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Carbon dioxide is one of the main gaseous products in oxidation of carbonaceous materials via both
homogeneous and heterogeneous reactions. However, the mechanisms of heterogeneous CO2 evolution during
oxidation of aromatic carbon-based materials are not known in detail. Using density functional theory, a new
oxidation mechanism of aromatic hydrocarbons with atomic oxygen was suggested to consist of four main
steps, namely, (1) adsorption of oxygen atom, (2) insertion of O atom into the ring, (3) rearrangement to
form a five-membered ring and four-membered ring lactone group, and (4) desorption of CO2. Using naphthoxy
radical as a model system, the proposed reaction pathway can explain how some of the experimentally observed
CO2 is formed.

Introduction

Oxidation of aromatic carbon-based materials is an important
reaction in gasification of biomass and coal, in soot formation,
and in combustion of hydrocarbon fuels. To improve efficiencies
and to lower the environmental impact of these processes, it is
necessary to have better knowledge of the mechanisms of this
oxidation reaction. It has been accepted that the first step in
oxidation of carbonaceous material is the chemisorption of
oxygen on the surfaces of pores and the formation of
carbon-oxygen (C(O)) complexes.1 This is often represented
by the reaction Cf + O2 f 2C(O), where Cf is an active site.
The following steps can include the decomposition of these
complexes to gaseous products and the generation of new active
sites for the oxidation reactions.1,2 The oxygen-containing
complexes are located mainly at defects or at edge-atom sites
of the carbonaceous material.3-5 These complexes can undergo
different reactions such as rearrangements and surface migra-
tions before they are desorbed as CO.6 Simulation of the
combustion reactions has been usually undertaken considering
a char particle where the following heterogeneous reactions take
place:7,8 C(s) + O2 f CO2, C(s) + CO2 f 2CO, C(s) + 1/2O2 f
CO. Once the CO is desorbed the homogeneous reaction CO
+ 1/2O2 f CO2 can take place. However, the predicted
concentration of CO2 is usually lower than the experimental
one,7 which suggests other sources contributing to the production
of CO2. Additionally, the above description does not provide
enough insight at a molecular level of the elementary reactions
and of the complete oxidation process.

The nature of the oxygen-carbon complexes has been
investigated using several experimental techniques. One of the
most common is temperature-programmed desorption (TPD),9-12

in which the functional groups are assessed through their
decomposition products. However, difficulties in the interpreta-
tion of the TPD profiles may arise due to secondary reactions.13

In general, CO2 desorption has been suggested to be originated
from carboxilate groups,9,12 carbonate groups,12,14 and lactones.9,10

Decompositions between 600 and 950 K have been tentatively
assigned to carboxylic anhydride or to lactones because they
are more stable than the carboxylic group. However, very little
information has been published for complexes decomposing into
CO2 at higher temperatures.9 It has been published that
migrations of oxygen complexes during char combustion may
play an important role in the increasing of the overall CO2

formation at high temperatures (T g 1000 K).1

Detailed study on mechanisms of oxidation of carbonaceous
materials experimentally is difficult due to a large number of
reactions taking place in the gas phase and at the solid-gas
interface. Computational chemistry calculations have been
carried out by different authors to characterize carbon oxygen
complexes to help interpret the experimental results.15-18 Yang
et al.15 proposed that the presence of an epoxy complex close
to an edge semiquinone group in a graphene layer weakens the
C-C bonding neighbor to the semiquinone group by about 33%.
This suggests that the epoxy group facilitates the release of a
CO molecule. Li et al.16 have also provided insight into the
atomic level mechanisms of graphite oxidation using the DFT
approach. They suggested that the epoxy groups tend to line
up on the graphite surface to act cooperatively pushing apart
and stretching the C-C bond, breaking up the atomic structure
of graphite.3,16 Sánchez et al.,17 using quantum chemistry
methods, have demonstrated that carbon oxidation reactions in
the presence of epoxy functionalities are very important in the
formation of heterogeneous CO2 and of cyclic ether complexes.
Additionally, heterogeneous CO2 evolution can be generated
as a secondary reaction from a carbonate group formed by CO
readsorption.17,18

Atomic oxygen is more reactive than molecular oxygen for
the graphene oxidation, as shown by Paredes et al.,19 using
scanning tunneling microscopy (STM) and atomic force mi-
croscopy (AFM). Atomic oxygen was suggested to react not
only with carbon atoms at defects but also with those located
at basal planes. This explains the disappearance of the atomically
flat terraces and the appearance of a generally roughened
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topography on the samples. Nonetheless, the formation mech-
anism of CO and CO2 was not discussed in such study.

It is known that concentration of atomic oxygen O(3P) in
combustion systems at high temperatures (above about 1100
K) is noticeable. It can be produced through the reaction of a
hydrogen atom with molecular oxygen via •H + O2f O(3P) +
•OH, which consumes one radical and produces two new O and
•OH radicals becoming the most dominant chain branching
reaction.20,21 These oxygen atoms are reactive and can attack
the carbonaceous framework in different positions.22 In this

work, quantum mechanic calculations have been carried out to
investigate a new mechanism for oxidation carbonaceous
materials for the production of heterogeneous CO2 through the
reaction with an oxygen atom in triplet state, O(3P). The
mechanism includes four main steps: (1) O(3P)-addition to the
basal plane carbon atom adjacent to a semiquinone >CdO group
(note that oxygen atom can also adsorb on the graphene layer
at other locations and then migrates to the carbon atom adjacent
to the semiquinone group); (2) insertion of this oxygen atom
into the six-membered ring to form a seven-membered ring;
(3) rearrangement of the seven-membered ring to five-membered
ring and four-membered ring lactone group; (4) desorption of
CO2. Independently from our work, Radovic recently suggested
the possibility of such a pathway;23 however, no evidence was
provided and no information on how the initial oxygenated
species are formed.

Methodology

Geometries and frequencies of equilibrium and transition state
structures were calculated using a density functional theory
(DFT)24 hybrid functional B3LYP25,26 with the 6-31+G(d),
6-311G(d,p), and 6-311G++(d,p) basis sets to evaluate their
effects on the barrier heights at the B3LYP level of theory. The
B3LYP method is known to give rather accurate reaction
energies, geometries, and vibrational frequencies of aromatics
hydrocarbons and their radicals.27,28 However, B3LYP has been
known to underestimate the reaction activation energies for a
number of reactions.29 Single-point energy calculations at the
QCISD(T)/6-31G(d)//B3LYP/6-31G(d) and QCISD(T)/6-31G(d)//
B3LYP/6-31+G(d) levels were also performed to improve the
energetic data. The QCISD(T)/6-31G*//B3LYP/6-31G* ap-
proach was suggested by Bach et al.,30 in studying epoxidation
reactions, where the activation barriers calculated at the
QCISD(T)/6-31G*//B3LYP/6-31G* level are close to those
computed at the more sophisticated QCISD(T)/6-31G*. Natural
bond orbital (NBO)31 analysis were performed and bond orders
are represented by the Wiberg index.32 For the discussion below,
notation of A and TS are used for a minimum and transition
state on the potential energy surface, respectively. Unless
otherwise specified, QCISD(T)/6-31G(d)//B3LYP/6-31+G(d)

Figure 1. 1-Naphthoxy radical with the nomenclature used in the
present research and the corresponding Wiberg’s bond orders.

Figure 2. Relative energy of the heterogeneous CO2 release from
naphthoxy radical and an oxidized five six-membered rings of carbon
at B3LYP/6-31G(d) level of theory.

TABLE 1: Relative Energies (kcal/mol) Calculated at Different Levels of Theory

B3LYP

6-31+G(d) 6-311G(d,p) 6-311++G(d,p) QCISD(T)//B3LYPa QCISD(T)//B3LYPb PG, ES, Nimag
c

A0 0.0 0.0 0.0 0.0 0.0 Cs, 2A, 0
A1 -38.6 -38.0 -37.6 -41.3 -41.9 C1, 2A,0
TS1 -26.6 -25.7 -26.0 -23.3 -23.7 C1, 2A, 1
A2 -28.8 -28.9 -28.9 -28.6 -30.4 C1, 2A, 0
TS2 -26.7 -27.7 -27.8 -24.4 -24.7 C1, 2A, 1
A3 -85.9 -86.9 -85.4 -77.7 -78.3 Cs, 2A”, 0
TS3 -43.6 -44.5 -43.7 -43.0 -43.5 C1, 2A, 1
A4 -61.0 -61.1 -60.7 -63.3 -63.8 C1, 2A, 0
TS4 -59.9 -59.9 -59.7 -59.1 -59.9 C1, 2A, 1
A5 -69.0 -69.2 -66.9 C1, 2A, 0
TS5 -68.4 -68.6 -62.4 C1, 2A, 1
A6 -103.6 -109.0 -107.8 -102.5 -103.0 C2V, 2A2, 0
A7 -58.2 -58.3 -58.1 -57.0 -57.4 C1, 2A,0
TS6 -48.4 -48.4 -47.9 -47.0 -42.7 C1, 2A, 1
A8 -83.2 -84.8 -82.8 -76.8 -77.3 Cs, 2A′′, 0
TS7 -42.6 -43.5 -42.6 -42.3 -42.8 C1, 2A, 1
A9 -57.9 -58.4 -57.7 -60.6 -61.2 C1, 2A, 0
TS8 -45.8 -46.8 -46.5 -41.2 -41.6 C1, 2A, 1

a Using the QCISD(T)/6-31G(d)//B3LYP/6-31G(d) approach. b Using the QCISD(T)/6-31G(d)//B3LYP/6-31+G(d) approach. c For A0 data of
point group, PG, electronic state, ES, and number of imaginary frequencies, Nimag, are to naphthoxy radical, and in A6 data are to indenyl
radical.
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energy values are used in the following discussion. Stable
products and transition states were verified by normal-mode
analyses. Specifically, minima on the potential energy surface
(PES) were confirmed to have all real vibrational frequencies.
For the transition state, the eigenvector of the only one imaginary
frequency corresponds to the motion of the reaction coordinate.
Intrinsic reaction coordinate (IRC)33 calculations were performed
at each transition state to confirm the corresponding reactants
and products. All calculations were done using the Gaussian
03 package.34

Results and Discussion

The naphthoxy radical, shown in Figure 1 with its corre-
sponding numbering of atoms and the Wiberg index for each
bond, was used as a physical molecular model in this study.
This model was selected by relying on the findings of Montoya
et al.,35 where it was shown that the CO2 adsorption energy
strongly depends on the nature of the local active site rather
than on the size of the molecular model. The size-independent
reactivity of the edges of the carbon model was also confirmed
with the results of this research. For example, a difference of
about 1.5 kcal/mol in the desorption of CO2 from the naphthoxy
structure and from an oxidized graphene layer of five six-

member rings,35,36 shown in Figure 2, confirms such a finding
and supports the choice of the model.

It is possible that the size dependence is more noticeable at
the transition states. The small size of the naphthoxy radical
facilitates a more thorough search of the potential energy surface
for paths leading to CO2 production. The naphthoxy radical,
which has a semiquinone group, has been proposed as one of
the main intermediates in the naphthalene oxidation at high
temperatures.37,38 This radical can be formed by different routes.
One of them is the O(3P)-addition reaction to the carbon C1 in
naphthalene, which is the most reactive position in naphtha-
lene,39 followed by hydrogen elimination. Another possibility
is the formation of the 1-naphthyl radical by hydrogen abstrac-
tion from naphthalene by the OH radical and then combining
with one of the radicals O, O2, or HO2.37,38

Once the naphthoxy radical is formed, two possible reaction
pathways can be considered for the heterogeneous CO2 evolu-
tion, resulting from two possible adsorption carbon sites next
to the semiquinone group. Note that CO evolution is also
possible from the naphthoxy radical as shown by Kunioshi at
al.40 and from larger carbonaceous models.41,42

Table 1 lists relative energies calculated at different levels
of theory and basis sets. It can be seen that the basis sets have

Figure 3. Reaction pathway I of heterogeneous CO2 evolution through 1-benzoxepinyl formation. Wiberg bond orders which present a larger
change are also shown. In parentheses is the energy value relative to naphthoxy radical in kcal/mol using the QCISD(T)/6-31G(d)//B3LYP/6-
31+G(d) approach. In brackets is the relative value of the classical barrier for each step (Table 2).
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little effect on the relative reaction energies and barrier heights
at the B3LYP level. At this theory level it was not possible to
determine the geometries of A5 and TS5 using the basis set
6-31G(d) and 6-311G(d,p). Therefore, the QCISD(T)/6-31G(d)//
B3LYP/6-31+G(d) approach was used to compensate the
deficiencies found with the 6-31G(d) basis. Energy values agree
closely with those calculated at QCISD(T)/6-31G(d)//B3LYP/
6-31G(d) in almost all cases.

There are two possible pathways for addition of an O(3P)
atom to an adjacent carbon atom to the CdO group of the
naphthoxy radical. Pathway I is shown in Figure 3. In this
pathway, an O(3P) atom chemisorbs on the basal plane to form
an out-of-plane epoxy group at the C4a-C8a bond (A1 structure
in Figure 3). Note that C4a and C8a are among those (C2, C4,
C5, C7, and C8a) that have the largest Mulliken atomic spin
densities and thus are more susceptible to be attacked by the
O(3P) atom. The formation of the epoxy, A1, is exothermic by
41.9 kcal/mol (see Table 1), despite the fact that the aromaticity
of the structure is disrupted due to the new sp3 hybridization of
C4a and C8a. Once A1 is produced, the epoxy group can undergo
migration, in which a stable intermediate A2 is formed with
relative energy of -30.4 kcal/mol (relative to the starting
separated reactants) via the barrier TS1 of 18.2 kcal/mol (Table
2).

In a recent study, Li et al.,16 using C54H18 as molecular model
of a graphene layer, reported a relative energy barrier of ∼20.8
kcal/mol for the similar migration of an epoxy group on the
basal plane. The differences between our data and that of Li et
al.16 can be attributed to the fact that the A1 and TS1 structures
have an unpaired electron, which can facilitate the cleavage of
the C4a-O10 bond to produce the A2 structure. The bond order
of C4a-O10 in TS1 is 0.29, supports this argument. Note that
A2 is 11.5 kcal/mol less stable compared to A1 and is readily
transformed into a more stable intermediate A3 by insertion of
the epoxy oxygen atom into the ring to form a seven-member
ring lactone group, 1-benzoxepinyl, via the transition state TS2,
as shown in Figure 3. The barrier for this process is only 5.7
kcal/mol. The Wiber index in TS2 shows that O10-C1 bond
order is just 0.04. The IRC calculation for TS2 (see Figure 4)
reveals the two-stage mechanism for this insertion. First the
C8a-C1 bond is broken before the O10-C1 bond (ring formation)
can be occur. The A3 formation has an exothermicity of 78.3
kcal/mol (see Table 1).

The subsequent step is the reorganization of the seven
member ring containing the lactone group into a five-member
ring stable intermediate A4 where the new C8a-C2 bond is
formed. It has a barrier of 34.7 kcal/mol and is the limiting
step in the whole pathway. The final step is the CO2 elimination
through a stepwise process. First, the C8a-O10 bond of the A4
structure cleavages because it has smaller bond order of 0.74
compared to 0.92 of the C1-C2 bond. The step requires just

3.9 kcal/mol. The following step is the C1-C2 bond elimination
to release CO2 and an indenyl radical A6. The indenyl radical
has a significant resonance stabilization energy which has been
observed to form in naphthalene oxidation systems.38

The other possible pathway (pathway II) for addition of O(3P)
atom to the naphthoxy structure is at the C2 atom as shown in
Figure 5. The O-addition to the carbon C2 occurs without any
barrier to form A7 with an exothermicity of 57.4 kcal/mol.
Similar to pathway I, the following step is the insertion of the
chemisorbed oxygen atom into the ring. This step proceeds with
the migration of the oxygen O10 toward the C1 atom which faces
an energy barrier of 14.7 kcal/mol (A7 f TS6) to form the
new bond C1-O10 while the C1-C2 bond is elongated (bond
order of 0.63 at TS6) in a concerted motion. The seven member
ring, A8 (2-benzoxepinyl radical), is formed with a reaction
energy of -77.3 kcal/mol. A8 undergoes rearrangement to form
A9 with a barrier of 34.6 kcal/mol (A8f TS7). The formation
of the indenyl radical accompanied by the release of a CO2

molecule requires 19.6 kcal/mol to overcome the TS8 barrier.
The formation of CO2 takes place in a concerted process where
both the C8a-C1 and C2-O10 bonds are broken to release CO2.
This is slightly different from pathway I. However, the concerted
or stepwise mechanism for the CO2 elimination could be
sensitive to the level of theory being employed. Since it is not
the rate limiting step, it is not critical to the results of this study.

Figure 6 shows the schematic energy diagram of the two
pathways. Since both pathways are exothermic with all transition
states below the starting separated reactants, they are both
important. The O(3P)-addition to the carbon atom C2 is more
favorable than the epoxy group formation, it is possible that
the 2-benzoxepinyl pathway (pathway II) is dominant in the
high pressure limit.

TABLE 2: Classical Barrier Heights (kcal/mol) Calculated at Different Levels of Theory

B3LYP

step 6-31+G(d) 6-311G(d,p) 6-311++G(d,p) QCISD(T)//B3LYPa QCISD(T)//B3LYPb

A1 f TS1 12.0 12.3 11.6 18.0 18.2
A2 f TS2 2.0 1.2 1.1 4.2 5.7
A3 f TS3 42.2 42.4 41.7 34.7 34.7
A4 f TS4 1.1 1.2 1.0 4.2 3.9
A5 f TS5 0.6 0.6 4.5
A7 f TS6 9.7 9.9 10.2 10.0 14.7
A8 f TS7 40.5 41.3 40.2 34.5 34.6
A9 f TS8 12.1 11.6 11.2 19.4 19.6

a Using the QCISD(T)/6-31G(d)//B3LYP/6-31G(d) approach. b Using the QCISD(T)/6-31G(d)//B3LYP/6-31+G(d) approach.

Figure 4. Intrinsic reaction coordinate (IRC) of the TS2 structural
transformation into A3 (1-benzoxepinyl).
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The above results suggest that the high temperature oxidation
of carbonaceous material containing polyaromatic hydrocarbons
would also take place through pathways I and II. Such a
possibility is currently being investigated and will be published
elsewhere. As mentioned earlier, the present results also suggest
that at high temperatures the epoxy group can undergo hopping
over the basal plane22 toward the edge of the aromatic structure
to a site near of a semiquinone group before CO2 is eliminated
through the present proposed mechanism. Some studies have
demonstrated the significance of oxygen migration during char
oxidation and its effect on CO2 formation as well as on the
bimodalnatureof theCO2 evolutionprofiles inTPDexperiments.1,9

Recent experiments also suggest that complexes mechanisms
are involved in the CO and CO2 evolution.22

The limiting step in both pathways I and II is the four-
membered lactone group formation from the seven-membered
lactones 1- and 2-benxozepinyl caused by thermal vibrations.
That energy can be taken approximately equal to the activation
energy of CO2 desorption, Ed, corresponding to 34.5 and 34.7
kcal/mol. In an attempt to identify the functional groups
corresponding to the CO2 desorption step in TPD experiments
of carbonaceous materials, Haydar et al.9 have tentatively
assigned to the CO2 formation from carboxylic anhydride or
lactone groups to the TPD signals between 600 and 950 K.

These authors reported an Ed for this step between 41 and 65
kcal/mol.9 Our results are slightly below this range but are within
the uncertainty of the experimental measurements and calcula-
tions due to the different oxygenated species that could
contribute to CO2 desorption.

Concluding Remarks

Heterogeneous CO2 evolution in oxidation of aromatic
carbon-based compounds with atomic oxygen is a thermody-
namically favorable reaction.

A new oxidation mechanism is proposed that is composed
of four main steps: (1) atomic oxygen addition to a basal plane
carbon atom adjacent to a CO group; (2) insertion of this oxygen
atom into the six-membered ring to form a seven-membered
ring; (3) rearrangement of the seven-membered ring into a five-
membered ring and a four-membered ring lactone group; (4)
CO2 desorption.

These pathways can explain CO2 evolution that is experi-
mentally observed in combustion experiments and that was not
able to account for by assuming only CO2 production from gas
phase homogeneous reactions.
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