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ARTICLE INFO ABSTRACT

Keywords: This work aims to study the oxidation of ammonia and methanol mixtures (NH3/CH3OH). For this purpose,
NHs laboratory experiments were conducted using a quartz flow reactor at atmospheric pressure, in a temperature
Ammonia range of 875-1425 K. The oxygen excess ratio (A) and the NH3/CH30H ratio were modified during the experi-
3:;?501 ments. The experimental results have been simulated with a literature-based kinetic mechanism. The results
NHa/CH;OH mixtures show that the presence of CH30H and the oxygen excess ratio affect the conversion of NH3, shifting its oxidation
Kinetic modelling to lower temperatures as these variables increase. The oxidation of both fuels was slightly boosted with
increasing CH3OH concentration. The A study showed that the fuel-lean conditions accelerate NH3 oxidation at
lower temperatures whereas do not have the same effect on CH3OH oxidation. The H radical concentration
significantly influences fuel consumption, especially in reactions involving CH30H and NHy, and it is also key for
inhibition processes. CH3OH was found to initiate NH3 reactions, with strong competition for OH radicals be-
tween the two fuels. Nevertheless, methanol helps reduce ammonia’s oxidation temperature. CH,OH was
identified as the predominant species following H-abstraction from CH3OH. In the NH3/CH3O0H ratio studies,
increasing methanol concentration lowered the oxidation temperature of both fuels, with a temperature differ-
ence of up to 150 K observed for NH3/CH30H ratios from 0.6 to 10. Increasing methanol concentration for a
given NH; value also shifted the prominence of secondary reaction pathways, further influencing the overall

oxidation process.

1. Introduction

Combustion of NH3 is gaining attention in the renewable energy
sector [1], because NH3 can be obtained from renewable sources and
because ideal NH3 combustion produces water and nitrogen, as
non-harmful compounds to the environment. Moreover, NH3 is an
important hydrogen carrier. In addition, ammonia is a compound with a
well-developed infrastructure, as since the discovery of the Haber-Bosch
process, it has become one of the most widely produced compounds
globally. This, in turn, means a high level of development in its storage
methodology [2], since it can easily be stored in a liquid state, due to its
unrestrictive condensation conditions. Although ammonia under atmo-
spheric conditions is a colourless gas, its characteristic odour makes it
easy to detect leakage, making it a compound safer than hydrogen.

Furthermore, NHj3 is not only produced by conventional techniques,
as there are ways to yield it from renewable energy sources such as wind
or solar energy [3], following the power-to-fuel strategy. NH3 produced
from such energy resources is called "green ammonia". However, as a
non-carbon combustible, it has certain difficulties such as a low calorific
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value, low linear burning rate, poor flammability, and a high auto-
ignition temperature [4].

One of the most extensive techniques to facilitate the ignition of
ammonia is based on its mixing with other fuels with better ignition
properties. The mixtures with oxygenated compounds have been
considered in the past since a small proportion of oxygenated com-
pounds mixed with carbon fuels leads, among other effects, to a decrease
in soot formation, increases the anti-knock power of the gasoline and
optimises combustion [5,6]. Some of the most studied oxygenated
compounds are methanol (CH3OH), dimethyl ether (DME) [7-15],
dimethoxymethane (DMM) [16], diethyl ether (DEE) [17,18] or ethanol
(C2Hs0H) [19,20]. The NH3-DME mixture is the most widely studied,
while compounds such as CH3OH or DEE have been scarcely considered
to be mixed.

CH3OH is an interesting candidate to be mixed with ammonia for
different reasons: the high content of oxygen in the molecule, its
simplicity compared to other oxygenates, its increasing availability for
use, together with the various synthesis possibilities. In this context, bio-
methanol obtained from different sources may be an excellent candidate
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for its blending with ammonia, in the progress for a sustainable and
decarbonized economy. For example, bio-methanol can be produced
through gasification of biomass residues or municipal waste, a must
nowadays when producing biofuels. CH3OH production from glycerine
has also been reported (BioMCM, Netherlands), a subproduct of bio-
diesel synthesis [21]. The different CH30H synthesis methodologies are
interesting but may be insufficient for full fuel supply, and techniques
related to renewable energies and CO, capture have also been consid-
ered [21].

The presence of CH30H acts as an ignition booster since CH3OH
contributes to an increase in OH, O, H, and HO- radicals [22,23]. CH30H
has been mentioned to contribute importantly to the formation of HO,
radicals, which in turn promotes a higher production of OH radicals
[24]. Part of the OH formed from methanol originates from the reaction
CH30H + HO; = CH,0H + H,05 (rl). Subsequently, the hydrogen
peroxide (H202) produced decomposes via HyO2 (+M) = 20H (+M)
(r2), leading to a global increase in OH radicals in the mixture. This
provides evidence of the effectiveness of CH3OH as a promoter of fuel
combustion in general and ammonia in particular, because the most
relevant reaction in the ammonia conversion initiation, i.e. NH3 + OH =
NH; + H30 (r3), requires OH radicals. At the same time, the reaction H
+ O2 = OH + H (r4) remains fundamental to the combustion of both
NH;3 and CH3OH [23], since it feeds into the H/O radical pool and
contributes to increasing the concentration of OH radicals through the
following reactions: (r4) and O + Hy0 = 20H (r5). These effects are
amplified as conditions become fuel-leaner [25-27].

Studies have been conducted to evaluate various important com-
bustion parameters, such as IDTs, pressure, temperature, and LBVs, for
this fuel mixture. Regarding the IDTs studies, results have shown an
improvement in this parameter with adding methanol. This establishes
an inversely proportional relationship between the methanol concen-
tration in the mixture and the IDT’s values [1,28]. A pronounced in-
crease in the concentration of CH;OH (60-80%) does not significantly
affect the reduction in the oxidation temperature of fuels (NHs/CH30H)
in function to pressure. In contrast, at lower methanol concentrations,
pressure exerts a more substantial influence of pressure on the oxidation
temperature of ammonia [1].

In LBVs studies, the behaviour of the mixture is corroborated, and
improvements are observed with the addition of methanol [19,23]. This
leads to a faster NH3 consumption. For this parameter (LBVs), it is
indicated that the most influential reaction is H + Oy = OH + O (r4),
with no relevant C-N interactions observed [19].

Pressure studies have also been conducted for the NH3/CH3OH
mixture [24,25,28], determining that methanol can reduce the tem-
perature at which ammonia is oxidised, with NH3 oxidation being
shifted by over 100 K at 40 bar pressure and 1% CH3OH [28]. However,
the CH3OH conversion is less influenced by pressure, showing only a 50
K difference in CH3OH oxidation at a pressure difference of 80 bar [25].
This suggests that a higher proportion of CH3OH in the fuel mixture may
reduce the effect of pressure on the promoted oxidation of both NH3 and
CH3OH. A compilation of published studies on the mixture can be found
in Table S1 of the supplementary material.

In this context, the present study aims to achieve a better under-
standing of the conversion of the NH3/CH3OH mixture and the forma-
tion of products. To our knowledge, only a single study has been
conducted in a flow reactor [24]. Yin et al. [24] focused on the effect of
the NH3/CH3OH ratio, in a high pressure study, not addressing variation
of A were not considered. Therefore, the present work extends the range
of operating conditions, to account for the effect of oxygen excess ratio,
additionally to temperature and NH3/CH3OH ratio. Moreover, to our
knowledge, this is the first work addressing the pyrolysis of NH3/CH3OH
mixtures, which may be of interest for the near burner zones of practical
devices. Additionally, not many studies have focused so far on the
profiles of many of the species obtained during NH3/CH3OH oxidation
[1,22,25]. Finally, this study can contribute to the development and a
better understanding of kinetic models, with an emphasis on the
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2. Experimental

The experiments have been carried out using a quartz flow reactor.
The length and diameter of the reactor are 20 cm and 0.87 cm, respec-
tively. This reactor is located inside an electric furnace with three
heating zones. Isothermal conditions have been achieved within +5 K.
Temperature was measured every 2 cm using a type-K fine-wire ther-
mocouple. The temperature profiles for the individual temperatures can
be found in Fig. S1 of the Supplementary Material. Flow meters (Alicat)
control the volumetric gas flow rates. Controllers are operated within
the 10% and 90% of the nominal maximum flow rate of the controller to
ensure an accurate measurement. To verify that these flow rates are
accurate, a digital bubble meter (Agilent flow meter) is used at the same
time. A total gas flow rate of 1000 mL min~! (STP) was kept constant
throughout the experiment. The gases added are Ar (99.9% purity),
CH30H (0.002, 0.003%vol), NH3 (1%vol) and O (1.5-8.0%vol). All the
compounds are diluted in argon and supplied by Nippon gases. The main
gas in the mixtures will always be Ar, which will be preheated before
mixing with other gases. The residence time is calculated with the vol-
ume reactor and gas flow rate, expressed as a function of operating
temperature. A more detailed explanation of the experimental setup can
be found in Alzueta et al. [29] and the schematic of the setup can be
found in Fig. S2 of Supplementary Material.

The experimental parameters modified in the different experiments
are temperature (825-1425 K), Oy excess ratio (A) and concentration
ratio. All experimental sets are shown in Table 1 A is the ratio between
the feed O3 and the stoichiometry O,, and it is calculated according to
the following chemical equations:

NH3 + 0.75 O3 — 0.5 N3 + 1.5H20 (€D)]
CH30H + 1.5 Oz —» CO2 + 2H0 2)

To measure the different compounds formed during the experiment,
an Agilent 990C micro gas chromatograph is used. With this device it is
possible to quantify Hy, O2, Na, CH4, CO2, CoHa, CoHa, CoHg, N2O, NHs,
and HCN. The error has been calculated based on the standard deviation,
and it does not vary with temperature within the considered interval.
This represents an estimation of the experimental Micro GC error. The
maximum uncertainty in the measurements for each temperature is
+10 ppm. In addition, the outlet gas stream is also analysed by an
Advance Optima AO2020 continuous gas analyser, which measures the
concentration of NO and NO,. The NO analyser has an uncertainty of 1
%, but not less than 10 ppm. NO, concentrations were negligible in all
the conditions studied.

In Table 2, sets 1 and 2 are pyrolysis experiments with different NH3/
CH3OH mixture ratios to measure methanol influence on ammonia

Table 1
Experimental conditions. Balance is made with Ar and the flow rate is 1000 mL
min~! (STP). Concentrations are expressed in ppm.

Set NHj3 CH30H (02} A NH3/CH3;0H t:(s)

1 496 511 0 0.00 0.97 190.6/T(K)
2 229 507 0 0.00 0.50 190.1/T(K)
3 482 512 546 0.48 0.94 189.6/T(K)
4 461 493 1133 0.99 0.94 191.6/T(K)
4R 481 511 1126 1.00 0.94 188.8/T(K)
5 486 529 2138 2.00 0.92 189.6/T(K)
6 178 296 298 0.51 0.60 190.3/T(K)
7 189 304 560 0.94 0.62 191.4/T(K)
8 192 326 1222 1.92 0.60 190.3/T(K)
9 1010 107 452 0.49 9.43 190.6/T(K)
10 1009 106 905 1.01 9.53 189.6/T(K)
11 952 97 1766 1.99 9.84 190.3/T(K)
12 0 503 0 0 0 191.6/T(K)
13 [30] 1149 0 0 0 0 195.0/T(K)
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Table 2
Added or modified equations in the mechanism. Rate constants are expressed as
A*T" *exp(-E,/RT). Units are calories, cm?, mol, and second.

Reaction Mechanism A n E, Ref.
NH, + CH30H = NHj3 + CH30 (1r6) 1.86E00 3.59 2930 [25]
NH; + CH30H = NHj + CH;OH (17) 7.44E00 3.64 4300 [25]
NH; + CH30H = NH,OH + CHj3 (r8) 1.90E34  -6.34 67678 [28]
NH; + CH,0H = NHj3 + CH,0 (r9) 1.30E06 1.94 1150 [28]
NH,; + CH,OH = NH + CH3OH (r10) 5.60E06 1.94 14573 [28]
NH; + CH;OH = NH3 + HCOH (r11) 3.20E06 1.87 7570 [28]
NH; + CH30 = NH3 + CH,0 (r12) 3.30E06 1.94 —1150 [28]
NH; + CH30 = CH3 + H,NO (r13) 6.80E14 0.11 2332 [36]
CH,0H (+M) = CH20 + H (+M) (r14)  7.4E10 0.811 38559 [37]
CH3 + N = HCNH + H (r15) 1.20E11 0.52 3.672E2 [38]

CH; + N = HCN + H, (r16) 7.1E12 000 0 [38]
CH4 + NH; = CH; + NH; (r17) 1.2E13 0.00  1.515E04  [38]
CH, (S) + Np = CH, + Ny (r18) 1.5E13 0.00  6.0E02 [38]
CN + CH4 = HCN + CHs (r19) 9.0E04 2.64  —3.0E0 [38]
H,NO + CHj = CH30 + NH, (r20) 2.0E13 0.00  0.0E0 [38]
H,NO + NoH, = NNH + NH,OH (121)  4.80E06 2.0 ~1,19E3  [23]
HNO + H,NO = NO + NH,0H (r22) 2.40E06 2.0 ~1.19E3  [23]
CH + CO, = HCO + CO (r23) 0.03 4.44 3537 [39]
NH,OH (+M) = NH, + OH (+M) (r24)  1.4E20  —1.31 64080 [40]
H,NO + NH, = HNO + NHj (r25) 3.0E12 0.00 1000 [40]
CH; + NO = HCN + H,0 (126) 2.4E12 0.00  1.57E04  [41]
CHs + HNO = NO + CHy (r27) 1.47E11 0.76  3.48E02  [41]
CH, + NO = HCNO + H (r28) 3.8E13  —0.36  576E02  [41]
CH, + NO = HCN + OH (r29) 1.0E14 0.00  0.0E0 [41]

without Os. To study the impact of oxygen, for a NH3/CH3OH ratio of 1,
sets 3-5, different initial Oy concentrations were added. Experiments 4
and 4R are repeated experiments to evaluate repetitiveness. Finally,
several experiments were carried out varying A between 0.5 and 2, and
the NH3/CH3OH ratio in the range of 0.6-10 to cover a wide range of
conditions.

3. Kinetics

The mechanism from previous work on DME/NH3 and DME/NH3/
NO mixtures has been used as the base mechanism [31]. This mecha-
nism is primarily based on Glarborg et al. [32] as a basis. There are some
minor updates for NH3 [30], CH3CN [33] and NH3-NO [34] subsets, as
detailed by Alzueta et al. [35]. Additionally, reactions of the DME sub-
set, proposed by Marrodan et al. [5], have been incorporated.

With all the modifications described above, the model had major
discrepancies in simulating the experimental conditions described in
this work. The main discrepancy was the oxidation of CH3OH, which
occurred at higher temperatures than those observed experimentally.
Therefore, the incorporation of reactions in which the NH; radical in-
teracts with methanol was considered, following the work of Wang et al.
[25] and Li et al. [28], together with new interactions between com-
pounds generated from hydrogen abstraction in methanol by nitroge-
nous compounds [36] or their decomposition [37]. The inclusion of
these reactions improved the ignition temperature of methanol oxida-
tion, without noticeable modifications for ammonia.

Interactions between nitrogen and carbon compounds have also been
added [38], which are responsible for improving the description of CHy
and CO profiles. Table 2 shows the main updates for the CH3OH subset.

Overall, the inclusion of the reactions in Table 2 has improved the
prediction of the different species during the conversion of the NHz/
CH3OH mixture. The kinetic model used includes a total of 484 species
and 3155 reactions, and the simulations have been carried out using the
Chemkin-Pro 2023 software [42] with the Pug Flow Reactor (PFR)
module.

4. Results and discussion

In this work, mass balances were performed for all experiments, and
representative examples are provided in Fig. S3 in the Supplementary
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Material. A thorough explanation of the interpretation of mass balances
can also be found in the supplementary material. Carbon balances show
low errors (<10%) overall, even though the non quantification of CH,O
is probably the reason for the higher errors found between 1025 and
1225 K. Nitrogen balances exhibit errors below 10%, and are lower in
most of the temperature range considered. In conclusion, the good
performance of mass balances is an indication that the main species
involved in NH3/CH3OH conversion were considered, with the excep-
tion of CH0 which was not quantified experimentally.

4.1. Pyrolysis of the NH3/CH30H mixtures

Fig. 1 shows the experimental and calculated conversion of NH3 and
CH3OH as a function of temperature in the absence of oxygen, for two
different NH3/CH3OH ratios. From now on, experiments are denoted by
symbols and calculations by lines. Both experimental data and model
calculation coincide reasonably well, even though experimentally, the
ammonia concentration decreased by around 5% within the tempera-
ture range of 1000-1175 K, while calculations predict an ammonia
conversion of around 1%.

The main culprit in oxidising ammonia in these cases is the H radical,
although it is in a smaller proportion than the capacity of CH3OH to
convert back NH; into NH3. A reaction rate analysis was carried out at
1100 K under pyrolysis conditions, showing that the interaction between
ammonia and the H radical is the most important in ammonia con-
sumption. On the other hand, the interaction between NH; radical and
CH30H recycles back a fraction of ammonia.

Methanol profiles are very well described by the model, Fig. 1B. The
initial consumption of methanol, at approximately 1000 K, occurs
through CH3sOH (+M) = CHs + OH (+M) (r30), and CH3OH + H =
CH50H + Hj (r31). Once the radical pool is built up, reaction (r31)
becomes dominant. Most of the conversion of methanol proceeds in the
1000-1200 K temperature interval for the conditions of Fig. 1B. At the
onset of the methanol reaction (1000 K), the reaction contributing the
highest amount of H radicals is CH,OH = CH,0 + H (r32). However, as
the temperature increases, HCO (+M) = H + CO (+M) (r33) becomes
the dominant reaction contributing the highest proportion of H radicals
(1100-1200 K), which as mentioned above are very important in the
conversion of NHs.

In the presence of NH3, the NHy + CH30H = NHs + CH20H (r7)
reaction contributed as well to methanol conversion once the tempera-
ture was high enough to allow the conversion of NH3 into NH; radical. A
sensitivity analysis for methanol at 1033 K can be found in Fig. S4 of the
Supplementary Material, and indicates that the conversion of methanol
is affected by reactions only involving NH3 and thus the importance of
the radical pool composition for the pyrolysis of the mixtures consid-
ered. However, the NH3/CH3OH ratio does not significantly affect the
decomposition of NH3 under pyrolysis conditions, and its increase
slightly accelerates the thermal decomposition of CH3OH at low tem-
peratures. This can be observed in Fig. 1A, where the net ammonia
profile is similar to the one observed for the NH3/CH3OH mixture. This
is because the properties of the mixture become more similar to meth-
anol with higher percentages of methanol in the mixture, leading to
similar ignition properties of net methanol.

In addition, pure methanol decomposes at a lower temperature
compared to the mixtures, because no interactions with nitrogen com-
pounds inhibit methanol decomposition, both of which are found to be
related to the consumption of radical H, i.e. NHy + H (+M) = NH3 (+M)
(r34), and NH3 + H = NH; + H50 (r35).

4.2. Oxidation of the NH3/CH3sOH mixtures

4.2.1. Influence of the oxygen excess ratio

The influence of oxygen excess ratio (1) on the conversion of NHz and
CH3OH has been studied and, as an example, results for a given NHs/
CH3OH ratio of 1 are discussed. Fig. 2 shows the profiles of the most
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Fig. 1. Concentrations of A) NH3, and B) CH30H as a function of temperature for different NH3/CH3OH ratios. Data for pyrolysis of pure ammonia conversion are

taken from Abian et al. [30]. Sets 1, 2, 12 and 13 are taken from Table 2.
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Fig. 2. Concentrations of the most important product species for NH3/CH3OH = 1 for different A (Sets 1, 3-5 of Table 2).

significant species observed in the experiments quantified in this study.
An example with all the compounds analysed (set 5) can be found in
Fig. S5 of the Supplementary Material.

It is noted that ammonia concentration is significantly influenced by
the Oy excess ratio used, with complete oxidation of ammonia being
observed between 1275 and 1300 K for stoichiometric and fuel-lean
conditions. The oxidation range of NH3 occurs between the tempera-
tures 1025-1325 K. This is not the case for pyrolytic conditions, as
mentioned in the previous section, nor fuel-rich conditions. In fuel-rich
conditions, 60-70% conversion is reached between 1325 and 1425 K.

The model predicts well the conditions where the O3 in the medium
is sufficient to oxidise both fuels, but not for fuel-rich conditions, where
above 1225 K it overestimates the NH3 oxidation produced. To explain
the overestimation of NH3 consumption in fuel-rich conditions, the
calculations performed at 1325 K will be presented. The most important
reactions in the inhibition of ammonia oxidation are CHs + H (+M) =
CH,4 (+M) (r36), CH30H + H = CH3 + H,0 (r37), H + H,0 = OH + H,
(-r38) and NH; + H (+M) = NH3 (+M) (r34). The consumption of H
radicals through a pathway different from methanol abstraction (r7, r33,
and r36) will be detrimental because this reaction is the most influential



A. Ruiz-Gutiérrez et al.

in NH; oxidation. Reaction (r37) is inhibitory because it reduces the NH;
radical back to NH3 and competes with methanol for H consumption.
This occurs because reactions involving the H radical, such as CH30H +
H = CH0H + Hj (r31) and NHy + H = NH + Hj (r39), are highly
relevant for the oxidation of ammonia. Therefore, it seems that the
concentration and fate of the H radical, which participates in several key
reactions, is very relevant also for the oxidation of ammonia, as was
found for its pyrolysis. H concentration largely detriments the con-
sumption of NH3 under the studied conditions. So, small variations and
small imprecisions in its prediction may affect strongly the calculations.

In Fig. 3, a sensitivity analysis for the NH3 species can be seen for
three values of A, at the temperatures when 10% of NH3 is consumed. As
usually occurs during the oxidation of ammonia, reaction H + Oy = OH
+ O (r4) is one of the reactions that most favours its oxidation, due to the
huge impact of O and OH radicals input to the radical pool. This is in
agreement with Zhuang et al. [22], where it is also indicated that (r4) is
the reaction that mostly promotes the oxidation of NH3. Methanol also
plays a key role in the oxidation of NHj, with seven of the most
favourable reactions including methanol derived compounds. In the
oxidation of methanol, both OH and HO, radicals, in reactions CH30OH
-+ OH = CH,0H + H30 (r7) and CH30H + HO5 = CH,;0H + H505 (r1),
and those originated by the NH; radical conversion, NHy + CH3OH =
NHj3 + CH30 (r6) and NH; + CH30H = NH3 + CH,0H (r7) are the re-
actions that favour the oxidation of methanol. The presence of CH;0H
has also been reported as an important factor in other studies [24,25],
although the importance of the interactions of CH3OH with HO, and OH
varies depending on the specific conditions considered.

The fact that reactions (r6) and (r7) favour the oxidation of ammonia
may seem contradictory. Still, it is the early initial consumption of
CH3OH which causes the oxidation of NHj3 to occur at a lower temper-
ature. Therefore, reactions that favour the oxidation of CH3OH will lead
to a shift of the oxidation of NH3 to lower temperatures. NH3 concen-
tration is most sensitive to the above mentioned reactions in fuel-lean
environments, except to the reaction involving the NH, radical, to
which NHj concentrations are only sensitive when both fuels are present
in similar concentrations.

CH50H and HCO are also important in the oxidation of NHg, since
their decomposition reactions, CH,OH = CH3;0 + H (r32) and HCO
(+M) = H + CO (+M) (r33) generate hydrogen radicals and do not
remove O, from the medium, thus favouring the oxidation of NHs. (r9)
was also found relevant in the atmospheric pressure study of Zhuang
et al. [22]. On the other hand, if these compounds consume O, i.e.

-mmum.m...u.mrw' H+0,<=0+0OH
CH,0H<=>CH,0+H

CH,OH + OH <=>CH,0H +H,0
CH,OH + HO, <=> CH,0H + H,0,
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> > >
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NH, + HO, <=> NH, +0)

NH, + OH <=>NH, + H,Q
CH,0H+0, <=>CH,0+HO, g

T T T T T T
-0.6 -0.4 -0.2 0.0 02 0.4 0.6

s

Fig. 3. Sensitivity analysis for NH3 at 10% conversion of NHj for different A. In
ascending order of A, the temperatures used for the analyses are 1125 K, 1108 K
and 1083 K. Sets 3-5 in Table 2.
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through CH,0H + O3 = CH20 + HO» (r40) and HCO + O, = CO + HO
(r41), their presence harms the oxidation of fuels. Those reactions are
among the ones that inhibit most the consumption of NHs. Another re-
action that causes a delay in the conversion of ammonia is NHz + OH =
NH; + H0 (r3). While apparently this seems to be a contradiction, this
happens because, at the start of the reaction, NHs and CH30OH compete
for OH radicals, which causes a delay in the consumption of methanol,
and thus an overall delay in the consumption of the fuel mixture. This is
further corroborated by some studies such as the ones by Li et al. [28]
and Wang et al. [25], which propose that (r3) inhibits the ignition of
ammonia, resulting in higher IDT’s and a comparatively lower oxidation
of NH3.

Methanol starts to oxidise at 1025 K, and the reaction window where
its oxidation occurs is narrower than the one observed for NHjs
(1025-1275 K). Within this temperature range, CH3OH is consumed,
even under pyrolysis conditions. At the beginning of the reaction, the
experiment under fuel-lean conditions shows a lower conversion
compared to the experiments conducted with other A values. CH30H is
oxidised at the same temperatures for both stoichiometric and fuel-lean
conditions. The model captures the oxidation of CH3OH reasonably well,
overestimating the methanol consumption above 1125 K.

To clarify the behaviour of CH30H, a sensitivity analysis at the start
of the reaction (10% conversion of CH3OH) is shown in Fig. 4. The re-
actions with HO5 and OH: CH30H + HO5 = CH,OH + H505 (rl) and
CH30H + OH = CH,0H + H»0 (r42), are the most important ones in the
oxidation of CH3OH. The reaction H + Oy = OH + O (r4) also plays a
significant role in fuel oxidation, as it increases the radical concentration
in the radical pool. Zhuang et al. [22] did not identify (r1) and (r17) as
the reaction that mostly promotes CH3OH oxidation. However, this
discrepancy may be attributed to lower NH3/CH3OH working ratios,
since as Yin et al. [24] specify, the presence of HO, becomes more
influential with decreasing NH3/CH3OH ratios.

The NHj; radical also plays an important role in methanol con-
sumption, with CH3OH abstraction being the most sensitive for the NHy
+ CH30H = NHj3 + CH,OH (r7) reaction. It is observed that in most
reactions that favour methanol consumption, the hydrogen atom is
extracted from a C-H bond, not from the alcohol functional group. This is
reasonable due to the lower energy requirement to break this kind of
bond.

Concerning the inhibition of CH30H, the consumption of OH radicals
by ammonia is the most inhibitory reaction, due to the competition
between the two fuels for this radical. The consumption of O, by CH,OH
is crucial in reducing the consumption of CH3OH, as the decomposition

EEEEEEEEEEEEEEE] CH OH + HO, <= CH,OH + H,0,
& CH,0H + OH <= CH.OH + H,0
H+0,<=>0+O0H
| NH, + CH,OH <= NH, + CH,0
] cnon<=cno+n
NH, + CH,0H <= NH, + CH,0H
HNOH + HO, <=> HNO + H.0,
] HNO+HO,<=HNO+H,0,
HNOH +HO, <= NH,0H +0, 5
NH, +H <=>NH,+H0 %
NH,+HO,<=>NH, +0, [Zh
CH,OH + 0, <=> CH,0 + HO,
NH, + OH <=> NH, + H,0 P

a
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Fig. 4. Sensitivity analysis of CH30H at 10% CH30H consumed for different A.
In ascending order of A, the temperatures used for the analyses are 1033 K,
1035 K and 1028 K. Sets 3-5 in Table 2.
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of CH,0OH generating CH50 and H effectively promotes the oxidation of
both fuels.

The formation of a few nitrogen oxides during the conversion of
NH3/CH3OH mixtures may be of concern. In the conditions of the pre-
sent work, only NO, Fig. 21, and small amounts of N,O (not shown) have
been attained.

For fuel-rich conditions, no relevant NO concentrations have been
detected. This does not occur for cases with sufficient O, to oxidise both
fuels (A > 1). Increasing the initial O, concentration leads to an increase
in NO emissions. In the higher emission conditions (A = 2), the
maximum NO concentration measured was 66 ppm (at 1225 K). This
represents almost double the emission obtained under stoichiometric
conditions (35 ppm NO at a temperature of 1225 K). This is consistent
with other studies conducted at atmospheric pressure [22] or with
similar setups [24], which report low NoO and NO concentrations
relative to the ammonia concentrations used.

Calculations indicate for A > 1 that the reaction leading to the highest
NO production is HNO + H = NO + Hj (r43), with HNO originated from
the reactions HoNO + H = HNO + Hj (r44), H,NO + NH; = HNO + NH3
(r45), NHz + O = HNO + H (r46), and NO + H (+M) = HNO (+M)
(r47). Other production reactions are CHs + NO = H,CN + OH (-r48),
CH3 + HNO = NO + CHy4 (r49) and HNO + O = NO + OH (r50).

Another set of significant reactions for NO are those involving NO-
NO; interconversion, which occurs through NO + O (+M) = NO, (+M)
(r51) and NO + HO3 = NO3 + OH (r52), and the formation of NO by
NO3 + H = NO + OH (r53). The NO-NO;, interconversion intensifies at
elevated temperatures, decreasing the impact of NO reduction reactions
in the background.

N is the main nitrogen product of ammonia oxidation. Fig. 2G shows
that the highest Ny production occurs for A = 1. This is because, with
excess Oz, some NO is additionally produced, which decreases the ni-
trogen available for Ny formation. Under fuel-rich conditions, both in
experimental results and calculations, there is a progressive increase in
Ny concentration. However, for A > 1 a sharp increase in Ny concen-
tration at 1175 K is observed. Above this temperature, the Ny concen-
tration remains practically constant for A = 1. For A = 2, Ny
concentration increases, albeit slightly.

The oxidation of CH3OH generates some carbon compounds over the
entire working temperature range. The most relevant compounds are
CHj4, CO and COs. Although HCN has been analysed in the experiments,
the quantified concentrations never exceeded 10 ppm, so it can be
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considered negligible. This has been confirmed in the study by Zhuang
et al. [22], where the presence of HCN is minimal. This is because the
CH3O0H intermediates do not show significant reactions that could lead
to the synthesis of HCN, i.e. CHoNH. This can be shown in Fig. 5.

Regarding CHy4, there is a wide range of temperatures at which it can
be observed. Within the experiments of pyrolysis conditions, CH4 starts
to be quantified from 1075 K, with a range of occurrence which depends
on the working A. Under fuel-rich conditions, CHj is detected up to 1375
K, which does not occur for A > 1, as it is completely consumed above
1150 K.

With respect to CO and COs, it is observed that calculations repro-
duce generally well the experimental behaviour, except for A = 0.5,
where there is an overestimation of CO, and, an underestimation of CO5
is observed in calculations at the highest temperatures. Similar behav-
iour was observed by Wang et al. [25] in a multi-modal study. However,
it has to be mentioned that the sum of CO and CO is properly predicted
by the model.

Fig. 5 shows the reaction pathways determined for different stoi-
chiometries and a fuel NH3/CH3OH ratio of 1. The temperature at which
the reaction rate analysis is made corresponds to the value for approx-
imately 10% conversion of each fuel.

The consumption of methanol occurs mainly by reaction with OH
and H radicals. Oxidation occurs mainly by H-abstraction, with the
abstraction of an H radical from the C-H bond as the most important
pathway. Thus, the compound that forms most abundantly from the
oxidation of CH30H is CHaOH. CH3O forms also, but most importantly
under fuel-rich conditions in the presence of CHg radicals. Interactions
with NH3 are not important at this point of the reaction. For a given
temperature, as seen in Fig. 2B, the conversion of CH3OH is completed at
lower temperatures compared to the oxidation of NHs. This is the reason
for the low impact of NH3 on CH3OH oxidation.

The interaction of CH3OH with NHjy radicals, although it appears
under all conditions studied as reactions that consume CH3OH, the NH,
+ CH30H = NH3 + CH30 (r6) reaction does not exceed roughly 3 % of
CH3O0H consumption. In comparison, NH,; + CH3OH = NH3 + CH,OH
(r7) represents consumption of more than 7 % for either of the two cases.

CH50OH decomposes by reactions CHoOH = CH30 + H (r32) and
CH0H + O = CH0 + HO; (r40) to form formaldehyde (CH3O),
although under fuel-rich conditions, CH3O will also form CH30 through
thermal decomposition. CH2O forms HCO by reaction with H and OH
radicals, i.e. CH30 + H = HCO + Hj (r54) and CH;0 + OH = HCO +

NHy/CH;0H | Tcpon-K | Tyg, K
+CHj 0.5 1055 1125
CH,0H
A) 3 B) NH3 1 1055 1108
+H/+OH LH, +OH/+O 2 1045 1083
CH,0 CH,0H « NEL
(+M)/0, +H,
&. CH,O — (+M)
2 H,NO
—l o
+H/+OH -
" +HO,
HCO i o || gno HNOH NH,OH
CO ~— NO ~_,  HNN tHNNH N,H,
/\/,(/ .
€O, NNH N,

Fig. 5. Reaction pathways of A) CH;OH and B) NH3 conversion at different A.
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H»0 (r55), and it can also form CO by reaction with H radicals, CH,0 +
H = H + CO + Hy (r56). Again, the above leads to the conclusion that H
radicals play an important role in the conversion of CH,0, as a relevant
intermediate in the oxidation of CH3OH. Finally, carbon monoxide is
oxidised to CO, through its reaction with OH radicals.

As a result, the most important reaction path for all the conditions
studied is: CH3OH—CH>OH/CH30—CH;0—-HCO—CO—CO, (reaction
pathway 1). This reaction pathway is similar to those proposed by other
authors [25,28,43]. Calculations further indicate that CH30OH oxidates
in a similar way for A > 1. Although for fuel-rich conditions some var-
iations are observed, as shown in Fig. 5: namely the interaction of
CH3O0H with CHs radicals, CHsOH + CHs = CH30 + CHy (r57), followed
by CH30 + H (+M) = CH50H (+M) (r58), CH50 (+M) = CH,0 + H
(+M) (r59), CH20 + Hy = CH20H + H (r60), and CH20 + H = H + CO
+ Hj (156).

In the case of NH3, ammonia is oxidised due to OH and O radicals.
This is not usually the case in the study of other mixtures such as DME-
NHs, where the oxidation reactions of NH3 with O radicals are not
relevant [31]. The oxidation of NH3 produces NH;. NH, radicals form
HoNO in the presence of NO or HO,. The HO radical comes from the
reactions CH,OH + Oy = CH50 + HO, (r40) and HCO + Oy = CO + HO,
(r41), showing that methanol generates radicals that favour this
particular reaction pathway in the oxidation of ammonia. The HoNO
species has been mentioned to be a very important intermediate species
during ammonia oxidation [30] and it appears to be also important
during the combustion of NH3/CH3OH mixture, as seen in the present
results. From HyNO, a series of different branches is found to happen
depending on A:
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For A >1,
HoNO—NO-Nj3 (reaction pathway 2)

Reaction pathway 2 generates NO directly through the reaction of
H,NO and HNO by HNO + HaNO = NO + NH30H (r22). Subsequently,
this NO basically reacts with NH; radicals, forming Nj.

For A =1,

H2NO—-NO—NNH-N;, (reaction pathway 3)

Reaction pathway 3 is initially governed by (r22) but NO now in-
teracts with NHy producing NNH radical through, NH; + NO = NNH +
OH (r62). NNH further decomposes into N3 and H radicals.

For A <1,

H2NO—-HNO—-NO—-NNH—-Nj; (reaction pathway 4)

For all A,
H2NO—-HNO—-NO-N; (reaction pathway 5)
HoNO—-HNOH—H;NN—N; (reaction pathway 6)
HoNO—HNOH—-HoNN—tHNNH—N3H3—NH, (reaction pathway 7)

Although reaction pathways 4 and 5 generate NO at some point in
the reaction, they are pathways that favour the complete oxidation of
NH3, generating No. The same occurs in reaction pathway 6. In this case,
Nj is formed without NO as an intermediate. The reaction pathway 7
again produces NHj radicals. For this purpose, all compounds forming
this pathway are thermally decomposed, except NoHs, which interacts
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Fig. 6. Concentration profiles of the most important species at A = 2 for different NH3/CH3OH ratios (Sets 5, 8 and 9 of Table 2).
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with the H and HO, radicals, giving the reactions NoH3 + H = 2NH,
(r63), and NoHs3 + HO5 = Hy04 + tHNNH (r64). The reaction (r64) still
favours the consumption of fuels, because, as mentioned above, a large
amount of OH radicals are produced from Hy05.

4.2.2. Influence of the NH3/CHsOH ratio

The present section will focus on understanding the impact of using
different NH3/CH3OH ratios on the conversion of the mixtures and the
formation of products. Fig. 6 shows the concentration of the measured
compounds as a function of the temperatures for the three different
NH3/CH3OH ratios considered. Examples of others A can be found in
Figs. S6-S7 of the Supplementary Material.

Referring to the behaviour of the fuels, it is noted that both com-
pounds oxidise at lower temperatures as the proportion of CH30H in the
medium increases. NHj is highly affected by the presence of an elevated
concentration of CH3OH. Fig. 6A shows a 100 K difference between
NH3/CH30H = 10 and NH3/CH30H = 0.6, achieving complete oxida-
tion of ammonia at lower temperatures with the increase of CH3OH in
the mixture (150 K less). No noticeable difference has been observed
when changing the stoichiometry for a given NH3/CH3OH ratio, where
the differences between fuel-rich and fuel-lean conditions were only
about 25 K. This behaviour is also captured properly by calculations. For
the case of NH3/CH30H = 10, the calculations overestimate the oxi-
dising capacity of ammonia, resulting in a difference of 150 K for the
complete oxidation of NH3.

The most important NH3 consumption reactions include interaction
with OH and O radicals: NH3 + OH = NH; + H50 (r3) and NH3 + O =
NH; + OH (r65). A fraction of the NHj; radicals is recycled back to NHs.
The most relevant NH3 production reaction is NHy + HO2 = NH3 + Oy
(r66), so an increased production of HO, radical will lead to an inhibi-
tion of ammonia oxidation. This is in agreement with the sensitivity
analyses carried out, where the most important reaction in the inhibition
of both fuels is CHoOH + O3 = CH20 + HO3 (r40), which is also the most
important HO, production reaction. For NH3/CH30H = 10, compara-
tively, a lower amount of HO; is produced, which leads to a lower in-
hibition of NH3 oxidation, which may be one of the factors affecting the
overestimation of NH3 consumption. This same fact was shown by Yin
et al. [24]. Consequently, the decrease in importance of HO, formation
causes other reactions to be more influential in the production of NHg3, as
is the case for tHNNH + NH; = NNH + NHj3 (r67).

Fig. 6B shows the concentration of CH3OH as a function of temper-
ature. A clear influence is observed when modifying methanol concen-
trations. At 1175 K, complete oxidation of CH3OH is achieved for NHz/
CH30H = 0.6. The same was not observed in the other cases, with 15%
and 29% of CH3OH reproducing for the NH3/CH3OH ratios of 1 and 10,
respectively. The calculations reproduce well the experimental behav-
iour for NH3/CH3OH < 1, showing that ratios with a lower methanol
concentration result in an underestimate of the methanol consumption.
The difference between calculated and experimental values may be due
to the lower OH concentration in the medium, and the sensitivity of
results to the concentration of those radicals, since for NH3/CH30H > 1,
a higher concentration of OH radicals is produced and predictions are
comparatively better. This is due to reactions such as HyO5 (+M) = 20H
(+M) (r2) or NO + HO5 = NO5 + OH (r52). In the work of Yin et al. [24],
this pattern was also observed concerning (r2). Another evidence is the
minor importance of CH3OH + OH = CHyOH + H30 (r42) for
NH3/CH30H = 10, with the reaction CH30OH + H = CH,OH + Hj (r31)
being the most important.

O, exhibits the same behaviour as presented for the fuels, with a
reliable model representation of O, for NH3/CH3OH ratio of 1 and 0.66,
Fig. 6C. However, the model overestimates O, consumption for small
amounts of CH3OH in the mixture, being consumed at lower tempera-
tures in the calculations. The relevance of Os-producing reactions, i.e.
NH; + HO3 = NHj3 + O3 (r66) and HNOH + HO» = NH0H + O, (r68),
decreases in importance when decreasing CH30H in the mixture. This
may explain why the calculations overestimate the O consumption
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when little methanol is present in the reacting mixture.

For CO and CO; (Fig. 6D and E), the model correctly represents the
behaviour of both species. It only fails in the estimation of CO at low
CH3OH concentrations, because the temperature range in which this
intermediate has been measured (1075-1275 K) is wider than the
calculated one (1125-1233 K).

Fig. 6G shows the concentration of NO. The maximum NO concen-
tration represented 15% of the nitrogen for the cases where NHjz/
CH3OH < 1. NO is mainly formed from HNO, as has been mentioned
earlier, with some common reactions occurring always: HNO + HoNO =
NO + NH,OH (r22), HNO + Oy = HO, + NO (169) and HNO (+M) =
NO + H (+M) (r70). However, the HNO + H = NO + H; (r43) reaction,
which is the most important for the NH3/CH30H = 0.6 case, is not even
an important production reaction when the mixture contains the same
concentration of both fuels. For NH3/CH30H = 10, it is found that HNO
+ HoNO = NO + NH20H (r22) is not relevant in the NO production,
with the rest of the above reactions being the most relevant ones.

The reactions that consume NO most rapidly include, for the three
NH3/CH30H ratios studied, NH; + NO = NNH + OH (r62) and NH; +
NO = N3 + H50 (r71). HCO + NO = HNO + CO (r72) is also relevant for
the case of higher CH30H concentration, and NH + NO = N3 + OH (173)
when the NH3 concentration is higher than the CH3OH concentration. In
all the cases, a maximum NO concentration is found, and is subsequently
reduced with increasing temperature. A different behaviour occurs with
the higher NH3 concentration in the mixture studied, where NO starts to
form at 1275 K, reaching its maximum concentration at 1425 K. This
behaviour is similar to that observed when burning net NH3 [30], with
NO formation representing 10% of the added ammonia at the highest
working temperatures.

Referring to Hy (Fig. 6I), it is observed that the maximum concen-
tration peaks are shifted on the temperature axis as a function of the
NH3/CH3OH ratio. As concluded for previous cases, the behaviour of
fuel mixtures with higher or equal concentrations of CH30H versus NH3
does not change significantly, varying their maximum concentration in a
temperature difference of 50 K. This does not occur for NH3/CH30H =
10, where the maximum Hj concentration is shifted to 1175 K. Another
difference to the other species measured is the temperature range in
which Hj has been observed, which is slightly wider (1025-1325 K)
compared to what appear in calculations (1100-1175 K).

Fig. 7 shows the reaction pathways determined for both fuels when
either the NH; and CH3OH consumption represents 10% of the total
added at the fuel lean condition (A = 2). For methanol (Fig. 7A), the
main reaction pathway is the same as previously proposed, CH3OH—-
CH;OH—CH,0—-HCO—-CO—CO; (reaction pathway 1). However, the
modification of the NH3/CH3OH ratio implies the appearance of addi-
tional secondary pathways.

Increasing CH3sOH concentration (NH3/CH3OH = 0.6), a reaction
pathway formatting of CHyOH appears to be significant:
CH30H—CH3—~CH30ONO—CH30—~CH30H (reaction pathway 8). This
reaction pathway does imply interaction with nitrogen compounds,
through the reactions: CH3 + NO; = CH3ONO (r74), followed by
CH30ONO (+M) = CH30 + NO (+M) (r75).When the proportion of
ammonia is much higher than that of methanol, NH3/CH3OH = 10, the
above reaction pathway is not significant, although, together with the
CH3 radical, the production of CHoOH and CH;0 by CH30 is more
relevant. The higher proportion of NH3 in the mixtures also generates
new interactions not present in other cases, such as: CO + NH; = HNCO
+ H (r76) and HNCO + NH; = NCO + NHj (177).

Regarding NHj (Fig. 7B), the main reaction pathways are similar to
those presented above: NH3—NH;—H;NO—-HNO—NO—-N, (reaction
pathway 11). For NH3/CH3OH = 10, NH; radicals react with tHNNH,
through the reaction tHNNH + NHy = NNH + NH; (r67), resulting in an
inhibition of ammonia consumption. In turn, NyHs does not form NH; in
these cases, but the NH; radical reacts instead with NoHy, through NH,
+ NoH4 = NoH3s + NHj3 (r78), which leads to an inhibition of ammonia
oxidation. This leads to the conclusion that a lower proportion of CH30H
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in the medium makes reactions such as (r67) and (r68) more relevant,
inhibiting thus the oxidation of NH3.

In mixtures with higher CH3OH concentration (NH3/CH3OH = 0.6),
the NO-NO;, interconversion is more important. The reactions showing
that interconversion in this case are NO + HO, = NO, + OH (r52), and
NO; + H = NO + OH (r53).

5. Conclusion

A comprehensive study of the conversion of NH3/CH3OH mixtures
has been carried out. A quartz flow reactor, operating at atmospheric
pressure, was used to perform experiments within a temperature range
of 875-1425 K. The parameters varied during the study were A (0-2) and
the NH;/CH;0H ratio (0.6-10).

Stoichiometry, A, is very determinant in the conversion of the mix-
tures. Fuel-lean conditions provide the best results in the oxidation of
NHs, reducing the temperature at which it is oxidised compared to
stoichiometric and fuel-rich conditions. The H radical plays a key role in
converting both fuels. The impact of CH30H presence on the oxidation
of NHj3 has been evidenced. Due to the initial inhibition of NH3, caused

by competition for OH radicals of both fuels, CH30H oxidation, which is
produced at comparatively lower temperatures, results in lowering the
oxidation temperature to NHs3. The sensitivity analysis indicates that
numerous carbon-containing compounds positively influence ammonia
oxidation through their interactions.

The higher the CH3OH initial concentration of the NHs/CH3OH
mixture, the better the ammonia oxidation performance. When chang-
ing the NH3/CH3OH ratios from 0.6 to 10, NH3 consumption is shifted to
a lower temperature (up to 100 K). Also, the main reaction pathways
during NH3 and CH3OH conversion have been shown to depend strongly
on the NH3/CH30H ratio.

Finally, it should be noted that the model used for the simulations is
able to reproduce properly the experimental results obtained for NHz/
CH30H < 1, with the largest discrepancy observed in fuel-rich condi-
tions. Therefore, further model development is desirable, in particular to
reproduce more accurately the cases where the added methanol is rather
small (NHs/CH;0H = 10).
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