigated in the future. The geometries of

the transition states and the stable species were optimized.

The energy, vibrational frequencies, and spin and bond popu-

lations of the geometry optimized specieswere also computed

in these DFT calculations to determine the forward and back-

ward reaction rate of each intermediate reaction using transi-

tion state theory. Finally, a kMC simulation at 560 �C
employing the current rates and intermediate species demon-

strates the conversion of NO into N2 on a soot surface.

In the experimental section, the behavior of a soot particle

with active carbon sites in a nitric oxide environment has

been studied. It has been observed that the conversion of ni-

tric oxide to nitrogen stops after a certain conversion level.

The purpose of the experimental work is to validate our the-

oretical model.

2. DFT calculations

2.1. Calculation details

A naphthacene molecule with four unsaturated carbon atoms

on which the nitric oxide molecule attaches represents the

free radical carbon atoms of a soot surface for computational

reasons. All the DFT calculations were performed using

DMoL3 which is included in the Materials Studio software

package [31]. The generalized gradient approximation (GGA)

corrected Hambrecht–Cohem–Tozer–Handy (HCTH) func-

tional [32] was used. This functional has been fitted to a train-

ing set of 407 atomic and molecular systems [33]. The double

numerical atomic orbital augmented by a polarized function

basis set (DNP) that is comparable to the 6-31G** basis set

was selected. All the calculations were performed with fine

settings for calculation accuracy. The thresholds are:

1 · 10�5 Ha for the maximum energy change, 2 · 10�3 Ha/Å

for the maximum force and 5 · 10�3 Å for the maximum dis-

placement. Smearing was turned off for all the calculations

except transition state 1: in this calculation, 0.004 Ha of

smearing to the orbital occupation was applied to achieve

electronic convergence. The single point energies of species

2 and species 3 used to determine the activation energy

DEact for the reaction from species 2 to species 3 and vice versa

were also calculated with smearing to minimize the error. A

geometry optimization was performed to determine the

geometry of each stable species and the vibrational frequen-

cies were calculated verifying that there are no imaginary fre-

quencies. Transition states were verified by vibrational

analysis. The optimizations were performed for different spin

multiplicities. The multiplicity with the lowest energy and

reasonable spin densities was chosen as proposed by Kyotani

and Tomita [30]. It has been found that the zigzag sites are in

a triplet state which is consistent with the findings of Radovic

and Bockrath [34]. The bond population analysis was per-

formed using the Mayer calculation method [35], which pro-

vides bond orders that are close to the corresponding

classical values. The Mulliken spin population analysis [36]

was applied to calculate the spin densities. The temperature

dependent reaction rates k(T) were calculated with transition

state theory applying

kðTÞ ¼ kBT
h

Q–

QAQB

exp
�DEact

kBT

� �
ð4Þ

for bimolecular reactions and

kðTÞ ¼ kBT
h

Q–

QA

exp
�DEact

kBT

� �
ð5Þ

for unimolecular reactions. Q– is the total partition function

of the transition state, QA and QB are the partition functions

of the reactants A and B and DEact is the activation energy of

the reaction. T is the temperature, h Planck’s constant and

kB Boltzmann’s constant. The total partition function is calcu-

lated as the product of the vibrational, translational, rota-

tional and electronic partition functions. The reaction rates

were calculated using transition state theory, with tempera-

tures ranging from 20 to 2700 �C in 10 �C steps and a linear

least-square fitting algorithm was used to fit the rate coeffi-

cients A, n and DE applying the modified Arrhenius

expression:

kðTÞ ¼ A� T
T0

� �n

� exp
�DE
RT

� �
ð6Þ

where T0 was set to 1 K.

2.2. Results

Two different reaction pathways were studied in order to

clarify the intermediate reactions during the reduction of

NO on a radical soot surface. Reaction pathways 1 and 2

can be described by the reactions (1) and (3), and (1) and

(2), respectively. Both pathways start with a naphthacene

molecule with four active sites (species 1) and two free

NO molecules. The Mulliken spin population analysis of

the active carbon atoms is either close to +1 or �1 confirm-

ing that each unsaturated carbon has a free electron. The

pathways lead from naphthacene (species 1) and NO to

molecular N2 and oxidized carbon sites C(O) (species 6

and species 9). The CO desorption process as proposed in

reaction (1) and (3) from the soot surface has been widely

discussed in the literature [37,38,41,42] and is therefore

not investigated in this study.
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In the following section, the two reaction pathways are de-

scribed in detail. The numbering of the C-atoms in the naph-

thacene molecule is shown in Fig. 1a.

2.2.1. Pathway 1
Fig. 1 shows the stable species together with the transition

states of reaction pathway 1. The energy surface can be found

in Fig. 2. Table 1 shows the enthalpy of the species in this

pathway compared to the enthalpy of the starting point: a

naphthacene molecule with four active carbon atoms (species

1) and two free NO molecules. Bond length and bond popula-

tion details can be found in Table 2.

The two nitric oxide molecules attach with the N–O bond

axis parallel to the edge of the naphthacene molecule without

any reaction barrier on the surface. Two ring structures con-

taining N and O on top of the naphthacene (species 2) are cre-

ated. This exothermic reaction releases 963.7 kJ/mol and the

N–O bond is stretched from 1.15 to 1.4 Å. The bond population

of the N–O bond diminishes from 2.05 to 1.07 indicating that

the new bonds formed to the carbon atoms and the stretching

of the bond length reduce the strength of the nitric–oxygen

bond significantly. This low bond population facilitates the

breakage of the N–O bond. An activation energy of 133.4

kJ/mol is necessary to break the N–O bond (TS 1) and to create

species 3. A small smearing of 0.004 Ha has been used to

achieve convergence for the calculation of transition state 1.

The calculation difficulties were caused by the flat energy sur-

face in this region. The energy difference between transition

state 1 and stable species 3 is only 2.3 kJ/mol. After the first

N–O bond is broken the bond between the oxygen atom and

the carbon atom C(1) and the bond between the nitrogen

atom and the carbon atom C(2) are fortified. The bond popu-

lation of the nitrogen–carbon bond increases from 1.5 to 1.6

while the oxygen–carbon bond population increases from

1.1 to 1.7. The spin population of the nitrogen atom which

is bound to the carbon atom C(4) is 1.4 indicating that there

Fig. 1 – Stable species and transition states of reaction pathway 1. The numbers indicate the bond length in Å.

Fig. 2 – Energy surface of reaction pathway 1 in kJ/mol.
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are unbound electrons. This radical nitrogen atom facilitates

the breakage of the bond between the other nitrogen and oxy-

gen atoms because it attracts the second nitrogen atom. This

second N–O bond is broken with an activation energy of

87.8 kJ/mol (TS 2) and a bond between the two nitrogen atoms

is formed (species 4). The bond population of the N–N bond is

1.75. The bond between the nitrogen and the carbon atoms is

degraded by the strong N–N bond and the first of the two N–C

bonds can be broken with an energy of 151.5 kJ/mol (TS 3).

The activation energy required to break the second bond

and so to release molecular nitrogen from the structure is

108.5 kJ/mol (TS 4).

2.2.2. Pathway 2
Figs. 3 and 4 present the stable species and transition states

as well as the energy surface of reaction pathway 2. The

bond length and population details are presented in Table

3. The enthalpy of the different species is presented in

Table 4. This pathway is shorter than pathway 1 and only

three neighboring active carbon sites are necessary. In order

to compare the results of pathway 2 with pathway 1 the

same starting configuration has been chosen. In the first

reaction step, the first NO molecule adsorbs with the N–O

bond axis parallel to the soot surface forming a 5-member

ring (species 7) as in reaction pathway 1, but in contrast

to pathway 1 the second NO molecule adsorbs with the

oxygen atom down on the radical carbon atom next to

the already adsorbed nitrogen atom. This single site adsorp-

tion is energetically less stable than the NO adsorption on

two sites, but the decreasing number of available sites dur-

ing the reaction due to active site-blocking increases the

importance of this reaction pathway. A discussion about ac-

tive site-blocking can be found in the review of Aarna and

Suuberg [7]. A bond between the two nitrogen atoms is

formed and both nitrogen–oxygen bonds are broken in the

same step (species 8). The activation energy of this reaction

is 12.7 kJ/mol (TS 5). The bond populations are close to the

values of reaction pathway 1. The activation energy re-

quired to release the N2 molecule from the soot surface is

96.3 kJ/mol (TS 6). The N2 abstraction reaction of pathway

2 needs less energy than the similar reaction of pathway

1 because the enthalpy of species 5 is 9.8 kJ/mol less than

the enthalpy of species 8.

2.2.3. Reaction rates
The forward and backward reaction rates have been calcu-

lated using transition state theory and a linear least-square

fitting algorithm was used to determine the parameters A, n

and DE (see Eq. 6). The reaction rate for the barrier-less NO

absorption reaction has not been calculated because varia-

tional transition state theory is needed to calculate the reac-

tion rate of barrier-less reactions. This reaction should be

very fast compared to the other rates as indicated by experi-

ments and therefore the rate can be neglected. The forward

and backward reaction rate of the reaction from species 2 to

species 3 has been calculated with 0.004 Ha of smearing for

the transition state. In order to minimize the error, the activa-

tion energy of the reactants of this single reaction was also

calculated with the same smearing. All the other reaction

rates were calculated without smearing. The Arrhenius

parameters for pathway 1 can be found in Table 5 and for

pathway 2 in Table 6.

3. Experimental work

Detailed information about the experimental study can be

found in [4]. In this paper only the important parts that con-

sider the direct soot NO interaction are summarized.

Table 1 – Enthalpy in kJ/mol of the species in reaction
pathway 1 compared to species 1 and two nitric oxide
molecules.

Structure DH

Without smearing With smearing

Species 1 + 2 NO 0

Species 2 �963.7 �963.7

TS 1 �830.3

Species 3 �828.3 �832.6

TS 2 �740.5

Species 4 �994.6

TS 3 �843.1

Species 5 �867.0

TS 4 �758.5

Species 6 �794.5

Table 2 – Bond length in Å and Mayer bond population for
reaction pathway 1.

Species Bond Length in Å Population

Species 1 C(1)–C(2) 1.35 1.55

C(2)–C(3) 1.40 1.24

C(3)–C(4) 1.37 1.38

C(4)–C(5) 1.38 1.31

Species 2 C(1)–C(2) 1.39 1.28

C(2)–C(3) 1.37 1.26

C(3)–C(4) 1.40 1.14

C(4)–C(5) 1.42 1.12

C(2)–O 1.36 1.06

N–O 1.41 1.08

C(4)–N 1.34 1.47

Species 3 C(1)–C(2) 1.45 1.12

C(2)–C(3) 1.46 1.08

C(3)–C(4) 1.44 1.11

C(4)–C(5) 1.45 1.11

C(2)–O 1.24 1.70

C(4)–N 1.31 1.61

Species 4 C(3)–C(4) 1.39 1.33

C(4)–C(5) 1.39 1.19

C(4)–N 1.43 1.10

N–N 1.27 1.75

Species 5 C(5)–C(6) 1.41 1.17

C(6)–C(7) 1.38 1.26

C(6)–N 1.38 1.02

N–N 1.32 2.45

Species 6 C(1)–C(2) 1.45 1.10

C(2)–C(3) 1.47 1.03

C(3)–C(4) 1.36 1.43

C(4)–C(5) 1.38 1.29

C(2)–O 1.24 1.77
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3.1. Setup

For the experimental examination of the soot/NO reaction a

self-prepared carbon black is taken. This model soot is made

by employing a C3H6/O2 diffusion burner. Detailed data on

preparation and characterization as well as on study of the

reaction of soot with NO have already been described

elsewhere [4]. Thus, only a brief description of the physi-

cal–chemical properties of the soot (Table 7) and the experi-

mental approach is given here. In the first stage of the

reaction, the soot is activated at 560 �C by O2 (5.0 vol.% O2,

95 vol.% Ar), while in the 2nd step the dosage of O2 is

stopped and the sample is flushed with Ar. Hereby, surface

oxygen compound originated from O2 exposure desorb ther-

mally thus forming active C sites on the soot. After complete

desorption of COx, the 3rd regime is started by switching to a

blend of 500 ppm NO in Ar. In the final period, the remaining

soot is oxidised by dosing a mixture of 5.0 vol.% O2 and

95 vol.% Ar while heating to ca. 715 �C at the rate of

10 K/min.

3.2. Results

The experimental results are presented in Fig. 5. An enlarged

graph can be found in Fig. 6 to clarify the experimental obser-

vations directly after the NO exposure. This graph shows that

the NO molecules adsorb on the active carbon sites instanta-

neously. NO does not remain in the surrounding gas in the

first 20 s of NO exposure. The amount of NO in the surround-

ing gas increases rapidly after the active carbon sites are

saturated. N2 and a small amount of CO are formed directly

after the NO exposure. The amount of N2 released from the

soot is less than the amount of NO consumed, confirming

there is a portion of NO trapped on the soot surface. This is

consistent with other experimental results [7]. After the reac-

tion stops a significant amount of nitric oxide ranging from

40% to 63% remains on the soot surface. The TPO after the

NO exposure oxidizes the soot entirely and releases N2 in

addition to NO, CO and CO2 confirming that some NO mole-

cules have been bound to the soot molecule. These experi-

mental results are used to validate our theoretical model.

Fig. 3 – Stable species and transition states of reaction pathway 2. The numbers indicate the bond length in Å.

Fig. 4 – Energy surface of reaction pathway 2 in kJ/mol.
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4. kMC simulations

4.1. Calculation details

The present study utilizes a detailed Monte-Carlo model,

called the kinetic Monte-Carlo-Aromatic Site (kMC-ARS) mod-

el, to study the oxidation of PAHs present in soot particles in a

nitric oxide–argon (NO–Ar) environment. The kMC-ARSmodel

is based on the processes involved in the two pathways for

soot oxidation described above, along with some processes

taken from [42,41] as shown in Table 8.

These PAH processes are allowed to take place on a sub-

strate PAH molecule. In this work, a substrate rich in zig-zag

sites was chosen (Fig. 7a) based on the findings of Weilmün-

ster et al. [39] and Raj et al. [40]. Weilmünster suggests that

the mature PAHs (present at higher heights above the burner

(HABs) in flames) are rich in zig-zag and free-edge sites.

Therefore, it can be assumed that the PAHs present in mature

soot particles would also be rich in these sites. The different

reaction steps are shown in Table 8. After a process takes

place on the substrate, the kMC-ARS model determines the

resulting structure of the substrate molecule based on the

positions of C, N and O atoms and the relative positions of

the reactive sites. A full description of this model can be

found in [40]. This work involves the simulation of the oxida-

tion of a PAH molecule by NO (see Section 4). The substrate is

assumed to be at the same temperature as the gas-phase

environment which is equal to 560 �C. The pressure and NO

concentration are taken to be 1 atm and 500 ppm, respec-

tively. These conditions are assumed to remain unchanged

throughout the simulation. The stochastic algorithm devel-

oped to track the structure of PAHs after each reaction step

is detailed in [40] and is briefly reviewed here. The process

of PAH oxidation by NO is modeled as a Markovian sequence

of reaction events [43]. The outcome of this model depends on

the concentration of reacting species, the rates of the possible

reaction events and the probability of a reaction being chosen.

The rates for the processes listed in Table 8 are calculated by

Ri ¼ ki � Cs �Nsite; i ¼ 1;2 . . . I

where I is the number of processes in Table 8, Cs is the con-

centration of chemical species involved in the bimolecular

reactions and Nsite is the number of reactive sites on the PAH

molecule involved in the process i. At time t, an exponentially

distributed waiting time for a reaction to take place s with

parameter k is calculated where k is the sum of all the process

rates

k ¼
XI

i¼1

Ri

t = t + s gives the time for the next reaction. A reaction is cho-

sen based on the probability calculated using its reaction rate.

A site of correct type is chosen uniformly assuming all sites to

be equally probable. The substrate structure is then updated

based on the chosen process and the above procedure is re-

peated for the desired simulation time. The results obtained

from the simulations are discussed in the next section.

4.2. kMC results

As mentioned in Section 4 the complete oxidation of soot

takes place in four stages: partial oxidation of soot in an

O2–Ar environment; removal of CO in Ar environment to cre-

ate radical sites on the soot surface; exposure of soot parti-

cles with radical sites to NO–Ar environment where NO

molecules get deposited on the soot surface with some re-

moval of N2 and CO (partial oxidation); further oxidation of

Table 3 – Bond length in Å and Mayer bond population for
reaction pathway 2.

Species Bond Length in Å Population

Species 7 C(5)–C(6) 1.44 1.05

C(6)–C(7) 1.41 1.15

C(7)–C(8) 1.37 1.26

C(8)–C(9) 1.40 1.27

C(6)–N 1.32 1.54

N–O 1.41 1.06

C(9)–O 1.36 1.08

Species 8 C(3)–C(4) 1.47 1.05

C(4)–C(5) 1.47 1.07

C(4)–O 1.24 1.76

C(5)–C(6) 1.40 1.24

C(6)–C(7) 1.39 1.25

C(6)–N 1.40 0.98

N–N 1.12 2.52

Species 9 C(3)–C(4) 1.49 1.01

C(4)–C(5) 1.46 1.05

C(7)–C(8) 1.46 1.05

C(8)–C(9) 1.46 1.09

C(4)–O 1.23 1.83

C(8)–O 1.24 1.77

Table 4 – Enthalpy of the species in reaction pathway 2
compared to species 1 and two nitric oxide molecules.

Structure DH in kJ/mol

Species 1 + 2 NO 0

Species 7 + NO �503.8

TS 5 + NO �491.1

Species 8 �876.8

TS 6 �780.5

Species 4 �818.3

Table 5 – Arrhenius parameters for reaction pathway 1. A
in (1/s) for unimolecular reactions and cm3/(mol s) for
bimolecular reactions, DE in kJ/mol. Bimolecular
reactions are marked with an asterisk.

Reaction A n DE

2 ! 3 2.2 · 1013 0.34 127.3

3 ! 2 1.8 · 1012 0.10 1.5

3 ! 4 1.8 · 1012 0.44 78.7

4 ! 3 1.0 · 1012 0.45 244.0

4 ! 5 9.3 · 1012 0.23 148.1

5 ! 4 3.2 · 1012 0.07 23.6

5 ! 6 2.0 · 1013 0.11 108.6

6 ! 5 1.7 · 103 2.51 38.9*
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soot in an O2–Ar environment. In this work only the third

stage of this oxidation has been simulated assuming the sub-

strate to be full of radical sites because detailed reaction

pathways showing the interaction of O2 with PAHs were not

considered in this work and will be investigated in the a fu-

ture study. The reaction rate of reaction 1 (Table 8) has been

assumed to be infinitely fast. This implies that the substrate

would be uniformly populated with NO molecules at the

beginning of the simulations. Fig. 7b shows a computed

PAH molecule obtained after a real time simulation of 0.15 s

in a NO–Ar environment. It was noticed that the addition of

NO onto the soot surface subsequently leads to the removal

of C atoms in the form of CO or HCCO through reactions 8–

10 (Table 8). Fig. 8 shows the number of reaction events nor-

malized by the number of C atoms on the substrate molecule

after a real time simulation of 0.15 s, averaged over 100 sim-

ulation runs. It can be noticed in this figure that reaction 5 in-

volved in pathway 1 takes place less frequently than reaction

7 involved in pathway 2. This implies that pathway 2 contrib-

utes more to the formation of N2 molecules than pathway 1

as pathway 1 requires the presence of two adjacent N atoms

and this may not occur very frequently. As the reaction pro-

gresses the resulting PAH structure develops bay-type struc-

tures prohibiting further addition of NO on PAHs using with

the present reaction pathway. Additionally, it can be noticed

in Fig. 7b that there are a number of N and O atoms on PAH

edges which cannot be removed. Therefore no further oxida-

tion of PAHs with NO molecules can take place after some

fixed time. These results are qualitatively in agreement with

the experimental observations. Experimentally observed con-

centration profiles of NO, CO and N2 in stage 3 (see Fig. 5)

show that addition of NO on the soot surface along with

the removal of N2 and CO takes place in the early stages of

the experiment (before 173 min). Thereafter the concentra-

tion of NO becomes almost constant indicating negligible

Table 6 – Arrhenius parameters for reaction pathway 2. A
in (1/s) for unimolecular reactions and cm3/(mol s) for
bimolecular reactions, DE in (kJ/mol). Bimolecular
reactions are marked with an asterisk.

Reaction A n DE

7 ! 8 3.2 · 102 2.62 11.0*

8 ! 7 6.7 · 1011 0.27 379.9

8 ! 9 3.6 · 1013 0.4 89.3

9 ! 8 2.5 · 103 2.65 35.3*

Table 7 – Physical–chemcial properties of the used C3H6

soot.

BET surface area 91 m2/g

Amount of adsorbed species 2.6 wt.%

Chemical compositiona,b 98.8 wt.% C, 0.7 wt.% O, 0.5 wt.% H

Diameter of primary particles 20–100 nm

a The amount of adsorbed species is neglected.

b The soot is ashless.

Fig. 5 – Concentration of CO, CO2, O2, NO and N2 and the

temperature as a function of time. Si represents the ith stage

in soot oxidation.

Fig. 6 – Concentration of CO, CO2, O2, NO and N2 and the

temperature as a function of time shortly before and after

the NO exposure.

Table 8 – PAH processes used in the kMC simulations.
The units of T and R are K and kJ/(mol K), respectively.
The rate constants for reactions 8–10 has been taken
from [42,41].

No. Process Rate constant, k

1 Infinitely fast

2 2:2� 1013T 0:34e
�127:3
RT

3 1:8� 1012T 0:44e
�78:7
RT

4 9:3� 1012T 0:23e
�148:1
RT

5 2:0� 1013T 0:11e
�108:6
RT

6 3:2� 102T 2:62e
�11
RT

7 3:6� 1013T 0:4e
�89:3
RT

8 7:4� 1011e
�92:3
RT

9 7:4� 1011e
�92:3
RT

10 7:4� 1011e
�92:3
RT
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oxidation of soot particles by NO. It is difficult to make any

quantitative comparison as there might be many other reac-

tions taking place on PAH edges, for example the addition of

NO on bay sites and oxidation of phenalene-like structures

(see Fig. 7b) during the oxidation. Also, a number of stable

intermediates are possible such as embedded N atoms in

the PAHs, which cannot occur with the present reaction

mechanism. The above arguments clearly indicate the need

to extend the reaction mechanism proposed in this work

(Table 8).

5. Conclusions

Two different reaction pathways leading from a soot molecule

with a surface containing radical carbon atoms and nitric

oxide in the surrounding gas to oxidized soot and molecular

N2 were explored using quantum mechanical calculations.

The computed reaction rates and species were used in a

kMC simulation. The theoretical results qualitatively agree

with the experimental observations. Fig. 8 shows that reac-

tion pathway 2 (reaction number 6, 7) is slightly preferred to

pathway 1 (reaction number 3, 4, 5) although pathway 2 con-

tains the energetically less favorable single site adsorption of

NO. The decreasing number of free radical sites during the

reaction due to blocked carbon atoms prevents the adsorption

of NO on two neighboring sites. The different reaction steps

in each pathway occur the same number of times. This dem-

onstrates that once the nitric oxide molecules are bound to

the soot surface and the alignment allows further reactions

to proceed, N2 is formed quickly. This is consistent with the

experimental observations (see Fig. 6) where the NO exposure

in the third experimental stage leads to an immediate N2 pro-

duction. Hence, the kMC results based on a DFT derived reac-

tion mechanism presented herein are able to describe the

experimental observations.

Fig. 7b clarifies the reasons why a portion of NO remains

trapped on the soot surface. The calculations demonstrate

that the alignment of the nitric oxide molecules is crucial.

Two NOmolecules attached to the surface in the’wrong’direc-

tion (N–O–N–O) block the active carbon sites and remain

trapped on the soot molecule as seen in the lower left edge

of the soot molecule in Fig. 7b. The vacancies created by CO

desorption processes inhibit subsequent decomposition of

NO molecules on the surface. Nevertheless NO can adsorb

on the vacancies as found by Kyotani and Tomita [30] but this

leads to very stable structures and hence further decomposi-

tion is unlikely at 560 �C. The importance of the correct align-

ment, in addition to the the holes created by CO desorption

processes, and the trapped oxygen and nitrogen atoms on

the soot surface explain why the reaction ceases and the low

amount of N2 and CO formed in the third experimental stage.

There are also other reactions and pathways between soot and

NO possible however, the influence of these reactions is likely

to be negligible based on the fact that our theoretical investi-

gations are consistent with experimental observations.

In the current study, we consider only the forward reaction

processes in our kMC simulations, but it has been demon-

strated that the initial adsorption position and geometry of

the nitric oxide molecules on the soot surface is the crucial

part of the reaction. The desorption of NO from the soot sur-

face is negligible because the activation energy is much high-

er than the dissociation energy. This is confirmed by

experiments where NO is not released from the surface before

increasing the temperature significantly. As the reaction rate

is mainly determined by the sterics of the adsorption process,

Fig. 7 – (a) An example PAH substrate. (b) An example computed PAH obtained after a simulation of 0.15 s.

Fig. 8 – Average number of reaction events normalised with

the number of surface carbon atoms on the substrate PAH

after a real time simulation of 0.15 s. The reactions

corresponding to the reaction numbers (on x-axis) can be

obtained from Table 8.
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the backward reactions are likely to have only a minor effect.

Therefore we can summarize that our reaction pathways and

kMC simulations describe qualitatively the experimental

observations.

This study represents the first comprehensive theoretical

investigation of the reaction mechanism of the non-catalytic

soot reduction by NO. A combination of a mechanistic DFT

study and a kMC study based thereon enabled a qualitative

description of the experimental results of the soot reduction

by NO. In the future, we will add the backward reactions to

the kMC simulations in addition to some other reactions on

different site geometries and try to explain the experimental

findings in the fourth experimental stage at higher tempera-

tures and in an oxygen rich environment.
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