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Abstract
Experiments on methylamine (CH3NH2) decomposition in shock tubes, flow
reactors, and batch reactors have been re-examined to improve the understand-
ing of hydrocarbon/amine interactions and constrain rate constants for CH𝑥 +

NH𝑦 reactions. In high-temperature shock tube experiments, the rapid thermal
dissociation of CH3NH2 provides a fairly clean source of CH3 and NH2 radicals,
allowing an assessment of reactions ofCH3 withNH2 and NH. At the lower tem-
peratures in batch and flow reactors, CH3NH2 is mostly consumed by reaction
with H to form CH2NH2 + H2; these results are useful in determining the fate of
theCH2NH2 radical. Interpretation of these data, alongwith flow reactor data for
the CH3NH2/H system at lower temperature, indicates that at temperatures up
to about 1400 K at atmospheric pressure and above 2000 K at 100 atm, the CH3

+NH2 reaction formsmainlymethylamine. At sufficiently high temperature, H-
abstraction to form CH4 + NH and addition–elimination to form CH2NH2 + H
become competitive. The CH3 + NH reaction, with a rate constant close to col-
lision frequency, forms CH2NH + H, also leading into the hydrocarbon amine
pool. Thus, methylamine can be expected to be an important intermediate in co-
combustion of natural gas and ammonia, and more work on the chemistry of
CH3NH2 is desirable.
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1 INTRODUCTION

Ammonia is a carbon-free energy carrier that attracts inter-
est as an alternative fuel in engines and gas turbines. In
addition to its toxicity and concerns about emissions of
nitrogen oxides (both NO𝑥 and N2O), technical barriers
include its poor combustion characteristics.1–3 Strategies
to address this problem involve the use of an additional
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fuel, for example, hydrogen, natural gas, or diesel, to secure
ignition.4,5
The co-oxidation of ammonia and methane has been

studied intensively in recent years. Ignition delay times
have been reported from experiments in rapid com-
pression machines (RCM)6–9 and shock tubes,10–12 and
results are available also from flow reactors,13–16 jet-
stirred reactors,15,17–19 and laminar premixed flames (flame
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2 GLARBORG and ALZUETA

speed20–31 and flame structure26,32–35). A comprehensive
study of the combustion chemistry of co-combustion of
ammonia with C1-fuels was recently published by Zhang
et al.36
The chemical coupling between the oxidation of ammo-

nia and methane is still not fully clarified, despite the
significant recent research effort. The reactions may either
involve H-abstraction,

CH4 + NH2 ⇄ CH3 + NH3 (R30)

CH3 + NH2 ⇄ CH4 + NH (R31)

CH3 + NH2 ⇄ CH2 + NH3

CH3 + NH ⇄ CH4 + N

or feed into the hydrocarbon amine pool,

CH3 + NH2(+M) ⇄ CH3NH2(+M) (R1)

CH3 + NH2 ⇄ CH2NH2 + H (R11b)

CH3 + NH ⇄ CH2NH +H (R32)

The key steps are believed to be the H-abstraction by NH2

from the hydrocarbon fuel (R30) and the recombination
of NH2 with the primary hydrocarbon radical to form a
hydrocarbon amine (R1).
To facilitate an improved quantitative understanding of

this reaction subset, experimental results on thermal dis-
sociation of methyl amine (CH3NH2) are re-interpreted in
terms of the present understanding of the chemistry. The
thermal dissociation of CH3NH2 has been studied exper-
imentally in batch reactors,37 flow reactors,38 and shock
tubes.39–42 With the exception of the flow reactor work,
these studies date back 25 years or more. More recent
studies on nitrogen chemistry in general43 and amines in
particular38,44,45 have served to improve our understand-
ing of the elementary steps involved, allowing a more
reliable interpretation of the published results. Experi-
ments selected for re-examination in the present work
include measurements of NH2, NH, and H from shock
tube experiments,41,42 stable species concentrations from
flow reactor experiments,38 and pressure measurements
from batch reactor experiments.37 The shock tube stud-
ies were designed to determine rate constants for CH3NH2

dissociation channels; in the present work, we look at the
implications of the experimental results also for rate con-
stants of secondary reactions, mainly the reactions of CH3

with NH2 and NH. The batch and flow reactor studies

F IGURE 1 Arrhenius plot for the reaction CH3 + NH2 +M
⇄ CH3NH2 +M (R1). The black symbol denotes a measurement of
the low-pressure limit at 300 K by Jodkowski et al.58 while the
dashed lines and the blue symbols denote values of 𝑘1 obtained
from high temperature measurements of the reverse step from
Dorko et al.,39 Higashihara et al.,40 and Votsmeier et al.,42 converted
using the thermodynamic properties. The solid line is the preferred
low-pressure limit 𝑘1,0, based on the data from Jodkowski et al. and
Votsmeier et al.

allow us to examine further the initial step (R1), as well
as the fate of the CH2NH2 radical.

2 DETAILED CHEMICAL KINETIC
MODEL

The core of the chemical kinetic model, including rate
coefficients and thermodynamic data, was drawn from
the review of nitrogen chemistry by Glarborg et al.,43 but
the H/N/O subset was updated according to Jian et al.46
while the subset for CH3NH2 was drawn initially from
Glarborg et al.45 Table 1 lists selected reactions in the
CH3NH2 decomposition subset. The full reaction mecha-
nism, as well as thermodynamic data,43,45 is available as
Supplementary Material.
The rate constant for CH3 + NH2 (+M) ⇄ CH3NH2

(+M) (R1) has been measured in the forward direc-
tion at room temperature58 and in the reverse direction
(dissociation of CH3NH2) at high temperature in shock
tube experiments.39,40,42 The shock tube results were con-
verted from 𝑘1𝑏 to 𝑘1 using the equilibrium constant.
We have based the coefficients for the low-pressure limit
on the low-temperature data from Jodkowski et al.58
and the high temperature data from Votsmeier et al.42
(Figure 1). The other shock tube data are considered less
reliable, because they were obtained under less dilute
conditions.
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GLARBORG and ALZUETA 3

TABLE 1 Selected reactions in the CH3NH2 decomposition subset. Parameters for use in the modified Arrhenius expression k = AT
𝛽

exp(−E/[RT]). Units are mol, cm, s, and cal.

A 𝜷 E Source
1. CH3 + NH2(+M) ⇄ CH3NH2(+M) 1.0E14 0.000 0 See text

Low pressure limit: 8.2E34 −5.687 0
𝐹c = 0.5

2. CH3NH2 +M ⇄ CH4 + NH +M 2.5E14 0.000 56,500 See text
3. CH3NH2 + H ⇄ CH2NH2 + H2 1.6E13 0.000 5300 See text
4. CH3NH2 + H ⇄ CH3NH +H2 2.0E12 0.000 5300 See text
5. CH3NH2 + H ⇄ CH3 + NH3 7.8E08 1.170 10,800 45
6. CH3NH2 + CH3 ⇄ CH2NH2 + CH4 1.5E06 1.870 9170 47
7. CH3NH2 + CH3 ⇄ CH3NH + CH4 1.6E06 1.870 8842 47
8. CH3NH2 + NH2 ⇄ CH2NH2 + NH3 2.8E06 1.940 5494 47
9. CH3NH2 + NH2 ⇄ CH3NH + NH3 1.8E06 1.940 7143 47
10. CH2NH2 ⇄ CH2NH +H 2.2E30 −5.465 44,717 48 (1 atma)
11. CH2NH2 + H ⇄ CH3 + NH2 8.5E13 0.000 0 See text
12. CH2NH2 + H ⇄ CH2NH +H2 4.8E08 1.500 −894 47
13. CH2NH2 + CH2NH2 → adduct 8.7E14 −0.700 −3 estb

14. CH3NH ⇄ CH2NH2 3.5E37 −7.987 44,942 49 (1 atma)
15. CH3NH ⇄ CH2NH +H 4.4E25 −4.239 36,163 48 (1 atma)
16. CH2NH +H ⇄ H2CN + H2 2.4E08 1.500 7322 47
17. CH2NH +H ⇄ HCNH +H2 3.0E08 1.500 6130 47
18. CH3CH2NH2 ⇄ C2H5 + NH2 4.5E12 0.000 63,158 50 (1 atm)
19. CH3CH2NH2 ⇄ CH3 + CH2NH2 2.7E97 −23.520 129,000 51 (1 atma)
20. CH3CH2NH2 + H ⇄ CH2CH2NH2 + H2 1.9E02 3.520 6090 52
21. CH3CH2NH2 + H ⇄ CH3CHNH2 + H2 2.4E13 0.000 5768 52
22. CH3CH2NH2 + H ⇄ CH3CH2NH +H2 2.0E07 1.870 7930 52
23. CH3CH2NH2 + CH3 ⇄ CH2CH2NH2 + CH4 4.0E-11 6.860 5135 52
24. CH3CH2NH2 + CH3 ⇄ CH2CHNH2 + CH4 1.3E-4 4.950 3544 52
25. CH3CH2NH2 + CH3 ⇄ CH3CH2NH + CH4 4.9E-7 5.760 2594 52
26. CH3CH2NH2 + NH2 ⇄ CH2CH2NH2 + NH3 9.2E12 0.000 9386 53
27. CH3CH2NH2 + NH2 ⇄ CH3CHNH2 + NH3 1.7E12 0.000 4729 53
28. CH3CH2NH2 + NH2 ⇄ CH3CH2NH + NH3 3.7E11 0.000 5398 53
29. C2H4 + NH2 ⇄ CH2CH2NH2 2.1E10 0.000 2623 54
30. CH4 + NH2 ⇄ CH3 + NH3 1.5E03 3.010 9940 55
31. CH3 + NH2 ⇄ CH4 + NH 2.3E-4 4.854 1529 56
32. CH3 + NH ⇄ CH2NH +H 8.0E13 0.000 0 See text
33. 1CH2 + NH3 ⇄

3CH2 + NH3 1.0E14 0.000 0 See text
aRate coefficients over a wider pressure range provided in Supplementary Material.
bEstimated as C2H5 + C2H5.57

Under the conditions of the shock tube experiments of
Votsmeier et al., reaction R1 is possibly slightly into the
fall-off region. We have interpreted their data assuming a
high pressure limit of 𝑘1,∞ = 1.0 ⋅1014 cm3 mol

−1
s−1, inde-

pendent of temperature. This value is compatible with the
determination of Jodkowski et al. at 300 K, but signifi-
cantly below that calculated recently by de Jesus et al.59
The low pressure limit 𝑘1,0 was then adjusted to obtain

agreement with the reported values from Votsmeier et al.
for the resulting value of 𝑘1. Further work is desirable to
characterize more accurately the temperature and pres-
sure dependence of R1, as well as the collision efficiency
of various molecules.
Based on NH-measurements in shock tube decomposi-

tion of CH3NH2, Klatt et al.41 proposed a minor dissoci-
ation channel forming CH4 + NH (R2). An NH-forming

 10974601, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21760 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fkin.21760&mode=


4 GLARBORG and ALZUETA

channel could be a direct reaction or perhaps result from
initial formation ofCH3 +NH2, followed by a roaming step
to form the final products.Wehave tentatively included the
reaction with a rate constant at 1850 K to match the mea-
sured early NH-profile reported by Klatt et al. (see Figure 9
below), applying an activation energy similar to that of the
main dissociation channel R1b.42 Klatt et al. show from
measurements of the H-atom profiles that dissociation of
CH3NH2 to CH2NH2 + H is insignificant.
Reactions of CH3NH2 with the radical pool under

pyrolysis conditions include

CH3NH2 + H → products (R3,R4,R5)

CH3NH2 + CH3 → products (R6,R7)

CH3NH2 + NH2 → products (R8,R9)

These steps mostly involve H-abstraction, with attack on
the CH3-site being favored due to a lower barrier. Accord-
ingly, CH2NH2 is formed in larger amounts than CH3NH.
The overall rate constant 𝑘tot for CH3NH2 + H was
measured at 473–683 K by Blumenberg and Wagner.60 In
addition, several ab initio studies have been reported.61–63
Figure 2 shows an Arrhenius plot for the reaction. The
calculated values by Kerkeni and Clary62 are in reasonable
agreement with the experimental study of Blumenberg
and Wagner, while the other theoretical studies61,63 imply
rate constants that are faster than the experimental
values, but possibly within their uncertainty. The present
modeling study supports a direct extrapolation to higher
temperature of the overall rate constant of Blumenberg
and Wagner (see below). We have adopted their value for

F IGURE 2 Arrhenius plot for the reaction CH3NH2 + H→

products. The symbols and solid line show the experimental results
for the overall reaction from Blumenberg and Wagner60 while the
dashed lines denote theoretical values from Zhao et al.61, Kerkeni
and Clary,62 and Zhang et al.63

𝑘tot, combining it with the branching fraction 𝑘3/(𝑘3 +
𝑘4) of 90% as calculated by Kerkeni and Clary. Glarborg
et al.45 investigated theoretically the possible importance
of a channel to CH3 + NH3 (R5), but found it to be too
slow to compete with H-abstraction.
For the reactions ofCH3NH2withCH3 (R6, R7) andNH2

(R8, R9),wehave adopted theQRRKestimates ofDean and
Bozzelli.47 For CH3NH2 + CH3, the sum of the rate con-
stants is in good agreement with the overall rate reported
by Gray and Thynne64,65 at 383–453 K, but the extrapola-
tion to high temperature is uncertain. ForCH3NH2 +NH2,
there are no experimental data reported. A recent theo-
retical study by Rawadief et al.53 indicates rate constants
that are significantly lower than those proposed by Dean
and Bozzelli.
In the absence of O2, the radicals CH2NH2 and CH3NH

would be expected mainly to dissociate thermally at com-
bustion temperatures. The rate constants for thermal
dissociation

CH2NH2 ⇄ CH2NH +H (R10)

CH3NH ⇄ CH2NH +H (R15)

were recently calculated by Sun et al.48 over awide range of
temperature and pressure and we have adopted their val-
ues. Isomerization (R14) is too slow to compete with the
H-elimination steps.48,49
Due to its low thermal stability, the reactions ofCH2NH2

with the radical pool are of interest mainly if the reverse
reaction plays a role in the hydrocarbon/amine chemical
coupling. For example, the reaction of CH2NH2 with H
yields CH3 + NH2,

CH2NH2 + H ⇄ CH3 + NH2 (R11)

Reaction R11 competes with direct H-abstraction,

CH2NH2 + H ⇄ CH2NH +H2 (R12)

The branching fraction between these two channels,
defined as 𝛼 = 𝑘11/(𝑘11 + 𝑘12), can be estimated from
the results of Blumenberg andWagner.60 They determined
the relative yield of N2 in the CH3NH2/H reaction system
when adding different levels of NO (Figure 3). Since NH2

reacts rapidly with NO,43

NH2 + NO ⇄ N2 + H2O

NH2 + NO ⇄ N2 + H + OH

the N2 yield is a measure of the NH2 formed. At the low
temperatures of their experiments (473–683 K), reaction
R11 is the only important source of NH2, since thermal
dissociation of CH3NH2 (R1) is insignificant.
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GLARBORG and ALZUETA 5

F IGURE 3 The relative yield of N2 in the CH3NH2/H reaction
system when adding different levels of NO. The symbols denote the
measured by Blumenberg and Wagner,60 while the solid line
denotes the correlation f(N2) = ([NO]0/[CH3NH2]0)/𝛼 (for f(N2) ≤
1), where f(N2) is the relative fraction of N2 and 𝛼 is the branching
fraction for the CH2NH2 + H reaction, defined as 𝑘11/(𝑘11 + 𝑘12).
The dashed lines show the effect of varying 𝛼 as 0.85 ± 0.1.

The N2 yield, thus, provides a measure of the branch-
ing fraction for the CH2NH2 + H reaction, since 𝛼 ≃

[NO]0/[CH3NH2]0 when the N2 yield reaches its maxi-
mum. From the data in Figure 3, we estimate a value of 𝛼
of about 85%. The overall rate constant for CH2NH2 +H is
not known, but it can be assumed to be very fast. Adopting
a QRRK estimate for 𝑘12,47 we arrive at a value of 𝑘11 close
to collision frequency (Table 1). The estimated uncertainty
in 𝑘11 is a factor of 2.5.
Other product channels for CH2NH2 + H can be dis-

regarded. Based on the results of Klatt et al.41 discussed
above, recombination of CH2NH2 and H to form CH3NH2

is insignificant; the rate constant must be considerably
lower than that of the similar reaction C2H5 + H (+M).
Formation of methylene and ammonia is not likely to
be a major channel either. The reaction 1CH2 + NH3 →

products would be expected to be fast, similar to other
reactions of singlet methylene with stable species.43 If it
proceeded by addition–elimination to form CH2NH2 + H,
being almost thermo-neutral, it would be very fast also in
the reverse direction. However, there are no indications
of CH2NH2 + H forming singlet methylene to any sig-
nificant extent.60 Consequently, we assume that 1CH2 +

NH3 mostly proceeds through intersystem crossing (ISC)
to form 3CH2 + NH3 (R33), similar to reactions of 1CH2

with O2, H2O, and N2.43
Other reactions of CH2NH2 of interest include the self-

reaction,

CH2NH2 + CH2NH2 → adduct (R13)

This step may become important under undiluted condi-
tions at not too high temperature, such as decomposition
of pure CH3NH2 in a batch reactor.37 In the absence of any
experimental or theoretical data on the reaction, its rate
constant was assumed to be similar to that of C2H5 recom-
bination, which is at its high pressure limit even at fairly
low pressure.57
A major motivation for the present study was to re-

interpret global experiments on CH3NH2 decomposition
to constrain rate constants for radical-radical reactions
coupling the hydrocarbon/amine chemistry; mainly the
reactions of CH3 with NH2 and NH. In addition to
recombination (R1) and formation of CH2NH2 + H
(R11b), CH3 + NH2 may proceed as an H-abstraction
reaction,

CH3 + NH2 ⇄ CH4 + NH (R31)

This step has been measured in the reverse direction at
high temperature by Rohrig and Wagner,66 while no data
have been reported in the forward direction. Theoretical
values by Dean and Bozzelli47 from QRRK estimation and
by Xu et al.56 from ab initio calculations (chosen in the
presentwork) are both in good agreementwith experiment
(Figure 4).
The CH3 + NH reaction is expected to be very fast, but

only an estimate of the rate constant is available.47 Presum-
ably, it proceeds through addition–elimination rather than
H-abstraction,

CH3 + NH ⇄ CH2NH +H (R32)

F IGURE 4 Arrhenius plot for the reaction CH3 + NH2 ⇄ CH4

+ NH (R20). The black symbols denote measurements by Rohrig
and Wagner66 of the reverse step, converted using the
thermodynamic properties. The lines show the theoretical values
obtained from QRRK47 and ab initio56 calculations, with the latter
value preferred in the present work.
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6 GLARBORG and ALZUETA

We have adopted a value of 𝑘32 based on the mea-
sured NH-profile in the CH3NH2 decomposition shock
tube experiment reported by Klatt et al.41 (see discus-
sion below). Reactions of radicals with stable species (CH4

or NH3) are less important in pyrolysis of CH3NH2, but
are included in the mechanism for completeness; these
include CH4 + NH2 ⇄ CH3 + NH3 (R30).55
Reactions in the CH3CH2NH2 subset may also have

implications for decomposition of CH3NH2. Higher
amines may be formed by recombination of CH3 and
CH2NH2 or by reaction of C2-hydrocarbons with the
amine pool. The core of this subset was drawn from the
work of Lucassen et al.,44 but selected reactions were
revised in the present work. The thermal dissociation of
CH3CH2NH2 has been studied both experimentally and
theoretically. Figure 5 compares the NH2 measurements
in a shock tube from Li et al.50 with the calculated values
from Almatarneh et al.67 and Zhang et al.51 The reac-
tion has two product channels: C2H5 + NH2 (R18) and
CH3 + CH2NH2 (R19). There are major discrepancies
between the experimental results and the theoretical
work. For R18, we rely tentatively on the measured value
from Li et al. (atmospheric pressure); the calculated
rate constant from Zhang et al. is almost an order of
magnitude faster and appear to be incompatible with
the shock tube study. For the second channel, there is
better agreement and we adopt the rate coefficients from
Zhang et al. since they cover a wide range of pressure and
temperature.
Reactions of CH3CH2NH2 with the radical pool (H,

NH2, CH3) have only been studied theoretically52,53,68

F IGURE 5 Arrhenius plot for the reaction
CH3CH2NH2 → C2H5 + NH2 (R18) or CH3 + CH2NH2 (R19) at 1
atm. The symbols denote measurements by Li et al.50 while the lines
show the theoretical values obtained by Almatarneh et al.67 and
Zhang et al.51

and there are significant differences between the reported
rate constants. We have tentatively adopted values from
Pappijn et al.52 and Rawadieh et al.53

3 RESULTS AND DISCUSSION

3.1 Shock tube experiments

The most reliable shock tube results on methylamine
decomposition are those reported by Votsmeier et al.42
and Klatt and Wagner.41 These studies, conducted in
the temperature range 1780–1850 K and pressures of
0.5–1.6 atm, involved measurements of concentration pro-
files for the radicals NH2, NH, and H. Under these
conditions, CH3NH2 largely dissociates to form CH3 +

NH2 (R1), while H-abstraction reactions with the radi-
cal pool leading to CH2NH2 or CH3NH are insignificant.
Figure 6 shows a pathway diagram for CH3NH2 conver-
sion. Due the high yield of CH3 and NH2, the shock
tube data are useful for investigating CH𝑥∕NH𝑦 radical–
radical reactions, that is, CH3 + NH2, CH3 + NH, and
NH2 + NH2.
Figure 7 compares the measurements of NH2 by

Votsmeier et al.42 with modeling predictions. The data
were obtainedwith 100 ppmCH3NH2 in Ar at 1.63 atm and
1782 K. As discussed above, our preferred rate constant for
R1 is largely based on their work, but their results are also
of value in evaluating the ability of the model to describe
CH𝑥∕NH𝑦 radical reactions.
The model predicts well the initial formation and the

peak concentration of NH2, while its consumption rate
at longer reaction times is slightly underestimated. The
NH2 concentration is a result of the competition between

F IGURE 6 Pathway diagram for decomposition of CH3NH2

under very dilute conditions in a shock tube in the temperature
range 1780–1850 K and pressures of 0.5–1.6 atm.
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GLARBORG and ALZUETA 7

F IGURE 7 Comparison of the shock tube measurements of
NH2 by Votsmeier et al.42 with modeling predictions in
decomposition of CH3NH2. Experimental conditions: 100 ppm
CH3NH2 in Ar at 1.63 atm and 1782 K.

F IGURE 8 Sensitivity analysis for NH2 for the conditions of
Figure 7 (100 ppm CH3NH2 in Ar at 1.63 atm and 1782 K).

formation by thermal dissociation of CH3NH2 (R1) and
consumption reactions (Figure 6). Figure 8 shows the
results of a sensitivity analysis for NH2 at 50 and 200 μ
s, respectively, for the conditions of Figure 7. At short
reaction times, the NH2 profile is mainly sensitive to R1,
and the good agreement between experiment and predic-
tions supports the current value of 𝑘1. At longer reaction
times, NH2 becomes more sensitive to its consumption
reactions. These are mostly radical–radical steps, with the
most important being NH2 + H ⇄ NH + H2 and NH2

+ NH2 ⇄ NH3 + NH. However, also reactions of NH2

with CH3 (R11b, R31), CH3NH2 (R8), and NH show up
with smaller coefficients. Because R1 promotes formation
of chain carriers, the sign of its sensitivity coefficient
changes from positive at short reaction times (where NH2

formation through R1 dominates) to negative at longer

F IGURE 9 Comparison of the shock tube measurements of
NH by Klatt et al.41 with modeling predictions in decomposition of
CH3NH2. Experimental conditions: 28.1 ppm CH3NH2 in Ar at 0.52
atm and 1851 K. The solid line shows predictions with the preferred
rate constant for CH3 + NH of 𝑘32 = 8.0 ⋅1013 cm3 mol

−1
s−1, while

the short-dashed lines and the long-dashed line show the effect of
varying it by a factor or two and setting it equal to 0, respectively.

times (where consumption of NH2 by reaction with other
radicals is predominant).
The reason for the slight underprediction of the NH2

consumption rate at longer times is not clear. The rate con-
stants for the reactions of NH2 with H and with itself are
fairly well established, with consistent measurements in
both the forward and reverse directions,69 while that for
NH2 + NH is still in discussion. Apart from 𝑘1, the sen-
sitivity towards CH3 + NH2 is insufficient to constrain its
rate coefficients.
Figure 9 compares modeling predictions with the mea-

surements of NH by Klatt and Wagner.41 Their focus
was mainly on investigating minor secondary dissociation
channels forCH3NH2, that is, anNH-forming channel and
direct H-elimination. Their results, with no delay in for-
mation of NH, support that dissociation of CH3NH2 does
indeed include a minor direct formation channel to CH4

and NH (R2). At longer times, other reactions become the
dominant sources of NH; these include CH3 + NH2 ⇄

CH4 + NH (R31), NH2 + H ⇄ NH + H2, and NH2 +

NH2 ⇄ NH3 + NH.
Figure 10 shows a sensitivity analysis for NH for the con-

ditions of Figure 9. At short reaction times, the predicted
NH concentration is only sensitive to the formation from
R2. At longer times, the other steps forming NH become
dominant; that is, CH3 + NH2 (R31), NH2 + H, and NH2

+ NH2. Also the major steps consuming NH show up as
sensitive, primarily CH3 + NH (R32) and NH2 + NH.
The sensitivity towards theCH3 +NH reaction is of par-

ticular interest, since its rate constant has not previously

 10974601, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21760 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fkin.21760&mode=


8 GLARBORG and ALZUETA

F IGURE 10 Sensitivity analysis for NH for the conditions of
Figure 9 (28.1 ppm CH3NH2 in Ar at 0.52 atm and 1851 K).

F IGURE 11 Comparison of the shock tube measurements of
H by Klatt and Wagner41 with modeling predictions in
decomposition of CH3NH2. Experimental conditions: 19.2 ppm
CH3NH2 in Ar at 0.54 atm and 1840 K.

been determined. The NH-profile from Klatt and Wag-
ner indicates that R32 is very fast; the best agreement is
obtained with 𝑘32 = 8.0 ⋅1013 cm3 mol

−1
s−1. The dashed

lines on Figure 9 illustrate the impact of varying the value
of 𝑘32 in the modeling predictions.
Figure 11 presents results for atomic H from Klatt and

Wagner. The measurements indicate a delay of about
100 μ s in the rapid formation of H, showing that
direct H-elimination from CH3NH2 is insignificant. At
reaction times above 100 μ s, a strong increase in the
H-concentration was detected.
The modeling predictions strongly underpredict H at

longer reaction times; roughly by a factor of four. Since
CH3NH2 dissociates rapidly to CH3 and NH2 (Figure 6),
the H-formation must result mainly from reactions involv-
ing these radicals. These include CH3 + CH3 → C2H5

+ H, CH3 + NH2 → CH2NH2 + H (R11b), and NH2 +

F IGURE 1 2 Sensitivity analysis for H for the conditions of
Figure 11 (19.2 ppm CH3NH2 in Ar at 0.54 atm and 1840 K).

NH2 → N2H3 + H. To bring the predictions in agreement
with the observed H-yield, one of these steps would have
to be an order of magnitude faster (see the sensitivity
analysis in Figure 12). An error in one of the rate con-
stants of this magnitude is unlikely. The rate constant
for the dissociative recombination of CH3 is known
quite accurately at the temperature of Figure 9 (1840 K)
from shock tube experiments.70,71 The reaction NH2 +

NH2 → N2H3 + H has been shown by theory to occur
without barrier in the reverse direction.72 Common for
these steps is that they are all endothermic, with reverse
rate constants of around 1014 cm3 mol

−1
s−1, that is, close

to collision frequency. The only way their rate could be
significantly faster and thus improve the agreement of
modeling predictions with experiment was if there was a
significant error in the thermodynamic properties of one
the involved species. This is unlikely, however. Even the
heat of formation of CH2NH2 is known quite accurately
(± 0.1 kcalmol−1).73,74
Other reactions showing up in the sensitivity analysis

include the dissociation steps for CH3NH2 (R1, R2), with
the largest impact at short times, and the fast reactions
of NH with CH3 (R32) and NH2. At this point, it is diffi-
cult to explain the large discrepancy between calculations
and measurements.
The shock tube measurements of CH3NH2 decompo-

sition reported by Dorko et al.39 and Higashihara et al.40
were obtained at higher CH3NH2 concentrations (1%–5%),
using IR detection to quantify selected species profiles.
Cross-interference between species with C–H bonds com-
plicates the analysis of these data sets. Figure 13 compares
results forCH3NH2 andNH3 by Dorko et al.,39 as extracted
by Higashihara et al.,40 with modeling predictions. Since
the experiments were less dilute (1% CH3NH2) and con-
ducted at lower temperature (1635–1678 K) and higher
pressure (about 4.5 atm), they involved a more com-
plex secondary chemistry, with formation of CH2NH2

being significant.

 10974601, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21760 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [29/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fkin.21760&mode=


GLARBORG and ALZUETA 9

F IGURE 13 Comparison of the shock tube measurements of
CH3NH2 and NH3 by Dorko et al.39 with modeling predictions in
decomposition of CH3NH2. Experimental conditions: 1% ppm
CH3NH2 in Ar at 4.57 atm and 1678 K (CH3NH2) and 4.41 atm and
1635 K (NH3), respectively. The experimental data were extracted
from the original work by Higashihara et al.40

The agreement between measurements and modeling
predictions is satisfactory, considering the complexity of
the chemistry and the experimental uncertainty. The ini-
tial slope of CH3NH2 is captured by the model, supporting
the present value of 𝑘1. The fact that the observedCH3NH2

does not approach zero indicates cross-interference with
intermediates and products formed, affecting the profile
at longer times. At the temperature of these experiments,
dissociation of CH3NH2 is slower and secondary reactions
with radicals play a role. Most of the predicted NH3 is
formed by the H-abstraction reaction between CH3NH2

and NH2. The reasonable agreement for NH3 between
measurement and predictions supports the QRRK esti-
mate for CH3NH2 + NH2, as opposed to the significantly
lower value calculated by Rawadief et al.53

3.2 Flow reactor and batch reactor
experiments

Experimental results on CH3NH2 decomposition in reac-
tors are quite limited. The thermal dissociation ofCH3NH2

has been studied by Emeleus and Jolley37 in a batch reac-
tor and very recently byMarrodán et al.38 in a flow reactor.
Both studies were conducted at temperatures of 900–1200
K. In this range, the decomposition chemistry of CH3NH2

is quite different from that of the shock tube experiments,
as shown in the reaction pathway diagram in Figure 14.
The lower temperatures result in a slower thermal dis-

sociation of CH3NH2, and consequently CH3 and NH2

F IGURE 14 Pathway diagram for decomposition of CH3NH2

in a batch or flow reactor in the temperature range 900–1200 K at
varying pressure and degree of dilution.

are formed only in small concentrations. Instead, the
decomposition proceeds mainly through a sequential H-
abstraction/H-elimination sequence, forming HCN as the
final product if the reaction proceeds to completion. The
reactor experiments allow us to examine further the initial
step (R1), as well as the fate of CH2NH2.
Marrodán et al.38 investigated CH3NH2 pyrolysis in

a flow reactor at atmospheric pressure. They quantified
the reactant CH3NH2 and the main products HCN and
H2, along with minor species such as CH4, NH3, and
CH2NH. Figure 15 compares their measurements of the
major species with modeling predictions.
Marrodán et al. reported that it was challenging to

capture the experimental results by the kinetic model,
which, similar to the present mechanism, was based on
the work of Glarborg et al.45 Both in their work and in
the current study, the initialmodeling predictions involved
a much faster conversion of CH3NH2 than observed
experimentally. The discrepancy could conceivably be
attributed to erroneous rate constants for CH3NH2 disso-
ciation (R1), its reaction with H (R2-R4), or to subsequent
reactions of CH2NH2; mainly its thermal dissociation
(R10) (see the sensitivity analysis in Figure 16). Marrodán
et al. concluded that the most uncertain rate constant
among these was the QRRK estimate47 used by Glar-
borg et al. for CH2NH2 + M ⇄ CH2NH + H + M (R10),
and they reduced this value to improve agreement with
experiment.
In the present work, we adopted the rate constant

for R10 calculated recently by Sun et al.48 Being more
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10 GLARBORG and ALZUETA

F IGURE 15 Comparison of experimental and predicted mole
fractions for decomposition of CH3NH2 in a flow reactor. The
experimental data are taken from Marrodán et al.38 The symbols
mark experimental data while the lines denote modeling
predictions with the model with the rate coefficients for CH3NH2 +

H (R3, R4) from Blumenberg and Wagner60 (solid line, preferred)
and Kerkeni and Clary62 (dashed line), respectively. Experimental
conditions: inlet composition is 905 ppm CH3NH2, 2650 ppm H2O;
balance Ar; pressure 1.0 atm, residence time 𝜏(s) = 195 / T(K)
(constant mass flow).

F IGURE 16 Sensitivity analysis for CH3NH2 for the
conditions of Figure 15 (905 ppm CH3NH2, 2650 ppm H2O in Ar at
1.0 atm, 1000 K).

reliable than the QRRK estimate, this value still has some
uncertainty due to the lack of experimental calibration.
However, in line with the QRRK estimate, the work of
Sun et al. indicates that the reaction is so fast that it under
most conditions, particularly in the absence of O2, would
dominate consumption of CH2NH2.
To improve the modeling predictions, we tentatively

adopt the measured rate coefficients for CH3NH2 +H (R3,
R4) from Blumenberg and Wagner,60 instead of the theo-
retical values from Kerkeni and Clary62 preferred in our
previous work.38,45 While the two sets of rate constants

F IGURE 17 Comparison of experimental and predicted
pressure increase in decomposition of CH3NH2 in a quartz batch
reactor. The experimental data are taken from Emeleus and Jolley.37

The symbols mark experimental data while solid lines denote model
predictions. Conditions: starting pressure P0 varying; inlet
composition pure CH3NH2.

agree reasonably well at the temperatures of the experi-
ments of Blumenberg and Wagner (473–683 K), they devi-
ate strongly at higher temperatures (Figure 2). The dashed
lines in Figure 15 show the effect of replacing the preferred
values with those of Kerkeni and Clary. However, due to
the sensitivity to other reactions (Figure 16), the results
are not conclusive with respect to 𝑘3 and 𝑘4, and it would
be desirable to extend the experimental characterization of
the CH3NH2 + H reaction to higher temperature.
The reaction progresses according to the pathway

diagram in Figure 14. Initially, methylamine is con-

verted through the sequence CH3NH2

+H
⟶ CH2NH2

+M
⟶

CH2NH. At lower temperatures, the concentration of
CH2NH builds up, but above 1050 K, it is converted to

HCN through the sequence CH2NH
+H
⟶HCNH

+M
⟶HCN

(shown as dashed lines in Figure 14).
With the modified rate constant for CH3NH2 + H (R3,

R4), the predictions agree well with the measured concen-
tration profiles for the major species. Marrodán et al. did
not detect CH4 (<10 ppm). The data for NH3 and CH2NH

were associated with a higher uncertainty due to possible
cross-interference. Accordingly, we do not show compar-
isons between modeling predictions and measurements
for these minor species.
Emeleus and Jolley37 conducted batch reactor experi-

ments with pure CH3NH2, varying the starting pressure
P0 in the range 33–268 torr. The progress of reaction was
monitored by detecting the pressure increaseΔP. Figure 17
compares their results at 890 K with modeling predictions.
The agreement is satisfactory, considering the experimen-
tal and kinetic uncertainties for these conditions. Emeleus
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GLARBORG and ALZUETA 11

F IGURE 18 Sensitivity analysis for the predicted pressure P
for the conditions of Figure 17 (pure CH3NH2, 890 K, 200 s).

and Jolley investigated the impact of surface activity by
conducting experiments in empty and packed reactors.
They found that an increased surface/volume ratio affected
the competition between dehydrogenation (CH3NH2 →

HCN+2H2) and hydrogenation (CH3NH2 + H2 → CH4 +

NH3). In a packed bed, formation ofCH4 was strongly pro-
moted, reducing the pressure increase. However, in the
empty reactor used for the experiments in Figure 17, we
expect the surface interaction to be limited.
In addition to experimental concerns, there are con-

siderable uncertainties in the modeling. The dissociation
of CH3NH2 (R1b) is in the fall-off region under these
conditions, and its fall-off behavior is uncertain. Fur-
thermore, by analogy with CH4 and NH3,75,76 CH3NH2

would be expected to have a significantly larger colli-
sion efficiency than Ar. With initially pure methylamine,
this would have a major impact on the rate of thermal
dissociation of CH3NH2 (R1b) and CH2NH2 (R10). We
have tentatively assumed a collision efficiency of CH3NH2

compared to Ar of 5, with an uncertainty of about a
factor of 2.
Another issue is the fate of the CH2NH2 radical.

At 890 K, the thermal dissociation (R10) is sufficiently
slow that other consumption reactions may be competi-
tive. In the course of analyzing the data from Emeleus
and Jolley, we found that a strongly terminating step
was required to explain the pressure dependence. We
believe that recombination of CH2NH2 to form an
adduct (R13) may play an important role and included
this step with a rate constant similar to that of C2H5

recombination.
Figure 18 shows the sensitivity of the predicted pres-

sure towards the key steps in the reaction mechanism
for the conditions of Figure 17. The analysis confirms
the importance of CH3NH2 (+M) ⇄ CH3 + NH2 (+M)
R1b, CH2NH2 + M ⇄ CH2 NH + H + M (R10), and
CH2NH2 + CH2NH2 → adduct (R13). While recombina-
tion of CH2NH2 to form an adduct (R13) is conceivably

F IGURE 19 Arrhenius plot for the reaction CH3 + NH2 →

products at pressures of 1 and 100 atm. The channel to CH2NH + H2

has a high barrier47 and is not shown.

important under these conditions, it is insignificant at
higher temperatures and dilute conditions, such as in the
flow reactor experiments of Marrodán et al. (Figure 15).

4 CONCLUDING REMARKS

Co-combustion of ammonia with natural gas may be an
attractive option in spark-ignited engines and other appli-
cations. By analogy with other ammonia/co-fuel systems,
H-abstraction from the fuel (CH4 + NH2 ⇄ CH3 + NH3)
may have an impact on the ignition process. However,
the subsequent radical–radical reactions CH𝑥 + NH𝑦 will
be important for the fate of the reactive nitrogen, that is,
whether it is converted through amine oxidation or feeds
into the hydrocarbon amine/cyanide pool. The key step
is the reaction between CH3 and NH2, which has mul-
tiple product channels; the major ones being CH3NH2

(+M) (R1), CH2NH2 + H (R11b), and CH4 + NH (R31).
In this work, it has been possible to constrain the rate
constants for several of these steps, facilitating a more
reliable assessment of the fate of the N-atom in this reac-
tion. Figure 19 shows an Arrhenius plot for CH3 + NH2.
According to our present understanding, recombination of
CH3 and NH2 to form methylamine (R1) dominates up to
about 1400 K at atmospheric pressure and below 2000 K
at 100 atm. At sufficiently high temperature, H-abstraction
to formCH4 +NH (R31) and addition–elimination to form
CH2NH2 + H (R11b), with similar rate constants, become
competitive.
The implication of these results is that methylamine

can be expected to be an important intermediate in co-
combustion of natural gas and ammonia, and more work
on the chemistry of CH3NH2 is desirable.
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