UC Berkeley
UC Berkeley Previously Published Works

Title
Formation of Organic Acids and Carbonyl Compounds in n-Butane Oxidation via -y-
Ketohydroperoxide Decomposition

Permalink
https://escholarship.org/uc/item/0bt5z3hw

Journal
Angewandte Chemie International Edition, 61(42)

ISSN
1433-7851

Authors

Popolan-Vaida, Denisia M
Eskola, Arkke |

Rotavera, Brandon

Publication Date
2022-10-17

DOI
10.1002/anie.202209168

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0bt5z3hw
https://escholarship.org/uc/item/0bt5z3hw#author
https://escholarship.org
http://www.cdlib.org/

GDCh
=

Hydrocarbon Oxidation

Communications

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 67, €202209168
International Edition: ~ doi.org/10.1002/anie.202209168

German Edition: doi.org/10.1002/ange.202209168

Formation of Organic Acids and Carbonyl Compounds in n-Butane
Oxidation via y-Ketohydroperoxide Decomposition

Denisia M. Popolan-Vaida",* Arkke J. Eskola®, Brandon Rotavera, Jessica F. Lockyear,
Zhandong Wang, S. Mani Sarathy, Rebecca L. Caravan, Judit Zddor, Leonid Sheps,
Arnas Lucassen, Kai Moshammer, Philippe Dagaut, David L. Osborn, Nils Hansen,

Stephen R. Leone,* and Craig A. Taatjes*

Abstract: A crucial chain-branching step in autoignition
is the decomposition of ketohydroperoxides (KHP) to
form an oxy radical and OH. Other pathways compete
with chain-branching, such as “Korcek” dissociation of
v-KHP to a carbonyl and an acid. Here we characterize
the formation of a y-KHP and its decomposition to
formic acid +acetone products from observations of n-
butane oxidation in two complementary experiments. In
jet-stirred reactor measurements, KHP is observed
above 590 K. The KHP concentration decreases with
increasing temperature, whereas formic acid and
acetone products increase. Observation of characteristic
isotopologs acetone-d; and formic acid-d, in the oxida-
tion of CH;CD,CD,CH; is consistent with a Korcek
mechanism. In laser-initiated oxidation experiments of
n-butane, formic acid and acetone are produced on the
timescale of KHP removal. Modelling the time-resolved
production of formic acid provides an estimated upper
limit of 2s' for the rate coefficient of KHP decom-

position to formic acid + acetone. )

Autoignition of hydrocarbon-air mixtures plays a crucial
role in the development of new low-emission, high efficiency
engine technologies!"! and relies on chain-branching reac-
tions, which at low temperature (<700K) are largely
initiated by reactions of carbon-centered hydroperoxyalkyl
radicals (QOOH) with O,. QOOH radicals are formed in a
reaction sequence beginning with organic radicals (R)
reacting with O, to form alkylperoxy radicals (RO,) that
subsequently isomerize to QOOH. Addition of O, to a
QOOH radical leads to an oxygen-centered OOQOOH
radical, which can isomerize via a second intramolecular
hydrogen transfer to the peroxy moiety (a to the hydro-
peroxy moiety), creating an essentially unbound carbon-
centered radical with two hydroperoxy (—OOH) functional
groups. This radical nearly immediately dissociates to
ketohydroperoxide (KHP)+OH via O—-O bond scission.
Subsequent decomposition of the KHP into a second OH
and an oxy radical governs low-temperature chain-branch-
ing. In the conventional alkane oxidation paradigm,? this
had been the only dissociation pathway for KHP. However,
it has recently been recognized that other channels can
compete with this chain-branching step, for example, the
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Korcek reaction, in which decomposition of y-KHP forms
acid and carbonyl products, as described by Jalan et al.l”!
Formation of acid products in some systems has since been
attributed to KHP decomposition,® but despite strong
circumstantial evidence, a definitive experimental assign-
ment of the Korcek mechanism is lacking in the gas phase.
The present work employs isotopic labeling to link two of
the products of Korcek decomposition and furthermore uses
time-resolved kinetics experiments to constrain the rate
coefficient for a specific acid + ketone pathway.

KHP intermediates were characterized in hexane,
heptane and dodecane oxidation years ago by gas chroma-
tography and direct-injection mass spectrometry,” and are
known to play a key role in tropospheric oxidation as well as
in autoignition chemistry. Battin-Leclerc et al.’! detected
KHPs in n-butane oxidation experiments by using a jet-
stirred reactor (JSR) and photoionization mass spectrome-
try. Using a multiplexed photo-ionization mass spectrometry
(MPIMS) apparatus combined with a high-pressure reactor,
Eskola et al.”) studied the kinetics of KHP formation and
decay in laser-initiated CI oxidation of n-butane at 1-2 atm
pressure and confirmed the photoionization spectrum of the
KHP reported by Battin-Leclerc.®! KHPs have also been
recently observed and quantified in various synchrotron
based photoionization mass spectrometry experiments.'*'%

Jalan et al.,! in their study of the Korcek decomposition
channel, performed detailed ab initio calculations of rate
coefficients for KHP produced in propane oxidation.
Goldsmith et al.' calculated the effect of residual excitation
from the exothermicity of KHP formation on the pressure
dependent rate coefficients for KHP decomposition in
propane oxidation. Ranzi and co-workers!'” have reported
calculations for KHP reactions in the n-butane oxidation
system. Their results show a facile isomerization of y-KHP
to a cyclic peroxide intermediate (CPI) that further isomer-
izes via intramolecular hydrogen transfer, finally decompos-
ing to organic acid+ carbonyl products (referred to herein
as a Korcek pair). Besides the importance of KHP decom-
position in modeling fundamental autoignition chemistry,
acid formation is of significance in both spark-ignition and
compression ignition engines.!"”

Herbinet et al measured n-butane oxidation and
employed a detailed chemical kinetics model to simulate
mole fractions for many of the detected species. Apart from
detecting acetic acid, formic acid, and other species that had
been undetected in previous experiments on rn-butane
oxidation, they observed substantial acetone formation, two
orders of magnitude above modeled acetone concentrations.
However, neither formic acid nor acetic acid was considered
in the n-butane oxidation kinetic model. The inability to
model the experimentally observed organic acids and
carbonyl species™ reflects substantial uncertainty in the
main formation channels and related kinetic parameters.

In the present work, two complementary experimental
techniques were used to investigate low-temperature oxida-
tion of normal and isotopically labeled n-butane: a steady-
state jet-stirred-reactor (JSR, thermal ignition) combined
with high-resolution synchrotron photoionization reflection
time-of-flight molecular beam mass spectrometry (TOF-
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MBMS)" and a laser-initiated kinetic multiplexed (synchro-
tron) photoionization mass spectrometry (MPIMS)!"! appa-
ratus interfaced with a high-pressure flow tube reactor.

The photoionization spectrum at m/z 104.047, corre-
sponding to the ketohydroperoxide (C,H3O;) species, was
measured in the JSR n-butane oxidation experiments at
~590 K and 740 Torr (see Figure 1). The photoionization
spectrum agrees with earlier KHP spectra from measure-
ments of n-butane oxidation by Battin-Leclerc et al.®¥ and
Eskola etal”’ In the latter study, the dominant KHP
observed in n-butane oxidation is identified as 3-hydro-
peroxybutanal, derived initially from n-butyl+ O, followed
by the 4-hydroperoxy-2-butyl 4+ O, reaction (see Scheme S1).
Therefore, the spectra in Figure 1 are assigned to 3-hydro-
peroxybutanal. The present work focuses on the Korcek
decomposition of 3-hydroperoxybutanal to the formic acid/
acetone pair, both of which were observed in the JSR and
MPIMS experiments. This pair was selected for further
study using comprehensive chemical kinetics modeling that
show the channel leading to acetone-formic acid is
expected to have a higher yield than the acetaldehyde+
acetic acid channel, due to the lower barrier for cyclic
intermediate decomposition.”! All of the expected Korcek
decomposition products, i.e., acetone, formic acid,
acetaldehyde, and acetic acid, were detected in the JSR
experiment. Figure 2 shows the temperature dependence of
the observed KHP and its decomposition product signals
from n-butane oxidation JSR experiments. Figure 2 also
shows the m/z 86.037 (C,H¢O,) product that originates
either from direct elimination of water from KHP or from
loss of OH followed by reaction of the oxy radical co-
product with O, (HCOCH,CH(O*)CH;+ O,—HCOCH,C-
(O)CH;+HO,). Because absolute photoionization cross
sections are not available for the KHP or for the product at

——C,HgO; (Exp.)
— C,H 0O, (Eskola et al.)
------ C,HgO; (Battin-Leclerc et al.)

KHP (C,H;0,) ion signal / a.u.

e m/z
I T T T .l I T T T T I T T T T I T T T T I T

9.0 9.5 10.0 10.5 11.0
Photon energy / eV

Figure 1. Photoionization spectrum of KHP (C,HO,), identified as 3-
hydroperoxybutanal,” measured at 590 K, 740 Torr and compared
with spectra from Eskola et al.”) and Battin-Leclerc et al.®! The insert
represents the typical C,HzO; mass signal recorded at a photon energy
of 10.5 eV.

© 2022 Wiley-VCH GmbH
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Figure 2. Temperature dependence of KHP and possible decomposition
products (normalized to peak), resulted from channels other than the
chain-branching (OH + oxy radical decomposition) step, measured in
JSR n-butane oxidation experiments near 1 atm; residence time=3.4s,
equivalence ratio=1.0. The temperature of the maximum KHP is set to
590 K to match the observations of Battin-Leclerc et al.®! See text and
Supporting Information for more details.

m/z 86.037, the signals are normalized to the peak signal. An
abrupt increase in KHP signal is evident near the lowest
temperatures where significant oxidation occurs in the JSR.
At ~590 K, the KHP signal reaches its maximum and is
reduced as temperature is increased. The signals from the
possible KHP decomposition products increase with temper-
ature over the same range that KHP decreases with temper-
ature, consistent with the assumption that these stable
species are products of KHP decomposition. However, in
the global oxidation process of the JSR experiments, which
involve long timescales, other pathways may also form these
products.

To further constrain the experimental observation of the
Korcek  decomposition  mechanism, oxidation  of
CH;CD,CD,CHj; was carried out in the JSR at ~ 600 K. The
oxidation of this selectively deuterated n-butane is expected
to produce HCOOH and acetone-d; via Korcek decomposi-
tion of KHP-d;, as shown in Scheme 1. Because formation of
acetone-d; requires either a CD; group or deuterium
substitution on non-adjacent carbons, no other pathways are
likely to produce it in CH;CD,CD,CH; oxidation. The

p.CHs /M ep,cocn, + Heoon

D,C—C D C-DC

; AN 2 \

HC 0o —> | 0
[ / HC—
MO Ho ©

CH;CDO + CD,HCOOH
-KHP-d;

Scheme 1. Decomposition of 3-hydroperoxybutanal-d; (y-KHP-d;) into
carbonyl +acid pairs via the Korcek mechanism. 3-hydroperoxybutanal-
d; is the main KHP observed in n-butane-d, oxidation. The Korcek
pathway observed in this study is indicated in bold.
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detection of acetone-d; represents a strong indication for a
KHP Korcek decomposition mechanism. The contribution
of reaction channels (OH + CH,O0—H+HCOOH and OH+
CH;CHO—CH;+HCOOH) other than Korcek that might
produce formic acid-d, in the CH;CD,CD,CHj; oxidation are
estimated to be negligible based on the rate constants and
concentrations of the precursors of these reactions at 600 K
(see Section 2, Supporting Information). Figure 3 shows the
measured photoionization spectra of the (a) m/z 61.061, and
(b) m/z 46.005 products observed in CH;CD,CD,CH; oxida-
tion at 600 K with the corresponding fits to a breakdown of
individual components. The solid red curve in Figure 3(a)
represents a fit to the experimental data (open symbols)
recorded at m/z 61.061 obtained with a weighted contribu-
tion of the experimentally measured photoionization spectra
of undeuterated acetone, propanal, and methyloxirane.
Adjusting the scaling factors for the photoionization cross-
sections of these three isomers yields 62 % acetone-d;, 20 %
methyloxirane-d;, and 18 % propanal-d;. The photoioniza-
tion spectrum recorded at m/z 46.005 shown in Figure 3(b) is
similar to the absolute photoionization spectrum of formic
acid (red solid curve) and consequently corresponds to
formic acid-d,. A small fraction of acetone-d, and formic
acid-d, are also detected and are attributed to either
deuterium exchange or additional reaction channels that do
not proceed through a Korcek decomposition mechanism
(see Table 1). This observation is in agreement with the
observation of signals corresponding to formic acid and
acetone in Figure 2 in a temperature region where the KHP
signal reaches its maximum.

Because an absolute photoionization cross section for
KHP is unavailable, the branching ratios of the formic
acid-d,+ acetone-d; Korcek pair are reported relative to the
total concentration of experimentally measured 1- and 2-
butene, see Table 1. Errors in the reported branching ratios

O m/z61.061(C;D;H,0)
(butane-d, exp.)

acetone (CH,COCH,)
propanal (CH,CH,CHO)
methyloxirane (CH,CHCH,0)

O m/z 46.005 (CH,0,)
(butane-d, exp.)
—— fit (PIE formic acid, HCOOH)

lon signal / a.u.

9.0 95 100 105 11.0 10.0 10.5 11.0 11.5 12.0
Photon energy / eV Photon energy / eV

Figure 3. Photoionization identification of the oxidation products
recorded at a) m/z 61.061 (CH;D;0) and b) m/z 46.005 in the JSR
experiment at 600 K and 1 atm using isotopically labeled n-butane-d,.
The open symbols in panel (a) represent the measured data, while the
solid red line shows the fit to the data constructed by adding the
weighted contributions of the experimentally measured photoionization
spectra of undeuterated acetone (orange line),"® propanal (blue
line),"” and methyloxirane (green line). The open symbols in panel (b)
represent the measured data while the red solid curve corresponds to
measured photoionization spectra of formic acid.'!

© 2022 Wiley-VCH GmbH
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Table 1: Branching ratios, relative to the sum of butenes for the
n-butane-d, + O, reaction, investigated in the JSR experiment at 600 K
and 740 Torr. Stated uncertainties are based on statistical 1o-
uncertainties only.

Product (CH;(CD,),CH5) Exp.? Mass [m/z] Branching ratio
1-butene-d, 59.081 0.75+0.09
2-butene-d, 58.075 0.25+0.02
formic acid-d, 46.005 0.8740.09
formic acid-d, 47.011 0.46+0.08
acetone-d, 61.061 0.88+0.09
acetone-d, 60.054 0.114+0.04

[a] Branching ratios relative to species other than the sum of butenes
can be obtained by dividing the corresponding values relative to the
sum of butenes.

due to deuterium exchange are estimated to be about 10 %
based on the ratio between the butene expected to form in
the butane-d, oxidation experiment, i.e. butene-d; and
butene-d,, and the small amount of butene that can only be
explained as a result of deuterium exchange, i.e. butene-d,
and butene-d,. A substantial fraction of the acids and
acetones formed in low- temperature n-butane oxidation
may arise from Korcek decomposition of KHP, although the
presence of a smaller fraction of formic acid-d; and acetone-
d, (see Table 1) implies that not all formic acid and acetone
arise from this channel. The JSR experiments show
formation of KHP and demonstrate production of a
characteristic pair of isotopically labelled products of
Korcek decomposition. Experimental bounds on the rate
coefficient for Korcek decomposition are required to
constrain its possible effect on autoignition. Complementary
laser photolysis experiments, in which the production of R
radicals is initiated by photolytically generated Cl-atoms and
subsequent reaction with n-butane, are used to better isolate
the KHP decomposition step. These time-resolved product
formation measurements, because of the shorter reaction
times, are sensitive to a smaller set of reactions than are the
JSR experiments. Figure 4 shows time-resolved signals from
Cl-initiated undeuterated n-butane oxidation experiments
performed at 600 K and 1690 Torr using MPIMS detection.
The time evolution of the signals is displayed up to 72 ms,
since for longer reaction times the evolution of the signals
will be increasingly influenced by the chain propagation
from OH produced during the initial steps of the oxidation
reaction. Table S1 lists branching ratios of acetone/formic
acid Korcek pair relative to the sum of 1- and 2-butene
measured in the MPIMS experiment. The signal from the
butenes, primary products of n-butyl+ O, reactions, rises
on the timescale of the R+ O, reaction and is closely
followed by the rise of KHP under these high-pressure
conditions.”! Also shown in Figure 4 are formic acid and
acetone signals (i.e. a Korcek pair). These signals have a
common time behaviour, rising approximately with the
decay of KHP, consistent with tertiary product formation.
The formation and decomposition of KHP and forma-
tion kinetics of acetone and formic acid were simulated (see
Figure 4) using the AramcoMech 3.0 kinetic model™
modified to include new KHP decomposition pathways (see
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O butenes (m/z 56.062, 9.8 eV) QO  KHP (m/z 104.047, 9.8 eV)

— — 05" - AramcoMech 3.0 model 235"
—— 23 57" - current model

3

©

-~

© |

c

o

» | O formicacid acetone (m/z 58.042, 9.8 eV)

c (m/z 46.005, 11.7 eV) - - - 385"

Of -- 385" ——195s" 5
—-—095s"
- — 05

0 20 40 60 0 20 40 60
Time / ms Time / ms

Figure 4. Time-resolved signals from the photolytic Cl-atom initiated n-
butane oxidation measurements at 600 K, 1690 Torr, and
[0,]=5.3x10" cm~ using high-pressure reactor interfaced with
MPIMS. At 11.7 eV formic acid is the only isomer detected at m/z
46.005 and at 9.8 eV acetone is the only isomer detected at m/z 58.042.
Model simulations and sensitivity analysis were performed using a
modification of the AramcoMech 3.0 kinetic model, see text for details.
The solid line shows the “best fit” estimates for rate coefficients, and
the dotted and dot-dashed lines show effects of increasing and
decreasing this estimate by factors of two (see Section 2 in Supporting
Information for more details).

Section 2 in Supporting Information). In the model and in
the underlying theoretical calculations, oxygen molecules
are considered to be triplets. Excited O, (i.e., singlet) does
not play a role under our experimental conditions. Modeling
the decay of KHP in time requires addition of a phenom-
enological non-chain-branching removal pathway, as shown
by the “0s™'” line in Figure 4(b), which does not include a
non-chain branching removal. A net additional loss rate
coefficient of 23s™" gives a good fit to the data. However,
the model slightly overestimates the rate of KHP formation.

The part of this phenomenological removal that is the
unimolecular decay of KHP to HCOOH + CH;COCH; can
be constrained via the measured yield of formic acid.
Matching the formic acid yield requires the Korcek decom-
position to have a rate coefficient of 1.9s™ at 600 K (see
Figure 4c), which is a small fraction of the overall KHP
removal. Strictly speaking, this is an upper limit for the rate
coefficient, because other reactions may contribute to formic
acid production, including wall reactions. A brute-force
sensitivity analysis is provided in Supporting Information
(see Section 3), propagating uncertainty in various n-butane
oxidation reactions (e.g., hydrogen abstraction, RO, con-
certed elimination, O,+QOOH, RO,+RO0O,, and KHP
decomposition) to establish the uncertainty in the derived
Korcek decomposition rate coefficient.

Although catalytic effects of acids may reduce the
cyclization barrier,”! experimental concentrations even of

© 2022 Wiley-VCH GmbH
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the photolytic precursor are ~500 times smaller than the
acid concentrations employed by Jalan etal., so catalytic
effects are likely to be negligible in the present case. The
observed Korcek component is a small fraction (about
6.4 %) of total KHP removal in these conditions. However,
the current estimated upper bound is about 10 times larger
than a computational value, 0.16 s™', obtained at 600 K by
Ranzi et al.'? in which cyclization is assumed to be the rate-
limiting step. Even the estimated lower limit of the reaction
rate constant of 0.95s™', determined by comparing the
experimental data with the modeled data is way above the
value reported by Ranzi et al. This observation is consistent
with the other results reported by Ranzi et al., which had to
increase the Korcek reaction rate constant in n-heptane
oxidation kinetic model by a factor of three to predict acetic
and propanoic acid formation observed experimentally.!'>?’!
The Korcek reactions were also included in an n-pentane
kinetic model to predict acetic acid concentration observed
at 1 and 10 atm in a JSR.?! The acetic acid concentration
was significantly underestimated, even when the rate con-
stant of the Korcek reaction calculated by Jalan et al.”! was
increased by a factor of 10.

The major new results of this work are evidence for the
observation of a Korcek pair in oxidation of isotopically
labeled n-butane and an experimental constraint on the rate
coefficient for gas-phase Korcek decomposition. The Korcek
mechanism is a substantial fraction of the organic acid
production, but it is unlikely to be a significant perturbation
on the autoignition process. The results provide experimen-
tal and computational bounds that enable the construction
of more realistic and accurate kinetic mechanisms for
autoignition chemistry.

The jet-stirred reactor utilized in the experiments is
based on the design of Dagaut et al.,*” slightly modified to
accommodate direct sampling into TOF-MBMS.®! The
pressure of the experiments was set to near 1atm
(~740 Torr), temperature was scanned from about 570-
640 K, and the residence time inside of the 33.5 cm® reactor
was 3.4s. The high pressure laser photolysis reactor’” that
interfaces with the MPIMS!™ is an Inconel flow cell with
inner dimensions of 0.5 cm diameter by 4 cm long. Both
experiments utilize vacuum ultraviolet (VUV) photons from
the Chemical Dynamics Beamline of the Advanced Light
Source®® to measure photoionization spectra of product
species. Detailed information about the experimental setups
and the methods used in the current investigation are
provided in the Supporting Information (see Section 1).
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