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Abstract 

 

The autoignition kinetics of hydrocarbons is an important criterion for selecting fuels for piston 

reciprocating engines, and it can be determined by relative performance to mixtures of alkanes, n-

heptane and iso-octane, under certain standarised operating conditions. 2-methylfuran is a potential 

biofuel candidate, whose autoignition chemistry is markedly different from alkanes. Its octane 

behavior when blended with paraffins also shows a marked difference. The blending octane behavior 

of a fuel is characterized by its Blending Octane Number (BON). The BON of 2-methylfuran was 

extensively characterized in this work. 2-methylfuran’s BON was mapped from experimental ignition 

delay times measured in a constant volume combustion chamber using established correlations. The 

effect on BON was studied depending on the RON of the base fuel into which 2-methylfuran was 

blended, as well as the quantity of 2-methylfuran blended. BON of 2-methyfuran was greater than its 

RON by a factor of four or more for some blends studied. BON reduced with increasing RON of the 

base fuel, as well as with increasing quantity of 2-methylfuran blended. A chemical kinetic model was 

created by integration of well validated sub-models for the blend components, and then used to explain 

the chemical kinetics leading to the extremely high BON values of 2-methylfuran.  The synergetic 

anti-knock blending effect of 2-methylfuran is partially due to its physical properties leading to a 

greater molar fraction per volume fraction in the blend compared to iso-octane. Analysis using 

chemical kinetic model revealed that the chemical action behind 2-methylfuran’s blending octane 

behavior was due to its ability to quench OH radicals which are important to the low-temperature 

oxidation chemistry of alkanes. This quenching effect is achieved due to the more rapid reaction rate 

of 2-methylfuran with OH radical compared to iso-octane, followed by the immediate conversion of 

the adduct shifting the equilibrium towards the product. 
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1. Introduction 

      Spark ignition (SI) engines are a mainstay in powering light-duty vehicles. The thermodynamic 

potential created by the compression of the working fluid before heat addition determines the 

efficiency of the device. Knocking is an abnormal combustion event that limits the thermodynamic 

potential of an SI engine. Knocking results from the autoignition of the fuel-oxidizer mixture before 

the arrival of the flame front initiated by the spark. Autoignition of the fuel-air mixture is a function 

of the gas temperature-pressure-equivalence ratio history.  The use of fuel-air mixtures that have high 

resistance to autoignition is more beneficial for SI engine operation. The autoignition quality of many 

fuels has been extensively studied and quantified. The standard numbers utilized to express the 

autoignition or knock resistance of fuels are the Research Octane Number (RON) and Motor Octane 

Number (MON). The RON and MON scales are built using binary mixtures n-heptane and iso-octane.  

These mixtures are termed Primary Reference Fuels (PRFs). RON of a fuel is the volume concentration 

of iso-octane in the PRF mixture that mimics the knocking characteristic of the fuel under the testing 

procedure prescribed in ASTM D 2699-19[1]. The scale is built on alkanes, and thus intrinsically 

captures alkane low-temperature oxidation chemistry. Hence, the blending behavior of most alkanes 

appears linear. Any fuel mixture made up entirely of alkanes usually have a RON that is the sum of 

the RONs of each component multiplied by their respective volume fractions as elucidated by equation 

1.  

 

𝑅𝑂𝑁𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =  ∑ 𝑣𝑖
𝑁
𝑖 𝑅𝑂𝑁𝑖                      (1) 

 

The auto-ignition chemistry of other classes of fuel molecules differs considerably from alkanes. 

Therefore, using the RON scale, which is linear by volume for n-heptane and iso-octane, might result 

in the observation of non-linear blending behaviors for other molecular classes. Some classes of 

molecules exhibit extreme non-linearity in blends that result in significant deviations in the RON of 
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the blend from the one that would result from equation 1. The “apparent RON” of a molecule that is 

required to satisfy equation 1 is its Blending Octane Number (BON). The difference between the BON 

of a molecule in a mixture and its RON value, measured in its pure state, determines the blending 

behavior of the fuel in that mixture. A positive difference is considered synergistic, a negative 

difference is antagonistic, and no difference expresses a linear blending by volume. Figure 1 is a 

pictorial representation of the above description.  

 

Figure 1 Representation of blending octane behavior 

2-methylfuran is a potential next-generation biofuel candidate. Production pathways from 

lignocellulose biomass have been actively explored. A potential route to 2-methylfuran from 

lignocellulosic biomass is through the production of Furfural by hydrolysis and dehydration of xylan 

contained in the biomass. Furfural can be upgraded to many furans by hydrogenation[2,3]. 2-

methylfuran has many physical and chemical properties that make it suitable for use in SI engines 

either in its pure state or in a blend with existing gasoline feedstock. Table 1 contains the physical and 

chemical properties of 2-methylfuran contrasted against iso-octane and toluene, which are common 

compounds in gasoline fuels. The density of 2-methylfuran is the greatest among the three, while its 

RON is comparable to that of iso-octane and less than Toluene. The MON of 2-methylfuran is much 

lower than iso-octane indicating the deviation in its autoignition chemistry compared to alkanes. 

Derived Cetane Number (DCN) does not indicate the same trend. 2-methylfuran appears much closer 

in reactivity to toluene when comparing their respective DCNs. DCN is a rating scale that presents the 
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relative ease of auto igniting the fuel. A higher number representing a fuel with lower inhibition to 

autoignition. The differences observed between RON, MON, and DCN are due to the disparity in 

testing methodologies and boundary conditions. The lower heating value (LHV) of 2-methylfuran is 

lower on a mass basis due to the presence of an oxygen atom in the chemical structure. The higher 

density compensates, making it comparable to iso-octane on a volume basis. The heat of vaporization 

(HOV) of 2-methylfuran is between that of iso-octane and toluene, while its boiling point (BP) is the 

least of all fuels listed in the table.  

Table 1 Physical and Chemical Properties of 2-methylfuran, iso-octane, and Toluene 

 2-Methylfuran iso-Octane Toluene 

Chemical Formula C5H6O C8H18 C7H8 

Density @ 20 ℃ (g/L) 913.2 691.9 867 

RON 100 + 0.1*[6]  100 100 + 5.8*[6]  

MON 86[6] 100 100 + 0.3*[6]  

DCN 6.84[7], 8.9[8] 17.2[9] 6.03[7], 6.0[9] 

Stoichiometry (kg/kg-fuel) 10.05 15.13 13.43 

LHV (MJ/kg) 31.2 44.3 35.19 

HOV (kJ/kg) 358 307 413 

Boiling Point (℃) 64 99 111 

* ml of Tetra-ethyl lead blended in a gallon of iso-octane to match knocking according to ASTM D 2699 

The combustion, knocking, and emission characteristics of 2-methylfuran have been investigated 

in engines[7,10]. The authors of the present work have investigated the blending behavior of 2-

methylfuran and contrasted it against that of ethanol and toluene[7]. PRF, with a RON of 60, was 

selected as the base fuel into which the additives (2-methylfuran, ethanol, and toluene) were blended 

in 5%, 10%, and 20% by volume. The behavior of the blends was characterized by experimentally 

measured ignition delay times in a constant volume combustion chamber. The response to advancing 
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spark timing in SI engine operation was recorded. The critical compression ratio to obtain optimal 

phasing under Homogeneous Charge Compression Ignition (HCCI) operating mode was also 

determined. PRF 60/2-methylfuran blends exhibited increased ignition delay times (reduced 

reactivity), an ability to achieve earlier combustion phasing (higher knock resistance to advancing 

spark timing), and a higher critical compression ratio (higher autoignition temperature and pressure) 

at every blend ratio compared to ethanol and toluene. The radical quenching chemistry of 2-

methylfuran was attributed as the reason for the observed behavior.  

This study furthers the understanding of the blending behavior of 2-methylfuran by evaluating the 

effect of the RON of the base fuel on the BON of 2-methylfuran. The impact of varying the 

concentration of the 2-methylfuran added to the blend is also investigated in constant volume 

combustion chamber experiments. Chemical kinetic analysis using a detailed kinetic model is 

employed to reveal underlying chemical features causing the observed blending behavior. The aspect 

of fuel sensitivity of 2-methylfuran in blends is not addressed in this study with the focus only on RON 

relevant conditions.   

 

2. Methodology  

2.1 Ignition Delay Time Measurements  

The study explored the blending octane behavior of 2-methylfuran as a function of the octane 

quality of the base fuel and the concentration of 2-methylfuran in the blend. The blending behavior 

was characterized by the blending octane number (BON), arrived by extrapolating from the RON of 

the blend as shown in fig 1. The blending octane behavior of 2-methylfuran was determined by the 

measurement of the ignition delay times (IDTs) of PRF/2-methylfuran blends in an ignition quality 

tests (IQT), which is a type of constant volume combustion chamber. The experiments were performed 

as prescribed by ASTM D 6890-18[11]. Detailed experimental setup and operating procedures can be 
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found in the same reference. The ignition delay times were measured for Primary Reference Fuel (PRF) 

mixtures with RON values of 0, 20, 40, 60, 80, and 100 blended with 5%, 10%, and 20% of 2-

methylfuran by volume. The chamber pressure in the experiments was maintained around 25 bar. The 

temperature of the chamber was maintained at the value at which IDT of n-heptane was 3.78 (± 0.03 

milliseconds). The fuel injection was done at 150 bar. The start of ignition was determined using a 

gradient method [12]. The time difference between the start of injection, indicated by the injector 

needle lift, and the start of ignition is the IDT. The recorded IDT was averaged over 32 continuous 

cycles as prescribed by the standard.  

The use of IQT for IDT measurement accounts for both physical and chemical processes. The 

physical processes consist of spray atomization, evaporation, and mixing. The chemical process 

consists of fuel breakdown due to reaction with oxidizer molecules.  The physical processes listed are 

not predominant features in the RON testing methodology. For fuels with long IQT IDT values, such 

as the PRFs and mixtures with 2-methylfuran investigated here, chemical processes are rate controlling 

and physical processes can be considered negligible. 

 

2.2 Mapping Research Octane Numbers from Ignition Delay Times 

The determination of RON for the fuel mixtures stated above from IDTs measured in an IQT was 

done through a two-step mapping process. First, Derived Cetane Numbers (DCN) were determined 

from the measured IDTs using the correlation prescribed by ASTM D 6890-18[11]. DCN is obtained 

using equations 2 and 3. Equation 3 is for IDTs between 2.64 to 6.90 milliseconds (ms). Equation 3 is 

for all the IDTs outside that range.  

 

𝐷𝐶𝑁 = 4.460 + (
186.6

𝐼𝐷𝑇
)                                                                                                                      (2)             

𝐷𝐶𝑁 = 83.99(𝐼𝐷𝑇 − 1.512)−0.658 + 3.547                    (3) 
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The conversion of DCN to RON does not have a standardized equation. Naser et al.[12] proposed 

a second-order polynomial fit based on measured data for a wide range of PRFs, toluene reference 

fuels (TRFs), and blends of toluene with PRFs with RON ranging from 50-100. Ryan and Matheus[13] 

found a third-order polynomial fit to be more suitable based on their experimental data for PRFs 

ranging from RON 0 to 100. The deviation in fitting is due to the addition of more data points at the 

higher end of the DCN scale (>40) as well as the limits of reproducibility associated with this 

technique[11]. Therefore, the present work uses the third-order fit from Ryan and Matheus[13] as 

DCNs of some of the blends extended into this region. Equation 4 provides the correlation between 

DCN and RON used in this work.  

 

𝑅𝑂𝑁 = 146 − (3.7 ∗ 𝐷𝐶𝑁) + (0.08946 ∗ 𝐷𝐶𝑁2) − (0.001263 ∗ 𝐷𝐶𝑁3)    (4) 

2.3 Chemical Kinetic Model and Simulated Ignition Delay Times 

The chemical nature of the blending behavior of 2-methylfuran was investigated using a chemical 

kinetic model derived by integrating a detailed 2-methylfuran kinetic model[14], validated against 

experimental data, to a PRF kinetic model[15]. The plausibility of the integrated chemical kinetic 

model was tested by comparing the RONs obtained simulated IDTs in a homogeneous batch reactor 

under initial conditions prescribed by Sarathy et al.[16] with the RONs mapped from the experimental 

IDTs. The initial conditions prescribed by Sarathy et al.[16] are  835 K and 20 bar with the mixture 

strength at an equivalence ratio of 1. All simulations were performed in ANSYS Chemkin Pro v19 

[17].  Equation 5 provides the correlation established by Badra et al.[18] between simulated IDT and 

RON for this set of initial conditions.  

 

𝑅𝑂𝑁 = 118.086 − 139.507 ∗ exp (
−𝐼𝐷𝑇

1.112
) − 45.009 ∗ exp (

−𝐼𝐷𝑇

6.206
) − 19.726 ∗ exp (

−𝐼𝐷𝑇

72.472
)  (5)            
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3. Results and Discussion 

3.1 Blending Octane Number 

Figure 2 presents the experimental measured ignition delay time measured in the IQT. The 

reduction in mixture reactivity is apparent as IDT increases monotonically with increasing 2-

methylfuran volumetric concentration. The rate of change of IDT with respect to 2-methylfuran 

fraction in the blend also increases due to the link between the physical and chemical process in the 

IQT. The mixture in the IQT becomes more homogenous as time after the injection event increases, 

which in turn leads to a leaner fuel-air mixture that extends IDTs.  

Figure 3 shows the calculated RONs for all the mixtures from IQT measured IDTs, employing the 

equations detailed in the methodology section. RONs determined from simulated ignition delay times 

in a homogeneous batch reactor are also shown. The simulated RON values closely match the 

calculated ones within five octane numbers, marked by the shaded area, for all the mixtures tested, 

exhibiting the ability of the chemical kinetic mechanism used in this study to model the trends in 

observed ignition behavior.  The RON value of PRF 60 + 20% 2-methylfuran blend measured using 

standard octane testing procedure ASTM D-2699[1], obtained from literature, is also presented in the 

figure. The value of the calculated RON is close to the measured RON, thereby validating the mapping 

approach used, at least for that point. The change in RON for a unit volume addition of 2-methylfuran 

reduces with increasing RON of the PRF base fuel, and with an increasing quantity of 2-methylfuran 

blended. Thus, the difference in RON between different PRFs reduces with an increasing amount of 

2-methylfuran in the blend.  
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Figure 2 Measured ignition delay times of PRF blends with 2-methylfuran 

 

Figure 3. Calculated and simulated RON as functions of PRF and 2-methylfuran vol.% in the 

blend 

Figure 4 presents the BON as a function of RON of the base PRF and volume % of 2-methylfuran 

in the blend. The BON of 2-methylfuran is exceptionally high compared to iso-octane for all the blends 

tested. It is also variable, while the BON of iso-octane is 100 when blended with any fuel at any 

proportion. BON for PRF 0 + 5% 2-methylfuran blend is almost a factor of 5 higher than iso-octane. 

The BON reduces with increasing concentration of 2-methylfuran in the blend for all PRF fuels, and 

with increasing RON of the PRF base fuel for any 2-methylfuran concentration.  
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Figure 4. Calculated BONs from IDTs measured in IQT 

 

Figure 5 Molar concentration as a function of volumetric concentration for 2-mehtylfuran and 

iso-octane 

The difference in the density and molecular weight of 2-methylfuran compared to iso-octane partly 

accounts for the exaggerated BON since 2-methyfuran’s molar fraction is much more significant for 

the same volume fraction.  Figure 5 shows the molar fraction of  2-methylfuran and iso-octane as a 

function of volume fraction when blended with PRF 0 (i.e., n-heptane). Figure 6 presents the calculated 

molar BON of 2-methylfuran as a function of the RON of the PRF base fuel and 2-methylfuran’s molar 

concentration in the blend. The ratio of molar BON of 2-methylfuran by the molar BON iso-octane is 

smaller compared to the volumetric BON ratio shown previously. This difference is due to the effect 

of the physical properties, viz. higher density, and lower molecular weight of 2-methylfuran 

contributing to its enhanced blending behavior. The molar BON is still substantially more significant 

than iso-octane’s BON, denoting a clear chemical effect arising from the addition of 2-methylfuran. 
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The behavior of 2-methylfuran is in contrast to ethanol, which also exhibits exceptionally high BONs 

on a volumetric basis, whereas the molar BONs are very close to the RON of pure ethanol[19].  

 

Figure 6 Calculated molar BONs from IDTs measured in IQT 

3.2 Chemical Nature of High BON 

Figure 7(a) shows the simulated volumetric heat release rate and temperature profiles for PRF 0, 

PRF 5, PRF 20, and PRF 0 + 5% 2-methylfuran in a homogenous batch reactor at the same initial 

conditions prescribed by Sarathy et al. for determining RON from simulated IDTs. Two-stage ignition 

behavior is observed for all the fuels. PRF 0 (n-heptane) exhibits the highest first-stage heat release 

rate (low-temperature reactivity), thereby elevating the gas temperature. The addition of 5% iso-octane 

by volume does not alter the quantity or phasing of the first-stage heat release. It slightly prolongs the 

start of the second-stage heat release (high temperature autoignition). The addition of 20% iso-octane 

by volume both reduces and retards the first stage heat release. The rise in the temperature of the gas 

mixture is also smaller. The addition of 5% 2-methylfuran has the most significant impact on the first-

stage heat release, exhibiting significantly suppressed low-temperature reactivity.  Figure 7(b) shows 

the evolution of the OH radical in the reactor as a function of time, as OH radical is a marker of overall 

reactivity.  The OH radical profile closely follows the volumetric heat release rate profile.  
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Figure 7. Time-dependent profile of (a) volumetric heat release and temperature, (b) OH radical 

mole Fraction 

Figure 8 shows the rate of production (ROP) of OH radical for PRF 5 and PRF 0 + 5% 2-

methylfuran before the start of the first-stage heat release. The production and consumption pathways 

are dominated by n-heptane chemistry for PRF 5, with iso-octane having negligible participation in 

the consumption of OH radicals. The decomposition of hydroperoxides and keto-hydroperoxides 

accounts for the production of OH radicals, while OH is consumed via H-atom abstraction from the n-

heptane molecule to form heptyl radicals. The heptyl radicals undergo oxygen additions and 

isomerization reactions leading to the formation of hydroperoxides and keto-peroxides. Thus, this 

reaction scheme is a positive feedback loop that increases the consumption of the fuel molecule while 

releasing heat. The addition of 2-methylfuran reduces both the production and consumption reactions 

of OH radicals from n-heptane. 2-methylfuran consumes OH radicals via addition to the C=C double, 

forming two different adducts in equal proportions. This pathway acts as a radical sink due to three 

reasons. As a barrier-less reaction, the rate coefficient of OH addition to the 2-methylfuran is 

significantly faster than that of H-atom abstraction from either n-heptane or iso-octane [20]. The 

differences in the rates reduces with increasing temperature, because OH addition has negative 

temperature dependence while the H-atom abstractions have a positive temperature dependence.  Thus, 

OH radicals that are essential for chain branching reactions in the low-temperature reactivity scheme 
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of alkanes are consumed by 2-methylfuran, thereby inhibiting reactivity. Figure 9 (a) provides a 

comparison between the rate constants of OH reaction with 2-methylfuran, n-heptane, and iso-octane. 

Furthermore, the molar concentration of 2-methylfuran is higher per unit volume concentration than 

iso-octane, displacing a more significant number of n-heptane molecules in the mixture. Figure 9 (b) 

shows the rate of production of the 2-methylfuran-OH (MF25OH4J) adduct formed by the barrier-less 

OH addition reaction. However, the concentration of this adduct remains near zero as a beta-scission 

reaction immediately consumes it. The C-O ether bond on the ring of this adduct is very weak and 

dissociate quickly. The rapid conversion of the adduct drives the equilibrium of the OH addition 

reaction forward.  

The increase in the RON of the base PRF reduces the BON of 2-methylfuran since 2-methylfuran 

displaces a greater molar fraction of iso-octane from the blend. The low-temperature chemistry of iso-

octane is not as pronounced as n-heptane. Therefore, addition of 2-methylfuran to iso-octane cannot 

alter first-stage heat release to the same extent. The fuel-air mixture also has longer residence times at 

elevated cylinder temperature and pressure with increasing RON of the fuel in the RON test method. 

The rate of OH radical addition to 2-methylfuran, as stated earlier has a negative temperature 

dependence, which further reduces the potenital of 2-methylfuran.    

   

  

                   Figure 8 Rate of production of OH radical before the start of first-stage heat release 
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Figure 9 (a) Rate Constants for Fuel Molecule with OH radical for 2-methylfuran, n-heptane, and 

iso-octane,  

(b) Rate of Production and Consumption of 2-methylfuran-OH adduct 

 

4. Summary  

2-methylfuran exhibits a blending octane behavior that is significantly different from iso-octane, 

even while their reactivates in their pure states are similar, under RON test conditions. The blending 

octane behavior characterized by the BON was observed to be a function of both the RON of the base 

fuel, as well as the quantity of 2-methylfuran in the blend. BON reduces with increasing RON of the 

base fuel. BON also reduces with an increasing quantity of 2-methylfuran in the blend. The 

exaggerated BON of 2-methylfuran is partly due to its physical properties that lead to a more 

substantial molar fraction per unit volume fraction compared to iso-octane. The chemical kinetics 

responsible for the high BON is due to the radical quenching ability of 2-methylfuran. An adduct is 

formed by the combination of 2-methylfuran with an OH radical. The rate of this barrier-less reaction 

is significantly larger than the abstraction of hydrogen atom from alkanes by the OH radical. The 

adduct is rapidly consumed through a beta-scission reaction which further drives forward the addition 

reaction of OH with 2-methylfuran. Therefore, 2-methylfuran’s extraordinary BON can be attributed 

to combined physical and chemical kinetic effects.  These findings can help identify other novel octane 

boosters. 
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