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A B S T R A C T

This study investigates the oxidation of three oxymethylene ethers (OME1–3) in a new elevated-pressure laminar 
plug-flow reactor, utilizing electron-ionization molecular-beam mass spectrometry. Experiments were conducted 
at an absolute pressure of 5 bar to mimic conditions more relevant to combustion systems but still allowing for 
the exploration of reaction kinetics and pathways in a controlled environment. The experimental work is sup
ported by kinetic modeling using our in-house DLR Concise mechanism to gain deeper insights into OME1-3 
combustion chemistry and highlight the controlling pathways. Kinetic modeling with two additional literature 
mechanisms was also employed to complement the findings. The measurements at constant carbon flow and 
similar conditions enable a systematic analogy among the three studied OMEs. The results reveal preferred 
formation of small C1–C2 hydrocarbons and oxygenates such as formaldehyde and methyl formate as combustion 
intermediates. Formation of methanol and formic acid was also observed during oxidation of all three OMEs, but 
the latter in significantly higher concentrations for both longer-chain OMEs. OME1 shows only low reactivity in 
the low-temperature chemistry (LTC) regime, while the two larger OMEs have a higher reactivity in the LTC 
regime and also show a negative temperature coefficient behavior at the studied conditions. In line with previous 
reactor studies at atmospheric pressure, the reactivity of OME2 and OME3 is also similar at 5 bar, but is clearly 
distinguishable from OME1. This work not only enhances our understanding of the fundamental chemistry un
derlying the oxidation mechanisms of OMEs, but also underscores their potential as cleaner fuel alternatives.

1. Introduction

Oxymethylene ethers (OMEs), also known as polyoxymethylene 
dimethyl ethers (POMDMEs), are especially emerging as promising 
alternative fuels for compression ignition engines that offer a sustainable 
and efficient solution to the challenges of conventional fossil diesel fuels 
[1]. Composed of carbon, hydrogen, and oxygen, OMEs can be synthe
sized from renewable resources, making them an environmentally 
friendly option [2]. Their unique chemical structure (CH3O–(CH2O)x- 
CH3) with no direct carbon–carbon bonds allow for lower emissions, 
especially in terms of particulate matter (PM) and nitrogen oxides (NOx) 
[3], which are critical for reducing air pollution and combating climate 
change. OMEs can be blended with existing diesel fuels or used in 
advanced combustion engines, enhancing their versatility and 

integration into the current energy systems. Research into their prop
erties and performance has shown that they can contribute to cleaner 
transportation and energy generation [1], aligning with global efforts to 
transition to more sustainable energy sources. As the demand for cleaner 
fuels grows, OMEs stand out as a viable candidate, paving the way for a 
sustainable society.

Understanding the combustion and oxidation mechanisms of OMEs 
is essential for optimizing fuel performance in various applications. 
Besides global combustion parameters, i.e., ignition delay times (IDTs) 
and flame speeds, especially detailed quantitative species measurements 
under controlled combustion environments are of crucial interest for 
development and validation of chemical kinetic mechanisms. In the last 
years, many studies have explored the formation of intermediates and 
the chemical kinetics involved in the low- and high-temperature 
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oxidation processes of OMEs under ambient pressure, but species mea
surements for oxidation at elevated pressures are limited to some studies 
for OME1 [4–10], also known as dimethoxymethane (DMM), and one 
study for OME2 [10]. The experimental speciation study of dimethyl 
ether (DME), OME1, and OME2 by Lindner et al. was conducted for 
pyrolysis and oxidation (three equivalence ratios of 0.5, 1.0, and 2.0) 
between 975 and 1400 K in a single-pulse shock tube at 16 bar [10]. In 
our previous works, Gaiser et al. systematically studied the combustion 
of a series of OMEs up to OME5 in atmospheric flow reactors [11,12] and 
in low-pressure flames [13] by electron-ionization molecular-beam mass 
spectrometry (EI-MBMS) and photoelectron photoion coincidence 
(PEPICO) spectroscopy. With these investigations, the isomers ethanol 
(C2H5OH) and dimethyl ether (CH3OCH3) were identified, separated, 
and quantified by PEPICO spectroscopy revealing its formation was 
underestimated by available chemical kinetic mechanisms. Pyrolysis 
and oxidation of OME2 was intensely studied by De Ras et al. in flow 
reactors [14,15], rapid compression machine (RCM) [14], and in cool 
flames [16] with additional mechanism development and a special focus 
on the role of carbenes. Their flow reactor speciation measurements 
were conducted under pyrolytic conditions at elevated pressures of 
3.4 bar [14] and 1.5 bar [15]. Recently, De Ras et al. also investigated 
the pyrolysis of larger OMEs (OME3-5) theoretically and experimentally 
[17,18]. In the pyrolysis of OME3, species measurements in tubular re
actors at 1.5 bar (850–1150 K) and 3.4 bar (373–1073 K) have shown 
that OME1, OME2, and formaldehyde (CH2O) are the main products of 
thermal decomposition at low temperatures, while H2, CO, and CH4 are 
dominant products at high temperatures [18]. Oxidation of OME1–3 was 
studied in a jet-stirred reactor (JSR) by Wang et al. and their results 
showed that both OME2 and OME3 have a strong low-temperature 
oxidation reaction and a weak negative temperature coefficient (NTC) 
behavior [19]. Another JSR study of OME1-3 showed for pyrolysis at 
1.03 atm and for temperatures between 450 and 1080 K that reactivity 
increases from OME1 to OME3 [20]. For OME3 oxidation, quantitative 
species profiles were also measured at atmospheric pressure in a JSR by 
gas chromatography [21] and in a low-pressure laminar flame by 
photoionization molecular-beam mass spectrometry [22]. In a flow 
reactor oxidation study, it was experimentally shown and corroborated 
by chemical kinetic modeling that OME3 (blended to toluene) leads to 
larger production of polycyclic aromatic hydrocarbons (PAHs) 
compared to neat toluene below 1050 K, but has an inhibiting effect on 
PAH formation at higher temperatures [23]. Very high-pressure condi
tions of up to 100 atm were studied for OME1 in a JSR by Mei et al. 
showing that NTC behavior becomes weaker at 100 atm compared to 
10 atm [4]. Marrodán et al. investigated the high-pressure oxidation of 
neat OME1 [5] and OME1/C2H2 mixtures [6] in a flow reactor at 20, 40, 
and 60 bar and found that OME1 enhances the C2H2 reactivity under 
lean conditions [6]. For OME1, Sun et al. have also studied its oxidation 
in a JSR at higher pressures of 10 atm and developed a kinetic model [7]. 
Under their investigated conditions, they have not observed noticeable 
low-temperature reactivity [7]. Concentration profiles in a JSR were 
also measured by Daly et al. for OME1 oxidation at 5.07 bar with gas 
chromatography analysis and they postulated two surface-catalyzed 
reactions in OME1 decomposition at temperatures below 800 K to 
yield formaldehyde + dimethyl ether (OME1 → CH2O + CH3OCH3) and 
methanol + acetaldehyde (OME1 → CH3OH + CH3CHO) [8]. Vermeire 
et al. investigated the oxidation and pyrolysis of OME1 at low to inter
mediate temperatures (500–1100 K) in a JSR and by kinetic modeling at 
near atmospheric pressure of 1.07 bar [24]. In a high-pressure shock- 
tube, species measurements were carried out by Herzler et al. for a CH4/ 
OME1/air mixture with an equivalence ratio of 10 at 30 bar [9]. Peukert 
et al. also measured the temperature-dependent (1100–1430 K) 
composition of the stable reaction products from the thermal decom
position of OME1 at 1.2–2.5 bar in a shock tube [25]. Additionally, they 
have determined high-temperature rate constants for overall decompo
sition of OME1 [25].

Comprehensive chemical kinetic mechanisms, which include 

detailed low- and high-temperature chemistry of OME1–3, were devel
oped by Cai et al. [26], He et al. [27], Shrestha et al. [28], Wang et al. 
[19], Dinelli et al. [29], and Kathrotia et al. [30]. The mechanism of Cai 
et al. [26] was developed for OME2–4 chemistry by an automatic reac
tion class-based mechanism generator with adopted reaction classes and 
rate rules from an OME1 sub-mechanism of Jacobs et al. [31]. He et al. 
developed a mechanism for OME3 in a systematic and hierarchical way 
based on ab initio/DFT studies on OME1 and established rate rules from 
the literature [27]. The mechanism by Shrestha et al. [28] is constructed 
hierarchically and is based on their previous sub-mechanism of OME1 
[32] and the work of He et al. [27] for the additional sub-mechanisms of 
OME2 and OME3. The detailed OME1–3 model of Wang et al. is developed 
based on a previous pyrolysis model [20] and monomolecular dissoci
ation reaction of OME1–3 and H-abstraction reaction by CH3/H radicals 
[19]. Dinelli et al. developed a lumped mechanism for OME2–5, which 
was constructed hierarchically with a novel methodology based on the 
coupling between the systematic construction of a semi-detailed mech
anism employing reaction classes and rate rules, and a data-driven 
optimization for the refinement of the reaction rates of the different 
classes [29]. In the semi-detailed OME0–5 mechanism of Kathrotia et al. 
[30], reaction rates of higher OMEs were determined from analogy of 
OME1 and implemented in the previous published DLR Concise [33] for 
hydrocarbon combustion.

In this study, we have investigated the oxidation of OME1, OME2, 
and OME3 at 5 bar in a new laminar plug-flow reactor by electron- 
ionization molecular-beam mass spectrometry between 473–1123 K to 
gain insights into their combustion chemistry at elevated pressures. The 
experimental results of OME1-3 were supported by kinetic modeling 
results from a recently published lumped OME mechanism of the CRECK 
Modeling Group [29], our own semi-detailed mechanism DLR Concise 
for OME low- and high-temperature chemistry [30] that was updated in 
this work, and additionally for the OME1 measurements the mechanism 
of Jacobs et al. [31].

2. Methods

2.1. Experiment

Oxidation of OME1 (C3H8O2), OME2 (C4H10O3), and OME3 
(C5H12O4) was studied in a new elevated-pressure plug-flow reactor at 
lean and rich conditions with equivalence ratios (Φ) of 0.8 and 1.2, 
respectively. OME1 with a purity of 99% was purchased from Merck, 
while OME2 and OME3 were purchased from ASG Analytik with a purity 
of 98% each. The purity of OME2 and OME3 was checked with gas 
chromatography-mass spectrometry (GC–MS) before use and a purity of 
at least 98% was confirmed. For all investigated conditions, the same 
total carbon flow of 5 sccm was used and the reactor was operated at an 
absolute pressure of 5 bar. Measurements were carried out under a very 
high argon dilution (>99%) and for oven temperatures of 473 to 1123 K 
to cover low- and high-temperature oxidation. These temperatures 
correspond to residence times of 3.47 to 8.59 s in the heated oven zone 
of the reactor. Exact flow conditions are summarized in Table 1. The 

Table 1 
Inlet flow conditions and investigated temperature ranges for the performed 
oxidation studies of oxymethylene ethers.

Oxymethylene ether OME1 OME2 OME3

Equivalence ratio 0.8 1.2 0.8 1.2 0.8 1.2

Fuel / sccma 1.67 1.25 1.00
O2 / sccma 8.34 5.55 7.81 5.21 7.50 5.00
Ar / sccma 989.74 989.74 989.74
C/O ratio 0.250 0.347 0.258 0.353 0.263 0.357
C/H ratio 0.375 0.400 0.417
Pressure / bar 5 5 5
Temperature / K 473–1123 473–1123 473–1123

a sccm: standard cubic centimeters per minute at 1 atm and 273.15 K.
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high dilution with the inert gas argon suppresses additional heat release 
from self-sustainable combustion. For comparable conditions to our 
previous OME oxidation flow reactor studies at atmospheric pressure 
[11,12,34], the same equivalence ratios of 0.8 and 1.2 were chosen, but 
the total carbon flow was reduced (5 sccm compared to 50 sccm in [11]) 
to account for the lower total flow in the new elevated-pressure flow 
reactor (1 slm compared to 10 slm).

To prevent catalytic wall reactions at high temperatures, the reactor 
consists of a quartz tube with an inner diameter of 8 mm and a length of 
1500 mm, which is enclosed in a heat-resistant stainless-steel tube as a 
pressure shell and mounted in a split tube furnace (Carbolite Gero) with 
a heated length of 1040 mm. This furnace is also used in our actual at
mospheric pressure setup [35]. A specially-designed expansion chamber 
connects the reactor to the EI-MBMS system and is operated at reduced 
pressure of 300 mbar. The pressure inside the reactor is automatically 
regulated by an expansion valve downstream. A sample behind this 
expansion valve at the end of the transfer line is withdrawn by a quartz 
nozzle and transferred into the ionization chamber of the reflectron 
time-of-flight mass spectrometer (RTOF-MS) through an additional two- 
stage expansion reducing the pressure to about 3•10-5 mbar. This 
quenching process forms a molecular beam and preserves the actual gas 
composition at the time of sampling. The used EI-MBMS system allows 
determination of the exact elemental composition and species profiles of 
reactants, intermediates, and products are obtained as function of the 
oven temperature. The setup enables continuous temperature ramp 
measurements with one data point representing a temperature change of 
about 2.5 K. More information about the spectrometer system is given 
by Oßwald and Köhler [36]. A schematic of the new elevated-pressure 
plug-flow reactor system is presented in Fig. 1 together with a photo 
of the sampling nozzle, which protrudes into the transfer line. The new 
reactor was also used recently to study the oxidation of the two oxy
genates ethyl tert-butyl ether (ETBE) and methyl tert-butyl ether (MBTE) 
at 5 bar [37].

All gases and the liquid fuels were metered by Coriolis mass flow 
controllers (Bronkhorst mini CORI-Flow) with high accuracy of ± 0.5% 
(gas) and ± 0.2% (liquid) of the actual flow rate. The oxymethylene 
ethers were vaporized at temperatures of 30◦C (OME1), 70◦C (OME2), 
and 120◦C (OME3) in a commercial vaporizer (Bronkhorst CEM W- 
101A) with argon as the carrier gas and mixed at the reactor inlet with 
oxygen. The fuel line and the reactor inlet and outlet, i.e., the parts of the 
reactor that are outside of the oven chamber, were heated up to 120◦C to 
prevent any condensation.

The flow reactor was designed to approximate laminar plug flow 
with a flow rate of 1000 sccm at pressures and temperatures up to 20 bar 

and 1173 K, respectively. Fig. 2 shows according to Taylor [38] and Aris 
[39] the axial dispersion Peax

-1 , i.e., the reciprocal of the axial Péclet 
number, which is correlated with the molecular Péclet number Pem for 
five different temperatures. The calculated values are close to the min
imum of the curve, which represents ideal plug-flow behavior, and are 
also comparable to other laminar plug-flow reactors operated at 
elevated pressures, e.g., Rasmussen et al. [40] or Hoener et al. [41].

The temperature profiles needed as input for kinetic modeling were 
measured by a thermocouple at four different oven temperatures (573, 
773, 973, and 1173 K) with an argon flow of 1000 sccm. Individual 
temperature profiles for other oven temperatures were then calculated 
from a scaling law according to the procedure described by Oßwald and 
Köhler [36], whereby the measured profile at 773 K was used as the 
reference: 

T(x)[K] =
(
Tref(x) − T0

)
•

1.005 • TOven − 4.0608K − T0

Tref(850mm) − T0
+T0 (1) 

In this equation, T(x) is the gas temperature at a reactor position x for a 
given oven temperature TOven, Tref(x) is the measured gas temperature at 
the reactor position x for an oven temperature of 773 K, T0 is the inlet 
gas temperature, Tref(850 mm) is the reference temperature measured 
for an oven temperature of 773 K at an reactor position of 850 mm 
within the isothermal oven zone, and the two constants are calculated 
from a temperature ramp measurement with the thermocouple placed at 
a reactor position of 850 mm to correct for thermal inertia of the system. 
Measured and scaled temperature profiles are presented in Fig. 2. The 
flow reactor has a long isothermal zone of about 800–900 mm length.

Quantitative mole fraction profiles of reactants, products, and com
bustion intermediates were determined for the oxidation of OME1, 
OME2, and OME3 according to the procedure described in [36]. Un
certainties of the measured mole fractions depend on the individually 
used calibration method and are up to 20% for main species (obtained 
from the element balance, i.e., an internal calibration strategy) and up to 
30% for directly calibrated intermediate species. For species which were 
quantified by the relative ionization cross section (RICS) method [42], 
the uncertainty is at least 50%, but can also increase up to a factor of 2–4 
for labile species. The absolute uncertainty of the temperature, i.e., x- 
axis in the species mole fraction profiles, is ±20 K [36].

2.2. Modeling

Two recently published kinetic models were used for comparison to 
the measured elevated-pressure plug-flow reactor data sets of OME1, 

Fig. 1. Schematic of the new elevated-pressure plug-flow reactor coupled to a molecular-beam mass spectrometry system and a photo of the transfer line and the 
sampling nozzle.
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OME2, and OME3. The first one is a compact, lumped mechanism with a 
C0-C3 core mechanism, literature sub-mechanisms for DME and OME1, 
and sub-mechanisms of OME2–5 developed by rate rules and optimiza
tion [29]. This mechanism from the CRECK modeling Group is hereafter 
named POLIMI. The second mechanism is our in-house DLR Concise, 
which is a semi-detailed mechanism for jet fuel surrogates [33] that was 
recently updated for oxygenated fuels including OME0–5 [30]. Both 
mechanisms were extensively validated against IDTs, flame speeds, and 
species measurements. For OME1, a third mechanism from the work of 
Jacobs et al. [31] was additionally used since its OME1 sub-mechanism 
was also implemented into the POLIMI mechanism of Dinelli et al. [29]. 
Zero-dimensional plug-flow simulations were done for our measured 
conditions in both Cantera [43] and Chemical Workbench [44] by using 
the temperature profiles obtained from equation (Eq1) with temperature 
intervals of 10 K, and are cross-validated. The use of former is specif
ically to perform brute-force sensitivity analyses unavailable in the latter 
software. Temperature profiles are provided in the supplementary ma
terial together with the experimental mole fraction profiles.

In this work, few changes have been undertaken in DLR Concise [20]
to reduce the sharp NTC behavior shown in model but not observed in 
the new experiments at elevated pressure of 5 bar. The most sensitive 
reaction found for such sharp NTC is the reaction (R1):

s-OMEx-OO → OMEx-CY6 + OH (where x = 1–5)                          (R1)

OMEx-KET → A + B + OH (where x = 2–5)                                  (R2)

OMEx + HO2 = p-OMEx*-1 + H2O2 (where x = 2–5)                     (R3)

DME-1OO = 2 COCO* + O2 (product updated)                             (R4)

OMEx = CO(CO)yCO* + OME(x-y-2)*-1                                          (R5)

(x = 2–5; for each x, corresponding y = 0,1,…,x-2)                              

To further improve the prediction quality in the NTC range, the re
actions (R2)–(R5) were also revised, albeit only capturing small effects. 
The resulting mechanism (hereafter referred to as the updated DLR 
Concise) is used in the present work for reaction pathways, sensitivity 
analyses, and the plug-flow simulations of the experiments. The re
actions (R1)–(R5) along with their modified reaction rates are listed in 
Table S1 of the supplementary material.

3. Results and discussion

3.1. Main species and general fuel reactivity

To get a general overview on the different reactivities of the three 
studied OMEs, Fig. 3 shows the measured mole fraction profiles of the 
main species, i.e., the fuel (OME1, OME2, or OME3), oxygen (O2), carbon 
monoxide (CO), carbon dioxide (CO2), hydrogen (H2), and water (H2O), 
for the lean condition with equivalence ratio of 0.8. This figure also 
shows comparisons between the experimental results and the modeling 
results of the mechanisms POLIMI [29], Jacobs [31] (only for OME1), 
and DLR Concise (original [30] and updated model). The shaded areas 
represent the experimental uncertainties of 20% for main species. Mole 
fraction profiles of the main species for the rich condition with equiv
alence ratio of 1.2 are presented in Fig. S1 in the supplementary mate
rial. Unless otherwise stated, the following discussion refers to the lean 
condition.

Since the flow rates were adjusted to have the same amount of car
bon in the system under all studied conditions, the inlet mole fractions of 
the three fuels are obviously different and the C/H ratios also differ. As 
seen in Table 1, they increase from OME1 to OME3. Under the same 
studied equivalence ratio, the C/O ratios show the same trend (see also 
Table 1). OME1 starts to decompose very slowly at about 550 K and more 
rapidly above 800 K, where also O2 consumption starts (see Fig. 3). The 
fuel OME1 is then totally consumed above 850 K. The POLIMI model 
captures the decomposition of OME1 quite well, but does not reproduce 
the low-temperature reactivity below 800 K (clearly visible in interme
diate species profiles of oxygenates discussed below in section 3.2). In 
contrast, the DLR Concise shows significant reactivity below 800 K, 
leading to an NTC behavior that is neither observed in the experiment 
nor in the predictions of the POLIMI. The OME1 sub-mechanism, 
including the pressure-dependent reactions of the POLIMI model [29], 
was adopted from the work of Jacobs et al. [31], as described in [45], 
and is not accounted for in the low-temperature chemistry of DLR 
Concise. This may explain the stronger pronounced OME1 decomposi
tion in the DLR Concise simulation. The Jacobs mechanism also shows 
no NTC behavior and best predicts the initial OME1 conversion at 
around 650 K, but is slightly faster than the POLIMI model above 750 K. 
In general, the differences between the two models are small and could 
be attributed to the different C0–C1 base chemistry. Sun et al. have 
studied the oxidation of OME1 at 10 atm in a jet-stirred reactor and have 
also not observed obvious low-temperature chemistry [7]. However, 
their data is quite well reproduced by the DLR Concise model [30].

In comparison to OME1, OME2 and OME3 show higher reactivity and 
already start to decompose at 550–560 K. Both of them show high 

Fig. 2. Axial dispersion correlated with the molecular Péclet number (left) and temperature profiles of the new elevated-pressure plug-flow reactor (right).
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reactivity especially in the low-temperature chemistry (LTC) regime and 
an NTC behavior between 595–670 K (OME2) and 610–690 K (OME3), 
respectively. However, if the uncertainties of 20% in the fuel mole 
fractions and ±20 K in the oven temperatures are taken into account, 
OME2 and OME3 have a similar reactivity. This is consistent with our 
previous detailed analysis performed at atmospheric conditions in a flow 
reactor and also in different combustion setups [30], according to which 
the reactivity of OME0 and OME1 are distinguishable from higher OMEs 
but no distinction is seen for OME2-5. The NTC is also predicted by the 

POLIMI model, but is weaker pronounced than in the experiments. For 
OME3 simulations, the fuel decomposition is slightly shifted to smaller 
temperatures.

In the predictions of the original DLR Concise, the low-temperature 
oxidation process of OME2 and OME3 are too much pronounced, 
which was found due to the selected reaction rate of reaction (R1). Due 
to their weak rate, the accelerating low-temperature branch competes 
with decelerating providing stronger NTC behavior. That is, the rate of 
reaction (R1) influences the branching between cyclic ethers and 

Fig. 3. Experimental (symbols) and simulated (lines) mole fraction profiles of major species (fuel, O2, CO, CO2, H2, H2O) for lean oxidation (Φ = 0.8) of OME1 (left), 
OME2 (center), and OME3 (right). Shaded areas are the experimental uncertainties of the mole fraction (y-axis), while absolute uncertainty of the temperature (x-axis) 
is ±20 K in the experiment.

T. Bierkandt et al.                                                                                                                                                                                                                              Fuel 420 (2026) 138937 

5 



ketones from OMEx-QOOH radical decomposition. We updated the rate 
of this reaction including few small changes as listed before (see section 
2.2). The result is a preferential formation of cyclic ethers, which in
hibits the global reactivity [30] and lead to less pronounced LTC. With 
these changes, the experimental profiles of the fuels OME2 and OME3 are 
well reproduced by the updated model whereas mole fractions of OME1 
are within the experimental uncertainties. The effect is stronger pro
nounced for OME2 and OME3 compared to OME1 and has also a 
particularly large impact on formation of intermediates at low 

temperatures (see section 3.2).
At lean conditions, CO and H2 are intermediates which are fully 

oxidized to CO2 and H2O at the reactor outlet for higher oven temper
atures. For the other studied equivalence ratio, incomplete combustion 
is observed (see Fig. S1) and CO and H2 are also detected at the highest 
oven temperature of 1123 K. All models can predict within the mea
surement uncertainty the product composition at these highest oven 
temperatures. Note that the different yields of H2O reflect the different 
C/O and C/H ratios of the three OMEs as mentioned before (see Table 1).

Fig. 4. Experimental (symbols) and simulated (lines) mole fraction profiles of intermediate species (CH4, C2H4, CH2O, CH3OH, HOCHO, CH3OCHO) for lean 
oxidation (Φ = 0.8) of OME1 (left), OME2 (center), and OME3 (right). Shaded areas are the experimental uncertainties of the mole fraction (y-axis), while absolute 
uncertainty of the temperature (x-axis) is ±20 K in the experiment.
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3.2. Intermediate species and reaction path analysis

To further discuss the decomposition steps of OMEs, a deeper look 
into the formed species pool during their oxidation is necessary. 
Therefore, Fig. 4 shows the mole fraction profiles of the two small hy
drocarbons methane (CH4) and ethylene (C2H4) and the four oxygenates 
formaldehyde (CH2O), methanol (CH3OH), formic acid (HOCHO), and 
methyl formate (CH3OCHO). These species were detected under our 
investigated conditions in highest mole fractions on the order of 10-5–10- 

3 (10–1000 ppm). Formation of ethane (C2H6) and C2H6O was also 
observed (see mole fraction profiles in the supplementary material). 
Compared to hydrocarbons with equivalent carbon number, the overall 
detectable species pool is generally small for OME combustion. With the 
exception of formic acid, all other intermediate species presented in 
Fig. 4 were directly calibrated. The calibration factor of formic acid was 
determined by the RICS method with ethanol as the reference species as 
was also done in previous work [11]. The displayed measurement un
certainties are at least 50% for formic acid and 30% for all other in
termediates presented in Fig. 4. For the other studied equivalence ratio 
of 1.2, the intermediate species mole fraction profiles are presented in 
Fig. S2 of the supplementary material.

3.2.1. Insights into OME1 reaction chemistry
For OME1, the POLIMI and the Jacobs model can reproduce the 

general profile shape and also the absolute quantities of the detected 
intermediates quite well as seen in Fig. 4. There are only larger dis
crepancies for methanol and formic acid. The latter is mainly formed 
from formaldehyde via reactions (R6) and (R7) and the observed dif
ferences, i.e., the underprediction by the POLIMI and the overprediction 
by the Jacobs model, can be attributed to large differences in the rate of 
reaction (R6). The DLR Concise model overpredicts the reactivity in the 
LTC regime but can also satisfactorily predict the profiles at the higher 
temperatures. Slightly above 550 K, the methanol signal starts 
increasing in the experiment under lean conditions which is not covered 
by the models. Principally, methanol can be formed early from reaction 
channels where the methoxy radical is involved according to reactions 
(R8) and (R9), where OME1-R is the primary or secondary fuel radical. It 
is conceivable that methanol is directly formed from unimolecular 
decomposition of OME1 according to the roaming reaction (R10), which 
plays an important role in OME1 chemistry. Yu et al. have shown that 
this reaction is initiated by H migration to yield methanol and 
methoxymethylene (CH3OCH), which can further dissociate at small 

excess energies to CH3 and HCO radicals [46].

CH2O + OH = HOCH2O                                                               (R6)

HOCH2O = HOCHO + H                                                              (R7)

HO2 + CH3O = O2 + CH3OH                                                       (R8)

CH3OCH2OCH3 (OME1) + CH3O = OME1-R + CH3OH                   (R9)

CH3OCH2OCH3 (OME1) → CH3OH + CH3 + HCO                       (R10)

Nevertheless, more important stable combustion intermediates in 
OME1 oxidation besides methanol are formaldehyde (CH2O) and methyl 
formate (CH3OCHO) as seen from the reaction path analysis in Fig. 5
obtained with the updated DLR Concise mechanism. It shows the main 
carbon flow under the investigated lean conditions for a temperature of 
700 K (about 25% fuel conversion where the updated DLR Concise 
mechanism still shows an NTC behavior) and a reactor length of 
1300 mm (end of the isothermal section of the flow reactor). OME1 
decomposition is majorly initiated by H-abstraction reaction with OH 
radicals to yield equally primary (OME1*-1) and secondary fuel radicals 
(OME1*-3), while minor unimolecular decomposition of OME1 is over 
(R10). This is apparent because, at such low temperatures, thermal 
decomposition is not expected to be dominant.

Both fuel radicals contribute to formation of formaldehyde showing 
its importance in OME oxidation. The primary fuel radical directly de
composes by β-scission to CH2O and the dimethyl ether radical (R11), 
which is also a direct source of formaldehyde over reactions (R12) and 
(R13) or through low-temperature oxidation pathways over the 
methoxymethyl-peroxy radical (DME*-1OO). The secondary fuel radical 
decomposes by β-scission reaction to yield methyl formate and methyl 
radicals (R14):

CH2OCH2OCH3 (OME1*-1) = CH2OCH3 (DME*-1) + CH2O         (R11)

CH2OCH3 (DME*-1) = CH3 + CH2O                                           (R12)

CH2OCH3 (DME*-1) + O2 → OH + 2 CH2O                                 (R13)

CH3OCHOCH3 (OME1*-3) → CH3OCHO + CH3                           (R14)

Fig. 5. Reaction path analysis at 700 K (25% fuel conversion) and a reactor length of 1300 mm for lean oxidation (Φ = 0.8) of OME1 obtained with the updated DLR 
Concise mechanism. Thickness of arrows represent the carbon flux and indicate the main consumption pathways. Percentages next to arrows give the contribution of 
individual decomposition rates of a species. Only carbon fluxes higher than 10% are shown.
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3.2.2. Larger oxymethylene ethers: OME2 and OME3
For the two larger OMEs, signals of all oxygenated species displayed 

in Fig. 4 rises steeply at temperatures of 550–570 K due to the observed 
low-temperature oxidation. Compared to the DLR Concise model, the 
POLIMI model shows distinct peak around 550 K in formaldehyde pro
files of OME2 and OME3 which are not seen in the measurements. The 
reaction pathways for OME2 and OME3 are shown in Fig. 6 and Fig. S3 
for a temperature of 700 K corresponding to a fuel conversion of about 
40 and 50%, respectively. While the formation of the secondary fuel 
radical was slightly favored in OME1 oxidation, there is a change in the 
dominant reaction pathways for the formation of the primary fuel 
radical in OME2 and OME3. In contrast to alkanes, the formation of 
primary radicals in OME combustion is generally more dominant 
compared to secondary radicals due to the weak C-O bond. Additionally, 
the low-temperature chemistry at the secondary position is successfully 
completed by low energy barrier of reaction forming formic acid esters 
such as methyl formate in OME2 [30].

Methyl formate is a key intermediate species in OME oxidation and is 
directly formed from the secondary fuel radicals as β-decomposition 
product under lower and higher reaction temperatures. This formation 
pathway explains the high concentrations of methyl formate above 
750 K. In the low-temperature regime, methyl formate is also a 
branching product from QOOH-type radicals. The prediction of methyl 
formate is slightly better with the POLIMI model for the high- 
temperature route (second peak in the mole fraction profile of methyl 
formate), where the modeling results well reproduce both the measured 
mole fraction and the peak position.

With OME2 and OME3 as the fuel, we were also able to detect the 
methyl hydroperoxide (CH3O2H), a branching agent formed from 
hydrogen abstraction on the fuel by methyl peroxy radicals (CH3O2) or 
from reaction of hydroperoxyl radicals (HO2) with CH3O2:

CH3O(CH2O)2CH3 (OME2) + CH3O2 = OME2-R + CH3O2H          (R15)

CH3O(CH2O)3CH3 (OME3) + CH3O2 = OME3-R + CH3O2H          (R16)

HO2 + CH3O2 = CH3O2H + O2                                                   (R17)

Methyl hydroperoxide peaks at 580–590 K with maximum mole 
fractions of 1.4•10-5 and 6.1•10-6 during lean oxidation of OME2 and 
OME3, respectively (see mole fraction profiles in the supplementary 
material). This elusive species decomposes when the temperature rises 
mainly to hydroxyl (OH) and methoxy (CH3O) radicals (R18), where the 
methoxy radical is then a source of H radicals (R19):

CH3O2H = OH + CH3O                                                              (R18)

CH3O(+M) = CH2O + H(+M)                                                    (R19)

Mole fraction of formic acid is significantly higher in OME2 und 
OME3 oxidation compared to OME1 (more than a factor of 10 in the 
experiment). It can be formed via formaldehyde according to reactions 
(R6) and (R7). Especially at increasing temperatures, formation of for
mic acid is noticeably underpredicted by both models (POLIMI and DLR 
Concise) and more investigations are necessary to identify potential 
missing formation pathways not included in the mechanisms.

At higher temperatures, hydrocarbon species are also detected, but 
not larger than C2 even under rich conditions. Ethane is typically built- 
up on methyl radical recombination reaction. Peak positions of methane 
and ethylene are predicted by both models very well, but the absolute 
mole fraction of C2H4 is still underestimated by the updated DLR Concise 
model for the larger OMEs. Since ethylene is a decomposition product of 
ethane, this species is also underestimated by the DLR Concise model 
(not shown here). Overall, the POLIMI model predicts better the 
measured elevated-pressure OME species profiles, but is also not fully 
able to capture all species profiles. One potential factor contributing on 
the better performance of the POLIMI model might be the included 
pressure-dependent rate constants for the low-temperature oxidation of 
OME1 from the work of Jacobs et al. [31]. Nevertheless, both the POLIMI 
and the updated DLR Concise mechanisms can predict the key species in 
OME oxidation satisfactorily for the investigated conditions at elevated 
pressure of 5 bar.

Fig. 6. Reaction path analysis at 700 K (40% fuel conversion) and a reactor length of 1300 mm for lean oxidation (Φ = 0.8) of OME2 obtained with the updated DLR 
Concise mechanism. Thickness of arrows represent the carbon flux and indicate the main consumption pathways. Percentages next to arrows give the contribution of 
individual decomposition rates of a species. Only carbon fluxes higher than 10% are shown.
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3.3. Sensitivity analysis

Reactions sensitive to fuel conversion of all three OMEs are shown in 
Fig. 7 for flow reactor conditions similar to those in the reaction 
pathway analyses (Fig. 5, Fig. 6, and Fig. S3). The brute-force sensitivity 
(σ) with the updated DLR Concise mechanism is carried out where we 
investigate shift of first local maximum (max1) for each fuel (OME1–3) 
around 700 K in the flow reactor. Here, positive sensitivity represents 
decrease in fuel consumption thereby slowing reactivity and negative 
sensitivity represents increased fuel consumption thereby accelerating 
effects on global reactivity.

At moderate temperatures and high pressures, stabilization of H and 
O2 to form hydroperoxyl (HO2) via reaction H + O2 → HO2 is favored to 
chain branching. Thus, the role of the peroxy radical is apparent, where 
the reaction forming and consuming HO2 radicals, and is sensitive to all 
three fuels studied. At around 700 K (in the NTC regime), the reactions 
leading to primary radicals from OMEs (Fig. 5, Fig. 6, and Fig. S3) are 
most sensitive to the temperature change. The H-abstraction of fuel to 
primary radical (with OH and HO2) are responsible for the increased 
reactivity which are shown in Fig. 7 with negative sensitivity.

At lower temperatures and NTC conditions, all OMEs produce DME*- 
1 (CH3OCH2) from primary fuel radicals (p-OMEx-1) involved in the 
process (Fig. 5, Fig. 6, and Fig. S3). The DME*-1 then reacts with O2 
forming DME*-1OO in accelerating branch leading to OH radicals. Thus, 
this reaction shows negative sensitivity for all OMEs. Whereas, the 
β-scission of the QOOH radical forming one hydroxyl radical and two 
formaldehyde molecules (DME*-1OOH-3* → 2 CH2O + OH), or cyclic 
ethers (OMEx-1OOH-5* → OMEx-CY6A + OH) is a degenerate branch 
showing positive sensitivity. The former competes with accelerating 
reaction DME*-1OOH-3* + O2 or with CH2O + OH → HCO + H2O 
consuming formaldehyde. The reactions consuming secondary fuel 
radical (OMEx*-3) via β-scission shows opposite sensitivity forming 
either methyl radical or methyl formate. At intermediate temperatures, 
the methyl radical reacts to form a methyl peroxy radical (CH3 + O2 + M 
→ CH3O2 + M), which is a major sink for CH3 and is a degenerate 
channel giving positive sensitivity. The formation of methyl formate 
from secondary radical has very low energy barrier and persists even at 
low temperatures giving increased reactivity.

A sensitivity analysis was also carried out with the POLIMI mecha
nism under comparable conditions, i.e., at around 700 K, and is 

presented in Fig. S4 of the supplementary material. Since this mecha
nism shows no NTC behavior for OME1, the sensitivity analysis was only 
performed for the two larger OMEs (OME2 and OME3). With the POLIMI 
mechanism, the H-abstraction reaction of the fuel with OH forms fuel 
radicals and H2O. This reaction shows the highest negative sensitivity 
and promotes reactivity, while the reaction that consumes CH2O and OH 
shows the highest positive sensitivity and inhibits reactivity.

4. Conclusions

The presented study provides valuable insights into the oxidation 
chemistry of three oxymethylene ethers (OME1–3) under elevated- 
pressure conditions, using a novel plug-flow reactor operated at 5 bar 
and temperatures between 473 and 1023 K to cover low- and high- 
temperature oxidation pathways for lean and rich conditions. Through 
a combination of electron-ionization molecular-beam mass spectrom
etry measurements and kinetic modeling with three chemical kinetic 
mechanisms, we successfully identified key combustion intermediates 
such as formaldehyde (CH2O) and methyl formate (CH3OCHO) and 
elucidated their roles in the oxidation pathways of OMEs. Generally, the 
species pool is relatively small compared to hydrocarbon oxidations and 
very similar for all investigated OMEs. Only C1-C2 hydrocarbons 
(methane, acetylene, ethylene, and ethane) were detected, which shows 
the great soot reduction potential of OMEs. Quantitative species profiles 
for oxidation of OME2 and OME3 were measured for the first time, to the 
best of our knowledge, in a flow reactor at elevated pressure. Overall, 
15–20 mole fraction profiles of combustion species for each of the 
studied OMEs are provided. The results show that OME1 has only a low 
reactivity in the low-temperature chemistry regime and no NTC 
behavior, while both OME2 and OME3 have a higher reactivity in the 
LTC regime and additionally show an NTC behavior. As in our previous 
work [30], the larger OMEs show comparable reactivity, which is, 
however, clearly distinguishable from OME1. Our in-house mechanism 
DLR Concise [30] was slightly updated to better predict the newly 
measured species mole fraction profiles at elevated pressure in agree
ment with two other literature mechanisms, which were used without 
any modification. The combination of EI-MBMS and kinetic modeling 
contributes to a better understanding of OME combustion chemistry at 
elevated pressures and lays the groundwork for future studies aimed at 
optimizing the use of OMEs in practical combustion applications, such as 

Fig. 7. Brute-force reaction sensitivity analysis for lean oxidation (Φ = 0.8) of OME1–3 obtained with the updated DLR Concise mechanism.
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in advanced internal combustion engines.
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