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ABSTRACT 

Nowadays, ethers are considered as potential fuels or fuel additives. Here, the oxidation of a series of ethers was under-
taken in a jet-stirred reactor at 10 bar in the cool-flame regime. The reacting mixtures were sampled and analyzed using 
high-resolution mass spectrometry (Orbitrap). Flow injection analyses were performed. Soft ionization (+/− heated elec-
trospray and atmospheric pressure chemical ionization) were used. Numerous products were detected. Among them, 
chemical formulas corresponding to highly oxygenated molecules and oligomers were observed. A range of graphical 
tools was employed characterize the oxidation products  
   
1. Introduction 

It is recognized that the combustion of fossil fuels 
contributes significantly to anthropogenically increasing 
emissions of CO2 and particles in the atmosphere[1]. 
With the increasing global energy demand, socio-eco-
nomic problems increase too[2]. Then, one needs to ex-
plore alternative energy sources among which renewable 
fuels from biomass are attractive [3-5]. Currently, ethers, 
which can be synthesized from bio-alcohols, are consid-
ered as potential fuels or fuel additives[6]. Whereas many 
studies concern the kinetics of oxidation of this class of 
fuels[4, 7, 8], the oxidation processes involved under 
cool-flame conditions are not well-characterized[9-19], 
in particular the formation of highly oxidized products 
deriving from complex processes which have been over-
looked in combustion studies until advanced analytical 
techniques allowed their detection or characterization[19, 
20].  

The present work aims to better characterize the 
products of autoxidation of a series of ethers and extend 
the knowledge acquired in our previous works concern-
ing the autoxidation of ethers [9, 10, 12-14, 21]. To this 
end, the oxidation of a series of ethers, namely diethyl 
ether (DEE), di-n-propyl ether (DPE), di-n-butyl ether 
(DBE), and tetrahydrofuran (THF), was undertaken in a 
jet-stirred reactor at 10 bar under cool-flame conditions. 
The reacting mixtures were sampled and analyzed using 
high-resolution mass spectrometry (Orbitrap). Analyses 
of the mass spectrometry data was performed using a 
range of graphical tools. 

 
2. Method 

The experiments were performed in a fused-silica 
JSR (Table 1) presented earlier [22, 23]. A 40 mm o.d. 
spherical sphere (35 cm3 internal volume) equipped with 
4 injectors having nozzles of 1 mm i.d., for the admission 
of the gases achieving the stirring, constitutes the JSR. It 
is located inside a temperature-controlled oven of c.a.1.5 
kW, surrounded by insulating material. The JSR operates 
at 10 bar. N2 and O2 flow rates were measured and regu-
lated by thermal mass-flow controllers. The liquid fuels 
were delivered by a HPLC pump and vaporized before 
injection into the reactor. A good thermal homogeneity 
along the whole vertical axis of the JSR was obtained in 
the experiments. The temperature was measured using a 
Pt/Pt-Rh10% thermocouple of 0.1 mm diameter located 
inside a thin-wall fused-silica tube (<0.5mm), which 

prevents catalytic reactions on the metal wires.  
 

Table 1 Experimental conditions. 
 

Fuel DEE DPE DBE THF
Equiva-
lence ratio

1 0.5 0.5−2 0.5 

Pressure 
(bar)

10 10 10 10 

Fuel mole 
fraction 
(ppm)

5000 1000 5000 5000 

Residence 
time (s)

1 0.7 1 2 

Tempera-
ture (K)

440− 
740

450−930 480−670 550−620 

Bubbling 
time (min)

90 90 75 75 

 
The high degree of dilution used in these experi-

ments yielded a small temperature rise in the JSR. Sam-
ples of the reacting mixture were taken using a quartz 
probe connected to a cool acetonitrile tank (Fig. 1). The 
resulting solution was stored in a freezer at ~220 K for 
further analyses using soft ionization and high-resolution 
mass spectrometry (HRMS). Positive (M + H+ → MH+) 
and negative (MH → M-H

‒) were used for products iden-
tification.  

 

 
Fig. 1 Overview of the experimental setup used in the pre-
sent study. 
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3. Results and Discussion 
In Figures 2-4, one can see the variation of the mole 

fraction of the fuel as a function of temperature.  
 

 
Fig. 2 Oxidation of 5000 ppm of DEE in a JSR at 10 bar. 
 

 

 
Fig. 3 DPE mole fraction profiles (symbols: data, lines: 
computations) as a function of reactor temperature in K 
at φ = 0.5, 0.7 s, and 10 bar. 

 

 
Fig. 4 DBE mole fraction profile during its oxidation at 
10 atm (2500 ppm of DBE, φ =2 and residence time of 
1s). The line corresponds to modeling results, symbols to 
GC and UHPLC experimental results (UHPLC-(+)APCI-
HRMS, C8H19O+, m/z 131.1430). 

 

 
Fig. 5 Consumption of THF based on m/z 73.0647 
(C4H9O+). The data (dots) are compared to simulations 
(lines). 

One can observe that all the fuels considered here 
show a cool-flame oxidation regime. The formation of 
ketohydroperoxides and highly oxygenated compounds 
resulting from third O2 addition on the fuels radicals (R) 
was observed. Their formation occurs via a sequence of 
reactions described below:  

 
R + O2  RO2  
RO2  QOOH 
QOOH + O2  OOQOOH  
OOQOOH  HOOQ’OOH followed by the for-

mation of the hydroxyl radical and a ketohydroperoxide: 
HOOQ’OOH → HOOQ’O + OH 
Dihydroperoxides can also react with molecular ox-

ygen (3rd O2 addition): 
HOOQ’OOH + O2  (HOO)2Q’OO  
(HOO)2Q’OO  (HOO)2POOH  
(HOO)2POOH → OH + (HOO)2P=O  
The reaction can also proceed through a 4th O2 addi-

tion:  
(HOO)2POOH + O2 → (HOO)3POO  
(HOO)3POO  (HOO)3P’OOH  
(HOO)3P’OOH → OH + (HOO)3P’=O 
 
In Figures 6-9, one can observed the formation of 

ketohydroperoxides from the oxidation of the fuels con-
sidered in this work. 
 

 
Fig. 6 Formation of C4H9O4

+ (m/z 121.0492) ion during 
the oxidation of DEE in a JSR. Analyses were performed 
in FIA and APCI (+) 

 

 
Fig. 7 Comparison between experimental (symbols) and 
computed total mole fraction of KHPs (1000 ppm of DPE, 
φ = 0.5, 0.7 s, and 10 atm). The data are scaled to the 
computed maximum concentration. 

 
As can be seen from these figures, KHPs reach a maxi-
mum mole fraction at temperatures ranging from 510 to 
560 K. 
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Fig. 8 Formation of KHPs from DBE oxidation. The data 
were obtained by integration of UHPLC-MS signal and 
scaled to the computed maximum experimental concen-
tration. 

 

 
Fig. 9 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. 
 

As indicated earlier, many oxygenated products 
were observed under cool flame conditions. In order to 
represent this large dataset, Van Krevelen plots using our 
HRMS data were used to compare products formation 
during the oxidation of the four ethers. An example of 
such results is given in Figure 10 where the double bond 
equivalent number was computed (1 + C ‒ H/2 ‒ O, where 
C, H, and O stand for the number of carbon, hydrogen, 
and oxygen atoms, respectively).  

 

 
Fig. 10 Van Krevelen plot for DBE oxidation products us-
ing HRMS data (sample taken at 530 K). The color cod-
ing indicates the double bond equivalent number in the 
detected chemical formulas. 

 
Chemical formulas with H/C >0.7 and O/C<0.25 

should correspond to aromatics. 
 
4. Concluding Remarks 

A large set of complex products of oxidation of four 
ethers (DEE, DPE, DBE, and THF) was detected in a JSR 
under cool-flame conditions using high-resolution mass 
spectrometry. They range from ketohydroperoxides to 
highly oxygenated products. Van Krevelen plots indi-
cated the likely presence of aromatics in the products. 
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