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Abstract

In this paper, the non-catalytic interaction between soot and nitric oxide (NO)
for their simultaneous reduction is studied on different types of reactive sites that can
be present on soot. The reaction mechanism proposed in our previous work [Sander
et al., Carbon, 47:866-875, 2009] has been extended by including seven newly pro-
posed reaction pathways. The energetics and the kinetics of the new reactions are
studied using density functional theory (DFT) and transition state theory, respec-
tively, and their evaluated rates are presented. Due to a discrepancy in the rate for
CO removal from soot surface in the literature, a new rate for it is suggested. A
Polycyclic Aromatic Hydrocarbon (PAH) model, referred to as the kinetic Monte
Carlo–Aromatic Site (KMC-ARS) model is used to simulate the reaction between
NO and soot to form CO, N2 and N2O. The simulation results are compared to the
experimental findings both qualitatively and quantitatively. A satisfactory agreement
between them is obtained with the newly proposed rate for CO removal. The reac-
tion between NO and soot is found to depend strongly on the type of sites present on
soot, and the reaction temperature. For a set of temperatures, computed structures of
PAHs are analysed to determine the functional groups present on PAHs, which are
responsible for the decrease in soot reactivity towards NO with increasing reaction
time. The interaction between NO and soot in isothermal conditions reveals that with
increasing temperature, the number of O atoms remaining on soot surface decreases,
and the number of N atoms increases for a given reaction time.
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1 Introduction

Soot particles and NOx molecules, present in the exhaust from diesel engines and other
combustion devices, are known to be hazardous to human health and environment. Upon
inhalation, soot particles can cause cancer, asthma and cardiac problems [23]. Continu-
ous exposure to nitric oxide, NO, which is present in highest concentration among all the
NOx molecules can lead to tissue toxicity and renal diseases [3, 22]. NO molecules, being
highly reactive, are also involved in the depletion of ozone layer, and in causing photo-
chemical smog and acid rain. Therefore, it is necessary to work towards the reduction or,
if possible, complete removal of these pollutants from the exhaust gases.

Recently, a wide variety of work, both experimental as well as theoretical, has been
conducted in order to reduce the formation of soot and NOx [1, 12, 14, 44]. For NOx

molecules, most of the suggested methods involve post-combustion gas treatment to trap
them or convert them into N2 and O2/H2O, and are briefly listed below. Zeolite and acti-
vated carbon [56] have been suggested for absorbing NOx molecules at low temperatures
(< 500 K). At high temperatures, NO can be desorbed from zeolite, or can be converted to
N2 and CO on activated carbon with or without the use of catalysts [1]. One of the most
popular techniques to reduce NOx is Selective Catalytic Reduction (SCR) [5, 19, 47].
This method requires a catalyst (for example, V2O5) and a reducing agent (for example,
urea or NH3) for the conversion of NOx to N2 and H2O. NH3 reacts with OH on the sur-
face of catalysts to form an NH2 radical, which, on reaction with NO, forms N2 and H2O.
The NH2 radical forms at high temperatures, and therefore this method has a very narrow
temperature range of applicability. A low-cost method, which does not require catalysts,
is also suggested in the literature: Selective Non-Catalytic Reduction (SNCR) [19, 47].
In this method, NH3 is allowed to interact with the exhaust gas as soon as the gas leaves
the engine, when the temperature is very high. However, a low conversion of NOx to N2

and H2O by NH3 is obtained possibly due to low mixing [31]. The three-way catalytic
converters effectively convert CO to CO2, hydrocarbons to CO2 and H2O, and NOx to
N2 and O2 in gasoline engines [47]. However, these converters do not perform well for
NOx in the presence of O2, especially when the concentration O2 is > 2%. In a diesel
exhaust, about 10% O2 is present, which significantly decreases their ability to reduce
NOx. Exhaust gas recirculation (EGR) in engines can reduce the formation of NOx by
decreasing the combustion temperature. However, this method also has a limited usage,
as it increases the formation of soot while reducing NOx [59].

The above mentioned techniques focussed on NOx reduction. For capturing the particu-
late matter, or soot, a diesel particulate filter (DPF) in the exhaust pipeline is used, which
has an efficiency of over 99% [55]. However, such filters require periodic regeneration
to avoid pressure build-up in the exhaust pipe when their pores are clogged. The most
economical way to regenerate them would be to oxidise soot using NOx and O2, as they
are already present in the engine exhaust. However, the temperature of these gases are
relatively low (≈ 300◦C) as compared to the temperature inside engines. This makes the
non-catalytic oxidation of soot difficult to achieve. To enhance its oxidation rate, several
methods have been suggested. For example, using oxidation catalysts in the DPFs to burn
unburnt fuel and hydrocarbons present in the engine exhaust, and thus raising the soot
temperature, can accelerate its oxidation process [43]. Also, Pt and BaO based catalysts,
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which are very efficient NO carriers (through the formation of nitrates on their surface),
can capture NO and release it later, when required, to oxidise soot [34]. Generally, layers
of catalysts are placed on the DPFs to enhance the oxidation rate of trapped soot. The
catalysts help in the soot oxidation by fixing elemental O atoms on the soot surface from
O2 present in the gas-phase (for example, Fe2O3 [38]). Several studies are present in the
literature on catalytic oxidation of soot by NOx and O2 [25, 32, 38]. However, the role
of the catalyst is not very well understood. To investigate this, experimental studies were
conducted in [34, 38]. It was found that the catalysts are mainly involved in elemental
O addition on soot. They are not directly involved in CO/CO2 removal from soot, NOx

addition on soot, or in the formation of N2/N2O on the soot surface. Therefore, oxidation
of soot by NOx takes place non-catalytically.

From the studies reported above, it is clear that NOx and O2 are potential candidates to
oxidise soot. The kinetics of soot oxidation by O2 has been studied in detail in [9, 18, 24,
40]. However, the interaction between soot and NOx molecules leading to the formation
of N2 and N2O is very complex, and is not very well understood [14]. It is observed
in experiments that soot–NOx reaction stops after some time, but the reason is not clear.
It is believed that this happens due to the formation of stable surface functional groups
such as pyrrolic, pyridinic and pyridonic fragments, as there is evidence for the presence
of such groups on soot [28, 44]. Several theoretical studies have been conducted in the
past, but, a detailed mechanism showing the formation of such groups is not present in
the literature. In order to accurately model the burn-out of soot in DPFs, it is necessary
to improve the mechanistic understanding on the interaction between NOx and soot to
produce CO and N2. For mechanism development, several experiments on soot oxidation
by NO and NO2 have been carried out to characterise the species being formed in the
reaction, and the possible routes for their formation have been suggested [6, 7, 13, 33].
In [17], it is mentioned that the oxidation of soot by NO2 is faster than NO. However,
NO2 is only involved in the addition of an O atom to the soot surface leading to the
formation of NO in the gas-phase [16, 46]. Further oxidation of soot can then take place
by NO. Therefore the study of soot oxidation by NO is important. In order to verify the
proposed mechanisms through experiments, and to ensure that the intermediate species
proposed in the mechanisms are stable, quantum calculations, as shown in [26, 27, 30],
are required. In this direction, recently, an article was published on the theoretical study of
the simultaneous reduction of soot and NO molecules [39]. Two reaction pathways along
with the rates of the elementary reactions were presented. This study was restricted to the
“zigzag” type of reactive site on soot particles, and a need for the mechanism extension
to other types of reactive site was highlighted. The present study focusses on different
reactive sites that can be present on a soot surface, and the interaction of NO molecules
with them.

The purpose of this work is to present a detailed reaction mechanism depicting the inter-
action between NO and soot surface. The proposed reaction pathways have been studied
using density functional theory (DFT). For this work, the B3LYP functional with the 6-
311++G(d,p) basis set has been used for all the calculations. The reaction kinetics have
been studied using transition state theory. Furthermore, a Polycyclic Aromatic Hydro-
carbon (PAH) model based on a kinetic Monte Carlo algorithm has been used to study
the oxidation of PAHs, which are thought to be precursors in soot formation, employing
the detailed reaction mechanism. The reactions which dominate during the NO oxidation
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process have been determined using this model. The resulting structures from the oxida-
tion simulations have been analysed to determine possible reasons for the experimental
observations which suggest that the reactions between soot and NO stop after a certain
period of time.

2 Calculation details

The molecular structures of the stable chemical species and transition states involved in
the reactions were optimised using the B3LYP hybrid functional and the 6-311++G(d,p)
basis set. For the stable species, the structures were optimised with different spin mul-
tiplicities to determine the multiplicity with the minimum energy, reasonable geometry
and negligible spin contamination [58]. All the DFT calculations were performed using
GAUSSIAN 03 [10]. Vibrational frequencies were also calculated, and it was ensured
that the stable species do not have any imaginary frequencies and the transition states
have only one imaginary frequency. The vibrational mode of the imaginary frequency of
all the transition states was animated to confirm that the motion correctly connects the
corresponding reactants and products.

Before using B3LYP/6-311++G(d,p) level of theory for the theoretical calculations, the
results obtained from the DFT calculations were validated by comparing them with exper-
imental or theoretical data available for carbon-nitrogen-oxygen systems. Firstly, the reac-
tion energy for the reaction N + NO→ N2 + O was evaluated using B3LYP/6-311++G(d,p),
and was found to be 308 kJ/mol. This value compares very well with the literature value
of 313.8 kJ/mol [2]. The reaction energy involved in the removal of a CO molecule was
determined using the reaction C6H5O→ C5H5 + CO. A value of 127 kJ/mol was found,
which agrees reasonably well with the value of 103.3 kJ/mol present in the literature [2].
Validation of DFT results with this level of theory have been published in [36] for carbon-
hydrogen systems with good agreement between theory and experiment. It is clear from
these comparisons that DFT accurately predicts the reaction energies for the molecular
system under investigation. However, a number of studies in the literature [21, 29, 45, 48]
show that the B3LYP functional under-predicts the reaction barrier heights. This under-
prediction can lead to overestimates of reaction rate constants. According to the findings
of [54] and Refs. therein, the error in the calculated reaction barrier introduced by density
functional theory (DFT) can be as high as 5 kcal/mol. It has been shown in [36] that such
an error can over-predict the rate constants by more than an order of magnitude at low
temperatures (< 700oC). Therefore, a large error in the reaction barrier is not permissible
at low temperatures. The higher levels of theory, such as CCSD(T), would give more
accurate barrier heights. However, these methods are prohibitively demanding on compu-
tational resources, specially for large molecules such as PAHs. To our knowledge, for the
analysis of reaction mechanisms on PAHs in a reasonable computational time, DFT is the
only suitable theoretical alternative to the higher levels of theory [36, 48].

The rate constants for the reactions involved in the proposed pathways were evaluated
using transition state theory (TST). The partition functions for the transition state and
reactants were calculated at a range of temperatures (300–3000 K) using the vibrational
frequencies, moments of inertia, mass and electronic multiplicity, all of which are given
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by the quantum calculations. A linear least-square fitting algorithm was used to fit the
modified Arrhenius expression (equation 1) to the data points of the rate constants in
order to obtain the rate coefficients A, n and E:

k(T ) = A× T n × exp

(
−E

RT

)
. (1)

It is well known that transition state theory does not consider quantum tunnelling. This
may lead to an under-estimation of the rate constants for the elementary reactions. To
assess the role of quantum tunnelling, there are four efficient methods in the literature to
evaluate the tunnelling correction factor (or, transmission constant): Wigner correction,
Eckwart correction, Zero-curvature tunnelling (ZCT) correction and small curvature tun-
nelling (SCT) correction. The first two one-dimensional methods are mainly used for the
rates calculated using TST. The curvature tunnelling methods are generally used for the
rates calculated using variational transition state theory (VTST). ZCT and SCT predict the
correction factor very efficiently, especially at low temperatures (T < 500 K). However, at
higher temperatures (T > 500 K), the correction factors determined by all the methods be-
gin to converge to similar values [4, 11]. In this work, the Wigner method was employed
to obtain the tunnelling correction factors for all the elementary reactions. The correction
factor, CW (T ) is expressed as:

CW (T ) = 1− 1

24

(
hν‡

kBT

)2

(2)

where, h is Planck′s constant, kB is Boltzmann constant, and ν‡ is the imaginary frequency
of the transition state. The rate constants are then evaluated as a product of CW (T ) and
k(T ).

3 Results and discussion

3.1 PAH–nitric oxide interaction: DFT calculations

It is well known that the chemisorption of NO on soot leads to the formation of CO, N2

and N2O [6]. In order to understand the mechanism for their formation, knowledge of
the composition and the reactive sites of soot particles is required. Morphological studies
on soot conducted using High Resolution Transmission Electron Microscopy (HRTEM)
indicate that soot particles are composed largely of planar PAHs [8, 15, 49, 50]. These
PAHs stack together to form parallel atomic layers, and are aligned along the periphery
of soot particles. Some randomly oriented PAHs are also present in the core of soot par-
ticles [51]. Consequently the knowledge about the reaction pathways for the interaction
between soot and NO can be obtained through the study of the reactivity of NO molecules
towards the sites present on PAHs.

Figure 1 shows an example PAH molecule with different types of reactive sites: free-edge
(FE) site formed by two carbon atoms, zigzag (ZZ) site formed by three carbon atoms,
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Figure 1: An example PAH showing the principal surface site types.

armchair (AC) site formed by four carbon atoms, and bay (BY) site formed by five car-
bon atoms. In our previous work [39], two reaction pathways describing the chemisorp-
tion of NO on PAHs composed of zigzag sites, and the formation CO and N2 were pre-
sented. This work used a PAH growth model, called the kinetic Monte Carlo Aromatic
Site (KMC-ARS) model, which uses a kinetic Monte Carlo algorithm to simulate PAH
growth and reduction processes. A reaction mechanism for the interaction of PAHs and
NO at zigzag sites was used to study their simultaneous reduction. This model was able
to store the information about the structure of PAHs and their reactive sites after each
reaction [35]. As observed in experiments, it was found in the simulations that the NO–
PAH reaction stops after some time. Figure 2 shows an example simulated PAH structure,
which could not react further with the reaction mechanism proposed in [39]. There can
be two possible reasons for the reactions to stop: a) absence of reactive sites for the
chemisorption of NO, or b) absence of reactions in the mechanism for the newly gener-
ated reactive sites and atoms such as embedded and surface N atoms (as shown inside
circles in Figure 2), which may react further.

Assuming that the reaction mechanism is incomplete, in this paper we have explored new
pathways for the formation of N2, N2O and CO on different types of reactive site and N
atoms. As a consequence of DFT calculations on large PAHs being very computationally
expensive, the smallest possible PAH model molecules fulfilling the requirements of the
mechanism for each pathway have been chosen.

3.1.1 Pathway 1

Figure 3 shows the energy diagram for pathway 1. This pathway requires the presence
of an armchair site in between two zigzag sites. The main purpose of choosing this site
combination was to study the formation of an N2 ring on an armchair site, and to check for
the possibility of the removal of such N2 rings from PAHs. To meet this requirement, pen-
taphene with four active (radical) carbon atoms (CS1) was chosen as the model molecule,
as shown in Figure 3. In this pathway, firstly, two NO molecules are chemisorbed on the
zigzag sites. No transition state could be obtained for this reaction. This reaction was
highly exothermic with a reaction energy of 861 kJ/mol. In [39], the reaction energy for
the adsorption of two NO molecules on naphthacene was reported to be 964 kJ/mol. This
difference in the reaction energy indicates that the stability of NO molecules on PAHs
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Figure 2: An example simulated PAH structure, which cannot react further with the reac-
tion mechanism proposed in [39]. This figure has been reproduced from [39].
Some sites on this structure are shown in circles, which may react further if
reactions for those sites are included in the mechanism.

Figure 3: Pathway 1: Potential energy diagram showing the formation of an N2 molecule
on a PAH, when two NO molecules are chemisorbed on two zigzag sites, and
the two N atoms interact on an armchair site. For PAH reactions to take place
through this pathway, an armchair site in between two zigzag sites is required
(fulfilled by CS1). The aim behind studying this pathway was to check the
possibility of the removal of a N2 molecule adsorbed on an armchair site, as
molecules adsorbed on armchair sites are very stable (discussed later).
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Figure 4: N2 ring breakage on an armchair site of a PAH molecule.

Figure 5: CO removal from a PAH molecule.

depends strongly on the orientation of the reactive zigzag sites. After NO chemisorption,
one of the two N-O bonds on the PAH breaks. The two nearby N atoms present on the
armchair site form a bond, creating the most stable species in this pathway, CS4 with a six
member N2 ring on it. Thereafter, one of the C-N bonds can break, forming an N2 chain.
This reaction is endothermic involving a reaction energy of 268 kJ/mol. For this reaction,
a transition state could not be found for such a large PAH structure (CS4). Therefore, this
reaction was studied on a smaller PAH, phenanthrene, as shown in Figure 4 in order to
obtain the rate for this reaction. After the opening of the N2 ring (CS5), N2 molecule can
get desorbed from the PAH. This desorption was found to be exothermic with a reaction
energy of 80 kJ/mol. The remaining two O atoms can oxidise the PAH molecule through
the formation of CO molecules. The removal of CO molecules from PAHs has already
been studied in [9, 18, 24, 40], and hence the detailed mechanistic study of this reaction
was not carried out in this work. Only one pathway for CO removal was studied in this
work, as shown in Figure 5, due to reasons mentioned later in this paper. The potential
energy barrier involved in this reaction was 443 kJ/mol, which matches reasonably well
with the calculated values of 416 kJ/mol in [40]. The difference in these values is likely
due to the use of different model molecules and different levels of theory for the quantum
calculations.

3.1.2 Pathway 2

In Pathway 2, the chemisorption of NO molecules on armchair sites of a PAH molecule,
and the possibility of further reactions was studied. Figure 6 shows the potential energy
diagram along with the chemical species involved in this pathway. Dibenzo[a,l]tetracene
with 4 active carbon atoms (CS7) was chosen as the model molecule. The addition of
NO molecules on CS7 was exothermic giving an energy change of 890 kJ/mol, which is
higher than the reaction energy involved in the chemisorption of NO molecules on zigzag
sites in pathway 1. To ensure that the energy released in the addition of NO on armchair
sites is indeed higher than that on zigzag sites, this energy was calculated on small PAHs
(shown in Figure 7) to minimise the effect of the relative orientations of reactive sites (as
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Figure 6: Pathway 2: Potential energy diagram showing the formation of an N2 molecule
on a PAH, when two NO molecules are chemisorbed on two armchair sites.
The chemical species with one of the N-O bonds broken on an armchair site
was not found to be stable. Therefore, N-N ring formation (CS8→ CS9) took
place with the simultaneous breakage of both the N-O bonds (unlike pathway
1). For PAH reactions to take place through this pathway, a zigzag site in
between two armchair sites is required (fulfilled by CS7).
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(a) (b)

Figure 7: Addition of NO on active zigzag and armchair sites of small PAHs. (a) NO
addition on Naphthalene radical. (b) NO addition on Phenanthrene radical.

stated in section 3.1.1). The reaction energy for the addition of NO on the zigzag site
of Naphthalene was found to be 79 kJ/mol. This energy was 198 kJ/mol for the addition
of NO on the armchair site of Phenanthrene indicating that the NO molecule forms a
very stable structure on armchair sites [26]. Unlike pathway 1, this mechanism does not
proceed with the breakage of one of the N-O bonds on the PAH, as the resulting molecule
is not stable (geometry optimisation of the molecule with one of the N-O bonds of CS8
broken resulted in the formation of CS8 again). In this case, both the N-O bonds break
simultaneously to form an N-N ring on the PAH (CS9). This reaction CS8 → CS9 is
exothermic with a reaction energy of 8 kJ/mol. Thereafter, the N2 molecule gets desorbed
from the PAH. The resulting O atoms can oxidise the PAH through the formation of CO
molecules.

3.1.3 Pathway 3

In pathway 3, the interaction between two NO molecules chemisorbed on a zigzag site
and an armchair site was studied. Figure 8 shows the energy diagram for this path-
way. Benzo[a]tetracene with four active carbon atoms (CS11) were chosen as the model
molecule. Only the NO molecule present on the zigzag site undergoes N-O bond break-
age, which reduces the distance between two N atoms on the PAH to facilitate N-N ring
formation (CS13 → CS14). It is interesting to note that the potential energy barriers, E‡

required to be overcome for the N2 ring formation in the pathways 1–3 follow the order:
E‡

CS3→CS4(56 kJ/mol) < E‡
CS13→CS14(60 kJ/mol) < E‡

CS8→CS9(205 kJ/mol). This shows
that the presence of NO on armchair sites increases the energy required for the formation
of an N2 ring on PAHs. Thereafter, similar to pathway 1, an N2 chain forms on the PAH,
which subsequently gets desorbed. The transition state involved in the desorption of N2

from PAH (CS15→ CS16) could not be found. Therefore, this reaction was studied on a
smaller PAH molecule, as shown in Figure 9 to determine the rate for this reaction.

3.1.4 Pathway 4

Figure 10 shows the potential energy diagram along with the chemical species involved
in pathway 4. As mentioned before, a large number of surface N atoms were present on
the simulated PAH structure (Figure 2), and therefore, PAH reactions were required in
the mechanism for their removal. The purpose of mechanism 4 is twofold: a) to present
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Figure 8: Pathway 3: Potential energy diagram showing the formation of an N2 molecule
on a PAH, when two NO molecules chemisorbed on a zigzag and an armchair
site interact with each other. For PAH reactions to take place through this
pathway, two consecutive zigzag sites are required next to an armchair site
(fulfilled by CS11). The energy barrier required for the N-N ring formation in
this pathway ((CS13→ CS14)) is higher than the barrier for the same reaction
in pathway 1 (CS3→ CS4). This shows that a higher energy is required to
break an N-O bond when it is present on an armchair site as compared to a
zigzag site.

Figure 9: Desorption of N2 chain from a PAH.
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Figure 10: Pathway 4: Potential energy diagram showing the formation of an N2 and an
N2O from a surface N atom present on a PAH.
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Figure 11: Pathway 5: Potential energy diagram showing the formation of N2O from
embedded N atoms involved in the formation of 5-member rings on PAHs.

the reactions that can take place on surface N atoms, and b) to propose a route for the
formation of N2O. For this mechanism, a surface N atom was required on a zigzag site.
Therefore, anthracene with an N atom and two radical C atoms on it (CS17) was chosen
as the model molecule. Firstly, NO chemisorption on CS17 takes place, forming a 5-
member N2O ring on the zigzag site. This type of chemisorption of NO on surface N
atom is also shown in [30]. For any further reaction to take place, the energy barrier
(226 kJ/mol) has to be overcome. At this stage, there can be two possible ways to break
the N2O ring, as represented by chemical species CS19 and CS21. The chain-like N2O
structure (CS19) or the branched chain-like structure (CS21) can get desorbed from the
PAH, thus releasing N2O in the gas-phase. The chemical species CS21 can also donate
its O atom to a nearby active site on the PAH by overcoming a potential energy barrier
of 142 kJ/mol. The molecule CS22 formed after this O-transfer is very stable, and this
highly exothermic reaction has a reaction energy of 514 kJ/mol. The N2 chain present on
CS22 can get desorbed to form species CS23, which in turn can get oxidised by the O
atom to release CO.

3.1.5 Pathway 5

Pathway 5, as shown in Figure 11, is very similar to pathway 4, except that this pathway
requires the presence of an embedded N atom forming a five membered ring on an arm-
chair site of a PAH molecule. Tetraphene with an embedded N atom and two radical C
atoms on it (CS24) was chosen as the model molecule. The embedded N atom on PAH
is very stable and a high energy barrier of 221 kJ/mol has to be overcome to add an NO
molecule to it. This results in the formation of a 6-member N2O ring (CS25). The break-
age of this N2O ring to form a branched N2O chain (CS26) requires an energy barrier of
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Figure 12: Pathway 6: Potential energy diagram showing the chemisorption of NO
molecules on a bay site of a PAH molecule, and the transfer of O atom to
a nearby C atom.

284 kJ/mol to be overcome. This branched N2O chain can then get desorbed from the
PAH. The high activation energies required in this pathway makes it difficult to occur at
low temperatures, as will be shown later in this paper.

3.1.6 Pathway 6

It was found from the kMC simulations in [39] that CO removal from soot surface creates
a number of bay sites. These sites may be occupied by NO molecules. Pathway 6, as
shown in Figure 12, involves the addition of NO at bay sites. To study this pathway,
indeno[1,2,3,4-pqra]tetraphene with two radical C atoms (CS28) was chosen as the model
molecule. It can be seen in Figure 12 that the first step of NO chemisorption requires a
very high energy barrier of 222 kJ/mol to be overcome indicating that the reaction would
mainly take place at high temperatures. After the addition of NO on PAH, the O atom
can get transferred to a nearby carbon radical, thus creating an embedded N atom in a
6-member ring. This O-transfer reaction is highly exothermic with a reaction energy of
238 kJ/mol. The transferred O atom can cause the removal of a CO molecule.

3.1.7 Pathway 7

It has been shown in pathway 6 that embedded N atoms in a six member ring can get
formed through the chemisorption of NO molecules at bay sites. Another reaction that
can lead to the formation of embedded N atoms is shown in Figure 13. In [27], the vertical
addition of NO on a PAH was studied leading to the desorption of N2O. However, after
the addition of NO on PAH, several possibilities can arise. These possibilities or routes
have been studied in pathway 7, as shown in Figure 14. Specifically, the reactions leading
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Figure 13: Formation of an embedded N atom from a surface N atom in the bay region of
a PAH molecule.

Figure 14: Pathway 7: Potential energy diagram showing the reactivity of embedded N
atoms involved in the formation of 6-member rings on PAHs towards NO
molecules. The low energy barriers involved in this pathway (except for N2O
removal) indicate that embedded N atoms can be removed in the form of N2

at low temperatures.

to the removal of embedded N atoms through the formation of N2 or N2O were explored.
Benzo[c]phenanthrene with an embedded N atom in the bay region and two radical C
atoms (CS31) was used as the model molecule. In this case, chemisorption of NO leads to
the formation of two types of chemical species depending upon the orientation of the NO
molecule. The vertical addition of NO on PAH forms CS35, and parallel addition of NO to
the reactive site forms CS32. Out of these two chemical species, CS32 is more stable due
to the higher reaction energy involved in its formation, as can be seen in Figure 14. After
the formation of CS32, similar to pathway 1, the N-O bond can break to form CS33. This
breakage leads to the formation of an N2 chain on PAH (CS34), with one N embedded
in the PAH molecule. Such an embedded N2 chain is stable, as its removal requires an
energy barrier of 170 kJ/mol to be overcome. The vertical addition of NO on CS31 leads
to the formation of CS35 (as denoted by broken lines). After CS35 is formed, there are
two possible routes: O-transfer to a nearby C atom (CS33), or removal of N2O (CS36).
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The chemical species CS33 is more likely to form over CS36 at low temperatures due to
a low energy barrier of 35 kJ/mol. After the formation of CS33, the N2 molecule can get
desorbed.

3.2 Reaction rates

The rate constants of the elementary reactions involved in the new proposed pathways are
listed in table 1.

Table 1: Elementary reaction rate constants in the form: ATn exp(−E/RT). The units
are kcal, K, mol, cm and sec. p.w. represents the rate constants calculated in
the present work using B3LYP/6-311++G(d,p).

No. Reaction A n E Ref.
Pathway 1
1 CS1 + 2NO→ CS2 Infinitely fast [39]
2 CS2→ CS3 2.20× 1013 0.340 30.5 [39]
3 CS3→ CS4 3.18× 1008 1.199 9.25 p.w.
-3 CS4→ CS3 3.79× 1007 1.571 59.2 p.w.
4 CS4→ CS5 7.56× 1007 1.571 32.5 p.w.
-4 CS5→ CS4 6.15× 1007 1.705 45.5 p.w.
5 CS5→ CS6 + N2 9.88× 1007 1.687 10.8 p.w.
-5 CS6 + N2 → CS5 2.76× 1006 1.673 20.9 p.w.
Pathway 2
6 CS7 + 2NO→ CS8 Infinitely fast [39]
7 CS8→ CS9 2.27× 1008 1.908 43.1 p.w.
-7 CS9→ CS8 1.06× 1008 1.624 45.0 p.w.
8 CS9→ CS10 + N2 1.70× 1008 1.877 39.8 p.w.
-8 CS10 + N2 → CS9 2.13× 1005 1.752 17.5 p.w.
Pathway 3
9 CS11 + 2NO→ CS12 Infinitely fast [39]
10 CS12→ CS13 2.20× 1013 0.340 30.5 [39]
11 CS13→ CS14 3.12× 1009 0.9588 11.5 p.w.
-11 CS14→ CS13 4.36× 1007 1.455 51.9 p.w.
12 CS14→ CS15 6.61× 1007 1.582 31.5 p.w.
-12 CS15→ CS14 1.14× 1009 0.919 4.80 p.w.
13 CS15→ CS16 + N2 4.71× 1011 0.813 15.5 p.w.
-13 CS16 + N2 → CS15 7.86× 1006 1.705 16.4 p.w.
Pathway 4
14 CS17 + NO→ CS18 Infinitely fast [39]
15 CS18→ CS19 9.39× 1007 1.796 43.85 p.w.
-15 CS19→ CS18 2.73× 1008 1.371 3.20 p.w.
16 CS19→ CS20 + N2O 1.66× 1008 1.880 21.3 p.w.
-16 CS20 + N2O→ CS19 9.60× 1005 3.625 20.2 p.w.
17 CS18→ CS21 4.13× 1006 1.863 64.9 p.w.
-17 CS21→ CS18 3.61× 1008 0.9758 7.10 p.w.
18 CS21→ CS20 5.63× 1008 1.5726 14.7 p.w.
-18 CS20→ CS21 2.97× 1006 3.4033 32.1 p.w.
19 CS21→ CS22 1.88× 1008 1.3201 18.4 p.w.
-19 CS22→ CS21 4.99× 1006 1.686 100.1 p.w.
20 CS22→ CS23 + N2 1.13× 1009 1.409 8.20 p.w.

17



No. Reaction A n E Ref.
-20 CS23 + N2 → CS22 2.48× 1006 1.727 17.9 p.w.
Pathway 5
21 CS24 + NO→ CS25 4.97× 1005 1.755 55.6 p.w.
-21 CS25→ CS24 + NO 8.47× 1007 1.604 49.3 p.w.
22 CS25→ CS26 3.85× 1007 1.620 59.2 p.w.
-22 CS26→ CS25 1.33× 1010 0.5151 1.50 p.w.
23 CS26→ CS27 + N2O 1.06× 1008 1.638 14.5 p.w.
-23 CS27 + N2O→ CS26 6.26× 1005 3.452 32.5 p.w.
Pathway 6
24 CS28 + NO→ CS29 1.45× 1005 1.826 56.75 p.w.
-24 CS29→ CS28 + NO 4.51× 1007 1.694 77.1 p.w.
25 CS29→ CS30 7.12× 1007 1.340 18.5 p.w.
-25 CS30→ CS29 5.82× 1006 1.436 70.0 p.w.
Pathway 7
26 CS31 + NO→ CS32 Infinitely fast [39]
27 CS32→ CS33 2.20× 1013 0.340 30.5 [39]
28 CS33→ CS34 4.19× 1008 2.086 34.5 p.w.
-28 CS34→ CS33 4.42× 1007 1.716 90.5 p.w.
29 CS31 + NO→ CS35 Infinitely fast [39]
30 CS35→ CS33 5.37× 1008 1.012 6.10 p.w.
-30 CS33→ CS35 5.69× 1008 1.033 32.5 p.w.
31 CS35→ CS36 + N2O 3.41× 1008 2.052 52.4 p.w.
-31 CS36 + N2O→ CS35 4.01× 1009 2.928 97.3 p.w.
CO removal reaction
32 C6H5O→ C5H5 + CO 7.40× 1011 43.9 [9]
33 C18H8O2 → C18H8O + CO 5.75× 1015 102.4 [42]
34 C14H7O→ C13H7 + CO 6.83× 1017 105.9 p.w.

It is worth mentioning that the Wigner correction factor varied between 1.5 and 1 in the
temperature range of 300-3000 K for all the reactions, and it remained close to 1 for T >
1000 K. The rate constants for some of the elementary reactions not studied in this work
were taken from the literature (these are also provided in table 1). One of the principal
steps in all the pathways is the removal of CO molecules from PAHs. In [9], the rate
constant for the reaction C6H5O→ C5H5+CO (also shown in figure 15a) was determined
through a shock tube experiment on phenyl oxidation in the temperature range of 900–
1800 K. The rate constants measured in this work are readily used in soot growth models
[52, 53]. Recently, Sendt et al. [41, 42] studied the oxidation of PAHs by O2 in detail
using B3LYP/6-31G(d) level of theory, and theoretically evaluated the rate constant for
the removal of CO from a model PAH molecule, as shown in figure 15b. The rate constant
proposed in [41] is much lower than the one proposed in [9]. Due to this discrepancy in
the literature, the rate for CO removal was evaluated in this work. Figure 16 provides the
comparison between the rate constants for this reaction from the literature and the rate
constant evaluated in this work. It can be seen in this figure that the rate proposed in this
work agrees more closely with the rate of Sendt et al. [41]. This is due to similar levels
of theory used to determine the rate constants (B3LYP/6-31G(d) in [41] and B3LYP/6-
311++G(d,p) in this work).
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(a) (b)

Figure 15: (a) CO removal reaction studied experimentally in [9]. (b) CO removal reac-
tion studied using DFT in [41].

Figure 16: Comparison of the rate constants for CO removal from PAHs present in the
literature with the one evaluated in this work.
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3.3 kMC simulations

As mentioned in section 3.1, the KMC-ARS model was successfully applied in [39] to
simulate the simultaneous reduction of PAH and NO. The reaction mechanism used in the
previous work has been extended here by including the PAH reactions present in pathways
1–7. As mentioned in [39], all the PAH reactions were assumed to be irreversible. For
some of the backward reactions, the concentrations of gas-phase species such as CO,
N2, and N2O were required, which were not available. A detailed kinetic modelling of
soot–NO reduction is required by using a chemical mechanism and a chemistry solver
such as CHEMKIN [20] in order to determine the concentrations of the gas-phase species
(for example, CO, N2 and N2O) formed during the reactions. Such a detailed analysis is
beyond the scope of this work, as the main aim of the paper is to improve the mechanistic
and fundamental understanding of the interaction between NO and soot.

With the detailed PAH–NO mechanism, the PAH model was used to study the formation
of CO, N2 and N2O. Figure 17 shows the substrate molecules used in this work. In [39],
only structure 1 was used as the substrate molecule. An example PAH in Figure 1 and
the statistical study in [35] show that the PAHs comprising a soot particle can have dif-
ferent types of reactive sites on it. As shown in Figure 17, structure 1 mainly involves
zigzag sites, structure 2 consists of zigzag and armchairs sites and structure 3 consists of
zigzag, armchair and bay sites on its edge. The simulation results shown in this paper
were obtained for all the three substrate structures. The simulations were carried out in
two different NO–environments: Environment 1 [56] – NO concentration was kept con-
stant at 1500 ppm, and the temperature was varied between 300oC and 900oC linearly
at the rate of 5oC/min. Therefore, the total reaction time was 120 min; Environment 2
[6] – NO concentration was taken to be 500 ppm, and the temperature was held constant
(isothermal conditions). The simulations were carried out at 4 different temperatures:
650oC, 750oC, 850oC and 950oC in order to study the effect of temperature on the PAH
oxidation rate, and the formation of the major product species CO and N2. All the simula-
tion results presented in this paper were evaluated using all the three substrate molecules.
For each substrate, 300 simulation runs were carried out. If not mentioned, the presented
results were obtained by taking an average over the simulation results obtained for all the
substrate molecules. In all the cases studied here, simulation was found to stop after some
time. An attempt has been made to identify the molecular functional groups present on
the final PAH structures that prevent the further oxidation of PAHs.

3.3.1 CO desorption rate

As shown in the previous section, three different rate constant are available for the des-
orption of CO from the PAHs. In [56], temperature programmed reaction between carbon
black and NO in the absence of O2 was carried out at a heating rate of 5oC/min (NO–
environment 1 in section 3.3). It was observed that CO removal took place from the soot
surface only after the temperature increased above 873 K (600oC). This information was
used to choose a rate constant among the three, as described below. The kMC simulations
were carried out in the NO–environment 1 on the three substrate molecules using the three
proposed rate constants. Figure 18 shows the variation in the fraction of NO converted
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(a) Structure 1

(b) Structure 2

(c) Structure 3

Figure 17: Substrate PAH structures with different numbers of reactive sites (arm-
chairs (AC) and zigzags (ZZ) and bays (BY)) to study soot–NO interac-
tion. Number of sites of type x = Nx. (a) NZZ = 40, NAC = NBY = 0. (b)
NZZ = 24, NAC = 16, NBY = 0. (c) NZZ = NAC = 12, NBY = 8.
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Figure 18: Fraction of NO chemisorbed on PAHs converted to CO, N2 and N2O. The
species profiles with superscript (1) were obtained with the rate constant for
CO removal proposed by Frank et al. [9], those with superscript (2) were
obtained with the rate constant proposed by Sendt et al. [40], and those with
superscript (3) were obtained with the rate constant proposed in this work.

to N2, N2O and CO with temperature, and with different rate constants for CO removal.
This fraction Xm was calculated as: Xm = 2× Nm/NNO, where Nm is the average num-
ber of molecule m released from PAHs, NNO is the average number of NO molecules
chemisorbed on PAHs, and m is N2 or N2O. For CO molecules, XCO = NCO/NNO (as
only one NO is involved in producing a CO molecule). It can be seen in Figure 18 that
with the CO desorption rate given in [9], CO formation starts taking place at a temperature
below 600 K, while with the other rate constants, CO removal does not take place before
800 K. Figure 19 shows the temperatures at which the formation of CO starts taking place
with the three different rate constants, and their comparison with the experimentally ob-
served value. With the rate constant proposed in [40], CO removal from PAHs started
at around 840 K. This value agrees reasonably well with experiments, but the amount of
CO removed was very low (figure 18). In [56], in 120 minutes of reaction time, NO con-
centration in the gas-phase decreased by about 500 ppm, and about 400 ppm of CO were
produced. This gives an approximate amount of the NO molecules converted to CO as
80%. However, with this rate, only about 15% of the NO molecules chemisorbed on PAHs
were converted to CO in 120 minutes. The rate constant evaluated in this work is slightly
higher than the rate of [40]. With this rate, CO desorption started taking place at around
820 K, which is reasonably close to the experimental value. The slight difference can be
due to the model assumption of irreversibility of the PAH reactions. Also, at the end of
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Figure 19: Comparison of the temperature at which the desorption of CO molecules from
soot starts taking place in experiments in NO–environment 1 [56] with the
temperatures obtained through kMC simulations with different rates for CO
removal. Frank et al.: Temperature for CO removal obtained with the rate
constant of Frank et al. [9]. Sendt et al.: Temperature obtained with the rate
constant of Sendt et al. [40]. Present work: Temperature obtained with the
rate constant proposed in this work.
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120 minutes of simulation time, around 45% of the adsorbed NO got converted to CO,
which is closer to the experimentally observed fraction than the previous case. The rate
constant for the chemisorption of NO molecule at some of the reactive sites on PAHs were
assumed to be infinitely fast (see table 1), as transition state could not be found in those
cases [39]. Due to this, substrate molecules get covered with NO molecules in around
0.1 sec. Since the rates for the reactions involving N atoms are very fast, the removal
of N2 and N2O from PAHs starts taking place at low temperature. This may not happen
in practical conditions, and therefore the temperature at which the formation of N2 starts
cannot be compared to the experiments. At the end of 120 minutes, the fraction of NO
converted to N2 was around 65% in experiments, and around 40% in simulations. Sec-
tion 3.3.2 lists some of the possible reasons behind the under-prediction in the conversions
of NO to N2 and CO found in the simulations. As observed in experiments [6, 43], the
formation of N2 and N2O takes place simultaneously. Out of the three routes suggested
in this work for the formation of N2O on soot surface (in pathways 4, 5 and 7), only the
ones suggested in pathways 4 and 7 led to N2O formation at low temperatures.

It is evident from the simulation results shown above that the rate constant for CO desorp-
tion reaction proposed in this work predicts the experimental results better than the rate
constants present in the literature. Therefore, the simulation results shown in the rest of
this paper were evaluated with the new rate constant.

3.3.2 Reactive sites

It is shown experimentally in [57] that the reactivity of soot towards NO depends strongly
on their internal structure. In their study, four carbonaceous materials–carbon black, acti-
vated carbon, fullerene black and graphite were oxidised using NO. Qualitatively, similar
trends were shown by all the materials. However, an appreciable variation in the amount
of NO converted on soot surface was observed. There may be various reasons behind
it such as the difference in the structural arrangement of PAHs in soot, difference in the
reactive sites present on the PAHs and the difference in the amount of impurities present
in the particles. Since, in this work, single PAH molecules were used to study soot–NO
interaction, the effect of internal structural variation cannot be studied. However, the ef-
fect of the change in reactive sites on PAHs can be studied with the PAH model. The
kMC simulations were carried out in NO–environment 1 on the three structures shown in
Figure 17 individually. Figure 20 shows the change in the fraction of NO converted to N2

and CO with the change in reactive sites on PAHs. The highest conversion was found with
structure 1 and the lowest with structure 3. Clearly, the stability of NO on armchair sites
and the lower reactivity of NO towards bay sites makes structure 3 least desirable for NO
conversion. The zigzag sites show maximum reactivity towards NO molecules. Figure 21
shows the quantitative comparison of the conversion of NO molecule chemisorbed on dif-
ferent PAH substrates to CO and N2 with the experimental findings in NO–environment 1
(as mentioned in section 3.3.1). It can be seen in this figure that the conversion of NO to
CO and N2 in the simulations on structure 1 were closer to the experimental observations
than the other cases. The change in the fraction of NO converted to CO and N2 with
the change in site types on PAHs can be one of the reasons for their under-prediction in
the previous section, if the soot samples used in experiments in [56] were rich in zigzag
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Figure 20: Effect of the presence of different types of reactive sites on a PAH molecule.
The presence of armchair and bay sites on a PAH molecule causes a decrease
in the formation of CO. This is due to the formation of a very stable functional
group when NO gets chemisorbed on armchair sites, and low reactivity of NO
towards bay sites at low temperatures.

25



Figure 21: Comparison of the experimentally observed conversion of NO to CO and N2

with the simulation results obtained for different substrate PAH molecules.
The first stack represents the experimental results observed in [56]. The stacks
2–4 represent the simulation results obtained on the substrate structures 1–3,
respectively. The fifth stack represents the simulation results averaged over
the three substrate structures. The error bars show the confidence interval of
99.9% on the computed mean values.
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Figure 22: Number fraction of N and O atoms present on PAH surface at different times
and temperatures (the number fractions were calculated as the ratio of the
number of surface atoms to the number of NO molecules added). The increase
in temperature causes number fraction of O atoms to decrease due to increase
in CO removal from PAHs, and number fraction of N atoms to increase due to
increase in the formation of stable C-N complexes such as NO at bay sites.

sites. For all types of reactive site, formation of N2 took place before the formation of
CO, which is in agreement with the experimental observations [56]. The presence of N
and O atoms on soot particles from before the start of the experiments (as impurities) may
also explain the model under-prediction. Another reason for this under-prediction may
be the use of incomplete mechanism for the simulations. For example, no reactions are
present in the mechanism for the formation of CO2, which is observed in experiments.
This highlights the possibility of the further extension of this mechanism.

3.3.3 Temperature effects

In [6], the effect of temperature on the formation of CO and N2 was studied experimen-
tally in NO–environment 2 (isothermal conditions). It was observed that with increasing
temperature, the number of O atoms remaining on soot surface decreased, and the number
of N atoms increased for a given reaction time. In this work, the number fractions of N
and O atoms present on the PAH were tracked in the kMC simulations at four different
temperatures (650oC, 750oC, 850oC and 950oC), and are shown in Figure 22. The num-
ber fraction for surface atoms XSA were evaluated as XSA = NSA/NNO, where NSA is the
average number of surface atoms, NNO is the average number of NO molecules adsorbed
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on the PAHs. It can be seen in this figure that the simulation results are qualitatively in
agreement with the experimental results. In this case, quantitative comparison cannot be
carried out due to the absence of information about the adsorbed NO molecules on the
soot surface in experiments. At all the temperatures studied, the number fraction of N
atoms remaining on the PAH varied within a small range of 0.5 to 0.6, i.e. around 50-60%
of N atoms from NO remained on the PAH. This agrees reasonably well with the mea-
surements of Reichert et al. [38], where 40-63% of N atoms were found to remain on the
soot surface in soot–NO experiments. In Figure 22, a significant change in the number
fraction of O atoms, and a noticeable change in the number fraction of N atoms on the
PAH were obtained with increase in the temperature from 650oC to 950oC. This indicates
that some of the reactions in the chemical mechanism become active only at high temper-
atures. This is also evident from Figure 23, in which the computed PAH structures at two
different temperatures after a simulation time of 120 mins are shown. At 650oC, the PAH
structure is covered with O atoms, as CO desorption does not take place very often at this
temperature. After some reaction time, the soot–NO reaction stops due to the formation
of functional groups which are very stable such as embedded N and NO, and the absence
of sites available near the reactive atoms such as surface N atoms for NO addition. At
this temperature, there were five main functional groups, as shown inside grey circles and
numbered in Figure 23a, that prevented further addition of NO on PAH – 1) six-member
NO ring; 2) embedded N atom in a 5-member ring; 3) surface N atom; 4) surface O atom;
5) bay site. With increase in temperature, the computed PAH structure changed signif-
icantly. Figure 23b shows the functional groups present on PAHs at 950oC inside grey
circles, which were responsible for the reduced reactivity of soot – 1) six-member NO
ring; 2) embedded N atom in a 5-member ring; 3) embedded NO in bay sites; 4) surface
O atom; 5) embedded N atom in a 6-member ring; 6) surface N atom; 7) bay site. At all
the temperatures, some of the surface N atoms were found to be non-reactive due to the
absence of nearby reactive sites to aid the further addition of NO molecules. At 950oC, the
amount of surface O atoms were much less than their amount at 650oC due to the increase
in PAH oxidation rate through CO removal. This is evident from Figure 24. With increase
in temperature, the initial rate of carbon oxidation increases. At 650o and 750o, the rate
of oxidation is very slow. However, at higher temperatures, most of the O atoms present
on the PAH are removed through the formation of CO in less than 2000 s. The oxidation
rate decreases with time as the number of removable O atoms decreases. For example,
the O atoms present in the embedded NO on a bay site or in a 6-member NO ring are
difficult to remove even at high temperatures (when none of the reactions proposed in
pathways 2 and 3 on 6-member NO rings can take place due to the absence of nearby NO
rings with desired orientations for further reactions). The O atoms in 5-member NO rings
are able to oxidise PAHs, as the N-O bond can break easily. The computed structures in
Figure 23 show that the PAH becomes inactive earlier at low temperatures than at high
temperatures. This is because some of the reactions present in the chemical mechanism
do not take place at low temperatures, even if the reactive sites required for them to take
place are available. Figure 25 presents the average counts of some of the principal reac-
tions taking place on PAHs at different temperatures. The PAH reactions corresponding
to the numbers present on the X-axis in this figure are explained in the caption. The av-
erage count of N2 molecules formed by surface N atoms on PAHs (reaction 1) do not
change significantly with temperature. However, N2 formation from embedded N atoms
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(a)

(b)

Figure 23: Example computed PAH structures obtained at time, t = 7200 sec in isother-
mal conditions, when the concentration of NO was 500 ppm. (a) Tempera-
ture = 650oC, (b) Temperature = 950oC. Structure 2 (Figure 17) was chosen
as the substrate PAH structure for simulation at both the temperatures. The
functional groups which were responsible for the reduced reactivity of PAHS
at two different temperatures are shown inside grey circles.
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Figure 24: Oxidation rate of carbon atoms present in PAHs at different temperatures,
calculated as the change in C atom count per unit change in time (4C

4t
). A

significant increase in the oxidation rate was observed when the temperature
increased from 650o to 950o.
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Figure 25: Average counts of some of the principal reactions that took place on PAHs.
Reaction 1 – total N2 removal from surface N atoms (mechanisms 1–3 and
those proposed in [39]); Reaction 2 – N2 removal from embedded N atoms
(mechanism 7); Reaction 3 – N2O removal via mechanism 4; Reaction 4 –
N2O removal via mechanism 5; Reaction 5 – N2O removal via mechanism
7; Reaction 6 – embedded NO formation via mechanism 6; Reaction 7 –
O transfer on PAH via mechanism 7; Reaction 8 – total CO removal. The
formation of N2 and CO dominates at all the temperatures.
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increases with increasing temperature (reaction 2). Similar behaviour is shown by N2O.
Their formation from surface N does not change significantly with temperature (reaction
3). However, N2O formation through reaction 4 takes place only at 950oC. This shows
that the functional group, embedded N atom in a 5-member ring is very stable, and is
only reactive at very high temperatures. N2O formation from embedded N atoms in 6-
member rings increases with temperature (reaction 5). The bay sites on PAHs form very
frequently with the removal of CO molecules. However, these sites are only reactive at
high temperatures (> 750oC). If NO is added vertically on the soot surface (as shown in
pathway 7), the O atom of NO is able to get transferred to nearby C atoms. The number
of such O transfers increase with temperature (reaction 7). As indicated previously, CO
removal depends strongly on temperature (reaction 8), and the oxidation of PAHs mainly
takes place at high temperatures (> 650oC).

It is clear that the temperature significantly affects the amount of NO converted to CO
and N2 on soot surface. Some of the PAH reactions, which are not active at low temper-
atures, can take place at high temperatures. With the present reaction mechanism, whilst
a satisfactory agreement between experimental and simulation results was obtained, it is
possible to further improve this match through mechanism extension by including new
reactions for the formation of CO2, CO and N2.

4 Conclusion

A theoretical study on the interaction between soot and NO molecules in the absence of
oxygen has been carried out in order to develop the mechanistic understanding behind the
formation of chemical species such as CO, N2 and N2O on soot. Seven different reaction
pathways on PAH molecules have been presented. These reactions take place on different
types of reactive sites such as armchair sites, bay sites, and embedded and surface N
radicals. The energetics and kinetics of the PAH reactions were evaluated using density
functional theory and transition state theory, respectively. The chemisorption of NO on
PAHs was found to be exothermic irrespective of their relative orientations considered in
this work. The formation of N2 on PAHs involved low energy barriers indicating that it can
form at low temperatures as observed experimentally. A new rate for the removal of CO
from PAHs was proposed due to a discrepancy in the rates present in the literature. A PAH
growth model, called the kinetic Monte Carlo–Aromatic Site (KMC-ARS) model has
been used to simulate the formation of gas-phase species on PAHs by using the reactions
proposed in this work appended with the reactions listed in [39]. This combination of a
mechanistic DFT study and a kMC study has enabled a qualitative, and to some extent,
quantitative description of the experimental results on the simultaneous reduction of soot
and NO. The model predicts the formation of CO, as observed experimentally in a soot–
NO environment, at temperatures > 600oC in substantial amount with the rate proposed in
this work. The observed experimental trends in isothermal conditions that the amount of
N atoms present on soot surface increases and the the amount of O atoms decreases with
increasing temperature, have been successfully captured in the simulations. Furthermore,
it was observed in [38] that 40-63 % of N atoms remained on soot surface after soot–NO
reaction, which agrees reasonably well with the model prediction of 50-60%. The amount
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of CO and N2 formed in the reactions were slightly under-predicted. There are many
possible reasons behind this such as the presence of N and O atoms as impurities in soot,
the presence of highly reactive sites such as zigzags leading to the faster conversion of
NO to CO and N2 or an incomplete reaction mechanism. Therefore, further development
of the mechanism is required. The computed PAH structures at different temperatures
were also analysed to gain information about the functional groups that are responsible
for site blockage on soot leading to their reduced reactivity with increasing time. As
proposed in the literature, some of the functional groups of N and O atoms along with bay
sites were found to be very stable at low temperatures, and were reactive mainly at high
temperatures (≈ 950oC). Also, the reactive atoms such as surface N atoms were not able
to react further due to the absence of suitable reactive sites nearby for further addition
of NO. The functional groups reducing soot reactivity at low temperatures differed from
those present at high temperatures.
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[13] M. J. Illán-Gómez, A. Linares-Solano, L. R. Radovic, and C. S. d. Lecea. NO
Reduction by Activated Carbons. 7. Some Mechanistic Aspects of Uncatalyzed and
Catalyzed Reaction. Energ Fuels, 10:158–168, 1996.
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