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Abstract 2-methylfuran (2-MF) has become of interest as biofuel because of its properties
and the improvement in its production method, and also because it is an important intermediate in the conversion of 2,5-dimethylfuran. In this research, an experimental and kinetic
modelling study of the oxidation of 2-MF in the absence and presence of NO has been performed in an atmospheric pressure laboratory installation. The experiments were performed
in a flow reactor and covered the temperature range from 800 to 1400 K, for mixtures from
very fuel-rich to very fuel-lean, highly diluted in nitrogen. The inlet 2-MF concentration
was 100 ppm. In the experiments in the presence of NO, the inlet NO concentration was
900 ppm. An interpretation of the experimental results was performed through a gas-phase
chemical kinetic model. A reasonable agreement between the experimental trends and the
modelling data is obtained. The results of the concentration profile of 2-MF as a function of
temperature indicate that, both in the absence and in the presence of NO, the onset of 2-MF
consumption is shifted to lower temperatures only under fuel-lean and very fuel-lean conditions. Furthermore, under these conditions the presence of NO also shifts the onset of 2-MF
consumption to lower temperatures. The effect of the 2-MF presence on the NO reduction
varies with the oxygen concentration. It is seen that under very fuel-rich and stoichiometric conditions NO is reduced basically by reburn reactions, while under fuel-lean and very
fuel-lean conditions, the NO-NO2 interconversion appears to be dominant.
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1 Introduction
Furan derivatives have recently gained a special interest as it is believed they may be a good
alternative as new biofuels. 2,5-dimethylfuran (2,5-DMF, C6 H8 O) and 2-methylfuran (2MF, C5 H6 O) have an special importance due to the improvement in their production method
through the conversion of fructose, glucose, and even cellulose [1–3]. Moreover, 2-MF is a
product formed in both the pyrolysis and oxidation of 2,5-DMF. This work is focused on
2-MF. Research on 2,5-DMF oxidation, and its interaction with NO can be found in our
previous publications [4, 5].
2-MF has attractive properties as biofuel, it has even several advantages over ethanol, the
currently more used biofuel. For example, its higher rate of vaporization and higher combustion stability make it more robust to cold engine start than ethanol [6]. In this way, the
potential of 2-MF as biofuel has been already investigated in spark ignition (SI) engines
[6, 7]. Wang et al. [8] studied the combustion characteristics and emissions of 2-MF compared to 2,5-DMF, gasoline and ethanol in a direct injection spark ignition (DISI) engine.
They found that the overall regulated emissions (CO, HC (unburned hydrocarbons), NOx
and PM (particulate matter)) from 2-MF are comparable to the other tested fuels, whereas
the aldehyde emission is much lower than the obtained from gasoline and ethanol. To our
knowledge, 2-MF has not yet been studied in diesel vehicles.
As a biofuel candidate, a better understanding of the combustion of 2-MF is necessary.
Grela et al. [9] studied the decomposition of furan, 2-MF and 2,5-DMF in a heated flow
reactor operating at very low pressures (1 mtorr) and temperatures of 1050-1270 K. Lifshitz
et al. [10] studied the decomposition of 2-MF behind shock waves in a pressurized driver
single pulse shock tube over the temperature range 1100-1400 K. More recently, the combustion intermediates in 2-MF premixed flames [11], laminar burning characteristics [12,
13], ignition delays in shock-tube [14–17] and computational study of the combustion and
atmospheric decomposition of 2-MF [18], have been studied. Somers et al. [19] conducted
an experimental and modelling ignition delay time study for 2-MF for different equivalence
ratios (0.5, 1, and 2) in the 1200-1800 K temperature range, and laminar burning velocities
were also determined for mixtures of 2-MF at equivalence ratios of 0.55-1.65 in the 298398 K temperature range. The authors used these experimental results to validate a chemical
kinetic mechanism which describes the 2-MF oxidation. In this mechanism, Quantum-RiceRamsperger-Kassel (QRRK) theory with a Modified Strong Collision (MSC) approach was
utilized to account for the influence of pressure on reaction rate constants. The reactions of
hydrogen atoms with the fuel were highlighted as important. Specifically, through sensitivity analysis, they found that the H-abstraction by hydrogen atoms promotes reactivity while
the H-addition at the C2 site of 2-MF inhibits it. This model has been used in recent studies
addressing the ignition phenomena of 2-MF [14, 15]. Continuing with this work, Somers et
al. [20] described, in a more complete way, the ab initio calculations in which their original
model [19] was based. Here the authors used more rigorous Rice-Ramsperger-KasselMarcus (RRKM) theory calculations coupled with an energy grained Master Equation (ME)
solution to account for the influence of pressure on reaction rate constants. The new kinetic
mechanism developed was validated with different experimental results from literature (e.g.
[10, 14])
A series of three papers jointly consider the combustion chemistry of furan [21] and its
alkylated derivatives: 2-MF [22] and 2,5-DMF [23], under premixed low-pressure flame
conditions using molecular-beam mass spectrometry and gas chromatography. The reaction mechanism used in this series of papers [21–23] is based on a previous mechanism
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by Sirjean et al. [24] which was developed to describe the combustion of 2,5-DMF. This
mechanism [24] includes the furan oxidation sub-mechanism of Tian et al. [25] and a 2MF oxidation sub-mechanism based on analogies with 2,5-DMF and furan reactions. In
the above mentioned series of fuel studies [21–23], some of the reactions or rate parameters of the furan and 2-MF sub-mechanisms in the Sirjean et al. [24] model were updated
or replaced to improve the simulation of some intermediates, while the 2,5-DMF submechanism was not changed. Through this modified mechanism [21–23], the authors
found that the H-addition pathways played an important role in the 2-MF consumption
and species formation. Continuing with the work of Tran et al. [22], Moshammer et al.
[26] studied the premixed combustion of 2-MF by measuring oxygenated and hydrocarbon intermediates, using synchrotron-generated vacuum-ultraviolet photons in combination
with a high-resolution mass spectrometer. The experimental data are compared with modelling calculations using the combustion chemistry model employed in the series of three
papers [21–23] with success. However, many experimentally newly detected species such as
fulvene, C5 H4 isomers (pentatetraene, ethynylallene, 1,3-pentadiyne, and 1,4-pentadiyne),
C3 H8 O isomers (1- and 2-propanol and ethyl methyl ether), vinyl ketene (CH2 CHCHCO),
etc., are not included in the model from Tran et al. [22], thus the results of these species
could not be compared with modelling results.
It is important to study the oxidation of 2-MF, but also to study the effect of the presence
of typical contaminants existing in the combustion chamber of engines, as for example NO,
on the oxidation of 2-MF, as well as to study if the presence of 2-MF is able to reduce the
concentration of these contaminants, in this case NO. Thus, in this work we have investigated the 2-MF oxidation in the absence and in the presence of NO. The inlet 2-MF and NO
concentrations were 100 and 900 ppm, respectively, which correspond to an inlet C/N ratio
of 0.56. All the experiments were carried out in a quartz flow reactor at atmospheric pressure, in the temperature range 800-1400 K, for different air excess ratio values (λ = 0.3, 1, 5
and 50), which is defined as the inlet oxygen concentration divided by the oxygen necessary
for complete combustion. Thus, the influence of the oxygen concentration on the oxidation
of 2-MF and on the NO consumption can be evaluated. The main reactions involved in the
oxidation of 2-MF in the presence and absence of NO, as well as, in the NO consumption,
have been identified by interpreting the experimental results in terms of a detailed chemical
kinetic model. With this paper, in addition to show the influence of the presence of NO on
the 2-MF oxidation and show if 2-MF is capable to reduce the NO concentration under different oxidizing conditions, we provide experimental data that can be used to further refine
chemical kinetic models for 2-MF.

2 Experimental Approach
Experiments were performed in an atmospheric pressure facility previously used and
described [e.g. 27, 28]. Briefly, the quartz flow reactor employed, with an inner diameter
of 8.7 mm and a reaction zone of 200 mm in length, was designed for obtaining plug flow
conditions [29]. This reactor is placed in a three-zone electrically heated furnace. The flat
temperature profile is within ±10 K. The gases are led to the reactor through calibrated mass
flow-controllers in four separate streams: a main flow, which contains water vapor and nitrogen, and three injector tubes, through which 2-MF, O2 and NO (this last when applicable)
are supplied. Water vapor is injected saturating a N2 stream through a water bubbler. N2 is
used to close the balance, i.e, to achieve a total flow rate of 1000 mL(STP)/min. To achieve
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a well-defined reactor volume, the main flow and the three injector flows are heated separately and mixed in cross-flow at the reactor inlet. The residence time, for the given total
flow rate and a constant volume of the reaction zone is, tr (s)=195/T(K).
The gas outlet stream is cooled using cold air, and passes through a condenser and filter
for conditioning. The concentration of 2-MF, NO and some products, including some nitrogen species, was analyzed by using an Agilent 3000A microchromatograph (2-MF, H2 , CO,
CO2 , C2 H4 , C2 H2 ), an ABB continuous Uras 14 IR for CO/CO2 and Uras 26 IR for NO,
and Mattson Fourier Transform Infrared (FTIR) spectrometer (NO, NO2 , N2 O, HCN and
NH3 ). The uncertainty of the concentration measurements is estimated as ±5 %, except for
the FTIR spectrometer, which is estimated as ±10 %.
The experimental specifications are gathered in Table 1. The oxygen concentration is
varied for air excess ratio values ranging from 0.3 to 50. 900 ppm of NO is used in the experiments of 2-MF oxidation in the presence of NO, corresponding to an inlet C/N ratio value
of 0.56, which is similar to previous studies in our group [e.g. 28], and this NO concentration can be representative of real combustion processes [30, 31]. All the experiments are
performed under very diluted conditions to prevent heat release, so an isothermal reaction
zone is guaranteed.

3 Kinetic Modelling
The mechanism used as starting point is that compiled and used in our previous studies on
the 2,5-DMF oxidation in the presence and absence of NO [4, 5]. That mechanism has been
progressively develop in our group, and includes the conversion of C1 /C2 hydrocarbons and
their interaction with NO, the conversion of different oxygenated hydrocarbons, as well as
other compounds of interest [27, 28, 32–36]. To this mechanism, the sub-mechanisms for
furan, 2,5-DMF, 2-MF, and other intermediates from the work of Sirjean et al. [24] were
added and used in the previous works [4, 5].
As a first stage, and in order to evaluate different reactions sub-mechanisms available in the literature for 2-MF conversion, in the present work three different 2-MF
sub-mechanisms were incorporated separately in our base mechanism, resulting in: 1)

Table 1 Experimental conditions: [C5 H6 O]=100 ppm, T=800-1400 K, Flow rate=1000 mL(STP)/min, and
tr (s)=195/T(K). N2 is used to close the balance
Set

O2 (ppm)

λ

NO (ppm)

H2 O (ppm)

1

180

0.3

0

6343

2

180

0.3

900

6343

3

600

1

0

8108

4

600

1

900

8108

5

3000

5

0

6343

6

3000

5

900

6343

7

30000

50

0

6748

8

30000

50

900

7629

C/N Molar ratio

0.56
0.56
0.56
0.56
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mechanism 1, incorporates in the base mechanism developed by our group the 2-MF submechanism by Sirjean et al. [24]; 2) mechanism 2, includes the 2-MF sub-mechanism by
Tran et al. [22], which is the same sub-mechanism used in the mechanism 1, in which the
authors, changed some kinetic parameters for certain reactions in order to improve lowpressure premixed flames results. The authors also add to this sub-mechanism an H-atom
addition reaction on the C2 site of 2-MF, yielding 1,3-butadiene (CH2 CHCHCH2 ) and the
HCO radicals. Finally, 3) mechanism 3 incorporates to the base mechanism developed in
our group, the 2-MF sub-mechanism from Somers et al. [20], in which an ab initio study
was carried out to calculate kinetic parameters for the 2-MF sub-mechanism, and accounts
for the influence of pressure on reaction rate constants. The SENKIN computer code from
the CHEMKIN package [37] was used to simulate the experimental data. The sensitivity
analysis was performed using the CHEMKIN-PRO package [38].
Mechanisms 1, 2, and 3 have been used to simulate the present experimental results, and
the comparison of some selected results is shown here in Figs. 1, 2, 3, whereas other results
can be seen in Figs. S1-S7 in Online Resource.
In Figs. 1, 2, 3, concentration profiles of 2-MF, CO and CO2 , as a function of temperature, obtained in the 2-MF oxidation in the absence of NO for λ = 0.3, 5, and 50, are
compared with modelling calculations. Figure 1 reveals that the three mechanisms capture
the 2-MF consumption under very fuel-rich conditions (λ = 0.3) with good accuracy. Also
the three mechanisms follow the same trend for the CO and CO2 formation. However, none
of them fits well the experimental data. This last observation is also applied to the concentration profiles of H2 , C2 H4 and C2 H2 , which can be observed in Fig. S1 in Online
Resource. With regard to stoichiometric conditions (λ = 1) in the absence of NO, which
comparison between experimental results and modelling calculations can be observed in
Fig. S2, the three models fit well the 2-MF, CO, and CO2 experimental results. However,
the three mechanisms overestimate the H2 concentration values. The observations found for
λ = 0.3 and 1 in the absence of NO can be extended to the case of the 2-MF oxidation in
the presence of NO (Figs. S3 and S4).
Figure 2 shows that, for the 2-MF oxidation under fuel-lean conditions (λ = 5) in the
absence of NO, the calculations of mechanisms 2 and 3 are closer to the experimental results
than the calculations of mechanism 1, with a slightly better fit by the mechanism 3. Nevertheless, in the presence of NO, there is a poor fit to the experimental data by any of the
three mechanisms (Fig. S5).
Comparing the experimental results obtained in the 2-MF oxidation under very fuellean conditions (λ = 50) in the absence of NO with the modelling calculations, Fig. 3
indicates that, in general, the mechanisms 1 and 2 present very close results and fit better
with the experimental data than the mechanism 3, although this last mechanism fits better
the experimental results when the NO is present (Fig. S6).
In Fig. S7, the performance of the different mechanisms adjusting to the experimental
results of the NO concentration can also be observed. In general, the three mechanisms
have the same performance, but for very fuel-lean conditions the mechanism 3 fits better
the experimental results.
Taking into account the results obtained, we have chosen mechanism 3 to analyze the
experimental results in the rest of the manuscript. As mentioned previously, the 2-MF
conversion sub-mechanism by Somers et al. [20] has been validated with different experimental data from literature covering shock tube [10, 14] and premixed flames [22]
experiments.
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Fig. 1 Concentration profiles of 2-MF, CO, and CO2 , as a function of temperature, in the 2-MF oxidation in the absence of NO for λ = 0.3, at atmospheric pressure. Symbols: experimental results. Solid line:
mechanism 1, dotted line: mechanism 2, dashed line: mechanism 3
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Fig. 2 Concentration profiles of 2-MF, CO, and CO2 , as a function of temperature, in the 2-MF oxidation in
the absence of NO for λ = 5, at atmospheric pressure. Symbols: experimental results. Solid line: mechanism
1, dotted line: mechanism 2, dashed line: mechanism 3

Flow Turbulence Combust

Fig. 3 Concentration profiles of 2-MF, CO, and CO2 , as a function of temperature, in the 2-MF oxidation in
the absence of NO for λ = 50, at atmospheric pressure. Symbols: experimental results. Solid line: mechanism
1, dotted line: mechanism 2, dashed line: mechanism 3
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4 Results and Discussion
Experiments of 2-MF oxidation in the absence and presence of NO have been performed in
a flow reactor. In this way, the influence of the oxygen concentration and the presence of
NO on the 2-MF oxidation, as well as, the 2-MF capacity to reduce the NO concentration for
different oxygen concentrations, have been studied. A detailed kinetic model, including the
mechanism progressively develop in our group, together with the reaction sub-mechanism
for 2-MF by Somers et al. [20] has been selected to simulate the experimental results.
The main reaction pathways of 2-MF and NO consumption under the different conditions
studied are identified through modelling calculations.
Figures 4 and 5 show experimental data and modelling predictions for the 2-MF oxidation in the absence and presence of NO as a function of temperature, for the different λ
values studied, ranging from 0.3 to 50. The figures include concentration results of 2-MF
and H2 (left part of the figures), the latter when applicable, and of CO and CO2 (right part
of the figures). As discussed in the previous section, in general, the model agrees well with
the experimental data obtained. However, some discrepancies between experimental results
and modelling calculations are found, with the major discrepancies for λ =5 in the presence
of NO, and for λ = 50 in the absence of NO (Fig. 5).
Regarding the influence of oxygen concentration on the 2-MF consumption, it is
observed that under very fuel-rich (λ = 0.3) and stoichiometric conditions (λ =1), and both
in the absence and in the presence of NO (Fig. 4), the oxygen concentration does not influence the onset of 2-MF consumption, thus 2-MF begins to be consumed approximately at

Fig. 4 Concentration profiles of the major species, as a function of temperature, in the 2-MF oxidation for
λ = 0.3 and 1, at atmospheric pressure. Experimental data (symbols) and modelling predictions (lines)
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Fig. 5 Concentration profiles of the major species, as a function of temperature, in the 2-MF oxidation for
λ =5 and 50, at atmospheric pressure. Experimental data (symbols) and modelling predictions (lines)

1050 K. However, under fuel-lean (λ = 5) and very fuel-lean (λ = 50) conditions (Fig. 5),
and both in the absence and in the presence of NO, the onset of 2-MF consumption is shifted
toward lower temperatures with the increasing of the oxygen concentration.
The concentration profile of 2-MF is also influenced by the presence of NO for λ = 5
and 50 (Fig. 5). In this way, the onset of 2-MF consumption is shifted to lower temperatures in the presence of NO, as it was observed earlier for other oxygenated compounds
[33, 34, 36]. It can be due to the fact that the formation of OH radicals is promoted under
these conditions, which will be analyzed later. On the other hand, for λ = 0.3 and 1 (Fig. 4)
no appreciable influence of the NO presence on the onset of 2-MF consumption can be
observed. It could be attributed to the fact that under very fuel-rich and stoichiometric
conditions, the thermal decomposition of 2-MF is a very important path for its consumption.
The onset for 2-MF consumption is accompanied by the formation of H2 and CO. H2
is formed only under very fuel-rich and stoichiometric conditions (Fig. 4). For both conditions, the model overestimates the H2 concentration and it is observed that NO acts to
diminish the H2 formation with the increasing of temperature. For λ = 0.3, the H2 concentration increases with the increase of temperature, while for λ = 1, a maximum in the H2
concentration is reached. In this case, H2 is consumed to give water and H radicals, through
the reaction (1).
(1)
OH + H2  H2 O + H
CO is formed for all the λ values studied, and, except for λ = 0.3, a maximum in the
concentration profile of CO is reached, which is shifted to lower temperatures as the oxygen
concentration increases (Figs. 4 and 5). For λ = 0.3 and 1 (Fig. 4), the presence of NO does
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not influence the onset of formation of CO, but influences the CO concentration formed
at the higher temperatures studied. According to simulations, at intermediate temperatures
(when still the influence of NO is not observed), and both in the absence and in the presence
of NO, CO is formed through the following reactions:
CH2 CHCHCHCO  CHCHCHCH2 + CO
CH3 CHCCHCHO  CHCCH2 CH3

+ CO

(2)
(3)

CH3 CO(+M)  CH3 + CO(+M)

(4)

HCO(+M)  H + CO(+M)

(5)

However, for the higher temperatures and in the absence of NO, the major routes to the
formation of CO are the reactions (5) and 6,
HCCO + O2  2CO + OH

(6)

while in the presence of NO, the formation of CO for the higher temperatures occurs only
through the reaction (5), because the HCCO radicals, instead of reacting to form CO (reaction (6)), react with NO to form HCN and, with minor importance, HCNO through the
reactions (7) and (8), respectively. In this way, with the increase of temperature, the presence
of NO diminishes the CO concentration formed, and shifts the maximum concentration of
CO to higher temperatures for stoichiometric conditions.
HCCO + NO  HCN + CO2

(7)

HCCO + NO  HCNO + CO

(8)

For λ = 5 and 50 (Fig. 5), the presence of NO modifies the onset of formation of CO, by
shifting the onset of the consumption of 2-MF toward lower temperatures.
CO2 is formed for all the λ values studied, both in the absence and in the presence of
NO, and its concentration increases with increasing temperature. For λ = 1, 5, and 50, the
beginning of formation of CO2 coincides with the maximum of the CO concentration profile. Under these conditions, 2-MF is completely oxidized to CO2 at the highest temperature
studied, whereas for λ = 0.3, the lack of oxygen prevents complete oxidation of 2-MF.
Minor species, such as C2 H4 and C2 H2 , were found in the experiments performed under
very fuel-rich conditions. The concentration profiles of these species as a function of temperature are shown in Fig. 6. The C2 H4 concentration profile shows a maximum, while
with increasing temperature, increases C2 H2 concentration. The model predicts the trend
of experimental results for both C2 H4 and C2 H2 , but does not fit well to them. The model
underestimates the maximum concentration of C2 H4 , although for both experimental and
modelling data, C2 H4 peaks around 1273 K. On the other hand, the model overestimates
the C2 H2 concentration.
Figure 7 shows the rate of production analysis at 50 % 2-MF consumption for both in the
absence and in the presence of NO. When NO is present, no appreciable differences have
been found for the 2-MF reaction routes. However, NO is found to act by modifying the
radical pool and thus favoring certain reactions over others.
Under very fuel-rich and stoichiometric conditions, the thermal decomposition of 2-MF
involving carbene intermediates occurs to form 1-butyne (CHCCH2 CH3 ) and CO (pathway 1), or, only under very fuel-rich conditions, to form propargyl (H2 CCCH) and acetyl
(CH3 CO) radicals (pathway 2).
From λ = 0.3 to λ =5, the H-atom addition occurs at the C5 site of 2-MF to ultimately
form vinyl ketene (CH2 CHCHCO) and methyl radicals (pathway 3). CH2 CHCHCO formed
can be consumed by different reactions involving the H/O radical pool, depending on the
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Fig. 6 Concentration profiles of the minor species, as a function of temperature, in the 2-MF oxidation for
λ = 0.3, at atmospheric pressure. Experimental data (symbols) and modelling predictions (lines)

oxygen present in the environment to give as principal path the formation of 2-methyl vinyl
radical (CH3 CHCH) and CO (reaction (9)), and with minor importance the formation of
ketene (CH2 CO), and ketenyl (HCCO) and CH2 HCO radicals (reactions(10-13)),
CH2 CHCHCO + H  CH3 CHCH + CO
CH2 CHCHCO + H  C2 H3

+ CH2 CO

CH2 CHCHCO + H  C2 H4

+ HCCO

(9)
(10)
(11)

CH2 CHCHCO + O  CH2 HCO + HCCO

(12)

CH2 CHCHCO + O  2CH2 CO

(13)

Under very fuel-rich and stoichiometric conditions, CH2 CHCHCO is consumed through its
reaction with H radicals, i.e, reactions (9-11). However, as the stoichiometry becomes leaner
(λ = 5), CH2 CHCHCO, in addition to react with H radicals, also reacts with O radicals
through reactions (12) and (13). Later, and depending on the oxygen available and on the
presence of NO, ketene and HCCO radicals react with the H/OH radical pool and molecular
oxygen, respectively, being oxidized to CO and CO2 (reactions (14-19)), while CH2 HCO
radicals decompose thermally (reactions (20-22)),
CH2 CO + H  CH3 + CO

(14)

CH2 CO + OH  CH2 OH + CO

(15)

CH2 CO + OH  HCCO + H2 O

(16)

CH2 CO + OH  CH3

+ CO2

(17)

HCCO + O2  2CO + OH

(18)

HCCO + O2  CO2 + CO + H

(19)

CH2 HCO(+M)  CH3 + CO(+M)

(20)

CH2 HCO  CH3 + CO

(21)

CH2 HCO(+M)  CH2 CO + H(+M)

(22)
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Fig. 7 Rate of production analysis for 2-MF oxidation both in the absence and in the presence of NO, carried
out under at approximately 50 % 2-MF consumption

Ketene consumption occurs in the same way both in the absence and in the presence of NO,
but is affected by the availability of oxygen. Under stoichiometric and fuel-lean conditions,
the ketene consumption occurs through (14-17) reactions, while under very fuel-rich conditions, the ketene consumption occurs only through r14 and r15 reactions. Regarding the
HCCO consumption, it occurs in one way or another depending on whether NO is present
or not. In the absence of NO, HCCO reacts with molecular oxygen (reactions (18) and
19)) for all the stoichiometries studied, but when NO is present, HCCO also interacts with
NO. Then, in the presence of NO, for very fuel-rich and stoichiometric conditions, HCCO
consumption is no longer given by reactions (18) and (19), but instead HCCO reacts with
NO mainly through reactions (7) and (8). On the other hand, under fuel-lean conditions,
the increase in oxygen concentration allows HCCO to interact both with NO and molecular oxygen (reactions (7), (8), (18) and (19)). Finally, CH2 HCO radicals, which are formed
only under fuel-lean (λ = 5) conditions as it has been mentioned earlier, are consumed by
thermal decomposition (reactions (20-22)) both in the absence and in the presence of NO.
For all λ values, λ = 0.3 − 50, the H-abstraction from the methyl group of 2-MF by
H (principally for λ = 0.3 and 1) and OH radicals (principally for λ = 5 and 50) (pathway 4) to give as an intermediate product the resonance-stabilized 2-methylfuranyl radicals
(OCCH2 CHCHCH) occurs. Thus, ring opening via cleavage of the C-O bond results to
finally yield n-butadienyl radicals (CHCHCHCH2 ) and CO. The CHCHCHCH2 radicals
formed by this path react with oxygen (reaction (23)) promoting the formation of HO2 radicals (reaction (24)), which are involved in the NO-NO2 interconversion (reactions (25) and
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Fig. 8 Sensitivity analysis for 2-MF oxidation in the absence of NO (sets 1, 3, and 7 in Table 1, at 1048,
1048, and 923 K, respectively)

(26)) resulting in an increase of OH radicals production, which are the main responsible
for 2-MF consumption under fuel-lean and very fuel-lean conditions. Because of this, in
the presence of NO and for λ = 5 and 50, the 2-MF oxidation beings to occur at lower
temperatures as the stoichiometry becomes leaner, as can be seen in Fig. 5.
CHCHCHCH2 + O2  C2 H3 CHO + HCO

(23)

HCO + O2  HO2

+ CO

(24)

NO + HO2  NO2

+ OH

(25)

NO2

+ H  NO + OH

(26)

Other important paths for the 2-MF consumption, for λ = 5 and 50, are the OH-addition at
the C5 (pathway 5) and at the C2 (pathway 6) sites of 2-MF to form acroleine (C2 H3 CHO)
and methyl vinyl ketone (CH3 COCHCH2 ), respectively, both products culminating in the
formation of vinyl radicals (C2 H3 ) and CO. The OH-addition process has been mentioned
by Wei et al. [14] as reactions that contribute very little to 2-MF consumption, while in the
work of Uygun et al. [15] it is mentioned that 2-MF is mainly consumed by the OH-addition
at C5 and at C2 sites of 2-MF under their experimental conditions.
The H-addition at the C2 site of 2-MF to form furan and methyl radicals has been identified in the work of Tran et al. [22] as an important path for the consumption of 2-MF.
However, in the rate of production analysis made in Fig. 7, this path does not appear as
a principal path for the 2-MF consumption. This could be due to the fact that the submechanism for 2-MF from Somers et al. [20] used in the present calculations includes the
reaction of the H-addition at the C5 site of 2-MF to lead to the formation of vinyl ketene
(CH2 CHCHCO), which has been detected experimentally in the work of Moshammer et al.
[26] on the combustion chemistry of 2-MF.
Figures 8 and 9 present sensitivity coefficients obtained through a first-order sensitivity
analysis of CO at the temperature at which 2-MF starts to be consumed for both in the
absence (sets 1, 3 and 7 in Table 1) and in the presence of NO (sets 2, 4 and 8 in Table 1),
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respectively. The sensitivity coefficients are calculated as S= δYj /δAi , where Yj is the mass
fraction of the j th species and Ai is the pre-exponential constant for reaction i [38]. Positive
coefficients correspond to reactions which promote reactivity and vice versa.
It can be seen in Figs. 8 and 9 that the reactions to which the 2-MF conversion is more
sensitive depend on the oxygen concentration and on the presence of NO. Both in the
absence and in the presence of NO, the 2-MF conversion is more sensitive to the reactions
involving the 2-MF thermal decomposition and the thermal decomposition of its intermediates (CH3 COCHCCH2 , CH2 CCHCHCHO-2, and CH3 COCHCHCH2 ). Another important
reaction in the conversion process of 2-MF, both in the absence and in the presence of NO,
is the H-abstraction from the methyl side (C2 site) in 2-MF by small species (H and O2 ) to
give the 2-methylfuranyl radical (OCCH2 CHCHCH). The chain-branching reaction (27),
O + OH  O2 + H

(27)

also appears to influence the 2-MF conversion, both in the absence and in the presence of
NO. The interactions between methane with OH radicals, molecular oxygen with H radicals,
and the reaction of recombination of methyl radicals also appear to be important.
In the absence of NO, other reactions to which the 2-MF conversion is sensitive include:
1) the 2-MF interaction with methyl radicals, 2) the reaction between 2-methylfuranyl radicals and HO2 , and 3) the formation of HO2 , and H and OH radicals through reactions
(5), (24) and those involving the hydrogen peroxide decomposition, and the interaction of
methyl radicals with HO2 .
On the other hand, in the presence of NO, the reactions: 1) H-abstraction from the methyl
side in 2-MF by OH radicals, and 2) methyl radicals with NO, also appear to be important
for the 2-MF conversion. Furthermore, the decomposition of the CH3 COCHCHCHOH, and
CH3 COHCHCHCHO intermediates appear also as sensitive reactions.

Fig. 9 Sensitivity analysis for 2-MF oxidation in the presence of NO (sets 2, 4, and 8 in Table 1, at 1048,
1048, and 873 K, respectively)
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Having analyzed the influence of the oxygen concentration and the presence of NO on
the 2-MF oxidation, the capacity of 2-MF to reduce the NO concentration in the different
environments studied will be now discussed. Figure 10 shows the experimental data and
the modelling calculations of the NO concentration profile as a function of temperature for
all λ values studied. For λ = 0.3 and 1 (upper part of the Fig. 10), it is seen that with the
increase of temperature, the NO concentration decreases slightly, while for λ = 5 and 50
(lower part of the Fig. 10), a minimum in the NO concentration profile is observed, which
is more noticeable for λ = 50.
Figure 11 shows the reaction path diagram for the NO consumption. For λ = 0.3 and
1, the reaction of NO with C2 H3 radicals to give HNO is an important via for the NO
consumption. Also, the reaction of NO with HCCO radicals to give HCN (reaction (7)), and
with CH3 radicals, to give HCN and H2 CN, are important routes for the NO consumption.

Fig. 10 Concentration profile of NO, as a function of temperature, for λ = 0.3, 1 (top), 5 and 50 (bottom),
at atmospheric pressure. Experimental data (symbols) and modelling predictions (lines)
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Besides these paths, another route for NO consumption, from stoichiometric to very fuellean conditions, is the reaction of NO with HO2 to give NO2 and OH radicals. Also, under
fuel-lean and very fuel-lean conditions the reaction between NO and CH3 O2 radicals to give
NO2 can occur.
For both λ = 0.3 and 1, the main path for NO consumption involves the sequence:
NO→HCN→CH3 CN→CH2 CN→CN→NCO→N2 /N2 O. For λ = 0.3 and 1, N2 O forms
NO by reaction with H radicals, and for λ = 0.3 also N2 O decomposes to N2 . However, for
λ = 0.3 and 1, the main path for the consumption of NCO is its reaction with NO to give
N2 . In this way, under very fuel-rich and stoichiometric conditions, NO is reduced basically
by reburn reactions [27, 39].
With the increase of the oxygen concentration (λ = 5 and 50), the most important reaction for NO consumption is the reaction of NO with HO2 to form NO2 and OH radicals
(reaction (25)). In this way, the minimum observed in the Fig. 10 could be due to the NONO2 interconversion which occurs through the reaction of NO2 with CH3 and H radicals to
give back NO. This interconversion limits a net reduction of NO.
The mechanism compiled in this work has also been used to simulate the ignition delay
times measured by Wei et al. [14]. As an example, Fig. 12 shows the experimental and
modelling calculation results for the operating conditions: ϕ = 1, 2-MF=1 %, O2 = 6,
Ar=93 %, P=1.25, 4.25, and 10.65 bar. The simulations for other conditions can be seen
in Figs. S8-S12 in Online Resource. Results obtained reveal that the mechanism captures
also with good accuracy the ignition behavior of 2-MF for the different mixtures and the
different pressures evaluated.

Fig. 11 Reaction path diagram for the NO consumption, for λ = 0.3, 1, 5 and 50
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Fig. 12 Experimental ignition delay times (symbols) and modelling predictions (lines), for ϕ =1 (λ = 1),
2-MF=1 %, O2 = 6 %, Ar=93 %, at 1.25, 4.25, and 10.65 bar

5 Conclusions
A study of 2-methylfuran oxidation has been performed in a flow reactor installation at different temperatures and air excess ratio values. The experiments have been also performed
in the presence of 900 ppm of NO. In this way, the influence of the stoichiometry, and the
presence of NO on the 2-MF oxidation, as well as the capacity of 2-MF to reduce the NO
concentration at different stoichiometries, have been studied. Modelling calculations using
three different reaction sub-mechanisms for 2-MF conversion incorporated to a base model,
have been compared with the experimental data. In general, the three sub-mechanisms for
2-MF conversion reproduce reasonably well the experimental trends, but best results begin
observed using the mechanism that incorporates the 2-MF sub-mechanism by Somers et al.
[20], even though this model fails to predict the experimental data for λ = 5 in the presence
of NO, and for λ = 50 in the absence of NO.
The results of performing both, rate of production and sensitivity analysis indicate that:
1) for very fuel-rich and stoichiometric conditions, the temperature for the onset for the
conversion of 2-MF remains the same because the thermal decomposition of 2-MF appears
to be the main conversion pathway. On the other hand, under fuel-lean and very fuel-lean
conditions, the onset for the 2-MF consumption is shifted to lower temperatures as the oxygen concentration increases, because its reaction with OH radicals appears to be the main
responsible for the 2-MF consumption, 2) the 2-MF reaction routes appear to be the same,
for both in the absence and in the presence of NO. However, NO is found to act by modifying the radical pool and thus favors certain reactions over others. Thus, for fuel-lean and
very fuel-lean conditions, when NO is present, the displacement of the onset for the 2-MF
consumption to lower temperatures is greater because the formation of OH radicals is more
favored than in the absence of NO, 3) under very fuel-rich and stoichiometric conditions the
presence of NO does not affect the onset of formation products as CO, but diminishes the
concentration at higher temperatures due to the occurrence of competing reactions, and 4)
when NO is added, it is converted to N2 by reaction with HCCO and CH3 radicals (reburn
reactions) under very fuel-rich and stoichiometric conditions, while under fuel-lean and
very-fuel lean conditions, the NO-NO2 interconversion is the dominant step.
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