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Abstract: Ketohydroperoxides (KHPs) are oxygenated hydrocarbons that include carbonyl and peroxide 

functional groups. The decomposition pathways of KHPs are chain branching pathways in low 

temperature chemistry of alkanes and oxygenated biofuels, which makes KHPs critical intermediates in 

ignition processes in advanced combustion engines. In this work, KHP formation was investigated in the 

low temperature oxidation of a primary reference fuel (PRF 70), a binary mixture of 30 vol.% n-heptane 

and 70 vol.% iso-octane to represent a low octane number gasoline surrogate. Species were detected and 

measured in a jet-stirred reactor (JSR), coupled with time-of-flight molecular beam mass spectrometer 

using synchrotron vacuum-ultraviolet radiation as photo ionization source (SVUV-PI-TOF-MBMS) 

which provides in-situ measurement of unstable KHPs. Simultaneous KHPs production from higher 

reactivity n-heptane and lower reactivity iso-octane at similar temperatures was observed. Kinetic 

modeling was used to study the reactivity across a wide temperature range and to examine KHP formation 

chemistry. Specifically, signals vs. temperature profiles in experiments and mole fraction vs. temperature 

profiles in simulations, were compared to indicate the most possible saturated KHP isomers. Possible 

formation pathways for olefinic KHPs and di-olefinic KHPs are discussed. This work reports simultaneous 

formation of KHPs from two fuel molecules in a gasoline surrogate mixture, discussed important reaction 

pathways in low temperature oxidation, and explains simultaneous KHP production in n-heptane/iso-
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octane mixtures, i.e., low temperature oxidation of less reactive iso-octane is initiated by OH radicals 

produced from high reactivity n-heptane oxidation.  

Key words: Ketohydroperoxide, low temperature oxidation, primary reference fuel, n-heptane, iso-octane. 

1. Introduction 

Understanding low temperature oxidation chemistry of alkanes is key to controlling ignition processes 

in advanced combustion engines [1, 2]. The most important intermediates and indicators for low 

temperature oxidation are ketohydroperoxides (KHPs), which are oxygenated hydrocarbons with keto and 

peroxide functional groups [3]. In the low temperature reaction mechanism [3, 4], alkane oxidation are 

initiated by H-atom abstraction, followed by a first O2 addition, internal hydrogen migration, and then a 

second O2 addition, internal hydrogen migration and concerted elimination, to produce an OH radical and 

KHPs, which further decompose to produce another OH radical. This reaction pathway is a chain 

branching pathway to promote fuel reactivity, and the dominant source of low temperature heat release 

during ignition process [3]. Therefore, KHPs are indicators of low temperature reactivity for alkanes, 

which are the main components of gasoline fuels. 

Sahetchian et al. [5] first proposed and included KHPs in kinetic modeling of combustion. However, 

detailed investigations on KHPs did not emerge until Battin-Leclerc et al. performed the first experimental 

direct detection and confirmation in an n-butane system [6]. Since then, KHPs have been discovered in 

many oxidation systems [3], e.g. n-heptane [7-9], hexane isomers [10], 2-methylhexane [11], 2,5-

dimethylhexane [12], acetaldehyde [13], n-butanal [14], dimethyl ether [15], tetrahydrofuran [16], and 

neo-pentane [17], all of which are reactive fuels with strong low temperature reactivity. Although there 

are many reports in the literature of KHP formation for single component hydrocarbons and biofuels, 

investigations on KHP formation for mixtures--especially for gasoline surrogates--are lacking. In this 

work, simulatenous production of KHP in a primary reference fuel (PRF), a binary mixture of low octane 

number n-heptane and high octane number iso-octane, is investigated to further understand KHP 



3 
 

formation chemistry in gasoline surrogates. The use of a high reactivity component to activate the 

reactivity of a low reactivity component has also been observed in other studies, e.g. dimethyl 

ether/ethanol and dimethyl ether/toluene systems [18, 19]. 

PRF 70, which is a blend of 70 vol.% iso-octane and 30 vol.% n-heptane by liquid volume fraction, 

was selected as a surrogate for low-octane gasoline, which is a prospective surrogate fuel to achieve higher 

efficiency in advanced gasoline compression ignition engines [20]. In this work, low temperature 

oxidation of PRF 70 was investigated in a jet stirred reactor (JSR), coupled with time-of-flight molecular 

beam mass spectrometry using synchrotron vacuum ultraviolet radiation as photo ionization source 

(SVUV-PI-TOF-MBMS). The unstable KHPs can be softly ionized by photo ionization, directly captured 

by in-situ molecular beam sampling, and their chemical formula can be identified by the high resolution 

mass spectrometer. Simulations with four different kinetic models [21-24] were used for comparison with 

experiments, allowing elucidation of KHP isomers and cyclic ether peroxides. Deviations in the 

temperature corresponding to the maximum KHP concentrations were observed between experiments and 

simulations, so rate of production analysis were performed to indicate responsible reactions lead to these 

discrepancies. Sensitivity analysis further indicates that KHP production from iso-octane is promoted by 

OH radicals produced from n-heptane oxidation. The KHP production observed for PRF 70 suggests that 

KHPs of less reactive hydrocarbons can be promoted by OH radical produced from low temperature 

oxidation of reactive hydrocarbons in real gasoline fuels. 

2. Experimental and computational methods 

2.1 Jet stirred reactor experiments 

JSR experiments were performed at the chemical dynamics beamline of the Advanced Light Source 

at Lawrence Berkeley National Laboratory, California, USA; detailed descriptions of the setup are 

available in the literature [13, 25]. The species in gas phase at the reactor exit were chemically frozen and 

sampled in two stages of differential pumping to form a molecular beam (MB). The molecules in the 
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molecular beam were then ionized using a synchrotron vacuum ultraviolet (SVUV) beam for photo 

ionization (PI); the ionized molecules were detected and quantified by a time-of-flight (TOF) mass 

spectrometer (MS). The employment of SVUV-PI-TOF-MBMS has several advantages: the narrow photo 

energy distribution (< 0.01 eV) provides accurate measurements and isomer separation; the high mass 

resolution (m/Δm≈4000) differentiates molecules with close mass; the tunable photo energy (7.0-20.0 

eV) “softly” ionizes molecules with few fragmentations, and the in-situ measurements capture unstable 

intermediates (e.g. KHPs and radicals). Methods of signal conversion to mole fraction are in the literature 

[13]. Detected species are listed in Table S1 in Supplementary Material-1; conversion details and 

uncertainty determination are included in part 1 of Supplementary Material-1. For KHPs and other species 

with many possible isomers, signals vs. temperature profiles are presented instead of mole fraction. 

Uncertainty was determined to be ±20 % for reactants and unquantified signals, and ±50 % for 

quantified species, which are too small to interfere with any conclusions.  

The conditions for JSR experiments were as follows: fuel concentration of 0.5±0.05 %, residence time 

of 2.0±0.1 seconds, pressure at 700±5 Torr, equivalence ratio at 0.5, and temperature from 520 to 710 

K (±10 K) with argon dilution. The composition of PRF 70 was 67.0% iso-octane and 33.0% n-heptane 

by mole fraction, which are calculated from volume fraction by definition of PRF 70. The PRF 70 mixture 

was prepared gravimetrically by mixing the desired weight of n-heptane (ChemSampCo. purity > 99.0%) 

and iso-octane (Sigma Aldrich, purity > 99.0%) on an electronic scale. 

In addition to experiments of this work, experimental data of PRF 70 were taken from previous 

literature, measured by JSR coupled with gas chromatography under similar conditions (pressure at 1 bar 

instead of 0.921 bar (700 Torr), diluted with nitrogen instead of argon, and other conditions the same.) 

[26]. Additional data from [26] was used to cross examine the reaction temperature zone and reactant 

profiles. The experimental uncertainty of [26] for all species are ± 10 %. 

2.2 Kinetic model and computational software  
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Four kinetic models were used for PRF 70 numerical simulations to examine experimental data and 

to elucidate KHP formation chemistry. The first model was from Mehl et al. in 2011 [22], referred to here 

as LLNL 2011. The second model, by Cai et al. [21] in 2015, is referred to here as ITV 2015. The third 

model, KAUST 2016, is by Sarathy et al. [24] in 2016, and the latest updated model is by LLNL [23], and 

referred to as LLNL 2017. The selected four models developed over the years can reveal historical 

improvements, and cross examine the reaction temperature zone with experiments.  

Ansys Chemkin Pro 19.1 software’s [27] transient perfect-stirred reactor code was used in all 

simulations. The end time was arbitrarily set as 50 seconds to ensure converged solutions. All simulation 

conditions were consistent with the experiments. Rate of production analysis and species sensitivity 

analysis in Chemkin tool package was used to indicate dominant KHP production pathways and sensitive 

reactions for KHP production.  

3. Results and discussions 

3.1 Overview of species pool distribution 

50 species were detected in the JSR experiments, and 24 of them were quantified. The quantified species 

included reactants (n-heptane, iso-octane and oxygen); main products (carbon monoxide, carbon dioxide 

and water), aldehydes (formaldehyde, acetaldehyde and propanal), alcohols (methanol, ethanol, ethenol), 

ketone (acetone), acid (formic acid), alkanes (methane), alkenes (ethylene, propene), alkyne (acetylene), 

diene (1,3-butadiene), radicals (methyloxy and methylperoxide) and ketene. Many other species (e.g. C4-

C8 alkenes and oxygenates) were not quantified because they had multiple choices of isomers; their signals 

vs. temperature profiles are presented instead. Full species datasets are provided in Supplementary 

Material-2. The list of photon energies used for each species measurement appears in Table S1 in 

Supplementary Material-1. 

Experimental data from the literature was also compared for cross examination. The data from [26] 

have same fuel concentration with this work. Species datasets from previous literature [26] include 
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reactants (n-heptane, iso-octane and oxygen), main products (carbon monoxide and carbon dioxide), and 

alkenes (ethylene, propene, 1,3-butadiene and iso-butene). The extra datasets acquired in this work, e.g. 

water, methanol, formaldehyde, acetaldehyde, and ketene fill gaps in species measurements of [26], and 

provide a more complete picture of low temperature chemistry. 

3.1.1 Fuel profiles and reactivity examination 

Reactants (n-heptane, iso-octane and oxygen) mole fraction vs. temperature profiles are presented in 

Fig. 1. The open round points indicate this work, cross points are from literature, and lines with different 

colors and styles represent different model predictions. The experimental uncertainties (20%) are 

indicated as shaded area in Fig. 1 to have better comparison between experimental data and kinetic model 

simulations. Datasets from this work are shifted by 30 K lower (to the left) to better match with simulations 

and experimental data control from previous literature [26] with better temperature control. The empirical 

temperature shift results from the effect of cooling water on the sampling cone and probe perturbation 

effect [13]. 

The fuel and oxygen profiles from experiments and the simulations are consistent within experimental 

error. Measured and simulated fuel profiles display negative temperature coefficient behavior, wherein 

fuel reactivity decreases at higher temperatures. As the reaction temperature increased from 500 K, both 

n-heptane and iso-octane reacted in the low temperature regime, and the reactivity was higher at 620 K 

than 750 K. Pure iso-octane display little low temperature reactivity [28], but with the existence of reactive 

n-heptane, iso-octane oxidation is initiated by the increase of the OH radical in the system, as described 

in previous literature [26]. This also suggests that in low temperature oxidation of real gasoline fuel, OH 

radicals produced by reactive long chain normal alkanes can initiate the reactivity of less reactive branched 

alkanes.  

Of the four kinetic model predictions, the ITV 2015 over predicted fuel reactivity most, followed by 

KAUST 2016 and LLNL 2011; the LLNL 2017 model has the lowest fuel reactivity predictions. Among 
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different model simulations with comparison to two experimental datasets, the latest LLNL 2017 predicts 

fuel reactivity best.  

 

Figure 1: Reactant mole fraction vs. temperature by experiments and simulations in PRF 70 low 

temperature JSR oxidation (fuel concentration 0.5 %, residence time 2 s, p≈1 bar,φ=0.5). Shaded areas 

indicate experimental uncertainty from this work. 

3.1.2 Species pool of small molecules  

Nine important small molecules are selected and presented in Fig. 2. These species include main 

products (carbon monoxide, carbon dioxide, and water), oxygenates (formaldehyde, acetaldehyde, and 

methanol), alkenes (ethylene and propene) and ketene. Literature data [26] are also plotted in Fig. 2 for 

comparison; the agreement between this work and literature is generally good, except that the carbon 

monoxide concentration was lower in this work by a factor of two. Simulations of four kinetic models are 

compared with the experimental data. Of the four model predictions, the LLNL 2017 again offers the best 

predictions for most of the species (except methanol), while the other three models over predict most of 

the species mole fractions (e.g. carbon monoxide by a factor of two, carbon dioxide by a factor of four, 

and formaldehyde by a factor of two). The dominant production pathways for methanol in LLNL 2017 

model are CH3OH+O2=CH3O+HO2 and CH3O2+OH=CH3OH+O2, which may need further evaluation. 

The top five production reactions for methanol by rate of production analysis appears in Table S3 in 
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Supplementary Material-1. For many species, the temperature onset of production is around 560 K in the 

experiments, which is close to the previous literature observations [29]. However, the kinetic model 

simulation predicts lower starting temperature, and LLNL 2017 model gives the closest value at 530 K. 

In general, the lastest kinetic model LLNL 2017 has the best prediction performance among the four 

kinetic models, reflecting the improvement of the kinetic models. Therefore, for further discussions about 

KHPs, the LLNL 2017 was selected as the kinetic model for simulations. 

± 

Figure 2: Small molecule mole fraction vs. temperature from experiments and simulations in PRF 70 low 

temperature JSR oxidation (fuel concentration 0.5 %, residence time 2 s, p≈1 bar,φ=0.5). Shaded areas 

indicate the experimental uncertainty in this work. 
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3.2 Ketohydroperoxides of n-heptane and iso-octane 

A general mass spectrum with mass to charge ratio between 95 to 180 at photo energy of 10.0 eV is 

presented in Fig. 3 to provide a picture of KHPs detection at 620 K. The chemical formula for fuel 

molecules are marked as black; alkenes as blue; oxygenates as red. It can be observed that many 

oxygenates with one to three oxygen atoms were captured experimentally, and high mass resolution can 

separate species with close nominal mass, e.g. C7H12O2 and C8H16O (both have nominal mass of 128).  

 

Figure 3: Mass spectrum of PRF 70 JSR oxidation at photo energy of 10.0 eV (fuel concentration 0.5 %, 

residence time 2 s, p≈1 bar,φ=0.5, T=620 K). 

Among the detected species, di-olefinic, olefinic and saturated KHPs were detected and measured in 

this work. Their signal vs. temperature profiles are presented in Fig. 4. Signals for C7H10O3, C7H12O3, and 

C7H14O3 were recorded at 9.80 eV to minimize fragmentation, and signals for C8H16O3 at 10.0 eV; no 

signal for C8H16O3 at 9.80 eV suggests that 9.80 eV may be below the ionization energy.  
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Figure 4: KHPs of n-heptane and iso-octane signals vs. temperature from experiments (left y axis), and 

mole fraction vs. temperature from simulations (right y axis) in PRF 70 low temperature JSR oxidation 

(fuel concentration 0.5 %, residence time 2 s, p≈1 bar,φ=0.5). 

The isomers for C7HxO3 (x=10,12,14) are most likely to be di-olefinic KHP (C7H10O3), olefinic KHP 

(C7H12O3), and saturated KHPs (C7H14O3) as identified in previous literature [7]. Only the saturated C8 

KHP (C8H16O3) was observed for iso-octane. The same KHPs for n-heptane have been reported in much 

of the literature [7-9], because n-heptane is very reactive in the low temperature region with its low octane 

number. To the best of our knowledge, KHP production from relatively unreactive iso-octane, although 

expected by kinetic models, has never been reported experimentally. Note that the designated chemical 

formula for all KHPs could also include isomers like cyclic ether peroxides.  

The formation pathways of di-olefinic and olefinic C7 KHPs are not included in the model. Here, we 

propose the possible production pathways for di-olefinic KHPs and olefinic KHPs in Fig. 5. These 

formation pathways are proposed by analogy, based on the discussions in previous studies of n-heptane 

and other alkanes low temperature oxidation chemistry by Wang et al. [7, 25]. 

The formation pathways of saturated KHPs are well understood in previous studies [3, 4], which are 

from first and second O2 addition pathways. In the concerted elimination of hydroperoxyalkylperoxide, 

other than producing saturated KHPs, an alternative pathway can produce cyclic ether hydroperoxides. 

Cyclic ether hydroperoxides are isomers of saturated KHPs, and cannot be separated experimentally in 

this work. Saturated KHPs can further react by the following pathways: H-atom abstraction, O2 addition, 
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and concerted elimination to produce olefinic KHPs. Olefinic KHPs may follow similar reaction pathways 

to produce di-olefinic KHPs. Olefinic KHPs and di-olefinic KHPs shown in Fig. 5 have resonantly 

stabilized structures, so they have lower Gibbs free energies, and their formation may be kinetically 

favored due to potentially lower activation energies.  

 

Figure 5: Proposed representative formation pathways of di-olefinic KHPs, olefinic KHPs, saturated 

KHPs and cyclic ether hydroperoxides of n-heptane. 
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Figure 6: Representative formation pathway of saturated KHPs and cyclic ether hydroperoxides of iso-

octane. 

    The formation pathways for saturated KHPs and cyclic ether hydroperoxide of iso-octane are shown in 

Fig. 6. Compared to linear n-heptane, the more branched structure of iso-octane provides less possibility 

for H-atom abstraction or internal H-atom migration. In the formation pathway scheme of Fig. 6, only 

saturated KHP formation pathways are possible, and di-olefinic KHPs and olefinic KHPs are not possible 

because no hydrogen is available to be abstracted at the beta carbon position. Cyclic ether hydroperoxides 

from iso-octaned are produced via pathways similar to n-heptane, but with less choices of concerted 

elimination pathways. The proposed reaction scheme suggests that saturated KHPs for iso-octane 

contribute more to the detected signals of C8H16O3, while cyclic ether hydroperoxides have minor 

contribution. 

Di-olefinic KHPs (C7H10O3) for n-heptane began to be produced from 500 K, while the olefinic KHPs 

(C7H12O3) and saturated KHPs (C7H14O3) started at 560 K in Fig. 4. All the C7 KHPs achieved maximum 

signals near 590 K, and then decomposition became more dominant. For the PRF mixture studied here, 

the temperature for maximum C7 KHP signals near 590 K was higher than 540 K observed in the pure n-

heptane system [7]. One explanation is that the temperature was not corrected in the previous literature of 

pure n-heptane system. The other explanation is because the produced OH radicals were largely consumed 

by the H-atom abstraction reaction of iso-octane (67.0 % in PRF 70 mixture), instead of n-heptane (33.0 % 
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in PRF 70 mixture). To compensate for the loss, a higher temperature is required to produce more OH 

radicals. For iso-octane, the C8 KHP signal emerged for temperatures larger than 590 K and achieved a 

maximum at 620 K. This suggests that KHPs of n-heptane in low temperature oxidation are produced first. 

With the increase of temperature, the decomposition of C7 KHPs provides extra OH radicals to the reaction 

system and initiates more of H-atom abstraction reactions of the less reactive iso-octane to produce C8 

KHPs. Therefore, KHPs for n-heptane and iso-octane are simultaneously produced in low temperature 

oxidation. This finding is similar to the so-called “sensitization” or “inhibition” phenomenon, which has 

been reported pioneerly by Westbrook et al. [30] in 1979 for the accelerated ignition of methane by 

addition of methanol. 

It is difficult to fully clarify isomer structures of KHPs, because there are too many possible isomers. 

For example, the KHPs (C7H14O3) for n-heptane have 18 isomers in the LLNL 2017 model; KHPs 

(C8H16O3) for iso-octane have 11 isomers in the model. The number could be larger in the reaction system 

since additional isomers may not be included in the model. Such a large number of isomers make 

experimental photo ionization differentiation difficult because there are too many overlaps in the 

ionization energies. Also, because of exponentially increased conformations, the large size of KHP 

molecules increases uncertainty in the quantum chemistry calculations of the ionization energies. To 

further identify possible isomers of saturated KHPs in this work, kinetic model simulations were 

performed to identify the most possible saturated KHP isomers with largest concentrations. The detailed 

simulation results are presented in Supplementary Material-3. 

Mole fractions vs. temperature from numerical simulations are presented and compared with 

experimentally measured signal profiles in Fig. 4. Di-olefinic KHPs and olefinic KHPs of n-heptane are 

not simulated since they are not included in the model. Among all the isomers of saturated KHPs (C7H14O3 

and C8H16O3), only species with predicted maximum mole fractions larger than 10 ppm are presented to 

indicate dominant isomers. The simultaneous production of saturated KHPs for n-heptane and iso-octane 

is predicted in simulations. Maximum KHP concentration temperature (550 K) was lower than 
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experiments (590 K), but closer to the pure n-heptane system [7]. The nomenclature of all the species 

discussed here are in Fig. S3 in Supplementary Material-1. 

For C7H14O3, the predicted isomer with the largest concentration is again a  KHP-structure (C7KET42). 

However, cyclic ether peroxides (C7H13O23-5OOH and C7H13O34-6OOH) have the second and third 

largest predicted concentrations. Therefore, C7H14O3 signals have contributions from both KHPs and 

cyclic ether peroxides. In the case of C8H16O3, the largest predicted cyclic ether peroxide (IC8O15-3OOH) 

has much lower concentrations than KHPs (IC8KET5-3, IC8KET1-4, IC8KET3-5), meaning that the 

majority of C8H16O3 signals would be KHPs. Since iso-octane is a highly branched alkane, the formation 

of cyclic ether peroxides is more difficult than in a straight chain alkane like n-heptane with less steric 

effects. Therefore, kinetic model simulations indicate that C8H16O3 are mainly C8 KHPs. 

To further reveal possible reason of the deviation in temperature corresponding to maximum KHP 

concentrations between experiments and simulations, rate of production analysis on selected four KHPs 

were performed. The four selected KHPs are C7KET35, C7KET42, IC8KET5-3 and IC8KET1-4, since 

they are the most abundant KHPs as indicated by LLNL 2017 model simulations in Fig. 4. The results 

appear in Fig. 7. The dominant production pathways for the selected four KHPs are the isomerization and 

decomposition of hydroperoxyalkylperoxy radicals following second O2 addition. The temperature for C8 

KHP maximum production (around 560 K) is a bit earlier than C7 KHP production (around 570 K), which 

may not be an accurate estimate and requires further examination. C8 KHP production from the less 

reactive iso-octane is more difficult without OH radicals produced from n-heptane oxidation, and it should 

be achieved at a higher temperature than C7 KHP. 
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Figure 7: Rate of production analysis on selected C7 and C8 ketohydroperoxides at 600 K by LLNL 2017 

model. 

Sensitivity analysis was performed at 600 K to reveal why C7 and C8 KHPs are simultaneously 

produced. Selected targets were the OH radical and two KHPs with the highest concentrations in the 

simulations (C7KET42 and IC8KET5-3). The ten most sensitive reactions are presented for each target 

specie in Fig. 8. Positive values mean that increasing reaction rates would increase species concentration; 

negative values indicate a decrease of species concentration. In OH sensitivity analysis, H-atom 

abstraction from n-heptane promotes reactivity while H-atom abstraction from iso-octane reduces 

reactivity. This indicates the high reactivity of n-heptane and low reactivity of iso-octane. The top 

promotion reactions for C7 and C8 KHPs are H-atom abstraction reactions, which initiate low temperature 

oxidation production pathways. Other promotion reactions are the second O2 addition pathway to produce 

desired KHPs. The top inhibition reactions are KHP decomposition reactions, and other inhibition 

reactions are the competing pathways. Therefore, simultaneous KHP production is mainly promoted by 
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OH radicals in the system. Real gasoline fuels are mixtures of reactive normal alkanes and less reactive 

branched alkanes, so KHPs from more reactive components in a gasoline mixture can initiate the reactivity 

of less reactive components through the promotion effect of OH radicals. 

 

Figure 8: Sensitivity analysis of OH, KHPs of n-heptane and iso-octane at 600K (fuel concentration 0.5 %, 

residence time 2 s, p≈1 bar,φ=0.5). 

3.3 Other oxygenates and alkenes from competing pathways 

With increased temperature, the thermodynamic equilibrium no longer favors internal hydrogen 

migration after first O2 addition, and the production of KHPs is inhibited [4]. The more favorable pathways 

are elimination to form saturated and unsaturated cyclic ethers or ketones (e.g. C7H10O, C7H12O, C7H14O, 

C8H14O and C8H16O). KHPs undergo elimination of OH at higher temperatures to form diones and keto 

cyclic ether (C7H10O2, C7H12O2, C7H14O2 and C8H14O2), or decompose into smaller molecules [4]. After 

first O2 addition, isomerization is less favorable at higher temperatures because thermodynamic 

equilibrium favors dissocation of the peroxy radical. In addition, concerted elimination of HO2 is dominant 

at higher temperatures. The products of these pathways are unsaturated alkenes (C7H10, C7H12, C7H14, 

C8H14, C8H16). Figure 9 presents signals vs. temperature for these species, which are formed by pathways 

competing with KHP formation. It can be observed that the temperatures of the maximum signals for most 

of these species are higher than those of the corresponding KHPs. For example, C7H14O reached a 

maximum at 620 K compared to C7H14O3 at 590 K. This trend is consistent with the pure n-heptane system 
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[7], although for that system, the temperature difference was larger (580 K for C7H14O and 540 K for 

C7H14O3). This difference may be attributed to the addition of iso-octane in the PRF 70 mixture studied 

here.  

 

Figure 9: Oxygenates and alkenes of n-heptane and iso-octane signals vs. temperature profiles from 

experiments (fuel concentration 0.5 %, residence time 2 s, p≈1 bar,φ=0.5). 

3.4 Other detected species 

In addition to the species discussed here, many more C4-C6 species were detected. Their signals vs. 

temperature profiles are provided in Supplementary Material-2. The species list includes alkenes, dienes, 

peroxides, aldehydes, ketones, acids, ethers and alcohols, which may be produced by C-C bond breaking 

in KHP decompositions. The differentiation of these species was reported in previous literature for n-

heptane [8, 9]. These species could also be produced from iso-octane oxidation. Further identification and 

quantification for these species are necessary to understand the low temperature chemistry of PRF 70, 

which is beyond the scope of this work. 
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4. Conclusions 

The simultaneous production of KHPs was systematically investigated in PRF low temperature 

oxidation in JSR. PRF 70 was used as a low-grade gasoline surrogate. The SVUV-PI-TOF-MBMS directly 

detected and measured the KHPs for n-heptane and iso-octane. The results indicate simultaneous 

production of KHPs for high reactivity n-heptane and low reactivity iso-octane in low temperature 

oxidation. To the best of our knowledge, this work reports the first direct detection of KHPs for the high-

octane number, less reactive iso-octane. The formation of C8 KHP from iso-octane have been expected by 

many kinetic models, but evidenced by experiments in this work. 

50 species were detected and measured by SVUV-PI-TOF-MBMS; 24 of these were quantified. Four 

kinetic models were used for numerical simulations and KHP formation chemistry interpretation, and 

literature experimental data under similar conditions, was taken for cross examination on the fuel reaction 

temperature zone. The latest LLNL 2017 kinetic model made the best predictions of fuel reactivity and 

small molecules. The formation pathways for di-olefinic KHPs and olefinic KHPs are discussed 

qualitatively in the low temperature reaction scheme, as they are not included in the kinetic model. 

Measured signal vs. temperature profiles of KHPs were compared with computed mole fraction vs. 

temperature profiles to identify the isomers. For n-heptane, the chemical formula designated for KHPs 

have comparable contributions of cyclic ether peroxides. However, simulation results indicate that the 

majority of chemical formula C8H16O3 are KHPs of iso-octane other than cyclic ether peroxides. The 

overlapped KHP production temperature zone between n-heptane and iso-octane suggests simultaneous 

production of KHP is because of shared OH radical pool. The deviations for temperature corresponding 

to maximum KHP concentrations between experiments and simulations could be caused by over-

estimated KHP formation chemistry for iso-octane at lower temperature. Sensitivity analysis further 

revealed that C8 KHP production from iso-octane was initiated by OH radicals from n-heptane oxidation. 

Profiles of other products (aldehydes, ketones, diones, peroxides, etc.) from competing pathways with 
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KHP production were provided and discussed. This work reported simultaneous KHP production in a fuel 

mixture, proposed formation pathways for di-olefinic KHPs and olefinic KHPs, and explained how KHPs 

formation from less reactive iso-octane can be promoted by OH radicals from decomposition of KHPs 

from reactive n-heptane. These findings suggest that simultaneous KHP production may occur among 

more reactive and less reactive hydrocarbons in real gasoline fuels. 
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