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 2 

Abstract 13 

Furans, a class of cyclic ethers, are potential renewable fuels and additives to 14 

conventional fuels. High-temperature oxidation of furans is dominated by their reaction 15 

with hydroxyl radical. In this work, rate coefficients for the reaction of hydroxyl (OH) with 16 

furan (𝑘1), 2-methyl furan (𝑘2) and 2,5-dimethyl furan (𝑘3) were measured behind 17 

reflected shock waves over a temperature range of 890 – 1388 K and pressures of 1 – 2 18 

atm. Hydroxyl radicals were generated via the thermal decomposition of tert-butyl-19 

hydroperoxide. The OH radicals were monitored using the well-characterized R1(5) 20 

rotational line of the A–X (0, 0) band in the ultraviolet region near 306 nm. 21 

Measurements were carried out under pseudo-first-order conditions using two different 22 

mixtures for each furan. The measured rate coefficients can be expressed in Arrhenius 23 

form as: 24 

𝑘1 = 783.39 x 𝑇3 exp(1866.7 𝑇⁄ )                            cm3mol-1s-1      (924–1388 K)  25 

𝑘2 = 8.85 x 1013  exp(−2285 𝑇⁄ )                        cm3mol-1s-1      (890–1333 K) 26 

𝑘3 = 1.03 x 1014  exp(−2128 𝑇⁄ )                                   cm3mol-1s-1      (915–1278 K) 27 

This paper presents, to our knowledge, the first high-temperature measurements of the 28 

rate coefficients of the reactions of furan and its alkylated derivatives with the OH 29 

radical. These data will be critical in improving the predictive capability of chemical 30 

kinetic mechanisms of furans.  31 

 32 

Keywords: Hydroxyl radical; furan; 2-methyl furan; 2,5-dimethyl furan; shock tube; laser 33 

absorption 34 

35 
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1. Introduction  36 

Oxygenated fuels, including alcohols, esters, ethers, aldehydes and furans, are potential 37 

renewable fuels and additives to conventional fossil fuels. Furan, and its alkylated derivatives, 38 

have significant advantages over other oxygenated fuels as they can be produced from 39 

lignocellulose, which originates from crop, forest and municipal wastes [1-3]. Other oxygenated 40 

fuels, such as alcohols, are produced from crops and thus compete with the use of these crops 41 

as food. Additionally, the energy density of furans is higher than that of alcohols [2]. A 42 

comparison of different methodologies of obtaining oxygenated fuels from biomass can be 43 

found in [4]. Furan, and its derivatives, are also found to be important intermediates in the 44 

combustion of coal [5]. Investigation of the chemical kinetics of furans is crucial for their efficient 45 

use in practical combustion devices. Figure 1 shows the chemical structure of the three cyclic 46 

ethers (furans) considered in this study. 47 

Several engine studies have been carried out on furans as fuels or additives to 48 

traditional fuels to study engine performance and emission characteristics. A combustion and 49 

emissions study of 2,5 DMF in a single cylinder direct injection spark ignition (DISI) engine was 50 

carried out by Zhong et al. [6]. An extension to this work has been done by Daniel et al. [7] to 51 

compare performance and emissions of 2,5 DMF, ethanol and gasoline. It was shown that 2,5 52 

DMF exhibited comparable combustion characteristics and emissions as gasoline, and in some 53 

cases, exceeded ethanol performance. Moreover, they investigated the hydrocarbon and 54 

carbonyl (aldehydes and ketones) emissions from a DISI engine for 2,5 DMF, alcohols 55 

(methanol, ethanol, n-butanol) and gasoline using gas chromatography, mass spectrometry and 56 

high-performance liquid chromatography. The results showed that 2,5 DMF produced the lowest 57 

carbonyl emissions compared to other studied fuels [8]. Other engine studies carried out using 58 

2,5 DMF [9] and 2 MF [10] showed that both fuels increased the octane number, and, hence, 59 

raised the autoignition resistance. 60 
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A number of fundamental kinetic studies have been carried out to understand the 61 

chemical kinetic behavior of furans. Pyrolysis of furan, 2-methyl furan (2 MF) and 2,5-dimethyl 62 

furan (2,5 DMF) was studied by measuring the products from a heated flow reactor at 63 

temperatures ranging 1050 to 1270 K and low pressures (~ 1 mTorr) [11]. Organ and Mackie [5] 64 

studied the pyrolysis of furan behind reflected shock waves over 1100 − 1700 K and pressure 65 

near 20 atm. High-temperature ignition delay times of furan were measured behind reflected 66 

shock waves at pressures ranging 1.2−10.4 atm for mixtures with equivalence ratios of 0.5, 1.0, 67 

and 2.0 and furan mole fractions of 0.25, 0.5 and 1% diluted in argon [12]. Tian et al. [13] 68 

measured species composition and temperature for a furan/O2/Ar laminar flame using molecular 69 

beam mass spectrometry at low pressures (35 Torr) and equivalence ratios of 1.4, 1.8 and 2.2. 70 

Somers et al. [14] measured ignition delay times of 2-methyl furan behind reflected shock waves 71 

at atmospheric pressure, temperatures ranging 1200 – 1800 K and equivalence ratios of 0.5, 72 

1.0 and 2.0. They also measured laminar burning velocities for mixtures of 2 MF in air at 73 

equivalence ratios of 0.55 – 1.65, initial temperatures of 298 – 398 K and atmospheric pressure. 74 

Wei et al. [15] measured ignition delay times of 2 MF/O2/Ar mixtures at temperatures of 1120 to 75 

1700 K, pressures of 1.25 to 10.65 bar and equivalence ratios of 0.25 to 2.0. For 2,5 DMF, 76 

Sirjean et al. [16] measured ignition delay times behind reflected shock waves at different 77 

equivalence ratios (0.5–1.5), temperatures of 1300–1831 K and pressures of 1 and 4 bar. 78 

Somers et al.[17] presented a comprehensive experimental study for the oxidation and pyrolysis 79 

of 2,5 DMF. They measured ignition delay times of DMF/O2/argon mixtures at atmospheric 80 

pressure, temperatures of 1350–1800 K and equivalence ratios of 0.5, 1.0 and 2.0. They also 81 

measured ignition delay times for stoichiometric fuel/air mixtures of 2,5 DMF at 20 and 80 bar 82 

and temperature ranging 820 to 1210 K. Additionally, oxidation of 2,5 DMF was studied by 83 

Somers et al. [17] with a jet-stirred reactor (JSR) by measuring species concentrations. Somers 84 

et al. [17] also measured laminar burning velocities for 2,5 DMF/air mixtures at unburnt gas 85 

temperatures of 298 and 358 K. Somers et al. [18] theoretically characterized the pyrolysis of 2 86 
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MF using different quantum chemical methods. A recent study by Eldeeb and Akih-Kumgeh [19] 87 

compared ignition delay time measurements of furan, 2 MF and 2,5 DMF over 977-1570 K, 88 

pressures of 2, 5,10 and 12 atm and equivalence ratios of 0.5, 1.0 and 2.0. Their results showed 89 

that 2 MF is the most reactive fuel followed by furan and 2,5 DMF. 90 

A series of three papers reported experimental data for flat flames of furan [20], 2 MF 91 

[21] and 2,5 DMF [22]. Experimental data and kinetic modeling was used to investigate the 92 

combustion chemistry of the three furans. The authors used a combination of high-resolution 93 

electron ionization molecular beam mass spectrometry (EI-MBMS) and gas chromatography 94 

(GC) to study two low-pressure (20 and 40 mbar) argon-diluted (50%) laminar premixed flat 95 

flames at two equivalence ratios (ɸ = 1.0 and 1.7). Concentrations of reactants, intermediates 96 

and products were measured as a function of height above the burner surface. A detailed 97 

chemical kinetic model was developed to predict the flame structure of the three furans.  98 

Another very important and fundamental kinetic target, less extensively studied, is the 99 

rate coefficient of the reaction of OH with furan, 2 MF and 2,5 DMF.  100 

Furan + OH = Products                                              (R1) 101 

2 MF + OH = Products                                              (R2) 102 

2,5 DMF + OH = Products                                          (R3) 103 

For furan, 2 MF and 2,5 DMF, the rate coefficients for their reactions with OH were measured at 104 

300 K by [23-25] using a relative kinetic technique. Wine and Thompson [26] measured the rate 105 

coefficients for the reaction of OH with furan over a temperature range of 254–425 K using 106 

resonance fluorescence spectroscopy. Gomez Alvarez et al. [27] studied the OH-initiated photo-107 

oxidation of furan, 2 MF and 3 MF at atmospheric conditions. The rate coefficients of R1-R3 108 

have also been investigated in various theoretical studies. The rate coefficient of R1 and R2 109 

were theoretically studied using multichannel RRKM-TST, direct-dynamics VTST [28] and by 110 
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high level theoretical methods [29, 30]. In [29], it was shown that the addition channel dominates 111 

at low temperatures. Zhang et al. [30, 31] calculated the potential energy surface and reaction 112 

pathways for R2 and OH + 3 MF reaction. They considered three channels: hydrogen 113 

abstraction, bimolecular nucleophilic substitution and OH addition/elimination. Their results 114 

revealed that the addition-elimination channel is the dominant one at low to moderately high 115 

temperatures. The same conclusion was drawn for room-temperature reaction of OH with 116 

various aromatic hydrocarbons including benzene, toluene, xylene isomers and 117 

trimethylbenzenes [32]. 118 

The focus of the current work is to fill the gap in the high-temperature rate 119 

measurements of the reaction of hydroxyl radical with furan, 2 MF and 2,5 DMF. Hydroxyl 120 

radicals are generated via thermal decomposition of tert-butyl-hydroperoxide. Rate coefficient 121 

measurements are carried out behind reflected shock waves using narrow line-width absorption 122 

of OH radical near 306.7 nm.  123 

 124 

2. Experiments 125 

All experiments were carried out in the high-purity, honed and electro-polished, stainless 126 

steel shock tube facility at King Abdullah University of Science and Technology (KAUST). The 127 

shock tube has an inner diameter of 14.2 cm, driven section is 9 m long while the driver section 128 

length can be varied to a maximum of 9 m. Five PCB (Model 113B26) piezo-electric pressure 129 

transducers (PZT), spaced over the last 1.3 meters of the driven section, were used to 130 

determine the incident shock velocity (± 0.2%). Temperature (T5) and pressure (P5) behind 131 

reflected shock waves are calculated using standard normal shock relations. Thermochemical 132 

data are taken from the Sandia Thermodynamic Database [33] and recent cyclic either 133 

mechanism [20-22]. Calculated temperature and pressure have uncertainties of ± 0.7% and ± 134 

1.0%, respectively, primarily due to the uncertainty in the measured incident shock velocity. 135 
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Chrystie et al. [34] measured the temperature behind reflected shock waves using quantum 136 

cascade laser absorption and showed that the calculated temperatures are within 2 – 3 % of the 137 

measured temperatures. A turbo-molecular pump (Varian TV 551) was used to pump down the 138 

driven section of the shock tube for about 30 minutes between two successive experiments and 139 

an ultimate pressure of 2 × 10−5 mbar was achieved without-gassing leak rate of 5 × 10−6 140 

mbar/min. Further details of the shock tube facility can be found elsewhere [34-36].  141 

Test gas mixtures were prepared using research-grade argon (99.999%), 70% TBHP 142 

(tert-butyl-hydroperoxide) aqueous solution and furan (≥ 99%), 2 MF (99%) or 2,5 DMF (99%). 143 

Argon was supplied by Abdullah Hashim Gases (AHG) and other chemicals were procured from 144 

Sigma Aldrich. TBHP is a well-known thermal precursor of OH radicals [37]. A comparison 145 

between TBHP and gaseous nitric acid as OH precursors can be found in [37, 38]. Repeated 146 

freeze-pump-thaw cycles were used to further purify the furans before preparing the gas 147 

mixtures. High-purity helium (99.99%), supplied by AHG, was used as the driver gas. 148 

Temporal OH radical concentration was measured behind reflected shock waves using 149 

the well-characterized R1(5) absorption line of the OH A–X (0, 0) band near 306.69 nm. A 532 150 

nm (10 W, cw) green laser pumped a Rhodamine B dye-laser (0.75 g/L Rhodamine B in 151 

ethylene glycol) to generate visible red light near 613.4 nm (~ 1 W). The red light was frequency 152 

doubled to generate ultraviolet light (~ 100 mW) near 306.7 nm. A common-mode-rejection 153 

scheme was used to minimize the noise to signal ratio (see Figure 1 in [35]). Hydroxyl radical 154 

mole fraction (𝑋𝑂𝐻) was calculated using the Beer-Lambert law, 𝐼 𝐼0⁄ = exp(−𝑘𝑣𝑋𝑂𝐻𝑃5𝐿), where 155 

𝐼 and 𝐼0 are the transmitted and incident laser intensities, respectively, 𝑘𝑣 is the absorption 156 

coefficient calculated following the work of Herbon [39], 𝑃5 is the total reflected shock pressure 157 

(atm) and 𝐿 is the optical path length (14.2 cm). The overall estimated uncertainty in the 158 

measured OH mole fraction is approximately ± 5%, mainly due to the uncertainties in the 159 
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reflected-shock temperature and absorption coefficient. All experimental data were recorded at 160 

2.5 MHz sampling rate using a high-resolution (14 bit) data acquisition system.  161 

 162 

3. Results 163 

Hydroxyl radical profiles are simulated with a chemical kinetic mechanism and the target rate 164 

(fuel + OH) is varied until a best fit is achieved with the measured OH mole fraction profile. 165 

Detailed kinetic mechanism developed by Kohse-Höinghaus et al. [20-22] for furan, 2 MF and 166 

2,5 DMF is used as the base mechanism. A TBHP ((CH3)3-CO-OH) chemistry set, described in 167 

[40-43], is included in the base mechanism to simulate the formation of OH. Following Benson 168 

and O’Neal [44], TBHP decomposes almost instantaneously to form the OH radical and a tert-169 

butoxy radical, which in turn decomposes to form acetone and a methyl radical. Moreover, the 170 

OH radical can attack TBHP to produce water and other products [41-43]. The rate coefficients 171 

of the TBHP relevant reactions and thermodynamic properties of the newly introduced species 172 

are taken as described in Lam et al. [40]. All zero-dimensional simulations are performed using 173 

CHEMKIN-PRO [45] software package with constant volume and energy constraints (constant 174 

UV). Measurements are performed under pseudo-first-order conditions by having fuel (furan, 2 175 

MF or 2,5 DMF) concentrations to be at least ten times larger than OH concentration. The rate 176 

coefficients for reactions of R1 – R3 are measured behind reflected shock waves over a 177 

temperature range of 890 – 1388 K and pressures ranging 1.05 – 1.95 atm. 178 

 179 

3.1. Kinetics of furan + OH  180 

A representative hydroxyl radical sensitivity analysis is shown in Fig. 2 for a mixture of 228 ppm 181 

furan with 11 ppm TBHP (and 30 ppm H2O) diluted in argon. Reflected shock conditions are 182 

1015 K and 1.56 atm. The OH sensitivity is calculated as 𝑆 = (𝜕𝑋𝑂𝐻/𝜕𝑘𝑖) × (𝑘𝑖/𝑋𝑂𝐻), where 183 

XOH is the OH mole fraction and 𝑘𝑖 is the rate coefficient of the ith reaction. 184 
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Sensitivity analysis shown in Fig. 2 shows that the reaction of furan with OH (R1) is the 185 

dominant reaction over the entire time frame of the experiments (~ 200 µs). For low 186 

temperatures and at early times (< 10 µs), minor interference from the decomposition reaction 187 

of TBHP is seen. However, the influence of this interference on the OH radical decay and on the 188 

deduced reaction rate is negligible. At longer times (> 200 µs), secondary reactions, such as the 189 

following, start to show some interference.  190 

CH3 + OH  CH2 + H2O                                          (R4) 191 

CH3 + CH3 (+M)  C2H6 (+M)                                         (R5) 192 

CH3COCH3 + OH  CH3COCH2 + H2O                            (R6) 193 

CH3OH (+M)  CH3 + OH (+M)                                       (R7) 194 

The rate coefficient of reaction R4 was updated in the base mechanism with the measured 195 

values proposed by Pang et al. [46]. The rate coefficient of reaction R5 was updated as 196 

measured by Oehlschlaeger et al. [47], while the rate coefficient for reaction R6 was updated 197 

with the measured values from Lam et al. [40]. Finally, the rate coefficient of reaction R7 was 198 

updated with the values measured by Srinivasan et al. [48]. 199 

 A representative measured OH mole fraction profile for a mixture of 228 ppm furan/11 200 

ppm TBHP/30 ppm water diluted in argon is shown in Fig. 3 at reflected shock temperature and 201 

pressure of at 1015 K and 1.56 atm, respectively. The best-fit rate coefficient for R1 and 202 

perturbations of ± 20% in the inferred rate coefficient are also presented in Fig. 3. Time zero is 203 

determined by matching the peak of simulated OH profile with the measured OH peak. The 204 

experimental slow rise of OH radical before t = 0 (for temperatures > 1000 K) is attributed to the 205 

relatively low bandwidth (760 kHz) of the photo-detector. The detector bandwidth can be set as 206 

high as 10 GHz but the signal-to-noise-ratio is lower at higher bandwidth. At lower temperatures 207 

(<1000 K), the experimental slow rise of OH disappears because the detector bandwidth is high 208 

enough to capture the rise of OH fairly well. Figure 3 shows a notch, Schlieren spike, in the 209 

measured trace close to the peak, which is caused by the shock-induced density gradient. Table 210 
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1 summarizes the rate coefficient measurements of reaction R1 over a temperature range of 211 

924 – 1388 K and pressures of 1.17 – 1.95 atm. Rate coefficient measurements were performed 212 

using two separate mixtures (see Table 1 and Fig. 5) to check if the mixture composition 213 

affected the measured rates. The measured rate coefficients are found to be independent of the 214 

mixture composition or fuel concentration for the range of conditions studied here.  215 

Detailed error analysis was performed to estimate the overall uncertainty in the measured rate 216 

coefficients of reaction R1 at representative condition of 1015 K and 1.56 atm. The individual 217 

sources of errors considered in this study include the temperature (± 1%), mixture composition 218 

(± 5%), OH absorption coefficient (± 3%), wavemeter reading (± 0.002 cm-1), fitting the 219 

experimental profiles (± 5%), locating time zero (± 1 µs), rate coefficient of CH3 + OH = S-CH2 + 220 

H2O (uncertainty factor = 2), rate coefficient of CH3 + CH3 = C2H6 (± 20%), rate coefficient of 221 

CH3COCH3 + OH = CH3COCH2 + H2O (+17%, -28%) and the rate coefficient of CH3OH = CH3 + 222 

OH (uncertainty factor = 2). The contribution of each of these error sources on the determination 223 

of k1 is calculated separately and presented in Fig. 4. The overall uncertainty is calculated using 224 

the root-sum-squared method and is found to be +15% / -20% for k1 at 1015 K.       225 

The measured rate coefficients for reaction R1 (furan + OH) are plotted in Fig. 5 over a 226 

temperature range of 924 – 1388 K.  The values adopted in the kinetic mechanism of Liu et al. 227 

[20] are also shown and agree quite well with the current measurements. The measured rate 228 

coefficients can be expressed in a modified Arrhenius form as: 229 

 𝑘1 = 783.39 x 𝑇3 exp(1866.7 𝑇⁄ )        cm3mol-1s-1
.  230 

The measurements, and adopted values of Liu et al. [20], exhibit a slight non-Arrhenius 231 

curvature over the temperature range of this study. Also, the activation energy of the reaction is 232 

relatively small over this temperature range. It can be argued that the reaction of hydroxyl with 233 

furan predominantly follows addition-elimination pathway than direct H-abstraction. 234 

  235 
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3.2. Kinetics of 2-methyl furan + OH 236 

The overall rate coefficients of the reaction of 2-methyl furan (2 MF) with OH were measured 237 

behind reflected shock waves over a temperature range of 890 – 1333 K and pressures near 1 238 

– 1.5 atm. Similar to the furan + OH case, two test mixtures were used: 258 ppm 2 MF/12 ppm 239 

TBHP/32 ppm H2O diluted in argon and 153 ppm 2 MF/13 ppm TBHP/34 ppm H2O diluted in 240 

argon. The OH sensitivity analysis for the second mixture is shown in Fig. 6 at reflected shock 241 

conditions of 1150 K and 1.43 atm. The dominant reaction is R2 (2 MF + OH  Products) while 242 

the primary interfering reactions are R4 – R7. The rate coefficients for these reactions were 243 

updated in the base mechanism, as discussed earlier.  244 

Figure 7 shows a representative measured OH temporal profile at 1150 K and 1.43 atm. The 245 

best-fit simulated OH profile and perturbations of ± 20 % in the inferred rate coefficient are also 246 

shown in Fig. 7. A more noticeable Schlieren spike is seen in Fig. 7 compared to Fig. 3. The 247 

higher temperature case shown in Fig. 7 causes relatively large density change which results in 248 

a larger Schlieren spike. Rate coefficients of reaction R2, measured over 890 – 1327 K, are 249 

presented in Table 2 and plotted in Fig. 8. Two different mixture compositions were employed to 250 

confirm the independency of the rate coefficients on secondary chemistry effects. Rate 251 

coefficient values adopted in the kinetic mechanisms of Tran et al. [21] and Sirjean et al. [16] 252 

are also shown in Fig. 8. Both mechanisms have employed identical Arrhenius expression for 253 

k2. The predicted rate coefficients are approximately 50% slower than the current 254 

measurements for temperatures less than 1150 K, while the predictions agree well with current 255 

measurements for higher temperatures (T ≥ 1300 K). The values of the measured rate 256 

coefficient can be expressed in Arrhenius form as: 257 

 𝑘2 = 8.85 x 1013  exp(−2285 𝑇⁄ ) cm3mol-1s-1
.  258 
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Detailed error analysis was performed for k2 measurements in a manner analogous to that 259 

described for k1. The overall uncertainty in the measured rate coefficient of reaction R2 comes 260 

out to be +17% / -21% at 1150 K.    261 

 262 

3.3. Kinetics of 2,5-dimethyl furan + OH 263 

Following the same procedure of measuring rate coefficients of reactions R1 and R2, the overall 264 

rate coefficients of the reaction of 2,5-dimethyl furan (2,5 DMF) with OH were measured behind 265 

reflected shock waves for a temperature range of 915 – 1278 K and pressures near 1.2 – 1.7 266 

atm. To investigate any potential interference from secondary reactions, two test mixtures were 267 

used: 250 ppm 2,5 DMF/16 ppm TBHP/38 ppm H2O in argon and 191 ppm 2,5 DMF/14 ppm 268 

TBHP/34 ppm H2O in argon. Figure 9 shows representative sensitivity analysis for the second 269 

mixture at reflected shock conditions of 1251 K and 1.28 atm. It can be seen that the target 270 

reaction R3 is dominant for the first 70 µs and then the sensitivity to R3 decreases with an 271 

increase in interference from CH3 + OH (R4). Therefore, we have only used the first 50 – 70 µs 272 

of the measured OH profiles to deduce k3. 273 

A representative measured OH time-history profile is shown in Fig. 10 at 1251 K and 1.28 atm. 274 

The TBHP chemistry set is added to the chemical kinetic mechanism of Togbé et al. [22] to 275 

simulate the OH profiles. The best-fit simulated OH profile and perturbations of ±20% in the 276 

inferred rate coefficient are shown in Fig. 10. Rate coefficients of reaction R3, measured over 277 

915 – 1278 K, are presented in Table 3 and plotted in Fig. 11. Rate coefficient values adopted in 278 

mechanisms of Togbé et al. [22], Sirjean et al. [16] and Somers et al. [17] are also shown in Fig. 279 

11. The values of k3 from Togbé et al. [22] and Sirjean et al. [16] are equal and approximately 280 

two times larger than the current measurements. However, the activation energy predicted by 281 

these models is quite similar to the activation energy of the measurements. Predicted values of 282 

𝑘3 by Somers et al. [17] show larger curvature and are even higher than the other two 283 
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mechanisms. The values of the measured rate coefficient can be expressed in the Arrhenius 284 

form as: 285 

 𝑘3 = 1.03 x 1014  exp(−2128 𝑇⁄ )  cm3mol-1s-1
.  286 

Similar to the methodology used for k1, detailed error analysis was performed to estimate the 287 

uncertainty in k3 and the uncertainty is found to be +17% / -22% at 1251 K. 288 

 289 

The presence of the methyl group in the ring side affects the rate coefficients of the reaction of 290 

hydroxyl with alkylated derivatives of furan, as can be seen in Fig. 12. The rate coefficients of 291 

the reaction of 2,5 DMF with OH are approximately two times higher than those of 2 MF with 292 

OH. This can be attributed to the fact that 2,5 DMF has two methyl groups while 2 MF has only 293 

one. This variation of the measured total rate coefficients with number of methyl groups and the 294 

Arrhenius nature of the rate coefficients suggests that, in our T range, H-abstraction from the 295 

methyl groups is comparable to or faster than competing pathways via addition of OH to the 296 

furan ring. A direct measurement of the product branching ratio would be very helpful. 297 

Our measured high-temperature rate coefficients are compared with low-temperature (T < 500 298 

K) literature data in Figure S1 (Supplementary Material). The low-temperature data for all three 299 

furans are higher than the corresponding measurements at high temperatures. This indicates 300 

that OH-addition pathways dominate for these furans at low temperatures.   301 

  302 
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4. Conclusions 303 

The overall rate coefficients for the reaction of OH radical with furan (𝑘1), 2-methyl furan (𝑘2) 304 

and 2,5-dimethyl furan (𝑘3) are reported over a temperature range of 890 – 1388 K and 305 

pressures near 1 – 2 atm. The rate coefficients of 2,5 DMF + OH reaction are the largest 306 

followed by 2 MF + OH. The rate coefficients of furan + OH are smallest and show slight 307 

curvature over the measured temperature range. Our high-temperature measurements are 308 

smaller compared to the literature rate coefficient data at temperatures near 300 K. This 309 

indicates that OH-addition pathways dominate for these cyclic ethers at low temperatures. The 310 

reported measurements represent, to our knowledge, the first high-temperature rate coefficient 311 

data for these cyclic ethers. Direct measurements of product branching ratios will be useful in 312 

determining the branching of direct abstraction and addition pathways at intermediate to high 313 

temperatures. 314 

 315 
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TABLES 320 

Table 1.  Rate coefficient data for furan + OH reaction. 321 

T5 [K] P5 [atm] k1 [cm3mol-1s-1] 

228 ppm furan with 11 ppm TBHP / 30 ppm H2O in Ar 

924 1.43 5.15E+12 

991 1.37 5.19E+12 

1000 1.56 5.25E+12 

1015 1.56 5.22E+12 

1046 1.51 5.35E+12 

1135 1.38 5.67E+12 

1176 1.95 5.76E+12 

1188 1.77 5.98E+12 

1197 1.57 5.95E+12 

1224 1.43 6.24E+12 

167 ppm furan with 13 ppm TBHP / 36 ppm H2O in Ar 

1170 1.31 6.11E+12 

1250 1.4 6.67E+12 

1270 1.25 7.14E+12 

1272 1.25 6.76E+12 

1286 1.41 7.09E+12 

1286 1.17 7.22E+12 

1305 1.22 7.65E+12 

1380 1.38 8.59E+12 

1388 1.39 8.15E+12 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 
 330 
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Table 2. Rate coefficient data for 2 MF + OH reaction. 331 

T5 [K] P5 [atm] k2 [cm3mol-1s-1] 

258 ppm 2MF with 12 ppm TBHP / 32 ppm H2O in Ar 

890 1.56 6.26E+12 

948 1.51 8.06E+12 

972 1.44 9.07E+12 

998 1.39 9.16E+12 

1030 1.33 9.60E+12 

1067 1.3 1.02E+13 

153 ppm 2MF with 13 ppm TBHP / 34 ppm H2O in Ar 

1106 1.39 1.17E+13 

1150 1.43 1.19E+13 

1166 1.38 1.22E+13 

1181 1.36 1.29E+13 

1189 1.34 1.34E+13 

1250 1.38 1.38E+13 

1280 1.39 1.48E+13 

1301 1.15 1.53E+13 

1317 1.05 1.53E+13 

1327 1.17 1.58E+13 

 332 
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Table 3. Rate rate coefficient data for 2,5 DMF + OH reaction. 345 

T5 [K] P5 [atm] k3 [cm3mol-1s-1] 

250 ppm 2,5 DMF with 16 ppm TBHP / 38 ppm H2O in Ar 

915 1.56 9.55E+12 

930 1.74 1.06E+13 

1000 1.45 1.28E+13 

1064 1.44 1.33E+13 

1078 1.32 1.36E+13 

1103 1.66 1.50E+13 

191 ppm 2,5 DMF with 13 ppm TBHP / 34 ppm H2O in Ar 

1134 1.35 1.57E+13 

1204 1.38 1.75E+13 

1223 1.23 1.79E+13 

1246 1.35 1.85E+13 

1246 1.19 2.00E+13 

1251 1.28 1.83E+13 

1278 1.33 1.87E+13 

 346 
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 348 
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FIGURES 362 

 363 

 364 

Figure 1. Chemical structures of furan, 2-methyl furan (2 MF) and 2,5-dimethyl furan 365 

(2,5 DMF). 366 

  367 
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 368 

Figure 2. Hydroxyl radical sensitivity for the rate coefficient measurement of R1 (furan + OH). 369 

  370 



 20 

 371 

Figure 3. A representative measured OH temporal profile for the rate coefficient of furan + OH. 372 
Best-fit simulated rate coefficient and perturbations of ±20% are also shown. Simulations are 373 
performed using the Liu et al.[20] kinetic mechanism. 374 
 375 

  376 
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 377 

Figure 4. Uncertainty analysis for the rate coefficient of furan + OH reaction at the conditions of 378 
Fig. 3. 379 
 380 

  381 
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 382 

Figure 5. Arrhenius plot of measured rate coefficients for furan + OH reaction (k1). Prediction 383 
from Liu et al.[20] mechanism are also shown. Measurements were performed using two 384 
different mixtures, as indicated, and the results are independent of the mixture composition.  385 

  386 
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 387 

Figure 6. Hydroxyl radical sensitivity for the rate constant measurement of R2 (2 MF + OH  388 
Products). 389 
 390 

  391 
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 392 

Figure 7. A representative measured OH temporal profile for measurements of the rate 393 
coefficient of 2-MF + OH. Best-fit simulated rate coefficient and perturbations of ±20% are also 394 
shown. Simulations are performed using the Tran et al.[21] mechanism.  395 
 396 

  397 
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 398 

Figure 8. Arrhenius plot of measured rate coefficients for 2 MF + OH reaction (k1). Predicted 399 
values from Sirjean et al.[16] and Tran et al.[21] mechanisms are also shown. Measurements 400 
were performed using two different mixtures, as indicated, and the results are found to be 401 
independent of the mixture composition. 402 
 403 

  404 
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 405 

Figure 9. Hydroxyl sensitivity for the rate constant measurement of R3 at 1251 K and 1.28 atm. 406 

  407 
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 408 

Figure 10. A representative measured OH mole fraction profile for measuring the rate coefficient 409 
of 2,5 DMF + OH at 1251 K and 1.28 atm. Best-fit simulated rate coefficient and perturbations of 410 
±20% are also shown. Simulations are performed using the Togbé et al.[22] mechanism. 411 
 412 

  413 
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 414 

Figure 11. Arrhenius plot for 2,5 DMF + OH (k3). Rate coefficients adopted in the mechanisms of  415 
Togbé et al.[22], Sirjean et al.[16] and Somers et al.[17] are also shown. 416 
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 418 

Figure 12. Comparison of the overall rate coefficients. 419 

 420 
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Supplementary Material 422 
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 424 

 Figure S1: Comparison of current high-temperature measurements with low-425 

temperature literature data 426 
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