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Abstract
We carried out a molecular modeling study of an important reaction in the combustion of
nitrogen-containing chars, the evolution of nitric oxide, (CNO) ! NO+(C*). Density functional
theory at the B3LYP level was used to provide potential energy surface information and transition
state theory was used to provide temperature dependant rate constants. Desorption of NO from
nitrogen-containing carbonaceous surfaces is modeled from a pyridine-N-oxide model. The fitted
Arrhenius expression for the NO desorption process is k(T) = 8.84  1013 exp[  42 132 K/T] (s  1).
We found that the rate constants to release CO are slightly larger than rate constants to release NO
from the carbonaceous surface. The NO desorption activation energy is 10 kcal/mol lower than that
of the CO desorption. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The heterogeneous mechanism for nitric oxide formation from carbonaceous surfaces
can be described as follows:
ðCNÞ þ O2 ! ðCNOÞ ! NO þ ðC*Þ

ðR:1Þ

Parentheses denote surface-bound species. Basically, a gas-phase oxygen molecule reacts
with a surface nitrogen atom of the char to form stable nitrogen – oxygen complexes that
*
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can desorb NO. Thermodynamic and kinetic parameters for the direct NO production
channel have been difficult to obtain accurately because some NO can be easily reduced in
situ to form N2 [1]. Therefore, the total NO production is usually approximated from both
the direct formation and its reduction on the carbonaceous surface [2,3]. Controlling NO
formation from char combustion is a technological issue because it is not mitigated by
aerodynamic methods [4]. Then, success in reducing NO evolution depends crucially on
the atomic level understanding of the chemical reactions occurring on the nitrogencontaining char surface, hence kinetics and mechanism of the direct NO desorption is very
important. The rate of the direct NO production from char-N oxidation is typically
assumed to be proportional to the rate of carbon oxidation from char in many single
particles models [3]. However, a time-resolve study in a transient state shows that the
activation energy for the direct NO desorption is in the range of 3– 5 kcal/mol [5], while
activation energy for CO desorption obtained from temperature programmed desorption is
in the range of 80 –85 kcal/mol at high temperatures [6]. Although different experimental
procedures were used in both cases, different hypotheses for the large difference in
activation energy may be considered, i.e., because an incomplete desorption channel from
nitrogen –oxygen complexes was used or simply because the desorption mechanisms are
different.
In previous studies, we began an investigation on the mechanism and kinetics of CO
desorption from carbonyl and semiquinone carbon –oxygen complexes [7,8]. Our predicted rate constants are within the uncertainty of available experimental data indicating
that the direct ab initio dynamics approach can be used to provide necessary thermodynamic and kinetic properties of important reactions in char oxidation processes. Therefore,
in the present paper, we employed the direct ab initio dynamics method to study the
mechanism and kinetics of desorption of nitric oxide from nitrogen-containing chars. A
direct comparison of the mechanism of NO desorption with existent data for CO
desorption processes will increase our understanding on the char-N chemistry that could
help us to design better processes to mitigate its adverse effects in global warming and in
stratospheric ozone depletion.

2. Results and discussion
Several nitrogen functionalities present on oxidized char surfaces have been established, namely pyrrole, pyridine, quaternary nitrogen and N-oxide functionalities such as
pyridone and pyridine-N-oxide [9]. As a case study, NO desorption reaction was modeled
using a pyridine-N-oxide on a five six-member ring carbon model in zigzag shape as
shown in Fig. 1. Unsaturated carbon atoms at the edge of the carbon model were used to
represent the active sites of the char. The pyridine-N-oxide complex was optimized in C2v
symmetry at the B3LYP DFT level of theory [10] using the 6 –31G(d) basis set. We have
performed several optimizations for different electronic states to determine the ground
state. Electronic calculations were done using the Gaussian 98 program [11].
Selected optimized geometrical parameters and the Wiberg bond order index [12],
which is related to the strength of the bond, are shown in Fig. 1. As can be seen, the NUO
bond order index is the highest in the N-oxide model, then it is expected that a NO
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Fig. 1. Pyridine-N-oxide model in zigzag shape. Some carbon atoms are named to facilitate the discussion. (a)
Active carbon atom, (ie) inactive exposed carbon atom, (ib) inactive buried carbon atom. Selected optimized bond
length in angstroms (Å). Numbers in parenthesis are Wiberg bond order indexes.

molecule might be released by breaking the two N –Cie1(ie2) bonds. The equilibrium
pyridine-N-oxide complex was found to have two low-lying electronic states; the doublet
excited state is 3.9 kcal/mol higher than the quartet ground state. At combustion temperatures, one can expect that both electronic states are populated. It was found that the NO
desorption energy barrier on the quartet electronic state is 146.7 kcal/mol, while the energy
barrier on the doublet electronic state is 86.8 kcal/mol. Thus, it is reasonable to assume that
the desorption process would occur mostly on the doublet surface. Desorption of nitric
oxide is modeled by pulling the NO group away from the carbon model while maintaining
the doublet electronic state. To estimate the energy profile for this process, we calculated
the NO desorption potential energy curve as function of the reaction coordinate, namely
the Cib2 –N distance, starting from its equilibrium value to 7 Å at the interval of 0.2 Å,
while relaxing other degrees of freedom. The zero point corrected NO desorption potential
energy curve on the doublet electronic state is shown in Fig. 2, as well as the Cie1 –Cie2
distance. The NO desorption route proceeds with an energy barrier of 78.2 kcal/mol and
the backward reaction barrier is 39.4 kcal/mol. Notice that in the initial stage of the
desorption, the ring opens slightly to let NO break away; and then closes up to form a fivemember ring. The geometry of the activated nitrogen – oxygen complex that corresponds to
the highest point in the energy curve is shown in Fig. 3. The model was fully optimized
and selected optimized geometrical parameters and the Wiber bond order indexes are
depicted in the same figure. It is seen that while the NO bond is 64% stronger than the
corresponding bond in the pyridine-N-oxide complex, the N –Cie1 bond is 90% weaker
due to the desorption process. The activated complex involves a planar six-member ring
with partial bonding between the carbon – nitrogen – carbon.
Thermal rate constant for the direct NO production was calculated at the Transition
State Theory (TST) using the Virtual Kinetic Laboratory [13]. A normal mode analysis on
the activated complex shows that the transition state structure for the NO desorption
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Fig. 2. Doublet-state potential energy curve and the Cie1 – Cie2 distance for the NO desorption channel of reaction.

channel is non-planar. Vibrational partitional functions were calculated quantum-mechanically within the harmonic approximation while translational and rotational partition
functions were computed classically. Both the doublet and quartet states were included
in calculations of the reactant electronic partition function. The calculated forward rate

Fig. 3. Activated nitrogen – oxygen complex that leads to the NO desorption molecule. Bond lengths in angstroms
(Å) and angles in degrees. Numbers in parenthesis are Wiberg bond order indexes.
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Table 1
Transition state rate constant (s  1) for NO and CO desorption from a carbonaceous model at different
temperatures (K)*
Temperature

NO desorption

CO desorption

NO/CO ratio

800
900
1000
1100
1200

1.20  10  9
4.40  10  7
4.88  10  5
2.29  10  3
5.59  10  2

1.73  10  9
1.14  10  6
2.14  10  4
1.59  10  2
5.90  10  1

6.94  10  1
3.86  10  1
2.28  10  1
1.44  10  1
9.47  10  2

* CO desorption rate constant obtained from the scientific literature [8].

constants were obtained on the doublet electronic state. The fitted Arrhenius expression for
the present NO calculated rate constants is k(T ) = 8.84  1013 exp[  42 132 K/T] (s  1).
Table 1 shows the transition state rate constant for the NO and CO desorption at different
temperatures. The theoretical CO desorption rate constant was obtained from our previous
study [8] and it is included here just for comparison purposes. A direct comparison of the
NO and CO desorption rate constant can be done because they are obtained at the same
level of theory and using the same carbonaceous model. It can be seen that desorption rate
constant for CO is slightly larger than the NO desorption rate constant. The difference in
the rate constant becomes bigger as the temperature increases. Notice that the activation
energy obtained from the Arrhenius expression is 83.8 and 94.3 kcal/mol with smaller
frequency factors for NO desorption. Then, increasing the temperature, the rate constant
ratio (NO/CO) shown in Table 1 decreases. At higher temperatures, there is a small
selectivity to release carbon atoms first while the selectivity decrease at lower temperatures.
3. Conclusions
Major discrepancies between theoretical and experimental activation energies for the
NO desorption have been found in this study. However, the desorption rate constants of
NO and CO are not considerably different as it has been assumed in single particle models
[3]. The hypothesis that NO can be released by a different mechanism from that of CO is
not supported from this study. Then, it is necessary to consider other types of NO
precursors to have a complete insight into the overall NO desorption process. Nevertheless, considering that the pyridine-N-oxide model is a plausible NO precursor with a
high NO desorption activation energy shows that it has an important effect on the ratelimiting step on the mechanism of the direct uncatalyzed NO production. Clearly,
additional work is needed on the NO formation from the (CNO) surface complexes.
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