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Abstract

A detailed chemical kinetic model for oxidation of CH3CHO at inter-

mediate to high temperature and elevated pressure has been developed and

evaluated by comparing predictions to novel high-pressure flow reactor ex-

periments as well as shock tube ignition delay measurements and jet-stirred

reactor data from literature. The flow reactor experiments were conducted

with a slightly lean CH3CHO/O2 mixture highly diluted in N2 at 600–900 K

and pressures of 25 and 100 bar. At the highest pressure, the oxidation of

CH3CHO was in the NTC regime, controlled to a large extent by the ther-

mal stability and reactions of peroxide species such as HO2, CH3OO, and

CH3C(O)OO. Model predictions were generally in good agreement with the

experimental data, even though the predicted temperature for onset of reac-

tion was overpredicted at 100 bar. This discrepancy was attributed mainly

to uncertainties in the CH3C(O)OO reaction subset. Predictions of igni-

tion delays in shock tubes and species profiles in JSR experiments were also

satisfactory. At temperatures above the NTC regime, acetaldehyde ignition

and oxidation is affected mainly by the competition between dissociation of

CH3CHO and reaction with the radical pool, and by reactions in the methane
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Introduction

Acetaldehyde (CH3CHO) is an important intermediate in combustion of

both fossil fuels and biofuels. Partial combustion of alcohols is known to

form products that include formaldehyde and acetaldehyde, and the increas-

ing use of alcohols in automobile fuels has lead to a growing concern about

aldehyde emissions. Acetaldehyde is also an important intermediate in atmo-

spheric chemistry, where it is formed from photo-oxidation of larger organic

compounds.

Due to its practical importance and the fact that it is recognized as the

simplest prototype for the chemical behavior of most aldehydes, acetalde-

hyde oxidation has been studied extensively. Its low to medium temperature

chemistry (400-1000 K) has been studied in batch reactors [1–11], jet-stirred

reactors [12, 13] and rapid compression machines (RCM) [14]. This chem-

istry is quite complex, giving rise to slow oxidation, cool flames, and ignition,

depending on stoichiometry and pressure. Experimental results obtained in

batch reactors at varying surface to volume ratios indicate that both initi-

ation and branching are heterogeneous in the slow combustion regime [9].

The cool flame/ignition behavior [11, 15–17] and the negative temperature

coefficient (NTC) regime [12–14] have been investigated in a number of mod-

eling studies, and while details are still in question, the overall behavior is

fairly well understood. The NTC chemistry is also governing the oscillatory

behavior observed in non-isothermal systems and reproduced in modeling

studies [17, 18].

The high temperature oxidation regime for acetaldehyde can be defined

to occur roughly at temperatures above 1000 K. Experimental data are avail-
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able from flow reactors [19, 20], jet-stirred reactors [21], shock tubes [22–26],

and laminar premixed [27–29] and counter-flow [14] flames. In addition to

these studies, which all involved chemical kinetic modeling, the mechanism

by Metcalfe et al. [30], developed for C1-C2 hydrocarbons and alcohols, was

shown to provide good results in the high temperature regime for acetalde-

hyde oxidation and ignition.

Results for acetaldehyde ignition and oxidation at elevated pressure are

limited to shock tube data obtained in the 1-5 atm range [21, 22, 25, 26],

and to RCM [14] and jet-stirred reactor [21] data available for pressures of

up to 10 atm. These pressures are significantly below those representative of

engines and gas turbines. The objective of the present study is to develop

and evaluate a detailed chemical kinetic model for oxidation of acetaldehyde

at elevated pressure and temperatures ranging from the NTC region to the

high temperature regime. Experimental data are obtained in a flow reactor

for oxidation of CH3CHO at high pressure (25 and 100 bar) as a function

of temperature (600-900 K) at slightly lean conditions. The model draws

on previous work on the high-pressure, medium temperature oxidation of

small hydrocarbons and alcohols [31–37]. In addition to the present data,

predictions are compared to high pressure data from the literature, obtained

in shock tubes and jet-stirred reactors.

Detailed Kinetic Model

The increased interest in aldehyde chemistry, due to its importance in

combustion of alcohols, has recently lead to significant advances in our un-

derstanding of elementary reactions of acetaldehyde and its derived radicals.
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Theoretical studies, often at high levels of theory, and experimental work

have provided more accurate rate constants for dissociation of CH3CHO,

CH2CHO, and CH3CO [38–44], as well as for several reactions of these species

with the radical pool [40, 45–50]. In addition, the atmospheric implications

have motivated a range of studies on the complex reactions of O2 with CH3CO

[51–58] and CH2CHO [59, 60]; steps that are important for the negative tem-

perature coefficient regime in combustion of acetaldehyde.

A mechanism has been assembled from our recent work on the oxida-

tion chemistry of C1/C2 hydrocarbons and oxygenated compounds at high

pressure [31–37]. The thermodynamic properties for the CH3CHO subset

were mostly drawn from the Burcat database [61], except for CH3C(O)OOH,

CH3C(O)OO, and CH3C(O)O where heats of formation were taken from Seb-

bara et al. [62] and entropy and heat capacity were calculated in the present

work. The Supplementary Material (SM) contains the full model, along with

tables of the thermodynamic data for selected species and the CH3CHO re-

action subset (the numbering refers to this table).

Thermal dissociation of CH3CHO has been characterized experimentally

in a number of shock tube experiments [25, 38–40]. The dominating products

are CH3 and HCO (R1), but also a range of minor channels are active, in-

cluding CH4+CO (+M) (R2), CH2CO+H2 (+M) (R3), and isomerization to

CH2CHOH (R4). For the dominating channel R1, we prefer the rate constant

from Mevel et al. [26], obtained by fitting to a wide range of experimental

data; this value extrapolates better to high pressure and high temperature

than the theoretical result from Sivaramakrishnan et al. [40]. The rate con-

stants for R2-R4 were adopted from the work of Klippenstein and coworkers
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[40, 41, 43].

Hydrogen abstraction from CH3CHO by radicals or by O2 yields CH3CO

or CH2CHO, depending on whether the abstraction occurs from the acetyl

group or from the methyl group. The reaction of CH3CHO with atomic

hydrogen (R5, R6) has been studied over a wide range of temperature [39,

40, 63–65] and data are described well by the rate constants proposed by

Sivaramakrishnan et al. [40]. For the CH3CHO+OH reaction (R9, R10),

accurate experimental data are available for temperatures of 297-1400 K

[45, 46, 50]. Taylor et al. [45] concluded based on primary kinetic isotope

effect measurements that H abstraction from the acetyl group is dominating

at low to modest temperature (≤600 K), while abstraction from the methyl

group dominates at above 860 K. We have adopted the rate coefficients for

the two channels from Wang et al. [50].

For the CH3CHO+O reaction (R7, R8), only low temperature measure-

ments of the overall rate constant are available, and the extrapolation to high

temperature is uncertain. We assume the CH3CO channel (R7) to dominate

at lower temperatures and estimate the rate constant to be equal to that of

the overall reaction, drawn from the evaluation of Baulch et al. [66]. The

CH2CHO channel (R8), which becomes important at higher temperatures,

was estimated by analogy to the corresponding reaction of C2H6. A similar

procedure was used for CH3CHO+CH3 (R15, R16). Baulch et al. [66] based

their evaluation of the overall rate constant on data obtained in relative rate

studies using methyl radical recombination as the reference reaction. How-

ever, their recommended rate constant is in good agreement with the direct

study by Klatt and Wagner [67] at 1100 K. Only indirect determinations of
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CH3CHO+O2 (R13, R14) have been reported. Following Baulch et al. [66]

we assume the overall rate constant to be similar to CH2O+O2.

At medium temperatures, particularly at elevated pressure, H-abstraction

from acetaldehyde by methoxy and by peroxides are important. The rate

constants for CH3CHO + CH3O (R17, R18) was drawn from the calculation

of Zhang et al. [13], with the pre-exponential factor for the CH3CO channel

(R17) adjusted to match the low temperature measurements of Fittschen et

al. [68]. Measurements for the peroxide reactions are scarce and the rate con-

stants were drawn from theoretical work; the reaction with HO2 (R11, R12)

from Altarawneh et al. [48] and with CH3OO (R19, R20) and CH3C(O)OO

(R21, R22) from Zhang et al. [13].

The fate of the acetyl radical (CH3CO) is largely determined by the com-

petition between thermal dissociation and reaction with O2. The dissocia-

tion step, CH3CO(+M)=CH3+CO(+M) (R23), was studied theoretically by

Senosiain et al. [44], who characterized the reaction over a wide range of tem-

perature and pressure. The reaction of the acetyl radical with O2 may yield

the peroxyacetyl radical CH3C(O)OO (R29) or proceed as an H-abstraction

reaction to form CH2CO+HO2 (R30). Competing with these two channels

is an OH-forming pathway [51–55, 57, 58, 69, 69–72], here assumed to be

CH2O+CO+OH (R31). Data for the CH3CO+O2 reaction above 500 K are

scarce. We rely on the calculations by Allen et al. [56] whose rate constants

are in reasonable agreement with observations.

In the ground state, the CH2CHO radical can exist in two mesomeric

structures, with the radical site located on the oxygen (CH2CHȮ, vinoxy) or

on the primary carbon (ĊH2CHO, methylene formyl). The theoretical study
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of Senosiain et al. [44] indicates that the methylene formyl structure is dom-

inant. The fate of the CH2CHO radical is important for the oxidation rate

of acetaldehyde, as well as for other hydrocarbons such as ethylene [30]. Few

reactions of CH2CHO have been characterized experimentally, but similar

to CH3CO the important steps are thermal dissociation and reaction with

O2. The rate coefficients for the thermal dissociation (R36, R37) were drawn

from Senosiain et al. [44]. There is some discussion about the importance of

the CH2CO+H channel (R36) [73, 74], but the branching fraction has only a

small impact on modeling predictions under conditions of the present work.

The CH2CHO+O2 reaction has been studied experimentally in the low-

temperature regime [59, 75–78]. The rate constant and product distribution

are complex functions of pressure and temperature, but according to Delbos

et al. [59] an OH-forming channel, CH2O+CO+OH (R44), dominates above

570 K. We have derived the rate constant from measurements of the OH

channel at room temperature [76, 78] together with the data from Delbos

et al. in the 570-660 K range; there seems to be little pressure dependence

in the investigated range (2-27 bar). The resulting rate constant (Fig. 1) is

significantly faster in the NTC region at low temperature than the calculated

value from Lee et al. [79], used in recent modeling [13, 30].

The peroxyacetyl radical CH3C(O)OO may isomerize to CH2C(O)OOH

(R52) or dissociate to CH2CO+HO2 (R53) [55]. It can also react with per-

oxides or abstract H from stable species, primarily CH3CHO (R19, [13])

and CH2O (R60, [10]). The peroxide-peroxide reactions have been studied

due to their importance in atmospheric chemistry. For the CH3C(O)OO

self-reaction (R63) and CH3C(O)OO+CH3OO (R61, R62), the rate con-
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Figure 1: Arrhenius plot for the OH producing channel of CH2CHO+O2 (R44). The

experimental data are drawn from Lorenz et al. [76], Oguchi et al. [78] and Delbos et al.

[59]. The dashed line depicts the value calculated value from Lee and Bozzelli [79]. The

solid best fit line corresponds to a rate constant of k44 = 1.2E11 exp(-642/T) cm3 mol−1

s−1.

stants were drawn from the evaluation of Atkinson et al. [80]. Also for

CH3C(O)OO+HO2 (R58, R59), we rely on the evaluation of Atkinson et

al. [80] for the overall rate constant, while the branching fraction is drawn

from the recent room temperature study of Gross et al. [57]. The major

uncertainty for these steps is the extrapolation to higher temperature and

pressure. CH3C(O)OOH, formed by abstraction (mainly R21), largely dis-

sociates in a chain branching step (R64) [55]. Also CH3C(O)O dissociates

rapidly to form CH3+CO2 (R67) [81].

Experimental

The experimental setup was a laboratory-scale high-pressure laminar flow

reactor designed to approximate plug flow. The setup is described in detail
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elsewhere [82] and only a brief description is provided here. The system

was used here for investigation of acetaldehyde oxidation at 25 and 100 bar

pressure and temperatures up to 900 K. The reactant gases were premixed

before entering the reactor. The reactions took place in a tubular quartz

reactor with an inner diameter of 8 mm and a total length of 154.5 cm. The

measured temperature profile for the reactor showed an isothermal reaction

zone (±6 K under inert conditions) of 37–39 cm. The residence time in the

isothermal zone was 12–24 s with the flow rate of 2.93 Nliter/min (STP) and

temperatures in the range of 450–900 K. All gases were high purity gases

or mixtures with certified concentrations (±2% uncertainty). Acetaldehyde,

highly diluted in nitrogen, was supplied directly as a reactant from a high-

pressure gas cylinder. The product analysis was conducted by an on-line

6890N Agilent Gas Chromatograph (GC-TCD/FID). For most species, the

relative measuring uncertainty of the GC was in the range of ±10%.

Results and Discussion

Reported results on acetaldehyde ignition and oxidation at elevated pres-

sure are scarce. Ignition delays have been measured in shock tubes [21, 22,

25, 26] and rapid compression machines [14] at pressures up to 10 atm, and

jet-stirred reactor data are also available at pressures of 10 atm [21]. In the

present work, modeling predictions are compared to the novel high pressure

flow reactor data, as well as to the shock tube and JSR results of Dagaut et

al. [21].

Figures 2 and 3 show the results of the experiments in the flow reactor

for slightly fuel-lean mixtures at pressures of 25 and 100 bar, respectively.
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The carbon balance generally closes well within ±20% (see SM). The largest

difference (24%) occurs at 100 bar upon onset of reaction at 525 K; it is

attributed to formation of carbon containing components, which could not

be detected.

Under the investigated conditions, the pressure has a significant impact

on the oxidation behavior for CH3CHO. At 25 bar (Fig. 2), onset of reaction

occurs at 600 K. Carbon monoxide is the main product, with minor amounts

of CH4, C2H4, C2H6 and CO2. There is no NTC regime, but oxidation is

comparatively slow between 600 and 700 K. Modeling predictions are in good

agreement with observations, except for the minor products C2H6 and CO2.

Due to the reactivity of acetaldehyde at low temperature, the temperature

profiles of the reactor, available in SM, were used as input in the simulations.

At 100 bar (Fig. 3), oxidation of CH3CHO is initiated already at 500 K.

In addition to CO, also CO2 and CH3OH are formed in significant amounts,

while hydrocarbon levels are negligible. Between 575 and 650 K, a plateau

related to NTC behavior can be seen in the acetaldehyde profile. Also CO

and CO2 show non-monotonic behaviour. The CO fraction peaks at 700 K

and then levels off above 750 K. The CO2 fraction continuously decreases

between 550 and 650 K, but rises again at higher temperatures. Methanol

is formed in the NTC region but is not detected above 675 K. Above 750 K,

all acetaldehyde is oxidized to CO and CO2.

The model overpredicts the temperature for onset of reaction by about

50 K at 100 bar. The NTC behavior is captured well, however, even though

CO2 is underpredicted below 700 K. The yield of CH3OH in the NTC region

is predicted accurately.
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Figure 2: Results of flow reactor experiments at 25 bar under oxidizing conditions. Inlet

composition: 248 ppm of CH3CHO, 1265 ppm of O2, diluted in nitrogen (Φ = 0.49).

Symbols mark experimental results and lines denote predictions of the present model.

The high pressure flow reactor data were also compared with predictions

using the recent models of Tao et al. [12], Zhang et al. [13], and Mevel et al.

[26]; these results are shown in SM. The models from Tao et al. and Zhang

et al., developed to describe the low to medium temperature chemistry of

acetaldehyde, both capture the NTC behavior at 100 bar well, with the Tao

et al. model offering more accurate predictions. The model of Mevel et al. was

developed for high temperatures and does not capture the NTC chemistry.

A reaction pathway analysis for the conditions of Figs. 2 and 3 is shown in

Fig. 4. The oxidation paths depend on the temperature and pressure, but the
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Figure 3: Results of flow reactor experiments at 100 bar under oxidizing conditions. Inlet

composition: 227 ppm of CH3CHO, 1280 ppm of O2, diluted in nitrogen (Φ = 0.44).

Symbols mark experimental results and lines denote predictions of the present model.

main route in the 550-750 K range is as follows. Hydrogen-abstraction from

acetaldehyde yields mainly CH3CO, which dissociates to CH3+CO. Methyl

adds to molecular oxygen to form the methylperoxyl radical (CH3OO), which

reacts with HO2 to form CH3OOH. Dissociation of CH3OOH initiates a chain

branching sequence, CH3OOH
(+M)−→ CH3O

(+M)−→ CH2O
+OH−→ HCO

+O2−→ CO. A

minor oxidation pathway involves formation of CH2CHO, which reacts with

O2 to form CH2O + CO + OH.

At low temperatures (550-600 K) and high pressure, a fraction of CH3CO

recombines with O2 to form CH3C(O)OO. Unimolecular conversion of the

acetylperoxy radical is slow, and CH3C(O)OO is mainly consumed by reac-

tion with CH3OO, followed by dissociation of CH3C(O)O to CH3 and CO2.

This reaction sequence involving CH3C(O)OO plays an important role for

the observed NTC behavior at 100 bar. The CH3C(O)OO subset involves
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Figure 4: Reaction pathway for acetaldehyde conversion at 25 and 100 bar and 550-750

K. The blue arrows show pathways important only at low temperature, while red arrows

denote paths that become competitive above the NTC window.

significant uncertainties that conceivably are at least partly responsible for

the delay in the predicted onset of reaction compared to experiment, as well

as the underprediction of CO2 in the 550-700 K range (Fig. 3).

At the highest temperatures, at 800 K and above, Around 800 K, CH3OO

is no longer sufficiently stable to be an important intermediate, and CH3 is

oxidized directly to CHxO species.

Figure 5 presents the results of a sensitivity analysis for CH3CHO for

the conditions of Figs. 2 (650 K) and 3 (550 K). Oxidation is promoted

by H-abstraction from acetaldehyde by methoxy (R17) and the peroxides

HO2 (R11) and CH3OO (R19). Also peroxide-peroxide reactions leading

to formation of CH3C(O)OOH and CH3OOH, followed by dissociation of
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these species to form OH, exhibit negative sensitivity coefficients. Peroxide-

peroxide reactions forming stable species inhibit oxidation (positive sensitivit

coefficients). In the NTC regime at 100 bar, also the reaction sequence

CH3CO + O2 = CH3C(O)OO (R29), CH3C(O)OO = CH2C(O)OOH (R52),

and CH2C(O)OOH = CH2C(O)O + OH (R64) enhances oxidation.

CH3CHO+HO2=CH3CO+H2O2

CH3OO+CH3=CH3O+CH3O
CH3C(O)OOH=CH3C(O)O+OH
HO2+HO2=H2O2+O2

CH3O+O2=CH2O+HO2

CH3OO+CH3OO=CH3OH+CH2O+O2

CH3CO=CH3+CO
CH3OOH(+M)=CH3O+OH(+M)
CH3O(+M)=CH2O+H(+M)
CH3OO+CH3OO=CH3O+CH3O+O2

CH3OO+HO2=CH3OOH+O2

CH3CO+O2=CH3C(O)OO
CH3CHO+CH3O=CH3CO+CH3OH
CH3C(O)OO=CH2C(O)OOH
CH3CHO+CH3OO=CH3CO+CH3OOH

-0.2 -0.1 0.0 0.1

 

 

Sensitivity of CH3CHO
 550 K | 100 bar
 650 K | 25 bar

Figure 5: Sensitivity of acetaldehyde prediction (molar fraction) to reaction rate constants

at 25 bar (650 K) and 100 bar (550 K). The coefficients are calculated at time of 20%

CH3CHO conversion.

Figure 6 compares modeling predictions with the experimental data of

Dagaut et al. [21] for oxidation of acetaldehyde in a jet-stirred reactor at

10 atm and stoichiometric conditions. Results for lean conditions can be

found in SM. Onset of reaction is already below 950 K, with the oxida-

tion rate of CH3CHO increasing above 1000 K. The major products are CO

and, at higher temperatures, CO2, with minor yields of CH2O, CH4, and

C2-hydrocarbons. The NTC chemistry is not important under the condi-
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tions investigated. Overall, the modeling predictions are in agreement with

measurements, even though CH3CHO consumption is slightly overpredicted

below 1000 K and underpredicted above 1075 K, affecting also predictions

of intermediates and products. Due to their high concentration under JSR

conditions, CH3CHO is mainly consumed by radicals to form CH3CO, but

at higher temperatures also thermal dissociation (R1) becomes important.

Since CH3CO quickly dissociates to CH3 and CO, the oxidation chemistry

shares similarities with that of CH4.

 C2H4m
ol

e 
fra

ct
io

n

T (K)

Figure 6: Comparison between experimental data (symbols) and modeling predictions

(lines) for acetaldehyde oxidation in a jet-stirred reactor at 10 atm. Inlet composition:

(0.15% CH3HCO, 0.375% O2 in N2 (Φ =1). The nominal residence τ = 0.8 s. The

experimental data were taken from Dagaut et al. [21].

Figure 7 compares modeling predictions with shock tube results from

Dagaut et al. [21] for ignition delays of acetaldehyde/oxygen/argon mixtures

at 3-5 atm and varying equivalence ratio. Comparisons with other ignition

delay data at elevated pressure can be found in SM. Generally the model

overpredicts the ignition delays, especially at lower temperatures, but the

level of agreement is similar to that of other recent studies [26].
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Figure 7: Comparison between experimental data (symbols) and modeling predictions

(lines) for ignition delay times of CH3CHO/O2/Ar mixtures in a shock tube at pressures

of 3.5-5.0 atm. The experimental results are from Dagaut et al. [21]. Reaction conditions

were as follows. A1: 0.5% CH3HCO, 2.5% O2 (3.5 atm, Φ=0.5); A2: 0.5% CH3HCO,

2.5% O2 (5 atm, Φ=0.5); A3: 1% CH3HCO, 5% O2 (5 atm, Φ=0.5); A4: 1% CH3HCO,

2.5% O2 (5 atm, Φ=1); A5: 1% CH3HCO, 1.25% O2 (3.5 atm, Φ=2).

A sensitivity analysis for the ignition delay at conditions of 5 atm and

a fuel-air equivalence ratio of 1.0 is shown in Fig. 8. Thermal dissociation

of CH3CHO (R1) strongly promotes ignition, while reactions with H (R5)

and CH3 (R15) inhibit oxidation. Also the CH2CHO+CH3 reaction (R44b)

has a negative sensitivity coefficient; it forms C2H5 and HCO, which rapidly

dissociate to yield two H-atoms. The steps H+O2 and CH3+O2 promote ig-

nition, while the effect of the CH3+HO2 depends on the branching between

propagation (CH3O+OH) and termination (CH4+O2). We attribute the ten-

dency of the model to overpredict the ignition delay, also observed for other

data sets (see SM), to uncertainties in the acetaldehyde subset, rather than

short-comings of the fairly well established CH4 / CH3 subset.
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 HO2+H=H2+O2

 CH4+H=CH3+H2

 C2H5+HCO=CH2CHO+CH3

 CH4+OH=CH3+H2O
 CH3CHO+H=CH3CO+H2

 CH3+O2=CH2O+OH
 CH3CHO+CH3=CH3CO+CH4

 CH3+HO2=CH3O+OH
 CH4+O2=CH3+HO2

 CH3+H(+M)=CH4(+M)

 CH3CHO(+M)=CH3+HCO(+M)

 H+O2=O+OH

-0.4 -0.2 0.0 0.2  1300 K, 5 atm, F=1
 1500 K, 5 atm, F=1Sensitivity of IDT

Figure 8: Sensitivity coefficients for the ignition delay of acetaldehyde under the conditions

of Fig. 7.
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Conclusions

Flow reactor experiments were conducted with a slightly lean CH3CHO/O2

mixture highly diluted in N2 at 25 and 100 bar and 600–900 K. At the highest

pressure, the oxidation of CH3CHO is in the NTC regime, controlled to a

significant extent by the thermal stability and reactions of peroxide species

such as HO2, CH3OO, and CH3C(O)OO. A detailed chemical kinetic model

for oxidation of CH3CHO at intermediate to high temperature and elevated

pressure was established and predictions were compared to the high-pressure

flow reactor data. Model predictions were generally in good agreement with

the experimental data, even though the predicted temperature for onset of

reaction was slightly too high. This discrepancy was attributed mainly to un-

certainties in the CH3C(O)OO reaction subset. Predictions of ignition delays

in shock tubes and species profiles in JSR experiments were also satisfactory.

At temperatures above the NTC regime, acetaldehyde ignition and oxidation

is affected mainly by the competition between dissociation of CH3CHO and

reaction with the radical pool, in addition to reactions of CH3.
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