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Abstract 

 Ethylene oxidation initiated by ozone addition (ozonolysis) is carried out in a jet-stirred reactor 

from 300-1000 K to explore the kinetic pathways relevant to low-temperature oxidation. The 

temperature dependencies of species’ mole fractions are quantified using molecular-beam mass 

spectrometry with electron ionization and single-photon ionization employing tunable 

synchrotron-generated vacuum-ultraviolet radiation. Upon ozone addition, significant ethylene 

oxidation is found in the low-temperature regime from 300-600 K. Here, we provide new insights 

into the ethylene ozonolysis reaction network via identification and quantification of previously 

elusive intermediates by combining experimental photoionization energy scans and ab initio 

threshold energy calculations for isomer identification. Specifically, the C2H4+O3 adduct C2H4O3 

is identified as a keto-hydroperoxide (hydroperoxy-acetaldehyde, HOOCH2CHO) based on the 

calculated and experimentally observed ionization energy of 9.80 (±0.05) eV. Quantification using 

a photoionization cross-section of 5 Mb at 10.5 eV results in 5 ppm at atmospheric conditions 

which decreases monotonically with temperature until 550 K. Other hydroperoxide species, that 

contribute in larger amounts to the low-temperature oxidation of C2H4, like H2O2, CH3OOH, and 

C2H5OOH, are identified and their temperature-dependent mole fractions are reported. The 

experimental evidence for additional oxygenated species such as methanol, ketene, acetaldehyde, 

and hydroxy-acetaldehyde suggest multiple active oxidation routes. This experimental 

investigation closes the gap between ozonolysis at atmospheric and elevated temperature 

conditions and provides a database for future modeling. 
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1. Introduction 

Ozonolysis, the oxidation of unsaturated hydrocarbons by ozone (O3), is a vital research area 

of atmospheric chemistry and has been extensively studied for almost a century, particularly at 

conditions relevant to atmospheric hydrocarbon oxidation and aerosol formation. For examples 

see Refs. [1-8], and for recent reviews of the underlying chemistry see Refs. [9-10]. It is now 

understood that ozone addition cleaves the alkene double bond creating a cyclic primary ozonide 

intermediate, which quickly decomposes into a carbonyl and a carbonyl oxide, commonly known 

as a Criegee Intermediate (CI).11 For ethylene, the simplest alkene, this reaction results in the 

formation of formaldehyde and CH2OO, the simplest CI, which subsequently stabilizes or 

decomposes. These pathways, which are shown abridged in Fig. 1 to highlight key reactions, have 

been studied extensively at atmospheric conditions both computationally and experimentally.3, 9, 

12-16  

The reaction of ethylene with ozone forms a primary ozonide ring (1,2,3-trioxolane, henceforth 

POZ), which either isomerizes into a keto-hydroperoxide (hydroperoxy-acetaldehyde, 

 
Figure 1: Ethylene ozonolysis reaction pathway with major intermediate species.   
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HOOCH2CHO, henceforth KHP), or decomposes into formaldehyde and a “hot” (vibrationally 

excited) Criegee Intermediate.17 The CI and formaldehyde can then either recombine into a 

secondary ozonide ring (1,2,4-trioxolane, henceforth SOZ), undergo collisional stabilization, or 

decompose into radicals and products (either directly or through a 3-membered ring structure, 

dioxirane).18 The SOZ can also decompose to form hydroxy-methylformate, HC(=O)OCH2OH. 

Rate coefficients for many of these reactions have been experimentally determined or calculated 

between 293-300 K and 1 atm, with branching fractions of ~37% (CI stabilization), 15% 

(HCO+OH), 30% (H2O+CO), <1% (CO2+H+H), and 18% (H2+CO2).3, 12, 17, 19-21  

Beyond atmospheric chemistry research, ozone reactions with hydrocarbon species have also 

recently attracted significant interest in fundamental low-temperature combustion studies.22 The 

motivation for these fundamental investigations stems from the rise of non-equilibrium plasma 

assisted combustion techniques and chemically controlled engine designs.22 The significant effects 

of plasmas on combustion are typically characterized by three main effects: a) thermal 

enhancement due to direct joule heating, b) transport enhancement due to electric field/ionic wind, 

and c) kinetic enhancement due to plasma-created species. To better understand the kinetic 

enhancements offered by plasma-generated, long-lifetime species, their kinetic pathways must be 

better characterized.  

Ozone enhancement of combustion processes has been studied for a range of hydrocarbon fuels 

and has shown dramatically increased reaction rates with unsaturated and saturated 

hydrocarbons.23-24 The difference in reactivity between alkanes and alkenes is in agreement with 

observations at low-temperature atmospheric conditions.1 At flame temperatures, for alkanes and 

saturated oxygenated fuels,25 the enhancement upon ozone addition is thought to be due to rapid 

decomposition of O3 in the preheat region, providing O atoms to the induction zone and 
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accelerating reactions through chain-branching reactions of the hydrocarbons.26-27 For alkenes and 

for temperatures below the thermal decomposition threshold of O3, the ozonolysis reactions are 

known to be very fast and, as seen in Fig. 1, they produce reactive intermediates such as H, OH, 

and HCO which ultimately leads to an increase in reactivity. However, detailed and predictive 

kinetic models remain to be developed. 

To bridge this gap between the atmospheric and combustion conditions and to address the 

temperature dependent chemical kinetics beyond atmospheric temperatures, this paper focuses on 

ozone-assisted oxidation of ethylene between 300 and 1000 K. Three regimes exist in this 

temperature range, which are characterized by unique chemical reaction networks: a low 

temperature ozonolysis and ozone decomposition regime (<600 K), an intermediate temperature 

region (600-850 K), where ozone is fully consumed and reactions of ethylene with O atoms are 

observed, and a high temperature (>850 K) zone, in which the temperature is high enough for chain 

branching reactions. In this temperature range, traditional combustion chemistry is observed, 

although this may be slightly modified by the small addition of O atoms.  

Several aspects of the gas-phase ethylene-ozone reactions, which have still been unclear, are 

addressed in this paper: a) The identification and quantification of typical low-temperature 

oxidation intermediates, e.g. hydroperoxides including the keto-hydroperoxide (HOOCH2CHO, 

hydroperoxy-acetaldehyde) that are only present in the low-temperature region of the reaction 

network of the ozone-assisted oxidation. b) The identification of the transition between low 

(<600 K) and intermediate (600-850 K) temperature oxidation chemistry. Because of ozone’s 

thermal decomposition, there is a crossover region in which the system could either return to a 

non-reactive state similar to non-ozone conditions or continue reacting utilizing the O atom from 

ozone decomposition.  



6 
 

The ozonolysis reactions were studied in an atmospheric-pressure jet-stirred reactor equipped 

with molecular-beam sampling capabilities followed by a mass spectrometric analysis. The 

routines that were recently developed for the detection, identification, and quantification of 

hydroperoxides in low-temperature oxidation processes,28 are applied here for ethylene ozonolysis 

for the direct measurement of the hydroperoxy-acetaldehyde, HOOCH2CHO. Up to now, the 

presence of this KHP had only been theoretically predicted.16 Quantitative measurements are 

presented for several intermediates that were observed from 300-1000 K with ozone present, and 

from 500-1000 K without ozone present to study the effect of ozone addition on the low-

temperature oxidation chemistry. The results provide new mechanistic insights into the ozone-

assisted oxidation of ethylene over a wide temperature range and can guide future developments 

of detailed chemical descriptions of these processes.  

 

2. Experimental Approach 

 The jet-stirred reactor (JSR) at Sandia National Laboratories, schematically represented in 

Figure 2, has been described previously.28-30 Here, only a brief summary of key components will 

be provided along with modifications for the current experiments. A fused-silica spherical JSR, 

 
Figure 2: Experimental Setup. The ozone detection cell is just upstream of the JSR. The stages of the 
MBMS sampling from the JSR are shown on the right.   
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with a volume of 33.5 cm3 is coupled with a reflectron time-of-flight molecular-beam mass 

spectrometer (m/Δm ∼ 4000) with a maximum sensitivity of around 1 ppm for high-resolution, 

low-temperature gas phase kinetic experiments. Gas feeds of ethylene and oxidizer, regulated 

using MKS mass flow controllers, are kept separate in concentric quartz tubes prior to mixing at 

the entrance to the JSR and subsequently injected through four 1-mm nozzles that form the stirring 

jets. An ozone generator (Oriel) is coupled upstream on the oxidizer flow, with a 70 cm quartz 

absorption cell just prior to the preheat zone of the reactor for measuring the O3 concentration. A 

helium-neon UV calibration lamp is utilized along with an Ocean Optics spectrometer to monitor 

O3 concentration at 312.57 nm, using known ozone-absorption cross sections.31  

In the present work, constant pressure, residence time, and stoichiometric ratio of 0.92 atm 

(700 Torr), 1.3 s, and ϕ = 0.5, respectively, are maintained for all experiments, with a mixture of 

2% ethylene, 12% O2, and 86% argon. For the ozone experiments, an ozone concentration of 

1000 ppm was used. The 1.3 s residence time was sufficient for adequate signal-to-noise ratios for 

trace and highly reactive species, as well as to ensure ozone reactivity. Temperature is maintained 

by an enclosing oven around the JSR, and monitored by two thermocouples, one placed just outside 

the JSR body, and another along the quartz nozzle leading to the MBMS to monitor the sampling 

vicinity, with uncertainties of around ±20 K. Previous thermocouple probe data gathered along the 

centerline of the reactor showed ±5 K variation for dilution levels as low as 80% Ar, and at 

residence times up to 4s, demonstrating reactor temperature homogeneity. Mass spectral data were 

recorded from 300-1000 K for the ozone conditions, with gas flows adjusted to maintain a constant 

nominal residence time and pre-corrected to account for the temperature shift found in our last 

study in this reactor.28 Non-ozone experiments were conducted from 500-1000 K, as a previous 



8 
 

literature study32 has shown that ethylene oxidation has no low-temperature chemistry (LTC) 

behavior.  

Experiments were conducted at Sandia National Laboratories using electron-ionization (EI) 

MBMS, along with photoionization (PI) MBMS at Terminal 3 of the Chemical Dynamics 

Beamline of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory. The 

synchrotron vacuum ultraviolet (SVUV) radiation at the ALS provides high photon flux 

(1014 photons/s) and narrow bandwidth energy photons [E/ΔE (FWHM) ∼ 250-400] from 7.4 to 

30 eV.33 This narrow bandwidth and ease of tunability allows for near-threshold ionization, which 

minimizes fragmentation in the mass spectra, thus facilitating easy interpretation. Furthermore, by 

scanning the photon energy, photoionization efficiency (PIE)29 curves were recorded, which also 

allowed for isomer-specific ionization thresholds at a given mass-to-charge (m/z) ratio. Examples 

of reactor-sampled PIE curves will be discussed below. 

The conversion of the mass spectral signal to absolute mole fractions is based on well-

developed procedures routinely used for flame-sampling mass spectrometry experiments.34-35 The 

signal S for a given m/z ratio and energy is related to the mole fraction xi using the equation: 

 Photoionization: 𝑆#(𝐸) = 	𝑥# ∗ 𝜑 ∗ SW ∗ 𝐷(𝑀#) ∗ 𝑐 ∗ FKT(𝑇) ∗ 𝜎#(𝐸) (Eq. 1) 

 Electron Ionization: 𝑆#(𝐸) = 	𝑥# ∗ 𝜑 ∗ SW ∗ 𝐷(𝑀#) ∗ 𝑐 ∗ FKT(𝑇) ∗ ∫ 𝜎#(𝐸)	𝑓(𝐸 − 𝜏)𝑑𝜏 (Eq. 2) 

Where 𝜑	is the number of photons (measured using a calibrated photodiode), SW is the number of 

scans, 𝐷(𝑀#) is the mass discrimination factor for species i, which is determined from calibration 

measurements, and c is an instrument factor. FKT is a sampling function dependent on the 

temperature, which can be determined (as c*FKT) assuming the concentration of argon is known. 

𝜎#(𝐸) is the absolute photoionization cross section, which is both molecule and energy 

dependent.36 For EI-MBMS, a convolution of the energy distribution of the ionizing electrons with 
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the electron ionization cross section must be used due to the larger energy distribution of the 

electron source (FWHM ~2 eV) smoothing the thresholds. Scans were taken at 20-30 K 

temperature increments at photon energies of 9.5, 10, 10.5, 11, 12.3, 14.35, 16.2 and 16.65 eV 

from 300-1000 K and nominal electron energies of 9, 12 and 15 eV from 500-1000 K, to ensure 

accurate species concentrations, minimize fragmentation, and assist isomer separation. PIE curves 

were recorded at 400 K and 500 K for the ozone cases, and 850 K for the non-ozone case, to enable 

the identification of the most relevant intermediates. More details on this procedure can be found 

in previous publications concerning EI-MBMS35, 37 and PI-MBMS38-41 studies. Using these 

procedures which are based on Eqs. (1) and (2), along with the carbon and oxygen balance, 

quantitative mole fractions profiles were created. This analysis approach results in an overall 

carbon balance of greater than 95% for the high temperature region, which is consistent with 

similar mass spectral measurements of reactive systems.42 

Uncertainties in the conversion strategies are associated with errors in ionization cross sections 

(including fragmentation), calibration constants, and mass discrimination factor for the targeted 

species as well as the offsets in electron (and photon energy) and the width of their energy 

distribution, which requires some convolution strategies (see Eq. 2). Depending on the 

uncertainties of these factors, the uncertainties can vary from species to species, but 

conservatively, uncertainties of ±30% for EI-MBMS and ±20% for PI-MBMS are expected.  

All ozone experiments were conducted with PI-MBMS, and all non-ozone using EI-MBMS. 

PI-MBMS was not considered necessary for the non-ozone studies as the high-temperature 

ethylene chemistry had already been experimentally studied in a JSR and is well understood.32, 43-

44 In the next Section, results will be presented as species-specific mole fractions as function of 

the reactor temperature or as photoionization efficiency as function of the photon energy. 
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3. Results and Discussion 

In this Section, a stepwise approach is used to describe our experimental findings. Because the 

C2H4+O3 reaction system had never been studied systematically over this entire temperature range 

before, we first considered the individual components. That is, studies of the high-temperature 

oxidation of ethylene is followed by decomposition studies of O3 at low- and intermediate 

temperatures. Finally, the C2H4+O3 reaction system is described over the entire temperature range 

in more detail through species identification and quantification in the low-temperature regime. A 

chemical mechanism, based on IUPAC recommended rates for the important ozonolysis reactions, 

was assembled to help with the identification of remaining gaps in our detailed understanding of 

ozone-assisted low-temperature oxidation of ethylene. Given the lack of accurate rate constants 

for many reactive intermediates, improving the chemical mechanisms was not attempted. 

 

3.1 Non-Ozone High Temperature Oxidation of Ethylene  

To validate our experimental setup and procedures, the results for the non-ozone ethylene 

oxidation between 500 and 1000 K are discussed first. Figure 3 shows the temperature profiles of 

C2H4, the intermediates CH2O, C2H2O, C3H6, and C2H4O, and the major products CO, CO2, and 

H2O. For these EI measurements, the isomeric composition of these species cannot be determined, 

but as will be seen below for the ozone data, C2H4O was found to be mainly acetaldehyde, so the 

two models shown in Fig. 3 show the concentration of acetaldehyde for C2H4O. Note that the 

fluctuation in concentration of ethylene below 800 K is within the expected uncertainty of the EI 

data when extracting concentration. Previous studies of the C2H4+O2 system at high temperatures 

were performed by Dagaut et al.32, 43 who reported the C2H4 conversion and intermediate and 
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products formation as function of the residence time, while keeping the temperature nearly 

 
 
Figure 3: Oxidation of ethylene without ozone in a jet-stirred reactor as a function of temperature from 
500 to 1100K (700 Torr, φ = 0.5, residence time: 1.3 s). Comparison to AramcoMech 2.0 and HP-Mech 
for validation of the experimental conditions.  



12 
 

constant, thus preventing a direct comparison here. 

Modeling results, which were obtained using CHEMKIN’s45 perfectly stirred reactor model 

from 300-1200 K and two widely used and up-to-date chemically detailed mechanisms 

(AramcoMech 2.046-47 and HP-Mech48) are also shown in Fig. 3. A third mechanism, USC 

Mech. II,49 was also used for model predictions and, because of the legibility of Fig. 3, the results 

are shown separately in the Supplementary Material (see Fig. S1). Overall, a satisfactorily 

agreement between experimental data and model simulations can be seen. Ethylene oxidation as a 

function of temperature is well captured by both models. The models under-predict the CO to CO2 

conversion ratio at higher temperatures. Combined with previous experimental data that also 

reported a similar discrepancy,50 these results may provide some evidence for missing OH 

formation channels in the ozonolysis mechanism. The reactivity as a function of temperature is 

well modeled, thus providing a second validation of and adding confidence to our experiment and 

analysis procedures. 

While the model results show excellent agreement with major species such as formaldehyde 

and water, the vastly different predictions of the two models for the intermediate species such as 

C2H4O and C3H6, clearly reveal the need for reliable experimental data for model validation.  

 

3.2 Thermal and Reactive Ozone Depletion 

Before we consider ozone-assisted low-temperature oxidation in Section 3.3, it is important to 

first characterize the thermal decomposition behavior of ozone in our reactor. Ozone concentration 

as a function of temperature was recorded at the same residence time and pressure as the ozonolysis 

case (Section 3.3) but without ethylene (mixture composition: 0. 099 O2/ 0.001 O3/ 0.9 Ar). The 

results are shown in Fig. 4. Representative error bands are provided on this Figure for the mass 
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spectrometric measurements, and are ±20% for the ozonolysis and ±30% for the non-ozone data, 

as mentioned above. Consistent with previous data from Zhao et al.,25 the ozone is thermally 

decomposed by 600 K. Thus, indicating that trends in the intermediate and product species data 

above this temperature are likely initiated by O atom additions and not ozone interactions.  

 

To guide with the identification of gaps in our understanding of the ozone-assisted low-

temperature oxidation of ethylene, a chemical mechanism was assembled that is based on the HP-

Mech,48 with added IUPAC recommended reactions for C2H4 + O3 at atmospheric conditions and 

an ozone sub-mechanism. For this, the direct reactions along pathways (1-4) were implemented to 

simulate the ethylene oxidation:  

 C2H4 + O3 ⇄ CH2O + HCO + OH (1) 

 C2H4 + O3 ⇄ CH2O + H2O + CO (2) 

 
Figure 4: Experimental measurements and modeling 
of ozone decomposition as function of temperature, 
both without ethylene (thermal decomposition) and 
with ethylene present (ozonolysis). Error bands of 
±20% (red) and ±30% (blue) for the ozone and 
non-ozone data respectively are shown by the 
shaded region. 
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 C2H4 + O3 ⇄ CH2O + CO2 + H + H (3) 

 C2H4 + O3 ⇄ CH2O + CO2 + H2 (4) 

Details of the updated mechanism can be found in the Supplementary Material. Because the 

branching ratios are unknown above atmospheric temperature conditions, the atmospheric 

Arrhenius IUPAC rates were utilized.51 Although these are not elementary reactions, the steady 

state nature of the JSR should result in agreement between experimental and modeling results, or 

provide insight into reaction pathways not currently considered by the model which can be 

subsequently studied. 

From Fig. 4 it is evident that ozone sub-mechanism added to the HP-Mech48 matches the 

experimental results very accurately, thus indicating satisfactorily understanding of ozone 

decomposition reactions at elevated temperatures. Because the physical JSR is housed in an oven, 

a CHEMKIN plug flow reactor model had to be added upstream as an input of the JSR model for 

the oxidizer stream to account for some ozone thermal decomposition in the flow tubes before 

entering the reactor. The flow reactor model uses the physical dimensions (2.77 cm ID, 11.4 cm 

in length) of the quartz pipe from the entrance to the oven to the JSR and utilizes the same 

temperature as recorded from the JSR. While the JSR residence time was held constant at 1.3 

seconds, the model residence time in each tube through the “preheat” region varied between 3 and 

3.8 seconds with temperature as the flow streams were not evenly divided to ensure adequate 

dilution in the ethylene stream. The experimental volumetric flow rates were therefore directly 

implemented in the modeling. It is only necessary to account for the ozone thermal decomposition: 

the non-ozone results shown in Fig. 3 were run with the PFR input and it was found to have no 

effect on the resultant species concentration profiles.  
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However, the updated mechanism that is based on IUPAC recommended rates over-predicts 

the ozone consumption at low temperatures. As seen in Fig. 4, reactive ozone depletion after 

addition of ethylene reveals that ethylene addition drastically shifts the O3 depletion profile to 

lower temperatures, with consumption of 90% of O3 by 400 K, and 99% by 500 K.   

 

3.3 Ozone-Assisted Ethylene Oxidation and Modeling 

The ethylene mole fraction as a function of temperature can be seen in Fig. 5 for the ozone-

assisted oxidation. The data points and solid line are the experiment and modeling results, 

respectively. As the ozone-free experiments (Fig. 3) and the literature have shown,32 there are no 

oxidation reactions until 900 K in the non-ozone case. However, ozone addition causes reaction at 

room temperature, resulting in a LTC region in which approximately 30% of ethylene is consumed 

at 400 K. Above this temperature, a negative-temperature-coefficient (NTC) region is formed in 

which the reactivity decreases with increasing temperature. The NTC behavior is likely due to the 

high-temperature thermal decomposition of ozone causing a decrease of ethylene consumption via 

low-temperature ethylene addition pathways. The ethylene oxidation is maximized at 400 K with 

90% of the ozone consumed. The transition from the LTC to the flat intermediate region at 600 K 

also corresponds well with the complete thermal decomposition of ozone shown in Fig. 4. Note 

that there is still slight consumption of ethylene observed between 600-900 K as opposed to the 

non-ozone case. This consumption is likely due to reactions of O atoms whose concentration is 

constant due to the fixed O3 concentration. The reactivity here decreases due to competition 

between chain branching and chain propagating reactions at low temperatures. While there is 

enough O atom to cause a sizeable ethylene consumption, the temperature is not high enough for 

self-sustaining reactions. The discrepancy with the model in this region is likely due to the fact 
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that the rate constants are usually calculated at higher temperatures, and only extrapolated to this 

intermediate temperature region. The high temperature data of the ozone and non-ozone case are 

almost identical, unlike previous flame studies.24 This is likely because radical production via 

ozone decomposition in a flame can enhance the chain-branching reactions in the downstream high 

temperature flame zone, whereas the current JSR is kept at fixed, lower temperatures, where 

radical termination is more prevalent.  

Figures 4 and 5 indicate that the predicted O3 consumption is much more pronounced than seen 

in the experimental data, while ethylene is not consumed enough. This observation indicates that 

branching reactions are missing or described not accurately enough. It appears that in the model 

(based on IUPAC recommended rates), the ozone decomposition is too fast, thus reducing the 

overall predicted rate of C2H4 consumption. Additionally, some secondary fuel interactions are 

missing, along pathways that may generate some of the intermediates also observed in the 

experiment that are missing or drastically underpredicted by the model. A similar trend as for C2H4 

is seen in the temperature profile of the mole fraction of CH2O (Fig. 6), in which an under-

prediction of CH2O is observed compared to the experimental results. Because the general 

 
Figure 5: Experimental measurements and 
modeling of ethylene mole fraction as a function 
of temperature for the ozone-assisted oxidation. 
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agreement is acceptable, i.e. the LTC trend in CH2O formation is well predicted, the results 

probably indicate the suitability of the approach to include global reactions (1)-(4) in the model. 

However, it is shown below, that the reaction mechanism is more complex and more details are 

needed. Nevertheless, the model captures the high-temperature region very well, although some 

details seem to be missing in the low- and intermediate temperature range as the discrepancy in 

concentration seems to be correlated to the mismatch in the predicted ethylene consumption. 

Reactions (1)-(4) should produce 1:1 mole fraction of CH2O for ethylene consumed at 

atmospheric conditions. Experimentally, while this seems to be true within the given uncertainties 

for the first data point, which is nearest atmospheric temperature, this relation soon fails with 

increasing temperature. This observed discrepancy is likely due to other active pathways, as 

mentioned above.  

Mole fraction profiles of other major species, including H2O, CO, and CO2 are shown in the 

Supplementary Material (see Fig. S2). The model predicts the concentration of these species fairly 

well near atmospheric conditions. CO2 and CO concentration are slightly underpredicted with 

increasing temperature, while water becomes greatly underpredicted by 400K. This prediction 

Figure 6: Experimental measurements and 
modeling of CH2O mole fraction as a function of 
temperature for the ozone-assisted oxidation. 
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suggests that the Criegee pathways (a-d) does well for major products near atmospheric conditions. 

This further suggests that it is intermediate chemistry, and other reactions with ethylene that is the 

cause of the discrepancy of fuel consumption and intermediate species formation. Branching ratios 

need to be adjusted to see if such changes would improve the model’s predictions, but for a 

thorough analysis, additions of new major pathways must also be undertaken which is beyond the 

scope of this paper.  

Overall, the chemically detailed model,25 updated to include the ozone/ozonolysis sub-

mechanisms, accurately captures the LTC trends, but under-predicts ethylene consumption and 

formaldehyde formation, and misses the intermediate temperature chemistry region. The model 

demonstrates that the initial ozonolysis reaction plays a major role in initial C2H4 consumption, 

but that further intermediate pathways are necessary at above room temperature beyond those 

suggested by IUPAC. It is conceivable that this under-performance is likely due to the 

simplification of the description of the ethylene oxidation [Eq. (1)-(4)], to the IUPAC rates, which 

are not well established in the investigated temperature range, and missing reactions in the current 

description of the ethylene low-temperature oxidation reaction networks. Given that the model is 

already over-predicting O3 consumption, these results suggest that there are other missing reactions 

causing this discrepancy. Although the JSR and PI-MBMS system provides unparalleled ability to 

measure most species simultaneously, the measurement technique is less suitable for kinetic rate 

studies, so further analysis of this system for adequate rate constant measurements or calculations 

are required for modeling improvement. Any updates added at this stage would be speculation and 

is beyond the scope of the current study. 

The remainder of the paper is therefore about identification and quantification of reaction 

intermediates that impact the ozone-assisted low-temperature oxidation of ethylene. While the 
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current experiment can help identify and quantify temperature dependence of many intermediate 

species in this low-temperature range, rate constants of these intermediate reactions are not 

quantifiable with the current experimental platform, and therefore cannot currently be 

implemented in the model without theoretical calculations that are outside the scope of this work.  

 

3.4 Identification and Quantification of Reaction Intermediates 

To strengthen our understanding of ozonolysis reaction networks, we have identified and 

quantified several reaction intermediates that appear to be important intermediates in the ozone-

assisted low-temperature oxidation of ethylene. In this Section, we present the identification of 

typical low-temperature oxygenated intermediates based on their m/z values and photoionization 

efficiency curves.  

The initial step of this low-temperature pathway is the O3 addition to C2H4 to form C2H4O3 

(m/z = 76.016), of which the PIE scan at 400 K can be seen in Fig. 7a. Adiabatic ionization energies 

for the POZ and SOZ were calculated to be 9.55 and 9.68 eV, respectively (as indicated in Fig. 7a), 

at the ~CCSD(T)/CBS//M06-2X/cc-pVTZ level of theory, where ~CCSD(T)/CBS indicates that 

the complete basis set limit correction to CCSD(T)/cc-pVTZ was estimated using MP2 and the cc-

pVTZ and cc-pVQZ basis sets, as employed elsewhere.29 These POZ and SOZ adiabatic ionization 

energies clearly do not agree with the experimental value, even considering experimental and 

theoretical uncertainties, and therefore it can be concluded that these isomeric species have not 

been detected here. 

 Instead, the conformer-dependent ionization energies for the KHP (hydroperoxy-

acetaldehyde, HOOCH2CHO) calculated at the same level of theory as described above were found 

to vary from 9.60 to 9.89 eV (the shaded region in Fig. 7a) with the lowest-energy conformer 
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appearing at 9.76 eV (the vertical red line). As seen in Fig. 7a, this ionization energy of the lowest 

energy conformer for KHP matches the experimentally observed threshold perfectly. And thus, it 

is concluded that signal at C2H4O3 (m/z = 76.016) is due to the presence of the hydroperoxy-

acetaldehyde, which had been theoretically predicted as the most stable isomer on the potential 

energy surface.12, 16-17 It should be noted that keto-hydroperoxides have been known to be key 

intermediates in low-temperature oxidation processes, but they became detectable and quantified 

only very recently.28, 52  

Furthermore, hydroxy-methylformate [HC(=O)OCH2OH] should be considered as a C2H4O3 

intermediate as it has been suggested as a possible decomposition product of the SOZ (see Fig. 1) 

or as a transitory product via53 

 CH2OO + CH2O ⇄ HC(=O)OCH2OH (5) 

From the PIE data, and the calculated conformer-dependent ionization energies (shown in Fig. 7a), 

hydroxy-methylformate is not unambiguously identifiable as an intermediate under the present 

experimental conditions. 

The temperature-dependent mole fraction profile for the KHP can be seen in Fig. 7b. Assuming 

a cross-section of 5 Mb at 10.5eV, estimated based on calculated values for similar species from 

the study of Moshammer et al.,28 this results in a peak concentration of ~5 ppm for conditions 

nearest atmospheric. For a broad range of different molecules, these calculated photoionization 

cross sections are expected to be good within a factor of two.28 The concentration of hydroperoxy-

acetaldehyde decreases monotonically with temperature, following the ozone trend, that is, the 

KHP is most stable at room temperature. The expected increase in KHP formation with increased 

ozone consumption at higher temperatures is offset by the increase in decomposition rate, resulting 

in an overall decreasing concentration.  
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Because of the general importance of KHPs for the low-temperature oxidation mechanisms, it 

is anticipated that also in this study, the reactions of the KHP in the complex reaction network are 

of importance. These results on the identification and quantification of the elusive KHP should 

motivate future studies on the kinetics of its formation and decomposition. 

Following the well-established oxidation scheme of Fig. 1, other important reaction 

intermediates are expected to be at m/z = 46.005 (CH2O2). Figure 8 shows the PIE scan of CH2O2 

at 500 K, to compare the ionization threshold with reported ionization energies for dioxirane (cycl.-

 
Figure 7: (a) Photoionization energy scan from 
9.25-11.25 eV for m/z = 76.016 (C2H4O3). The 
ionization threshold is observed at a photon 
energy of 9.85 ± 0.05 eV. The adiabatic IEs for the 
POZ, SOZ, hydroxy-methylformate, and KHP are 
indicated. (b) The C2H4O3 mole fraction as a 
function of temperature using a cross section of 
5 Mb at 10.5 eV. 
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CH2OO-) and formic acid.54 The initial rise (shown in the inset) for 1,3-dioxirane shows matching 

literature and measured ionization energies and photoionization efficiency curves. This result 

confirms dioxirane as an intermediate for gaseous ozonolysis of ethylene, and pathways involving 

this molecule (Fig. 1) likely play an important role in the LTC regime. While identification is 

possible, due to the proximity in ionization energy with formic acid, it is currently impossible to 

separate and quantify dioxirane from formic acid independently. Nevertheless, the detection of the 

cyclic CH2O2 isomer 1,3-dioxirane indicates that a more detailed description of the oxidation 

scheme seems warranted than currently provided in reactions (1)-(4). 

No measurable concentration of CI was found at any of the experimental conditions, even with 

a similar PIE scan run at 400 K. While CIs can be stable and be formed in significant 

concentrations under atmospheric conditions,17 by 400 K the low concentrations suggest rapid 

reaction leading to depletion and concentrations below the detection threshold (~1ppm) due to low 

 
 
Figure 8: Photoionization energy scan from 
10.25-11.75 eV for m/z = 46.005 (CH2O2). The 
ionization threshold is observed at a photon energy 
of 10.75 ± 0.05 eV. An expanded view of the 
threshold is provided in the inset. The calculated 
and scaled signals for dioxirane, and the 
experimental data for formic acid are also shown.  
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activation energies for reaction. Given that the dioxirane pathways currently included in the 

chemical model do not fully capture the experimental trends, it is likely that other CI depletion 

reactions are active, possibly with H2O,53, 55-57 carbonyl species,58 or others.15, 55, 59-60 Products of 

reactions of the CI have been the subject of many atmospheric chemistry studies, which indicate 

that these reactions are most important near atmospheric conditions and less so beyond 400 K. 

These reactions therefore have less relevance in the current study on combustion LTC trends, 

unlike the species discussed below. 

Once initiated, the reaction mechanism in the low-temperature range is likely to be governed 

by typical low-temperature oxidation chemistry that include reactions of many hydroperoxy 

molecules. Besides the KHP, other hydroperoxy species detected here include H2O2, CH3OOH, 

and C2H5OOH.  Ionization energies of various CH4O2 and C2H6O2 isomers29 were used for 

identification, as shown in Fig. 9 for methyl and ethyl hydroperoxide. A direct comparison of 

previous PIE data from Moshammer et al.29 shows excellent agreement with the current data as 

well as the calculated ionization energy of methyl hydroperoxide. The photoionization efficiency 

curve for m/z = 62.037 (C2H6O2) is shown in Fig. 9b and the observed threshold matches the 

calculated value29 for C2H5OOH (ethyl hydroperoxide) of 9.61 eV perfectly. Because the PIE 

curve of C2H5OOH is currently unknown, other isomers, such as HOCH2CH2OH, with ionization 

energies (calc. IE = 9.69 eV29) only slightly above the observed threshold cannot be excluded at 

this point. But nevertheless, C2H6O2 is treated here as ethyl hydroperoxide. 

For the quantification of these peroxide species that are typically identified as low-temperature 

oxidation intermediates, routines to convert mass spectra into mole fraction profiles were used that 

were developed by Moshammer et al.28 Cross sections were used from Dodson et al.61 for H2O2 

and from Moshammer et al.28 for CH3OOH. The cross section of C2H5OOH was calculated using 
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the codes developed by Lucchese and co-workers,62-67 as described earlier.28 The results are shown 

in Fig. 10, in which a low-temperature oxidation regime and the negative-temperature coefficient 

regime are clearly visible in the profile of H2O2 (similar to Fig. 4 for the ethylene). CH3OOH and 

C2H5OOH are only present in the temperature region below 600 K and clearly show peaks around 

400 and 500 K, respectively, near the maximum of the C2H4 low-temperature oxidation rate. 

Generally, these peroxide species can decompose to form reactive OH radicals, thus contributing 

 
Figure 9: Photoionization efficiency scans from 
9.25-10.75 eV for (a) m/z = 48.021 (CH4O2), and 
(b) 62.037 (C2H6O2). For both, the observed 
ionization thresholds are close to the calculated 
values29 for CH3OOH and C2H5OOH. For CH4O2, 
the observed PIE curve resembles the one 
sampled by Moshammer et al.29 in dimethyl ether 
oxidation. 
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to the overall reactivity of the system. These results provide new insights into the low-temperature 

ozone-assisted oxidation of ethylene, and implementation of these species in future models seems 

warranted. 

 

 

Obviously, our experiment does not allow us to make conclusions about specific formation 

pathways. However, in typical low-temperature oxidation mechanisms,68 the hydroperoxide 

species ROOH is formed through reactions of the respective ROO radical with HO2, with ROO 

originating from R+O2 reactions. Therefore, it could be anticipated that C2H5OOH is formed 

through C2H5OO+HO2 reactions, with C2H5 originating from H-addition to ethylene. 

Other potentially important intermediates were identified in the mass spectra at m/z = 60.021 

(C2H4O2), for which the experimental PIE scan can be seen in Fig. 11, along with the calculated 

ionization energies for 1,2-dioxetane (cycl.-CH2CH2OO-), hydroxy-acetaldehyde, acetic acid, and 

methylformate. For hydroxy-acetaldehyde and the 1,2-dioxetane, the ionization energies were 

calculated using the same level of theory as above for the KHP (hydroperoxy-acetaldehyde). The 

uncertainty in the calculated ionization energy is shown in the inset and is ±0.05 eV. Based on 

 
Figure 10: Temperature dependent experimental 
measurements of the H2O2, CH3OOH, and 
C2H5OOH concentrations.  
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these results, C2H4O2 is identified as hydroxy-acetaldehyde. While there is no evidence for acetic 

acid (CH3COOH) in the JSR-sampled PIE curve, the sharp signal rise above 10.8 eV correlates 

with the presence of methylformate [HC(=O)OCH3].  

The mole fraction of hydroxy-acetaldehyde, as shown in Fig. 11b, is based on a photoionization 

cross section of 6.1 Mb at 10.5 eV, which was determined using the routines from Lucchese and 

 
Figure 11: (a) Photoionization energy scan from 
9.0-11.5 eV for m/z = 60.021 (C2H4O2). The 
ionization threshold is observed at a photon 
energy of 9.95 ± 0.05 eV. The adiabatic IE for 
1,2-dioxetane, hydroxy-acetaldehyde, acetic acid, 
and methylformate are indicated. The calculated 
IE threshold for hydroxy-acetaldehyde is 9.98eV, 
with an uncertainty of ±0.05eV, as indicated by 
the gray box. (b) The C2H4O2 mole fraction as a 
function of temperature. 
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co-workers.62-67 Besides the importance of this intermediate in the low-temperature region, also 

non-negligible amounts are seen in the intermediate temperature range.  

These and other major oxygenated species formed from ethylene oxidation that have been 

quantified in the attempt to strengthen our understanding of the ozone-assisted low-temperature 

oxidation of ethylene over a wide temperature range, are listed in Table 1.  

 

Species Isomer IE Threshold / 
eV 

Cross Sections/Mb 
(Photon 

Energy/eV) 
Reference 

CH3OH methanol 10.84 3.6 (11) 69 
H2O2 hydrogenperoxide 10.58 4.4 (11.5) 61 

CH2CO ketene 9.62 24.8 (10.5) 70 
CH3CHO ethenol/acetaldehyde 9.33/10.23 7.4 (10.5) 69 
C2H5OH ethanol 10.48 4.9 (11) 69 
CH3O2H methyl hydroperoxide 9.83 2.4 (10.5) 29 

HOCH2CHO hydroxy-acetaldehyde 9.98 6.1 (10.5) this work 
C2H5O2H ethyl hydroperoxide 9.61 5.7 (10.0) this work 

HOOCH2CHO hydroperoxy-
acetaldehyde 9.80 5.0 (10.5) this work 

 
Table 1: Ionization energies, photon scan energy and photoionization cross section for species analyzed in 
this work. 
 

 

Mole fraction profiles of the ethylene specific oxidation products like acetaldehyde/ethenol, 

ethanol, and ketene are shown in Fig. 12. Using different energy scans to try and separate peaks, 

C2H4O seems to be mostly acetaldehyde, with a small ethenol concentration (see Fig. S3 in the 

Supplementary Material for the respective PIE curve), but this process of separation introduces 

large uncertainty in the acetaldehyde concentration, so the two peaks were presented as a single 

measurement, using the acetaldehyde cross section to extract mole fraction values. The formation 

and consumption pathways of these intermediates at these low-temperature oxidation conditions 
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should be explored further, as their absence in the model appears to introduce errors in the LTC 

regime. Interestingly, while primary intermediates (formic acid, CH2O, C2H4O3) all seem to peak 

at around the maximum ethylene oxidation rate, these species exhibit different trends with respect 

to temperature. Ethanol, ketene, and hydroxy-acetaldehyde all do not require cleavage of the C-C 

bond, and as such seem to form close to room temperature, while methyl hydroperoxide, ethyl 

hydroperoxide, and methanol involve complete rearrangements of the original ethylene structure 

and likely come from dissociation reactions or perhaps ring opening of ozonides. Acetaldehyde 

seems to break this trend; this could be due the higher temperatures required for increased OH 

formation, which is why increasing acetaldehyde is seen in the high temperature chemistry as well. 

The early initial rise of the acetaldehyde peak, starting at aproximately 650 K, is further evidence 

that there is continuing reactions occuring in the intermediate region due to thermal decomposition 

of O3 into O atoms.  

 

 
Figure 12: Experimental quantification of low 
temperature oxidized species as a function of 
temperature based on calculated IE thresholds 
shown in Table 1 for the ozone case.  
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4. Conclusions 

This study closes the temperature gap for ethylene ozonolysis between room temperature 

atmospheric literature data and high-temperature flame experiments, by utilizing a jet-stirred 

reactor and photoionization and electron-ionization MBMS. To provide unprecedented insights 

into the low-temperature oxidation of ethylene, key intermediate species were identified utilizing 

photoionization energy scans and quantified using recently developed routines. Three distinct 

temperature dependent kinetic regions were identified: ozone assisted oxidation (below 600 K), 

intermediate temperature oxidation (600-850 K), and high-temperature oxidation (850-1000 K). 

In the high-temperature region, little difference was identified between ozone and non-ozone cases 

due to radical quenching at the fixed temperature of the JSR. For ozonolysis, PIE scans allowed 

for identification of measured species C2H4O3 as a keto-hydroperoxide, as well as dioxirane, 

suggesting the existence of these two active Criegee dissociation pathways. Lack of direct 

measurement of the Criegee Intermediate suggests either fast reaction channels or that stabilization 

reactions of the activated complex are less important at raised temperatures. Identification and 

quantification of other oxidized species suggest other yet-unidentified dissociation channels are at 

work as well. The rudimentary model under-predicts ethylene consumption as well as 

formaldehyde production, suggesting that the increase in ethylene oxidation might be due to active 

pathways other than the primary IUPAC channel. Overall, key species for the ozonolysis pathway, 

such as C2H4O3, dioxirane, CH2O, C2H4O2, C2H6O2 and CH4O2 were identified and quantified 

(when possible), providing a database of temperature-dependent species traces for low temperature 

chemistry bridging the gap between atmospheric and flame chemistry studies.  
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Supporting Information 

Figure S1: Experimental results of ethylene oxidation without ozone as a function of temperature, 

compared to USC Mech II 

Figure S2: Mole fraction profiles for H2O, CO, and CO2 for the oxidation of ethylene with ozone 

in a jet-stirred reactor as function of temperature. 

Figure S3: JSR-sampled PIE curve for m/z = 44.026 (C2H4O) 
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