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ABSTRACT: Low-temperature experiments on the oxidation of limonene-O2-N2 mixtures were 

conducted in a jet-stirred reactor (JSR) over a range of temperatures (520 to 800 K), fuel-lean conditions 

(equivalence ratio φ = 0.5), short residence time (1.5 s) and a pressure of 1 bar. Collected samples of the 

reacting mixtures were analyzed by (i) on-line Fourier transform infrared spectroscopy (FTIR) and (ii) 

Orbitrap Q-Exactive® high resolution mass spectrometry after direct injection or chromatographic 

separation using reversed-phase ultra-high-performance liquid chromatography (RP-UHPLC) and soft 

ionization (+/‒ heated electrospray ionization and +/‒ atmospheric pressure chemical ionization). H/D 

exchange using deuterated water (D2O) and reaction with 2,4-dinitrophenylhydrazine (2,4-DNPH) were 

performed to probe the presence of OH, OOH and C=O groups in the oxidized products, respectively. 

A broad range of oxidation products ranging from water to highly oxygenated products, containing five 

and more O-atoms, was detected (C7H10O4,5, C8H12O2,4, C8H14O2,4, C9H12O, C9H14O1,3-5, C10H12O2, 

C10H14O1-9, C10H16O2-5, and C10H18O6). Mass spectrometry analyzes were only qualitative whereas 

quantification was performed with FTIR. The results are discussed in terms of reaction routes involving 

the initial formation of peroxy radicals, H-atom transfer and O2 addition sequences producing a large 

set of chemical products among which ketohydroperoxides and more oxygenated products. Carbonyl 

compounds deriving from the Waddington oxidation mechanism on exo- and endo-double bonds (C=C) 

were observed as well as their products of further oxidation. Products of the Korcek mechanism 

(carboxylic acids and carbonyls) were also detected. 

 

1. INTRODUCTION 

Whereas terpenes are emitted by vegetation and represent an important fraction of volatile 

organic compounds (VOCs) observed in the troposphere,1-2 these high-energy-density cyclic 

hydrocarbons are also considered as potential biojet fuels.3-6 They could also be used as drop-in fuels 

for greener ground transportation since cetane numbers of ~ 20 have been reported7. The introduction 

of terpenes as fuel would contribute inevitably to increased emissions into the troposphere via unburnt 

fuel emissions and evaporation during, e.g., refueling. Although, the kinetics of oxidation of terpenes 
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under simulated tropospheric conditions has been extensively studied, a good knowledge of the 

numerous oxidation processes involved has not been reached.8 Regarding the kinetics of combustion of 

this class of compounds, even less is known since, to our knowledge, only flame speeds and impact on 

ignition were studied.9-12 While in atmospheric chemistry self-reactions and cross-reactions of peroxy 

radicals are of major importance,13 in combustion14-18 it is generally accepted that cool-flame or 

autoxidation of hydrocarbons (RH), can produce oxygenated intermediates. It is frequently considered 

that autoxidation yields ketohydroperoxides (KHPs), the decomposition of which provides chain 

branching:  

RH + •OH ⇄ R• + H2O    (1) 

R• + O2 ⇄ ROO•     (2) 

ROO• + HOO• ⇄ ROOH + O2   (3a) 

ROO• + RH ⇄ ROOH + R•   (3b) 

ROO• ⇄ •QOOH     (4a) 

ROO• ⇄ Q (unsaturated product) + HOO•  (4b) 

•QOOH ⇄ •OH + QO (cyclic ether)  (5) 

•QOOH + O2 ⇄ •OOQOOH   (6) 

•OOQOOH ⇄ HOO•POOH ⇄ •OH + HOOP=O (KHPs)  (7) 

HOOP=O ⇄ •OH + OP•O    (8) 

Recently, the production of highly oxidized organic products in cool flames (500–600 K) of 

alkanes, cycloalkanes, alcohols, aldehydes, ethers, and esters has been reported.19-21 In this alternative 

oxidation pathway an H-shift in the •OOQOOH intermediate occurs from another H-C group than the 

H-C-OOH group involved in the formation of KHPs. This mechanism opens new oxidation pathways 

including a third O2 addition to HOOP•OOH yielding •OOP(OOH)2. This H-shift and O2 addition 

sequence can continue further, yielding highly oxidized products.20-22 Besides, •QOOH can decompose 

to yield radicals and stable products: Reaction (5), •QOOH → carbonyl product + olefin + •OH (9), and 

•QOOH → HO2
• + olefin (10). If the initial reactant contains a carbon-carbon double bond, the 

Waddington mechanism23 can occur. It involves OH addition to the C=C double bond followed by O2 

addition and H-shift from the –OH group to the –OO• peroxy group, and decomposition:  

R-C=C-R’ + •OH ⇄ R-•C-C(-R’)-OH   (11) 

•C(-R)-C(-R’)-OH + O2 ⇄ •OO-C(-R)-C(-R’)-OH  (12) 

•OO-C(-R)-C(-R’)-OH ⇄ HOO-C(-R)-C(R’)-O•  (13) 

HOO-C(-R)-C(R’)-O• → •OH + R-C=O + R’-C=O (14)  
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The hydroxyl radical initially consumed is finally regenerated at the end of that reaction scheme. 

Also, as demonstrated initially in the liquid phase, the Korcek mechanism24-25 which transforms γ-

ketohydroperoxides into a carboxylic acid and a ketone or an aldehyde can occur. The production of 

these chemicals via the Korcek mechanism has been suggested to happen under atmospheric conditions26 

and has also been introduced in recently proposed combustion kinetic reaction mechanisms.27-28 Further 

evidence of the occurrence of that mechanism has been presented recently.29  

This study aims to better characterize the autoxidation products of limonene under cool-flame 

conditions. Thus, we performed oxidation experiments of limonene-O2-N2 mixtures in a JSR at 1 bar, 

an equivalence ratio, φ, of 0.5, and over a range of temperatures (520-800 K). We used online Fourier 

transform infrared (FTIR) spectroscopy for quantifying simple products. Orbitrap Q-Exactive® analyses 

were performed with ultra-high-performance liquid chromatography (UHPLC) and flow-injection 

(FIA). 2,4-dinitrophenyl hydrazine (2,4-DNPH) derivatization of carbonyls and H/D exchange were 

used to characterize the oxidation products dissolved in acetonitrile (ACN).  

 

2. METHODS  

2.1 JSR. Experiments were conducted in a fused silica JSR (42 mL) introduced earlier.30 As 

previously31-32 limonene (R)-(+) (C10H16, >97%, Sigma-Aldrich®) was pumped using a HPLC pump 

with an online degasser (LC10 AD VP and DGU-20 from Shimadzu, respectively). The fuel was 

delivered to a vaporizer assembly fed with a flow of nitrogen (N2). Limonene-N2 and oxygen-N2 flowed 

separately to the JSR to avoid premature oxidation before reaching the reactor. The flow rates of N2 and 

O2 were delivered by mass flow meters. Thin thermocouples (0.1 mm Pt-Pt/Rh-10% wires located inside 

a thin-wall silica tube) were moved along the vertical axis of the JSR to verify good thermal homogeneity 

(gradients of < 1 K/cm). For observing the oxidation of limonene, which is relatively unreactive in the 

cool-flame regime, we oxidized 1% limonene at 1 bar, in excess of oxygen (φ = 0.5, 28% O2, 71% N2), 

at a residence time of 1.5 s, and over the temperature range 520-800 K. Under these conditions, the 

oxidation of limonene is initiated via H-atom abstraction by O2. Fuel radicals readily react with O2, 

producing peroxy radicals which undergo further oxidation. Besides, oxidation can proceed through the 

Waddington and Korcek mechanisms, as presented in the previous Section.  

2.2 Chemical analyzes. Gas samples were taken using a low-pressure sonic probe connected to a FTIR 

spectrometer (Nexus 470 from Nicolet). The FTIR gas cell conditions were as follows: pathlength = 10 

m, pressure = 200 mbar, and controlled temperature = 145°C. Standards were used for calibrating the 

FTIR. Due to the complexity of the composition of the reacting mixture, the infrared measurements of 

CO2 mole fractions present uncertainties higher than the usual 10-20 %. Nevertheless, we checked 

carefully the validity of the mole fractions extracted from the different recordings using the OMNIC and 

QuantPad softwares (ThermoScientific) and confirm the error bars presented in Fig. 1. In addition, low-

temperature oxidation products ranging from ketohydroperoxides (KHPs) to highly oxidized products 

(HOPs), were collected by bubbling gas samples for 60 min, taken over a reduced temperature range of 
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540-680 K, into 20 mL of UHPLC grade ≥99.9 acetonitrile held at 0°C. These samples were kept in a 

freezer at -15°C for future chemical analyses. We could see no significant degradation of the fragile 

products, such as ROOH and HOPs, after few weeks of storage. Analyzes were conducted by flow 

injection analyses/heated electrospray ionization (FIA/HESI). The HESI settings were as follows: sheath 

gas = 15 arbitrary units (a.u.), auxiliary gas flow = 1 a.u., vaporizer temperature = 120°C, capillary 

transfer temperature = 300°C, spray voltage = 4.2 kV, flow injection = 5 μL/min. Ionization signals 

were recorded for 1 min for averaging. The samples were analyzed by high-resolution mass 

spectrometry (HRMS). We used an Orbitrap Q-Exactive® (Thermo Scientific™) with mass accuracy 

<0.5 ppm RMS and mass resolution of 140,000. We performed mass calibrations in positive and 

negative modes by injecting +/‒ HESI PierceTM calibration mixtures (Thermo Scientific). Unfortunately, 

no standard is available commercially for several of the low-temperature oxidation products. Reverse-

phase ultra-high-performance liquid chromatography (RP-UHPLC) analyses were conducted using a 

C18 analytical column (Phenomenex Luna, 1.6μm, 100 Å, 100x2.1 mm). The column was located in a 

temperature-controlled oven maintained at 40°C. 3 μL of samples were eluted by water-ACN mix at a 

flow rate of 250 μL/min (gradient 5% to 90% ACN, during 33 min). Atmospheric pressure chemical 

ionization (APCI) was used in positive and negative modes for the ionization of products. APCI settings 

were as follows: vaporizer temperature = 120°C, capillary transfer temperature = 300°C, sheath gas flow 

= 50 a.u., auxiliary gas flow = 3 a.u., sweep gas flow = 0 a.u., corona discharge current = 5 μA. Injecting 

of a solution of limonene in ACN was used to check that no substantial oxidation occurred in the ion 

source. The optimization of the Orbitrap APCI parameters did not show any clustering phenomenon 

under these conditions. For the determination of the chemical structure of oxidation products, MS/MS 

analyses were conducted at a collision cell energy of 10 eV. As in previous works,33-34 2,4-

Dinitrophenylhydrazine (2,4-DNPH, C6H6N4O4) was also used to assess the presence of carbonyl 

compounds. To this end, 100 μL of 2,4-DNPH solution (2 g in 100 mL ACN) and 20 µL of H3PO4 

(purity 85%) were added to 1 mL of sample. As in previous experimental investigations,20-21 the fast 

OH/OD exchange was used to assess to the presence of a hydroxyl (-OH) or hydroperoxyl (-OOH) 

groups in oxidation products. We added 300 μL of high-purity D2O (Sigma-Aldrich®) to 1 mL of 

samples and let the mix react for 20 min. We analyzed that solution using FIA-HESI-HRMS and 

UHPLC-APCI-HRMS.  

 

3. RESULTS AND DISCUSSION 

One percent of limonene was oxidized over the temperature range 520-800 K, atmospheric 

pressure, φ = 0.5, and constant residence time (1.5 s). Although the fuel conversion is moderate under 

these conditions, the production of cool-flame products could be observed. Figure 1 shows the variation 

of the mole fractions (±10-20%) of simple products measured by FTIR. As can be seen from that figure, 

the concentrations of several products (CO, CO2, H2O, HCOOH, CH3COOH, and C2H4) increased 
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moderately until ~700 K. Formaldehyde started to accumulate at much lower temperature, as a result of 

low-temperature chemistry. Above that temperature, their rates of formation increase very significantly. 

Below 700 K, no clear cool-flame with a negative temperature coefficient region could be observed 

under the present conditions, likely due to the low cetane number of the fuel.  

 

Figure 1. Experimental mole fractions of limonene oxidation products measured online by FTIR.  

 

One can note that formic acid and acetic acid are formed in similar quantities (maximum production of 

400 ppm at ~ 780-800 K) whereas they are slightly produced below ~ 700 K (20 to 50 ppm). Ethylene 

and propene were measured showing similar variation of their mole fractions versus temperature, 

although those of ethylene reach values ~ 5 times higher than those of propene over the temperature 

range 520-800 K. 
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Figure 2. HRMS signal obtained for limonene and products of its oxidation. The data for limonene 

(C10H16), isoprenyl-6-oxoheptanal and isomers (C10H16O2), and limononic acid and isomers (C10H16O3) 

were obtained after integrating RP-UHPLC-HRMS APCI (+) signal (C10H17
+ m/z 137.1324; C10H17O2

+ 

m/z 169.1223, and C10H17O3
+ m/z 185.1172, respectively). The data for ketohydroperoxides and their 

isomers (C10H14O3) and diketones and their isomers (C10H12O2) were obtained using FIA and HESI (+), 

i.e., C10H15O3
+ m/z 183.1015 and C10H13O2

+ m/z 165.0910, respectively. A 40% error is assumed for 

these measurements (15% for JSR experiments and 25% for collection and MS measurements), as in 

previous works.22 Repeatability tests indicated that our 25% uncertainty for collection and analysis is an 

upper limit. 

Figure 2 shows the variation of the HRMS signals for several products detected in this work as 

a function of reactor temperature. It is evident that limonene begins to react at temperatures greater than 

560 K. Its consumption significantly increases between 560 and 600 K and slows down at higher 

temperatures. The signals for isoprenyl-6-oxoheptanal (C10H16O2) and limononic acid (C10H16O3) peak 
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at ~ 640 K, whereas the products of the 2nd addition of O2 on limonene radicals (•C10H15), KHPs 

(C10H14O3) and diketones (C10H12O2), peak at ~ 620 K.  

Besides, products of the first O2 addition to the fuel radicals were detected. Indeed, 

hydroperoxides (C10H16O2) formed in reaction (3a) and (3b), and (C10H14O) carbonyls or cyclic ethers, 

the later being formed via reaction (5), were observed. We used the reaction with 2,4-DNPH to 

differentiate carbonyls from cyclic ethers, which do not react. 100 μL of a 2,4-DNPH solution were 

introduced into 1 mL of samples. We let reaction proceed for more than 25 hours before analysis. Figure 

S1 (Supporting Information) shows the results obtained by UHPLC-APCI(+)-MS. At least the intensity 

of three chromatographic peaks did not change, indicating the absence of C=O groups and the likely 

presence of cyclic ethers. Hydroperoxides were tracked using H/D exchange with D2O (see Section 2.2). 

We could detect the clear presence of C10H15D1O2 after H/D exchange (Fig. S2, Supporting information) 

which should correspond to ROOH. Among other products of oxidation, we observed products 

containing an additional unsaturation (C10H14). Indeed, several isomers were detected using UHPLC-

APCI(+)-MS (Supporting Information, Fig. S3). They could be formed via H-shift followed by HO2
• 

elimination (reaction 4b). 

3.1 Characterization of KHPs and derived products. KHPs contain C=O and OOH groups. The 

presence of OOH was probed using H/D exchange with D2O (see Section 2.2). It was confirmed here 

(Supporting Information, Table S1). However, a weaker second H/D exchange which could be due to 

the presence of two OH groups in isomers was observed (Supporting Information, Table S1).  

 

(a) 

(b) 

Figure 3. (a) Proposed fragmentation mechanism for the C10H14O3 isomer #6; (b) Chromatograms 

obtained for C10H14O3 (C10H15O3
+ m/z 183.1015) and the fragment C7H9O

+ (m/z 109.0650). 

Correspondence of the ion signal at ~4.65 min supports the fragmentation mechanism presented in (a). 
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A MS/MS spectrum is presented in the Supporting Information, Fig. S5a. Note: As here, the APCI(‒) 

MS/MS spectrum of a cumene hydroperoxide standard showed no HOO loss, as expected in negative 

ionization mode, but a main fragment C6H5O
‒ deriving from the loss of C3H6O by the C9H11O2

‒ ions. 

To assess the existence of C=O groups in chemical products, 100 μL of a 2,4-DNPH solution 

were introduced into 1 mL of samples. We let reaction proceed for up to 25 hours before analysis. 

Chemical characterization was performed by RP-UHPLC-APCI (‒)/HRMS, recording m/z 361.1153 

(C16H17O6N4
‒) from the C16H18O6N4 KHPs/DNPH derivative: C10H14O3 + C6H6O4N4 ⇄ C16H18O6N4 + 

H2O (15). Several isomers among the structures (Supporting Information, Figure S4) were observed, 

with longer retention times than those corresponding KHPs. A subset of KHPs formation pathways is 

presented in Scheme S1a (Supporting Information). Through APCI (+)-MS/MS analysis of the 

chromatographic peak at ~ 4.65 min (Figure 3), we could confirm the chemical structure of the KHP 

isomer #6 (Supporting Information, Figure S5). The fragmentation mechanism is shown in Figure 3a 

and the chromatogram for C10H15O3
+ and the main fragment C7H9O

+ are presented in Figure 3b showing 

the perfect match for these two ions.The formation of this isomer is favorable through a 1,6-H transfer 

leading to the production of KHP #6 (Supporting Information, Figure S5b). When we analyzed limonene 

oxidation products, we recorded a strong MS signal (1.09E8) for KHPs and isomers (C10H15O3
+) and a 

lower intensity fragment (C10H13O
+ m/z = 135.08018) for the loss of H2O2 (MS signal =1.79E5) at ~4.65 

min. Because this fragment's intensity is low in comparison to those of the C10H15O3
+ and C7H9O

+ ions, 

we did not include its profile in Fig. 3 (b). Further MS/MS analyses of the other chromatographic peaks 

could not confirm the molecular structure of the eluted isomers. One should note that characterizing 

KHPs is difficult because these chemicals are relatively unstable and decompose via different 

mechanisms. One of the reactions described in the literature is their spontaneous dehydration to produce 

diketones via C10H14O3 ⇄ C10H12O2 + H2O (16).35 Our data confirmed the presence of diketones, 

C10H12O2, detected both by elution of oxidation products of limonene (chromatographic peaks at 8.54, 

10.02, 11.5, and 12.05 min), see Supporting Information (Figure S6), and also present in the 

chromatographic peaks of KHP isomers. This indicates that spontaneous decomposition of KHPs can 

occur in the mass spectrometer. Nevertheless, this study proved the formation of KHPs during limonene 

oxidation. 

3.2 Korcek pathway. The Korcek mechanism25 produces carbonyl compounds (aldehydes or ketones) 

and carboxylic acids via the decomposition of γ-KHPs. Among the 18 proposed KHPs (Supporting 

Information, Figure S4), four isomers (#4, 11, 15, and 18) could decompose according to the Korcek 

mechanism. However, only the isomerization of the #4 KHP isomer (Supporting Information, Figure 

S4) will likely form a cyclic organic peroxide intermediate between the carbonyl and hydroperoxyl 

groups. After ring opening, the other three isomers would yield C10H14O3 isomers. For the #4 KHP 

isomer, the Korcek mechanism yields a carbonyl compound, C9H12O, and formic acid, CH2O2 (Scheme 

1), both detected in this study (Figure 1 and Table S1).  
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(15) 

Scheme 1. Reaction of the #4 ketohydroperoxide isomer according to the Korcek mechanism leading to 

the formation of C9H12O and CH2O2. 

 

We proposed a fragmentation mechanism for C9H12O where the fragment C7H11
+ (m/z 95.0855) 

is formed from C9H13O
+, m/z 137.0960 (Figure 4a). RP-UHPLC analyses confirmed the presence of six 

C9H12O isomeric products chemical formula (Figure 4b). Only the intensity of the 

chromatographic peak located at 7.02 min decreased strongly after reaction with 2,4- DNPH (Supporting 

Information, Figure S7), which indicates that only the isomer eluted at 7.02 min contains a carbonyl 

group. The reaction with the 2,4-DNPH and MS/MS analyses allowed us to characterize this product 

(Figure 4).  

 

(a) 

(b) 

Figure 4. (a) The proposed fragmentation mechanism for the C9H12O isomer shown in Scheme 1. (b) 

Chromatograms obtained for C9H12O (C9H13O
+ m/z 137.0960) and the fragment C7H11

+ (m/z 95.0855). 

 

3.3. Other routes to carboxylic acids. Besides the Korcek mechanism, other routes can yield carboxylic 

acids. As an example, perillic acid (C10H14O2) formation could result from H-atom abstraction on the 

methyl group of limonene, followed by peroxidation, reaction with a peroxy radical, ROO• + R’OO• → 

RO• + R’O• + O2 (17), and reaction with O2 yielding the corresponding aldehyde. In turn, that aldehyde 
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could oxidize to the corresponding carboxylic acid via the mechanism proposed by Madronich et al.36 

for acetic acid formation from acetaldehyde (Scheme 2). We tracked perillic acid in our samples using 

a standard and found traces of this product co-eluted with an isomer. Our results indicated that this 

oxidation route is of minor importance under our experimental conditions. 

 

 

Scheme 2. Proposed formation route for perillic acid during limonene oxidation. The pathway to 

aldehyde and that to perillic acid have been described previously for other reactants.36-37 

 

3.4 Waddington mechanism. We tracked products of the Waddington reaction mechanism38 using RP-

UHPLC-HRMS (Figure 5). This mechanism, through which the oxidation of a C=C group occurs can 

involve exo-cyclic and endo-cyclic C=C groups in limonene. The oxidation of the exo-cyclic C=C will 

produce a ketone, C9H14O, and formaldehyde (CH2O). The oxidation of the endo-cyclic C=C yields 

C10H16O2, isoprenyl-6-oxoheptanal (Scheme 3). As shown in Figure 5, several isomers were 

characterized by RP-UHPLC-HRMS (C9H15O
+ m/z 139.1117, C10H17O2

+ with m/z 169.1223). Among 

them, isoprenyl-6-oxoheptanal was detected at 13.79 min by injecting a standard (Supporting 

Information Figure S8). The MS/MS spectrum obtained via the fragmentation of products eluted at 13.79 

min is exactly the same as that of isoprenyl-6-oxoheptanal, which confirms the presence of this 

substance in the oxidation products. 

 

 

Scheme 3. Oxidation of exo- (a) and endo-(b) cyclic C=C groups in limonene via the Waddington 

mechanism. 
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The fragmentation of these isomers allowed their identification (Supporting Information, 

Scheme S2, Scheme S3, and Figures S8 and S9). We confirmed the presence of a C=O group by 2,4-

DNPH derivatization. RP-UHPLC analyses were performed and APCI in negative mode was used. Only 

the compounds C16H20O5N4, C10H16O2 + C6H6O4N4 ⇄ C16H20O5N4 + H2O (18), and C15H18O4N4, C9H14O 

+ C6H6O4N4 ⇄ C15H18O4N4 + H2O (19) were detected (C16H19O5N4
‒, m/z 347.1360 and C15H17O4N4

‒, 

m/z 317.1255, respectively). The reaction of the second carbonyl group in C10H16O2 should yield 

C22H24O8N8 by reaction with 2,4-DNPH. However, the formation of that derivative could not be 

confirmed here.  

We also used D2O to assess the presence of -OH or -OOH groups through H/D exchange. RP-

UHPLC-APCI (+)/HRMS analyses, where water was replaced by D2O as solvent, indicated the 

occurrence of H/D exchanges by detecting C10H16D1O2
+, m/z 170.1258, C10H15D2O2

+ m/z 171.1348 for 

C10H16O2, which may suggest that other isomers, such as diols, are eluted together with isoprenyl-6-

oxoheptanal. Additionally, by detecting C9H14D1O
+ m/z 140.1180 in the case of C9H14O which could 

indicate that this ketone is eluted simultaneously with an isomer that have an OH group. 

(a)

(b) 
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Figure 5. Chromatograms of (a) C9H14O (C9H15O
+ m/z 139.1117) and (b) C10H16O2 (C10H17O2

+ m/z 

169.1223) isomers. Analyses were carried out using RP-UHPLC-APCI (+). 

 

In recent kinetic modeling of the Waddington mechanism,39 it was noted that chemical structure 

impact the energy barriers associated with the dissociation step. The authors indicated a decrease in the 

activation energy when the substitution of the C-atom carrying the peroxy group increases. They also 

reported that this effect is increased by the degree of the substitution of the C-atom carrying the -OH 

group, which seems in line with the higher signal detected for C10H16O2 which has the most substituted 

C-atom carrying a peroxy group. Also, it has been demonstrated earlier that the endo double bond is 

more reactive than the exo C=C.40 This seems to be confirmed by the results of the present study because 

higher signals for C10H16O2 than for C9H14O were recorded (Figure 5). One of the C10H16O2 isomers, 

namely isoprenyl-6-oxoheptanal, was identified through the injection of a standard (Supporting 

Information, Figure S9) as mentioned before. The oxidation of isoprenyl-6-oxoheptanal could proceed 

through HO2
• addition on the aldehydic C=O, followed by a reaction with RO2

• forming two RO• radicals 

which, in turn, can react with O2: RO• + O2 → •R-H(=O) + HO2
• (20). This reaction route (Scheme 4) can 

produce limononic acid (C10H16O3) which was detected in the present work (Figure 2), and reported as 

a product of oxidation of limonene under tropospheric conditions in the literature.41-44 The identification 

of limononic acid is based on its fragmentation spectrum and 2,4-DNPH derivatization (Fig. S10, 

Supporting Information). 

 

Scheme 4. Proposed pathway for the oxidation of isoprenyl-6-oxoheptanal to limononic acid based on 

oxidation pathway of aldehydes proposed in the literature36. 

 

3.5 Formation of highly oxidized products (HOPs) via alternative oxidation pathways. As 

introduced earlier, KHPs can give rise to branching reactions through the production of hydroxyl 

radicals.45 However, if the H-shift in the •OOQOOH intermediate does not concern the H-C-OOH group, 

but a different H-C group, no KHP is obtained and a 3rd O2 addition to HOO•POOH can yield 

•OOP(OOH)2.
20, 34, 46 (Scheme S1b, Supporting Information) If this oxidation path repeats further, it 

could yield HOPs containing ≥ 5 O-atoms. 

Several procedures were considered for tracking the formation of HOPs under the current 

oxidation experiments. Since the RP-UHPLC separation of isomers is difficult and ion signals are weak, 
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FIA was selected. Besides KHPs C10H14O3 (C10H15O3
+ m/z 183.1015), other odd oxygen-containing 

species, i.e., C10H14O5 (C10H13O5
‒ m/z 213.0768), C10H14O7 (C10H13O7

‒ m/z 245.0666), and C10H14O9 

(C10H13O9
‒ m/z 277.0565) were detected by FIA‒HESI‒HRMS.  

Besides, we also detected even oxygen-containing products such as ketohydroxides and isomers 

of olefinic hydroperoxides, C10H14O2, (C10H15O2
+ m/z 167.1066), which were distinguished using 2,4-

DNPH derivatization, as presented in the Supporting Information (Fig. S11). Also, C10H14O4  were 

detected (C10H15O4
+, m/z 199.0964 and C10H13O4

‒, m/z 197.0819), which may correspond to unsaturated 

dihydroperoxides and hydroxyl-keto-hydroperoxides. The presence of carbonyl groups in C10H14O4 

species was confirmed by 2,4-DNPH derivatization (C16H17N4O7
‒, m/z 377.1102). In addition, C10H14O6 

isomers were observed during the oxidation of limonene (C10H13O6
‒ m/z 229.0717). While oxidation 

products with odd numbers of O-atoms can be formed through autoxidation routes considered in 

combustion, those with even numbers of O-atoms can derive from alkoxy radicals’ reactions proceeding 

through internal H-shift47-48 and peroxidation: 

2 RO2
• → ROOOOR →2 RO• + O2  (21) 

RO2
• + HO2

• → RO• + •OH + O2  (22) 

RO• → •R-HOH (H-shift)   (23) 

•R-HOH + O2 → •OOR-HOH   (24) 

•OOR-HOH → HOO•R-2HOH   (25) 

HOO•R-2HOH → O=R-2HOH + •OH  (26) 

This reaction pathway can continue further (21-24) with H-atom transfer from •OOR-HOH and 

O2 addition, followed by sequential H-atom transfer and O2 addition, yielding HOPs. Products resulting 

from up to five O2 additions were observed in the current work (Table S1). We noted a decrease of ion 

signal with increasing numbers of O-atoms in the oxidation products C10H14O3,5,7,9 (~ 5 orders of 

magnitude; C10H14O3,5,7,9 stands for C10H14O3, C10H14O5, C10H14O7, C10H14O9) and C10H14O2,4,6 (~ 5 

orders of magnitude).  

The oxidation of isoprenyl-6-oxoheptanal, formed via the Waddington mechanism (Scheme 4), 

can proceed through H-atom abstraction of the aldehydic H-atom, followed by third O2 additions and 

H-shifts yielding C10H14O7, which was detected in the present work (Scheme 5). 
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Scheme 5. Formation of C10H14O7 through the oxidation of isoprenyl-6-oxoheptanal. 

A large set of oxidation products, with M.W. in the range 136-234 g/mol, was formed during 

the oxidation of limonene and detected using RP-UHPLC-APCI-HRMS (+/‒) analyses, as shown in 

Table S1 (Supporting Information), such as C8H12O2, C8H12O4, C8H14O2, C8H14O4, C9H14O3, C9H14O4, 

C9H14O5, C10H14O, C10H16O4, C10H16O5, and C10H18O6. 

 

4. CONCLUSIONS 

The oxidation of limonene-O2-N2 mixtures was performed in a JSR at 1 bar, for temperatures 

ranging from 520 to 800 K, under fuel-lean conditions (φ = 0.5), and short residence time (1.5 s). Several 

analytical techniques were used to characterize samples of reacting mixtures. They included on-line 

FTIR quantification and offline HRMS analyzes of samples collected in acetonitrile through bubbling. 

H/D exchange and reactions with 2,4-DNPH were used to prove the presence of OH or OOH and C=O 

groups, respectively. In addition, MS/MS analyzes (10 eV) allowed us to characterize some oxidation 

intermediates by studying their fragments. All these analyses showed that a broad range of oxidation 

products were formed. They ranged from water to highly oxidized products containing ≥ 5 O-atoms: 

C7H10O4, C7H10O5, C8H12O2, C8H12O4, C8H14O2, C8H14O4, C9H12O, C9H14O, C9H14O3, C9H14O4, C9H14O5, 

C10H14O, C10H12O2, C10H16O2, C10H16O3, C10H14O2, C10H14O3, C10H14O4 , C10H14O5, C10H14O6, C10H14O7, 

C10H14O9, C10H16O4, C10H16O5, and C10H18O6. Reaction pathways were presented to rationalize the 

formation of oxidized products. They include autoxidation, the Korcek mechanism, the Waddington 

mechanism on exo- and endo-double bonds (C=C) and autoxidation of its products, and autoxidation of 

RO• radicals. The earlier reported higher reactivity of the endo double bond versus the exo double bond 

seems to be confirmed here based on the higher ion signal obtained for isoprenyl-6-oxoheptanal 

(C10H17O2
+) vs. that for limonaketone (C9H15O

+). This work demonstrated the complexity of oxidation 

routes and products in the present chemical system. Our results are expected to help build detailed 

chemical kinetic reaction schemes for the oxidation of the terpene class of fuel. In order to provide more 
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useful data for future kinetic modeling, one should quantify the products detected by FIA/UHPLC-

Orbitrap. This seems a very challenging task because these products are not commercially available. 

The thermochemistry of these species and reaction rate constants for their formation and consumption 

or isomerization need to be computed. Also, it would be useful to consider simpler cyclic hydrocarbons 

to be able to propose structure-activity relationship (SAR) for the estimation of rate constants for the 

gas phase reactions of terpenes. The oxidation products observed here will likely be released into the 

troposphere, potentially increasing the pool of VOCs which, in turn will contribute to particulates 

formation. The analytical methods and physicochemical techniques of characterization used here could 

be applied to the characterization of the oxidation of other terpenes and simpler model fuels. 
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