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A B S T R A C T

This study presents a comprehensive investigation of the conversion of ammonia (NH3) and dimethoxymethane 
(DMM) mixtures in a quartz flow reactor. Experiments were carried out at atmospheric pressure and across a 
wide range of conditions to elucidate species profiles, many of which have not been extensively characterised 
previously. The operational parameters included temperatures between 875 and 1425 K, NH3/DMM ratios from 
0.48 to 10.86, and oxygen excess ratios (λ) from 0 to 3.12. Quantification of numerous compounds was achieved 
using a micro gas chromatograph (GC) in combination with a continuous gas analyser. Simulations with an 
updated detailed chemical kinetic mechanism were carried out in order to elucidate the conversion pathways of 
the mixture constituents. Calculations were in good consistency with the experimentally observed ones for the 
key species. NH3 conversion was highly sensitive to variations in O2, whereas DMM exhibited only minor 
changes in its reaction temperature (approximately 50 K). The principal consumption pathway of DMM involves 
hydrogen abstraction from the central carbon by CH3 radicals. This facilitates the access of ammonia to a greater 
number of radicals, as competition for OH or O radicals is less pronounced. NO formation was influenced by the 
presence of DMM, increasing with both the oxygen excess ratio (λ) and the proportion of DMM in the mixture. It 
was further concluded that DMM exerts a significant influence on NH3 behaviour when the NH3/DMM ratio is ≤
1, an effect that decreases at higher initial O2 concentrations (λ > 1). Overall, this work provides new insights 
into the conversion behaviour of NH3/DMM mixtures under the investigated conditions and provides essential 
reference data for further development of detailed kinetic models.

1. Introduction

At current levels of energy consumption, there remains a significant 
reliance on conventional fossil fuels, primarily due to their high energy 
density and versatility. However, these fuels have been shown to 
contribute substantially to greenhouse gas emissions, notably CO2 and 
CH4. In 2022, within the European Union (EU), the electricity supply 
and transport sectors were the principal sources of such emissions, ac
counting for 27.4% and 23.8% respectively [1]. Energy production 
across the EU continues to rely predominantly on conventional fuels, 
with certain member states generating most of their electricity from 
fossil sources [2].

Emissions are gradually declining, driven by the expanding use of 
renewable energy sources, particularly within the electricity generation 
sector, which achieved a 16.5% reduction in emissions across the Eu
ropean Union (EU) [3]. Notably, countries such as Portugal and Austria 
now generate over 70% of their electricity from renewable sources. 
However, electricity consumption constitutes only a fraction of total 

energy use. Therefore, the development of more environmentally sus
tainable fuels will be essential for future energy applications. In this 
context, the investigation of alternative fuels becomes particularly 
relevant. These can be produced through the 'Power-to-Fuel' approach, 
whereby surplus renewable energy is used to synthesize fuels.

One of the fuels that could be developed under this strategy is 
ammonia (NH3). Its appeal lies in the fact that both its synthesis and 
storage technologies are already well established, making it one of the 
most widely synthesized chemical compounds globally [4]. Moreover, it 
has been demonstrated that 'green ammonia' can be produced using 
energy derived from renewable sources [5].

Although ammonia is an excellent hydrogen storage medium, it has a 
relatively high energy density and is a carbon-free fuel, its combustion 
presents several key disadvantages, such as a high ignition temperature, 
significantly lower energy density than conventional fuels, and the 
formation of nitrogen oxides (NOx).

To overcome these disadvantages, the most widely adopted 
approach is co-firing ammonia with other fuels that exhibit more 
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favorable thermochemical properties. Research involving oxygenated 
compounds, particularly methanol (CH3OH), dimethyl ether (DME), and 
diethyl ether (DEE), has demonstrated significant improvements 
compared to net ammonia. Notable changes have been observed in key 
combustion parameters, including reduced ignition delay times (IDTs) 
[6–8], improved ammonia conversion [9,10], and increased laminar 
burning velocities (LBVs) [6,11,12]. Oxygenated methyl groups (OMEx) 
are gaining increasing relevance due to their high cetane number, 
elevated O2 content, and absence of C–C bonds, which typically inhibit 
ash formation [13,14]. Considering these factors, the investigation of 
the simplest OME, dimethoxymethane (DMM), is of particular interest. 
DMM contains 42% (w/w) oxygen [15], exhibits greater solubility in 
diesel than other ethers, such as DEE, possesses a higher cetane number, 
and has a lower vapor pressure [16]. Additionally, this compound can 
potentially be synthesized from CH3OH [17].

DMM has been tested in blends with diesel, demonstrating re
ductions in emissions, improved engine performance, and lower ash 
formation [18]. The reduction in ash is attributed to the generation of 
fewer intermediate species that serve as precursors to soot in the 
ambient air [19]. Additionally, the addition of DMM has been shown to 
decrease NOx emissions [16].

Experimental investigations into this fuel mixture remain limited, 
with the predominant methodologies being the constant-volume 
spherical vessel (CVSV) [20], the shock tube [21], and the 
constant-volume combustion chamber [22]. The laminar burning ve
locity, another critical parameter, increases significantly when DMM is 
added to NH3 mixtures in comparison with mixtures such as NH3/CH4 
[20]; in some cases, increases of up to threefold have been reported. 
Ignition delay times (IDT) of NH3/DMM mixtures have also been stud
ied, with notable reductions observed relative to pure NH3. This 
improvement becomes more significant as the proportion of DMM in the 
mixture increases [20], likely due to the generation of additional reac
tive radicals from DMM enrichment, which accelerate the chain-reaction 
mechanisms in which NH3 is involved [23].

Owing to the promising performance of NH3/DMM fuel mixtures, 
further research is required to elucidate their conversion pathways. 
Although only a limited number of studies exist, detailed species profiles 
during oxidation remain virtually unexplored. This work therefore in
vestigates NH3/DMM conversion through both experiments and kinetic 
modelling across a wider range of conditions than previously reported, 
including 875–1425 K, NH3/DMM ratios from 0.45 to 10.86, and oxygen 
excess ratios (λ) between 0 and 3.12. The results provide new insights 
into species behavior under these conditions and supply baseline data to 
support the development of detailed kinetic models.

2. Experimental

The experiments were conducted in a quartz flow reactor with an 
internal diameter of 8.7 mm and a reaction length of 200 mm. The 
reactor has four inlets, three at the top, through which the reagents 
diluted in argon are added, and one on the side, used for the carrier gas, 
in this case argon. In this way, it was possible to work in an inert at
mosphere. A detailed diagram of the setup and a figure showing the flow 
reactor are presented in Fig. S1-S2 of the Supplementary Material. The 
primary argon stream was preheated before mixing with the reactive 
components. Reactants are only mixed in the reaction zone. Gas flows 
were regulated using Alicat mass flow controllers. A gas flow rate of 1 
L⋅min-1 (STP) was used in all experiments. Concerning residence time 
(tr), at 1000 K, this corresponds to a tr of approximately 190 ms, 
calculated based on the specific temperature and pressure conditions. 
The experimental setup is based on that described by Alzueta et al. 
(2001) [24], which has been successfully used in previous works 
investigating various organic oxygenated compounds blended with 
ammonia [9,10,16].

The reactor is placed inside an electric oven to maintain isothermal 
conditions. A temperature profile was created with a precision of ±5 K, 

verified using a type-K thermocouple. The temperature profile along the 
200 mm reactor length is shown in Fig. S3 of the Supplementary 
Material.

An Agilent 990 Micro GC gas chromatograph equipped with TCD 
detectors was used to quantify the majority of the compounds (DMM, 
CH3OH, CO, CO2, CH4, C2H6, C2H4, C2H2, NH3, N2O, N2, H2, O2, and 
HCN). The standard deviation of measurements is consistent across the 
temperature range considered for certified reference gasses, with a 
maximum error of ±10 ppm. A continuous gas analyzer (Advance Op
tima AO2020) was employed to detect and quantify NO, with a 1% 
uncertainty and a minimum detection threshold of 10 ppm. NO2 con
centration was checked with a continuous analyzer of the same com
pany, and was found to be negligible for all experimental conditions.

Experiments were conducted systematically varying temperature, 
oxygen excess ratio (λ), and fuel mixture ratio. The complete experi
mental set is summarized in Table 1. λ is defined as the ratio of the 
oxygen concentration present in the reaction zone and the stoichio
metric oxygen demand, as determined from the overall balanced 
chemical reactions to produce N2 and CO2 from ammonia and DMM, 
respectively. 

NH3 + 0.75O2 → 0.5N2 + 1.5H2O                                                  (1)

DMM + 4O2 → 3CO2 + 4H2O                                                        (2)

Set 1 in Table 1 corresponds to pyrolysis conditions. The combined 
effects of oxygen concentration and NH3/DMM mixture ratio were 
studied. Sets 1–4 illustrate the influence of oxygen at constant NH3 and 
DMM concentrations. Sets 3 and 3R are repeated experiments to 
demonstrate reproducibility. Finally, additional experiments with λ 
from 0.48 to 3.20 and NH3/DMM ratios from 0.48 to 10.86 are reported 
as sets 5–10.

A mass balance for carbon and nitrogen was carried out for each 
experiment, using both experimental and calculated results. No 

Table 1 
Experimental conditions. Balance is closed with Ar. Concentrations are 
expressed in ppm. Set 11 is from [25]. Concentrations are given in ppm.

Set NH3 DMM NH3/DMM λ tr (s)

1 997 982 1.02 0 190/T(K)
2 1024 999 1.03 0.48 190/T(K)
3 997 996 1.00 0.98 192/T(K)

3R 1011 1004 1.01 1.00 190/T(K)
4 976 976 1.00 3.12 191/T(K)
5 474 1004 0.47 0.50 191/T(K)
6 490 1038 0.47 0.93 189/T(K)
7 454 948 0.48 3.2 191/T(K)
8 1029 95 10.83 0.49 190/T(K)
9 987 98 10.07 1.03 190/T(K)
10 997 95 10.49 3.03 191/T(K)
11 0 653 0.00 1.00 195/T(K)

Fig. 1. Carbon and nitrogen mass balance for Set 3.
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significant discrepancies were observed in the nitrogen mass balance, 
with errors consistently below 10%, which are mainly attributed to the 
lack of identification of some species in low concentrations in the 
analysis. However, the same behaviour was not observed for carbon, as a 
reduction in the amount of carbon accounted for was noted in the 
950–1075 K temperature range, both in experiments and calculations. 
Within this temperature range, the kinetic model predicts the formation 
of methyl formate (CH3OCHO) and formaldehyde (CH2O) which were 
not measured during experiments. Including these compounds in the 
carbon calculated balance mitigates the observed decrease in carbon, 

which is an indication that the rest of the species are well captured in the 
experiments. Fig. 1 illustrates this for one representative example (Set 
3). The rest mass balances are provided in Fig. S4 of the Supplementary 
Material.

3. Kinetic modelling

The mechanism employed is derived from that reported in a previous 
study of the NH3/DEE fuel mixture [26]. It incorporates the nitrogen 
chemistry by Glarborg et al. [27], with a series of updates for NH3, 
CH3CN and NH3-NO [28]. In addition, some important reactions in 
ammonia chemistry have been updated in the present work, such as NH2 
+ HO2 ⇌ H2NO + OH (r3), NH2 + HNO ⇌ NH3 + NO (r4), and HNO + H 
(+M) ⇌ H2NO (+M) (r5), which are found to enhance the overall con
version of nitrogen compounds, based on the work presented by Jian 
et al. [29]. Other reactions involving HNCO, NCO, and CH3NH2 were 
revised as proposed by Morell et al. [30]. With respect to carbon 
chemistry, the mechanism includes reaction subsets of different 
oxygenated compounds [9,10,26], with the main oxidation chemistry of 
DME and DEE adopted from the work of Marrodán et al. [31] and Tran 
et al. [32], respectively. The initial sub-mechanism for DMM oxidation is 
based on the work of Marrodán et al. [33], dealing with high-pressure 
C2H2-DMM mixtures.

Some of the subsequent additions correspond to those proposed by 
García-Ruiz et al. [34], based on the N–C interactions between CH3O
CH2O, CH3O, CH2OH and HCO with NO and NH2. All these reactions 
were taken from the work of Dai et al. [21]. Other notable modifications 
concern those introduced for C–N interactions [35,36], as they provide 
a better agreement between the calculated results and the experimental 
data. Concerning the most notable modifications in the DMM oxidation 
subset, the thermal decomposition reactions of DMM, DMM ⇌ CH3OCH2 
+ CH3O (r6) and DMM ⇌ CH3OCH2O + CH3 (r7), proposed by Sun et al. 
[37], interactions between DMM and nitrogen species [38], NH2–DMM 
[39], and NH2–CH3OCH2OCH2 [21], were added.

Fig. 2. Concentrations of the most important product species for NH3/DMM = 1 for different λ (Sets 1, 3–5 of Table 1). NH3, DMM and O2, as reactants, are shown as 
normalised values.

Fig. 3. Sensitivity analysis for (A) NH3 and (B) DMM at 10% conversion for 
different λ. In ascending order of λ. Sets 2–4 in Table 1.
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4. Results and discussions

4.1. Influence of the oxygen excess ratio

Sets 1–4 in Table 1 are selected to study the influence of oxygen on 
fuel oxidation. The species profiles of all measured compounds are 
presented in Fig. 2.

Fig. 2A shows the species profile for NH3 over the temperature range 
875–1425 K for different values of λ. The increase in λ causes a shift to 
lower temperatures in NH3 consumption. There is a difference of 
approximately 100 K in the onset of the fuel-rich to fuel-lean transition. 
NH3 is completely consumed for λ ≥ 1, whereas under fuel-rich condi
tions, 16% of the fuel remains unoxidized under the studied conditions. 
Calculations agree reasonably well with the experimental results.

The primary reactions responsible for ammonia consumption involve 
its interaction with OH and O radicals, NH3 + OH ⇌ NH2 + H2O (r8) and 
NH3 + O ⇌ NH2 + OH (r9), respectively. This behavior is similar to that 
happening with other ethers such as DEE [24]. However, the in
teractions of NH2 radical with hydrogen can recycle back NH3 under all 
conditions, NH2 + H2 ⇌ NH3 + H (r10). Additionally, the radical HO2 
also causes recycling back ammonia through the reaction NH2 + HO2 ⇌ 
NH3 + O2 (r11) under fuel-lean conditions.

Fig. 3A shows the sensitivity analysis of NH3 at the temperature 
corresponding to 10% consumption. Reactions that promote a higher 
concentration of OH radicals, such as H + O2 ⇌ O + OH (r12) or CH3 +

HO2 ⇌ CH3O + OH (r13), play a significant role in ammonia con
sumption. Results are more sensitive under stoichiometric conditions. 
The increase in O2 also favors more reactions involving the HO2 radical, 
such as CH2O + HO2 ⇌ HCO + H2O2 (r14). This further promotes NH3 
consumption through the decomposition of H2O2, H2O2 (+M) ⇌ 2OH 
(+M) (r15). Simultaneously, the thermal decomposition of DMM, DMM 
⇌ CH3OCH2 + CH3O (r6), and the consumption of DMM by secondary 
pathways, e.g. DMM + CH3 ⇌ CH3OCH2OCH2 + CH4 (r16), not 
involving the O/H radical pool, promote the consumption of NH3.

Regarding the inhibition of NH3 consumption, HO2 formation is one 
of the main limiting factors, occurring via the reaction CH4 + O2 ⇌ CH3 
+ HO2 (r17). It is also illustrated in Fig. 3A, where half of the most 
inhibitory reactions are associated with CH4 formation pathways, such 
as DMM + CH3 ⇌ CH3OCHOCH3 + CH4 (r18). HO2 plays a key role in 
inhibiting NH3 consumption, with reactions such as NH2 + HO2 ⇌ NH3 
+ OH (r19).

The nitrogen compounds produced from the oxidation of NH3 are N2, 
NO, N2O and HCN. Nitrous oxide (Fig. 2E) has only been detected in 
appreciable quantities under stoichiometric conditions, at levels above 
30 ppm. This is consistent with the kinetic model estimations. However, 
the calculations indicate an increase in N2O concentration in both fuel- 
rich and fuel-lean conditions, which has not been identified experi
mentally, this requires further research in the future.

NO is one of the most abundant undesired emissions resulting from 
the oxidation of NH3. Fig. 2D shows the rise in NO formation with 
increasing O2 availability in the reactor. Although the overall behavior is 
captured by the calculations, at high temperatures the kinetic model 
overestimates NO production. Under fuel-rich conditions, NO produc
tion is mainly caused by C2H4 + HNO ⇌ C2H5 + NO (-r20) and CH3ONO 
(+M) ⇌ CH3O + NO (+M) (-r21). At higher initial λ, only reaction 
(–r21) contributes significantly, as it derives from CH3 + NO2 ⇌ 
CH3ONO (–r22).

For NO consumption, the main reactions are NH2 + NO ⇌ N2 + H2O 
(r23), NH2 + NO ⇌ NNH + OH (r24), and NO + HO2 ⇌ NO2 + OH (r25). 
The (r23) and (r24) reactions are more relevant when λ ≤ 1, while (r24) 
is predominant for fuel-lean conditions, due to the pronounced increase 
in HO2 radical in the reaction zone. However, reaction (r24) is not sig
nificant to show appreciable amounts of NO2 in the exhaust gas.

The sensitivity analysis of NO at a concentration of 10 ppm is 
consistent with the preceding results, since reactions that produce more 
radicals CH3 or HO2, CH4 (+M) ⇌ CH3 + H (+M) (-r26) and H + O2 

(+M) ⇌ HO2 (+M) (r27), promote NO consumption.
On the contrary, the production of OH radicals by pathways such as 

H + O2 ⇌ O + OH (r12) and NH + O ⇌ NO + OH (r28) inhibits NO 
consumption, due to the enhancement of NH2 radicals resulting from the 
higher concentration of OH radicals. The consumption of CH3 radicals 
by pathways other than (-r22) also significantly inhibits NO production. 
This trend can be observed in the sensitivity analysis presented in Fig. S5 
of the Supplementary Material.

Regarding N2 (Fig. 2F), the main nitrogen product of ammonia 
conversion under the studied conditions, the increase in temperature 
leads to a peak in its production, driven by intensified NH3 consumption. 
A difference of 150 K is observed between the onset of N2 production 
under fuel-rich and fuel-lean conditions. The main N2-producing re
actions are interaction with the formed NO, NH2 + NO ⇌ N2 + H2O 
(r23), and direct oxidation: NNH ⇌ N2 + H (r29). Reaction (r22) is 
predominant under the conditions studied, gaining greater importance 
as the initial O2 concentration increases.

HCN is a harmful toxic compound (Fig. 2N), and the peak concen
tration observed has been 76 ppm under fuel-lean conditions. However, 
in the presence of sufficient O2, the temperature window in which this 
secondary product is formed is very narrow. HCN originates through 
H2CN ⇌ HCN + H (r30), with H2CN basically produced in reaction CH3 
+ NH2 ⇌ CH3NH2 (r31). HCN production shifts to higher temperatures 
as the concentration of O2 in the medium is reduced. This is because 
important reactions in the consumption of HCN, such as HCN + OH ⇌ 
CN + H2O (r32) and HCN + OH ⇌ HOCN + H (r33), are not relevant due 
to the low concentration of OH radicals. Calculated HCN is over
estimated under fuel-rich conditions because CH3NH2 reacts predomi
nantly via hydrogen abstraction channels, with no other radicals 
involved. As a result, the model overpredicts HCN in low O2 concen
tration conditions. These observations highlight the need for further 
investigation of the decomposition pathway of CH3NH2, as well as po
tential interactions with the most abundant radicals in these conditions, 
such as NH2 or CH3. Previous works [e.g. 40] have already indicated the 
complex chemistry and interactions of CH3NH2 in the presence of CH4.

As shown in Fig. 2G, H2 exhibits different behavior depending on λ. 
In addition, the oxygen excess ratio also determines the temperature 
range over which significant concentrations of H2 are observed at the 
reactor outlet. The initial increase in H2 occurs through the same reac
tion mechanisms under the conditions studied, with the hydrogen 
abstraction from DMM when interacting with H radicals, DMM + H ⇌ 
CH3OCHOCH3 + H2 (r34) and DMM + H ⇌ CH3OCH2OCH2 + H2 (r35). 
The only H2 consumption channel at low temperatures is CH3 + H2 ⇌ 
CH4 + H (-r36).

Under pyrolysis conditions, the concentration of H2 increases 
throughout the experiment because radicals are insufficient to consume 
it. Under fuel-rich conditions, H2 concentration decreases slightly in the 
range of 1108–1178 K. This is because of the significant concentration of 
OH radicals, which participate in the reaction OH + H2 ⇌ H + H2O (r37) 
at these temperatures. Subsequently, as most of the OH radicals are 
exhausted, (r37) loses weight, and the concentration of H2 increases 
again. At high temperatures, H2 does not come from the hydrogen 
abstraction of DMM, but from the consumption of CH4, CH4 + H ⇌ CH3 
+ H2 (r38), and NH2 radicals, NH2 + H ⇌ NH + H2 (r39). For λ ≥ 1, H2 is 
produced from (r34) and (r35), being consumed mainly in the temper
ature range 1075–1125 K. The model predicts incomplete combustion of 
H2 under stoichiometric conditions, although experimentally, no more 
than 16 ppm has been quantified at high temperatures.

DMM (Fig. 2B) reacts within a significantly narrower temperature 
interval than NH3, namely between 925 and 1100 K. While an increase 
in λ promotes a slight acceleration in DMM consumption, the effect re
mains marginal, as the total consumption under the most unfavorable 
conditions differs by only 50 K.

In contrast to NH3, DMM exhibits a markedly narrower temperature 
window for reaction than the other fuels studied, with the entire reac
tion process occurring between 875 and 1225 K. Under the most extreme 
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conditions, the temperature difference at which complete fuel con
sumption takes place is approximately 100 K. This behavior suggests 
that DMM is more strongly influenced by the initial O2 concentration 
than fuels such as DEE [26].

Under pyrolysis conditions, calculations indicate that DMM con
sumption occurs primarily through its thermal decomposition, DMM ⇌ 
CH3OCH2 + CH3 (r7). However, when O2 is added to the mixture, this 
reaction pathway is altered, with interactions involving CH3 radicals 
becoming significantly more important, such as DMM + CH3 ⇌ CH3O
CHOCH3 + CH4 (r16) and DMM + CH3 ⇌ CH3OCH2OCH2 + CH4 (r16). 
The hydrogen abstraction from DMM by CH3 radicals is the dominant 
pathway, with abstraction from the central carbon being preferred. As λ 
increases, the hydrogen abstraction through interactions with OH radi
cals becomes more relevant, e.g., DMM + OH ⇌ CH3OCHOCH3 + H2O 
(r40) and DMM + OH ⇌ CH3OCH2OCH2 + H2O (41), although it never 
becomes the most significant pathway in any case.

To identify the reactions that significantly influence DMM con
sumption, a sensitivity analysis was performed (Fig. 3B), using the 
temperature at which 10% of the DMM had been consumed. It is 
observed that the hydrogen abstraction by CH3 radicals plays a key role 
in DMM consumption, although its significance decreases as λ increases. 
This is due to the rise of other radicals that contribute to DMM con
sumption. Consequently, reactions such as DMM + O2 ⇌ CH3OCHOCH3 
+ HO2 (r42) and DMM + HO2 ⇌ CH3OCHOCH3 + H2O2 (r43) become 
more important at higher λ values. Conversely, reactions that reduce the 
availability of CH3 radicals, such as 2CH3 (+M) ⇌ C2H6 (+M) (r44), and 
reactions that generate CH3 more slowly, such as CH4 + O2 ⇌ CH3 +

HO2 (r17), are those that most inhibit DMM consumption. Ammonia 
does not appear to inhibit or enhance DMM consumption under the 
conditions studied, unlike other fuels in mixtures with NH3 [10,25]. This 
is because DMM consumption is driven primarily by CH3 radicals, rather 
than by other radicals that are more relevant in NH3 consumption, like 
OH or O.

Methanol (Fig. 2M) is one of the most important intermediate com
pounds formed during DMM oxidation. In the experiments conducted, it 
is observed that higher O2 concentrations result in lower CH3OH con
centrations, whereas higher peaks are observed under the other condi
tions. However, under fuel-rich conditions, methanol appears at higher 
temperatures, indicating a shift in the temperature at which its 
maximum concentrations are reached. In the literature, the difficulties 
addressing CH3OH and CH2O detection have been mentioned [31,33]. 
However, the fact that calculations and experimental results coincide 
well, support the fact that we are in fact detecting methanol in the 
present experiments. The methanol formed originates predominantly 
from the thermal decomposition of methyl formate, CH3OCHO (+M) ⇌ 
CH3OH + CO (+M) (r45). At the same time, the consumption pathways 
of CH3OH are consistent across all λ values, with CH3OH + CH3 ⇌ CH3O 
+ CH4 (r46) and NH2 + CH3OH ⇌ NH3 + CH2OH (r47) being the re
actions responsible for the majority of CH3OH consumption. Interaction 
with NH2 radicals is significant in CH3OH/NH3 mixtures, as indicated by 
previous studies [10,40].

Another important intermediate carbon compound in DMM oxida
tion is CH4 (Fig. 2O). Similar to CH3OH, the temperature at which its 
maximum concentration occurs shifts depending on the O2 excess ratio. 

Fig. 4. Profile of species at λ = 1 for different NH3/DMM ratios (Sets 3, 6, 9, and 11 of Table 1).
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As λ decreases, the CH4 formation shifts toward higher temperatures. 
Under λ = 0.5, complete CH4 consumption does not occur, with 8% of 
the initially introduced carbon remaining at high temperatures as 
methane. This is due to the lack of OH radicals, as CH4 + OH ⇌ CH3 +

H2O (r48) is the dominant reaction for CH4 consumption (λ > 0). Under 
pyrolysis conditions, the behavior differs, with CH4 concentrations sta
bilizing at higher temperatures (T > 1125 K). This occurs in the calcu
lations, which show CH4 decreasing to 453 ppm. The model predicts that 
when DMM oxidizes rapidly at high temperatures, alternative CH4 for
mation pathways, such as CH3 + H2 ⇌ CH4 + H (-r49) or CH3 + H (+M) 
⇌ CH4 (+M) (r50), do not produce the same amount of CH4 as at lower 
temperatures.

Other products of DMM oxidation include C2H6 (Fig. 2H) and C2H4 
(Fig. 2I). For a given temperature, the concentrations of these com
pounds increase as λ decreases. Furthermore, their presence persists 
over higher temperature ranges when O2 concentrations in the reactor 
are lower. The pathway for ethane formation is consistent across all λ 
values studied, with ethane produced via 2CH3 (+M) ⇌ C2H6 (+M) 
(r44). The consumption of C2H6 is indirectly linked to C2H4 formation 
through reactions such as C2H6 + CH3 ⇌ C2H5 + CH4 (r51), C2H6 + H ⇌ 
C2H5 + H2 (r52), and C2H6 + OH ⇌ C2H5 + H2O (r53). These reactions 
generate C2H5, which serves as the primary intermediate for the for
mation of C2H4 via C2H5 (+M) ⇌ C2H4 + H (+M) (r54).

Under pyrolysis conditions, C2H4 is consumed through interactions 
with CH3 radicals, C2H4 + CH3 ⇌ C3H6 + H (r55) and C2H4 + CH3 ⇌ 
C2H3 + CH4 (r56), or with NH2 radicals, C2H4 + NH2 ⇌ C2H3 + NH3 
(r57). However, when O2 is initially present, ethylene consumption 
occurs mainly through reactions with HNO and OH radicals, specifically 
C2H4 + HNO ⇌ C2H3 + NO (r58) and C2H4 + OH ⇌ C2H3 + H2O (r59). 
The formation of C2H3 under fuel-rich conditions accounts for the sub
sequent formation of C2H2 via C2H3 (+M) ⇌ C2H2 + H (+M) (r60). This 
compound is observed only at λ ≤ 0.5, with its concentration increasing 
at high temperatures.

CO (Fig. 2K) and CO2 (Fig. 2L) are the main compounds in emissions 
from the combustion of carbon compounds. They exhibit behavior 
consistent with previous studies on carbon containing fuel mixtures [10,
26], although it varies with the initial O2 concentration. At the start of 
CO generation, in the absence of O2, formation of CO in small amounts 
occurs through HNCO + H ⇌ CO + NH2 (r61) and CH2CO (+M) ⇌ CH2 
+ CO (+M) (-r62), while in the presence of O2, CO comes from the 
decomposition of CH3OCHO, CH3OCHO (+M) ⇌ CH3OH + CO (+M) 
(r45), and the consumption of HCO, HCO (+M) ⇌ H + CO (+M) (r63) 

and HCO + O2 ⇌ CO + HO2 (r64). CO consumption coincides with CO2 
production, with the most important reactions being CO + OH ⇌ CO2 +

H (r65) and CO + HO2 ⇌ CO2 +OH (r66). This explains why, in fuel-rich 
conditions, CO is not consumed at high temperatures owing to the 
limited availability of OH and HO2 radicals.

4.2. Influence of the NH3/DMM ratio

Fig. 4 shows the species profiles of the compounds that exhibit a 
major change in their main production/consumption reactions when the 
NH3/DMM ratio is changed. The remaining species profiles, as well as 
those obtained for another oxygen excess ratio conditions, are provided 
in Supplementary Material, Fig. S6–S8.

Regarding nitrogen compounds, variations were observed in the 
consumption of ammonia and nitrogen monoxide. A reduction in DMM 
concentration results in a shift of the main reaction zone by approxi
mately 150 K (Fig. 4A) for NH3. The key NH3 consumption reactions are 
NH3 + OH ⇌ NH2 + H2O (r8) and NH3 + O ⇌ NH2 + OH (r9). Pathways 
such as NH2 + HO2 ⇌ NH3 + O2 (r11) become less relevant under highly 
diluted DMM conditions. However, this does not compensate for the 
marked depletion of radical species. For NH3/DMM ≤ 1, NH3 behavior 
remains largely unchanged, with DMM chemistry clearly prevailing in 
the mixture.

NO (Fig. 4C) shows a clear difference for NH3/DMM = 10, compared 
to the rest of ratios. This is attributed to the shift of all reactions toward 
higher temperatures and to the reduced relevance of NO consumption by 
NH2 radicals, NH2 + NO ⇌ N2 + H2O (r23), which occurs because of a 
lower concentration of NH2 radicals. In all cases, NO production re
actions are equivalent to those discussed in the previous section. How
ever, at high temperatures (T > 1200 K), differences are observed among 
the samples studied. For high DMM concentrations (NH3/DMM = 0.5), 
NO production shifts to alternative pathways, mainly HNO + H ⇌ NO +
H2 (r67) and NO2 + H ⇌ NO + OH (r68). In contrast, as DMM decreases, 
C2H4 + HNO ⇌ C2H5 + NO (-r20) becomes the main pathway for NO 
formation. In both cases, HNO acts as the key promoter of NO, primarily 
originating from NH + O2 ⇌ HNO + O (r69) and NH2 + O2 ⇌ HNO + H 
(r70). These reactions do not directly involve carbon compounds. It 
should be noted that increasing DMM (as when NH3/DMM = 0.5), NO 
concentrations remain similar to those presented for NH3/DMM ≤ 1, 
despite that the initial concentration of NH3 is half.

Another compound affected by the NH3/DMM mixture ratio is H2 
(Fig. 4D). At the onset of the reaction, H2 is formed via hydrogen 

Fig. 5. Reaction pathways for A) NH3 and B) DMM at NH3/DMM=1 as a function of λ.
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abstraction from DMM through interactions with H radicals, DMM + H 
⇌ CH3OCHOCH3 + H2 (r34) and DMM + H ⇌ CH3OCH2OCH2 + H2 
(r35), for NH3/DMM ≤ 1. Alternatively, the main H2 production 
pathway involves reactions with formaldehyde, CH2O + H ⇌ HCO + H2 
(r67). H2 consumption is not significantly affected by changes in the fuel 
proportions.

Several carbon-containing compounds exhibit variations with vary
ing NH3/DMM, i.e. DMM (Fig. 4B), C2H6 (Fig. 4E), and C2H4 (Fig. 4F). In 
general, the differences observed in the species profiles arise from 
changes in the initial DMM concentration rather than from modifica
tions in its kinetic behavior.

Although it is generally observed that a higher proportion of DMM in 
the mixture leads to a shift of its oxidation temperatures, this trend is not 
observed for pure DMM. This behavior is attributed to the lower con
centration of OH radicals, with hydrogen abstraction being predomi
nantly initiated by CH3 radicals. However, DMM is present at sufficient 
concentration in the fuel mixture (NH3/DMM ≤ 1), it is primarily 
consumed via hydrogen abstraction by radicals such as OH and H. 
However, when the initial DMM concentration is reduced, the contri
bution of these radicals decreases drastically, leaving interactions with 
CH3 as the dominant pathways, DMM + CH3 ⇌ CH3OCH2OCH2 + CH4 
(r16) and DMM + CH3 ⇌ CH3OCHOCH3 + CH4 (r18). This behavior is 
reflected in the DMM species profile (Fig. 4B). These reactions are also 
predominant in pure DMM hydrogen abstraction, partly due to the low 
production of OH radicals. Experimentally, however, this shift is not 
observed, suggesting that additional DMM decomposition reactions at 
low concentrations are not accounted for in the mechanism. When 
higher amounts of DMM are added (NH3/DMM = 0.5), its consumption 
is observed only at lower temperatures in the final region of the reaction 
zone (T = 1025 K).

Regarding C2H6 and C2H4, it can be observed that their production 
shifts to higher temperatures when the initial DMM concentration is 
reduced (NH3/DMM = 10). However, the main production reactions 
remain the same as those described in the previous section. This pattern 
is similar to DMM consumption. At these temperatures (NH3/DMM =
10), fewer CH3 radicals are available, making interactions with H radi
cals, C2H6 + H ⇌ C2H5 + H2 (r52), and OH radicals, C2H6 + OH ⇌ C2H5 
+ H2O (r53), more significant. At NH3/DMM = 10, C2H4 is mainly 
consumed by C2H4 + NH2 ⇌ C2H3 + NH3 (r57), which coincides with 
what happens under pyrolysis conditions. In the oxidation of pure DMM, 
the formation and consumption reactions of both species behave simi
larly to those observed for NH3/DMM mixture ratios ≤ 1.

4.3. Reaction pathways

Fig. 5A illustrates the NH3 reaction pathways under the investigated 
conditions: fuel-rich (black), stoichiometric (green), and fuel-lean (or
ange). The initial consumption of NH3 proceeds through the same 
pathways in all cases, NH3 + OH ⇌ NH2 + H2O (r8) and NH3 + O ⇌ NH2 
+ OH (r9), leading to the formation of NH2 radicals. Additionally, new 
reaction pathways are active when λ > 1. Nevertheless, at low initial O2 
concentration (λ ≤ 1), and under conditions of high CH3 radical con
centration, the NH2 radical tends to react with CH3, CH3 + NH2 ⇌ 
CH3NH2 (r31). Subsequently, CH3NH2 undergoes hydrogen abstraction 
via interactions with radicals such as H and OH. The CH2NH interme
diate can then react with H radicals via two alternative pathways, 
forming either H2CN, CH2NH +H ⇌ H2CN +H2 (r72), or HCNH, CH2NH 
+ H ⇌ HCNH + H2 (r73). This reaction pathway is denoted as R1. 

R1. NH3→CH3NH2→CH2NH2→CH2NH→H2CN/HCNH                          

The HCNH formed can follow two distinct reaction pathways: the 
production of HCN, HCNH ⇌ HCN + H (r74), and the formation of 
CH3CHNH, HCNH + CH3 ⇌ CH3CHNH (r75). From CH3CHNH, succes
sive decomposition reactions take place, with only limited interaction 
with radicals such as O, CH2CHNH2 + O ⇌ H2NCO + CH3 (r76). Species 

derived from CH3CHNH tend to regenerate NH2 radicals under fuel-rich 
conditions (λ ≤ 1), designated as pathway R2. 

R2. HCNH→CH3CHNH→CH2CHNH2/CH2CHNH/ CH2NH2NH              

In addition to reaction (r71), HCN is also formed via H2CN, H2CN +
H ⇌ HCN + H2 (r77). Following the reaction pathway denoted as R3, it 
is evident that the NH2 radical is recycled to NH3. 

R3.CH2NH→HCN→CH3CN→CH2CN→CN→NCO→NH2                         

However, when HCN is present under higher O2 concentrations (λ =
1), it reacts to form NH, HCN + O ⇌ NH + CO (r78). From this NH, 
subsequent reactions lead to the formation of NO, NH + O2 ⇌ NO + OH 
(r79), and HNO, NH + O2 ⇌ HNO + O (r69), reaction pathway R4. 

R4. HCN→NH→HNO                                                                          

When HNO and NO are formed, their conversion leads to the for
mation of N2, as has been extensively described (R5-R6) [e.g. 9,27]. 
These pathways occur whenever there is sufficient O2 in the combustion 
mixture (λ ≥ 1). 

R5. HNO→NO→N2                                                                             

R6. NO→NO2→CH3ONO→NO                                                             

Under fuel-lean conditions, a reaction pathway distinct from those 
previously described has been identified, leading to the formation of 
HNO. Initially, the NH2 radical reacts with HO2 radicals to form H2NO, 
NH2 + HO2 ⇌ H2NO + OH (r3). 

R7. NH3→NH2→H2NO                                                                        

Although H2NO provides a secondary pathway for the formation of 
N2H3, HNO is primarily produced via H2NO + NH2 ⇌ HNO + NH3 (r80). 
Subsequently, HNO participates in reactions as described in pathways 
R5 and R6. N2 formation occurs exclusively through NH2 + NO ⇌ N2 +

H2O (r23) when the fuel concentrations are equal (NH3/DMM = 1).
The reaction pathways of NH3 under stoichiometric conditions were 

compared for various NH3/DMM mixture ratios, evaluated at tempera
tures corresponding to 10% NH3 consumption. As the DMM concen
tration increases (NH3/DMM = 0.5), the reaction pathway appears to be 
equivalent to that previously presented in Fig. 5A.

However, at a substantially higher NH3 concentration (NH3/DMM =
10), a series of changes in the reaction behavior are observed. No dif
ferences are apparent up to the formation of CH3CHNH. Beyond this 
point, it has been observed that this species does not produce a wide 
range of decomposition products, but rather follows a linear reaction 
pathway, as described in R8. 

R8. HCNH→CH3CHH→CH3CH2NH→CH2NH→H2CN                            

Another significant change is the emergence of an additional 
pathway for NO consumption, NH2 + NO ⇌ NNH + OH (r24), which 
becomes relevant due to the increased concentration of NH2 radicals. 
This results in pathway R9. 

R9. NO→NNH→N2                                                                             

Regarding DMM, its initial consumption occurs primarily through 
hydrogen abstraction by CH3 radicals. Consequently, the first interme
diate compounds of DMM are formed via the reactions DMM + CH3 ⇌ 
CH3OCH2OCH2 + CH4 (r16) and DMM + CH3 ⇌ CH3OCHOCH3 + CH4 
(r18). Once CH3OCHOCH3 is formed, it decomposes into CH3OCHO and 
CH3. As mentioned above, methyl formate produces only CH3OH and 
CO, via CH3OCHO (+M) ⇌ CH3OH + CO (+M) (r45). This entire reac
tion pathway is represented in R10. 

R10. DMM→CH3OCHOCH3→CH3OCHO→CH3OH                                

Starting from methanol, formaldehyde (CH2O) is eventually formed 
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through three different pathways. The first two pathways involve the 
formation of CH2O without the participation of NH2 radicals, relying 
exclusively on interactions with carbon-containing compounds. Meth
anol reacts with CH3 radicals, CH3OH + CH3 ⇌ CH3O + CH4 (r46). 
CH3O can then directly produce CH2O via interaction with a third body, 
CH3O (+M) ⇌ CH2O + H (+M) (r81). Alternatively, a hydrogen radical 
may migrate within CH3O, forming CH2OH, CH3O ⇌ CH2OH (r82). This 
CH2OH radical can subsequently generate CH2O through its oxidation 
with O2, CH2OH + O2 ⇌ CH2O + HO2 (r83). These pathways are rep
resented in R11 and R12.

R11. CH3OH→CH3O→CH2O 

R12. CH3O→CH2OH→CH2O                                                               

Another important pathway for CH3OH consumption occurs through 
its interaction with NH2 radicals, CH3OH + NH2 ⇌ CH2OH + NH3 (r84). 
This reaction has previously been identified as significant by Wang et al. 
[41]. 

R13. CH3OH→CH2OH→CH2O                                                             

CH3OCH2OCH2 also produces CH2O as its main intermediate com
pound. Initially, CH3OCH2OCH2 decomposes into CH3OCH2 via the re
action CH3OCH2OCH2 ⇌ CH3OCH2 + CH2O (r85). As a result of this 
reaction, CH2O is already being formed. CH3OCH2 then continues to 
decompose, generating additional CH2O. This reaction pathway is rep
resented in R14. 

R14. CH3OCH2OCH2→CH3OCH2→CH2O                                             

Starting from CH2O, CH2O reacts with CH3 radicals to produce HCO, 
CH2O + CH3 ⇌ HCO + CH4 (r86). Under fuel-lean conditions, in
teractions with HO2 radicals become more significant, CH2O + HO2 ⇌ 
HCO + H2O2 (r14). HCO preferentially decomposes to CO via HCO (+M) 
⇌ H + CO (+M) (r63). Finally, CO is oxidised to CO2 through the re
actions CO + OH ⇌ CO2 + H (r65) and CO + HO2 ⇌ CO2 + OH (r66). 

R15. CH2O→HCO→CO→CO2                                                              

At λ ≤ 1, CO2 formation from CO is limited; and the interaction of CO 
with NH2 radicals, CO + NH2 ⇌ HNCO + H (r87), produces HNCO. 
Simultaneously, HNCO decomposes into NCO via HNCO + CH3 ⇌ NCO 
+ CH4 (r88). 

R16. CO→HNCO→NCO                                                                      

The reaction pathways of DMM under stoichiometric conditions 
were compared across various NH3/DMM mixture ratios. The analysis 
revealed no significant differences in the reaction pathways predicted by 
the mechanism. So, that indicates that the reaction pathways of DMM 
are roughly independent of the initial NH3 concentration in the fuel 
mixture.

5. Conclusions

The present study provides a comprehensive investigation of the 
influence of the NH3/DMM ratio on the conversion of reactants and 
formation of a variety of products in a flow reactor at atmospheric 
pressure. Experiments were conducted over a broad range of λ (0–3.12) 

and NH3/DMM ratios (0.48–10.86), across temperatures of 875–1425 K. 
Detailed species profiles were obtained, many of which have not been 
extensively characterized to date. Calculations with an updated detailed 
kinetic mechanism show good agreement with the overall trends 
observed for the key species.

Analysis of the effect of λ offered valuable insights into how the 
initial O2 concentration influences the fuel mixture conversion. NH3 was 
found to be highly sensitive to variations in O2, whereas DMM displayed 
minimal changes, with no appreciable shift (≈50 K) in its reaction 
temperature.

The OH radical is fundamental for NH3 consumption in the mixture. 
Many of the main DMM consumption reactions favour NH3 oxidation, as 
they do not compete for OH and O radicals. The main consumption of 
DMM occurs through the abstraction of hydrogen from the central car
bon, by interaction with CH3 radicals.

Furthermore, DMM has been found to exert a significant influence on 
the NH3 behavior, particularly for NH3/DMM ≤ 1. This effect diminishes 
at higher initial O2 concentrations (λ > 1), as the reaction proceeds along 
pathways involving almost exclusively NH3 and derivatives. The for
mation of the most important intermediate compounds of NH3 net 
combustion (H2NO and HNO) takes place, as well as the characteristic 
emissions (NO and N2).
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