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Flame chemistry of tetrahydropyran as a model heteroatomic biofuel 

 

Nicole J. Labbe,1 Vikram Seshadri,2 Tina Kasper,3 Nils Hansen,4 Patrick Oßwald,5 

Katharina Kohse-Hoinghaus,5 and Phillip R. Westmoreland2# 

Abstract: 

The flame chemistry of tetrahydropyran (THP), a cyclic ether, has been examined using vacuum-

ultraviolet (VUV)-photoionization molecular-beam mass spectrometry (PI-MBMS) and flame modeling, 

motivated by the need to understand and predict the combustion of oxygen-containing, biomass-derived 

fuels. Species identifications and mole-fraction profiles are presented for a fuel-rich (φ=1.75), laminar 

premixed THP-oxygen-argon flame at 2.66 kPa (20.0 Torr). Flame species with up to six heavy atoms 

have been detected. A detailed reaction set was developed for THP combustion that captures relevant 

features of the THP flame quite well, allowing analysis of the dominant kinetic pathways for THP 

combustion. Necessary rate coefficients and transport parameters were calculated or were estimated by 

analogies with a recent cyclohexane reaction set [Li et al., Combust. Flame 158 (2011) 2077-2089], and 

necessary thermochemical properties were computed using the CBS-QB3 method. Our results show that 

under the low-pressure conditions, THP destruction is dominated by H-abstraction, and the three 

resulting THP-yl radicals decompose primarily by β-scissions to two- and four-heavy-atom species that 

are generally destroyed by β-scission, abstraction, or oxidation.  
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1. Introduction 

Biofuels are of great interest because they come from renewable sources and can reduce emissions of 

aromatic hydrocarbons and soot relative to combustion of fossil fuels.  However, a recent study has 

shown that fuels with heteroatoms are apt to form heteroatomic pollutants due to the direct breakdown 

pathways of the fuel [1-3]. Tetrahydropyran (THP) is the monoether analog of cyclohexane and is the 

core structure of many sugars and polysaccharides including glucose, a common feedstock for biogenic 

fuels that have multiple furan and THP-based isomers [4]. These sugars can be pyrolyzed to produce 

biofuels and bio-derived industrial chemicals, many of which are substituted furans and pyrans [5-6].  

Oxidation of THP has been studied in a jet-stirred reactor as a surrogate fuel for diesel models [7] and in 

shock-tube experiments to understand autoignition of alkanes [8]. THP has been identified as a 

functional group in several intermediate species in low-temperature oxidation studies of n-alkanes [9]. 

 In the present work, the combustion chemistry of THP is studied to understand the effect of ether 

linkages on pollutant formation in cyclic fuels, complementing previous studies of the structurally 

analogous fuels cyclohexane [10], morpholine (1-oxa-4-aza-cyclohexane) [1], and tetrahydrofuran [3]. 

Photoionization molecular-beam mass spectrometry (PI-MBMS) was conducted on a fuel-rich, laminar 

flat flame of THP/O2/Ar to determine mole-fraction profiles. Based on a newly developed THP reaction 

set, pathways are identified for fuel decomposition and chemical production of potentially harmful 

emissions. 

 

2. Experiments and Procedures 

THP/O2/25% Ar (Φ=1.75) was burned in a laminar, premixed flat flame at 2.66 kPa (20.0 Torr) and feed 

mass flux of 0.0443 kg•m-2•s-1. The flame was analyzed using photoionization molecular-beam mass 

spectrometry (PI-MBMS). Tunable vacuum ultra-violet (VUV) radiation from the Advanced Light 

Source (ALS) at Lawrence Berkeley National Laboratory allowed single-photon ionization with high 
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energy resolution. This experimental arrangement has been described in detail previously [11-15] and 

here will be described only briefly. The flame was stabilized on a 6.0-cm diameter, stainless-steel 

McKenna-type burner. Gas flows were controlled with calibrated mass flow controllers, and liquid THP 

was metered by a syringe pump, evaporated, and added to the gas stream. Samples were withdrawn 

through a 0.40-mm-diameter orifice at the tip of a 40° quartz cone; wall thickness is near 50 µm at the 

tip. Sampled gas was expanded to ~10-4 mbar in the first pumping stage and extracted by a skimmer, 

forming a molecular beam that passes through the mass spectrometer’s (MS) ionization region (~10-6 

mbar).  

Photoionization was by a quasi-continuous photon beam of ~1013 photons/s at energies between 

8.00 and 17.00 eV, resolved to ~0.05 eV by a 3-m Eagle monochromator. Analysis employed a linear 

time-of-flight mass spectrometer (TOF-MS) with a mass resolution of m/∆m=400. Ions were detected by 

a multichannel plate and integrated with a multichannel scaler with a sensitivity of ∼10-5. Mass spectra 

were collected as functions of the distance h to the burner (“burner scan”) or as functions of the photon 

energy at a fixed distance (“energy scan”). Spectra were corrected for fragmentation and 13C and 18O 

contributions. Thirty-one species were identified (complete listing in Supplemental Material S1).  

The temperature profile used for model calculations combines laser-induced fluorescence (LIF) 

data with a profile determined from skimmer-chamber pressure. High temperatures were measured with 

LIF using the frequency-doubled output of an optical parametric oscillator (Continuum Sunlite EX 

OPO) near 306 nm to excite the OH A–X(0,0) transition. Total fluorescence is monitored with a solar-

blind photomultiplier tube with gain set to produce a linear response over the expected range of signals. 

Accuracy is estimated to be ±150 K in the postflame and reaction zones but is not adequate in the 

preheat zone, where the OH concentration is much smaller and its concentration gradient is much 

steeper [16]. Assuming a constant pumping speed, sampling rate through the probe orifice can be 

expressed as a function of skimmer-chamber pressure and source temperature. LIF data are shifted 2.4 



5	
  
	
  

mm to match the skimmer-chamber-pressure temperature profile. The temperature profile is fixed as 450 

K at the inlet, post-flame gas temperature is taken from the LIF measurement, and the shape and 

position of the profile are from the skimmer-chamber-pressure analysis (details in Supplemental 

Material S2).  

 

3. Model Development and Simulations 

A reaction set for THP combustion was developed by analogy to cyclohexane, as shown in Fig. 1. A 

recent modeling study of cyclohexane combustion at low pressure showed that steady-state, laminar 

combustion of cyclohexane favors hydrogen-abstraction reactions for cyclohexane destruction [10].  

Like cyclohexane, THP is a 6-heavy-atom, saturated ring molecule.  Unlike cyclohexane, there are three 

different distinct hydrogen sites on THP: on the carbons directly adjacent to the ether oxygen (the “2” 

and “6” carbons), the next neighboring two carbons (the “3” and “5” carbons), and the “4” carbon 

opposite the oxygen.  As a result, there are three distinct routes for THP H-abstraction, each having 

different reactivities. 

For the three resulting THP-yl radicals, decomposition steps to smaller species were assumed to 

be more important than direct oxidation by oxygen atoms, as had been seen in cyclohexane modeling 

[10]. THP-yls can undergo β-scissions, breaking the ring to form linear, unsaturated radicals, or they can 

β-scission a C-H bond, forming unsaturated cyclic molecules (analogous to cyclohexene). The linear 

radicals preferentially β-scission to a two-heavy-atom molecule (C2Hx or CHxO species) plus a four-

heavy-atom unsaturated radical that may also undergo further β-scission. Alternatively, the six- or four-

heavy-atom radicals may yield unsaturated molecules by β-scission of an H-atom. If an unsaturated 

cyclic molecule is formed, its allylic H is easily abstracted; β-scission then breaks the ring or creates a 

doubly unsaturated cyclic molecule (analogous to cyclohexadiene).  
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A reaction set was constructed for THP combustion using this skeletal mechanism. Reaction rate 

coefficients and fall-off were derived based on analogous reactions from the cyclohexane model [10] but 

with Arrhenius pre-exponential factors modified for the proper reaction path degeneracy (RPD). The 

exception was the three hydrogen abstraction routes from THP to distinguish pathways to the three 

different THP-yl isomers. For THP+H and THP+CH3, transition states were calculated using CBS-QB3 

with Gaussian09 software [17]; rate coefficients were calculated using canonical transition-state theory 

and fit to an Arrhenius expression; and rate coefficients for THP+C2H3, THP+HCO, and THP+CH3CO 

abstractions were then estimated by analogy. Abstraction rate coefficients for THP+O2, THP+O, 

THP+OH, and THP+HO2 were estimated by analogy with cyclohexane reactions. Fall-off for THP-yl 

decompositions was calculated using unimolecular quantum-RRK theory [18]. The acetylene reaction 

set from [10] was adapted for the hydrocarbon reactions.  

Thermochemistry was calculated theoretically for 22 species in the proposed skeletal mechanism 

using the complete-basis-set method CBS-QB3. Geometry and frequency calculations were completed 

using tight convergence criteria. If necessary, transport data were estimated by analogy to molecules of 

similar structure, size, and molecular weight. The resulting reaction set contains 124 species and 1042 

reactions [Supplemental Material S7]. 

Flame simulations were performed using a modified version of the CHEMKIN-II PREMIX 

flame code [20-23] including thermal and multi-component diffusion. Experimental temperatures were 

represented by a smoothed curve (see Fig. 2). Reaction pathways and net reaction rates were analyzed 

using XSenkPlot [24], adapted from the original code to obtain absolute reaction rates (rather than rates 

divided by density) and integrated reaction fluxes with respect to distance (rather than time). 
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4. Results and Discussion 

Upon detailed analysis, many predicted features of the flame were in quite good agreement with the data 

set. Simulations of major-species mole fractions (Fig. 2) show agreement in peak magnitude, shape, and 

position, useful indicators of model validity. Post-flame mole fractions (beyond about 6 mm) also agree 

well with the data. No rate coefficients were adjusted to force such a fit; indeed, the model and 

predictions were developed independently of the experimental mole-fraction analysis. Agreement is 

presumably the combined result of a generally valid model, accurate measurements, and accuracy of 

post-flame temperatures. 

Precision is generally estimated as <15% for major-species mole-fraction profiles, 30% for 

species with reliable photoionization cross sections, and approximately a factor of two for intermediates 

with estimated cross sections. Very close to the burner, the flame is significantly perturbed by the probe, 

so experimental species mole fractions are only reported at h>1 mm, and quantitative comparisons are 

not encouraged at less than 2 mm. 

The following discussion examines how the THP-flame species are formed and destroyed, 

revealing sensitivity of minor-species predictions to kinetics of the larger intermediates. Aspects of 

overall THP flame chemistry are addressed first, followed by discussion of intermediate species and the 

implications of the kinetics of their formation and destruction.  

 

4.1 THP destruction pathways 

Analysis of the simulation is summarized in Fig. 1, showing reaction-arrow line widths scaled 

proportionally to the integrated reaction fluxes. The thickest lines thus show the major routes of fuel 

combustion. THP itself is consumed by H-abstraction from the three distinct positions in the proportions 

THP-2-yl:THP-3-yl:THP-4-yl::10:9:5. These THP-yls are mainly consumed by β-scission of C-C or C-

O bonds, opening the ring to form additional mass-85 isomers that β-scission to C2H4 or CH2O plus a 
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four-heavy-atom radical. From the latter radicals, β-scission of C-C or C-O bonds forms C2H3, C2H4, 

HCO, and CH2O, while β-scission of C-H bonds forms 1,3-butadiene or acrolein. 

By comparison, β-scission of C-H bonds causes relatively minor THP-yl destruction channels, 

forming 3,4-dihydro-2H-pyran and 3,6-dihydro-2H-pyran, the two possible cyclohexene-like C5H8O 

isomers (mass 84). In addition, several open-chain isomers may also contribute to mass 84. The 

dihydropyran species can undergo H-abstraction to form cyclic mass-83 species, which may β-scission 

to ring mass-83 species or to form the pyran diene at mass 82. 

The number of isomers expected to contribute at mass 85, 84, 83, and 82 makes experimental 

identification and quantification difficult, yet the limited comparisons for these species and the good 

comparisons for smaller species lend support to the model’s validity. Eleven mass-85 species and five 

mass-84 species may contribute, and they could not be resolved experimentally. Model results for THP-

diene (mass 82) were only a factor of two higher than the data, which is acceptably within the range of 

uncertainty.   

 

4.2 Kinetics of THP-yl decomposition intermediates  

Four-heavy-atom intermediates. It was possible to identify and provide estimates for the mole 

fractions of some species featuring four heavy atoms that result from the further fuel breakdown. From 

the skeletal mechanism in Fig. 1, key species in this mass range include CH2CH2CH=O and 

CH2OCH=CH2 at mass 57, acrolein (CH2=CH-CH=O) at mass 56, CH2CH2CH=CH2 (C4H7, mass 55), 

and 1,3-butadiene (CH2=CHCH=CH2) at mass 54. All these four-heavy-atom segments of the original 

ring structure preserve the sequence of heavy atoms, coming from decomposition rather than molecular-

weight-growth processes.  

The mass-57 radicals could not be resolved, but mass 56 was identified as acrolein and is 

predicted reasonably well by the model (Fig. 3h). The peak magnitude is predicted well, although the 
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predicted peak is shifted from the experimental profile by approximately 2 mm away from the burner. 

A signal at mass 55 was also observed, but species of molecular formulas C4H7 and C3H3O could 

not be distinguished. To propose what mass 55 could be, the model predictions for mass-55 species were 

compared. The only C4 species in the decomposition routes, C4H7, was predicted to be dominant over all 

other mass-55 species. The model prediction of mass 55 was quite good, supporting its origin as being 

THP-yl decomposition. Additional indirect support comes from the good prediction of 1,3-butadiene, 

which is formed primarily from C4H7 by decomposition or H-abstraction. Butadiene is predicted to be 

about 50% higher than that which was observed experimentally (Fig. 3g). 

 

Two-heavy-atom intermediates. The skeletal fuel-decomposition mechanism leads to a number 

of stable and radical species with two heavy atoms (bottom of Fig. 1), including C2H2, C2H3, C2H4, 

HCO, and CH2O. They result from more than one pathway, though.  

Experimental and predicted mole-fraction profiles for C2H4 and C2H2 are presented in Fig. 3c.  

The simulation shows good agreement for C2H4, matching profile magnitude, position, and shape well. 

Analysis of the reaction rates (Fig. 4) show that C2H4 is produced almost entirely from the THP-yl 

decomposition routes.  The same is true for C2H4 production in cyclohexane flames (from cyclohexyl). 

Of the multiple routes for C2H4 formation, the principal formation paths are 

OCHCH2CH2→C2H4+HCO, CH2CH2CH2CH2CHO→C2H4+CH2CH2CHO, 

CH2CH2OCH2CHCH2→C2H4+OCH2CHCH2, and CH2CH2CH2OCHCH2→C2H4+CH2OCHCH2. 

The prediction for the C2H2 mole-fraction profile captures its peak position and profile shape quite 

accurately, and its peak magnitude agrees within expected uncertainty. It is produced by decomposition 

of C2H3, which is formed through the THP-yl decomposition paths. 

By comparison, CH2O appears over-predicted by a factor of three, and HCO is under-predicted 

by a factor of five, although the peak positions and shapes are in good agreement (Fig. 3b).  The 
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inconsistencies are most likely due to greater HCO calibration uncertainty or its being converted too fast 

in the model, as many radicals abstract its H. 

In the THP flame, CH2O is predominantly formed directly from the THP-yl decomposition 

reaction steps, based on the model analysis presented in Fig. 5, where net rates of CH2O formation and 

destruction are graphed for the main contributors in the THP flame. CH2O is predominantly formed 

from decomposition of six-heavy-atom radicals CH2OCH2CH2CH=CH2 and OCH2CH2CH2CH=CH2 

and a four-heavy-atom radical CH2OCH=CH2 that are from the THP-yl decomposition sequence. The 

C2H3+O2⇄HCO+CH2O and ⇄H+CO+CH2O reactions contribute as well, where C2H3 and its precursor 

C2H4 (via C2H4+R⇄C2H3+RH, where R is a radical) come mainly from THP-yl decomposition. CH2O 

is destroyed by H-abstraction, mainly by H and OH, so accuracy of those radicals’ predictions will affect 

the relative CH2O and HCO. 

A key insight is that the prediction of CH2O formation in the THP flame is not strongly related to 

predictive capability for C1 and C2 oxidation reactions. Methyl is not the main source of CH2O here, 

unlike CH4 flames where CH3+O⇄H+CH2O predominates. The THP situation is more like that of 

cyclohexane flames [10], where C2H3 and C2H4 are produced as cyclohexyl ring-decomposition 

products, but for THP, CH2O and HCO are also produced. Thus, uncertainty in the predicted CH2O and 

HCO profiles may be attributed to the more complex decomposition chemistry of the heterocyclic THP 

fuel.  

 

4.3 Other intermediates and pathways  

As discussed above, species with an even number of heavy atoms can form from THP through 

abstractions and β-scissions. By contrast, species with an odd number of heavy atoms can form from a 

mix of decomposition and chemically activated oxidation and radical-addition and combination 
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reactions.  

CH3 and CH4. The very good predictions of CH3 and CH4 (Fig. 3a) strongly support the model 

because of the complex routes by which CH3 is formed. The positions of the maxima are reproduced 

well by the model; also, the general shapes of the profiles are in reasonable agreement with the 

experiment. Prediction of the CH4 mole-fraction profile is excellent, the onset of CH3 is well-described 

in shape and magnitude, and the CH3 peak and high-temperature behavior are acceptable.  

CH3 chemistry is the key to both profiles, as the CH4 is mainly from reversible 

CH3+RH⇄CH4+R abstractions. At h<4.5 mm where CH3 formation chemistry dominates its profile, the 

three main formation reactions are CH2CHO(+M)→CH3+CO(+M) from Senosiain et al. [25], i-

C4H5+H→CH3+C3H3, and CH2CHO+H→CH3+HCO. The C/H/O reactants result from channels in the 

THP-yl decomposition sequences (Fig. 1). CH2CHO (“vinoxy”) is predicted to be from decomposition 

of 4-pentenal and vinylallyl ether, the two mono-oxygen analogs of 1,5-hexadiene. In turn, these two 

oxygenates are formed by secondary decomposition channels of the linear radicals formed from ring-

opening of THP-2-yl and THP-3-yl. The i-C4H5 is formed by H-abstraction from 1,3-butadiene, a direct 

product of the THP-4-yl decomposition sequence. Some CH3 destruction occurs in this region, mainly 

H-abstraction from the decomposition-generated HCO. 

The CH3 profile at h>4.5 mm is dominated by the higher-temperature formation reactions of 

C2H4+O⇄CH3+HCO and production from CH4 and by destruction through CH3+O and OH. Note that 

because CH4 is formed from and destroyed to CH3, the accurately predicted CH4 profile depends on 

correct rate coefficients, temperature, and concentrations of CH3, RH, and R. 

C3Hx compounds. Profiles of propargyl (C3H3), propyne and allene (C3H4 isomers), allyl (C3H5), 

and propene (C3H6) are presented in Fig. 3d-e. These species are significant in part because C3H3 is a 

precursor to phenyl and benzene, which are thought to be precursors of polycyclic aromatic 

hydrocarbons and soot.  
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C3H3 has a peak mole fraction of 8•10-4 in the φ=1.75 THP flame, approximately half of the peak 

observed in a ϕ=2.0 cyclohexane flame [10]. The presence of the oxygen atom in THP reduces the 

possibilities of forming a three-carbon chain in the fuel breakdown and reduces the yield of C3H3. The 

predicted propargyl mole fraction is somewhat higher than the experimental profile (within a factor of 

two) and it is accurate with regard to profile peak position and shape, as shown in Fig. 3d. Its formation 

is dominated by i-C4H5+H⇄CH3+C3H3, which is also important for CH3 formation. 

Mole-fraction profiles of allene and propyne are both predicted well by the model (Fig. 3e). 

Reaction analysis shows that propyne formation is dominated by H-catalyzed interconversion from 

allene, the abstraction C3H3+HCO, and C2H2+CH3. Allene formation, on the other hand, has significant 

contributions from abstraction and decomposition reactions of allyl, the only C3Hx isomer formed 

directly from THP decomposition. The model is within a factor of two (lower) than the experimental 

data.  

Propene has a peak mole fraction of 0.003. The prediction is lower than the data by a factor of 

two. In the model, C3H6 is almost entirely formed by H-atom combination with allyl.   

C4Hx compounds. In addition to 1,3-butadiene, discussed earlier, C4H2, C4H4, and C4H8 were 

measured, and their mole-fraction profiles are presented in Fig. 3f-g. Like 1,3-butadiene, these species 

are generally derived from C4H7. C4H8 is formed dominantly from C4H7+H and C4H7+HCO, although 

the model under-predicts C4H8 by a factor of three. H-abstraction from 1,3-butadiene yields the C4H5 

isomers, and vinylacetylene, C4H4, is formed primarily from hydrogen abstraction from C4H5. Its mole-

fraction profile is predicted quite well, including peak magnitude and position. The contribution of C4H2 

is over-predicted by slightly more than a factor of two. C4H2 is predicted to be formed via hydrogen 

abstraction from C4H3 species. 

Ketene and benzene. Ketene CH2CO is formed predominantly from CH2CHO and from 

C2H2+OH. Prediction of its mole-fraction profile is within a factor of two (Fig. 3h) of the experimental 
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data, but its peak is at lower h than in the data.  

Benzene is detected in the flame, formed by molecular-weight growth because unlike 

cyclohexane, THP cannot dehydrogenate to a phenyl ring. The predicted maximum of the benzene mole 

fraction, 8•10-5, is within a factor of two of the experimental data (Fig. 3h).  Upon analysis, i-

C4H5+C2H2→fulvene(+H→benzene+H), C3H3+C3H3→benzene, and n-C4H5+C2H2→benzene+H appear 

to be the dominant formation routes.  

 

5. Conclusions 

THP combustion has been analyzed in a low-pressure premixed flat flame at φ=1.75. From VUV-PI-

MBMS measurements, 31 species with up to six heavy atoms are quantified. A newly developed kinetic 

mechanism for THP starts from recent modeling of cyclohexane combustion and adds rate coefficients 

and thermochemistry from quantum chemistry. This model predicts the general flame structure well. 

Analyzing the predictions shows that THP consumption in the flame is by abstractions of the three 

different H atoms in THP, followed by logical sequences of decomposition steps from the THP-yl 

radicals. These radicals then β-scission to six-, four-, and two-heavy-atom species by a logical sequence. 

Other species are formed by decomposition and oxidation of these intermediates. Although little 

molecular-weight growth was observed, benzene is produced, and routes are identified to produce it. 

THP is studied here as a small C/H/O-containing model biofuel with the aim of contributing to 

the understanding of the mechanistic pathways for THP combustion and the formation of potential 

pollutants. The reaction set and kinetic pathways identified in this study will aid design of efficient, low-

polluting combustors. THP is an ether variant of cyclohexane and the non-nitrogen equivalent of 

morpholine, and the present flame data and predictions provide insights into mechanistic similarities and 

differences from these other fuels.  
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Figure Captions 

Figure 1: Skeletal reaction-mechanism diagram for THP flame. 

 

Figure 2: Major-species mole-fraction profiles: (left) Ar, O2, CO, CO2; (right) THP, H2, H2O, 

temperature. Symbols indicate experimental data (data for the first 1.0 mm have been omitted due to 

perturbation); lines are from flame model. 

	
  

Figure 3: Mole-fraction profiles of intermediate species including a) CH3 and CH4, b) HCO and CH2O, 

c) C2H2 and C2H4, d) C3H5-7 e) C3H4s, f) C4H2 and C4H4, g) C4H6-8, and C3H3O, and h) CH2CO, 

C2H3CHO, and benzene. Symbols indicate experimental data (data for the first 1.0 mm have been 

omitted due to perturbation); lines are from flame model. 

	
  

Figure 4: Reaction-rate diagram for C2H4.  

 

Figure 5: Reaction-rate diagram for CH2O. 
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