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A B S T R A C T

The objective of this work is to study the oxidation of ammonia and dimethyl ether mixtures (NH3/DME) both in
the absence and the presence of monoxide of nitrogen (NO). For this purpose, laboratory experiments have been
conducted in a quartz flow reactor setup in the 875–1425 K temperature range at atmospheric pressure,
modifying the oxygen excess ratio (λ), and the NH3/DME mixture ratio with and without NO. The experimental
results have been simulated with a literature-based kinetic mechanism. The results show that the presence of
DME and an oxygen excess ratio affect the conversion of NH3, shifting its oxidation to lower temperatures, which
decrease as the DME concentration in the mixture and λ increase. Interactions between ammonia and DME seem
to be important under the studied conditions, presumably involving the formation and thermal decomposition of
methyl nitrite (CH3ONO). These interactions affect the oxidation of ammonia at low temperatures, consume and
produce NO, which would determine the final NO emission. When there is NO in the NH3/DME mixtures, NO is
reduced up to 60 %, also favouring the oxidation of ammonia, but with an almost imperceptible effect of NO in
the case of DME. The addition of different concentrations of DME also affects the oxidation behaviour of
ammonia in NH3/DME/NO mixtures. In general, the conversion of both NH3 and DME is highly determined by
the concentration of OH radicals, although thermal decomposition is also relevant for DME.

1. Introduction

Currently, hydrocarbon fuels [1] are the most used energy sources. If
these fuels have a fossil origin, their use constitutes one of the main
causes of climate change through the emission of CO2, an important
greenhouse gas. To mitigate climate change, many countries have
designed zero-emission plans [2] that aim to both reduce CO2 emissions
and develop cleaner technologies. Furthermore, the objective is that 66
% of the energy used by 2050 [3] comes from a clean energy source. To
achieve this goal, it is possible to use different renewable energies such
as solar, geothermal, wind, or biofuel, among others.

One interesting alternative may rely on the use of ammonia, either as
a fuel or as an energy carrier. Ammonia can be produced either from
fossil fuels, biomass or renewable energies. Renewable energies such as
wind or photovoltaic can be profitable if the excess energy can be uti-
lized [4]. Also, ammonia is an excellent hydrogen storage medium. NH3
has a lower cost per unit of stored energy (0.54 $) than hydrogen itself
(14.95 $) [5]. In addition, there is currently a remarkable infrastructure
for the handling and transport of NH3, due to the advanced development
of the ammonia industry and the extended use of this chemical, with a
transportation capacity of more than 100 million tons per year [6,7].

This means that when ammonia is used as a fuel the need for investments
is low. So far, there is already evidence of efficiently operating systems
based on ammonia combustion. In Japan, the Fukushima Renewable
Energy Institute of the National Institute of Advanced Industrial Science
and Technology has reported success in running a microturbine using
pure ammonia, generating up to 42 kW of power [8], although it has
been necessary to implement a selective catalytic reduction (SCR) sys-
tem to reduce NOx emissions to comply with regulatory levels. Also, a
series of tests have been conducted at the Mizushima plant, where NH3
has been added to coal combustion. The presence of ammonia, with a
mixture percentage between 0.6–0.8 %, did not affect the plant perfor-
mance. Consequently, the addition of ammonia caused a decrease in the
carbon dioxide emitted [9]. NH3 has also been used directly in other
systems, such as combustion engines [10,11] or fuel cells [12], indi-
cating a promising use of ammonia as a combustible.

While the use of ammonia seems plausible in the near future, it also
has some disadvantages. As a non-carbon compound, it has a low calo-
rific value, low flame velocity, poor flammability and a high self-ignition
temperature [13]. In order to overcome these problems, one possibility
to facilitate the ignition of ammonia is based on mixing it with other
fuels, such as hydrogen or hydrocarbons. Currently, the most studied
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compounds to be mixed with ammonia for its combustion are CH4 and
H2. Dai et al. [14] showed that the presence of methane in the com-
bustion of NH3 modifies the ignition delay time, despite the fact that the
presence of CH4 causes CO2 emissions proportional to the percentage of
methane in the mixture [15,16]. H2 is of great interest due to the
absence of carbon in its composition. Consequently, many studies have
been carried out to evaluate the performance of NH3-H2 mixtures
[17–22], investigating their combustion properties, as well as their NO
emissions. Nowadays, the mixing of NH3 with oxygenated organic
compounds is being considered, because oxygenates that contain one or
more oxygen atoms in their molecular structure have been used as fuel
additives since the 1970 s. The addition of these chemicals, even in small
quantities, has been shown to reduce soot emissions from diesel fuels,
increase the anti-knock power of gasolines and optimise combustion
[23,24]. Some of the most studied oxygenated compounds are dimethyl
ether (DME) [25–27], diethyl ether (DEE) [28–30], dimethoxymethane
(DMM) [31] or methanol [32,33].

One of the most promising additives to be mixed with ammonia is
DME. It has great potential as a fuel for automotive vehicles and for
power generation [34] due to its well-developed storage and production
technology, with a global production of around 150,000 tons per year.
Moreover, this compound can be synthesised from renewable energies
(biomass, waste or agricultural products) [35,36]. The higher cetane
number of DME compared to diesel fuel [37], its good miscibility with
many hydrocarbons [38] and the fact that it can reduce the auto-ignition
of NH3 are also worth mentioning. Additionally, DME has lower soot
emissions than conventional fuels, due to the absence of C–C bonds in
DME [39]. It also shows minimum NOx emissions due to its specific heat
capacity and low heating value [39], which also imply a low adiabatic
flame temperature. When burning DME, Lee et al. [40], reported a
reduction of up to 40 % in NOx emissions with high exhaust gas ratios
without visible smoke or a decrease in engine efficiency.

Experimental studies on the conversion of NH3/DME mixtures
include those performed in jet stirred reactors [6,41,42], a homogenous
batch reactor [43], a spherical combustion chamber [25], rapid
compression machines (RCM) [44–46], a plug flow reactor [47] and a
constant volume spherical reactor (CVSR) [45]. The main results drawn
from these studies indicate that the presence of DME has a significant
effect on the performance of ammonia combustion.

DME has been reported to promote NH3 oxidation due to the lower
auto-ignition temperature of dimethyl ether [6,41]. Also, the addition of
DME to NH3 increases laminar burning velocities, due to the increase in
the radical pool produced by DME and the decrease in the adiabatic
flame temperature [41,45,48]. One of the important reactions for the
conversion of the NH3/DME mixture is (r1), which is responsible for the
increase in the concentration of O and OH radicals. The radical OH is
especially crucial for the initial oxidation of both fuels, except under
pyrolysis conditions, where the thermal decomposition of DME is
dominant, as will be seen later. Zhu et al. [6] reached similar conclu-
sions by adding CH3OCH2O2, one of the main intermediate compounds
of DME conversion, to NH3. The addition of DME to the NH3/DME
mixture also results in a lower emission of NO [26,43] compared to the
combustion of net NH3 despite the fact that once NH2 radicals are
formed from NH3, the NH2-NO interaction, specifically reactions (r2) to
(r4), plays an important role in the reduction of NO [45] under condi-
tions similar to those of the Thermal NOx process [49].

O2+H⇌O+OH (r1)

The reduction of NO is not constant at all temperatures, but a min-
imum is reached, as is the case with the Selective Non-Catalytic
Reduction process of NO (SNCR). Furthermore, the sensitising effect of
NO during the combustion of fuels [e.g. 34] is well known, while the
NH3/NO ratio has been reported to have little effect on NO reduction
[49–51].

NH3+OH⇌NH2+H2O (r2)

NH2+NO⇌N2+H2O (r3)

NH2+NO⇌NNH+OH (r4)

On the other hand, DME and NO can interact as well. Their in-
teractions under oxidising conditions have also been studied previously
[52]. Alzueta et al [52] have highlighted the interactions between CH3
radicals formed fromDME and NO under fuel lean conditions. Moreover,
DME oxidation occurs at lower temperatures in the presence of NO (200
K less). This is not the case under stoichiometric or fuel-rich conditions,
where DME behaviour is not modified by the presence of NO.

The effect of DME on NH3/DME mixtures seems to be less important
at high pressures, where an ignition delay time similar to that at at-
mospheric pressure is achieved [46]. The consumption of 100 % of the
DME is reached before 20 % of the NH3 is consumed, and something
similar occurs with DME-CH4 mixtures [53]. In the presence of NO, this
species competes with DME and NH3 to consume OH radicals, the main
promoters of ammonia oxidation. Murakami et al. [47] have also shown
that both DME and the CH2O formed from DME have priority in O2
consumption at low temperatures, between 800–1000 K, compared to
NH3. Ammonia oxidation also takes place within this temperature range
and in the presence of DME, producing mainly NO and N2O [47]. These
latter species contribute to the generation of active radicals such as OH
and CH3O.

To our knowledge, the addition of NO to the NH3/DME mixture has
not been studied so far. Therefore, the present work is the first study to
provide results on the NH3/DME/NO mixture conversion and species
profiles of the different products formed. Also, to our knowledge, there is
no report of results on pyrolysis conditions for the considered mixtures,
and these experiments will help to model development as well as to
reflect on what can happen in the fuel-rich zones near the burner region.
Additionally, the present study also extends the temperature range of
previous works dealing with NH3/DME mixtures to higher temperatures
than those reported in the existing literature. In this context, this work
aims to increase the database of NH3/DME and NH3/DME/NO mixtures
with novel conditions and to determine the chemical reactions that take
place during the oxidation of the mixtures.

2. Experimental methodology

The experiments have been carried out using a quartz flow reactor
setup. The reactor has the internal dimensions of 8.7 mm in diameter
and 200 mm in length and is placed within an electrical heated oven.
Isothermal conditions have been achieved at ± 5 K. Temperature has
been measured using a type-K fine-wire thermocouple. The temperature
profile for the 20 cm length of the reactor is shown in Figure S1.1 of
Supplementary Material S1. Flow rates have been set using mass flow
controllers and confirmed using a series of volumetric flow meters. A
total nominal gas flow rate of 1000 mL⋅min− 1 (STP) has been constant
throughout the experiments, which results in a gas residence time of
190 ms at 1000 K, and is calculated as a function of temperature and
pressure following equation (1). Every gas (NH3, O2, DME, all diluted in
argon and Ar used as bath gas to reach the total flow rate) has been taken
from gas cylinders and fed to the reactor by individual injectors.
Moreover, the main gas flow (Ar in all the experiments) was preheated
in the reactor prior to its mixing with the rest of the gasses. The gas
residence time has been calculated as a function of the reactor volume
and the gas flow rate, and therefore varies with the temperature in the
reactor. A more detailed description of the experimental setup and
procedure can be found for instance in [54] and the schematic of the
setup can be found in Figure S2.1 of Supplementary Material S2.

tr =
Vreaction

Qt(PST ,TST)
=
192.097⋅Psr

Qt,N⋅Tsr
(1)

where tr is the residence time (s), Psr is the reactor pressure (mbar), Tsr is
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the reactor temperature (K), and Qt (Psr,Tsr) is the total reactant gas flow
rate at the reactors pressure and temperature (ml/min).

An Agilent 490Micro GC gas chromatograph equipped with TCD and
FID detectors has been used to measure DME, CO, CO2, CH4, C2H6, C2H4,
C2H2, NH3, N2O, H2, N2, O2 and HCN. The error has been calculated
according to the standard deviation, where the error does not depend on
the temperature in the interval considered. It is an estimation of the
experimental Micro GC error associated with the oxidation of NH3 and
DME. The largest uncertainty associated with the measurements for each
temperature is ± 10 ppm. In addition, the outlet gas stream has been
also analysed by an Advance Optima AO2020 series continuous gas
analyser that measures the concentration of NO. The NO analyser has a
measurement uncertainty of 1 %, but not less than 10 ppm. NO2 con-
centrations are negligible in all the conditions studied.

The experimental parameters modified in the different experiments
are: temperature, O2 excess ratio (λ) and NH3/DME ratio. Experimental
conditions for the different experimental Sets are shown in Table 1.

The O2 excess ratio, λ, equation (2) is defined as the ratio between
the initial oxygen concentration fed in the experiment divided by the
stoichiometric oxygen and calculated according to (r5) and (r6)
reactions.

λ =
O2fed

O2stoichoimetric
(2)

NH3 + 0.75 O2 → 0.5 N2 + 1.5 H2O (r5)

CH3OCH3 + 3 O2 → 2 CO2 + 3 H2O (r6)

Experiments 1 to 12 correspond to the NH3/DME mixture. Sets 13 to
23 correspond to the NH3/DME/NO mixture. Pyrolysis experiments at
different NH3/DME ratio concentrations have been performed both in
the absence and presence of NO (Sets 1, 2 and 13, 14, respectively). For
the study of the oxygen excess ratio, nominal concentrations of 1000
ppm NH3 and DME have been set (Sets 3–6) and the oxygen concen-
tration has been modified in a range from 0 to 7452 ppm, which cor-
responds to λ values between 0 and 2. For the mixture containing NO,
this compound also has an initial nominal concentration of 1000 ppm
(Sets 15–17). To analyse the impact of the NH3/DME mixing ratio,

experiments 6–12 show the variation of the NH3/DME ratio between 0.5
and 10 in the absence of NO and Sets 18–23 between 0.5 and 10 in the
presence of NO.

3. Chemical kinetic

Calculations have been performed using the mechanism of Glarborg
et al. [55] as a basis. There are someminor updates for NH3 [56], CH3CN
[57] and NH3-NO [49] subsets, as explained by Alzueta et al. [58]. In
turn, reactions of the DME subset, taken from the mechanism proposed
by Marrodán et al. [23], have been added. The thermodynamic pa-
rameters used have been taken from the works indicated above. The
kinetic model used includes a total of 142 species and 895 reactions. The
simulations have been carried out using the Chemkin-Pro 2023 software
[59] with the Pug Flow Reactor (PFR) module.

4. Results and discussion

4.1. Conversion of NH3/DME mixtures

Fig. 1 shows the results of NH3, DME and CO as a function of tem-
perature under pyrolysis conditions (λ = 0) for two different NH3/DME
mixture ratios of 1 and 0.5. Hereinafter, symbols represent experimental
results and lines correspond to model calculations. It is observed that
without oxygen (Sets 1–2 of Table 1), the total decomposition of DME
occurs at the same temperature (approximately 1100 K). This means
that interactions of DME with ammonia in the absence of oxygen are not
altered for different proportions of DME in the mixture. In turn, the
decomposition of DME generates mostly CO in the absence of O2.
Regarding NH3, there is a slightly higher conversion with an increased
concentration of DME. This is attributed to the fact that the decompo-
sition of DME occurs at a lower temperature than that of NH3, which
generates a radical pool and causes ammonia to react at a slightly lower
temperature.

Fig. 2 shows the concentration profiles of NH3, DME and NO, and
Fig. 3 the concentration of the main products: N2 and H2, as a function of
temperature for different stoichiometries ranging from pyrolysis to fuel
lean conditions.NH3 conversion starts at a lower temperature as the
stoichiometric conditions become fuel leaner. Both DME and NH3 show
this behaviour, although the two compounds are seen to react inde-
pendently at different temperature intervals, with DME conversion
occurring at comparatively lower temperatures. It is observed that
increasing the initial O2 concentration leads to a faster oxidation of
ammonia. This does not occur with DME, and no noticeable influence of
oxygen concentration is found on DME conversion. DME is fully con-
verted before 10 % of the NH3 has reacted. The mechanism fits the DME
profile very well, while the calculated ammonia conversion is sharper
than observed experimentally.

A small amount of NO is formed during NH3-DME oxidation, and the
NO concentration increases with temperature. For the mixture proposed
in Fig. 2 (NH3/DME=1), the highest NO concentration (around 60 ppm)
occurs under oxidizing conditions (λ = 2) and at the highest temperature
(1425 K). NO shows two maximum concentration peaks. The first NO
maximum is generated at the beginning of the NH3 oxidation, as shown
in Fig. 2. Then, the NO concentration decreases coinciding with the
highest slope of the ammonia profile, but also with the presence of a
high concentration of hydrocarbon radicals coming from DME, as will be
discussed later. At the highest temperatures studied, the maximum NO
concentrations are reached when both DME and NH3 are fully con-
verted. The kinetic model predicts higher NO emissions than those
experimentally observed, as seen in Fig. 2c, even though the main trends
are kept. At present, we don’t know the exact reason for the discrep-
ancies, but they may be due to the occurrence of reactions between NH3-
DME that the model does not properly take into account.

It is also interesting to note the two different temperature ranges for
each fuel conversion, with DME being completely oxidised for the most

Table 1
Experimental conditions. Balance is achieved with Ar. Concentrations are
expressed in ppm.

Set NH3
(ppm)

DME
(ppm)

O2
(ppm)

NO
(ppm)

NH3/
DME

λ tr (s)

1 913 977 0 0 0.93 0 190/T(K)
2 927 1943 0 0 0.48 0 190/T(K)
3 924 934 1859 0 0.99 0.53 191/T(K)
4 960 949 3218 0 1.01 0.90 191/T(K)
5 923 943 3855 0 0.98 1.09 190/T(K)
5R 924 934 3700 0 1.06 1.00 190/T(K)
6 938 946 7452 0 0.99 2.10 191/T(K)
7 1017 1936 3370 0 0.53 0.51 190/T(K)
8 927 1916 6533 0 0.48 1.01 190/T(K)
9 1066 2007 13,427 0 0.53 1.97 190/T(K)
10 1023 107 650 0 9.56 0.60 190/T(K)
11 1053 98 927 0 10.74 0.90 190/T(K)
12 1023 103 2138 0 9.93 1.98 190/T(K)
13 1041 998 0 1048 1.04 0 190/T(K)
14 1035 2008 0 1044 0.52 0 190/T(K)
15 1040 1027 1889 1023 1.01 0.50 189/T(K)
16 1012 997 3729 1030 1.02 0.99 189/T(K)
16R 1029 1012 3695 1016 1.02 0.99 190/T(K)
17 993 1000 7354 1030 0.99 1.96 189/T(K)
18 1024 2040 3317 1036 0.50 0.48 190/T(K)
19 997 2023 6678 992 0.49 0.98 189/T(K)
20 954 2008 13,320 998 0.48 1.98 189/T(K)
21 986 103 534 1023 9.57 0.51 190/T(K)
22 1021 103 1038 1020 9.91 0.98 189/T(K)
23 1038 109 2033 1013 9.52 1.89 190/T(K)
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favourable case (Set 6) around 1050 K, while NH3 is not completely
oxidised even under pyrolysis conditions and at λ ≤ 0.87. DME con-
version is slightly favoured by increasing λ, even though the effect of this
variable effect is much smaller than that observed for ammonia. This is
because whereas the conversion of NH3 is mostly initiated by reaction
(r2): NH3+OH⇌NH2+H2O, the initiation of DME conversion is thermal
decomposition, which acts rapidly to feed the radical pool. Thus, there is
no obvious evidence of direct interactions between NH3 and DME under
the studied conditions, although they may potentially happen.

The main products of ammonia conversion are N2 and H2, as shown
in Fig. 3. Increasing the temperature results in an increase in nitrogen as
a product for any λ, with the higher N2 concentrations obtained in the

fuel lean conditions, which are related to a higher conversion of
ammonia. With respect to hydrogen, this species exhibits different be-
haviours as a function of temperature and the excess oxygen ratio. While
a monotonic increase of H2 as a function of temperature is seen under
pyrolysis conditions, a maximum in H2 concentration is found for the
rest of λ, which diminishes as the stoichiometry becomes fuel leaner.

Fig. 4 shows as an example the concentrations of all species
measured for stoichiometric conditions and a NH3/DME ratio of 1. Other
examples of the measured compounds are included in Supplementary
Material S3 (Figures S3. 1–3).

In order to evaluate the quality of the experiments and to evidence if
the main species produced during the conversion of the mixtures mainly

Fig. 1. NH3, DME (normalised) and CO concentration as a function of temperature during the conversion of NH3 for two different NH3/DME mixture ratios. Sets 1
and 2 of Table 1.

Fig. 2. NH3, DME and NO concentrations as a function of temperature for different λ. Sets 1, 3–6 of Table 1. Experimental NO concentrations are multiplied by a
factor of 10.
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correspond with those experimentally determined, mass balances have
been carried out for carbon and nitrogen atoms for four of the experi-
ments performed and are shown in Fig. 5 as an example (similar results
are obtained for all the experiments). The species included in the

balances are those measured experimentally: CO, CO2, CH4, C2H6, C2H4,
C2H2, NH3, N2O, H2, N2, O2, HCN and NO. Simulations are also included
as lines in Fig. 5 considering the same species as those measured in the
experiments. In the case of formaldehyde, a species that may be present

Fig. 3. N2 and H2 concentrations as a function of temperature for different λ. Sets 1, 3–6 of Table 1.

Fig. 4. Concentrations of the different species measured for the conditions of Set 5 of Table 1.
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as a product in the current experiments, we can say that it is a chal-
lenging compound to be measured with the GC, since its signal coincides
with that of methanol. For this reason, together with the additional
difficulty of calibrating CH2O, we have not measured this compound in
the present experiments, and have set the calculated concentration of
formaldehyde to be added to the mass balance (both experimental and
calculated) since the model predicts the generation of formaldehyde in
significant concentrations at low temperatures.

In general, mass balances for C and N close between 90 and 110 %,
which indicates that the compounds identified in the experiments
correspond to the C and N added to the reactor. The highest differences
in the balances have been observed in the temperature ranges with the
highest conversion of DME and NH3, which means that additional in-
termediate species may be formed in that temperature zone.
Figures S4.1 to S4.11 show additional examples of mass balances, which
are included in Supplementary Material S4.

The impact of varying the NH3/DME ratio has been evaluated by
performing experiments in which the concentration of ammonia has
been kept at a nominal concentration of 1000 ppm and the DME con-
centration has been varied between nominal concentrations of 2000 and
100 ppm (Sets 5, 8 and 11 respectively) all of them at λ ≈ 1. The results
of NH3, DME and NO are shown in Fig. 6 as a function of temperature.
The rest of the species measured under the conditions of Fig. 6 are
included in Supplementary Material S5, Figures S5.1 to S5.11.

Varying the NH3/DME ratio highly influences ammonia oxidation.
Comparing the results of the ratio with less DME (NH3/DME=10) and
the ratio with more DME (NH3/DME=0.5), the NH3 profiles differ by
about 200 K. Similarly, with the above variation of the NH3/DME ratio,
the complete oxidation of DME occurs with a difference of around 100 K.
The mechanism reproduces fairly well the experimental observations.
NO concentration is very low in the experiments at any temperature
while it is overpredicted by the model. There is a maximum concen-
tration of NO at low temperatures, as shown by calculations. Even
though it is not shown, the variation of oxygen stoichiometry for the
different NH3/DME ratios has a similar effect to that seen for the ratio
NH3/DME=1.

The results of Fig. 6 show that NH3 profile shows a behaviour similar
to that of the NTC (negative temperature coefficient) behaviour reported
in the literature for the low temperature oxidation regime of oxygenated
organic compounds [6]. NH3+OH⇌NH2+H2O (r2) is the reaction that
causes the highest ammonia consumption under all reaction conditions.
Calculations indicate that the reaction NH2+HO2⇌NH3+O2 (r7) is
important under the conditions of Fig. 6 and responsible for the “NTC-
NH3” behaviour, bringing the concentration of NH3 back to the initial
values. For the NH3/DME ratio of 1 under stoichiometric conditions at
1050 K, HO2 is produced via CH2OH+O2⇌HCO+HO2 (r8) and HCO-
+O2⇌CO+HO2 (r9), with CH2O and HCO as intermediate products of
the DME conversion.

The sensitivity analysis carried out for HO2 (Figure S6.1 of the
Supplementary Material) under these conditions shows that the HO2
concentration is the most sensitive to the reactions: HCO(+M)⇌H+CO
(+M) (r10), NH2+NO⇌NNH+OH (r4) and H+O2⇌O+OH (r1). The
formation of HCO (r10) will promote the formation of HO2, while the
higher consumption of NO by the NH2 radical (r4) favours a higher
concentration of HO2. According to the model, the formed HO2 reacts
quickly through reactions NO+HO2⇌NO2+OH (r11) and
NH2+HO2⇌H2NO+OH (r12). Since no NO2 has been detected experi-
mentally, it is conceivable for the conversion of NH2 into H2NO to be
comparatively significant, as pointed out by Glarborg et al. [55]. In any
case, it can be confirmed that the increase of the DME concentration in
the mixture causes the NH3 consumption to increase. For the case under
study, this occurs at around 1000 K.

Fig. 7 shows the reaction pathways for the conversion of NH3/DME
when 10 % of ammonia has been consumed for the different excess
oxygen ratios studied. Under all conditions, NH3 oxidation starts with
NH3+OH⇌NH2+H2O (r2). Subsequently, different behaviours are
observed for λ = 0.5 compared to the stoichiometric and fuel lean
conditions. As detailed below, the main reaction pathways for the con-
version of NH3/DME mixtures are:

(1) NH3 → NH2 → N2.
(2) NH3 → NH2 → H2NO → HNO → NO → NNH → N2.
(3) NH3 → NH2 → H2NO → HNO → NO → N2.

Fig. 5. Mass balance for C and N for selected experiments: A) λ = 0.5 Set 3, B) λ = 0.87 Set 4, C) λ = 1 Set 5 and D) λ = 2 Set 6.
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(4) NH3 →NH2 →H2NO→HNOH→HNO→NO→NO2 → CH3ONO.
Reaction pathways 1 to 3 have been observed in previous studies

[44,47,60]. Reaction path 4 coincides with what has been found under
fuel rich conditions [41,47], forming HNO from H2NO. As nitrogen
monoxide is oxidized, NO2 is formed, even though this happens to a
small extent under the conditions of this work. NO interacts with radi-
cals derived from the oxidation of CH3OCH2, producing CH3ONO, which
is thermally decomposed, generating NO again. This may explain the
first NO concentration peak mentioned above, as these conditions are
not favourable for the elimination of NO. Under fuel rich conditions, two
new reaction pathways occur, both of which consume NO, forming N2.

For DME and only under fuel rich conditions, there is one reaction
pathway forming intermediate hydrocarbon radicals, pathway 5. This
reaction pathway is not important for the other cases. Themethyl radical
formed produces methane in the presence of H radicals, although the
calculations show a high concentration of the methyl radical as the
temperature rises. Reaction pathway 5 involves the formation of form-
aldehyde, generating CO and CO2, and these compounds are found in
different concentrations depending on λ. There is logically a higher
amount of CO2 when λ ≥ 1.

(5) CH3OCH3 → CH3OCH2 → CH2O → CO → CO2.
Other studies have also reported this reaction pathway 5 once part of

the DME has been consumed [25,46,61].
Calculations indicate that there is also a reaction pathway involving

the interaction of carbon radicals with NO, pathway 6. It forms
CH3ONO, which decomposes back to NO. Reaction pathway 6 involves
the interaction of the CH3O radicals, directly derived from DME, and the
small amount of NO2 present, CH3+NO2⇌CH3ONO (− r13) to produce
CH3ONO. In turn, all the CH3ONO formed is consumed via CH3ONO
(+M) ⇌ CH3O+NO(+M) (− r14). This indicates that there are in-
teractions between NH3 and DME oxidation intermediates that are part
of the NO/NO2 chemical interconversion:

(6) CH3OCH3 → CH3OCH2 → CH3 → CH3ONO → NO. CH3OCH3 →
CH3OCH2 → CH3 → CH3ONO → CH3O→ CH2OH → CH2O → HCO → CO
→ CO2.

We have also conducted sensitivity analyses for both NH3, Fig. 8, and
DME, Fig. 9. It is observed that the DME oxidation reactions positively
affect the oxidation of NH3. This implies that the radicals derived from
DME have a significant effect on the promotion of ammonia oxidation.
This is consistent with the fact that ammonia oxidation occurs at lower

Fig. 6. NH3, DME and NO concentrations (ppm) as a function of temperature for different NH3/DME ratios and λ ~ 1. Sets 5, 8 and 11 of Table 1. Experimental NO
concentrations are multiplied by a factor of 10.

Fig. 7. Reaction pathways for NH3 and DME conversion at different stoichiometries for NH3/DME=1.NH3 conversion was 10 % for each reaction pathway.
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temperatures in the presence of DME. Other reactions that significantly
promote ammonia consumption are those that generate OH radicals,
favouring the formation of NH2 radicals. Under fuel rich conditions,
reactions CH3OCH3+H⇌CH3OCH2+H2 (r15) and CH3OCH3(+M)⇌
CH3OCH2+H (r16) play an important role in the oxidation of DME.
Those reactions mostly favour the oxidation of DME, together with
O2+H⇌O+OH (r1), the dominant propagation reaction that generates
OH and O active radicals for DME conversion [6].

Under stoichiometric and fuel lean conditions, (r17) and (r18) are
the reactions that mostly dominate the oxidation of DME.

CH3OCH3(+M)+H⇌CH3+CH3O (+M) (r17)

CH3OCH3+CH3⇌CH3OCH2+CH4 (r18)

Therefore, the appearance of CH3 radicals in the radical pool also
contributes to a higher oxidation of DME. At the same time, the thermal
decomposition of DME, (r16) and (r17), also plays an important role in
its oxidation, particularly in the first moment of the reaction, as is the
case under fuel rich conditions. In terms of DME inhibition, the con-
sumption of OH radicals by NH3 (r2) is the most inhibiting reaction at λ
= 0.5, indicating a clear competence of both ammonia and DME for OH
radicals. In turn, at λ ≥ 1, the reactions leading to the consumption of
CH3 radicals become more important, so the oxidation of DME by these
radicals turns more relevant under these conditions.

4.2. Conversion of NH3/DME/NO mixtures

Fig. 10 shows the comparison of the results of the two mixtures
studied (without and with NO) under similar given conditions. In the
presence of NO, ammonia oxidation occurs at lower temperatures
(around 200 K) than in the absence of NO. In contrast, the presence of
NO does not significantly affect the oxidation of DME. While the
mechanism reproduces well the difference in NH3 oxidation in the
absence and presence of NO, it also predicts a difference in the DME
profiles, which is not observed experimentally.

Fig. 11 plots the concentrations of NH3, DME and NO as a function of
temperature for a NH3/DME ratio of 1 and different excess oxygen ra-
tios. The results of the rest of the species measured are provided in
Supplementary Material S7, Figures S7.1 to S7.11. Fig. 11 includes the
results of two experiments conducted under similar conditions (Sets 16
and 16R of Table 1). The repeatability of these experiments is good

because both show a similar behaviour at λ ≈ 1.
It is shown that complete ammonia oxidation takes place at lower

temperatures as the oxygen concentration increases. The mechanism
reproduces fairly well the results obtained under pyrolysis and high fuel
lean conditions, but does not adequately describe the specific results
obtained for the stoichiometries in between, even though the main
trends are captured.

The so called “NTC region” of ammonia conversion under fuel-lean
conditions has been analysed at a temperature at 1050 K. The re-
actions most significantly contributing to ammonia inhibition were
observed as NH2+H2⇌NH3+H (− r19) and NH2+HO2⇌NH3+O2 (2).
Reaction (− 19) is primarily driven by the high concentrations of H2
present under these conditions, which makes it to proceed in the reverse
sense. The presence of HO2 radicals is attributed to the reactions HCO-
+O2⇌CO+HO2 (r9), CH2OH+O2⇌CH2O+HO2 (r20), and H+O2(+M)⇌
HO2(+M) (r21).

The formaldehyde formed in this process primarily originates from
CH2OH via the reaction CH2OH+O2⇌CH2O+HO2 (r20). Consequently,
CH2OH plays a crucial role in promoting higher concentrations of HO2
radicals. CH2OH is predominantly produced through the decomposition
of CH3O via the reaction CH3O⇌CH2OH (r22). The formation of CH3O
itself is associated with the presence of nitrogenous compounds, spe-
cifically through the reaction CH3ONO(+M)⇌CH3O+NO(+M) (r14).

Additionally, CH3ONO is formed only from the reaction
CH3+NO2⇌CH3ONO (r13). The methyl radicals in reaction (r13) are
derived from the decomposition of CH3OCH2 and the interaction of CH4
with OH radicals, as described by CH4+OH⇌CH3+H2O (r23). Methane,
in turn, is produced through reactions involving CH3 radicals, such as
CH3+H(+M)⇌CH4(+M) (r24) and CH3+HO2⇌CH4+O2 (r25). Thus, the
decomposition pathway of CH3OCH2 plays a fundamental role for all the
above-mentioned interactions to take place.

Compared to stoichiometric conditions, DME oxidation occurs at
lower temperatures (100 K) under fuel lean conditions, coinciding with
the reported results for DME conversion in the presence of NO [52].
However, the NO reduction obtained with NH3 and DME together is
smaller than that of the DME-NO mixtures, around 80 % [52]. When
NH3 is present in the mixture, the maximum NO reductions are around
60 %. NO reductions are observed for λ = 1 and above. The most
important reductions occur at λ = 2, so the initial O2 concentration
highly influences the NO reductions achieved. This behaviour has been
seen in other studies that use the NH3/NO mixture [49,62], which

Fig. 8. Sensitivity study of NH3 consumption at different λ and for a NH3/DME ratio of 1 when 10 % of NH3 is consumed.
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indicates the significance of the SNCR reaction mechanism under the
present conditions.

In the presence of NO, the addition of a higher concentration of DME
has the same effect as that seen in the absence of NO. The complete
oxidation of DME between a NH3/DME of 10 and 0.5 occurs with a
difference of 75 K, so the change is small in the presence of NO. How-
ever, for ammonia, the results obtained are similar to those achieved in
the absence of NO, with temperature differences of 175 K when 150 ppm
of NH3 remain at the reactor outlet.

Changes in the NH3/DME ratio affect NO reductions. A difference of
around 175 K is observed between the different minimum NO concen-
trations measured in Sets 16, 19 and 22 (λ ≈ 1 and different NH3/DME
ratios). The corresponding results can be found in the Supplementary

Material S8, Figures S8.1 to S8.14.
Regarding the variation of λ with different NH3/DME mixture ratios,

the behaviour is similar to the previous one shown in Fig. 6. A higher
ammonia conversion is obtained at lower temperatures when the pro-
portion of DME increases. In the same way, the maximumNO reductions
also occur under the most oxidizing conditions. No variations are found
in the oxidation of DME, and its complete conversion is observed at
approximately 1125 K.

For the NH3/DME/NO mixture, a kinetic study has also been carried
out, based on the reaction paths of the added fuels (Fig. 12) and the
sensitivity analyses of both NH3 and DME (Figs. 13 and 14 respectively).

There are several differences compared to what happens in the
absence of NO, Fig. 7. The presence of NO (≈1000 ppm) leads to a

Fig. 9. Sensitivity study of DME consumption at different λ and for a NH3/DME ratio of 1 when 10 % of NH3 is consumed.

Fig. 10. Results of NH3 and DME both in the absence and presence of approximately 1000 ppm NO as a function of temperature, at λ ≈ 1 and NH3/DME ≈ 1. Sets 5
and 16 of Table 1.
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predominance of NH2 reacting with NO, with nitrogen produced by two
different reaction pathways:

(7) NH3 → NH2 → NNH → N2.
(8) NH3 → NH2 → N2.
In the presence of NO, the oxidation of NH3 at the onset of the re-

action is exclusively due to its interaction with NO. Reaction
NO+HO2⇌NO2+OH (r11) is important for λ = 1 and NH3/DME=1 and
responsible for the increase in OH radicals, which favour the oxidation
of NH3 when NO is present. As mentioned above, NO2 is consumed in the
reaction CH3+NO2⇌CH3ONO (r13). Calculations indicate that this re-
action takes place to a considerable extent. This differs from what
happens in the mixtures without NO, with a clear and significant for-
mation of NO from the oxidation of NH2 radicals. This occurs only in the
section where there is a decrease in NO concentrations (the temperature
range changes depending on the O2 concentrations in the mixture).

This CH3 and NO reaction adds complexity to the DME reaction
pathways, as four options have been found:

(6) CH3OCH3 → CH3OCH2 → CH3 → CH3ONO → NO
CH3OCH3 → CH3OCH2 → CH3 → CH3ONO → CH3O → CH2OH →

CH2O → HCO → CO → CO2.
(9) CH3OCH3 → CH3OCH2 → CH2O → HCO → CO → CO2.
(10) CH3OCH3 → CH3OCH2 → CH2O → HCO → HNO → NO.
(11) CH3OCH3 → CH3OCH2 → CH3 → CH3ONO → CH3O → CH2OH

→ CH2O → HCO → HNO → NO.
The first two pathways (6 and 9) end in the formation of CO/CO2.

Pathway 6 is the same as that presented in the NO-free mixtures. When
there is no excess oxygen, additional reaction pathways (10 and 11)
become important. These pathways may explain why it is not possible to
achieve greater NO reductions under fuel rich conditions. In addition,
the non-occurrence of pathways (10–11) for λ = 2 indicates why more

Fig. 11. NH3, DME and NO concentrations as a function of temperature for different stoichiometries. Sets 13, 15, 16, 16R and 17 of Table 1.

Fig. 12. Reaction pathways for NH3 and DME at different stoichiometries for NH3/DME/NO=1.NH3 conversion was 10 %.
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NO is consumed, inhibiting two of the reactions that would increase the
NO concentration. However, NO is still formed from the decomposition
reactions CH3ONO (+M)⇌CH3O+NO(+M) (r14) and HNO(+M)⇌
NO+H(+M) (r26). It is worth noting that no significant reburn in-
teractions are identified under the conditions studied.

Sensitivity analyses were carried out at temperatures at which 10 %
of the NH3 was consumed. The temperatures for the sensitivity analysis
are the same as those for the reaction pathways in Fig. 12. According to
the sensitivity analysis, Figs. 13 and 14, there are some reactions that
markedly affect ammonia oxidation for any of the conditions presented
in the study. Reactions NH2+NO⇌N2+H2O (r3) and CH3OCH3(+M)⇌

CH3+CH3O(+M) (r27) are among those that have the most positive ef-
fect on NH3 oxidation for the three λ studied, together with (r1):
O2+H⇌O+OH, which is known to have a strong effect on the radical
pool.

Reactions of NH3 and derivatives together with the radical pool,
especially the OH radical, play an important role in the initiation of
ammonia oxidation. It is observed that the most important reaction in
NH3 consumption is NH2+NO⇌N2+H2O (r3), which predominates once
NH2 has been formed from NH3. The main reaction pathway from
ammonia oxidation to N2 is found to be NH3 →NH2 →N2 (7). This is due
to the fact that even though the other simultaneous reaction pathway,

Fig. 13. Sensitivity study of NH3 at different λ for NH3/DME/NO=1.NH3 conversion was 10 %.

Fig. 14. Sensitivity study of DME at different λ for NH3/DME/NO=1.NH3 conversion was 10 %.
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NH3 → NH2 → NNH → N2 (8), shows the most inhibitory effect on NH3
oxidation under all λ conditions, it is not the fastest, and therefore, not
the main one. Although NH2+NO⇌N2+H2O (r3) is the faster of the two
proposed reactions between NH2 and NO, it is also the one that causes a
higher consumption of NO, which is the main reason for the lower
temperature consumption of NH3. This has a global inhibitory effect on
NH3 oxidation since NH3. NH2+NO⇌NNH+OH (r4) is an important
chain branching reaction leading to the formation of OH radicals.
Therefore, the fact that (r3) is the dominant reaction under the present
specific conditions implies somehow that there is an inhibition of the
NH3 oxidation process.

Under the conditions in which the sensitivity analysis for NH3 has
been carried out, there are reactions from DME that become important
to increase NH3 oxidation. CH3OCH3(+M)⇌CH3+CH3O(+M) (r27) will
always stimulate the oxidation of NH3, as it contributes to the radical
pool. In the case of CH3OCH3+OH⇌CH3OCH2+H2O (r28), it will only
favour NH3 consumption in cases with excess oxygen, as there will be
plenty of OH for both fuels. However, under fuel lean and stoichiometric
conditions, both fuels compete for OH radicals, with (r28) restricting
NH3 oxidation.

Regarding DME, it is found that the reaction path of ammonia con-
version occurring through NNH is positive for DME conversion. This is
because NNH decomposes into N2 without the need to consume more
OH radicals. As mentioned above, OH and the radicals formed in the
decomposition reaction of DME are the most important reactions for the
formation of CH3OCH2. (r1) chain branching reaction is again important
because it increases the concentration of OH and O radicals. The most
unfavourable reactions for the conversion of DME at any λ are those
where NH3 is converted into NH2 radicals, (r2) and (r4). This is due to
the high consumption of radicals that these reactions involve. This is
again an indication of the competition between both fuels (DME and
NH3) for the radical pool constituents.

5. Conclusions

Oxidation experiments on NH3/DME and NH3/DME/NO mixtures
have been carried out for different O2 (λ) conditions and NH3/DME
ratios in a temperature range of 875–1425 K, and the results have been
interpreted in terms of a chemical kinetic mechanism detailed in the
literature. The ultimate goal of these experiments and subsequent sim-
ulations is to increase the experimental database of the mentioned
mixtures and to evaluate the impact of NO on NH3/DME mixtures.

The presence of DME in the NH3/DMEmixture shifts the temperature
at which NH3 is oxidized, especially under fuel lean conditions and as
the DME concentration increases. This is due to the fact that DME is the
main compound in the mixture, which results in lower ignition tem-
peratures that are increasingly similar to those of pure DME. The in-
crease of oxygen in the medium does not strongly influence the
oxidation temperatures of DME. NO production occurs at low concen-
trations (81 ppm maximum) during the NH3/DME oxidation experi-
ments. This indicates that the addition of DME produces a decrease in
NO that is not found in pure NH3 combustion. While NO reduction by
reburn reactions does not seem to be significant, the reduction of NO in
the presence of DME is attributed to SNCR reactions and possibly also to
the interaction between DME and NH3, or their derivatives.

The experimentally measured compounds efficiently cover the
behaviour of the studied mixture, as shown from the C and N balances,
even though it would be good to properly determine CH2O.

Both NH3 and DME compete at times for OH radicals in the presence
and absence of NO. This is because in the initial stages of the reaction
both reactants have a significant dependence on OH radicals for
oxidation.

With the addition of NO, the temperature at which NH3 is oxidised is
lower in all the mixture conversion cases. This does not occur with DME,
where noticeable differences are only seen under fuel lean conditions. In
addition, reductions of up to 61 % in NO concentrations are obtained in

the NH3/DME mixture. These reductions increase under fuel lean con-
ditions, although more important reductions are achieved in mixtures
with net ammonia, i.e. in the absence of DME.

The addition of NO highly affects the oxidation of NH3, which fol-
lows completely different reaction pathways than those observed for the
NH3/DME mixture. In the case of DME, its reaction pathways are
influenced only by certain secondary ones.

Concerning the calculations, at NH3/DME=1, the model describes, in
general, the main trends experimentally observed. However, there is still
room for improvement in relation to the specific concentration values.
The highest differences between experimental and calculated results are
found under those conditions where the NH3/DME ratio is different from
1. Therefore, further study and development of the model is still
desirable.
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