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a b s t r a c t 

The conversion of methylamine (CH3 NH2 , 10 0 0 ppm) has been studied in an atmospheric-pressure flow 

reactor from both experimental and modeling points of view. Several values of the oxygen excess ratio 

( λ), from pyrolysis to fuel-lean conditions, have been tested, and a large number of different species have 

been quantified experimentally by three different diagnostic techniques: gas chromatography, Fourier 

Transform Infra-red spectroscopy (FTIR) and an infra-red NO analyzer. For the first time, the influence 

of NO addition (500 and 1000 ppm) on the stoichiometric oxidation of methylamine has also been ex- 

perimentally evaluated, and the main products of such interaction have been identified. Results indicate 

that, unlike the little influence of oxygen availability on methylamine conversion, the presence of differ- 

ent concentrations of NO promotes methylamine oxidation at lower temperatures. A literature mechanism 

has been validated against the present experimental data since previous experimental works under these 

conditions are scarce. The largest discrepancies have been found for the formation of NH3 and NO as 

oxidation products, which are under and overestimated by the model, respectively, and under pyrolysis 

conditions, where modification of the kinetic parameters for the reaction CH2 NH2 � CH2 NH + H from 

the original mechanism notably improves the agreement between experimental and simulated results. 

© 2023 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Ammonia is considered a valuable carbon-free energy vector, 

uitable as an alternative fuel for transportation [1] . It presents a 

igh hydrogen density and boiling and condensation temperatures 

ike propane, which makes it a promising hydrogen carrier [2] . De- 

pite its enormous potential, there are some drawbacks that could 

imit its applicability, such as its narrow flammability limits or the 

igh auto-ignition temperature [3] . 

With respect to pollutant emissions, ammonia may exhibit dif- 

erent behaviors. Ideally, ammonia can be burned in a benign way, 

roducing only molecular nitrogen and water vapor as products, 

.e.: 

H3 + 0.75 O2 � 0.5 N2 + 1.5 H2 O (r1) 

However, conversion of ammonia at high temperatures and in a 

ombustion environment, with air excess, will likely result in the 
∗ Corresponding author. 
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ormation of NO, through the global reaction (r2) and subsequently 

roduce the emission of NOx in the flue gasses. 

H3 + 1.25 O2 � NO + 1.5 H2 O (r2) 

Additionally, the joint presence of NH3 and NO within the com- 

ustion chamber may result in their interaction, through reactions 

ccurring in the selective non-catalytic (SNCR) process under given 

onditions. Several recent works have addressed this issue both 

n air and oxy-fuel combustion conditions [4–7] . The results indi- 

ate that an effective reduction of NO can happen depending on 

he specific conditions considered. Additionally, the presence of NO 

ay influence the conversion of amine species. 

While the combustion of ammonia is potentially possible (e.g. 

8] ), in the next future it is likely that ammonia will be mixed 

ith other fuels which can act somehow as fuel enhancers or 

romoters. Methane [9 , 10] or hydrogen [11] have been proposed 

n a way to facilitate ammonia combustion in internal combus- 

ion engines. Also, the use of small amounts of promoters, such 

s dimethyl ether (DME) or diethyl ether (DEE) has been suggested 

ith the aim of facilitating ammonia ignition (e.g., [12–14] ). In all 

hese cases, if NH and carbon fuels are co-combusted, it is likely 
3 
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Table 1 

Matrix of experimental conditions a . 

Set CH3 NH2 (ppm) O2 (ppm) NO (ppm) λ

1 905 – – 0 

2 1019 1779 – 0.78 

3 994 2441 – 1.09 

4 996 2615 – 1.17 

5 1044 23,856 – 10.16 

6 933 2485 490 1.18 

7 721 2235 951 1.38 

a All the experiments have been conducted at atmospheric pressure in the 600–

1375 K temperature range, with a total flow rate of 1 L (STP)/min and using Ar as 

bath gas. The molar ratio of MEA/H2 O has been kept constant at around 2.59 (i.e., 

the one existing in the feed mixture). 
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hat methylamine (MEA, CH3 NH2 ) may be found as an intermedi- 

te formed through the reaction of methyl and amino radicals [15] , 

.e.: 

H3 + NH2 � CH3 NH2 , (r3) 

s mentioned by Mendiara and Glarborg [16] when modeling the 

onversion of NH3 /CH4 mixtures in a CO2 environment under 

ow-reactor conditions and identified experimentally in our recent 

ork [17] when studying the conversion of NH3 /CH4 mixtures at 

igh pressures. 

While the oxidation and pyrolysis of methylamine has been 

onsidered in the past, experimental studies on methylamine oxi- 

ation are still scarce in the recent past, where the diagnostic tech- 

iques available permit the precise quantification of many species 

hat can be originated during MEA conversion. The interest on 

ethylamine has been different along the time. While in the mid- 

le of the 20th century, it was focused on the conversion of sub- 

tituted aliphatic compounds to analyze the influence of the hy- 

rocarbon structure on the ease of oxidation (e.g. [18–21] ), at the 

nd of the past century, the interest relied either on the formation 

f NOx from N-compounds present in fuels (e.g. [21–23] ) or the 

se of amines as NH3 -additives/derivatives as selective reduction 

gents in the Thermal DeNOx (SNCR) process [24–26] . Also, cer- 

ain studies have addressed the study of methylamine under super- 

ritical water conditions (e.g., [27 , 28] ), mainly of interest for waste 

ompounds destruction. Nowadays, the main interest comes from 

he investigations on the use of mixtures of ammonia with hydro- 

arbons, which interaction, as mentioned above, may result in the 

ormation of organic amines, such as MEA. 

Modeling of methylamine conversion has also been studied in 

arallel with the experimental works. Recently, Glarborg et al. 

29] have developed a chemical kinetic mechanism for methy- 

amine oxidation based on theoretical calculations and previous lit- 

rature methylamine oxidation works on batch reactors, flow reac- 

ors, shock tubes and flames (Glarborg et al., [29] and references 

herein). Glarborg and coworkers [29] reported the lack of a wide 

xperimental characterization useful to validate the model, as well 

s the need to carry out new experimental studies in the presence 

f NO (only qualitatively described). 

In this context, the present work is focused on the analysis 

f methylamine oxidation from both experimental and modeling 

oints of view. New well-controlled experiments have been per- 

ormed in a quartz flow reactor, at atmospheric pressure, covering 

 wide range of temperatures and air excess ratios (from pyrolysis 

o fuel-lean conditions). Additionally, the effect of NO presence has 

een evaluated. Particular attention has been paid to the quantifi- 

ation of the different species. The study has been completed with 

 modeling analysis using the detailed chemical-kinetic mechanism 

rom literature mentioned above [29] . 

. Methodology 

The experiments have been performed in an atmospheric- 

ressure set-up previously used by the research group to study the 

as-phase oxidation of different compounds, among them, ammo- 

ia (e.g., [6 , 7 , 30] ). Therefore, the experimental setup has been de-

cribed in detail in previous works (e.g., [30 , 31] ) and only the most

elevant aspects will be highlighted below. 

A controlled evaporator mixer (CEM) has been used to feed 

n aqueous solution of methylamine (40% by weight), supplied by 

igma Aldrich (extra pure), to the reaction system. The methy- 

amine line is heated until the reactor entrance to avoid undesired 

ondensation. The other reactants, O2 and NO, and Ar to balance, 

re fed from gas cylinders. Gasses are kept in independent streams 

nd only mixed at the inlet of the reaction zone. The reactor is 
2 
laced within a three-zone electrically heated furnace ensuring an 

sothermal reaction zone ( ±5 K) of 20 cm in length and 8.7 mm 

f diameter. The total flow rate has been kept constant at 1 L 

STP)/min in all the experiments, resulting in a gas residence time 

ithin the reaction zone of tr (s) = 195/T(K). The experimental con- 

itions are listed in Table 1 . The oxygen excess ratio ( λ) has been

aried between pyrolysis ( λ= 0) and fuel-lean conditions ( λ∼10) 

nd has been determined considering the stoichiometric reaction 

r4) . 

H3 NH2 + 2.25 O2 → CO2 + 2.5 H2 O + 0.5 N2 . (r4) 

The gas stream at the outlet of the reactor has been analyzed 

sing: 

i) A gas micro-chromatograph (Agilent 490) equipped with ther- 

mal conductivity detectors (TCD) and four different columns 

that allow the quantification of CH3 NH2 , O2 , N2 , H2 , H2 O, 

NH3 , HCN, N2 O, CO and CO2 . One of these columns, the 

so-called Volamine, is optimized for the analysis of volatile 

amines which also allows the detection of water, not triv- 

ial by gas chromatography. This is the first attempt we have 

made to analyze and quantify water using that column. 

ii) A continuous infra-red NO analyzer (ABB, advance optima). 

iii) A continuous Fourier Transform Infra-red (FTIR) spectrometer 

(Protea, ProtIR 204 M) for the quantification of CH3 NH2 , 

NH3 , HCN, NO, NO2 and CO2 , mainly. 

As it can be seen, this configuration allows the quantification of 

umerous species, some of them in duplicate, which contributes 

o the reliability of the results obtained experimentally. The uncer- 

ainty of the measurements is estimated within ±5%, but not less 

han 5 ppm for the continuous analyzer and the FTIR spectrome- 

er, and not less than 10 ppm for the gas micro-chromatograph. An 

xample of comparison of this double quantification is shown in 

ig. 1 . For greater clarity, the results corresponding to NH3 and 

CN have been colored. 

For a deeper analysis of the pyrolysis and oxidation of methy- 

amine, in the absence and presence of NO, the present experimen- 

al conditions have been simulated, and the results interpreted, us- 

ng the chemical kinetic mechanism developed by Glarborg et al. 

29] (including thermodynamic data). Modeling calculations have 

een performed with the plug-flow reactor module of the software 

hemkin-Pro software package [32] . 

. Results and discussion 

.1. Methylamine oxidation in the absence of NO 

Fig. 2 shows a comparison of experimental results and model 

redictions for the oxidation of CH3 NH2 at stoichiometric condi- 

ions as a function of temperature. In addition to the consumption 
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Fig. 1. Comparison of experimental measurements for MEA consumption and NH3 , 

HCN and CO2 formation with different equipment: gas micro-chromatograph (GC) 

and Fourier Transform Infra-red (FTIR). 
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Fig. 2. Comparison of experimental results and model calculations for CH3 NH2 ox- 

idation and products formation in a flow reactor at stoichiometric conditions. Ex- 

perimental conditions correspond to set 4 in Table 1 . 
f the reactants, MEA and O2 , the formation of the different prod- 

cts can be observed. From now on, symbols denote experimental 

ata, while solid lines denote model predictions. 

Methylamine oxidation starts at around 925 K and at 1025 K it 

s almost fully converted to HCN, but also NH3 and nitrogen oxides, 

amely NO and N2 O, are formed. In general, there is a good agree- 

ent between experimental data and modeling calculations. The 

argest discrepancies are found in the case of NH3 and NO, whose 

oncentrations are underestimated and overestimated, respectively, 

hich is why NH3 results have been highlighted in blue in Fig. 2 . 

Experiments for stoichiometric conditions in the absence of NO 

ave been carried out in duplicate to assess the accuracy of the 

easurements, they correspond to sets denoted as 3 and 4 in 

able 1 . Thus, for each temperature point studied within the 

hole range considered in this study, two results are obtained. 

ig. 3 shows a comparison of concentration results obtained in 

oth cases for methylamine (MEA) consumption, and CO2 and HCN 

ormation, as two of the major products. The experimental error 

as been estimated by calculating the pooled standard deviation 

i.e., the square root of the sum of squares of the error) associ- 

ted with the MEA normalized concentration. It has been done in 

his way because the MEA concentration has not been always the 

ame fed to the reaction system. In this way, the pooled standard 

eviation obtained is 0.03, i.e., around 3%, considering that the ex- 

erimental error does not depend on the temperature within the 

emperature range considered. 

Under the present conditions, the methylamine consumption 

outes are equal to those previously described by Glarborg et al. 

29] . They developed a mechanism based on few flow-reactor ex- 

erimental data (mainly products quantification) from literature 

orks. In those works, oxidation of CH3 NH2 was studied under 

ignificant oxygen excess conditions, both in the absence and pres- 

nce of NO [24 , 25] . They can be summarized in the following re-

ction sequence (r5) : 

CH3 NH2 + OH → CH2 NH2 + O2 → CH2 NH + OH 

→ H2 C N + M → HC N (r5) 

Methylamine is mainly consumed by H-abstraction reactions 

rom the carbon site. The other possible abstraction site, the nitro- 

en site, to form CH3 NH has less relevance in the oxidation pro- 

ess. 

The influence of the oxygen availability in the reactant mixture 

as been evaluated through the variation of the air excess ratio 
3 
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Fig. 3. Repeatability study: comparison of concentration results for MEA as a reac- 

tant and CO2 and HCN as products for the conditions denoted as sets 3 and 4 in 

Table 1 . 

Fig. 4. Influence of the air excess ratio ( λ) on the concentration profile of MEA as 

a function of temperature for the atmospheric oxidation of MEA in a flow reactor. 

(Sets 1, 2, 4 and 5 of Table 1 ). 
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 λ) from pyrolysis ( λ = 0) to fuel lean-conditions ( λ≈10). Both ex- 

erimental and modeling results for the consumption of MEA are 

hown in Fig. 4 . For a better comparison of the results, the MEA 

oncentration has been normalized with respect to its inlet con- 

entration (approximately, 10 0 0 ppm). The experimental results for 

he rest of the quantified species are shown in Figures S1-S5 in the 

upplementary Material. 

As it can be seen, MEA consumption barely follows the same 

attern regardless of oxygen availability. It starts at around 925 K 

or λ≈0.7, 1 and 10, and only for fuel-lean conditions, at the same 

emperature a higher conversion is achieved. However, under py- 

olysis conditions, MEA consumption starts at higher temperatures. 

nder these circumstances, the largest discrepancy between exper- 

mental results and modeling calculations has been found, with the 

odel predicting an onset of MEA conversion at temperatures even 

ower than for fuel-lean conditions. As reported by Glarborg et al. 

29] , their model was not evaluated against pyrolysis data from 

arlier literature studies from batch reactors [18] and shock tubes 

33–35] . 

In order to further analyze the reason for the discrepancies ob- 

erved, a reaction rate analysis for pyrolysis conditions was per- 

ormed. Results indicate that the main consumption of methy- 
4

amine is trough H-abstraction reactions by H radicals (reactions 

6 and r7). As previously indicated during the oxidation reaction 

athways analysis, there are two possible abstraction sites, with 

he carbon site being the preferred (reaction r6) as reported by 

larborg et al. [29] based on the theoretical work by Kerkeni and 

lary [36] and coinciding with the early observations of Emeléus 

nd Jolley [18] and Cullis and Willsher [20] . 

H3 NH2 + H � CH2 NH2 + H2 (r6) 

H3 NH2 + H � CH3 NH + H2 (r7) 

In the initial steps of methylamine conversion, H radicals are 

enerated as follows. First, methylamine dissociates thermally by 

reaking the C–N bond, reaction (r8) . Second, the generated amino 

adicals interact with methylamine, removing an H atom from the 

arbon and forming ammonia and the CH2 NH2 radical, reaction 

r9) , which thermally dissociates, releasing the active H radicals, 

eaction (r10). 

H3 NH2 + M � CH3 + NH2 + M (r8) 

H3 NH2 + NH2 � CH2 NH2 + NH3 (r9) 

H2 NH2 � CH2 NH + H (r10) 

Therefore, based on this analysis, reaction (r10) seems to play a 

rucial role in predicting an onset of MEA conversion about 100 K 

ess than experimentally detected. The chemical kinetic parameters 

ncluded in the initial mechanism [29] , Table 2 , were taken from 

he work of Dean and Bozzelli [37] and correspond to a theoretical 

etermination in a N2 atmosphere based on a QRRK analysis. An 

ttempt for a better agreement between experimental and model- 

ng results has been performed by including new kinetic param- 

ters for reaction (r10) . Specifically, the parameters proposed by 

eppe et al. [38] ( Table 2 ), for the thermal decomposition of NH2 

adicals, reaction (r11) , by analogy with reaction (r10) , have been 

ncluded. 

H2 � NH + H (r11) 

Deppe et al. [38] measured the rate constant and product chan- 

els for the decomposition of NH2 behind shock waves and mon- 

toring the NH2 concentration by laser adsorption and frequency- 

odulated (FM) spectroscopy, the concentration of NH by laser ad- 

orption and H and N atoms were followed by means of ARAS. Re- 

ults suggest a reaction rate for the unimolecular decomposition of 

H2 into NH as shown in Table 2 . 

Additionally, Figure S6 shows a comparison of the calculated 

alues of the rate constants for reaction (r10) for the 50 0–20 0 0 K

emperature range, which illustrates the difference between the 

inetic parameters proposed in the work of Dean and Bozzelli 

37] and the ones taken by analogy from Deppe et al. [38] . 

Fig. 4 includes modeling predictions also with the kinetic pa- 

ameters of Deppe et al. [38] (denoted by orange short dot lines). 

s it can be observed, the modified mechanism is closer to ex- 

erimental data under pyrolysis conditions, hardly modifying the 

revious results for the rest of the air excess ratios studied (black 

nd orange lines are overlapped). Figures S1-S5 in Supplementary 

aterial corresponding to the other quantified species, as previ- 

usly mentioned, also shows a comparison of modeling results us- 

ng the Glarborg et al.’s mechanism [29] and the one modified in 

he present work with also an improvement in the agreement be- 

ween experimental and modeling results for pyrolysis conditions. 
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Table 2 

Kinetic parameters for the modified Arrhenius expression. 

reaction A n Ea Source 

CH2 NH2 � CH2 NH + H 2.4 ·1048 −10.82 52,040 Dean and Bozzelli [37] 

NH2 � NH + H 1.99 ·109 0.0 76,000 Deppe et al. [38] 

a Units are mol, cm, s, cal. 

Fig. 5. Main reaction pathways for methylamine consumption under fuel-lean 

(black lines) and pyrolysis conditions (doted green lines). 
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Fig. 6. Influence of the presence of NO (500 or 1000 ppm) in MEA consumption for 

stoichiometric conditions (top). NO, N2 and HCN concentration profiles as a function 

of temperature during the MEA oxidation in the presence of NO (bottom). Experi- 

ments 4, 6 and 7 of Table 1 . 
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C

N

N

C

he worst agreement between experimental and modeling calcu- 

ations is obtained in the case of NH3 . However, under pyrolysis 

onditions, with the modification made to the kinetic mechanism, 

he agreement has improved until temperatures around 1100 K, 

hich correspond to the temperature range where the maximum 

H3 concentration is achieved. 

Fig. 5 summarizes and compares the main methylamine con- 

umption routes under fuel-lean and pyrolysis conditions obtained 

ith the Glarborg et al.’s mechanism slightly modified in the 

resent work. 

According to the reaction pathways summarized in Fig. 5 , there 

re several paths that involve NO and N2 in the high temperature 

ange. They can help to explain the over-prediction of NO by the 

odel, especially relevant for fuel-lean conditions (Figure S5). It 

ay be related with the under-prediction of N2 , as can be seen in 

he right side of Figure S3, where a higher N2 concentration than 

redicted by the model is detected experimentally. 

.2. Methylamine oxidation in the presence of NO 

The influence of the presence of NO in the reactant mixture has 

een evaluated for stoichiometric conditions: two different NO in- 

et concentrations have been tested, around 500 and 1000 ppm. A 

omparison of the experimental and modeling is shown in Fig. 6 

or MEA and NO consumption. The formation of N2 and HCN as 

he main nitrogen products is also shown. Modeling calculation 

ave been performed with the mechanism modified in the present 

ork. 

The presence of NO significantly promotes MEA conversion, 

hifting the onset for MEA consumption to lower temperatures, re- 

ardless of the inlet NO concentration. This increased reactivity at 

ow temperatures can be explained by the involvement of NO in 
5 
he reaction (r12) , and because NO participates in a reaction cy- 

le forming NO2 , which is recycled back to NO, accompanied by 

he release of highly reactive hydroxyl radicals (reactions r13 and 

14). It implies an increased relevance of the H-abstraction reaction 

rom the amino group of methylamine by hydroxyl radicals, reac- 

ion (r15) , not relevant in the absence of NO as mentioned above. 

onsequently, at low temperatures, the NO concentration decreases 

y increasing the N2 concentration. 

H3 NH + NO � CH2 + N2 + H2 O (r12) 

O + HO2 � NO2 + OH (r13) 

O2 + H � NO + OH (r14) 

H3 NH2 + OH � CH3 NH + H2 O (r15) 
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As indicated above, the carbon site is preferred for the H- 

bstraction from methylamine, in the presence of NO by hydroxyl 

adicals, i.e. reaction (r16) dominates over reaction (r15). 

H3 NH2 + OH � CH2 NH2 + H2 O (r16) 

At intermediate temperatures (around 950 K), CH3 NH is mainly 

onsumed by reaction (r17) , increasing the formation of HCN, see 

eaction sequence (r5), but decreasing the consumption of NO. 

H3 NH � CH2 NH + H (r17) 

Finally, at higher temperatures, around 1200 K, methylamine 

onsumption through thermal decomposition breaking the C–N 

ond becomes more relevant, reaction (r8) , and the increase in the 

2 concentration can be explained by reaction (r18) . 

H2 + NO � N2 + H2 O (r18) 

The NO–NO2 reaction cycle mentioned above (reactions r13 and 

14) is present under all the temperature range considered. Exper- 

mentally, no formation of NO2 in appreciable quantities has been 

etected. 

. Conclusions 

During the oxidation of methylamine, from pyrolysis to fuel- 

ean conditions, a large number of different products has been 

uantified. In addition, this work provides experimental data at 

toichiometric conditions that allow the analysis of the effect of 

he presence of NO since, until this moment, this had only been 

ddressed from a theoretical/modeling perspective or under highly 

uel-lean conditions. The experimental results of this research con- 

ribute to the development, validation, and refinement of detailed 

hemical kinetic mechanisms. 

The oxygen availability (different air excess ratios, from pyrol- 

sis to significantly fuel lean conditions, have been tested) has 

lmost no effect on the oxidation of methylamine. However, the 

resence of NO in the reactant mixtures promotes MEA oxidation 

t lower temperatures, independently of the NO inlet concentra- 

ion. 

The comparison of the present experimental results with mod- 

ling calculations using a literature mechanism exhibits reasonably 

ood results, but also indicates that there is still room for improve- 

ent, especially for pyrolysis conditions and the formation of NH3 

nd NO as oxidation products, where the largest discrepancies have 

een found in this work. 

ovelty and significance statement 

New well-controlled methylamine oxidation experiments have 

een performed in a quartz flow reactor covering a wide range 

f temperatures and air excess ratios (from pyrolysis to fuel-lean 

onditions). For the first time, the influence of NO addition (500 

nd 10 0 0 ppm) on the stoichiometric oxidation of methylamine 

as also been experimentally evaluated, and the main products of 

uch interaction have been identified. 
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