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Abstract 

Small esters represent an important class of high octane biofuels for advanced spark ignition engines. 

They qualify for stringent fuel screening standards and could be synthesized through various pathways. 

In this work we performed a detailed investigation of the combustion of two small esters, MA (methyl 

acetate) and EA (ethyl acetate), including quantum chemistry calculations, experimental studies of 

combustion characteristics and kinetic model development. The quantum chemistry calculations were 

performed to obtain rates for H-atom abstraction reactions involved in the oxidation chemistry of these 

fuels. The series of experiments include: a shock tube study to measure ignition delays at 15 and 30 bar, 

1000–1450 K and equivalence ratios of 0.5, 1.0 and 2.0; laminar burning velocity measurements in a 

heat flux burner over a range of equivalence ratios [0.7-1.4] at atmospheric pressure and temperatures of 

298 and 338 K; and speciation measurements during oxidation in a jet-stirred reactor at 800–1100 K for 

MA and 650–1000 K for EA at equivalence ratios of 0.5, 1.0 and at atmospheric pressure. The 

developed chemical kinetic mechanism for MA and EA incorporates reaction rates and pathways from 

recent studies along with rates calculated in this work. The new mechanism shows generally good 

agreement in predicting experimental data across the broad range of experimental conditions. The 

experimental data, along with the developed kinetic model, provides a solid groundwork towards 

improving the understanding the combustion chemistry of smaller esters. 
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1. Introduction 

Co-Optima is a U.S. Department of Energy program for improving the performance and efficiency of 

vehicles by synergistically re-designing fuels and engines. Its major goals include improving engine and 

fuel technology while catering to the market requirements of automotive and oil industry. To address the 

challenges of fuel optimization, several promising fuels [1] have been identified based on stringent 

screening criteria that includes fuel properties, health hazard assessments, bio-degradability, feasibility 

of synthesis, etc. Because of their advantageous physical, kinetic and chemical properties (Table 1), 

small esters, i.e., methyl acetate (CH3C(O)OCH3) and ethyl acetate (CH3C(O)OCH2CH3), are among the 

fuels shortlisted for advanced spark ignition engines.   

Methyl acetate (MA) and ethyl acetate (EA) have received significant attention recently, due in part to 

increased interest in biofuels. To this end, several fundamental flame studies have been conducted with 

these smaller esters [2-6] to investigate parameters including speciation in low-pressure oxidation and 

pyrolysis. There are also a few studies reporting laminar burning velocities for EA [3, 7] and for MA 

[8].  Autoignition studies of MA and EA have been reported by Zhang et al. [9] and  Kumegh et al. [10], 

but no data was presented for high pressure and undiluted conditions. The high-temperature oxidation of 

MA in a jet-stirred reactor (JSR) has been reported [11] for fuel-lean to fuel-rich conditions; while EA 

does not appear to have been studied in a JSR. A few studies have explored blends of EA in an engine 

for performance and emission characteristics [12, 13], while no such studies were reported for MA. 

Furthermore, some studies report the rates of H-atom abstraction and unimolecular decomposition for 

MA [4, 14-16] and EA [5, 17-19]. Additionally, detailed chemical kinetic mechanisms for smaller esters 

mailto:ahfaz.ahmed@kaust.edu.sa
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including MA and EA [2, 4-6] have been presented with validation primarily against high temperature 

flame and pyrolysis studies. 

Table 1: Properties of methyl acetate and ethyl acetate [1] . 

Fuel RON MON 
Density LHV 

[kg/m3] [kJ/kg] 

methyl acetate (MA) 120 120 927.4 17.9 

ethyl acetate (EA) 118 120 894.6 21.34 

 

In the present study, comprehensive approaches have been adopted to advance the understanding of 

smaller esters combustion chemistry, while addressing the gap in experimental and theoretical studies. 

The investigations performed involve quantum chemistry calculations, a wide range of experiments, 

chemical kinetic modelling, and simulation analyses. Quantum chemistry calculations were performed 

for H-atom abstraction by ȮH and HȮ2 radicals from MA and EA. The set of experiments include 

measurement of ignition delay times, laminar burning velocities and species profiles from a JSR for the 

oxidation of MA and EA. The series of experiments performed in this work elucidate the combustion 

properties of these fuels and also provides benchmarks to validate a newly developed kinetic model, 

which is based on earlier work by Westbrook et al. [20]. The developed kinetic model has been updated 

with more accurate reaction rates and pathways from recent theoretical and experimental studies from 

the literature and the quantum chemistry calculations performed in this work. The model is compared 

against the new data from the aforementioned experiments and in general, good agreement is observed.  

2. Methodologies 

2.1. Theoretical calculations 

The rate constants for H-atom abstraction from MA by ȮH and HȮ2 radicals have been theoretically 

[14] and experimentally [21, 22] studied in the literature, while for EA only theoretical predictions are 
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available for H- atom abstractions by H and HȮ2 [18, 19]. In this work, H-atom abstraction reactions 

from MA and EA by ȮH and HȮ2 radicals were investigated theoretically with detailed considerations 

of torsional motions and using variational transition state theory (TST), as opposed to previous studies 

which performed simpler hindered rotor approximations and conventional TST. Rate constants were 

determined from master equation (ME) calculations performed on a potential energy surface (PES) 

containing the entrance and exit van der Waals (vdW) wells connected by a transition state, whose 

density of states was estimated using variational transition state theory. The rates of the entrance and 

exit channels to and from the vdW wells were determined using phase space theory. The advantage of 

using a master equation to calculate the rate constant is twofold. Firstly, it permits one to correctly 

account for the effect of the vdW wells and their pressure dependent energy resolved population on 

quantum tunneling, and secondly, it sets a higher limit for the rate constant of the rate of formation of 

the vdW well.  

Details of the electronic structure calculations used to determine the PES for each reaction channel are 

reported as Supplemental material (SM-2). Particular care was taken to describe conformational effects, 

which were accounted for using 1- and 2-dimensional hindered rotor models. The use of 2-dimensional 

hindered rotors proved to be of key relevance to the prediction of rates in quantitative agreement with 

experimental data, as described in the Supporting information (SM-4) and in Section 3.1.  

The ME calculations were performed using the MESS solver [23]. Density functional theory 

calculations were performed using G09 [24], while CCSD(T) and DF-MP2 calculations were performed 

with Molpro 2015 [25]. ME input files were generated using a new code, EStokTP, designed to 

automatically investigate the torsional conformation space, to project torsional motions from the Hessian 

matrix, and determine 1-D and multi-dimensional PESs for rotors [26]. 
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A comparison between the total abstraction rates from the literature and those calculated in this work at 

different levels of theory for the MA + ȮH reaction is reported in Fig. 1. The best agreement between 

calculated and experimental data is obtained when the highest level of theory is adopted, that is when 

using the 2-D hindered rotor model to account for the variation of vibrational frequencies along the PES. 

The calculated total rate constant is in reasonable agreement with that determined in Tan et al. [14], 

which is about a factor of two higher than our estimate at high temperatures (greater than 1000 K) and 

similar at low temperatures. This highest level of theory was then used to determine rate constants for all 

the other reactions. The rate constants so determined, fitted in the 500–2500 K temperature range and 

reported in the Supplemental data (SM-4) Table S1, are used in the kinetic simulations. The uncertainty 

in the rate constants is estimated to be a factor of two or lower. 

 

Figure 1. Comparison between literature rate constants [14, 19, 21, 22] for the CH3COOCH3 + ȮH 

reaction and those computed in this work at different levels of theory. 

 

2.2. Kinetic model development for MA and EA 

For MA, the initial step in the kinetic reaction scheme involves unimolecular decomposition of the fuel, 

and H-atom abstractions from the methoxy and acetyl sides of the fuel molecules. The fuel radicals so 

produced proceed through radical isomerization and decomposition reactions. MA decomposition 

channels produce methyl radicals, CO2 and a limited quantity of methanol; rate constants calculated by 
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Peukert et al. [16] were adapted in the mechanism. For H-atom abstraction from MA by Ḣ and Ȯ atoms 

and ĊH3 radicals, the rate constants calculated in Tan et al. [14] were used; however, the frequency 

factor for H-atom abstraction by ĊH3 radicals on the acetyl side is increased by a factor of 2.5 to 

improve ignition delay data predictions and brings the rates closer to those reported by Arthur et al. [27]. 

This modification did not change the branching ratio between the two MA radicals, as only a small 

fraction of H atoms are abstracted by methyl radical (see Fig. 8 in Ref 9).  The abstraction rate constants 

by ȮH and HȮ2 radicals have been calculated in this work as mentioned above. The reaction rate 

constants for fuel radical isomerization and decomposition are from the theoretical study of Tan et al. 

[15].  

The EA sub-mechanism involves reactions describing unimolecular decomposition, bond fission, H-

atom abstraction, and fuel radical’s isomerization and decomposition steps. The reaction rates 

implemented in this study for the bond fissions and unimolecular decomposition of EA were calculated 

by Sun et al. [5]. H-atom abstraction from EA was considered from three possible sites: from the 

primary and secondary carbons on the ethyl side and on the methyl side. H-atom abstractions from all 

three sites on EA by ȮH and HȮ2 radicals were calculated in this work. The rates for H-atom abstraction 

on the ethyl side by radicals other than ȮH/HȮ2 radicals were assumed to be similar to the rates reported 

by Wu et al. [28], which were calculated for ethyl formate. They were adopted here because of the 

partial structural similarity to EA, and because no other studies have reported these rates for EA. The H-

atom abstraction rates on the methyl side were taken to be consistent with the methyl side of MA [14].  

As shown in previous studies [5, 29] the unimolecular decomposition channel leads to nearly complete 

transformation of EA to ethylene and acetic acid. The combustion chemistry of ethylene is well 

documented and is described in detail in the base chemistry [30]; however, kinetic studies for acetic acid 

[31] are limited in the literature and have been adopted from Cavallotti et al. [32] (comparisons with 

rates from [31] are provided in SM-4). Although MA and EA share a common ester moiety, their Commented [A1]: I don’t see this 
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consumption channels are quite dissimilar due to the absence of a –CH2- functional group in MA, which 

inhibits various pathways leading to alkene and vinyl acetate formation. These concerted decomposition 

pathways have been observed in larger esters such as propyl acetate and above.   Further details about 

reactions and associated rate constants are given in the well-annotated chemical kinetic mechanism 

available as Supplemental data (SM-1).   

The proposed kinetic mechanism comprises 506 species and 2809 reactions; AramcoMech 2.0 [30] is 

used as the base mechanism. The thermochemical data is adopted from different sources [6, 33, 34] and 

is retained from the previous work by Westbrook et al. [20]. The transport parameters are re-calculated 

in this work using correlations from Wang et al. [35] and Dooley et al. [36]. 

2.3 Experiments 

2.3.1 High pressure shock tube (HPST) 

The high-temperature ignition delay data for MA and EA was measured in the NUI Galway (NUIG) 

high pressure shock tube (HPST) and the compositions of test mixtures are reported in Table 2. The 

fuel-oxidizer mixture was prepared in a heated mixing vessel and the inlet manifold and the driven 

section of the shock tube were sufficiently heated to ensure that no condensation of the fuel occurred. 

The incident shock velocity at the endwall was calculated by extrapolating the linear velocity equation 

determined by six pressure transducers (PCB) mounted on the sidewall of the driven section. In this 

study, the acceptable error for the measured pressures behind the reflected shock wave was ± 0.5 bar. 

The ignition delay in the HPST is defined as the timed interval between two sharp pressure rises, one in 

response to the shock wave reaching the end-wall, the other rise resulting from ignition initiation. The 

estimated uncertainty in the reported ignition delay times is ∼20%, and the estimated pressure rise 

before ignition is around 3%/ms. Further details regarding the NUIG HPST can be found in Nakamura 

et al. [37]. 
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Table 2: Compositions of test mixtures in mole percentages 

Phi 0.5 

MA 2.91 
 

EA 2.05 

O2 20.39 
 

O2 20.57 

N2 76.70 
 

N2 77.38 

Phi 1.0 

MA 5.65 
 

EA 4.03 

O2 19.81 
 

O2 20.15 

N2 74.51 
 

N2 75.82 

Phi 2.0 

MA 10.71 
 

EA 7.749 

O2 18.75 
 

O2 19.37 

N2 70.54 
 

N2 72.88 

 

2.3.2 Heat Flux Burner 

Laminar burning velocities of MA/air and EA/air mixtures were measured at Lund University, using the 

heat flux method [38]. Measurements were performed at atmospheric pressure, at unburned gas mixture 

temperatures of 298 and 338 K, and with  in the range of 0.7–1.4 for MA and 0.7–1.3 for EA. The heat 

flux method is based on the principle that, at adiabatic burning velocity conditions there is no net heat 

transfer between the flame and the burner plate, keeping the temperature of the burner plate uniform. 

One of the advantages of this method is that the measurement of laminar burning velocity occurs in a 

stretch-free flame under adiabatic conditions, so that no corrections for flame stretch are required. The 

experimental setup and measurement method have been described in detail by Alekseev et al. [39]. The 

estimated uncertainty in the measurements is ±1 cm/s; a detailed uncertainty quantification for gas 

mixture composition and laminar burning velocity for this setup is discussed elsewhere [39]. 

2.3.3 Jet Stirred Reactor (JSR) 

The oxidation of MA and EA was studied at atmospheric pressure in a JSR at KAUST at compositions 

described in Table 3. The experimental setup consisted of a 76 cm3 spherical quartz reactor with four 

nozzles of 0.3 mm diameter to attain homogeneity of species and temperature distribution. Pre-
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vaporized fuel and O2 were diluted with N2 and mixed at the entrance of the reactor to achieve a fuel 

concentration of 500 ppm. The flow rate to the reactor was regulated with a multi-gas controller (MKS) 

mass flow meter. A sonic probe, attached to a vacuum suction pump, was used to sample species from 

the reactor at low pressure to freeze the reactions. Online analysis of the collected sample was carried 

out by connecting the transfer line (heated to 200  ) to a refinery gas analyzer (RGA), which is a 

specially designed gas chromatography system coupled with a flame ionization detector (FID) and a 

thermal conductivity detector (TCD). The uncertainty in the measurement of fuel/oxygen concentration 

and intermediates is 10% and 20% respectively. The JSR residence time was set to two seconds 

under atmospheric pressure. Further details about measurement methods and the apparatus are provided 

in Wang et al.[40] . 

Table 3 : Mixture compositions in mole percentages during JSR experiments 

Phi 0.5 

MA 0.5 
 

EA 0.5 

O2 3.5 
 

O2 5.0 

N2 96 
 

N2 94.5 

Phi 1.0 

MA 0.5 
 

EA 0.50 

O2 1.75 
 

O2 2.49 

N2 97.75 
 

N2 97.01 

 

3. Results and discussions 

3.1. Experiments, simulations and chemical kinetic analyses 

Ignition delay data for MA are shown in Figs. 2(a) and 2(b) at 15 and 30 bar, respectively. The data 

shows a strong Arrhenius dependence on temperature, with shorter ignition delays at the higher 

pressure. The ignition delay data also shows a weak dependence on  with a marginal increase in 

reactivity at higher . Along with the experimental ignition data, simulations using the current model 

are also presented in Figs. 2(a) and 2(b). The model describes well the general trend of ignition delay 

data, except for slightly longer ignition delay predictions ( ) at lower temperatures (1100–1180 K). 
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Further comparisons of ignition data and predictions with models from Westbrook [20] and Yang [4] are 

also presented in SM-5 Fig. S1. At 15 and 30 bar, ignition delay predictions by Westbrook model and 

Yang model are overall faster than the experimental data as well as the proposed model. 

To gain further insights into the ignition kinetics of MA in a shock tube, a reaction pathway analysis was 

conducted at 15 bar, 1200 K,  = 0.5, 1.0, 2.0 at 10% fuel conversion, as shown in Fig. 2(c). The 

consumption of MA proceeds through H-atom abstraction and bond fission pathways, yielding 

ĊH2C(O)OCH3 and CH3C(O)OĊH2 radicals and a minor quantity of H3 and CO2. CH3C(O)OĊH2 

radical is produced at more than twice the rate of ĊH2C(O)OCH3 radical due to the higher rates of H-

atom abstraction at the methoxyl site and subsequently decomposes at a much faster rate than the 

ĊH2C(O)OCH3 radical, as also reported by Yang et al. [15]. The higher rate of decomposition of 

CH3C(O)OĊH2 radical stems from the fact that the CH3C(O)OCH2 can directly dissociate to CH3CO + 

CH2O whereas CH2C(O)OCH3 must first transfer an H atom from the CH3 to the CH2 group before 

dissociation as also observed by Yang et al. [4]. This difference in fuel radical decomposition rates 

shifts the equilibrium of reaction ĊH2C(O)OCH3CH3C(O)OĊH2 towards CH3C(O)OĊH2, thus 

Figure 2: (a-b) Ignition delay data and simulations for MA (c-d) Reaction path analysis and sensitivity 

analysis at 1200 K and 15 bar. 
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explaining the direction of reaction flux for this isomerization channel. Both the fuel radicals eventually 

decompose to CH3ĊO radicals (further decomposing to ĊH3 and CO), and CH2O. These pathways show 

minimal dependence on , providing a preliminary explanation for the weak  dependence of the 

ignition delay times.  

A brute force sensitivity analysis was conducted for the ignition delay in the shock tube with MA at 

T=1200 K, P=15 bar and φ = 0.5, 1.0, 2.0. Ignition times were found to be sensitive to reactions both 

promoting (R1, R11, R192, R250) and inhibiting (R142, R287) ignition, as shown in Fig. 2(d). The 

overall change in reactivity with   is diminished due to ambivalent change in rates of these reactions 

and thus MA’s ignition delay demonstrates a weak  dependence.     

Ignition delay data for EA are shown as symbols in Figs. 3(a) and 3(b) at 15 and 30 bar, respectively. 

The presented data shows strong Arrhenius dependence on temperature, similar to MA, with shorter 

ignition delay times at higher pressure. Further comparisons of ignition data and predictions with models 

from Westbrook [20] and Sun [5] are presented in supporting information SM-5 Fig. S4. At 15 and 30 

bar, ignition delay predictions by Sun model is very similar to the present work, while the Westbrook 

model is overall faster.  

The reaction pathway analysis conducted for EA at 1200 K and 15 bar, Fig. 3(c), indicates that the 

dominant consumption pathway for EA is unimolecular decomposition to ethylene and acetic acid. As 

acetic acid is produced in quantities roughly equivalent to the fuel, its consumption pathway was further 

examined. The major consumption of acetic acid takes place through H-atom abstraction followed by 

radical decomposition, notably producing ketene (CH2CO), methane (CH4) and other intermediates.  
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Figure 3(a-b) Ignition data and simulations for EA (c-d) Reaction path analysis and sensitivity analysis 

at 1200 K and 15 bar. 

A brute force sensitivity analysis for EA in Fig. 3(d), indicates that the most sensitive reactions are R341 

and R29, which produce the relatively stable vinyl (Ċ2H3) radical and H2O at higher , thus reducing 

reactivity of the system. Other sensitive reactions involve HȮ2 and ĊH3 radicals (R192, R192, and 

R297), which are produced readily in EA oxidation at these conditions. 

The laminar burning velocities (LBV) for MA and EA were measured as a function of  at unburned 

temperatures of 298 and 338 K at atmospheric pressure, Fig. 4. Both fuels show an increase in laminar 

flame velocity with an increase in unburned temperature; and the highest flame velocity was 

consistently observed near  =1.1. The LBVs for both the fuels are close to each other at corresponding 

temperatures, and the maximum difference of 3 cm/s (LBV - MA>EA) is observed at  at 298 K. 

The predicted laminar burning velocities for MA and EA lie within 10 % of the experimental 

measurements. Comparisons of predicted LBV with literature models are presented in supplementary 

file (SM-5 Fig. S3 and S5). In Fig. S3, Westbrook model [20] consistently over predicts LBV while the Commented [A2]: Why not to include literature SL ? 
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Yang model [4] accurately simulates LBV for MA. Similarly, in Fig. S5, Westbrook model over predicts 

the LBV at both temperatures while Sun model [5] is able to reproduce LBV measurements. 

Figure 4: Laminar burning velocity measurements (symbols) and simulations (lines) for MA and EA 

 

Figure 5: JSR measurements (symbols) for MA oxidation and predictions (lines) with the kinetic model. 

 

Figure 6: JSR measurements (symbols) for EA oxidation and predictions (lines) with the kinetic model 
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MA’s oxidation was studied in the JSR at atmospheric pressure, and species’ profiles for fuel, oxygen, 

intermediates and products were measured in the temperature range 800–1100 K, at  = 0.5 and 1.0, 

Fig. 5. The array of measured species included MA, oxygen (O2), carbon monoxide (CO), methane 

(CH4) and carbon dioxide (CO2). Figure 5 shows that the oxidation of MA rapidly produces CO, along 

with some minor quantity of CH4. The intermediate species (CO, CH4) peak at around 950–1000 K, and 

are quickly consumed with further increases in temperature, and higher concentrations of CO2 are 

produced as an end-product. A comparison between experiments and predictions is also shown in Fig. 5. 

At both equivalence ratios ( = 0.5, 1.0), the predicted species profiles are in good agreement with the 

measured species’ concentrations, with the exception of marginally higher CO2 at high temperatures at 

=1.0 (  which is mainly produced by the unimolecular decomposition reaction CH3COOCH3 = 

CH3CO2+CH3.  The JSR simulations were also conducted with literature models for MA (SM-5, Fig. 

S2). Both the models, Yang [4] and Westbrook [20] predicted higher concentration of various 

intermediates than the proposed model. 

Similarly, speciation measurements were conducted for EA’s oxidation in JSR at atmospheric pressure; 

a range of species were measured at  = 0.5 and 1.0 in the temperature range of 650–1000 K, Fig. 6. 

The measured species were EA, ethylene (C2H4), oxygen (O2), carbon monoxide (CO) and carbon 

dioxide (CO2). Figure 6 shows that the EA quickly decomposes to produce ethylene by the unimolecular 

decomposition channel, also seen in Fig. 3(c). Furthermore, ethylene peaks at 850 K and then is rapidly 

consumed to produce CO, and eventually, CO2. A comparison between the experimental data and 

simulations is also presented in Fig. 6. The proposed model closely predicts the EA, CO2 and O2 over 

the entire temperature range; however, the predicted concentration of ethylene and CO are slightly 

higher. The concentration profile for acetic acid (CH3COOH) could not be measured due to limitations 

in the experimental setup. The model predicts similar concentrations of CH3COOH and ethylene as 

expected from R29 in Fig. 3(c). Furthermore, JSR simulations with literature models for EA and results 
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are presented in supplementary file SM-5, Fig. S6. The Westbrook model was found to be similar to the 

present work in terms of consumption and evolution of species with the exception of C2H4 and 

CH3COOH concentrations. The Sun model [5]  was found to be more reactive than the proposed model 

and predicted higher concentrations of various intermediates. 

5. Conclusions 

In this work, various experimental measurements were conducted to acquire data for small ester 

combustion chemistry, including ignition delay time, laminar burning velocity and JSR oxidation 

species profiles for MA and EA. Additionally, theoretical calculations were performed for certain H-

atom abstraction reactions and rate constant expressions were determined. Finally, a detailed chemical 

kinetic mechanism for these species was developed and the simulation results were compared with the 

experimental data. The model generally agreed well with the experiments, with only a few exceptions in 

the ignition delay predictions, which were slightly higher in low temperature regions, along with 

marginally higher reactivity for methyl acetate in the JSR at high temperatures and at = 1. These 

measurements, along with the proposed mechanism, contribute towards understanding combustion 

characteristics of smaller esters and would also help to predict their behavior in advanced internal 

combustion engines. 
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List of Figure Captions 

(Color figures in electronic version only) 

Figure 1. Comparison between literature rate constants [14, 21, 22] for the CH3COOCH3 + ȮH reaction 

and those computed in this work at different levels of theory. 

Figure 2: (a-b) Ignition delay data and simulations for MA (c-d) Reaction path analysis and sensitivity 

analysis at 1200 K and 15 bar 

Figure 3(a-b) Ignition data and simulations for EA (c-d) Reaction path analysis and sensitivity analysis 

at 1200 K and 15 bar. 

Figure 4: Laminar burning velocity flame speed measurements (symbols) and simulations (lines) for 

MA and EA 

Figure 5: JSR measurements (symbols) for MA oxidation and predictions (lines) with the kinetic model 

Figure 6: JSR measurements (symbols) for EA oxidation and predictions (lines) with the kinetic model 

 


