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ABSTRACT: The oxidation of tetrahydrofuran (THF) was carried out in a continuously jet-stirred tank reactor 

(JSR) at a total pressure of 10 atm, in fuel-lean conditions (equivalence ratio = 0.5), an initial fuel mole fraction of 

5000 ppm, at a mean residence time of 2 s, and for temperatures ranging from 550 to 620 K. High-resolution mass 

spectrometry analyses was used to characterize low-temperature oxidation products of THF. MS analyses were 

performed using atmospheric pressure chemical ionizations in positive and negative modes. Both flow injection 

analyses and ultra-high-pressure liquid chromatography-MS/MS allowed characterizing a large set of chemicals 

including hydroperoxides and diols (C4H8O3), ketohydroperoxides (C4H6O4), and more oxygenated molecules (up 

to C4H8O7) resulting from up to three oxygen molecules addition of on α and β THF radicals. The existence of –

OH or –OOH groups in the products was confirmed by hydrogen-deuterium exchange using D2O. We detected 24 

products with molecular weight of 40-168, not reported in previous studies. Simulations using the latest THF 

oxidation chemical kinetic reaction mechanism available from the literature were compared to the present 

measurements of ketohydroperoxides and other products of THF cool flame. The kinetic scheme represented well 

the present qualitative data.  
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1. INTRODUCTION 

It is well-known that cyclic ethers (oxiranes, oxetanes, tetrahydrofurans, and tetrahydropyrans) are important 

products of liquid fuels cool flames, as observed in a variety of environments, e.g. in research engines1-4 and in 

laboratory experiments.5-8 Tetrahydrofurans and oxetanes are generally the most abundant cyclic ethers formed in 

cool flames.6-7, 9-10 Following reactions of these products may affect the overall reactivity of the system. 

Furthermore, there is growing interest in using furanics as bioderived ground transportation fuels.11 Thus more 

information is needed for assessing their kinetics of oxidation and the production of fuel-specific pollutants. 

To date, in contrast with linear light ethers, e.g. dimethyl ether and diethyl ether, little information is available 

for the oxidation reaction mechanisms of cyclic ethers4, 12-15 and in particular for THF which has a cetane number 

~22.16 Indeed, in the literature, one can find few studies on THF low- to intermediate-temperature oxidation, e.g. 

oxidation in a static reactor at 493 K,17 high-pressure studies in rapid compression machine and shock-tube,18-21 

rapid compression machine (RCM) and JSR studies,15, 18, 22 and Ignition Quality Tester measurements.23 More 

recently, Hansen et al.24 presented a detailed experimental and theoretical study of the formation of KHPs in a 

JSR under cool flame conditions. A comparison with modeling using Fenard et al. model22 indicated 

discrepancies in terms of relative importance of KHP isomers. Products have been measured by synchrotron-

based technique (vacuum ultra-violet photoionization-molecular beam-time of flight mass spectrometry) for the 

fuel-lean (equivalence ratio = 0.3) oxidation of 10,000 ppm of THF at ~1 atm and a residence time of 2 s. Several 

KHPs have been detected, but no products resulting from third or higher molecular oxygen addition on THF 

radicals have been reported whereas they are expected to be formed, based on recent works involving a range of 

fuels.25-28 While the production of highly oxygenated molecules in combustion is commonly overlooked, but 

could promote ignition according to previous chemical kinetic modeling,29 they are considered being very 

important intermediates participating to the formation of secondary organic aerosols (SOA) in the troposphere.30 

Previous chromatographic separation of KHPs deriving from the oxidation of large hydrocarbons have been 

detected by mass spectrometry and ultraviolet absorption,31-39 but these earlier investigations were technically 

limited. With the recent development of analytical techniques, e.g., synchrotron-based mass spectrometry,25, 40-41 

ultra-high-pressure liquid chromatography (UHPLC) coupled to Orbitrap®, it becomes possible to better 

characterize cool flame products.26-27, 42 

As part of continuing efforts in this laboratory to better understand the chemical kinetics of fuels combustion, 

a series of experiments has been carried out recently for the oxidation of several ethers.26-27 In this paper we 

extend that work by presenting results of kinetic experiments completed to identify the products of THF cool 

flame in a JSR. Among the products detected, we paid particular attention to the detection of ketohydroperoxide 

isomers since discrepancies between kinetic modeling and measurements have been reported recently24. Chemical 

kinetic modeling was performed to extend the validation of a published model22. 

2. EXPERIMENTAL  

2.1 Oxidation Experiments 

In the present experimental study we used a jet-stirred reactor setup introduced previously43-44 and used in former 

studies.45-48 The fused silica JSR (35 cm3, 4 nozzles of 1 mm I.D. for stirring), installed inside a regulated oven 

(ca. 1.5 kW) which maintains the temperature of the JSR at desired working temperatures. This assembly is 
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located inside a pressure-resistant stainless-steel housing. The oven is thermally insulated by ceramic wool. The 

JSR working temperature was varied stepwise while flow rates were adjusted to keep mean residence time 

constant under all the investigated conditions. As in earlier studies,49 THF (>99.9% pure from Sigma Aldrich, 

CAS Number 109-99-9) was atomized by a flow of nitrogen and vaporized in a heated chamber. THF and oxygen 

were delivered separately to the JSR to avoid fuel oxidation before entrance into the reactor. Nitrogen and oxygen 

flow rates were regulated by mass flow controllers. THF was pumped by a Shimadzu LC10-AD-VP HPLC pump. 

Thanks to the use of an online degasser (Shimadzu DGU-20-A3) the pump could deliver a steady flow rate of 

THF. Table 1 summarizes the present experimental conditions. 

Table 1. Experimental conditions 

Equivalence ratio (φ) 0.5 

Pressure 10 atm 

Initial concentrations 0.5% of fuel, 2.75 % O2, 96.75 % N2 

Residence time 2 s 

Temperature 550 - 620 K 

 

A Pt-Pt/Rh-10% thermocouple (0.1 mm wires located inside a thin-wall fused-silica tube) was used to check 

thermal homogeneity along the vertical axis of the JSR. It was found good (gradients of < 1 K/cm). A low-

pressure sonic probe (fused-silica) was used to freeze reactions and collect samples which will be analyzed off 

line. To characterize THF low-temperature oxidation products, e.g., hydroperoxides, ketohydroperoxides (KHPs), 

ketodi-hydroperoxides, and other oxygenates, the gaseous samples were bubbled for 75 min in cooled acetonitrile 

(0°C, 25 mL in a 40 mL amber glass vial). The liquid samples were stored at -15°C for preventing degradation 

before chemical analyses.  

2.2 Chemical analyses  

Several types of analyses were performed. Firstly, mass spectrometry (MS) analyses with an Orbitrap® Q-

Exactive were performed by flow injection (FIA). There, a motored syringe is used to inject continuously the 

sample in the ionization chamber of the mass spectrometer50. The FIA conditions were: flow of 1-3 μL/min 

recorded for 1 min. The samples were introduced into the ionization chamber of the Orbitrap® (mass accuracy <1 

ppm RMS and mass resolution of 140,000). Secondly, ultra-high-pressure liquid chromatography-MS (Vanquish 

Flex UHPLC from Thermo Scientific) was used. For samples ionization, atmospheric chemical ionization (Ion 

Max® APCI) operating in positive and negative modes was used. APCI is a soft ionization method widely used in 

liquid chromatography-MS51. Compared to electrospray ionization ESI which uses an electric field and 

photoionization PI (using UV radiation), in APCI a corona discharge needle is used to produce an electric 

discharge applied to the solvent aerosol which produces positive or negative radical ions (N2
•+, O2

•+, H2O•+, NO•+, 

O2
•-, O•+, O•-, NO2

•-, O3
•-), which transfer their charges to the sample molecules and ionize them. APCI is used for 

ionizing polar and relatively less polar compounds (< 1500 Da) including organic pollutants, pesticides, 
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pharmaceutical products, biological chemicals, and drug metabolites. APCI has also been used to ionize non-polar 

and high molecular weight chemicals, e.g., hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), and 

polymers.52-53 

For mass calibrations, we used the commercial PierceTM ESI (+) and (-) calibration mixtures (Thermo 

Scientific) in FIA mode and HESI.  

Most of the chromatographic analyses were performed with a C18 analytical column (Phenomenex Luna, 

1.6μm, 100 Å, 100 x 2.1 mm, 40 °C) in reverse-phase mode. Additional HPLC-MS analyses were performed with 

two other types of columns: Hypercarb PGC (Thermo Scientific, 5 μm, 150 x 2.1 mm, 40°C) and Ascentis Si 

(Supelco, 5 μm, 250 x 2.1 mm, 40 °C). The analytical conditions are given in the Supporting information (Table 

S1). 

Besides mass calibrations, mass spectra of standards and retention times were used to identify products by 

UHPLC-MS/MS (γ-Butyrolactone, THF-3-one, cyclopropane carboxaldehyde, 3,4-epoxy tetrahydrofuran, 2,3-

DHF, 2,5-DHF, succinic acid, and furan). UHPLC and HPLC analyses were performed using optimized elution 

solvent and gradients (Supporting information, Table S2). 

To identify THF oxidation products, MS-MS analyses were performed at several collision cell energies (10, 

30, 50, and 70 eV). The fast OH/OD exchange used in previous studies25-27 was used to confirm the presence of -

hydroxy and hydroperoxy groups in THF oxidation products. This is a technique widely used in combination with 

MS, as described in details in a recent review article.54 Here, we introduced 60 μL of D2O (99.98% D, Sigma-

Aldrich) into 200 μL of sample (reaction time 25 min). with the 70% evaporated sample collected at 600 K and 

10 atm. The obtained solution was analyzed by FIA Orbitrap® and APCI positive and negative modes 

(Supporting information, Figure S1). The signal profiles reported in Section 4 have an estimated uncertainty of 

40%. Uncertainties include typical 10-15% uncertainties in JSR experiments, solubility of species in acetonitrile, 

possible loss of species with vaporizer temperature and capillary temperature of APCI source around 400 K and 

600 K, respectively, instabilities of MS signal during analyses. 

3. KINETIC MODELING 

For the computations we used the PSR software55 from the Chemkin II package56. A previously published kinetic 

reaction mechanism for THF oxidation,22 validated over an extensive range of conditions, was used here. It 

includes both low- and high-temperature oxidation routes, but is limited to the second addition of molecular 

oxygen on THF radicals, yielding ketohydroperoxides. According to the present simulations, under the present 

conditions, THF mainly reacts by H-atom abstraction with the hydroxyl radical, yielding two fuel’s radicals, R, in 

α- and β-position to the ether function (Table 2).  

Table 2. Chemical structure of fuel’s radicals, ROOH, and ketohydroperoxides produced during THF oxidation. 

Initial radicals produced by H-atom abstraction on THF

α- position β-position 
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Below ca. 900 K, these two radicals get peroxidized by addition of molecular oxygen. Two hydroperoxides 

resulting from H-atom abstraction (ROO + R’H  ROOH + R’) can be formed. After intramolecular H-atom 

transfer in fuel’s peroxy radicals, yielding an hydroperoxy radical, a second molecular oxygen addition, itself 

followed by intramolecular H-atom transfer and decomposition, can yield up to 6 ketohydroperoxides (Table 2).  

A schematic representation of THF oxidation pathways is given in Figure 1. Presently detected species appear 

in boxes.  
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Figure 1. Schematic representation of THF oxidation pathways at 580 K, under the condition of this study (Table 

1). The model of Fenard et al.22 was used. Fluxes lower than 0.1% are shown as zero. 

4. RESULTS AND DISCUSSION 

THF oxidation was studied in a JSR at elevated pressure and fuel-lean conditions (Table 1) yielded a large set of 

low-temperature oxidation products. Products chemical formulae were determined by high-resolution mass 

spectrometry: C4H6Ox (x=0-6), C4H4Ox (x=1-5), C4H2Ox (x=2-3), CnH2n (n=2-4), CnH2n-2 (n=2-4), CnH2nO (n=2-

4), CnH2n-2O (n=3-4), CnH2n-4O (n=3-4), CnH2n+2O2 (n=2-4), CnH2nO2 (n=2-4), CnH2n-2O2 (n=2-4), CnH2n-4O2 (n=3-

4), and CnH2nO3 (n=2-4). Alkenes, dienes, furan, di-hydrofurans, alcohols, 1,4-dioxane, carbonyl compounds, 

organic hydroperoxides, ketohydroperoxides, diketones, bicyclic ethers, carboxylic acids, and highly-oxygenated 

products were identified, in agreement with previous studies (Table 3). Indeed, besides ketohydroperoxides, more 

oxygenated products resulting from multiple addition of molecular oxygen on THF radicals (R) were observed 

here. The following sequence of reactions describes pathways to such products:  

R + O2  RO2 

RO2  QOOH 

QOOH + O2  OOQOOH 

OOQOOH  HOOQ’OOH. 
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This last reaction is followed by decomposition of di-hydroperoxy radicals, HOOQ’OOH, yielding the 

hydroxyl radical and a ketohydroperoxide (C4H6O4): 

HOOQ’OOH → OH + HOOQ’O (C4H6O4). 

Also, di-hydroperoxy radicals can react with O2 (third addition of molecular oxygen), followed by 

intramolecular H-atom transfer and decomposition of organic hydroperoxy radicals:  

HOOQ’OOH + O2  (HOO)2Q’OO 

(HOO)2Q’OO  (HOO)2POOH 

(HOO)2Q’OO → OH + (HOO)2P=O (C4H6O6). 

Oxidation could further continue via a fourth addition of molecular oxygen yielding more oxygenated 

products:  

(HOO)2POOH + O2 → (HOO)3POO 

(HOO)3POO  (HOO)3P’OOH 

(HOO)3P’OOH → OH + (HOO)3P’=O (C4H6O8). 

The present study confirms the occurrence of extended oxidation pathways25, 57 deduced from JSR experiments 

with synchrotron-based mass spectrometry.25, 57 In these experiments, several products of the 2nd and 3rd addition 

of molecular oxygen were detected. More recently,26-27 products resulting from addition on fuels radicals of up to 

4, 4, and 6 O2, respectively, have been observed in experiments similar to those performed here. Observation of 

the products of the 4th O2 addition on fuel’s radicals (keto-tri-hydroperoxide C4H6O8) was scarce in the present 

oxidation experiments with THF. However, the products of 2nd and 3rd O2 addition were well detected and are 

reported in Table 3. 

Organic hydroperoxides, ROOH, are minor products formed by H-atom abstraction by peroxy radicals:  

RO2 + R’H → ROOH + R’ 

RO2 + HO2 → ROOH + O2. 

Their formation was observed here (Table 3). The variation of the integrated C4H9O3
+ signal obtained by FIA 

vs. temperature is presented in Figure 2. These qualitative results were compared to simulations (Figure 2) 

showing consistent variation of their importance with temperature. In the chemical scheme of Fenard et al., the 

reaction RO2 + R’H was not included. Thus, only the reaction with HO2 is important in the simulations. 
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Figure 2. Formation of C4H8O3 in a JSR by oxidation of 5000 ppm of THF. The analyses were performed in FIA 

and APCI (+) mode. The data (dots) represent the signal recorded at m/z 105.0545, scaled to the maximum 

computed mole fraction (line). 

C4H8O3 could also be diols which can result from the decomposition of di-hydroperoxides.36 The observation of 

two H/D exchange (Figure 3) seems to indicate diols were formed in the present experiments (Table 3).  

   

Figure 3. Mass spectrum showing the formation of C4H8D1O4
+ resulting from H/D exchange on ROOH and diols, 

and of C4H7D2O3
+ which indicates the likely presence of diols. One should note that these D1 and D2 ions could 

not be observed without addition of D2O to the sample. Analyses were performed in FIA APCI (+) using the 

concentrated (70% evaporated) sample obtained by oxidation of THF at 600 K.  

 

Organic dihydroperoxides can be produced via H-atom abstraction by peroxy hydroperoxy radicals:  

OOQOOH + R’H → HOOQOOH + R’ 

The signal recorded at m/z 137.0444 (C4H9O5
+) is likely due to the presence of dihydroperoxides in THF 

oxidation products (Figure 3). 
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Figure 4. Formation of C4H8O5 in a JSR by oxidation of 5000 ppm of THF. The analyses were performed in FIA 

and APCI (+) mode. The data (dots) represent the signal recorded at m/z 137.0444 (C4H9O5
+). 

Table 3. Products of THF (5000 ppm) oxidation in a JSR at 600 K and 10 atm. H/D exchange was observed after 
addition of 60 μL of D2O to 200 μL of a 70 % evaporated sample (reaction time: 25 min). The analyses were 
performed in FIA/APCI (+/-) modes. 
 
M 
(g/mol) 

Species APCI (+) APCI (–)
Formula Name Ref. m/z  

(MH)+
Signal 
(a.u) 

m/z  
(M-H)-

Signal 
(a.u)

26 C2H2 Acetylene c,e - - HCOO-

Adduct 
71.039 

2.2E8 

28 C2H4 Ethene b,c,e,f - - HCOO-  
Adduct 
73.0296

8.2E7 

30 C2H6 Ethane c,e - - HCOO-

adduct  
75.0452

2.7E5 

30 CH2O Formaldehyde a,b,c,e - - HCOO-

adduct  
75.0088

1.2E9 

32 CH4O Methanol c - - HCOO-

adduct  
77.0245

7.0E3 

40 C3H4* Propyne or allene  - - HCOO-

adduct  
85.0296

5.6E6 

42 C3H6 Propene (propylene) 
Cyclopropane 

a,b,e,f 
c 

- - HCOO-

adduct  
87.0453

1.8E6 

42 C2H2O* Ethenone (Ketene)  - - HCOO-

adduct  
87.0089

1.8E8 

44 C3H8 Propane a,e - - HCOO-

adduct  
89.0609

3.9E3 

44 C2H4O Oxirane (Ethylene oxide) 
Acetaldehyde 

a,e 
c,e

- - HCOO-

adduct 
2.9E8 
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89.0245
46 CH2O2 Formic acid c - - HCOO-

adduct  
91.0038

4.7E7 

46 C2H6O Ethanol c - - HCOO-

adduct  
91.0401

5.9E3 

54 C3H2O*  55.0179 7.9E5 53.0033 1.3E3
54 C4H6 1,3-Butadiene a,e 55.0544 1.8E7 - -
56 C3H4O 2-Propenal (Acrolein) a,b,c,e,g 57.0336 3.4E7 55.0189 5.7E6
56 C4H8 1-Butene a,e 57.0700 1.6E6 - -
58 C2H2O2*  59.0128 5.0E4 56.9983 1.9E3
 
 
58 

 
 
C3H6O 

2-Methyloxirane  
Acetone 
Propanal  
Oxetane 
Methylvinylether 
Propenol 

a,c,i 
a 
a,e,i 
a 
b 
i

 
59.0492 

 
5.3E6 

 
57.0346 

 
6.0E5 

59 C3H5D1O* Propenol-d1 60.0555 1.1E4 58.0409 3.3E3
60 C2H4O2 Acetic acid  

Methyl formate 
c 
c

61.0284 8.4E6 59.0139 1.9E7 

61 C2H3D1O2* Acetic acid-d1 62.0347 5.1e5 60.0202 1.3E6
62 C2H6O2*  63.0441 4.3E3 61.0296 3.0E4
68 C4H4O Furan a,b,c,e 69.0334 1.2E7 67.0190 1.2E4
70 C4H6O 2,3-DHF 

2,5-DHF 
Cyclo-propane-
carboxaldehyde 
2-Butenal 

a,b,e,f,i 
a,b,f,i 
a,e 
 
a,e

 
 
71.0491 

 
 
1.6E9 

 
 
69.0347 

 
 
1.1E6 

70 C3H2O2*  71.0127 7.8E5 68.9983 8.5E5
72 C4H8O THF 73.0647 2.5E8 71.0503 3.5E5
72 C3H4O2*  73.0283 7.8E7 71.0139 2.2E8
74 C3H6O2 Ethyl formate c 75.0440 1.2E7 73.0296 8.2E7
82 C4H2O2 *  83.0126 8.3E5 - -
76 C3H8O2*  77.0596 3.0E6 75.0452 2.8E5
76 C2H4O3 *  77.0232 2.1E4 75.0088 1.1E9
83 C4H1D1O2*  - § - §
84 C4H4O2 1,4-Dioxine a,e 85.0283 5.0E8 83.0141 1.5E6
85 C4H5O2*  d 86.0361 9.7E4 84.0218 3.0E3
 
 
86 

 
 
C4H6O2 

Formic acid, 2-propenyl ester 
Butanedial 
γ-Butyrolactone 
THF-3-one 
3,4-Epoxy-THF 
1,3 Dioxene 
1,4 Dioxene 

a 
 
a,f,e,g,i 
a,b,c,i 
b 
f,i, 
e 
a

 
 

87.0440 

 
 

1.2E9 

 
 

85.0296 

 
 

5.6E6 

88 C4H8O2 1,4-Dioxane  89.0596 1.2E7 87.0452 2.1E6 
90 C3H6O3*   91.0389 9.6E6 89.0245 2.9E8 
90 C4H10O2 *   91.0752 8.0E5 89.0610 3.9E3 
91 C4H9D1O2   - § - § 
92 C7H8 * Toluene and isomers  93.0698 3.2E6 - - 
98 C4H2O3 *   99.0075 9.6E4 96.9932 1.0E5 
99 C4H1D1O3*   - § - § 
100 C4H4O3* Diketones and isomers  101.0232 5.3E6 99.0089 6.2E8 
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101 C4H3D1O3* Diketones isomers  102.0295 5.5E4 100.0152 4.3E6 
102 C4H6O3 2,3 DHF-OOH b,e,f,i 103.0388 9.3E7 101.0245 1.0E8
103 C4H5D1O3* 2,3 DHF-OOH-d1 104.0451 5.7E6 102.0308 1.9E6
104 C4H8O3 Diols and/or ROOH c,e 105.0545 2.5E7 103.0402 1.7E7
105 C4H7D1O3 Diols-d1 and/or ROOH-d1 106.0608 1.8E6 104.0465 1.1E6
106 C4H6D2O3 Diols-d2 107.0671 8.9E3 105.0526 §
106 C4H10O3 *  107.0701 1.1E5 105.0559 3.4E3
107 C4H9D1O3 *  - - - -
116 C4H4O4 *  117.0181 1.8E6 115.0039 3.8E8
117 C4H3D1O4*  118.0244 1.8E5 116.0101 2.5E7
118 C4H2D2O4  - - - -
118 C4H6O4 KHP  

Succinic acid 
b,d,f 
c

119.0338 
-

3.5E6 
-

117.0195 
- 

1.2E9 
-

119 C4H5D1O4* KHP-d1, Succinic acid-d1 120.0401 8.9E4 118.0257 7.6E7
120 C4H4D2O4* Succinic acid-d2 - § 119.0319 2.6E4
120 C4H8O4 *  121.0495 1.4E6 119.0350 2.3E7
121 C4H7D1O4*  - - 120.0414 3.6E6
122 C4H6D2O4*  - - 121.0477 8.2E4
132 C4H4O5* Di keto hydroperoxide - - 130.9987 6.1E6
133 C4H3D1O5* Di keto hydroperoxide-d1 - - 132.0050 3.0E4
134 C4H6O5 *  135.0288 4.8E3 133.0144 5.7E7
135 C4H5D1O5*  - - 134.0207 7.1E6
136 C4H4D2O5*  - - 135.0270 1.3E5
137 C4H3D3O5*  - - 136.0334 1.2E4
136 C4H8O5* di ROOH  - - 135.0301 2.7E6
137 C4H7D1O5* di ROOH-d1 - - 136.0363 2.1E5
138 C4H6D2O5* di-ROOH-d2  - - 137.0427 1.8E3
150 C4H6O6* Keto di-hydroperoxide - - 149.0093 1.9E6
151 C4H5D1O6* Keto di-hydroperoxide-d1 - - 150.0156 3.8E4
152 C4H4D2O6* Keto di-hydroperoxide-d2 - - - §
168 C4H8O7* tri ROOH  - - 167.0191 2.0E6
169 C4H7D1O7* tri ROOH-d1 - - 168.0264 5.4E5
170 C4H6D2O7* tri ROOH-d2 - - - §
171 C4H5D3O7* tri ROOH-d3 - - - §
 
Note: γ-Butyrolactone, THF-3-one, 2,3-DHF, 2,5-DHF, succinic acid, cyclopropane carboxaldehyde, 3,4-epoxy 

tetrahydrofuran and furan identification was checked by UHPLC-MS-MS analysis of pure chemicals in 

acetonitrile (succinic acid was not found); * newly detected species (see Supporting information for structures, 

Table S3); § Below detection limit. References: a18; b58; c17 d24; e22; f59; g21; h60, i.61 

Ketohydroperoxides (C4H6O4) are important products formed in cool flames. H/D exchange using D2O was 

also used to verify the presence of an –OOH group in C4H6O4 products (Table 3). Figure 5 shows a typical 

example of hydrogen–deuterium exchange observed for C4H6O4. One can see the formation of the C4H4DO4
- ion. 

Succinic acid, (CH2)2(C(=O)OH)2, has been reported earlier as product of THF oxidation. It could be responsible 

for the very minor second H/D exchange (C4H3D2O4
-) observed here (Table 3). However, HPLC analyses of all 

samples did not show a chromatographic peak at 10.4 min, the retention time at which pure succinic acid in 

solution in ACN was observed. 
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Figure 5. Mass spectrum showing the formation of C4H4D1O4
- resulting from H/D exchange on KHPs and of 

C4H3D2O4
- which indicates the possible minor presence of succinic acid. One should note that these deuterated 

ions could not be observed without addition of D2O to the sample. The analyses were performed in FIA APCI (-) 

using the concentrated (70% evaporated) sample obtained by oxidation of THF at 600 K.  

The total formation of KHPs was used to test the kinetic model. Figure 6a shows a fair representation of the 

qualitative data was obtained. This is also true for THF (Figure 5b). 

(a) (b) 

Figure 6. (a) Formation of C4H6O4 in a JSR by oxidation of 5000 ppm of THF. Analyses were performed in FIA 

and APCI (+) mode. The data (dots) represent the signal recorded at m/z 119.0338 (C4H7O4
+), scaled to the KHPs 

maximum computed mole fraction. (b) Consumption of THF under the same conditions based on m/z 73.0647 

(C4H9O+). The data (dots) are compared to simulations (lines). 

Figure 7 shows that UHPLC-MS analyses with APCI (+) allowed separating most of the ketohydroperoxides 

isomers. The examination of the chromatogram seems to indicate the presence of 5 to 6 isomers (Rt=4.28, 

Rt=4.49, Rt=4.53, likely coelution at Rt= 5.06, and Rt=5.20). According to the model of Fénard et al.,22 the most 
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abundant KHP by far is the α α’ isomer, followed by the αβ’ and βα’ isomers, the three others (αβ> βα> ββ’) 

being negligeable (mole fractions of 10-9-10-12).  

 

Figure 7. Chromatographic separation on a Hypercarb PGC column (100% ACN, 100 μL/min, 40°C) of KHPs 

isomers (C4H6O4) obtained by THF oxidation at 590 K. The APCI + mode was used. Isomers structures are given 

in Table 2. 

MS/MS analyses were carried out to identify the ketohydroperoxides produced during THF low-temperature 

oxidation (Supporting information, Table S4). Fragmentation at 10, 30, 50, and 70 eV was used, but did not allow 

discriminating the isomers due to very similar fragmentation patterns. (Supporting information Table S5).  

 

Figure 8. Formation of C4H6O3 in a JSR during the oxidation of 5000 ppm of THF. Analyses were performed in 

FIA and APCI (+) mode. The data (dots) represent the signal recorded at m/z 103.0388 (C4H7O3
+), scaled to the 

maximum computed mole fraction (line). 

Dihydrofuran hydroperoxides (C4H6O3), which are formed by decomposition of OOQOOH, according to the 

modeling, were observed. The present qualitative data were compared to simulations showing fair agreement in 

terms of variation of MS signal intensity with oxidation temperature (Figure 8). 

Dihydrofurans can be formed by decomposition of RO2 and QOOH in cool flames22: 

RO2 → dihydrofuran + HO2 

QOOH → dihydrofuran + HO2 
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They were observed in the present study. Our qualitative data were compared to simulations showing fair 

agreement in terms of variation of MS signal intensity with oxidation temperature (Figure 9). 

 

Figure 9. Formation of C4H6O in a JSR by oxidation of 5000 ppm of THF. Analyses were performed in UHPLC 

and APCI (+) mode. The data (dots) represent the signal recorded at m/z 71.0491 (C4H7O+), scaled to the 

maximum computed mole fraction (line). 

γ-Butyrolactone, tetrahydrofuran 3-one, 3, 4-epoxy tetrahydrofuran, succinaldehyde (butanedial), and formic 

acid 2-propyl ester with formula C4H6O2 have been reported as products of THF low-temperature oxidation 

(Table 3). Injection of pure samples and analyses by UHPLC-MS were used for their characterization. The data 

showed that γ-butyrolactone and tetrahydrofuran-3-one, resulting from the oxidation on α and β tetrahydrofuranyl 

radicals, respectively, are the main C4H6O2 products.  

Figure 10 shows the recorded m/z signal vs. THF oxidation temperature. Since the chemical kinetic model22 

does not distinguish between the different isomers, the total signal at m/z 87.0440 was used for comparison of 

data and simulations. One can see from Figure 10 that simulations and data show similar trend. 
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Figure 10. Global formation of C4H6O2 in a JSR by oxidation of 5000 ppm of THF. Analyses were performed in 

FIA and APCI (+) mode. The data (dots) represent the signal recorded at m/z 87.0440 (C4H7O2
+), scaled to the 

maximum computed mole fraction (line). 

Diketones and isomers (C4H4O3) were observed here (Table 3). It is generally considered they derive from 

KHPs. Several routes to diketones have been proposed in the literature, including decomposition of KHPs,62 H-

atom abstraction on KHPs,63 and roaming reaction of KHPs64. Formation of diketones by decomposition of 
●OOQOOH65 has also been proposed. One can expect the formation of four diketones by oxidation of THF. 

Figure 11 shows a chromatogram obtained by UHPLC-MS. One can see that several C4H4O3 isomers were 

formed.  

 

Figure 11. Chromatogram for C4H4O3 showing the presence of different isomers. The HPLC-MS data were 

obtained in APCI + and – (m/z 101.0232 and 99.0089, respectively). A C18 column was used (100% water, 100 

μL/min, 40°C). 

Chromatographic peaks obtained in APCI (+) with retention times > 4.5 min show almost no signal in APCI 

(-) correspond to compounds which cannot be deprotonated easily. They likely correspond to diketones. 

Fragmentation of these compounds gave almost undistinguishable fragmentation patterns. The 3 chromatographic 

peaks observed in APCI (-) at retention time 2.5-4.5 min correspond to compounds for which protonation and 

deprotonation are possible. We could not identify them presently by MS/MS but the observed H/D exchange 

(Table 3) could indicate the presence of ketoenols, reported in a recent study of n-pentane oxidation 66. 

Highly oxygenated molecules (MW = 132-168), deriving from further peroxidation, were also observed 

(Table 3). H/D exchange was used to confirm the presence of multiple hydroperoxy groups. These products 

resulted from 3 successive additions of O2 on fuel’s radicals. Among these species, one founds di-

ketohydroperoxides (MW = 132), ketodihydroperoxides (MW = 150), and tri-hydroperoxides (MW = 168), all 

reported for the first time as products of THF oxidation. Figure 12 shows an example of the variation of the MS 

signal as a function of temperature for C4H8O7. 
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Figure 12. Formation of C4H8O7 in a JSR by oxidation of  5000 ppm of THF. Analyses were performed in FIA 

and APCI (-) mode. The data (symbols) represent the signal recorded at m/z 167.0191 (C4H7O7
-). 

As observed for other low-temperature oxygenated products, except C4H6O and C4H6O2, the signal peaks near 

570 K.  

5. CONCLUSION AND PERSPECTIVES 

THF oxidation was carried out in a jet-stirred reactor (10 atm, residence time of 2s, 550-620 K, equivalence ratios 

of 0.5, and initial fuel mole fraction of 5000 ppm). Low-temperature products of THF oxidation were 

characterized by collecting samples dissolved in acetonitrile for analyses by several analytical techniques (flow 

injection analyses, UHPLC and HPLC analyses, high resolution mass spectrometry with APCI (+) and (-), and 

MS-MS). Thanks to these analyses, we could characterize hydroperoxides (C7H16O2), ketohydroperoxides 

(C7H14O3), carboxylic acids, diketones, and highly oxygenated molecules (MW 132, 136, 150, and 168, i.e., 

C4H4O5, C4H8O5, C4H6O6, and C4H8O7) resulting from the addition up to three O2 molecules on fuel’s radicals. To 

confirm the presence of hydroxy or hydroperoxy groups in the products of THF oxidation, H/D exchange with 

D2O was used.  

Twenty-four new products of THF low-temperature oxidation could be detected in this study. These newly 

detected species are generally not included in the most recent detailed kinetic reaction mechanism for THF 

oxidation22 used here. Their inclusion could be of interest for improving it. As reported by Hansen et al.24, it is 

clear that the relative importance of pathways yielding KHP isomers needs to be reconsidered. This would 

involve more measurements and high-level computations.  

Future studies would benefit from a combination of state-of-the-art techniques such as synchrotron-based 

mass spectrometry, ultra-high-pressure liquid chromatography and gas chromatography coupled to high-

resolution mass spectrometry. Furthermore, experiments under more practical conditions, e.g., RCM and/or piston 

engines, and detailed analyses of exhausts could be performed for further judging the importance of the low-

temperature oxidation products detected in this work. 
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