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A detailed chemical kinetic model for oxidation of methylamine has been

developed, based on theoretical work and a critical evaluation of data from

literature. The rate coe�cients for the reactions of CH3NH2 +O2 → CH2NH2

/ CH3NH + HO2, CH3NH2 + H → CH3 + NH3, CH3NH → CH2NH2, and

CH3NH + O2 → CH2NH + HO2 were calculated from ab initio theory. The

mechanism was validated against experimental results from batch reactors,

�ow reactors, shock tubes, and premixed �ames. The model predicts sat-

isfactorily explosion limits for CH3NH2 and its oxidation in a �ow reactor.

However, oxidation in the presence of nitric oxide, which strongly promotes

reaction at lower temperatures, is only described qualitatively. Furthermore,

calculated �ame speeds are higher than reported experimental values; the

model does not capture the inhibiting e�ect of the NH2 group in CH3NH2

compared to CH4. More work is desirable to con�rm the products of the

CH3NH + NO reaction and to look into possible pathways to NH3 in methy-
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lamine oxidation.

Keywords: methylamine, oxidation, chemical kinetic model

Introduction

Recently, ammonia has attracted interest as a potential carbon-free energy

carrier [1,2] and it is currently under evaluation as a suitable alternative fuel,

in particular for transportation applications. For use as a fuel in engines,

ammonia has some challenging features, however. It has a low combustion

intensity, which means a lower calori�c value, a lower laminar burning ve-

locity, and a narrower �ammability [2]. The poor combustion characteristics

of NH3 are di�cult to overcome in conventional engine combustion. Hence,

additional fuels such as hydrogen and natural gas have been suggested as

combustion promotors [3�7]. If ammonia is co-combusted with methane, it is

likely that methylamine is formed as an intermediate in signi�cant amounts,

primarily through the reaction [8, 9]

CH3 +NH2 +M 
 CH3NH2 +M (R1b)

Mendiara et al. [9] reported CH3NH2 to be a signi�cant intermediate in �ow

reactor oxidation of CH4/NH3 mixtures. Previous work on methylamine as a

fuel-N model compound, added to premixed methane/oxidizer �ames [10,11],

supports the common observation [12] that the speciation of the reactive

nitrogen component typically is of minor importance for the selectivity in
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forming NO or N2 in �ames. However, these studies were conducted under

conditions where the fuel-N compound was in trace concentrations compared

to the hydrocarbon fuel and cannot be expected to extrapolate to systems,

where the N-compound is the main fuel.

Methylamine is the simplest amine-substituted hydrocarbon. The ther-

mal dissociation of CH3NH2 has been studied in batch reactor [13] and shock

tube [14�16] experiments. Oxidation of methylamine has been reported from

batch reactors [17�21], �ow reactors [22, 23], shock tubes [24�26], and lam-

inar, premixed �ames [27]. In addition, there have been studies of methy-

lamine oxidation in supercritical water [28�31] and in turbulent �ames [32].

Reaction mechanisms for high temperature conversion of methylamine have

been published and models are available for both pyrolysis [15] and oxida-

tion [24�26, 33]. However, due to the lack of experimental or theoretical

characterization, it is common for the methylamine subset in these models

to rely on rough estimates of rate constants to a signi�cant extent.

The objective of the present study is to develop and validate a detailed

chemical kinetic model for oxidation of CH3NH2. Important kinetic parame-

ters are drawn from experimental determinations or recent theoretical work,

when available. The rate constants for hydrogen abstraction by O2 from

CH3NH2, CH2NH2, and CH3NH, as well as CH3NH2 + H and isomerization

of CH3NH to CH2NH2, are investigated from theory. The resulting model is

validated against literature data reported from batch reactors, �ow reactors,

shock tubes, and laminar premixed �ames. Modeling predictions are then

used to analyze oxidation pathways and rate limiting steps over a wide range

of conditions.
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Theory

The oxidation chemistry of methylamine shares similarities to that of methanol

in that the HO2 peroxide constitutes a major fraction of the O/H radical pool

during oxidation. The peroxide radicals are formed from hydrogen abstrac-

tion by O2 from both stable species (CH3NH2 and CH2NH) and radicals

(e.g., CH2NH2 and CH3NH). In the present work, rate constants for these

steps were calculated from ab initio theory. Also isomerization of CH3NH to

CH2NH2 and the CH3NH2 + H reaction were investigated.

Theoretical methodology

Properties of minima and transition states for the reactions of various CNHx

species (x=3-5) with O2 were derived computationally. Because some of these

stationary points on the potential energy surface (PES), especially those cor-

responding to radical + HO2 interactions, were highly spin-contaminated

with <S2> up to 1.6 rather than the ideal value of 0.75 for a doublet, we em-

ployed methods that are only weakly sensitive to this phenomenon. Geome-

tries and vibrational frequencies were obtained with M06-2X/6-311+G(2df,2p)

level of density functional theory (DFT) [34]. The frequencies were scaled

by recommended factors [35] of 0.971 for zero-point energy contributions to

the total energy, and by 0.946 for fundamental frequencies used in transition

state theory (TST) calculations. At these geometries, single-point energies

were obtained by application of the CBS-APNO methodology, which approx-

imates a coupled-cluster calculation at the complete basis set limit [36]. We

used the Gaussian 16 program [37] to carry out these calculations.
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Several molecules and transition states (TSs) have low-frequency torsional

modes. The torsional potentials were explored with same level of DFT with

relaxed scans of the angle. Expansions of the energy in terms of sine and

cosine functions were made via the Fourier Transform, and these were then

combined with a �xed reduced moment of inertia from the minimum energy

position and solution of the quantized energy levels to obtain anharmonic

torsional partition functions, as implemented in the Multiwell program [38].

Results

As a check on the accuracy of our approach, we compare reaction enthalpies

at 0 K for successive abstraction of H-atoms from CH3NH2 by O2 to yield

HO2 with results from the Active Thermochemical Tables [39] in the table

below. The root-mean-square deviation is 0.36 kcal mol−1.

Potential energy diagrams (PED) for CNHx species reacting with O2 are

shown in Fig. 1. The Cartesian coordinates are provided in the Supplemen-

tary Information. Depending on the shape of the PED, di�erent approaches

to estimation of the rate constants at the high-pressure limit were employed.

For CH3NH isomerization (R19) over a barrier at TS5 to CH2NH2, simple

TST was applied. For CH3NH + O2 (R21), TS3 is the bottleneck and TST

yields the overall reactivity to HO2 + CH2NH. This idea was tested in detail

by Alam et al. [40] who showed that the bound complexes along the reaction

path have little impact. The reaction of CH2NH2 with O2 (R18) initially

creates a CH2(NH2)OO peroxy adduct at an energy far above the barrier to

isomerization, so the rate of formation of HO2 + CH2NH is expected to be

controlled by the CH2NH2 + O2 encounter rate. A barrierless reaction is in
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Reaction Reaction enthalpy ∆H0 / kcal mol−1

ATcT This work

11b. CH3NH2 +O2 → CH2NH2 +HO2 43.56 43.56

12b. CH3NH2 +O2 → CH3NH+HO2 50.30 50.30

18. CH2NH2 +O2 → CH2NH+HO2 -10.77 -10.65

21. CH3NH+O2 → CH2NH+HO2 -17.48 -17.86

31b. CH2NH+O2 → H2CN+HO2 38.57 39.19

32b. CH2NH+O2 → HCNH+HO2 46.17 46.69

19. CH3NH → CH2NH2 -6.71 -7.02

Table 1: Comparison of reaction enthalpies at 0 K for with results from the

Active Thermochemical Tables [39]. The reaction numbering refers to the

listing in Table 3.

agreement with the measurement of Risanen et al. [41] who report a small

negative activation energy. Because there is no barrier beyond the endother-

micity in the forward direction, it is convenient to consider the reverse of

CH2NH + O2 (R31, R32), and the rate constants of the reverse reactions

are based on likely HO2 + radical collision rates, which will be close to gas

kinetic. A similar argument could be applied to the pair of reverse processes

for the CH3NH2 + O2 reaction (R11b, R12b), but here there is a second set

of barriers, TS1 and TS2, which are moderately below the energies of CH3NH

+ HO2 and CH2NH2 + HO2. Because these inner TSs have lower energies

than long-range radical-HO2 outer TSs, but are also tighter, there is a switch

in control of the overall reactivity from the outer TSs at low temperatures to
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Figure 1: Potential energy diagrams showing the lowest barrier pathways

for isomerization of CH3NH and for reactions of CNHx (x=3-5) molecules

with O2. The vertical scale is the relative enthalpy at 0 K, computed via

CBS-APNO/M06-2X/6-311+G(2df,2p) theory (see text).

the inner TS1 and TS2 at high temperatures. This will be explored in more

detail in future work, and here we report high-temperature kinetics based on
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TS1 and TS2 acting as the dominant bottleneck.

Detailed Kinetic Model

The starting mechanism and corresponding thermodynamic properties were

adopted from the recent review on nitrogen chemistry by Glarborg et al. [42].

The thermodynamic properties for selected species in the methylamine subset

are shown in Table 2. The data were drawn from the Goos, Burcat, and

Ruscic database [43].

Species H298 S298 Cp,300 Cp,400 Cp,500 Cp,600 Cp,800 Cp,1000 Cp,1500

CH3NH2 -4.63 55.41 11.63 13.97 16.39 18.66 22.31 25.20 29.74

CH2NH2 35.54 58.02 11.71 13.87 15.85 17.56 20.21 22.32 25.84

CH3NH 42.67 56.11 11.12 13.10 15.14 17.04 20.03 22.40 26.09

CH2NH 21.85 55.94 9.47 10.94 12.42 13.86 16.48 18.62 21.72

H2CN 57.01 53.60 9.04 10.13 11.24 12.27 13.87 15.13 17.05

HCNH 65.14 54.73 9.12 10.28 11.44 12.48 14.01 15.21 17.05

Table 2: Thermodynamic properties of selected species in the CH3NH2 sub-

set [43]. Units are kcal mol−1 for H, and cal mol−1 K−1 for S and Cp. Tem-

peratures are in K.

Table 3 lists the key reactions in the CH3NH2 oxidation subset with the

rate coe�cients used in the present work. The full mechanism is available as

supplemental material.

The thermal dissociation of CH3NH2 proceeds by breaking of the C�N

bond,

CH3NH2 +M 
 CH3 +NH2 +M (R1)
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A β Ea Source

1. CH3NH2 +M 
 CH3 +NH2 +M 2.5E16 0.000 56490 [16]
2. CH3NH2 +H 
 CH2NH2 +H2 1.6E11 1.000 7200 [44], �t
3. CH3NH2 +H 
 CH3NH+H2 1.6E10 1.000 7480 [44], �t
4. CH3NH2 +H 
 CH3 +NH3 7.8E08 1.170 10800 pw
5. CH3NH2 +O 
 CH2NH2 +OH 4.0E09 1.000 927 [45], see text
6. CH3NH2 +O 
 CH3NH+OH 1.7E09 1.000 927 [45], see text
7. CH3NH2 +OH 
 CH2NH2 +H2O 3.9E03 2.900 -3630 [46], �t 400-3000 K
8. CH3NH2 +OH 
 CH3NH+H2O 4.0E12 0.000 0 [46], �t 400-3000 K

2.7E13 0.000 4836
9. CH3NH2 +HO2 
 CH2NH2 +H2O2 2.1E00 3.560 9694 [47]
10. CH3NH2 +HO2 
 CH3NH+H2O2 5.0E-1 3.560 9694 [47]
11. CH2NH2 +HO2 
 CH3NH2 +O2 2.8E01 3.035 -9950 pw, 700-3000 K
12. CH3NH+HO2 
 CH3NH2 +O2 2.0E02 2.927 -7970 pw, 700-3000 K
13. CH3NH2 +CH3 
 CH2NH2 +CH4 1.5E06 1.870 9170 [48]
14. CH3NH2 +CH3 
 CH3NH+CH4 1.6E06 1.870 8842 [48]
15. CH3NH2 +NH2 
 CH2NH2 +NH3 2.8E06 1.940 5494 [48]
16. CH3NH2 +NH2 
 CH3NH+NH3 1.8E06 1.940 7143 [48]
17. CH2NH2 
 CH2NH+H 2.4E48 -10.820 52040 [48], 1 atm
18. CH2NH2 +O2 
 CH2NH+HO2 5.4E12 0.000 -676 [41]
19. CH3NH 
 CH2NH2 2.1E13 0.000 37000 k∞ pw (600-3000 K)
20. CH3NH 
 CH2NH+H 1.3E42 -9.240 41340 [48], 1 atm
21. CH3NH+O2 
 CH2NH+HO2 1.9E-3 4.046 -560 pw, 300-3000 K
22. CH3NH+NO 
 1CH2 +N2 +H2O 8.1E28 -5.130 3760 [49]
23. CH2NH+H 
 H2CN+H2 2.4E08 1.500 7322 [48]
24. CH2NH+H 
 HCNH+H2 3.0E08 1.500 6130 [48]
25. CH2NH+O 
 H2CN+OH 9.9E06 1.810 1913 [50]
26. CH2NH+O 
 HCNH+OH 1.8E05 2.430 1376 [50]
27. CH2NH+O 
 CH2O+NH 1.0E13 0.000 9780 [50], est
28. CH2NH+OH 
 H2CN+H2O 1.5E08 1.400 -580 [51], �t 300-1000 K
29. CH2NH+OH 
 HCNH+H2O 2.9E05 2.250 640 [51], �t 300-1000 K
30. CH2NH+HO2 
 H2CN+H2O2 8.2E03 1.000 5470 [52], �t 250-350 K, est
31. H2CN+HO2 
 CH2NH+O2 6.0E12 0.000 0 est, see text
32. HCNH+HO2 
 CH2NH+O2 6.0E12 0.000 0 est, see text
33. H2CN 
 HCN+H 6.0E31 -6.460 32110 [48], 1 atm
34. H2CN+O2 
 HCN+HO2 2.2E07 1.190 3367 est C2H3+O2

35. HCNH 
 HCN+H 6.1E28 -5.690 24271 [48], 1 atm
36. HCNH+O2 
 HCN+HO2 2.7E12 0.000 -676 est 1

2
CH2NH2+O2

Table 3: Reaction subset for methylamine oxidation. Parameters for use in
the modi�ed Arrhenius expression k = ATβ exp(−E/[RT]). Units are mol,
cm, s, cal.

This reaction has been characterized in a number of shock tube studies

[14�16]. The most reliable data were obtained by Votsmeier et al. [16] who

conducted their experiments at very low concentrations of methylamine, lim-
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iting the impact of secondary reactions.

Data for reactions of CH3NH2 with the radical pool are limited. At the

elevated temperatures of interest in the present work, addition is of minor

importance. The abstraction reactions have two possible product channels,

in that H may be abstracted from the carbon atom, forming CH2NH2, or from

the nitrogen atom, yielding CH3NH. For the reaction with atomic hydrogen

the abstraction channels are,

CH3NH2 +H 
 CH2NH2 +H2 (R2)

CH3NH2 +H 
 CH3NH+H2 (R3)

Kerkeni and Clary [44] studied the reaction theoretically, �nding that chan-

nel R2 was dominating. Their calculated overall rate constant is in good

agreement with the only experimental study of Blumenberg and Wagner [53]

at 473-683 K. As part of the present work, we looked into possible other

product channels for CH3NH2 + H. The channel to methyl and ammonia,

CH3NH2 +H 
 CH3 +NH3, (R4)

has a barrier of 12.3 kcal mol−1. It was included in the mechanism with a

calculated rate constant (see Table 3), but it is too slow to compete with

H-abstraction (R2, R3). Formation of CH4 + NH2 has a predicted barrier of

44 kcal mol−1 and was not considered further.

The reaction with atomic oxygen,

CH3NH2 +O 
 CH2NH2 +OH (R5)

CH3NH2 +O 
 CH3NH+OH (R6)
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has only been measured at low temperature, where it is dominated by hydro-

gen abstraction [54]. The results for the overall rate constant from Kirschner

et al. [55] and Atkinson and Pitts [45] are in fairly good agreement. We have

adopted the value from Atkinson and Pitts, determined at 298-440 K, extrap-

olating to high temperature assuming a T1.0 dependence and a branching to

CH2NH2 of 75%.

The reaction of CH3NH2 with OH,

CH3NH2 +OH 
 CH2NH2 +H2O (R7)

CH3NH2 +OH 
 CH3NH+H2O (R8)

has been studied experimentally at temperatures up to 600 K [56�60]. Also

theoretical studies have been reported [46, 61]. The experimental data for

the overall rate constant are in fairly good agreement [56�58, 60], indicating

a T−0.5 dependence at low temperature. The measurements of Onel et al. [59]

and Butkovskaya and Setser [60] show that the CH2NH2 channel (R7) dom-

inates at lower temperatures, with a yield of about 75%. We have adopted

the rate constants from the theoretical study by Tian et al. [46]; they cap-

ture well the reported experimental rate constants and branching fraction at

lower temperatures while describing also the high temperature behavior.

The reaction of CH3NH2 with HO2 (R9, R10) has been reported to be

important for predicting shock tube ignition delays at 1000-1300 K and el-

evated pressure [25]. There are no measurements available for the reaction,

but it was recently studied theoretically by Shi et al. [47]. Their calculations

indicate that the branching to CH2NH2 (R9) decreases from about 85% to

75% in the 1000-2000 K range; for simplicity we have assumed a constant

branching fraction k9/(k9 + k10) of 80%.
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For the reactions of CH3NH2 with CH3 (R13, R14) and NH2 (R15, R16),

we have adopted the QRRK estimates of Dean and Bozzelli [48]. For CH3NH2

+ CH3, the sum of the rate constants are in good agreement with the overall

rate reported by Gray and Thynne [62] at 383-453 K.

As discussed above, the radicals CH2NH2 and CH3NH would be expected

to either dissociate thermally or react with molecular oxygen; reactions with

the radical pool are probably of little importance. The rate constants for the

thermal dissociation,

CH2NH2 
 CH2NH+H (R17)

CH3NH 
 CH2NH+H (R20)

were drawn from Dean and Bozzelli [48]. The rate constant calculated in the

present work for the isomerization,

CH3NH 
 CH2NH2 (R19)

is the high pressure limit; it is possibly too fast under the conditions investi-

gated, but modeling predictions are not sensitive to the value. The reactions

with O2,

CH2NH2 +O2 
 CH2NH+HO2 (R18)

CH3NH+O2 
 CH2NH+HO2 (R21)

have drawn attention due to their importance in atmospheric chemistry. The

CH2NH2 + O2 reaction (R18) is fast, even at low temperature, in agreement

with the theoretical considerations described above. Measurements [41,63,64]

are in good agreement, indicating a rate constant that exhibits a slightly

negative temperature dependence, at least below 400 K. Even at 298 K and
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atmospheric pressure, the yield of CH2NH + HO2 is about 80%, while for-

mation of the peroxide OOCH2NH2 is less important [59]. The dissociation

of the peroxide radical to form CH2NH + HO2 was studied theoretically by

Schumperli et al. [65], who calculated a barrier of 16-20 kcal/mol and esti-

mated the rate constant to be similar to that of dissociation of OOCH2OH.

The latter step has an activation energy of 18.2 kcal/mol [66]. With this rate

constant, the lifetime of the peroxide is short at elevated temperatures and it

would not be possible to distinguish between R18 and the two-step sequence

involving formation and thermal dissociation of OOCH2NH2. Consequently,

we apply the overall rate constant determined by Rissanen et al. [41] to re-

action R18. The extrapolation to high temperature is uncertain, but the

reaction is fast and the rate constant is not expected to vary strongly with

temperature.

There are no measurements of the rate constant for the CH3NH + O2

reaction (R21), but theoretical work indicates that it is much slower than

CH2NH2 + O2 (R18).The rate constant calculated by Tang and Nielsen [67]

is not directly applicable at elevated temperature since it refers to the initial,

barrierless addition of CH3NH to O2 to make a peroxy-type CH3N(H)OO

adduct, and we rely on the theoretical value calculated in the present work.

Since CH3NH + O2 (R21) is comparatively slow, reactions of CH3NH with

other stable molecules may become important at intermediate temperatures.

These include reactions with nitrogen oxides. The CH3NH + NO reaction

has been studied theoretically [49,67]. According to da Silva [49], the reaction

yields a primary nitrosamine intermediate, CH3NHNO, which after some re-

arrangement eliminates water to form diazomethane, CH2NN. Diazomethane
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rapidly dissociates to form singlet methylene (1CH2) and N2. Accordingly,

we have assumed in the model that the products of reaction were 1CH2 +

H2O + N2 (R22).

The reactions of methylene imine, CH2NH, have not been characterized

experimentally, but for some of the steps theoretical studies have been re-

ported. Hydrogen abstraction yields either H2CN or HCNH, depending on

the abstraction site:

CH2NH+X 
 H2CN+ XH

CH2NH+X 
 HCNH+XH

In this work, we do not distinguish between cis-HCNH and trans-HCNH.

Reaction with O2 (the reverse of reactions R31 and R32)is too endothermic

to be signi�cant under the investigated conditions (see Fig. 1). The reactions

of CH2NH with O (R25, R26, R27) [50,68], OH (R28, R29) [51,69], and HO2

(R30) [52] have been studied theoretically. For other reactions of CH2NH,

we rely mostly on the QRRK estimates of Dean and Bozzelli [48].

The choice of reaction subsets for H2CN or HCNH has implications for

the modeling predictions, but many of the steps are poorly characterized.

Most of the rate constants in the HCNH and H2CN subsets were adopted

from Dean and Bozzelli [48]. Thermal dissociation of H2CN,

H2CN 
 HCN+ H (R33)

is comparatively fast and may constitute an important consumption pathway.

Reactions of H2CN with the radical pool are also fast, according to the few

measurements available [70, 71], but cannot compete due to the low radical
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levels. For H2CN + O2,

H2CN+O2 
 HCN+ HO2 (R34)

we have assumed the rate constant to be similar to the H-abstraction from

C2H3 by O2. At room temperature this value is an order of magnitude below

the upper limit of 6·108 cm3 mol−1 s−1 reported by Nizamov and Dagdigian

[71]. Other product channels for H2CN + O2 are possible. Dean and Bozzelli

[48] proposed the products to be CH2O and NO; a chain terminating product

channel. More work on this reaction is desirable.

The HCNH isomer is largely consumed by reaction with O2. According

to Bunkan et al. [69], this step proceeds without a barrier. It yields mainly

HCN and HO2 (R36), with HNC + HO2 a minor secondary channel.

Results and Discussion

To evaluate the model, we have focused on oxidation of methyl amine, com-

paring modeling predictions with experimental data from batch reactors [18],

�ow reactors [22, 23], shock tubes [26], and laminar premixed �ames [27].

Data for thermal conversion of CH3NH2 in inert atmosphere (pyrolysis), re-

ported from batch reactors [13] and shock tubes [14�16], were not considered

in the present work.

Low temperature oxidation in a batch reactor

To evaluate the performance of the chemical kinetic model at low tempera-

tures, predictions have been compared to results obtained in constant volume
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batch reactors. Oxidation of methyl amine in batch reactors has been studied

by Jolley and coworkers [17, 18] and by Cullis and coworkers [19�21]. Cullis

and Wilisher [20] showed that the surface/volume ratio had a signi�cant in-

�uence on the reaction rate under reducing conditions, but under oxidizing

conditions only a slight inhibition was observed by increasing the S/V ratio.

Figure 2 compares the measured explosion limits from Emeleus and Jol-

ley [18] for a mixture of 35% methylamine in oxygen with predictions by the

present model. The experimental data show a smooth increase in explosion

pressure with decreasing temperature in the range 680-800 K. Emeleus and

Jolley report that explosion followed a period of slow reaction, causing the

onset of fast reaction to take place in a complex mixture of amine, carbon

monoxide, and other intermediate oxidation products. In the modeling, we

did not include a wall termination reaction; instead explosion had to occur

within a set induction time under adiabatic conditions to be acknowledged.

The limiting induction time, chosen to �t the experimental data at 750 K, was

set to 65 s; the use of a di�erent value would a�ect the predicted explosion

limits but not the overall trends. Considering the experimental uncertainties

and the simpli�cations in the modeling, the calculations are in satisfactory

agreement with observations in most of the temperature range. However,

below about 700 K, the model underpredicts the reaction rate, leading to

higher explosion pressures than observed. Comparison of modeling predic-

tions with batch reactor data from Cullis and Wilisher [20], obtained under

oxidizing conditions at 623 K, con�rms that the predicted oxidation rate is

too slow at low temperature.
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Figure 2: Comparison of experimental and predicted explosion limits for

reaction of a mixture of 35% CH3NH2 and 65% O2 in a batch reactor. The

experimental data are taken from Emeleus and Jolley [18]. The symbols

mark experimental data while the solid line denote modeling predictions. The

modeling is performed with an adiabatic batch reactor, using as explosion

criterion the onset of fast reaction within 65 s.

Oxidation in a �ow reactor

The �ow reactor data used for evaluation of the model were drawn from

work of Dam-Johansen and coworkers [22, 23]. Figure 3 compares measured

[23] and predicted concentrations of CO, CO2, and NO as a function of

temperature for oxidation of methylamine in an atmospheric pressure �ow

reactor under lean conditions. Also modeling predictions for CH3NH2 and the

main intermediate, HCN, are shown. According to the model, oxidation of

methylamine is initiated above 900 K, with CH3NH2 almost fully converted

to HCN at 1000 K. Above 1050 K, HCN is oxidized, as indicated by the
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formation of CO and CO2. The CO level peaks at about 1150 K and CO2

is the main product above this temperature. Formation of NO becomes

signi�cant above 1150 K. The modeling predictions are in good agreement

with the experimental data.

Figure 3: Comparison of experimental and predicted mole fractions for oxi-

dation of CH3NH2 in a �ow reactor. The experimental data are taken from

Hjuler et al. [23]. The symbols mark experimental data while solid lines de-

note model predictions. Conditions: P = 1.05 atm, residence time τ(s) = 202

/ T(K); inlet composition is 261 ppm CH3NH2, 4.0% O2, trace H2O; balance

N2.

Figure 4 shows the e�ect of adding NO to the inlet mixture; conditions

are otherwise the same as those of Fig. 3. The observed behavior is quite

complex. It is evident from comparison of Figs. 3 and 4 that addition of nitric

oxide strongly promotes reaction at lower temperatures; the onset of reaction

is shifted to below 650 K. Both CO and CO2 exhibit a peak at about 800
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K, above which their concentrations decrease with increasing temperature

(upper �gure). The low temperature activity involves a signi�cant conversion

of NO to NO2, along with some formation of N2O. Hjuler et al. [23] report

that signi�cant quantities of reactive nitrogen species other than NOx are

formed at 785 K, i.e., about 80 ppm of HCN and 30 ppm of NH3.

At about 1050 K, NO peaks at a concentration corresponding roughly to

the inlet level, while CO, CO2, and NO2 are largely depleted. Above 1050 K,

methylamine is rapidly oxidized to carbon oxides, with CO peaking at 1200

K and CO2 being the major oxidation product. There is a minor reduction

of NO to reduced species, with N2O peaking just below 100 ppm at 1250 K.

The model captures qualitatively the behavior of the system, with the

strong sensitizing e�ect of NO, the double peak in CO and the double min-

imum in NO. At high temperatures, there is also a reasonable quantitative

agreement. However, below the in�ection points in CO and NO at around

1050 K, the predictions are less accurate. According to the model, a sig-

ni�cant fraction of methylamine is converted to CH2NH already at 650 K

and methylamine is largely depleted at 750 K. As the temperature increases,

more of the CH2NH is oxidized to HCN, with minor amounts of CO and CO2

formed. The model predicts accurately the HCN level at 785 K, but no NH3

is predicted. The amount and partitioning of CO and CO2 are not captured

well. Between 950 and 1150 K, the concentration of HCN reaches a plateau

corresponding roughly to the inlet level of methylamine. The window for

oxidation of NO to NO2, which extends to about 1100 K, is in agreement

with experiment, but the partitioning between NO and NO2 is not predicted

accurately.
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Figure 4: Comparison of experimental and predicted mole fractions for oxi-

dation of CH3NH2 in the presence of NO in a �ow reactor. The experimental

data are taken from Hjuler et al. [23]. The symbols mark experimental data

while solid lines denote model predictions. Conditions: P = 1.05 atm, resi-

dence time τ(s) = 202 / T(K); inlet composition is 260 ppm CH3NH2, 471

ppm NO, 4.0% O2, trace H2O; balance N2.

The chemical kinetic model describes well the oxidation of methylamine in

the absence of NO (Fig. 3), while in the presence of NO (Fig. 4) the agreement

is qualitative rather than quantitative, in particular at lower temperatures.
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Figure 5 shows a reaction pathway diagram for oxidation of CH3NH2 under

�ow reactor conditions, with and without the presence of NO.

Figure 5: Pathway diagram for oxidation of CH3NH2 with and without the

presence of NO under the conditions of the �ow reactor experiments (Figs. 3

and 4). Solid lines denote the major pathways, while minor pathways are

shown as dashed lines. Dotted lines denote pathways that become important

in the presence of NO.

The oxidation chemistry of methylamine shares similarities with that of

methanol. For both fuels, hydrogen abstraction by reaction with radicals

yields two fuel-derived radicals; for methanol hydroxymethyl (CH2OH) and

methoxy (CH3O), for methylamine CH2NH2 and CH3NH. It is important to

distinguish between these isomers, because their reactivity is di�erent. The

CH2OH / CH2NH2 isomers have a higher thermal stability and under fuel-
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lean conditions and not too high temperatures they react preferably with O2

to form HO2, along with the stable species CH2O or CH2NH. Contrary to this,

the CH3O / CH3NH isomers dissociate easily in reactions that form atomic

hydrogen; CH2O + H or CH2NH + H. Since the HO2 radical is comparatively

unreactive, the branching ratio for forming the two isomers is important

for the oxidation rate of both methanol and methylamine. Methylamine

is largely consumed by reaction with OH under the investigated conditions

(Fig. 5). Similarly to CH3OH, H-abstraction from the carbon site is favored,

resulting in the reaction sequence,

CH3NH2 +OH 
 CH2NH2 +H2O (R7)

CH2NH2 +O2 
 CH2NH+HO2 (R18)

This sequence, corresponding to the overall reaction CH3NH2 + OH + O2

→ CH2NH + HO2 + H2O, serves to slow down reaction by converting OH

to HO2. For CH3NH2 + OH, the yield of CH2NH2 is about 75% [46, 59, 60];

comparable to the 85% yield of CH2OH from CH3OH + OH [72]. Formation

of CH3NH,

CH3NH2 +OH 
 CH3NH+H2O (R8)

followed by

CH3NH 
 CH2NH+H (R20)

constitutes a smaller pathway, but it promotes reaction by converting OH to

H (CH3NH2 + OH → CH2NH + H + H2O).

Similar to methylamine, methanimine, CH2NH, is oxidized through com-

peting pathways; one e�ectively branching and one in e�ect terminating. The
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reactive sequence involves the steps,

CH2NH+OH 
 H2CN+ H2O (R28)

H2CN 
 HCN+ H (R33)

The HCNH radical, formed in minor amounts by CH2NH + OH (R29), reacts

primarily with O2 (R36) to produce HCN + HO2.

Hydrogen cyanide reacts slowly at lower temperatures, where it largely

accumulates. Under these conditions, OH radicals are mainly consumed by

reaction with amines and atomic oxygen levels are low. At around 1100 K,

the radical pool becomes su�ciently large for onset of fast reaction, and HCN

is oxidized to CO and CO2. Reaction of HCN with O is the major consump-

tion step, forming mainly NCO. The subsequent reactions of NCO largely

determine the fate of the N atom in the methylamine oxidation process. In

the absence of NO in the inlet, NCO reacts mainly with O-atoms to form

NO; a major product at higher temperatures.

The increased reactivity at low temperature can be attributed mostly to

the fast reaction,

CH3NH+NO 
 1CH2 +H2O+N2 (R22)

In the presence of NO, CH3NH is consumed entirely by this step. The singlet

methylene formed in the reaction is rapidly converted to triplet methylene,

which then reacts with O2. Without this sequence, the model does not

predict formation of CO or CO2 below 1050 K. It is noteworthy, however,

that the model does not capture well the partitioning between CO and CO2

at the lower temperatures and more work is desirable on the CH3NH + NO

reaction.
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The presence of NO also promotes oxidation through the reaction,

NO+HO2 
 NO2 +OH

which converts the unreactive HO2 radical to OH. The observed behavior,

with a temperature window for oxidation of NO to NO2, is similar to that re-

ported for oxidation of CH3OH in the presence of NO [72]. For methylamine,

the HO2 radical is formed mainly by the CH2NH2 +O2 reaction (R18), while

for methanol it is CH2OH + O2.

Figure 6 shows sensitivity coe�cients for the predicted concentration of

methylamine for the conditions of Figs. 3 (without NO) and 4 (with NO

added), at temperatures slightly higher than those for onset of reaction.

In the absence of NO, consumption of CH3NH2 is promoted by the initi-

ation steps, thermal dissociation (R1) and reaction with O2 (R11b). Also

the branching fraction for CH3NH2 + OH is important, with formation of

CH3NH (R8), the more reactive radical, promoting reaction, while formation

of CH2NH2 (R7) slows down oxidation.

In the presence of NO, the oxidation rate becomes even more sensitive

to the formation of CH3NH, with CH3NH2 + OH � CH3NH + H2O (R8)

showing the largest negative coe�cients. Since the CH3NH now reacts al-

most solely with NO (R22), this reaction does not show up in the sensitivity

analysis. However, predictions are sensitive to the subsequent reaction of

methylene with O2, forming CO2 + 2H (branching) or CH2O + O (prop-

agating). Terminating reactions of NO and NO2, i.e., NO + OH (+M) �
HONO (+M) and NO2 + O � NO + O2 serve to inhibit oxidation. Both

product channels of CH3NH2 + O (R5, R6) promote oxidation, due to the

competition with the chain terminating NO2 + O reaction.
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Figure 6: Sensitivity coe�cients for the predicted concentration of CH3NH2

under �ow reactor conditions, close to the onset temperature of reaction.

Conditions correspond to those of Fig. 3 (without NO, 950 K) and Fig. 4

(with NO, 650 K).

Ignition delays in shock tube

Ignition and oxidation of methylamine has been studied in shock tubes by

several groups [24�26]. Figure 7 shows a comparison between measured igni-

tion delays from Shin and Yoo [26] and modeling predictions. The data were

obtained for a mixture of 2.0% CH3NH2 and 5.5% O2 in argon at close to

atmospheric pressure and temperatures of 1324-1538 K.

In the modeling, the ignition criterion was a rapid increase in the OH

concentration. The predicted ignition delays are in good agreement with the

experimental results. Thermal dissociation of CH3NH2 (R1) and CH2NH2

(R17) serves to promote ignition, while the reactions CH3NH2 +H→ CH2NH2
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Figure 7: Comparison of experimental and predicted ignition delays for alean

CH3NH2/O2/Ar mixture. The experimental data are taken from Shin and

Yoo [26]. The symbols mark experimental data while the solid line denotes

modeling predictions. Inlet composition (vol): 2.0% CH3NH2, 5.5% O2; bal-

ance Ar. Pressure (P5): 1.13-1.44 bar.

+ H2 (R2) and CH2NH2 + O2 → CH2NH + HO2(R18) slow down oxidation.

Flame speed

The burning velocity of methyl amine as a function of fuel-air equivalence

ratio was measured by Takizawa et al. [27] using a spherical-vessel method.

Detection of the �ame propagation by schlieren photography showed that

the spherical �ame model was applicable to �ames with a burning velocity

higher than approximately 5 cm/s.
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Figure 8: Comparison of experimental and predicted atmospheric pressure

�ame speeds for CH3NH2/air mixtures. The experimental data, obtained for

1 atm and 298 K, are taken from Takizawa et al. [27]. The symbols mark

experimental data while the solid line denotes modeling predictions.

Figure 8 compares the measured burning velocities of Takizawa et al.

with values predicted by the chemical kinetic model. The maximum observed

burning velocity for CH3NH2 in the experiments was 24.7 cm/s. This value is

signi�cantly lower than the burning velocity for methane, which is about 38

cm/s.Generally, Takizawa et al. found that that introducing an NH2 group

into hydrocarbon molecules decreased the burning velocity compared to that

of the parent alkane.

The model overpredicts the �ame speed for methyl amine by more than

5 cm/s, most pronounced under stoichiometric and reducing conditions. The

predicted maximum burning velocity for CH3NH2 of about 32 cm/s are only

about 6 cm/s smaller than that reported for CH4 [73], indicating that the
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present mechanism does not fully capture the inhibiting e�ect of the NH2

group.

HO2+OH=H2O+O2

HCNH+O2=HCN+HO2

NO+HO2=NO2+OH
OH+H2=H+H2O
HO2+H=H2+O2

H2CN+H=HCN+H2

HCNH=HCN+H
H+O2(+M)=HO2(+M)
H2CN=HCN+H
HCN+O=NCO+H
HO2+H=OH+OH
CH2NH2+O2=CH2NH+HO2

CH2NH2=CH2NH+H
CO+OH=CO2+H
H+O2=O+OH

0.0 0.1 0.2 0.3
Sensitivity of SL

Figure 9: Sensitivity analysis for the predicted �ame speeds for CH3NH2/air

mixtures. SL denotes the laminar �ame speed, while ϕ is the fuel-air equiv-

alence ratio.

Figure 9 shows the calculated sensitivity of the predicted �ame speed to

the rate constants in the mechanism. Modeling predictions are very sensitive

to the competition between dissociation and H-abstraction by H or O2 for

the intermediates CH2NH2, CH3NH, and HCNH.
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Conclusions

A detailed chemical kinetic model for oxidation of methylamine has been

developed and validated against experimental results from batch reactors,

�ow reactors, shock tubes, and premixed �ames. Key reactions were studied

theoretically. The model predicts satisfactorily explosion limits for CH3NH2

and its oxidation in a �ow reactor, including the formation of NO. However,

oxidation in the presence of NO is only described qualitatively. Nitric oxide

strongly promotes reaction at lower temperatures, partly via the reaction

CH3NH + NO → 1CH2 + H2O + N2, and through NO + HO2 → NO2 +

OH. The model overpredicts �ame speeds for methylamine, indicating that it

does not capture the inhibiting e�ect of the NH2 group in the fuel compared

to CH4. More work is desirable to con�rm the products of CH3NH + NO

and to look into possible pathways to NH3 in methylamine oxidation.

Acknowledgements

The work is dedicated to Joe Michael for his work in kinetics, including

the determination of rate constants for key amine reactions. The authors ac-

knowledge the �nancial support from Orient's Fund. Computational facilities

were provided in part by National Science Foundation grant CHE-1531468.

References

[1] C. Duynslaegher, H. Jeanmart, and J. Vandooren. Flame structure stud-

ies of premixed ammonia/hydrogen/oxygen/argon �ames: Experimental

29



and numerical investigation. Proc. Combust. Inst., 32:1277�1284, 2009.

[2] A. Hayakawa, T. Goto, R. Mimoto, Y. Arakawa, T. Kudo, and

H. Kobayashi. Laminar burning velocity and Markstein length of am-

monia/air premixed �ames at various pressures. Fuel, 159:98�106, 2015.

[3] J. Li, H. Huang, N. Kobayashi, Z. He, and Y. Nagai. Study on using

hydrogen and ammonia as fuels: Combustion characteristics and nox

formation. Int. J. Energy Res., 38:1214�1223, 2014.

[4] H. Xiao, A. Valera-Medina, and P. J. Bowen. Study on premixed com-

bustion characteristics of co-�ring ammonia/methane fuels. Energy,

140:125�135, 2017.

[5] S. Liu, C. Zou, Y. Song, S. Cheng, and Q. Lin. Experimental and

numerical study of laminar �ame speeds of CH4/NH3 mixtures under

oxy-fuel combustion. Energy, 175:250�258, 2019.

[6] R. Li, A. A. Konnov, G. He, F. Qin, and D. Zhang. Chemical mechanism

development and reduction for combustion of NH3/H2/CH4 mixtures.

Fuel, 257:116059, 2019.

[7] E. C. Okafor, Y. Naito, S. Colson, A. Ichikawa, T. Kudo, A. Hayakawa,

and H. Kobayashi. Measurement and modelling of the laminar burn-

ing velocity of methane-ammonia-air �ames at high pressures using a

reduced reaction mechanism. Combust. Flame, 204:162�175, 2019.

[8] Z. Tian, Y. Li, L. Zhang, P. Glarborg, and F. Qi. An experimental

and kinetic modeling study of premixed NH3/CH4/O2/Ar �ames at low

pressure. Combust. Flame, 156:1413�1426, 2009.

30



[9] T. Mendiara and P. Glarborg. Ammonia chemistry in oxy-fuel combus-

tion of methane. Combust. Flame, 156:1937�1949, 2009.

[10] A. F. Saro�m, G. C. Williams, M. Modell, and S. M. Slater. Conversion

of Fuel Nitrogen to Nitric Oxide in Premixed and Di�usion Flames.

AIChE Symp. Ser. 71, 148:51�61, 1975.

[11] B. A. Williams and J. W. Fleming. Radical Species Pro�les in Low-

Pressure Methane Flames Containing Fuel Nitrogen Compounds. Com-

bust. Flame, 110:1�13, 1997.

[12] P. Glarborg, A.D. Jensen, and J.E. Johnsson. Fuel nitrogen conversion

in solid fuel �red systems. Prog. Energy Combust. Sci., 29:89�113, 2003.

[13] H. J. Emeleus and L. J. Jolley. Kinetics of the thermal decomposition

of methylamine. J. Chem. Soc., pages 929�935, 1935.

[14] E. A. Dorko, N. R. Pchelkin, J. C. Wert, and G. W. Mueller. Initial

Shock-Tube Studies of Monomethylamine. J. Phys. Chem., 83:297�302,

1979.

[15] T. Higashihara, W. C. Gardiner, and S. M. Hwang. Shock-Tube and

Modeling Study of Methylamine Thermal Decomposition. J. Phys.

Chem., 91:1900�1905, 1987.

[16] M. Votsmeier, S. Song, D. F. Davidson, and R. K. Hanson. Shock tube

study of monomethylamine thermal decomposition and NH2 high tem-

perature absorption coe�cient. Int. J. Chem. Kin., 31:323�330, 1999.

31



[17] L. J. Jolley. The thermal oxidation of methylamine. J. Chem. Soc.,

pages 1957�1966, 1934.

[18] H. J. Emeleus and L. J. Jolley. Kinetics of the thermal oxidation of

methylamine. J. Chem. Soc., pages 1524�1529, 1936.

[19] C. F. Cullis and L. S. A. Smith. The thermal oxidation of the aliphatic

amines. Trans. Faraday Soc., 46:42�55, 1950.

[20] C. F. Cullis and J. P. Wilisher. The thermal oxidation of methylamine.

Proc. Roy. Soc. A, 209:218�238, 1951.

[21] C. F. Cullis and I. Isaac. Structural in�uences in the oxidation of

aliphatic amines. Trans. Fraraday Soc., 48:1023�1029, 1952.

[22] D. Wenli, K. Dam-Johansen, and K. Ostergaard. Widening the Tem-

perature Range of the Thermal DeNOx Process. An Experimental In-

vestigation. Symp. (Int.) Combust., 23:297�303, 1990.

[23] K. Hjuler, P. Glarborg, and K. Dam-Johansen. Mutually Promoted

Thermal Oxidation Of Nitric Oxide And Organic Compounds. Ind.

Eng. Chem. Res., 34:1882�1888, 1995.

[24] S. M. Hwang, T. Higashihara, K. S. Shin, and W. C. Gardiner. Shock-

Tube and Modeling Study of Monomethylamine Oxidation. J. Phys.

Chem., 94:2883�2889, 1990.

[25] A. Lifshitz, M. Bidani, H.F. Carroll, S.M. Hwang, P.Y. FU, K.S. Shin,

and W.C. Gardiner. Ignition of Monomethyl Amine. Combust. Flame,

86:229�236, 1991.

32



[26] K. S. Shin and S. J. Yoo. Shock tube and modeling study of the

monomethylamine oxidation at high temperature. Bull. Kor. Chem.

Soc., 25:293�297, 2004.

[27] K. Takizawa, A. Takahashi, K. Tokuhashi, S. Kondo, and A. Sekiya.

Burning velocity measurements of nitrogen-containing compounds. J.

Hazard. Mater., 155:144�152, 2008.

[28] K. M. Benjamin and P. E. Savage. Hydrothermal reactions of methy-

lamine. J. Supercritical Fluids, 31:301�311, 2004.

[29] K. M. Benjamin and P. E. Savage. Supercritical water oxidation of

methylamine. Ind. Eng. Chem. Res., 44:5318�5324, 2005.

[30] K. M. Benjamin and P. E. Savage. Detailed chemical kinetic modeling

of methylamine in supercritical water. Ind. Eng. Chem. Res., 44:9785�

9793, 2005.

[31] H. Li and Y. Oshima. Elementary reaction mechanism of methylamine

oxidation in supercritical water. Ind. Eng. Chem. Res., 44:8756�8764,

2005.

[32] F. H. Mao and R. B. Barat. Minimization of NO during staged combus-

tion of CH3NH2. Combust. Flame, 105:557�568, 1996.

[33] M. V. Kantak, K. S. DeManrique, R. H. Aglave, and R. P. Hesketh.

Methylamine oxidation in a �ow reactor: Mechanism and modeling.

Combust. Flame, 108:235�265, 1997.

33



[34] Y. Zhao and D. G. Truhlar. The m06 suite of density functionals for

main group thermochemistry, thermochemical kinetics, noncovalent in-

teractions, excited states, and transition elements: two new functionals

and systematic testing of four m06-class functionals and 12 other func-

tionals. Theor. Chem. Accounts, 120:215�241, 2008.

[35] I. M. Alecu, J. Zheng, Y. Zhao, and D. G. Truhlar. Computational

thermochemistry: scale factor databases and scale factors for vibrational

frequencies obtained from electronic model chemistries. J. Chem. Theory

Comput., 6:2872�2887, 2010.

[36] J. W. Ochterski, G. A. Petersson, and J. A. Montgomery Jr. A complete

basis set model chemistry. V. Extensions to six or more heavy atoms. J.

Chem. Phys., 104:2598�2619, 1996.

[37] M. J. Frisch, G.W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,

J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakat-

suji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko,

R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Iz-

maylov, J. L. Sonnenberg, Williams, F. Ding, F. Lipparini, F. Egidi,

J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G.

Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara,

K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,

O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery Jr.,

J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers,

K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,

K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,

34



M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochter-

ski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J.

Fox. Gaussian 16 rev. a03. Wallington, CT, USA, 2016.

[38] J. R. Barker, T. L. Nguyen, J. F. Stanton, C. Aieta, M. Ceotto, F. Gabas,

T. J. D. Kumar, C. G. L. Li, L. L. Lohr, A. Maranzana, N. F. Ortiz,

J. M. Preses, and J. A. Sonk. Multiwell-2019 software suite. Ann Arbor,

Michigan, USA, 2019.

[39] B. Ruscic. Active Thermochemical Tables (ATcT) values based on ver.

1.122 of the Thermochemical Network. (available at ATcT.anl.gov),

2019.

[40] M. A. Alam, Z. Ren, and G. da Silva. Nitramine and nitrosamine forma-

tion is a minor pathway in the atmospheric oxidation of methylamine:

A theoretical kinetic study of the CH3NH + O2 reaction. Int. J. Chem.

Kinet., 2019.

[41] Matti P. Rissanen, Arkke J. Eskola, Thanh Lam Nguyen, John R.

Barker, Jingjing Liu, Jingyao Liu, Erkki Halme, and Raimo S. Tim-

onen. CH2NH2 + O2 and CH3CHNH2 + O2 Reaction Kinetics: Pho-

toionization Mass Spectrometry Experiments and Master Equation Cal-

culations. J. Phys. Chem. A, 118:2176�2186, 2014.

[42] P. Glarborg, J.A. Miller, B. Ruscic, and S.J. Klippenstein. Modeling

Nitrogen Chemistry in Combustion. Prog. Energy Combust. Sci., 67:31�

68, 2018.

35



[43] E. Goos, A. Burcat, , and B. Ruscic. Ideal gas thermochemical database

with updates from Active Thermochemical Tables. (<ftp://ftp. technion.

ac. il/pub/supported/aetdd/thermodynamics> mirrored at <http://-

gar�eld. chem. elte. hu/burcat/burcat. html>, 2016.

[44] Boutheina Kerkeni and David C. Clary. Quantum scattering study of

the abstraction reactions of H atoms from CH3NH2. Chem. Phys. Lett.,

438:1�7, 2007.

[45] R. Atkinson and J. N. Pitts. Kinetics of Reactions of O(P-3) Atoms with

Amine CH3NH2, C2H5NH2, (CH3)2NH, and (CH3)3N Over Temperature

Range 298-440 K. J. Chem. Phys., 68:911�915, 1978.

[46] W. Tian, W. Wang, Y. Zhang, and W. Wang. Direct Dynamics Study

on the Mechanism and the Kinetics of the Reaction of CH3NH2 with

OH. Int. J. Quant. Chem., 109:1566�1575, 2009.

[47] J. C. Shi, Y. L. Shang, S. Y. Du, and S. N. Luo. Hydrogen abstraction

from CH3NH2, (CH3)2NH, and (CH3)3N by HO2 radicals: A theoretical

study. Chem. Phys. Lett., 691:307�313, 2018.

[48] A.M. Dean and J.W. Bozzelli. Combustion chemistry of nitrogen. In

W.C. Gardiner, editor, Gas phase combustion chemistry, chapter 2.

Springer-Verlag, 2000.

[49] G. da Silva. Formation of Nitrosamines and Alkyldiazohydroxides in the

Gas Phase: The CH3NH+NO Reaction Revisited. Env. Sci. Technol.,

47:7766�7772, 2013.

36



[50] S. Gong, C. Wang, and Q. Li. Theoretical study of the mechanisms and

rate constants on the reaction of H2CNH with O(P-3). Comput. Theor.

Chem., 991:141�149, 2012.

[51] M. A. Ali and J. R. Barker. Comparison of Three Isoelectronic Multiple-

Well Reaction Systems: OH + CH2O, OH + CH2CH2, and OH +

CH2NH. J. Phys. Chem. A, 119:7578�7592, 2015.

[52] M. A. Ali, J. A. Sonk, and J. R. Barker. Predicted Chemical Activation

Rate Constants for HO2 + CH2NH: The Dominant Role of a Hydrogen-

Bonded Pre-reactive Complex. J. Phys. Chem. A, 120:7060�7070, 2016.

[53] B Blumenberg and H. G. Wagner. Reaction of Methylamine with Hy-

drogen Atoms. Ber. Bunsenges. Phys. Chem., 77:253�257, 1973.

[54] I. R. Slagle, J. F. Dudich, and D. Gutman. Identi�cation of Reactive

Routes in the Reactions of Oxygen Atoms with Methylamine, Dimethy-

lamine, Trimethylamine, Ethylamine, Diethylamine, and Triethylamine.

J. Phys. Chem., 83:3065�3070, 1979.

[55] K. Kirchner, N. Merget, and C. Schmidt. Kinetics of Reactions of

Oxygen-Atoms with Amines. Chem. Ing. Techn., 46:661, 1974.

[56] R. Atkinson, R. A. Perry, and J. N. Pitts. Rate Constants for Reaction of

OH Radical with CH3SH and CH3NH2 over Temparture Range 299-426

K. J. Chem. Phys., 66:1578�1581, 1977.

[57] S. A. Carl and J. N. Crowley. Sequential two (blue) photon absorption by

NO2 in the presence of H2 as a source of OH in pulsed photolysis kinetic

37



studies: Rate constants for reaction of OH with CH3NH2, (CH3)2NH,

(CH3)3N, and C2H5NH2 at 295 K. J. Phys. Chem. A, 102:8131�8141,

1998.

[58] L. Onel, L. Thonger, M. A. Blitz, P. W. Seakins, A. J. C. Bunkan,

M. Solimannejad, and C. J. Nielsen. Gas-Phase Reactions of OH with

Methyl Amines in the Presence or Absence of Molecular Oxygen. An

Experimental and Theoretical Study. J. Phys. Chem. A, 117:10736�

10745, 2013.

[59] L. Onel, M. Blitz, M. Dryden, L. Thonger, and P. Seakins. Branching

Ratios in Reactions of OH Radicals with Methylamine, Dimethylamine,

and Ethylamine. Env. Sci. Technol., 48:9935�9942, 2014.

[60] N. I. Butkovskaya and D. W. Setser. Branching Ratios and Vibrational

Distributions in Water-Forming Reactions of OH and OD Radicals with

Methylamines. J Phys. Chem. A, 120:6698�6711, 2016.

[61] N. Borduas, J. P. D. Abbatt, J. G. Murphy, S. So, and G. da Silva.

Gas-Phase Mechanisms of the Reactions of Reduced Organic Nitrogen

Compounds with OH Radicals. Env. Sci. Technol., 50:11723�11734,

2016.

[62] Peter Gray and J.C.J. Thynne. Arrhenius parameters for elementary

combustion reactions: H-atom abstraction from N-H bonds. Symp.

(Int.) Combust., 10:435�443, 1965.

38



[63] A. Masaki, S. Tsunashima, and N. Washida. Rate Constants for Reac-

tions of Substituted Methyl Radicals (CH2OCH3, CH2NH2, CH2I, and

CH2CN) with O2. J. Phys. Chem., 99:13126�13131, 1995.

[64] T. L. Jansen, I. Trabjerg, S. Rettrup, P. Pagsberg, and A. Sillesen.

Experimental and theoretical investigation of the UV spectrum and ki-

netics of the aminomethyl radical, CH2NH2. Acta Chem. Scandinavica,

53:1054�1058, 1999.

[65] Martin T. Schuemperli, Ceri Hammond, and Ive Hermans. Reactivity

of alpha-amino-peroxyl radicals and consequences for amine oxidation

chemistry. Phys. Chem. Chem. Phys., 14:11002�11007, 2012.

[66] P. Morajkar, C. Schoemaecker, M. Okumura, and C. Fittschen. Direct

Measurement of the Equilibrium Constants of the Reaction of Formalde-

hyde and Acetaldehyde with HO2 Radicals. Int. J. Chem. Kin., 46:245�

259, 2014.

[67] Y. Tang and C. J. Nielsen. A systematic theoretical study of imines

formation from the atmospheric reactions of RnNH2−n with O2 and NO2

(R = CH3 and CH3CH2; n=1 and 2). Atm. Env., 55:185�189, 2012.

[68] Y. Pan, Y. Tang, and R. Wang. A DFT and ab initio study on the

mechanisms of atmospheric CH2NH + O(P-3) reaction. Comput. Theor.

Chem., 965:298�304, 2011.

[69] A.J.C. Bunkan, Y. Tang, S.R. Sellevag, and C.J. Nielsen. Atmospheric

gas phase chemistry of CH2=NH and HNC. A �rst-principles approach.

J. Phys. Chem. A, 118:5279�5288, 2014.

39



[70] F. L. Nesbitt, G. Marston, and L. J. Stief. Kinetic studies of the reactions

of methyleneaminylium and dideuteromethyleneaminylium radicals with

nitrogen and hydrogen atoms. J. Phys. Chem., 94:4946�4951, 1990.

[71] B. Nizamov and P. J. Dagdigian. Spectroscopic and Kinetic Investigation

of Methylene Amidogen by Cavity Ring-Down Spectroscopy. J. Phys.

Chem. A, 107:2256�2263, 2003.

[72] C. L. Rasmussen, K. H. Andersen, K. Dam-Johansen, and P. Glarborg.

Methanol oxidation in a �ow reactor: Implications for the branching

ratio of the ch3oh+oh reaction. Int. J. Chem. Kinet., 40:423�441, 2008.

[73] H. Hashemi, J.M. Christensen, S. Gersen, H. Levinsky, S.J. Klippen-

stein, and P. Glarborg. High-pressure oxidation of methane. Combust.

Flame, 172:349�364, 2016.

40


