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Mechanism of N,O Destruction under Coal Combustion Conditions:
Density Functional Theory Study

ZHOU Su-Qin* GU Ya-Xin GU Xu

(Key Laboratory for Attapulgite Science and Applied Technology of Jiangsu Province,
College of Life Science and Chemical Engineering, Huayin Institute of Technology, Huaian, Jiangsu 223003, China)

Abstract: We have calculated the reactants, transition states and products of six reactions involving the N,O
destruction under coal combustion, by using the DFT-B3LYP method with the 6-311++G** and aug-cc-pVTZ
basis sets. Optimized structures were obtained. Thermodynamic property changes (total energy, enthalpy, entropy
and Gibbs free energy) along the reaction paths, as well as their variations with temperatures, were predicted. The
predicted activation energy of ca. 200 kJ+-mol™ for the reaction of N;O+CO is in good agreement with experiment
value of 19348 kJ -mol~". Rate constants over the temperature range of 500~1 800 K were figured out. The
reactions of N,O with H and CN radicals are kinetically the leading roles in N,O destruction, with activation
energies of 50~55 kJ-mol™. The reaction of N,O with CN radical is thermodynamically the most favorable process
with Gibbs free energy changes of —407 kJ-mol™ at the B3LYP/aug-cc-pVTZ level.
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0 Introduction Nitrous oxide has become the subject of intense research
and debate because of its increasing concentrations in

Increasing awareness about the environmental the atmosphere and its known ability to deplete the
problems related to NO, emissions from coal combus- ozone layer and also to contribute to the greenhouse
tion has led the researchers to lay more emphasis on the effect!™. The global warming potential of N,O is about
combustion chemistry and chemical kinetics of NO.. 300 times as effective as CO, for per unit mass®™. It is
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agreed that N,O levels in the atmosphere are increasing
at around 0.2 percent per year. At the current rate of
production, it is estimated that N,O concentrations will
reach roughly 3.75x107 by the year 2030". Besides,
N,O has an average residence time in the atmosphere of
170 years. Thus, N,O is stable enough to rise through
the atmosphere and reach the ozone layer in the
stratosphere, where it is photochemically oxidized to
nitric oxide (NO). Nitric oxide then attacks ozone and
changes it into oxygen. Thus, the stability of N,O makes
its direct effect on the ozone layer larger than that of
NO, whose high reactivity ensures its consumption
before NO can reach the stratosphere®. There were some
experimental and theoretical investigations for the N,O
destruction reactions. It was found that the N,O
destruction rates in the presence of CO were increased
hundreds to thousands times higher than those in the
absence of CO over the mixed transition metal oxide
catalysts®. Kimberly et al. performed a quasiclassical
trajectory study of H+N,0O reaction, and found that the
higher energies directed reaction via O-atom attack
dominates!"”. Loriat el al made kinetic measurements on
the oxidation of carbon monoxide by nitrous oxide
between 1076 and 1228 K and obtained the rate cons-
tant of the exchange reaction'™. Theoretical investigation
for the reaction of N,O with CO catalyzed by some metal
cations and its oxides has also received more and more
attention"""?,

The reactions of N,O destruction are very
complicated. We focus here only on the direct pathway.
In this work we have applied DFT methods for the

evaluation of the mechanisms of the reactions:

N,O+H — N,+OH 1)
N,0+OH — N,+HO, (2)
N,O+O0(3P) — N»+0, 3)
N,0+0(3P) — NO+NO 4)
N,0+CO — N,+CO, (5)
N,0+CN — NCO+N, (6)

These reactions are of great interest in combustion
chemistry as well as in atmospheric chemistry. The
main goal is to explore the pathway of the above N,O
destruction reactions, the activation energies, and the

rate constants.

1 Experimental

Computational methods: The DFT-B3LY P! with
both 6-311++G** and aug-cc-pVTZ basis sets was used
for the location of transition states (TS). Computations
were also performed with the Gaussian 03 package!".
The optimizations were performed without any
symmetry restrictions using the default convergence
criteria in the programs. All of the optimized structures
of reactants and products were characterized to be true
local energy minima on the potential energy surfaces
without imaginary frequencies. While the optimized
structures of transition states were verified by only one
imaginary frequency and intrinsic reaction coordinate

(IRC) calculation with a reaction path being followed.
2 Results and discussions

2.1 Optimized geometries

Fig.1 shows the optimized structures of reactants
and products. Fig.2 displays the structures of transition
states. All the energies were corrected for the zero-point
vibrational energy (ZPE) with scaling factors of 0.96!"".
The optimized geometrical parameters at the B3LYP/6-
311++G** and B3LYP/aug-cc-pVTZ levels are nearly
the same. Bond lengths at the former level are equal to
or slightly larger than those at the latter level, with the
exception of 0-0 distance in TS2. Since the optimized
geometries from the two computational levels are almost
identical, we discuss the geometrical changes along the
reaction paths, as well as the thermodynamic property
changes thereafter, at the B3LYP/aug-cc-pVTZ level.
For reactants and products, species having three atoms

are linear with exception of O,H. However, the linearity
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Fig.1 Molecular structures of reactants and products at
the B3LYP/6-311++G** and B3LYP/aug-cc-
pVTZ levels



e

%5027 %

A

1204 Kol
P{):/ 0.0971(0.097 1) o @?
) H
1613 e e O= <&/
(RN | (- G asn S/
W S 2NN e 1432 {
0.1134 970 155 4 ot &
0.1129)  (0.1223) 9 01323 0.1143
oo ! 0.1322
g (0.1140)  (0.1315)
TS1 TS2 TS3
o
YN
(157.9) /se
157.0 53

0.118 9 NQemmmmm
0.1187 .
( ) (0.1175)

TS4 TS5

TS6

Data in parenthesis belong to the latter, bond length in nm and

bond angle in (°)

Fig.2 Structures of transition states at the B3LYP/6-
311++G** and B3LYP/aug-cc-pVTZ levels

N,0 is bended by the attacking of other species to form
the transition states. On going from the reactants to TS,
large bending of N,O accompanies by a large increment
of N-N or N-O bond lengths in the vicinity of attacking
species. Of course, the large deformation of N,O
requires large energy compensation in TS2 and TS5 as
discussed thereafter.
2.2 Thermodynamic property changes

Table 1 lists the thermodynamic property changes
on going from the reactants to TS and to products at 500
K. Discrepancies of the thermodynamic property
changes obtained from these two different computa-

tional levels are 8.23, 10.04 and 7.17 kJ -mol™" at most

for AE, AH and AG, resulting a relative discrepancy of
2% at most. Discrepancy for AS is 6.46 J -mol™". These
consistent values indicate that the energetic properties
reach their basis set limitation. Discussion for the
thermodynamic properties thereafter refers to the data
from the aug-cc-pVTZ basis set. The predicted
activation energy of ca. 200 kJ -mol™ for reaction (5) is
in good agreement with the experimental value of (193+
8) kJ +mol™ B Kinetically, reaction (5) is difficult to
occur with an activation free energy (AG™) of 261 kJ -
mol™, while reaction (1) is easy to occur with AG™ value
of 91 kJ -mol . Our result is in agreement with the
modeling suggestion that the most important N,O
destruction reactions involve the attack of H radical™.
A quasi-classical trajectory study of H +N,O also
concludes that the direct reaction via O-atom attack
dominates!"”. Reaction (5) involves two stable reactants
and thus is kinetically unfavorable to take place.
However, it is thermodynamically favorable to take
place with free energy changes (AG) of 407 kJ -mol ™.
On the contrary, there is an unstable species or radical
on the other five reactions. Among these five reactions
involving radical reactants, the AG ™ values on going
from reactants to TS for reactions (2) and (3) are much
larger since they involves two oxygen-oxygen collision,

which is energe-tically unfavorable compared to the

Table 1 Thermodynamic property changes along the reaction paths at 500 K predicted by DFT-B3LYP method*

Reactants — TS

Reactants — Products

Basia sets - Reaction AE* AH” AS* AG AE AH AS AG
6-311++G* 1) 51.14 44.57 -93.66 91.40 -259.22 -258.83 26.14 -271.90
(2) 150.24 145.62 -111.23 201.24 -96.97 -97.76 18.95 -107.24
3 138.79 13482 -101.69 18567 32465 -32405 1214 33012
n 75.35 7055 -10493  123.02 J14995 14939 2351  -I6L15
5) 201.24 19738 -12602 26039 36276 -36332  -1321 35671
©) 55.02 5302 -109.58  107.81 41748 41888  -926 41425
aug-co-pVTZ 1) 50.87(64) 4446 -9310 9101 25256 25197 2689 2654
@ 149.79(42) 14533 -11044 20055 9779 9839 1970  -10824
3 13679(118) 13292 -101.38 183,61 23770 -32690 129 33335
n 75.10(118) 6939  -10852  123.65 S14808 14732 2428 -159.46
) 201.50(184) 19777 -12638  260.96 35738 35776 -675 35439
©) 55.39(0) 5338 11093 108.84 40925 40884  -352  -407.08

* AE, AH and AG are in kJ-mol™, AS in J-mol™, AE is corrected for the zero-point vibrational energy (ZPE). The scaling factors for the

7PE and thermal correction (Hyk .7¢) are 0.96!"; " Data in parenthesis are from ref.”, the original data in energy units of cal/mol were converted

to kJ-mol™ for the convenience of comparison.
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collision between electron donor and acceptor as in
reaction (1). Kilpinen et al. suggested that the OH
radical also plays an important role in N,O destruction
U8 However, there is no evidence to support that
suggestion from the DFT calculated data. Reactions (1)
and (6) are kinetically the leading roles in N,O
6) is

thermodynamically the easiest process to occur among

destruction. At the same time, reaction

all the reactions.

Verma et al. solved the nonlinear, first-order
differential equations by using the analytical form of the
first derivative of the species concentration, in order to
calculate the time-dependent composition of various
chemical species that evolve from the coal combustion®.
As shown in Table 1, the activation energies in this
work for reaction (1) are the largest, while those of
reactions (1) and (6) are the two smallest. At that point,
our results are in agreement with Verma's. However,
there is a large disagreement between this work and
Verma's for reaction (2). Other disagreements are of
reaction (3) and (4). Though the reactants of (3) and (4)
are identical, there are different TS structures for these
two reactions, resulting different activated energies
instead of the same ones derived by Verma®.

Fig.3 and 4 respectively show the enthalpy and
entropy changes along the path of reactants to TS at
different temperatures from 500 K to 1 800 K. The AH™
values slightly decrease as temperatures increase for
the reactions (1), (3) and (4). However, the AH” values
hardly change as temperatures increase for reactions
(2), (5) and (6). Though the variations of AH™ values
with temperatures are different, the magnitudes of AH™
values are not crossed, i.e. the AH” values of reaction
(1) are small or much small than all the others. The AS™
values decrease as temperature increases for the
reactions (1), (3) and (4). However, the AS™ values
slightly increase as temperature increases for reactions
2), (5) and
around 600 K for reactions (2), (4) and (6). The AS™

values associate with the collision factors. The collision

(6). There are crossover of AS” values

factor of reaction (4) is larger than those of reactions (2)
and (6) under 600 K. However, the collision factor of

reaction (4) is much smaller than those of reactions (2)

and (6) when the temperature is much above 600 K.
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Fig.3 Enthalpy changes along the path of Reactants —
TS at different temperatures
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Fig.4 Entropy changes along the path of Reactants —

TS at different temperatures
Fig.5 displays the Gibbs free energy changes from
reactants to products as temperature varies. The AG
values for reactions (1) through (4) slightly decrease as
temperature increases, while the AG values hardly
(5) and (6).

(6) is much easier to

change with temperature for reactions
Thermodynamically, reaction
occur than reaction (2), since the latter involves a

formation of very unstable species of HO,.
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Fig.5 Gibbs free energy changes from reactants to
products at different temperatures
2.3 Rate constants
We wuse transition state theory of Eyring to
calculate the rate constants by the following equation:
#* 0, 0 * O 0O
kT p° o AS () AH,(p)
k= exp| lexp[- |
h “RT R RT

Here, ky and h are Boltzmann and Plank constants,
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respectively; A?SS (p®) and AjéHS (pe) are standard
molar entropy and standard molar enthalpy of activation
at the condition of p ©=100 kPa, respectively; n is the
sum of computation coefficient for all reactants.

Fig.6 shows the variations of rate constants with
temperatures. There are linear relationships between
lg(k) and (1/T) for all the reactions. Rate constants of
reaction (5) increase mostly with temperature increasing
compared to all the other reactions. However, there is
no crossover among the lines, indicating that the rate
constant of reaction (1) is the largest while that of
reaction (5) is the smallest over the temperature range
500~1 800 K. Compared to other reactions, reaction (5)
involves two stable reactants (N,O and CO) and thus is

kinetically unfavorable to take place.
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Fig.6 Rate constants at different temperatures
3 Conclusions

Based on the computations for the reactions of N,O
with five species, the following conclusions can be
drawn:

(1) Reaction (1) is kinetically favorable since it
involves a radical reactant as well as a collision
between electron donor and acceptor.

(2) Reactions (1) and (6) are kinetically the leading
roles in N,O destruction. At the same time, reaction (6)
is thermodynamically the easiest process to occur

among all the reactions.

(3) Reaction (5) involves two stable reactants and
thus is kinetically unfavorable to take place. However,

it is thermodynamically favorable to take place.
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