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A B S T R A C T

Understanding the kinetics of ammonia (NH3) is becoming increasingly important to a growing variety of
applications — ranging from its role as a NOx reduction agent, a key intermediate during combustion of
biomass and energetic materials (especially green propellants), and a potential carbon-free energy carrier
and storage medium. This wide variety of applications calls for comprehensive NH3 kinetic models that
are reliable over wide ranges of temperatures, pressures, and mixtures. Yet, many still consider the present
understanding of its kinetics to be incomplete. For example, there are few experimental studies of NH3
oxidation by nitrogen-containing species, which offer the opportunity to probe relatively untested reactions
(or combinations thereof) to enable a more comprehensive understanding of NH3 kinetics. To address this
gap, we perform jet-stirred reactor experiments of NH3 oxidation by NO2 over an intermediate temperature
range (700–1100 K). The mole fractions of NH3, NO2, NO, and O2 are measured through a combination
of gas chromatography, chemiluminescence, and infrared absorption. Agreement among different diagnostics
(≤4% for NH3 and ≤7% for NO2) and excellent experimental repeatability ensure high confidence in all
species measurements. Comparisons of species measurements to model predictions revealed deficiencies in
recent kinetic models, particularly for NH3 consumption and NO formation at elevated temperatures (≥900
K). Uncertainty-weighted kinetic analyses point to the importance of reactions that form (NH2 + NO2) and
consume (H2NO + NO2, H2NO + OH) H2NO, both of which are uncertain and influential in this system (and
many other NH3 oxidation systems). These and other reactions accentuated in the present dataset are also
key reactions in NH3/air ignition and N2O formation, both of which remain outstanding challenges for NH3
combustion in engines. Consequently, resolving the modeling deficiencies observed for the present dataset
appears especially important to predictive models to enable the use of NH3 as a fuel.
1. Introduction

The kinetics of ammonia (NH3) have been a topic of substantial
(and rapidly growing) interest given its importance across many dif-
ferent scientific and engineering domains. Noteworthy examples of its
relevance include its potential as a carbon-free energy carrier and/or
storage medium [1–5], its continued use as a NOx reduction agent
uring Thermal DeNOx [6–12] and other similar processes [13], its
presence as a major species during the decomposition of many energetic
materials [14–22], its role as an important gasification impurity during
biofuel and biomass combustion [23–26], and even its appearance in at-
mospheric chemistry [27], marine toxicity [28], and neurobiology [29].
any recent studies are motivated by the potential use of NH3 as
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a carbon-free fuel in combustion devices (e.g. internal combustion
engines) [3,30–36].

With such far-reaching and varied applications, there is a need
for comprehensive NH3 oxidation models that can accurately predict
kinetic behavior over a wide range of operational conditions. Despite
extensive NH3 experimental and modeling research efforts conducted
over the last half century, many researchers still consider its kinetics to
be incompletely understood. Stagni et al. note in their recent publica-
tion [37] that ‘‘a comprehensive understanding of its kinetic behavior is
still an open challenge, especially at low-temperature (T< 1200 K) and
under diluted conditions’’. In a similar vein, Cañas et al. [38] point out
that ‘‘in spite of the efforts updating the ammonia oxidation models,
the models are far from complete since not all combustion properties
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are described satisfactorily and consequently they are not completely
accurate’’.

For example, our own survey of the literature over the last ∼50 years
as revealed that a majority of the NH3 oxidation studies conducted
ave utilized molecular oxygen (O2) as the primary oxidizer [8,35,38–
5]. While trace amounts of nitrogen oxides (e.g. NO, NO2, N2O)
are often included in Thermal DeNOx and solid fuel combustion stud-
ies [6,7,9,10,12,46–48], O2 is still typically available in large mole
fractions. Studies of NH3 oxidation by nitrogen-containing species in
the absence of O2, however, are much more limited (e.g. [49]) and may
provide insights into reactions that are highly uncertain due to a lack
of supporting experimental and theoretical data.

Indeed, the results from our earlier work on NH3 oxidation by
N2O in a jet-stirred reactor [26] revealed significant deficiencies in
recent models — in terms of both untested reactions (e.g. NH2 +
N2O) and untested combinations of reactions that were accentuated by
NH3 oxidation by nitrogen-containing oxidizers. Additionally, there are
select combustion systems where NH3 is more likely to be oxidized by
nitrogen oxides (e.g. the combustion of energetic materials), making
the results of such studies directly relevant to system kinetics.

Of particular interest here is the oxidation of NH3 by NO2. While
NH3 oxidation by NO2 involves many of the same intermediate species
as NH3 oxidation by O2, the NH3/NO2 system isolates reaction se-
quences that are usually intermixed with many other pathways when
significant mole fractions of O2 are present (e.g. compare the present
jet-stirred reactor results below with those from [37]). For example,
in the presence of large mole fractions of NO2, NH3 consumption is
dominated by reaction with OH, whereas significant mole fractions of
O2 allow for NH3 consumption by several reactions involving OH, O,
and HO2. Additionally, significant mole fractions of NO2 emphasize
NH2 reactions with NO and NO2, whereas significant mole fractions
of O2 also allow for NH2 reactions with OH, O, and HO2. Finally, when
NO2 is the primary oxidizer, H2NO largely reacts with NO2 and OH,
whereas H2NO also reacts with O2 and/or HO2 when significant mole
fractions of O2 are present.

For context, many of the abovementioned reactions isolated during
NH3 oxidation by NO2 are of great importance to various combustion
systems. In particular, the NH2 + NO2 reaction has significant influence
over the reduction of NO, formation of N2O during solid fuel com-
bustion and ammonia combustion [2–4,50], and high-pressure ignition
of NH3 [37,51,52]; the NH2 + NO reaction provides one of the key
radical producing channels during applications of the Thermal DeNOx
process [6,7,10,12,33]; and numerous reactions involving H2NO im-
pact high-pressure NH3 ignition [37,51,52] and the mitigation of NOx
emissions from current and future NH3-fueled combustion devices [4,
30,31]. With such far-reaching and varied applications, any deficiencies
in the rate constants of these reactions would be of significant interest
to future NH3 research and applications.

To address current gaps in experimental data and accentuate new
combinations of rate constants, we present experimental data for NH3
oxidation by NO2 in a jet-stirred reactor at intermediate temperatures
(700–1100 K) to assess the performance of recent kinetic models. Sim-
ilar to our previous study on NH3 oxidation by N2O, comparison of the
present experimental results and model predictions for NH3 oxidation
by NO2 revealed significant discrepancies between experimental data
and model predictions (and among model predictions themselves). Fur-
ther modeling analyses point to the importance of reactions involving
H2NO that are both influential and highly uncertain and reveal several
key reactions that are also influential to many NH3 oxidation systems.
Consequently, resolution of the observed discrepancies for NH3 oxida-
tion by NO2 may be important to ensuring reliable predictions of NH3
2

oxidation more generally.
Table 1
Experimental conditions with estimated uncertainties.

Mixture composition

214.8 ppm NH3 (±2%)
197.4 ppm NO2 (±2%)
396.0 ppm O2 (±20%)
balance N2

Residence time 1.0 s (±5%)

Pressure 1.02 atm (±1%)

Temperature 700–1100 K (±1%)

2. Experimental methods

To quantitatively evaluate the NH3/NO2 kinetic system, experi-
ments were performed for a reactant mixture of NH3/NO2/O2/N2 in
the jet-stirred reactor (JSR) facility at Columbia University (Fig. 1)
at the conditions specified in Table 1. The JSR facility consists of a
flow delivery system that can prepare complex mixtures of multiple
gases and liquids, an automated temperature control system capable
of heating the reactor just beyond 1200 K, a JSR design found to pro-
mote rapid mixing in previous studies, and several online fast-response
diagnostics that enable simultaneous measurements of multiple species.
Of particular note is that all major components are computer con-
trollable to enable later planned high-throughput and/or automated
operation at experimental conditions selected by Bayesian Design of
Experiments [53,54]. This JSR facility is described in further detail in
our earlier work [26] and only key details pertaining to the present
work are presented below.

Here, flow delivery was achieved through two Bronkhorst EL-FLOW
Prestige mass flow controllers (MFCs) that control the flow rates of
individual reactant components into a mixing manifold upstream of
the reactor. Total volumetric flow rates controlled by the MFCs ranged
from 1.27–2.00 L/min (with a ±1% uncertainty) to yield a constant
nominal residence time inside the JSR of 1.0 s across all temperatures.
To reduce reactant mixture composition uncertainties, two certified gas
mixtures of NH3/N2 and NO2/O2/N2, whose composition and specified
uncertainties are provided in Table 1, were directly flowed from two
independent MFCs. While the mole fractions of NH3 and NO2 were
pecified by the gas supplier in the certified NH3/N2 and NO2/O2/N2
ixtures, respectively, the mole fraction of O2, which was included
n the certified NO2/O2/N2 mixture to promote long-term stability of
O2, was not specified by the gas supplier. As such, the mole fraction
f O2 reported in Table 1 reflects our own gas chromatography mea-
urements. Similarly, our chemiluminescence measurements of trace
mounts of NO also present in the certified NO2/O2/N2 mixture indi-
ated a mole fraction of ∼0.5 ppm, which remained stable throughout
ll experiments (∼6 months) and thereby confirmed the stability of the
ixture. Simulations with and without these amounts of O2 and NO
n the reactant mixture are nearly indistinguishable (Figure S12 in the
upplemental Information), such that the presence of O2 and NO in the
eactant mixture appear to have no perceivable influence on system
inetics.
The quartz JSR is based on the design of Herbinet et al. [55,56],

hich has been found to closely mimic a perfectly-stirred reactor when
perating within its intended range of conditions [57,58]. Prior to
ntering the JSR, all reactants are combined in a mixing manifold and
lowed through an annular preheat zone that rapidly heats the mixture
o the reactor temperature to maintain thermal homogeneity within the
eactor [59]. (Of note, given that the preheat volume is less than a
ew percent of the reactor volume, negligible reaction is expected to
ccur in the preheat zone under the present conditions — as supported
y separate simulations that consider this additional residence time.)
he preheated reactants are then ejected into the spherical reactor
56 mm inner diameter) through four quartz nozzles (0.25–0.30 mm
nner diameter) positioned near the center of the reactor in a crossed
onfiguration angled ∼45◦ from the equatorial plane. The nominal
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Fig. 1. A simplified schematic of the atmospheric-pressure jet-stirred reactor system used for this study (located at Columbia University). Thermocouple locations (1, 2) are shown
in the magnified JSR image on the right side of the figure. Note that two MFCs were used for this study given that two certified standard gas tanks contained all reactant mixture
components.
Table 2
Measurement uncertainties specific to each diagnostic instrument.
Observable NH3a NH3b NO2a NO2b NOa O2c

Calibration 214.8 ppm 214.8 ppm 197.4 ppm 197.4 ppm 196.0 ppm multi-
±2% ±2% ±2% ±2% ±2% point

Drift ±2.5% ±3% ±1.5% ±1% ±1.5% –
Linearity ±1% ±3% ±1% ±3% ±1% –
Noise (1𝜎) ±7d/1e% ±2% ±7d/1e% ±1% ±0.5% ±4%
Resolution 25 ppb 1 ppm 25 ppb 1 ppm 25 ppb 20 ppm

aChemiluminescence.
bInfrared absorption.
cGas chromatography.
dDilute sample (NH3, NO2).
eNon-dilute sample (NH3+NO2).
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residence time provided in Table 1 is calculated by dividing the reactor
volume (82 ± 2 cm3 [26]) by the volumetric flow rate inside the
eactor. Altogether, considering the uncertainty contributions from the
eactor volume and volumetric flow rates, the estimated uncertainty in
he 1.0 s nominal residence time is approximately ±5%.
The reactor temperature is maintained by an Thermocoax resistive

eating element coupled to a Digi-Sense temperature controller that
onitors temperature in the reactor at two locations (labeled ‘1’ and
2’ in Fig. 1) using independent Omega high-temperature, low-drift K-
ype thermocouple probes (SCAXL-062) that are rated to have ≤ ±1.5
noise, ≤ ±1.5 K deviations from linearity, and ≤ ±2.8 K calibration
rift. Limited testing in Ar has indicated spatial temperature variations
ithin the reactor limited to ≤ ±5 K for temperatures of 700–1180
[26] . Furthermore, the present low reactant mole fractions limit re-
ction exothermicity and, therefore, introduce negligible deviations to
patial temperature homogeneity in the reactor (adiabatic simulations
t the present conditions suggest a maximum temperature rise of 3 K).
ltogether, the estimated uncertainty in reactor temperature is ∼ ±1%
f each temperature set point.
The reactor pressure is controlled by an Equilibar dome-loaded

ack pressure regulator in the reactor’s exhaust line based on the
oltage output signal from an Omega high-accuracy, digital pressure
auge (DPG409-030 A). Reactor pressure is intentionally maintained
lightly above atmospheric pressure at 1.02 atm to inhibit N2 and O2
ontamination from the surrounding air in the reactor and sample line.
rior experiments indicate typical variations of less than 0.0007 atm
rom the 1.02 atm set point. Other uncertainties include the specified
oise (±0.0007 atm), accuracy (±0.0014 atm), and long-term stability
±0.0021 atm) of the pressure gauge, all of which add up to an
stimated uncertainty in the reactor pressure of < ±1%.
3

O

Three independent diagnostics measure species mole fractions at
ach experimental condition in the exiting gas mixture carried by silica-
oated stainless-steel tubes maintained near 385 K. An Eco Physics
G NOx chemiluminescence analyzer (CLA) is used to provide mea-
ures of NO, NO2, and NH3. This analyzer contains two independent
etection cells that can each measure up to 500 ppm NO with a 25
pb minimum resolution. This instrument also contains NOx and NOx-
mine converters that break down NOx and NOx+NH3, respectively, to
roduce proportional mole fractions of NO for detection. Running the
Ox and NOx-amine converters simultaneously in separate detection
ells provides a measure of NH3 equal to the difference between the
wo signals. The same procedure can be followed measuring NO and
Ox in separate detection cells to provide measures of NO2. The NOx-
mine converter enables a maximum NH3 measurement of 500 ppm
hile the NOx converter is limited to a maximum NOx measurement of
0 ppm. Separate testing (i.e. not involving heated reactor components)
as shown that the NOx converter has a conversion efficiency near
100% while the NOx-amine converter is notably less efficient at
89%. Conversion efficiencies were rigorously tested (including across
aried NO/NO2/NH3 mixtures to assess any potential nonlinear and/or
ross-component effects) and accounted for in all NO2 and NH3 CLA
easurements (and their associated uncertainties) provided herein.
An Infrared Industries IR-208 gas analyzer (IR) provides duplicate
easurements of NO2 and NH3. An external sample pump provides
he analyzer with a steady sample flow of ≥0.75 L/min needed for
table absorption signals. Similar to the CLA, the IR analyzer allows
or maximum NH3 and NO2 measurements of 500 ppm with a larger
inimum resolution of ∼1 ppm.
An Inficon Micro GC Fusion gas analyzer (GC) is used to measure
2 with a minimum resolution near 20 ppm and corresponding limited
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Fig. 2. Experimental measurements and model predictions [37,41,60–62] of NO2, NH3, NO2+NH3, NO, and O2 for the conditions shown in Table 1.
capability below 100 ppm. While the GC is capable of measuring many
other species, notably H2 and N2O, these molecules remain below or
near detectable mole fraction limits over the experimental temperature
range.

Species measurements are taken at every reactor temperature set
point, which spanned from 700–1100 K in 50 K increments. All mea-
surements are taken for a minimum of 10 min to ensure all wetted
surfaces in the system and the detectors have adsorbed a sufficient
amount of NH3 so that its mole fraction remains stable [47,63]. After
each measurement, all diagnostics are flushed with N2 and re-calibrated
using certified standard mixtures with specified uncertainties listed
in Table 1 to limit NH3 exposure and calibration drift, respectively.
A multi-point calibration is performed for the GC measurements of
4

O2 over a mole fraction range that encompasses the full mole frac-
tion range relevant to this study. For each diagnostic, the maximum
observed signal drift and noise are reported in Table 2 for each mea-
sured species to bound their associated uncertainties. Additionally,
calibration linearity is tested for each diagnostic and the corresponding
uncertainties are reported in the same table. The uncertainties for each
observable species for each diagnostic — the six columns of Table 2 —
are summed independently at each temperature set point to produce
the conservative error bar estimates provided in Fig. 2.

Given the limited range of the CLA NOx converter (≤10 ppm),
only the CLA NOx-amine converter (≤500 ppm) is used to evaluate
the reactant mixture of Table 1 and therefore can only provide a
combined measurement of NO2+NH3. To measure NO2 and NH3 in-
dependently using the CLA, the sampled gaseous mixture exiting the
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Fig. 3. Experimental measurements and model predictions of NO for flow reactor experiments performed by Glarborg et al. [49].
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eactor is diluted with a known quantity of N2 using a third MFC in a
eparate set of experiments. The sample is diluted by a factor of ∼21
o reduce the combined NOx signal (NO+NO2) below 10 ppm over
he experimental temperature range. This process enables independent
easurements of NO2 and NH3 using the CLA (that are then scaled back
o their undiluted values), but increases measurement uncertainty as a
esult of lower signal-to-noise ratios and added complications (with the
orresponding increases in noise indicated in Table 2).

. Kinetic simulation methods

The experiments described above are modeled using isothermal,
sobaric, perfectly stirred reactor simulations performed in Cantera
.4.059 [64] using an ideal gas equation of state and five recently
eveloped kinetic models: the model of Zhang et al. [62], which
ocuses on hydrogen/syngas/NOx kinetics but contains a recently up-
ated H/N/O sub-mechanism; the model of Glarborg et al. [41], which
ncludes a comprehensive treatment of nitrogen kinetics; and the am-
onia oxidation models of Otomo et al. [61], Stagni et al. [37], and
hrestha et al. [60].
Each of these five kinetic models is also used to perform flux and ki-

etic sensitivity analyses for the NH3/NO2 system. For the uncertainty-
weighted (u-w) kinetic sensitivity analyses, the most recently recom-
mended uncertainty factors for each reaction among various rate con-
stant evaluations [65–76] are used. A complete list of the uncertainty
factors used here is provided in the Supplemental Information.

Simulations and equivalent flux analyses were also performed with
modified versions of the same five kinetic models that employ recently
published rate constants for NH2 + NO2 [77], H2NO + NO2 [78], and
H2NO + OH [79] (as discussed further below).

4. Results and discussion

Experimental measurements and model predictions of NO2, NH3,
NO, and O2 are shown in Fig. 2. Measurements and predictions of
NO2+NH3 are also provided as these CLA measurements are more
direct and have lower uncertainty than the independent, diluted CLA
measurements of NO2 and NH3. These CLA NO2+NH3 measurements
are also compared to the sum of the IR NO2 and NH3 measurements.

The overall measurement consistency across diagnostics and exper-
imental runs is very good with all measurements agreeing within their
estimated uncertainties. Specifically, diluted CLA and IR measurements
of NO2 generally agree within 7% (aside from a slightly larger deviation
at 850 K). Diluted CLA and IR measurements of NH3 agree within 4%
over the full temperature range. CLA and IR combined measurements
of NO +NH agree within 5% over the full temperature range. The two
5

2 3
CLA NO measurement sets agree within 5% over the experimental tem-
perature range — demonstrating the repeatability of the experimental
results as these measurement sets were taken six months apart, during
which time the CLA was serviced and cleaned. All measurements and
predictions of O2 agree within a few percent where the experiments and
models agree that O2 mole fractions remain stable over the temperature
range.

The experimental measurements and model predictions for NO2
and NH3 agree qualitatively but noticeably differ quantitatively. While
the model of Glarborg et al. [41] reproduces the NO2 measurements
nd the model of Otomo et al. [61] reproduces the NH3 measure-
ments within estimated uncertainties, no model reproduces both NO2
and NH3 measurements — notably for NH3, which is generally un-
derpredicted by ∼40%–80%. Experimental measurements and model
predictions generally disagree both qualitatively and quantitatively for
NO. The experimental measurements indicate a continued rise of the
NO mole fraction with increasing temperature that is not reproduced
by models except for that of Otomo et al. [61]. All models underpredict
NO at higher temperatures — with deviations reaching ∼20%–50% at
1100 K.

Interestingly, similar discrepancies between NO measurements and
predictions are observed for the flow reactor experiments of NH3
oxidation by NO2 performed by Glarborg et al. [49] in 1995 (Fig. 3).
he experimentally observed temperature dependence of the NO mole
raction is also not well captured by most models and measured peak
O mole fractions are under-predicted by a comparable margin (∼20%–
0%) using the same five models — suggesting that similar shortcom-
ngs in the kinetic models may be responsible for the discrepancies
etween NO predictions and measurements for both the flow reactor ex-
eriments of Glarborg et al. [49] and the jet-stirred reactor experiments
resented here.
To better understand the observed discrepancies between experi-
ental measurements and model predictions, flux analysis was per-
ormed at the experimental conditions listed in Table 1 using all five
odels. The results from this analysis are provided in Fig. 4 for the
ost influential species using the model from Glarborg et al. [41]. As
vident from Fig. 4 and similar analyses using the other models [37,60–
62] (Figures S6–S11 in the Supplemental Information), the reactions
discussed below are found to be important for all models.

The results suggest that NH3 (Fig. 2) is nearly exclusively consumed
by bimolecular reactions with OH to form NH2

NH3 + OH ⇔ H2O + NH2 (R1)

with a much smaller amount of NH3 consumed by bimolecular reac-
tions with NO2

NH + NO ⇔ HONO + NH (R2)
3 2 2
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hich is also not a significant consumption route for NO2. NO2 is
rimarily consumed by bimolecular reactions with NH2, HNO, and
2NO at lower temperatures

O2 + NH2 ⇔ H2NO + NO (R3)

O2 + NH2 ⇔ H2O + N2O (R4)

O2 + HNO ⇔ HONO + NO (R5)

O2 + H2NO ⇔ HNO + HONO (R6)

nd further consumed by bimolecular reactions with H at elevated
emperatures

O + H ⇔ NO + OH (R7)
6

2

H is primarily produced by the unimolecular decomposition of HONO

ONO(+M) ⇔ NO + OH(+M) (R8)

here HONO (not shown) is produced via (R2), (R5), and (R6), and
artially consumed by bimolecular reactions with OH

ONO + OH ⇔ H2O + NO2 (R9)

H2 is nearly exclusively produced from (R1) (and, to a lesser extent,
(R2)) and consumed by bimolecular reactions with NO2 ((R3), (R4))
and NO at elevated temperatures.

NH2 + NO ⇔ H2O + N2 (R10)
NH2 + NO ⇔ NNH + OH (R11)
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Fig. 5. Results from kinetic sensitivity analyses for NH3, NO2, and NO generated using the model of Glarborg et al. [41]. The left column (a) shows results for the present JSR
experiments at 800 K (red), 950 K (green), and 1100 K (blue); the right column (b) shows results for the flow reactor experiments of Glarborg et al. [49] at 900 K (red), 1050 K
(green), and 1200 K (blue). The NO results are presented in two sets of plots — including one without the lowest temperature to facilitate presentation of the results at higher
temperatures, which have relatively lower sensitivity coefficients. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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HNO (not shown) is produced by (R6) and bimolecular reactions of
H2NO and OH

H2NO + OH ⇔ H2O + HNO (R12)

and consumed by bimolecular reactions with NO2 (R5) and O2.

HNO + O2 ⇔ HO2 + NO (R13)

While NO is primarily consumed by reactions with NH2 ((R10), (R11)),
O is appreciably formed from several reactions, including (R3), (R5),
R8), and (R7).
7

m

Altogether, these results indicate that (R3), (R6), (R5), and (R8) in
uccession yields an overall chain-branching sequence

NO2 + NH2 ⇔ 4NO + 2OH (R14)

here radicals can also be diverted into chain-terminating pathways
(R4), (R10), (R12), and (R9)) that compete with each step of the chain-
ranching sequence. (There is also an alternative chain-branching se-
uence involving (R11), though this sequence is comparatively more
inor in the present system).



Applications in Energy and Combustion Science 12 (2022) 100095R.E. Cornell et al.
Fig. 6. Results from uncertainty-weighted (u-w) kinetic sensitivity analyses for NH3, NO2, and NO generated using the model of Glarborg et al. [41]. The left column (a) shows
results for the present JSR experiments at 800 K (red), 950 K (green), and 1100 K (blue); the right column (b) shows results for the flow reactor experiments of Glarborg et al. [49]
at 900 K (red), 1050 K (green), and 1200 K (blue). The NO results are presented in two sets of plots — including one without the lowest temperature to facilitate presentation
of the results at higher temperatures, which have relatively lower sensitivity coefficients. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
To further explore possible sources of discrepancies between pre-
dictions and measurements, the sensitivities of the predicted mole frac-
tions of species i to rate constants for each reaction j, 𝜕ln(X𝑖)/𝜕ln(k𝑗),
were calculated for both the present JSR experiments and the flow
reactor experiments of Glarborg et al. [49] at the conditions provided
in Fig. 3a. The results of this analysis are shown in Fig. 5 for NH3,
NO2, and NO using the model of Glarborg et al. [41] for the present
JSR experiments (Fig. 5a) and flow reactor experiments of Glarborg
et al. [49] (Fig. 5b). The results indicate that predictions of all three
species are most sensitive to reactions (R3), (R4), (R10), and (R11)
— which determine the fate of NH and have differing implications
8

2

for radical propagation — across the full temperature range of both
experiments. Similarly, predictions of all three species are sensitive to
the rate constants for (R6) and (R12) — which determine the fate of
H2NO and also have differing implications for radical propagation. As
(R1) is primarily responsible for consuming NH3 and OH and producing
NH2 to initiate the reaction sequence, it too influences predictions of
all three species (NH3, NO2, NO). (R8) [80–85] is also influential, but
only at lower temperatures near 800 K where all five models reasonably
reproduce the observed onset of reaction. Reactions (R2) [86–88],
(R5) [49,89–92], (R7) [75,93–95], (R9) [92,96], and (R13) [97] have

limited influence on predicted mole fractions of NH3, NO2, and NO.
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Fig. 7. Comparison of rate constants from the five models [37,41,60–62] with rate constants from theoretical calculations and experimental determinations for reactions (R3)+(R4),
R10)+(R11), (R6), and (R12). Branching ratios are also compared for (R3)+(R4) and (R10)+(R11). The following rate constants overlap (and therefore cannot all be distinguished
n the plots). (R3)+(R4): Stagni–Glarborg, (R10)+(R11): Stagni–Glarborg, (R6): Shrestha–Glarborg and Stagni–Otomo–Zhang, (R12): Shrestha–Glarborg–Otomo.
Recognizing that rate constant uncertainties vary greatly across
eactions, the sensitivity coefficients for each reaction, 𝜕ln(X𝑖)/𝜕ln(k𝑗),
shown in Fig. 5, were multiplied by their respective uncertainties,
𝜎ln(k𝑗), to give uncertainty-weighted sensitivity coefficients (Fig. 6),
which reflect the uncertainty in predictions of the mole fraction of
a particular species i due to the uncertainty in the rate constant for
reaction j. From this analysis, the reactions determining H2NO forma-
tion ((R3) and, to a lesser extent, its competitive pathway (R4)) and
consumption ((R6) and (R12)) notably emerged as the largest contrib-
utors to the uncertainty in model predictions for all species and at all
temperatures except for 800 K (where predictions and measurements
agree within uncertainties). Despite comparatively lower uncertainties
in their rate constants, (R10) and (R11) still appear to be significant
sources of uncertainty in predictions of both NH3/NO2 systems. How-
ever, (R1), which is also comparatively well studied [37,98–105], does
9

not appear to be a significant source of prediction uncertainty here.
To provide further context regarding the uncertainties in the most
influential reactions, the rate constants for (R3), (R4), (R6), (R10),
(R11), and (R12) from the five models are compared with rate constants
from theoretical calculations and experimental determinations in Fig. 7.
(R3) and (R4), which are the major product channels for the NO2 +
NH2 reaction, have been studied extensively in prior experiments [77,
106–117], yet there are few determinations and large differences in
proposed expressions for the total rate constant (kR3 + kR4) above ∼700
K. Additionally, four of the five models assume that the branching ratio
between (R3) and (R4), kR4/(kR3 + kR4), is independent of tempera-
ture, which disagrees with a recent theoretical study [117] and select
experimental determinations [49,77,115].

(R10) and (R11), which are the major product channels for the
NH2 + NO reaction, are likely the most well studied reactions [109,
118–128] of all the influential reactions listed here (R1)–(R13). The

experimental determinations of the branching ratio between (R10) and
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Fig. 8. Experimental measurements and modified model predictions of NO for the flow reactor experiments of Glarborg et al. [49] (a, b) and the present JSR experiments (c).
S
c
a
m
t
m

t
b
w
d
(
r
t
c
f
m
t
m
i
m
m

t
o
w
o
o

R11), kR11/(kR10 + kR11), are very consistent and generally reproduced
by rate expressions for most kinetic models, although the model of
Shrestha et al. [60] gives a considerably larger ratio than the other
models and the experimental determinations. Similar to the kR3 +
kR4 rate constant, however, there are few determinations and large
differences in proposed expressions for the total rate constant (kR10 +
kR11) above ∼950 K. While these uncertainties are smaller than other
uncertainties present in the five models, deviations in the kR10 + kR11
ate constant on the order of ∼10% have significant influence over
redictions of all major species.
In contrast to these comparatively well studied reactions, there is
uch greater variability among models for and much less is known
bout (R6) and (R12). All five models assume the rate constant for
R6) is equal to the rate constant for (R5) (NO2 + HNO) since (R5)
and (R6) have similar exothermicity. The models of Shrestha et al. and
Glarborg et al. use a different rate constant for (R6) simply because they
se an alternative rate constant for (R5) from Mebel et al. [89], who
tudied this reaction at the G2M(RCC,MP2) level. The rate constant
or (R12) has also been highly uncertain. With the rate constants used
y Shrestha et al., Glarborg et al., and Otomo et al. based on a single
lash photolysis experiment [129] and the rate constants used by Stagni
t al. and Zhang et al. based on estimates [10,97], the rate constants
sed by the five models span ∼2-3 orders of magnitude over the JSR
xperimental temperature range shown in Fig. 7. Within the past few
onths, Stagni and Cavallotti [78] reported theoretical calculations
f (R6) as part of a larger study on H-abstraction from H2NO and
lippenstein and Glarborg [79,130] reported theoretical calculations of
R12) as part of a larger study of the NH2 + HO2 reaction. Notably, the
alculations for (R6) [78] are one to two orders of magnitude slower
10

t combustion-relevant temperatures than values in present models. e
imilarly, the calculations for (R12) [79,130], which are reasonably
onsistent with the only experimental determination at 300 K, show
negative temperature dependence not captured by any of the five
odels and yield rate constants at 1000 K roughly in the middle of the
wo-order-of-magnitude spread among the rate constants from different
odels.
Clearly, the significant uncertainties in several key reactions for

he present system preclude any simple resolution of the discrepancies
etween the models and the experimental data. Naturally, one might
onder whether simply adopting theoretically calculated values (in-
icated by the blue lines in Fig. 7) for the branching ratio between
R3) and (R4) [117] (consistent with very recent modeling [77]) and
ate constants for (R6) [78] and (R12) [79] would aid in resolving
he discrepancies. Unfortunately, even with these changes in the rate
onstants for (R3), (R4), (R6), and (R12) implemented in each of the
ive models, none of the modified models reproduce the experimental
easurements for all species (Figure S1 of the Supplemental Informa-
ion). Of particular concern are the NO predictions as the modified
odels are unable to qualitatively reproduce the rise in NO with
ncreasing temperature observed in both the previous plug flow reactor
easurements of Glarborg et al. [49] (Fig. 8a,b) and the present JSR
easurements (Fig. 8c).
Altogether, with such large uncertainties in several key reactions

hat are instrumental to the NH3/NO2 system and many other NH3
xidation systems (e.g. [37,51,52]) that are still not resolved by recent
ork on the key reactions [77–79], arriving at any definitive resolution
f the discrepancies appears to require simultaneous consideration
f multiple reactions and multiple data sets from both theory and

xperiment in a manner that considers the uncertainties of each.
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5. Concluding remarks

Experimental measurements of NH3, NO2, NO, and O2 were per-
ormed for a NH3/NO2/O2/N2 mixture over an intermediate tempera-
ure range (700–1100 K) in a jet-stirred reactor (JSR) to address gaps
n previous validation data sets for ammonia oxidation via nitrogen-
ontaining species. Comparisons of the experimental data against pre-
ictions from recent ammonia oxidation models show significant dis-
repancies, particularly for NH3 and NO at elevated temperatures.
ncertainty-weighted sensitivity analysis identified that reactions con-
rolling H2NO formation ((R3) and its competitive pathway (R4)) and
onsumption ((R6) and (R12)) were among the largest contributors to
ncertainty in the predictions and, consequently, among the most likely
ources of the observed discrepancies. However, despite comparatively
ower uncertainties in their rate constants, (R10) and (R11) were also
ound to contribute to model prediction uncertainties. These six key
eactions for the NH3/NO2 system ((R3), (R4), (R6), (R10), (R11), and
R12)) are also known to be among the most important to predictions
f many other H/N/O kinetic systems — notably NH3 performance in
ombustion devices and NOx reduction efficiencies in various combus-
ion scenarios — and are therefore worthwhile candidates for improved
ate constant quantification in future studies.
Altogether, with such large uncertainty contributions from several

ey reactions that are also instrumental to many other NH3 oxidation
ystems, reliably unraveling the observed discrepancies in this system
ill require simultaneous consideration of many other H/N/O kinetic
alidation data sets to ensure the resulting model is truly comprehen-
ive and sound. In that regard, we expect our ongoing implementation
f the MultiScale Informatics approach [53,131–133] to an extensive
et of experimental and theoretical data for H/N/O kinetics to be useful
n resolving the discrepancies observed here in a manner consistent
ith other experimental and theoretical data and thereby establishing
mproved understanding of and models for ammonia.
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