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Abstract

An experimental ignition delay time study for the promising biofuel 2-methyl furan (2MF) was

performed at equivalence ratios of 0.5, 1.0 and 2.0 for mixtures of 1% fuel in argon in the

temperature range 1200–1800 K at atmospheric pressure. Laminar burning velocities were

determined using the heat-flux method for mixtures of 2MF in air at equivalence ratios of 0.55–

1.65, initial temperatures of 298–398 K and atmospheric pressure. A detailed chemical kinetic

mechanism consisting of 2059 reactions and 391 species has been constructed to describe the

oxidation of 2MF and is used to simulate experiment. Accurate reproduction of the experimental

data has been obtained over all conditions with the developed mechanism. Rate of production and

sensitivity analyses have been carried out to identify important consumption pathways of the fuel

and key kinetic parameters under these conditions. The reactions of hydrogen atom with the fuel

are highlighted as important under all experimental conditions studied, with abstraction by the

hydrogen atom promoting reactivity and hydrogen atom addition to the furan ring inhibiting

reactivity. This work, to the authors knowledge, is the first to combine theoretical and

experimental work to describe the oxidation of any of the alkylated furans. The mechanism

developed herein to describe 2MF combustion should also function as a sub-mechanism to

describe the oxidation of 2,5-dimethyl furan whilst also providing key insights into the oxidation

of this similar biofuel candidate.
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1 Introduction

The efficient conversion of abundant waste lignocellulosic biomass, not destined for human

or animal consumption, into renewable products is a major focus of current research [1-3],

as it may offer a means to reduce our reliance on fossil fuel derived products in both the fine

chemicals and transportation sectors. Recent developments have focused attention on 2,5-

dimethylfuran (25DMF) as a possible alternative transportation fuel, with efficient

production via the highly versatile platform chemical 5-hydroxymethylfurfural now a

possibility [4-7].
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25DMF offers significant advantages over the current market leading biofuel, ethanol, in

terms of its physicochemical properties as well as its novel production processes. Its energy

density (31.5 MJ L−1) [8] is greater than ethanol by some 40%, rivaling that of gasoline,

with its higher boiling point (366 K) and lower aqueous solubility making it compatible in

terms of transportation and storage. Recent engine tests in direct-injection spark-ignition

(DISI) engines [9, 10] have shown that 25DMF, unlike ethanol, can be burned pure in

current internal combustion engines with similar performance to gasoline. Measurements of

specific emissions showed carbon monoxide (CO) and hydrocarbon emissions (HC) to be

lower than those of gasoline, although greater than those of ethanol. Nitrous oxide and

particulate matter emissions were seen to be greater than ethanol and gasoline.

2-methylfuran (2MF) has also very recently entered the fray as a possible alternative biofuel

due to the development of novel production methods [11, 12]. Engine tests [13] in a DISI

engine have been carried out as a result, with comparisons made to conventional research

octane number (RON) 95 fuel and ethanol. HC emission reductions of up to 61% were

observed when using 2MF as a fuel when compared with RON 95 with efficiency

improvements of up to 9.9% observed. Like 25DMF, greater nitrous oxide emissions were

measured.

From a chemical kinetic perspective, some of the earliest experimental work on the furans

has focused on their pyrolysis. Grela et al. [14] determined the decomposition rates of furan,

2MF and 25DMF in a heated flow reactor at very low pressures (1 mTorr) and temperatures

of 1050–1270 K, analysing the final products with online mass spectrometry. The presence

of carbon monoxide amongst the decomposition products for all three reactant molecules

indicated common decomposition pathways.

Similarly, Lifshitz and co-workers [15–17] carried out single pulse shock tube experiments

to study the thermal decomposition of furan, 2MF and 25DMF at pressures of 2

atmospheres, in the temperature range 1050–1460 K and residence times of 2 milliseconds,

using gas chromatography to analyse the post shock product distributions and developing

chemical kinetic mechanisms to rationalise their results. Both Grela et al. and Lifshitz and

co-workers found the rate of decomposition of these furans to increase with increasing

alkylation of the furan ring. Lifshitz and co-workers also found CO to be a major

decomposition product for all three reactants, again indicating similar decomposition

channels.

More recent theoretical work has shone light on the decomposition channels of the furans.

Sendt et al. [18] used ab initio quantum chemical methods and transition state theory to

study the thermochemistry and kinetics of the thermal decomposition channels of furan.

They found that 1,2-hydrogen atom migrations to form singlet cyclic carbene intermediates

were thermochemically and kinetically the most favoured decomposition pathways,

concluding that direct ring opening to form either singlet or triplet products was simply too

energetic. In a similar work Liu et al. [19,20] reached identical conclusions.

Simmie and Curran [21] employed ab initio calculations to determine the formation

enthalpies and bond dissociation energies of a range of alkylated furans, including 2MF and

25DMF. They noted the presence of considerably weak carbon–hydrogen bonds on the alkyl

side-chain for these species, which readily explains the increasing reactivity observed

experimentally by Grela et al. and Lifshitz and co-workers, with increasing alkylation of the

furan ring.

Simmie and Metcalfe [22] also used ab initio methods to calculate energetics and kinetics of

a range of unimolecular decomposition pathways and free radical reactions involving

25DMF, and to a lesser extent 2MF. They concluded, like Sendt et al. and Liu et al., that
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hydrogen atom migrations to form singlet carbenes play an important role in the

decomposition of these species, but the presence of weak C-H bonds in the case of 2MF and

25DMF offers an important site for abstraction by free radicals (Ḣ, ȮH, ĊH3 etc.) and a key

source of reactive hydrogen atoms.

They also rationalise the formation of 2MF from 25DMF, as observed experimentally in

flames [23] and shock tubes [17], via a Ḣ atom addition ĊH3 radical elimination sequence,

with a similar process capable of converting 2MF into furan, as observed by Lifshitz and co-

workers [16].

Recently, the kinetics of the reaction of 25DMF with hydrogen atoms has been studied by

Friese et al. [24] behind reflected shock waves from 970–1240 K and at pressures of 1.6 and

4.8 bar. It was found that the principal pathway proceeds via an addition-elimination

mechanism to yield 2-methylfuran and methyl radical.

This work will focus on the combustion characteristics of 2MF, a possible biofuel candidate,

a known intermediate in the combution of 25DMF and a species whose structural

similarities to 25DMF should offer insight into the oxidation pathways of both furanics. This

study is believed to be the first to combine experimental work, in the form of ignition delay

times and laminar burning velocities, and theoretical work, in the form of a detailed

chemical kinetic model, to describe the oxidation of any of these alkylated furans.

2 Experimental

2.1 Shock Tube Ignition Delay Measurements

The low-pressure shock tube facility at NUI Galway has previously been in detail by

Johnson et al. [25] and will not be described further here.

Before introducing the fuel (99% purity; Sigma-Aldrich) to the mixing tanks, and to

minimise the presence of atmospheric gases in the fuel, it was degassed by a series of freeze-

pump-thaw cycles until no gas was observed to escape from the fuel. Oxygen (99.5% purity;

BOC Ltd.) and argon (99.998% purity; BOC Ltd.) were introduced to the mixing tanks

through the manifold from gas cylinders.

Three different mixtures were prepared using the method of partial pressures. Experimental

ignition delay times for mixtures of 1% 2MF in 12%, 6% and 3% O2 in argon corresponding

to equivalance ratios (Φ) of 0.5, 1.0 and 2.0 were obtained in the temperature range

1200-1800 K and at atmospheric pressure. Reflected shock temperatures and pressures were

calculated using GasEq [26]. The driver gas used was helium (99.99% purity; BOC Ltd.).

2.2 Flat Flame Laminar Burning Velocity Measurements

The heat–flux method was first proposed by de Goey et al. [27] in 1993. This method does

not require stretch correction or extrapolation of the data as stretching of the flame does not

occur. The apparatus and method used in this study have very recently been described by

Dirrenberger et al. [28] and only a synopsis of the experimental conditions and uncertainties

are given.

Flame speeds for 2MF (≥ 98% purity; Sigma-Aldrich) in air (O2 and N2; 99.995% purity,

Messer) have been measured at initial temperatures ranging from 298–398K and Φ = 0.55–

1.65 at 1 atmosphere. Uncertainties in determination of the burning velocity are due to

uncertainties in:
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• mass flow measurements, with a maximum error of 0.5% per mass flow controller,

as given by the manufacturer, Bronkhorst, and a maximum global error in laminar

flame velocity of 1.5%.

• the thermocouples, with an error of 0.2 cm s−1 in the laminar flame velocity. This

error was measured by varying the gas flow rate by small amounts that did not

affect the uniform temperature profile of the flame on the burner plate noticeably.

• flame distortions, for example edge effects, with an error of 0.2 cm s−1 in the

laminar flame velocity in the range of equivalence ratios studied. This error was

measured in a similar fashion to the error in the thermocouples.

Uncertainties of around 1% were also present when determining the equivalence ratio due to

mass flow effects, as given by the manufacturer. The temperature of the unburned gas

mixture before and after it flowed through the plenum chamber was measured with a

thermocouple. An error of 2 K was estimated. Errors in gas and liquid fuel purity were not

significant as high purity compounds were used.

All experimental data is tabulated and available in electronic supplementary information.

3 Kinetic Model Development

A detailed chemical kinetic model consisting of 2059 reactions and 391 species has been

developed to describe the combustion of 2MF. Detailed within this are furan [18,29] and

aromatic [30] mechanisms from the literature and a sub-mechanism to describe the

combustion of hydrogen and C1–C4 species. Details of the hydrogen/CO sub-mechanism are

partially described in Keromnes et al. [31] and will be fully described in an upcoming

publication [32]. C1–C3 chemistry is based on the work of Lowry et al. [33] with the most

recent details described by Metcalfe et al. [34]. The C4 chemistry of Healy et al. [35] is in

use with chemistry for unsaturated C4 species from Laskin et al. [36].

An in-depth ab initio study has been carried out to explore the potential energy surface and

calculate kinetics for the unimolecular decomposition pathways and reactions of the

hydrogen atom with 2MF. The formation of four unique carbenes and four unique Ḣ atom

addition reactions are possible in the case of 2MF, given the asymmetry of the fuel. These

channels are exemplified by a series of ring opening, unimolecular rearrangement and

intramolecular hydrogen abstraction reactions which are too complex to discuss in detail

given formatting limitations. They will form the basis of a more detailed publication which

will also focus on the current kinetic model validation against the pyrolysis data of Lifshitz

et al. [16] which will not be discussed here. However, the models performance against this

data is presented in the supplementary material however.

The rate constant for the scission of the weak alkyl C-H bond in 2MF to give the 2-

furanylmethyl radical (2MF2R, Figure 1) and the Ḣ atom has been estimated in the reverse

direction, that is the recombination of two radicals, with a rate constant of 1 × 1014 cm3

mol−1 s−1 in accordance with Allara and Shaw [37]. The forward high pressure limiting rate

constant of 2.52 × 1012T0.9 exp(−42, 974/T) s−1 in turn is determined from microscopic

reversibility.

Scission of any of the ring-hydrogen or ring-carbon bonds has been estimated as above with

rate constants of 1 × 1014 cm3 mol−1 s−1 and 1 × 1013 cm3 mol−1 s−1 respectively. All

unimolecular decomposition channels of the fuel are further treated as pressure dependant

using the high pressure limiting rate constant together with a chemical activation

formulation based on Quantum Rice-Ramsperger-Kassel (QRRK) theory, as described by

Dean [38].
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Given the presence of weak side chain C-H bonds (Figure 1), the kinetics of the reactions of

the Ḣ atom with the fuel and abstraction reactions from this site are pertinent. Rate constants

for Ḣ atom addition to the ring and abstraction from the alkyl group have therefore been

calculated based on CBS-QB3 [39] energetics and partition functions, with a one–

dimensional hindered internal rotation approximation utilised. We calculate H atom

abstraction by the Ḣ atom from the alkyl side chain to occur with a rate of 1.89 ×

106T2.38exp(−2, 369/T) cm3 mol−1 s−1. In the final model this rate constant has been

increased by a factor of two in order to improve agreement with experimental flame speeds

as it is seen as a sensitive variable. This adjustment is likely within the uncertainty of our

calculation.

For Ḣ atom addition at C2, C3, C4 and C5 the respective high pressure limiting rate

constants (in cm3 mol−1 s−1) are calculated as:

Rate constants for abstraction of the methyl hydrogens by the ȮH and ĊH3 radicals are

taken as half of those calculated in the case of 25DMF [22], with the rate constant for

abstraction by the HȮ2 radical similarly determined. A simple factor of two division of the

A-factor for these rate constants is appropriate given the corresponding reduction in the

number of abstractable hydrogens. Rate constants for abstraction by O2 and the Ȯ atom are

based on those recently recommended in the case of toluene [30], a system which displays

similar weak C-H bonds (375 +− 5 kJ mol−1 [40]) which can undergo abstraction/fission to

form the resonance stabilised benzyl radical.

The kinetics of n-butadienyl (Ċ4H5-n or ĊH = CH − CH = CH2) pyrolysis and oxidation

were found to be sensitive parameters and have been updated from those recommended by

Laskin [36] based on CBS-QB3 energetics and partition functions and a QRRK treatment to

account for the pressure dependency of these reactions.

At 1 atmosphere, the formation of vinylacetylene (C4H4) and Ḣ occurs with a rate constant

of 1.02 × 1051T−11.42exp(−27, 284/T) s−1 and for the formation of C2H2 + Ċ2H3 we

calculate a rate constant of 4.52 × 1044T−9.65exp(−25, 618/T) s−1. Rate constants for the

reactions of O2 with Ċ4H5-n, are updated based on Marinov’s recommended kinetics for the

oxidation of vinyl [41], which offers close analogy.

Thermochemistry for all species novel to the 2MF mechanism are generated based on the

computational methods described above, with the THERMO application of the Multiwell

Program Suite [42] used to generate both thermochemical parameters and high pressure

limiting rate constants.
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The complete kinetic model including species thermodynamic and transport properties is

available in electronic supplementary material.

3.1 Simulation of Experiments

Simulations were carried out using Chemkin-Pro [43] with the Aurora package under

constant volume conditions utilised for the simulation of shock tube ignition delay times.

Flame speed simulations have been carried out using the Premix module with mixture

averaged species transport equations preferred to a multi-component approach in order to

reduce computational cost, given the size of the current mechanism. All flame speed

simulations are carried out to a GRAD and CURV of 0.02 to offer a grid independent

solution and we include effects of thermal diffusion. In the absence of experimentally

determined transport properties for all novel species in the 2MF mechanism, we have

estimated transport properties using the Transport Data Estimator package of the Reaction

Mechanism Generator software of Green and co-workers [44].

Sensitivity analyses are carried out in order to identify the key reactions which control the

ignition delay time and laminar burning velocity under the experimental conditions

presented. For each reaction in the current mechanism, rate constants are multiplied by two,

divided by two and the respective ignition delay times calculated in a “brute force”

approach. Sensitivity coefficients (Si) are then calculated according to equation 1:

(1)

with a negative sensitivity coefficient indicative of a reaction which promotes reactivity and

vice versa. The first order sensitivity of the mass flow rate to the A-factor of each rate

constant is used to determine those reactions which control the calculated laminar burning

velocities.

4 Results and Discussion

4.1 Ignition Delay Times

Experimental ignition delay times and those calculated by the current model are defined in

Figure 2. Experimentally, the effect of increasing O2 concentrations from 3% (Φ = 2.0)

through 6% (Φ = 1.0) to 12% (Φ = 0.5) is clearly visible in the form of increased reactivity

characterised by reduced ignition delay times.

The current model reproduces the observed experimental data well under all conditions. In

order to identify key reactions under varying concentrations of O2, rate of production

analyses (Figure 3) at 1500 K and at 20% fuel consumption were carried out at Φ = 0.5 and

Φ = 2.0. Sensitivity analyses, visible in Figure 4, were carried out at the same temperature

and equivalence ratios.

Under fuel lean conditions, rate of production analysis shows a total of 39.9% of the fuel

forms the 2-methylfuranyl radical (2MF2R), primarily by abstraction by the reactive Ḣ
(22.5%) and ȮH (11.3%) radicals. Under fuel rich conditions we see an expected decrease in

the contribution of ȮH radical abstraction (3.8%) to the consumption of the fuel, as a result

of decreasing ȮH production from the reaction of Ḣ atom with O2. 2MF2R ultimately

decomposes to form CO and the Ċ4H5-n radical, which primarily decomposes to vinyl and

acetylene or vinylacetylene and hydrogen atom.

Simple fission of the side chain C-H bond contributes very little to the fuel consumption

under lean and rich conditions, despite its relative weakness, consuming only 1.4% in the

latter case. The primary unimolecular decomposition pathways seen in the rate of production

Somers et al. Page 6

Proc Combust Inst. Author manuscript; available in PMC 2013 June 28.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



analyses are routed through carbene intermediates, with ultimate formation of acetyl and

propargyl radicals (14.1%) or 1-butyne and CO (6.8%) under rich conditions. A 5-4

hydrogen atom migration about the ring consumes 2.4% of the fuel with ketene and propyne

being formed from the subsequent elimination reaction.

Hydrogen atom addition at C2 consumes 15.4% of the fuel at Φ = 0.5 with 7.5% of this

forming furan and methyl radical and 7.8% CO and 1-buten-1-yl (Ċ4H7-n or ĊH = CH −

CH2 − CH3). Hydrogen atom addition at C5 consumes 18.3% of the fuel under lean

conditions, of which 17.3% ultimately forms vinyl ketene and methyl radical either directly

via chemical activation (6.8%) or via an acyclic Ċ5HO radical ĊH3C(O)ĊCHCHCH2 in

Figure 4) which undergoes demethylation.

Sensitivity analyses (Figure 4) have shown these hydrogen atom addition reactions to inhibit

reactivity for a number of reasons. These reactions prevent Ḣ atoms from reacting with O2

to form hydroxyl radicals and atomic oxygen by consuming 48.6% and 53.2% of the total

hydrogen atoms in the system under lean and rich conditions respectively. This is clear in

the increased sensitivity of these reactions under lean conditions. They also convert this

reactive hydrogen atom into the less reactive methyl radical. Additionally, furan is known to

be less reactive than the alkylated furans.

Little is known about the combustion of vinyl ketene in truth and we rely largely on

estimated kinetics from Alzueta et al. [45] to describe it’s combustion at present. Having

said this, vinyl ketene was detected in low-pressure 25DMF flames by Wu et al. [23] on the

basis of it’s ionization energy, and it is not unreasonable to suggest that it’s production

therein was from 2MF via this hydrogen atom addition reaction.

Whilst hydrogen atom addition reactions tend to inhibit reactivity, increasing the rate of

hydrogen atom abstraction by the hydrogen atom is seen to largely promote reactivity.

Although interestingly, the decomposition of the product of the abstraction channel, Ċ4H5-n,

to C4H4 and the hydrogen atom, is actually seen to be the most inhibiting reaction under

lean and rich conditions, despite the regeneration of hydrogen atoms observed from this

reaction.

It is important to note that the decomposition of Ċ4H5-n to C4H4 and Ḣ is not active in the

reverse direction and the inhibition observed is likely due to formation of the unreactive

C4H4 species, which is a well known intermediate in the formation of soot precursors.

Conversely, decomposition of Ċ4H5-n to C2H2 and Ċ2H3 is seen to promote reactivity as

chain branching can occur from the subsequent oxidation and decomposition reactions of

these species which are visible in Figure 4.

Increasing the rate of abstraction by O2 is seen to promote reactivity, particularly under fuel

lean conditions, as it provides a source of HȮ2 radicals which can react with methyl to

produce CH3Ȯ and ȮH, with CH3Ȯ primarily undergoing decomposition to form

formaldehyde and hydrogen atom.

4.2 Laminar Burning Velocities

Experimental laminar burning velocities and those calculated by the current model are

shown in Figure 5. Measured flame speeds are seen to increase with increasing initial

temperatures, with peak reactivity for a given initial temperature occurring under conditions

slightly richer than stoichiometric in all cases. The current model captures these trends well

with few empirical alterations required to obtain this agreement, although current

simulations are tending to overpredict the flame velocity under rich conditions.
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Sensitivity analyses detailing important kinetic parameters at lean (Φ = 0.6), peak flame

speed (Φ = 1.1) and rich (Φ = 1.6) conditions at an initial temperature of 358 K are visible in

figure 6. These sensitivity analyses exhibit that reactivity within the flame under lean and

rich conditions is very much dominated by the chemistry of smaller hydrocarbons, in

particular those reactions which produce and consume the hydrogen atom.

Flame speeds are controlled by the reactions of hydrogen with molecular oxygen, although

under lean conditions the oxidation of CO by the ȮH radical to produce CO2 and the Ḣ atom

is equally as important. Hydrogen atom recombinations with ȮH and O2 to produce

unreactive H2O and HȮ2 respectively, are amongst the most inhibiting reactions.

Formyl radical (HĊO) decomposition to carbon monoxide and hydrogen is promoting under

all equivalence ratios and the abstraction reactions which therefore prevent this

decomposition are seen to inhibit the overall reactivity. Acetylene oxidation by Ȯ to produce

HĊCO and Ḣ is seen as promoting not only due to the direct production of Ḣ atoms, but in

turn HĊCO can be oxidised by O2 to produce a further source of this reactive species.

The majority of the kinetic parameters novel to the oxidation of 2MF are relatively

insensitive and hydrogen atom abstraction by the hydrogen atom is the only reaction whose

sensitivity is seen to be on a par with those of smaller hydrocarbons. This led to the

adjustment of this rate constant by a factor of two as initial flame velocities were under

predicted by the unaltered model. Adjustment of any rate parameters governing the

combustion of these smaller species is unjustified as the kinetics of these reactions are well

understood and we do not consider them candidates for optimisation against the current

experimental data.

5 Conclusions

A detailed chemical kinetic model consisting of 2059 reactions and 391 species which

describes the combustion of 2-methyl furan has been developed and validated against novel

experimental ignition delay times and laminar burning velocities. The current model is

capable of accurately reproducing the experimental data as a function of both temperature

and equivalence ratio in the high temperature regime.

Sensitivity and rate of production analyses have been carried out to identify important

reactions of the fuel. Kinetics of the reactions of the Ḣ atom with the fuel are seen to be

amongst the most sensitive in terms of predicting ignition delay times and flame speeds

under the conditions studied and are therefore important in terms of predicting the global

reactivity of the system. In particular, the branching ratio between hydrogen atom

abstraction and addition reactions is important, as the former promotes reactivity and the

latter inhibits reactivity.

Abstraction by O2, which is estimated as part of this work, is seen to be amongst the

promoting reaction seen under fuel lean conditions in relation to ignition delay times; an

experimental or theoretical determination of this rate constant would reduce the uncertainty

in this estimated parameter. The kinetics of n-butadienyl radical decomposition, which have

been computed as part of this work, are also highlighted as important, as it is effectively the

sole product of abstraction reactions from the alkyl side chain in the high temperature

regime.

Despite the excellent model agreement obtained in terms of the high temperature reactivity

of 2-methyl furan, further experimental work is key to developing our understanding of this

novel fuel. The gathering of shock tube ignition delay times and laminar burning velocities

at elevated pressures and high temperatures are advised as a further validation of the current
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kinetic model. Intermediate to high temperature speciation profiles under oxidative

conditions are an absolute necessity to fully understand the combustion of 2MF and further

validate the mechanism proposed. Accurate quantification of furan, vinyl ketene and H2

yields is advised as the concentrations of these species are important indicators of the

kinetics of hydrogen atom addition and abstraction reactions.

The experimental and modelling work presented herein should provide a basis upon which

this future work on 2MF can be built, with the inclusion of the current 2MF mechanism as a

sub-mechanism to describe the combustion of 25DMF also a key output of the present study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was initiated by interactions arising out of COST Action CM0901, Detailed Chemical Kinetic Models
for Cleaner Combustion. It was partially funded by the Région Lorraine and the European Research Council

through the “Clean ICE” Advanced Research Grant. FG thanks CM0901 for the award of a Short Term Scientific

Mission scholarship. KPS and FG would like to acknowledge the support of Science Foundation Ireland under

grant number [08/IN1./I2055] as part of their Principal Investigator Awards. KPS and JMS acknowledge the

provision of computational resources from the e-Irish National Infrastructure programme, e-INIS, and the Irish

Centre for High-End Computing, ICHEC.

References

[1]. Zhao H, Holladay JE, Brown H, Zhang ZC. Science. 2007; 316(5831):1597–1599. [PubMed:

17569858]

[2]. Su Y, Brown HM, Huang X, Zhou X, Amonette JE, Zhang ZC. Applied Catalysis A: General.

2009; 361:117–122.

[3]. Rosatella AA, Simeonov SP, Frade RFM, Afonso CM. Green Chemistry. 2011; 13(4):754–793.

[4]. Román-Leshkov Y, Barrett CJ, Liu ZY, Dumesic JA. Nature. 2007; 447(7147):982–985.

[PubMed: 17581580]

[5]. Binder JB, Raines RT. J. Am. Chem. Soc. 2009; 131(5):1979–1985. [PubMed: 19159236]

[6]. Thananatthanachon T, Rauchfuss TB. Angew. Chem. Int. Ed. 2010; 49(37):6616–6618.

[7]. Chidambaram M, Bell AT. Green Chemistry. 2010; 12(7):1253–1262.

[8]. Nisbet HB. J. Inst. Petroleum. 1946; 32:162–166.

[9]. Zhong S, Daniel R, Xu H, Zhang J, Turner D, Wyszynski ML, Richards P. Energy Fuels. 2010;

24(5):2891–2899.

[10]. Daniel R, Tian G, Xu H, Wyszynski ML, Wu X, Huang Z. Fuel. 2011; 90(2):449–458.

[11]. Geilen F, vom Stein T, Engendahl B, Winterle S, Liauw M, Klankermayer J, Leitner W. Angew.

Chem. Int. Ed. 2011; 50(30):6831–6834.

[12]. Klankermayer, J.; Thewes, M.; Müther, M. Proceedings of the 4th TMFB International

Workshop of the Cluster of Excellence “Tailor-Made Fuels from Biomass”; Aachen, Germany.

2011; p. 25-27.

[13]. Thewes M, Muether M, Pischinger S, Budde M, Sehr A, Adomeit P, Klankermayer J. Energy

Fuels. 2011; 25(12):5549–5561.

[14]. Grela MA, Amorebieta VT, Colussi AJ. J. Phys. Chem. 1985; 89(1):38–41.

[15]. Lifshitz A, Bidani M, Bidani S. J. Phys. Chem. 1986; 90(21):5373–5377.

[16]. Lifshitz A, Tamburu C, Shashua R. J. Phys. Chem. A. 1997; 101(6):1018–1029.

[17]. Lifshitz A, Tamburu C, Shashua R. J. Phys. Chem. A. 1998; 102(52):10655–10670.

[18]. Sendt K, Backsay GB, Mackie JC. J. Phys. Chem. A. 2000; 104(9):1861–1875.

[19]. Liu R, Zhou X, Zhai L. J. Comput. Chem. 1998; 19(2):240–249.

[20]. Liu R, Zhou X, Zuo T. Chem. Phys. Lett. 2000; 325(4):457–464.

Somers et al. Page 9

Proc Combust Inst. Author manuscript; available in PMC 2013 June 28.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



[21]. Simmie JM, Curran HJ. J. Phys. Chem. A. 2009; 113(17):5128–5137. [PubMed: 19331407]

[22]. Simmie JM, Metcalfe WK. J. Phys. Chem. A. 2011; 115(32):8877–8888. [PubMed: 21678967]

[23]. Wu X, Huang Z, Yuan T, Zhang K, Wei L. Combust. Flame. 2009; 156(7):1365–1376.

[24]. P. Friese, J.M. Simmie, M. Olzmann, PROCI-D-12-00347

[25]. Johnson MV, Goldsborough SS, Serinyel Z, O’Toole P, Larkin E, O’Malley G, Curran HJ.

Energy Fuels. 2009; 23(12):5886–5898.

[26]. Morley, C. GasEq, Version 0.76. 2004. available at <http//www.gaseq.co.uk>

[27]. de Goey LPH, van Maaren A, Quax RM. Combust. Sci. and Tech. 1993; 92(1):201–207.

[28]. Dirrenberger P, Le Gall H, Bounaceur R, Herbinet O, Glaude P-A, Konnov AA, Battin-Leclerc

F. Energy Fuels. 2011; 25(9):3875–3884.

[29]. Tian Z, Yuan T, Fournet R, Glaude P-A, Sirjean B, Battin-Leclerc R, Zhang K, Qi F. Combust.

Flame. 2011; 158(4):756–773.

[30]. Metcalfe WK, Dooley S, Dryer FL. Energy Fuels. 2011; 25(11):4915–4936.

[31]. Kéromnès, A.; Metcalfe, WK.; Donohoe, N.; Curran, HJ.; Pitz, WJ. Detailed Chemical Kinetic

Model for H2 and H2/CO (Syngas) Mixtures at Elevated Pressure; 7th US Nat. Meeting of the

Comb. Inst; Atlanta. 21-23/03/2011;

[32]. Kéromnès et al., manuscript in preparation.

[33]. Lowry W, de Vries J, Krejci M, Petersen E, Serinyel Z, Metcalfe W, Curran H, Bourque G.

Journal of Engineering for Gas Turbines and Power-Transactions of the ASME. 2011; 133(9)

ASME Paper 091501.

[34]. Metcalfe, WK.; Burke, SM.; Aul, CK.; Petersen, EL.; Curran, HJ. A Detailed Chemical Kinetic

Modelling and Experimental Study of C1-C2 Hydrocarbons; Proceedings of the European

Combustion Meeting, Cardi; 2011;

[35]. Healy D, Donato NS, Aul CJ, Petersen EL, Zinner CM, Bourque G, Curran HJ. Combust. Flame.

2010; 157:1526–1539.

[36]. Laskin A, Wang H, Law CK. International Journal of Chemical Kinetics. 2000; 32(10):589–614.

[37]. Allara DL, Shaw RJ. J. Phys. Chem. Ref. Data. 1980; 9:523–559.

[38]. Dean AM, Bozzelli JM, Ritter ER. Combust. Sci. Tech. 1991; 80(1-3):63–85.

[39]. Montgomery JA, Frisch MJ, Ochterski JW, Petersson GA. J. Chem. Phys. 2000; 112(15):6532–

6542.

[40]. Luo, Y-R. Comprehensive Handbook of Chemical Bond Energies. CRC Press; Boca Raton, FL:

2007. p. 41

[41]. Marinov NM, Pitz WJ, Westbrook CK, Vincitore AM, Castaldi MJ, Senkan SM, Melius CF.

Combust. Flame. 1998; 114(1-2):198–213.

[42]. Barker JR. Int. J. Chem. Kinetics. 2001; 33(4):232–245.

[43]. Chemkin-Pro, Reaction Design Inc., San Diego, Calif.

[44]. Green, WH.; Allen, JW.; Ashcraft, RW.; Beran, GJ.; Class, CA.; Gao, C.; Goldsmith, CF.;

Harper, MR.; Jalan, A.; Magoon, GR.; Matheu, DM.; Merchant, SS.; Mo, JD.; Petway, S.;

Raman, S.; Sharma, S.; Song, J.; Van Geem, KM.; Wen, J.; West, RH.; Wong, A.; Wong, H.;

Yelvington, PE.; Yu, J. RMG - Reaction Mechanism Generator v3.3 2011. available at <http://

rmg.sourceforge.net/>

[45]. Alzueta MU, Glarborg P, Dam-Johansen K. Int. J. Chem. Kinetics. 2000; 32(8):498–522.

Somers et al. Page 10

Proc Combust Inst. Author manuscript; available in PMC 2013 June 28.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts

http://www.gaseq.co.uk
http://rmg.sourceforge.net/
http://rmg.sourceforge.net/


Fig. 1.
Numbering system for 2-methyl furan ring with recommended [21] bond dissociation energy

(kJ mol−1) of alkyl C–H bonds and structure of primary abstraction/fission product.
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Fig. 2.
Experimental ignition delay times (symbols) with 15% error bars as a function of

temperature and O2 concentration with model predictions (lines).
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Fig. 3.
Rate of production analysis showing initial consumption reactions of 2-methyl furan.

Carried out under shock tube conditions at 20% fuel consumption, 1500 K at Φ = 0.5 and Φ
= 2.0 (parenthesis).
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Fig. 4.
Ignition delay sensitivity analysis at 1500 K, Φ = 0.5 (open bars) and Φ = 2.0 (solid bars).

Positive coefficients correspond to reactions which inhibit reactivity and vice versa. The

reaction of Ḣ with O2 to give ȮH> and Ȯ has been omitted for clarity.
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Fig. 5.
Experimental flame speeds (symbols) with calculated errors as a function of initial

temperature and equivalence ratio at pressures of 1 atmosphere and current model

predictions (lines) with solid lines corresponding to closed symbols.
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Fig. 6.
Sensitivity coefficients for reactions found to be important in predicting laminar burning

velocities at Φ = 0.6 (open bars), Φ = 1.1 (grey fill) and Φ = 1.6 (black fill) at 358 K.

Positive coefficients correspond to reactions which promote reactive and vice versa. The

reaction of Ḣ with O2 to give ȮH and Ȯ has been omitted for clarity.
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