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ABSTRACT

The interaction between ammonia and NO under combustion conditions is analyzed in the present work,
from both experimental and kinetic modelling points of view. An experimental systematic study of the
influence of the main variables for the NH3-NO interaction is made using a laboratory tubular flow re-
actor installation. Experiments are performed at atmospheric pressure and variables analyzed include:
temperature in the 700-1500 K range, air stoichiometry, from pyrolysis to very oxidizing conditions, and
the NH3/NO ratio, in the 0.7-3.5 range. Nitrogen and argon have been used as diluent gas. A literature
reaction mechanism has been used to simulate the present experimental results and discuss the main
findings. Reaction path analysis has allowed the identification of the reaction routes under the studied
conditions. The simulations reflect the main experimental trends observed. Main results show that NO
reduction by NHs3 occurs at any conditions studied, but is more intense under oxygen excess conditions.
Interactions of NH3; and NO proceeds in a molar basis with optimum conversions of NO of up to almost

100%.

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Ammonia conversion under combustion conditions has become
a major topic of research nowadays, mainly because of its inter-
est as a carbon free fuel [1-10]. The use of ammonia implies both
advantages and disadvantages. Among those, pollutants formation
can be a major drawback. Combustion of ammonia produces ide-
ally N, and water vapor as reaction products, but in practice for-
mation of nitrogen oxides, NO in particular, can happen if high
oxygen concentrations are available at the high temperatures of
combustion, as found in ammonia oxidation studies (e.g., [5,6,11—
13]. Even though there is still necessity for further studies dealing
with the emission of NOy and unburned NHs, as is pointed out by
Shu et al. [3], it is clear that formation of NO can occur during
ammonia oxidation, and thus it is probable that both NH; and NO
can be present together within the combustion chamber in a vari-
ety of conditions. If this happens, it is clear that mechanisms and
strategies that imply a minimization of NO emissions must be im-
plemented in real combustors fueled with ammonia. Therefore, it
is compulsory to progress in the understanding of the interactions
between NH3 and NO for ammonia combustors to be competitive.

The interaction of NH3 and NO has been studied in the past
mainly in works dealing with selective non-catalytic reduction
(SNCR) of nitric oxides (e.g. [14-17], where ammonia or, in gen-
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eral selective nitrogen agents, are made to interact with NO un-
der oxidizing conditions in a given temperature interval around
1250 K, the so-called temperature window of the SNCR process.
Under those fuel-lean conditions, ammonia has demonstrated to
react with NO, converting it to N5, according to the following dom-
inant mechanism:

NH3+0OH = NH,+H,0 (r1)
NH,+NO = N,+ H,0 (r2)

where the NH, radicals formed from ammonia (mainly abstracted
by OH as in reaction r1) can react selectively with NO to reduce it
to molecular nitrogen, but can also get oxidized to NO, through:

NH,+0,; = NO+H,0 (r3)

The competition between reactions 2 and 3 is driven by the
specific environment in the reaction zone, and it can lead to a de-
crease of NO (r2) or an increase of it (r3).

While the interaction of ammonia and nitric oxide has been
mainly considered in oxygen excess environments, the new sce-
nario of using ammonia as a fuel requires as well the study of
conditions with oxygen shortage. In this regard, studies are more
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Matrix of experimental conditions. All experiments are performed at atmospheric pressure, with a total flow
rate of around 1 L (STP)/min and using N, or Ar as diluent. The air excess ratio (1) is determined considering
the stoichiometry of reaction: NH; + 0.75 O, = 0.5 N, + 1.5 H,0.

Set  NH3 (ppm) NO (ppm) NH3/NO O, (ppm) H,O (ppm) Bathgas A tr (S)

1 1031 1006 1.02 0 0 N, 0 195/T(K)
2 1066 1012 1.05 345 0 N, 043  195/T(K)
3 1060 1003 1.06 435 0 N, 0.55  195/T(K)
4 1015 1016 1.00 773 0 N, 1.01  195/T(K)
4R 1013 1013 1.00 764 0 N, 1.01 195/T(K)
5 1019 1006 1.01 784 5000 N, 1.02  195/T(K)
6 1049 1002 1.05 1296 0 N, 1.65  195/T(K)
7 1051 999 1.05 3820 0 N, 4.85  195/T(K)
8 1044 300 3.48 1320 0 N, 1.69  195/T(K))
9 1042 1520 0.68 1345 0 N, 1.72  195/T(K)
10 1009 297 3.40 3834 0 N, 5.07  195/T(K)
11 1028 1519 0.68 3814 0 N, 495  195/T(K)
12 1012 1021 0.99 378 0 Ar 049  195/T(K)
13 1048 1110 0.94 675 0 Ar 0.86  179/T(K)
14 1010 1011 1.00 750 0 Ar 099  195/T(K)
15 1001 1030 0.97 880 0 Ar 117 195/T(K)
16 970 1075 0.90 1146 0 Ar 1.57  178/T(K)
17 898 1019 0.88 1530 0 Ar 227  180/T(K)
18 997 982 1.01 4100 0 Ar 5.48  182/T(K)
19 1013 315 3.22 750 0 Ar 099  195/T(K)
20 993 1526 0.65 750 0 Ar 1.01 195/T(K)
21 940 310 3.03 1600 0 Ar 227  180/T(K)
22 975 1425 0.68 1650 0 Ar 226 180/T(K)
23 954 302 3.16 4100 0 Ar 573  179/T(K)
24 938 1560 0.60 4100 0 Ar 5.83  245/T(K)

scarce, including, for instance, the works of Barbas et al. [12] and
Mei et al. [18] in flames or the work of Dagaut [19], which faces NO
and NHj sensitization effects in a jet-stirred-reactor (JSR) study. In
this context, the present work addresses the interaction of NHj
and NO under carefully controlled laboratory conditions, analyz-
ing the effect of air stoichiometry and temperature, but also the
NH3/NO ratio. Additionally, the experiments made in the present
work include the evaluation of water presence, and the use of
two different diluents (nitrogen and argon). Experiments are inter-
preted in terms of a detailed kinetic model, and discussion of the
main results attained is presented.

2. Experimental methodology

The experiments are performed at atmospheric pressure in an
experimental installation previously used by the group to study the
gas-phase oxidation process of different compounds, where a full
description of it can be found (e.g. [11,20-22]). A brief description
of it follows below.

Reactants (NHs, NO, and O,, diluted either in nitrogen or ar-
gon), and nitrogen or argon to balance, are fed from gas cylinders
through mass flow controllers. Experiments with N, would be rep-
resentative of real conditions of combustion systems, while exper-
iments with Ar allow the quantification of N, formed from ammo-
nia, and therefore the performance of N balances. In experiments
where water was added, it was fed by saturating a nitrogen or ar-
gon stream in water. Following the procedure of Alzueta et al. [23],
the gases are fed to the quartz tubular flow reactor in four sepa-
rate streams, and mixed at the inlet of the reaction zone. The reac-
tor is placed in a three-zone electrically heated oven, which allows
an isothermal reaction zone within £5 K of 20 cm in length and
0.87 cm of inner diameter. Reaction products are cooled at the out-
let of the reactor by means of air addition through an external re-
frigeration jacket. The total flow rate in the experiments is around
1 L (STP)/min, which gives a temperature dependent gas residence
time in the isothermal reaction zone, as stated in the experiments
description, Table 1. A schematic of the set-up can be found in the

Supplementary Material (Fig. SM1), together with the longitudinal
temperature profiles within the reactor (Fig. SM2)

Downstream the reactor, the product gas is directed to a gas
micro-chromatograph equipped with TCD detectors (Agilent Tech-
nologies) for NHs, O,, Hy, N, and N,O quantification, and to con-
tinuous analyzers for NH3 (infra-red), NO (infra-red), NO, (ultra-
violet), and N,O (infra-red), all of them from ABB Measurement
and Analytics. The uncertainty of the measurements is estimated
within 5%, and not less than 5 ppm for the continuous analyzers
and 10 ppm for the TCD detectors [11].

Table 1 shows the conditions of the test cases. Sets 4 and 4R
are repeated experiments at stoichiometric conditions, and set 5 is
a third repetition but in the presence of 5000 ppm H,0. All the
experiments have been carried out with a NH3 concentration of
around 1000 ppm.

As it can be observed, experimental sets 1-11 have been per-
formed in a nitrogen atmosphere. For around 1000 ppm of NO, the
influence of A (from O to 4.85) has been studied, sets 1-7. The in-
fluence of the NH3/NO ratio has been analyzed for different A val-
ues, A~1.7 (sets 8, 6, 9) and A~5 (sets 10, 7, 11).

Experimental sets 12-24 have been performed in an argon at-
mosphere. For around 1000 ppm of NO, the influence of A (from
0.49 to 5.48) has been analyzed (sets 12-18). The influence of the
NH3/NO ratio has been studied for three different A values: A~1
(sets 19, 14, 20), A~2.3 (sets 21, 17, 22) and A~5.5 (sets 23, 18, 24).

3. Chemical-kinetic modeling

Computations have been performed using the PFR model of the
Chemkin Pro suite [24]. The mechanism of Glarborg et al. [25],
with minor updates included in the study of CH3CN conversion by
Alzueta et al. [26], and including the interaction of NH3 and NH,
to produce NyHs and H,, as described in the work of Dove and Nip
[27], as in the work of Abian et al. [11], has been used for simu-
lations. This reaction mechanism includes submechanisms for C1-
C2 hydrocarbons [28-30], amines [31], cyanides [32] and hydrocar-
bon/nitrogen interactions [33-35]. Additionally, the reaction mech-
anism has been extended with the recent work of Glarborg et al.
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Fig. 1. Concentration of ammonia, oxygen and nitric oxide as a function of tem-
perature for stoichiometric conditions both in the absence and presence of water
vapor. Sets 4 (open circles), 4R (crosses) and 5 (solid circles) in Table 1.

[36], to account for new determined third-body collisions efficien-
cies in NH,+H(+M) and NH,+NH,(+M) reactions. The rate con-
stants for the reverse reactions were computed from the forward
rate constants and the equilibrium constants using the thermody-
namic data from the same sources as the kinetic mechanisms. The
full mechanism in CHEMKIN format can be found as supplemen-
tary material.

4. Results and discussion

The study of the influence of the presence of NO, which can
be formed from NHj in a real combustion device, during ammo-
nia combustion is of interest, and the present work addresses the
conversion of NH3/NO mixtures for different temperatures and sto-
ichiometries, including also fuel-rich conditions that are not usu-
ally considered in studies devoted to the Thermal DeNOyx process
by the use of ammonia as selective non-catalytic agent. The inter-
action of ammonia with nitric oxide under combustion conditions
has been systematically considered in the present work by evaluat-
ing the effect of temperature, air stoichiometry, NH3/NO ratio and
the presence of water vapor for two different bulk gases (N, or
Ar), on the conversion of both ammonia and nitric oxide and the
formation of the main reaction products. As mentioned in the ex-
perimental section, the use of argon as bath gas allows the quan-
tification of the N, formed and, therefore, to carry out nitrogen
balances in the experiments, as it will be seen later.

Figure 1 shows an example of the conversion of ammonia and
concentration of NO as a function of temperature for stoichiomet-
ric conditions, for two repeated experiments performed under sto-
ichiometric conditions (sets 4 and 4R in Table 1). The inlet concen-
trations are around 1000 ppm NH3, 1000 ppm NO and 750 ppm
0,. Additionally, Figure 1 also includes a third repetition of the
same experiment, but including the presence of 5000 ppm of wa-
ter (set 5 in Table 1). Figure 1 also shows the measured O, in
the experiments, to compare as well repetitiveness with a non-
nitrogen compound. The choice of 5000 ppm of water is related to
the possible formation of water from ammonia in a real combus-
tion process (1000 ppm of water would produce 1500 ppm of wa-
ter) as well as the possible co-combustion of ammonia with other
combustibles containing hydrogen. Additionally, this value is com-
parable to those used in previous works by our group (e.g. 11).

Under stoichiometric conditions, conversion of ammonia starts
approximately at 1150-1200 K, originating a decrease in NO con-
centration at a slightly higher temperature. At a temperature
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Fig. 2. Concentrations of NH; (a) and NO (b) as a function of temperature for dif-
ferent stoichiometries using N, as bath gas. Sets 1 (A=0), 2 (A=0.43), 3 (A=0.55), 4
(A=1.01), 6 (A=1.65), and 7 (1=4.85) of Table 1.

slightly above 1250 K, conversion of ammonia is seen to reach
100%. The diminution of NO proceeds in parallel with the decrease
in NHz up to approximately 1270 K, where the maximum NO de-
crease is observed. Above this temperature, the NO concentration
increases again monotonically. Repetitiveness of the experiments
is pretty good, as shown in Fig. 1 when comparing open sym-
bols and crosses, both when comparing the nitrogen species and
the concentration of oxygen. The impact of water (solid symbols),
by adding 5000 ppm H,O0, is not seen to be significant under the
studied conditions, and differences observed can be attributed to
the small differences in the experimental conditions of sets 4 and
4R, with no water present, and 5 with water vapor. This obser-
vation is different from the results obtained by Ariemma et al.
[37] when studying ammonia combustion under mild conditions,
which indicate a promoting effect of water addition for NO reduc-
tion. However, it has to be mentioned that, apart from the sig-
nificantly different operating conditions and reaction system, the
amounts of water vapor considered in the work of Ariemma et al.
[37] were higher than 25%.

Under the present studied conditions, the NO, concentration is
always around the detection limit (below 5 ppm). This low NO,
concentration is attributed to the fact that at the high tempera-
tures considered the presence of NO, is not thermodynamically fa-
vored compared to the NO formation. The N,O concentration (not
shown) exhibits a peak of less than 20 ppm at the temperature for
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Fig. 3. Concentrations of NH3 (a) and NO (b) as a function of temperature for differ-
ent stoichiometries using Ar as bath gas. Sets 12 (1=0.49), 13 (A=0.86), 14 (A=0.99),
15 (A=117), 16 (A=1.57), and 18 (A=5.48) of Table 1.

which the maximum conversion of ammonia is reached and the
maximum reduction of NO is attained, and it is very low or none
for the rest of conditions studied.

The influence of stoichiometry (from pyrolysis to very lean con-
ditions) on NH3 conversion and NO concentration as a function of
temperature can be seen in Figs. 2 and 3, respectively for nitrogen
and argon bath gas atmospheres. Symbols represent experimen-
tal results and lines correspond to model calculations. As seen in
Fig. 2, conversion of ammonia is almost negligible in the absence
of oxygen under the conditions considered. Only at temperatures
close to 1500 K, the highest temperature studied in the present
work, NH3 is seen to exhibit a slight decay, which is captured
by the model. When stoichiometry is increased, the conversion of
NH3 is shifted to lower temperatures. As mentioned above for sto-
ichiometric conditions, also for the rest of stoichiometries consid-
ered and regardless of the fuel-rich or fuel-lean environment, at
the temperature where the NH3 concentration reaches zero, i.e. its
maximum conversion, the minimum NO concentration is reached.
Maximum NO conversions reached are indicated in Table 2, for the
case of using N, as bath gas. Above the temperature for maxi-
mum NO reduction, the NO concentration increases again mono-
tonically with the increase in temperature. It is seen in Table 2 that
the maximum NO reduction that can be achieved increases as the
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Fig. 4. Comparison between experimental and calculated results of the balance of
nitrogen as a function of temperature for different stoichiometries, in the presence
of argon as bath gas. Species included in the balance are NH;, NO, NO,, N,0 and
N,.

oxygen availability in the reaction environment is higher, in agree-
ment with the general knowledge related to the Thermal DeNOy
process. This indicates that NO removal efficiency is maximum un-
der excess oxygen conditions, where the formation of NH, radicals
from NHj is maximized (e.g. [16]). These observed main features
are common to both N, and Ar as bath gases.

Figure 3 depicts the results of selected stoichiometries (rang-
ing from fuel-rich to fuel-lean) in an argon atmosphere, and sim-
ilar behavior and observations as in Fig. 2 can be made. This was
also observed in previous results by our group [38], which indi-
cated that the influence of the bath gas is not significant for the
results obtained in a study of ammonia conversion under pyrolysis
conditions. Despite the fact that in industrial combustion of am-
monia with air, nitrogen will be the dominant compound, the use
of argon as bath gas allows the performance of a nitrogen balance.
The N balance, corresponding to the experimental results of Fig. 3,
is shown in Fig. 4. The N balance has been made considering the
totality of the nitrogen species measured, that is: NH3, NO, NO,,
N,0, and N, both for the experimental and calculated results. The
sum of N in the referred species, divided by the inlet concentration
of N, is plotted in Fig. 4 as a function of temperature for different
stoichiometries. As seen, both experimental and calculated results
coincide reasonably well and, in both cases, the balance closes al-
ways within 90 4+ 10%, indicating that the measured species in the
experiments are clearly the dominant ones, in particular NO and
NH3, and the formed N,.

Additionally, Figures 2 and 3 include the results of simulations
carried out with the model reported before. In general, the model
captures the main trends that are observed experimentally and
the temperature windows where conversion occurs. While the NH3
and NO profiles predicted by the model in the N, atmosphere are
slightly sharper compared to the experimental observations, in the
argon environment predictions are closer to experimental data. The
reason for that different behavior is unknown at present and it
may indicate a third body effect of the bath gas, affecting one or
more individual reactions important for the present reacting sys-
tem. This issue may deserve further investigation.

The influence of the NH3/NO ratio has also been studied.
Figure 5 shows the results of NH; and NO concentrations, as a
function of temperature, for A~1.6, different NH3/NO ratios and N,
as bath gas (sets 8, 6, 9 in Table 1). The results corresponding to
A~5 (sets 10, 7, 11) are presented in Fig. SM3 in the Supplemen-
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Table 2
Maximum NO reduction achieved, and temperatures at which it is reached, for different stoichiometries.
A=0 1=0.43 1=0.55 A=1.01 A=1.65 A=4.85
(Set 1) (Set 2) (Set 3) (Set 4) (Set 6) (Set 7)
NO reduction (%) 8.7 82.6 83.0 83.8 85.2 89.6
Temperature for 1475 1400 1375 1300 1275 1225
max. NO reduction (K)
1200 2500
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Fig. 5. NH;3 (left) and NO (right) concentrations as a function of temperature for different NH3/NO ratios and a A of around 1.6. N, as bath gas. Sets 8, 6, 9 in Table 1.
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Fig. 6. NHj3 (left) and NO (right) concentrations as a function of temperature for different NH3/NO ratios and a A of around 1. Ar as bath gas. Sets 19, 14, 20 in Table 1.

tary Material. Figure 6 shows the NH; and NO concentrations, as
a function of temperature, for A~1, different NH3/NO ratios and Ar
as bath gas (sets 19, 14, 20 in Table 1). The results corresponding
to A~2.3 (sets 21, 17, 22 in Table 1) and to A~5.5 (sets 23, 18, 24
in Table 1) are presented in the Supplementary Material (Figs. SM4
and SM5).

In general, the main observations using Ar or N, as bath gas
are similar, even though the decay of NH3 concentration appears
to be slightly sharper in the Ar atmosphere. The reason for this is
unknown at present and may deserve further study, even though
for practical industrial combustion conditions of only the N, envi-
ronment is of interest.

Specifically, while the NH3 concentration has been kept at a
nominal value of 1000 ppm, NO concentration has been changed
between 300 and 1500 ppm, which results in NH3/NO ratios be-
tween approximately 3.5 and 0.7. The objective of the present ex-
periments is to evaluate the impact if any, on the one hand, to
evaluate the capacity of NH3 to reduce NO and, on the other hand,
of a possible mutual sensitization of NH3 and NO. The present ex-

periments have been carried out under fuel-lean conditions, since
those are the most appropriate to exhibit a significant reduction of
NO, by action of SNCR reactions.

Independently of the stoichiometry and the bath gas, the
present results indicate that the addition of different concentra-
tions of NO to 1000 ppm NH3 does not have a significant effect
on the NH3 and NO conversion regimes. This fact generally agrees
with the findings of Kasuya et al. [39] and Rota et al. [40], in stud-
ies of NO reduction under SNCR conditions. Those works investi-
gated the effect of the influence of partial pressure of all the re-
actants, and in particular the effect of the NH3/NO ratio on the
overall NO abatement, and found little effect of the NH3/NO ratio
on the temperature window for NO reduction with a non-complete
abatement of NO for NH3/NO ratios equal or lower than 1, which
agrees with the results of the present work. However, this out-
come is in contrast with previous findings, by Dagaut [19], in jet-
stirred reactor (JSR) experiments where the NO addition was seen
to shift the temperature regime for ammonia oxidation in about
100 K to lower temperatures compared to the oxidation of net
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NHjs. The different behaviors of Dagaut’s experiments and ours can
be attributed to the different specific reactions and experimental
conditions considered in both cases. In order to further explore
this issue, we have done simulations for the experimental data
of Dagaut’s work [19] and an example is shown in Fig. SM6 in
the supplementary material. Figure 5 shows additionally the com-
puted NH3 and NO profiles. Despite some differences in the exper-
imental and modelling comparison in Figs. 5 and SM6, both ex-
perimental and calculated profiles appear to be globally well de-
scribed, indicating the negligible effect of the addition of different
amounts of NO for the conversion of ammonia, under the condi-

tions of the present work. Similar findings are obtained for other
cases, not shown. The reasonable agreement between experimen-
tal and simulated data obtained also for Dagaut’s results reinforces
our hypothesis of attributing differences between experimental re-
sults to the specific experimental conditions obtained in the differ-
ent works.

As it has been mentioned, experiments performed using Ar as
bath gas allow to quantify the N, formed in the reaction. As an ex-
ample, Figure 7 shows the comparison between experimental re-
sults and model calculations corresponding to set 20 in Table 1.
Comparison with model simulations for all the species measured
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Table 3
Maximum reduction of NO achieved for the different
NH;3/NO ratios for the conditions of Figs. 5 and 6.

Maximum NO reduction (%)

NH3/NO ratio N, atmosphere  Ar atmosphere

>1 99.0 100
~1 89.6 80.1
<1 61.2 66.1

in significant amounts in the experiment, i.e. NH3, NO and N,, but
also O, and H,, is done. As seen, despite the sharper behavior of
model simulations observed at the onset of the different species
conversion, the calculations reproduce well not only the nitrogen
species, but also the conversion profile of oxygen, and the hydro-
gen and nitrogen formed.

Despite the negligible effect of NO on NH3 conversion, an in-
crease in the NH3/NO ratio does result in a higher reduction of NO,
which is almost total for the NH3/NO ratio of 3.5. Table 3 shows
the maximum percentage of NO reduction achieved under the con-
ditions of Figs. 5 and 6. Despite the differences in the specific val-
ues, which can be attributed to the specific experimental condi-
tions, it can be concluded that the interaction NH3-NO is almost
quantitative, and proceeds mole to mole. Also, similar findings are
obtained for the different air stoichiometries considered and both
in the presence of N, or Ar as bath gases.

Chemistry of ammonia conversion has been described in de-
tail in the literature, and the main issues are known (e.g. 4-8,
[11,16,25]), in particular when it proceeds at high temperatures
and under oxygen excess conditions, typical for the selective non-
catalytic reduction process, which has been recently further ex-
plored in the work of Stagni et al. [6]. Ammonia conversion fol-
lows two main reaction pathways, both with NH, radicals as main
intermediates, one going through H,NO and subsequently through
HNO [6,11,25] which is dominant under fuel-lean conditions, and
a second one proceeding through NNH (e.g. [16,25,41]), which is
more relevant as the oxygen availability diminishes.

The reaction mechanism has been used to perform reaction
pathway analysis under the conditions of the experiments, in order
to delineate the main reaction routes through which the conver-
sion of NH3 and NO proceeds during the conversion of the NH3/NO
mixtures. Figures 8 and 9 show respectively the main pathways
for NH; and NO conversion at different stoichiometries and at the
temperature of the onset for NO conversion, i.e. when the interac-
tion NH3/NO starts.

Calculations made with the present mechanism indicate that
the main reaction pathways for ammonia conversion in the pres-
ence of NO are very similar to those happening in the absence of
this contaminant, as shown in our recent study of ammonia oxida-
tion [11], with a clear predominancy of the NH3—NH,—NNH—N,
pathway compared to the case with no NO present. This is ex-
plained because once the NH, radicals are formed, they compete
for NO and the radical pool constituents. Since both the concentra-
tion of NO is comparatively high and the NH,/NO reaction is pretty
fast, reactions

NH,+NO = N,+H,0 (r2)
and
NH,+NO — NNH+OH (r4)

followed by decomposition of NNH into N5, are the main paths for
NH3; and NO decrease, being responsible of the reduction of NO
under all the conditions of the present work.
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NH,

NH H,NO

HNO
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NNH +NH,

v

N2

Fig. 9. Reaction path diagram for the conversion of NO under the conditions of the
present work. . Black lines correspond to stoichiometric and fuel-lean conditions,
and red lines correspond respectively to fuel-rich ones.

Additionally, under fuel-lean conditions, additional reaction
paths leading to the reduction of NO are activated, mainly one pro-
ceeding through N,O, reaction sequence r5-r8:

NH;+NH, = NpHs;+H, (r5)
N,Hs;+H = NyHp+H, (16)
N,H,+NO = NH,+N,0 (r7)
N,0+M = N,+0+M (r8)

which is responsible for the experimental observation of few ppm
of N,0, and a second one, proceeding through H,NO, which finally
recycles HNO into NO (reaction sequences r9-r16),

NH,+0, = H,NO+0 (r9)
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H+02(+M)=HO2(+M)

N

\
1
>

H+02=0H+0
NO2+H=NO+OH
NO2+0=NO+02

NO+O(+M)=NO2(+M)

HNO+02=HO2+NO

NH2+HONO=NH3+NO2

NH2+NO=NNH+OH

NH2+NO=N2+H20

NH3+H=NH2+H2

NH3+0=NH2+OH

NH3+NH2=N2H3+H2

1 1 1 1 1 1
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Normalized sensitivity coefficients

Fig. 10. Sensitivity analysis for NH; conversion for experiments carried out under
stoichiometric conditions with N, (Set 4 of Table 1, 1250 K) or Ar (set 14 of Table 1,
1255 K) as diluents.

H,NO has been pointed out as an important intermediate
species during NHs conversion [11, 25]. Once formed, H;NO pro-
duces quantitatively the HNO species, which reacts to produce NO,
ie.

H,NO+H/O/OH = HNO-+H,/OH/H,0 (r10-12)

HNO-+H/O/OH/O, = NO+H,/OH/H,0/HO, (r13-16)

Normalized sensitivity coefficients for NH3 concentration for
the conditions of sets 4 (A = 1.01) with N, as diluent and 14
(A = 0.99) with Ar as diluent in Table 1 are shown in Fig. 10. No
significant differences are found for the most sensitive reactions in
either N, or Ar as diluents, and therefore no insight on the ob-
served differences between fitting of the calculations with exper-
imental results can be drown at present. The senstitivity analysis
also shows that the main reactions driving the reactivity of ammo-
nia involve the formation of NH, radicals, which mainly interact
with NO.

5. Conclusions

An experimental and simulation study of the interaction of NH3
and NO under a wide range of operating conditions has been per-
formed in a quartz tubular flow reactor set-up, at atmospheric
pressure and in the 700-1500 K temperature range. Different air
stoichiometries, from very fuel-rich to very fuel-lean, were consid-
ered (A = 0 to 5). The impact of the NH3/NO ratio was evaluated,
using values from 0.7 to 3.5. Experiments were performed both in
nitrogen and argon atmospheres. The results of the tests performed
were interpreted in term of a literature detailed chemical-kinetic
mechanism.

Results obtained have allowed to determine the extent of the
interaction between NH3 and NO under a variety of air stoichiome-
tries, as a function of temperature, including also fuel-rich condi-
tions, which have been scarcely considered in the literature. Re-
sults indicate that the reduction of NO is produced at almost any
stoichiometry, even though fuel-lean environments are the most
appropriate for NO reduction, as the general knowledge of the
thermal deNOx process indicates. Calculations show that reduction
of NO by ammonia is produced by interaction with NH, radicals
under any stoichiometry conditions, while as the oxygen availabil-
ity increases, additional paths going through N,O are activated, in-
creasing thus the reduction of NO under those excess oxygen con-
ditions. Additionally, it is seen that the oxygen availability deter-
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mines the temperature window at which both conversion of am-
monia and reduction of NO occur.

No significant sensitization effects have been observed when
using different NH3/NO ratios in the experiments. The interaction
between NH3; and NO proceeds in a molar basis, with very high
conversions of NO (almost 100%) under optimum conditions. In
general, similar findings have been obtained using N, or Ar as bath
gases.

The literature mechanism used for simulating the experimental
results does reflect the main trends experimentally observed and
has been used to determine the main reaction pathways through
which the interaction of NH; and NO proceed. The main interac-
tion occurs through the NH,+NO reaction mechanism, under any
stoichiometry. As the oxygen availability is higher, the reduction of
NO by action of ammonia is higher as well, because also reaction
paths going through the N,O species appear to be significant.
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