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The oxidation of 1-butene and i-butene with and without addition of 1000 ppm NO was experimentally
and numerically studied primarily at fuel-rich (¢ = 2.0) conditions under high dilution (96% Ar) in a flow
reactor operated at atmospheric pressure in the low temperature range of approximately 600-1200 K.
Numerous intermediate species were detected and quantified using synchrotron vacuum ultraviolet pho-
toionization mass spectrometry (SVUV-PIMS). An elementary-step reaction mechanism consisting of 3996
reactions among 682 species, based on literature and this work, was established to describe the reactions
and interaction kinetics of the butene isomers with oxygen and nitrogenous components. Model predic-
tions were compared with the experimental results to gain insight into the low- and high-temperature
fuel consumption without and with NO addition and thus the respective interaction chemistry. This in-
vestigation firstly contributes a consistent set of temperature-dependent concentration profiles for these
two butene isomers under conditions relevant for engine exhaust gases. Secondly, the observed oxidation
kinetics is significantly altered with the addition of NO. Specifically, NO promotes fuel consumption and
introduces for i-butene a low-temperature behavior featuring a negative temperature coefficient (NTC)
region. The present model shows reasonable agreement with the experimental results for major products
and intermediate species, and it is capable to explain the promoting effect of NO that is initiated by its
contribution to the radical pool. Further, it can describe the observed NTC region for the i-butene/NO
mixture as a result of the competition of chain propagation and chain terminating reactions that were
identified by reaction flow and sensitivity analyses.

© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Alkenes are important intermediates in hydrocarbon combus-
tion and, therefore, components of exhaust gases of internal com-
bustion engines [1]. One main decomposition product of larger
alkanes is butene, which is the smallest alkene with isomers con-
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taining reactive primary and secondary allylic carbon sites. These
butene isomers could interact with other exhaust gas components
homogeneously. So far, propane and propene are the species of
choice to account for the hydrocarbon chemistry in most studies
on homogeneous gas-phase as well as heterogeneous catalytic re-
actions of exhaust gases, and little attention has been given to C4
species. Furthermore, the kinetics of chemical conversion in ex-
haust gases is commonly studied at stochiometric and lean con-
ditions, sometimes including slightly rich conditions as well. How-
ever, rich conditions may also occur in engine operation, for in-
stance during cold start-up and regeneration of catalysts. Aside
from rich regeneration of the well-known Lean-NOy-Trap (LNT) for
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the reduction of NOx emissions from lean-operated engines [2-4],
several further techniques have been recently proposed to regen-
erate catalysts by short periods of rich engine operation to over-
come water inhibition and sulphur poisoning, for instance [5-7].
Along these lines, lean-operated natural gas engines are of spe-
cial interest, because, on one side, they offer high engine efficiency
and less carbon dioxide emissions compared to diesel operated en-
gines, however, on the other side, their exhaust gas aftertreatment
systems suffer from rapid deactivation of the oxidation catalyst for
treating the rather significant methane slip [8]. Again, short rich
pulses have been shown to reactivate the catalyst [9]. The rich
pulses may also be realized by injecting additional fuel into the
tailpipe. The fuels can then interact with other exhaust gas com-
ponents in the gas phase, calling for a better understanding of the
interaction kinetics between the fuel and e.g., NOx.

Furthermore, significant gas-phase reactions have recently been
shown to occur at operating conditions that are characteris-
tic for the engine-close part of the tailpipe of internal com-
bustion engines [10-15]. Gas-phase reactions bear a significant
impact on the catalytic conversion process, because a modified
composition of the exhaust influences the appropriate perfor-
mance of the catalytic converter. For instance, variations of the
NOy/NH3 ratio, needed for the NH3-SCR (selective catalytic reduc-
tion) of NOx, may either lead to NOx or ammonia slip requir-
ing additional measures. Consequently, special attention should be
given to the understanding of gas-phase kinetics of both the de-
composition chemistry of alkenes and their interaction with ni-
trogenous species in the low-temperature range and at diluted
conditions.

In this context, the present investigation has two main aims:
First, our study provides a consistent set of detailed measured
species profiles for butene isomers, 1-butene and i-butene, at con-
ditions relevant to exhaust gases, i.e. in the appropriate tempera-
ture range and in highly diluted mixtures under oxidative condi-
tions. Second, the experimental results, together with a newly es-
tablished model, provide the basis for a more detailed analysis of
the interaction chemistry of 1-butene and i-butene with NO.

Previous experimental and numerical studies regarding the
combustion of different C4 hydrocarbon isomers are reported in
the literature. With respect to the present work, they concern
1-butene oxidation and pyrolysis in different environments, such
as flow reactors [16], jet-stirred reactors (JSR) [17], shock tubes
[18] and counter-flow flames [19,20]. Pyrolysis and oxidation have
been studied for cis-2-butene [20] and trans-2-butene [16,20-22]
as well as for i-butene in a flow reactor [23], counter-flow flame
[19], shock tube [24-27], JSR [28] and in premixed laminar flames
[20,21,29]. Zhang et al. [16] have investigated the pyrolysis of three
butene isomers at low pressure and 900-1900 K. Also, Fenard et al.
[22] have studied the oxidation of 1-butene and cis-2-butene in a
JSR and a combustion vessel. To the best of our knowledge, how-
ever, experimental data for the direct comparison of 1-butene and
i-butene under exhaust-gas-relevant conditions are not yet avail-
able.

Regarding the interaction of HCs with NOy, previous work has
focused mainly on methane [11,15,30-40] as the main component
of natural gas or gas blend [41]. Also, the combinations ethene/NO
[33,42-44], propene/NO [33,43,45] as well as larger alkanes/NO
[46] were studied experimentally and numerically, revealing a mu-
tually sensitizing effect of HC and NO which can be ascribed to the
interactions of NOx and the radical pool. With relevance to butene
oxidation, Liu et al. [47] have recently studied the redox reactions
between allyl radicals and NOx. Reactions leading to allyl radicals
were also observed to be very important by Prabhu et al. [48] in
their investigation on interactions of 1-pentene with NO. Although
detailed kinetics models [16,20,21,49] are available to simulate the
oxidation of the pure fuels 1-butene and i-butene, a respective

Combustion and Flame 233 (2021) 111557

model for the oxidation of 1-butene/NO and i-butene/NO mixtures
is still lacking.

In the present work, we have therefore investigated the low-
temperature oxidation of 1-butene and i-butene without and with
the addition of NO (1000 ppm) at fuel-rich conditions (¢ = 2.0)
in a laminar flow reactor at atmospheric pressure. Concentrations
of numerous species were measured in a temperature range of
approximately 600-1200 K depending on the reactivity of the re-
spective mixture; detailed information on the temperature range
studied for each mixture is provided in Table 1. Synchrotron vac-
uum ultraviolet photoionization mass spectrometry (SVUV-PIMS)
was used to obtain quantitative species profiles of oxidation
products and intermediates. Note that fuel-rich conditions were
predominantly investigated here since they provide more pro-
nounced interactions between butene and NO. A detailed kinet-
ics model was developed to simulate the reactions of the 1-
butene/NO and i-butene/NO mixtures and to gain further insights
into the butene/NO reactivity. In addition, the kinetics model was
also validated against fuel-lean conditions. These results were
part of a subsequent study in a different reactor setup, however,
and they are thus only provided in the Supplemental Material
(SM1).

2. Experimental method

The experiments were performed in a flow reactor appara-
tus at the Combustion and Flame beamline at the National Syn-
chrotron Radiation Laboratory, China, that has been described be-
fore [50-53]. Experiments regarding the oxidation of both butenes
and their combinations with added NO were performed at fuel-
rich (¢ = 2.0) conditions under high Ar dilution and at atmo-
spheric pressure in the temperature range of 632-1158 K (see
Table 1 for details). Initial gas conditions and oven temperatures
are listed in Table 1, together with abbreviations for the four cases
that will be used throughout the discussion. The gas mixture, with
a total flow rate of 250 standard cubic centimeters per minute
(sccm), was fed into a flow reactor with 0.7 cm inner diameter
and 40 cm heating length. 1-Butene (purity 99.9%), i-butene (pu-
rity 99.99%), NO (purity 99.99%), O, (purity 99.999%) and Ar (pu-
rity 99.999%) were purchased from Nanjing Special gases Factory
Ltd., China. The flow rate of each gas was controlled by a mass
flow controller (MKS, USA). To avoid the rapid conversion of NO to
NO,, NO and O, were guided into the reactor by separate pipes.
It was determined experimentally whether NO was partially ox-
idized by O, under these conditions, but only NO could be de-
tected. Therefore, the rapid conversion was found to be negligible
in the present study. Depending on the reactor temperature, the
average residence time in the flow reactor was between 0.6 and
1.4 s. A flow tube made of «-alumina was used to reduce wall cat-
alytic effects [54]. Temperature profiles along the flow tube, which
are exemplarily displayed in Fig. S1 in SM1 for six setpoint tem-
peratures of the oven, were determined for a total of 25 oven
setpoints with an uncertainty of +5 K using a S-type thermo-
couple following the method described earlier [50]. Previously re-
ported methodologies for intermediate species identification and
mole fraction evaluation were applied [16,51]. The uncertainties
of evaluated mole fractions were estimated as +20% for species
with known photoionization cross sections (PICSs) and a factor of
2 for those with estimated PICSs. The respective PICSs used for
quantification are provided in Table S1 and the expected species
uncertainties are provided in Table S2 in SM1. Mole fractions for
detected species from all above-mentioned experiments are pro-
vided in SM2 for fuel-rich conditions and in SM3 for fuel-lean
conditions.
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Table 1

Experimental conditions (mole fractions; equivalence ratio) investigated in this study.
Gas mixture Case Xar Xcans Xoz Xno ¢ T (K)
1-butene/O, 1Bu 0.960 0.010 0.030 - 2.0 734-1011
i-butene/0O, iBu 0.960 0.010 0.030 - 2.0 785-1158
1-butene/O;/NO  1Bu/NO 0.959 0.010 0.030 0.001 2.0 632-986
i-butene/0,/NO  iBu/NO 0.959 0.010 0.030 0.001 2.0 632-1085

3. Kinetics modeling

The kinetics model used for the simulation and analysis of
the experimental results was developed by extending our previ-
ous model devoted to propene/NOy interactions [45]. It is based
on the Aramco core mechanism [55] and includes NOy chem-
istry from Glarborg et al. [56] and several additional sources
[36,43,57-59]. The sub-mechanism describing interactions of Cy4
species with NO and NO, was developed in this work as
follows.

Several reaction classes were included in the C4/NOx sub-
mechanism, i.e, 1) H-atom abstraction reaction by NO,; 2) reac-
tions of butenyl radicals with NO,; 3) reactions of butenal with
NO,; 4) consumption reactions of nitrobutene; 5) reactions of
butenyl with NO; 6) consumption reactions of nitrosobutene and
7) reactions of butenylperoxides with NO. The H-atom abstraction
reaction by NO, attack was demonstrated as an important reac-
tion class for alkene consumption [45]. In this work, the rate co-
efficients for the H-atom abstraction reactions of 1-butene and i-
butene were taken from the work of Chai and Goldsmith [57].
Further reactions of butenyl radicals with NO, can either produce
butenyloxy radicals via oxidation or be stabilized to nitrobutene via
recombination. Rate coefficients for the 1-buten-3-yl and i-butenyl
radicals with NO, were taken in analogy to those for similar reac-
tions of allyl [58]. Rate coefficients for other butenyl radicals with
NO, were assumed in analogy to those for similar reactions of
ethyl and vinyl [42]. The decomposition of butenyloxy radical easily
produces butenal, which can induce the H-atom abstraction reac-
tion by NO,. In this work, the rate coefficients for these reactions
were estimated by analogy to the similar reactions of acetalde-
hyde [42,56]. The decay of nitrobutene proceeds mainly through
H-atom abstraction and subsequent S-scission reactions. These re-
actions were included in the present model with rate coefficients
analogous to those for similar reactions of nitropropene [59]. The
reaction of butenyl with NO mainly produces nitrosobutene via
the recombination reaction, and its rate coefficient was assumed
in analogy to that for the similar reaction of ethyl [42,56]. The
consumption of nitrosobutene occurs mainly through unimolecu-
lar decomposition and H-atom abstraction followed by B-scission
reactions. These reactions were included here with rate coeffi-
cients in analogy to the similar reactions of nitrosoethane [42,56].
The rate coefficients for the reactions of butenylperoxides with NO
were analogous to those for similar reactions of propenylperox-
ide [59]. The nomenclature of species, selected reactions describ-
ing the C4Hg-NOy interactions and thermodynamic properties of
C,4 species in the present model are provided in Tables S3, S4 and
S6 in SM1, respectively.

The thermochemical properties of nitrobutene and ni-
trosobutene are critical for the equilibrium. Hence, their ther-
modynamic properties were calculated with the CBS-QB3 method
by using the Gaussian 09 program [60]. For other species in
the C4/NOx submechanism, the thermodynamic properties were
estimated using THERM [61] with updated group values [62]. The
reaction mechanism and thermodynamic data are provided in
SM3. The simulations and kinetic analyses were performed with
the Plug Flow Reactor module in the Chemkin-PRO [63] software
using measured centerline temperature profiles as input param-

eters, which are exemplarily shown in Fig. S1 in SM1 for six
setpoint temperatures of the oven.

4. Results and discussion

The following discussion is divided into three main sections.
Section 4.1 provides an overview of the general fuel reactivity
based on selected measured and simulated species profiles. A com-
parison of species detected in the four gas mixtures is presented
in Table S4 in SM1. Unstable intermediates such as radicals were
not detected under the investigated conditions. Note that the ex-
periments were performed at photon energies between 9.5 and
14.75 eV and thus species with ionization energies above these
values, such as particularly hydrogen, could not be detected in the
present study. To permit visualization of the initial consumption
pathways for all four cases and to highlight important structural
differences, integral rate of production (ROP) analyses are given in
this section at 50% fuel conversion. As a next step, Section 4.2 is
then devoted to a deeper discussion of the reactions taking place
in the low-temperature regime in the oxidation process of the dif-
ferent fuels with and without NO addition. Reactions at low tem-
perature are of particular interest here, since a distinct NTC be-
havior was solely observed for the iBu/NO case. It is therefore
of crucial importance to identify the reactions that lead to the
observed differences. The combustion reactions between the four
cases, based on the oxidation of pure 1Bu and iBu (Section 4.2.1)
are thus first analyzed with a focus on species in the H,C,0 sys-
tem, together with a sensitivity analysis regarding important re-
actions for the two fuel isomers. Finally, Section 4.2.2 focuses on
the impact of NO addition on the oxidation and HC/NO interaction
chemistry of 1Bu and iBu. Mole fraction profiles are presented for
some representative nitrogen-containing species, complemented by
sensitivity analyses for the butene/NO mixtures. Specifically, ni-
trogenous intermediates detected and identified in this work in-
clude hydrogen cyanide (HCN), nitrous acid (HONO), nitromethane
(CH3NO;), 3-nitroso-2-methyl-1-propene (IC4H;NO) and 3-nitro-
2-methyl-1-propene (IC4H;NO;). Throughout the discussion in all
sections, the information from experimental and simulated species
profiles as well as from the ROP and sensitivity analyses are com-
bined to gain deeper insight into the relevant oxidation chemistry.
The interaction effects with NO are analyzed along the reaction
paths considering the determined species profiles to better under-
stand the outcome of reactions in exhaust gases that might lead to
undesirable or even toxic emissions.

4.1. Fuel reactivity and initial fuel consumption reactions

To start the comparison of the fuel reactivity for the four cases,
Fig. 1 shows experimental and simulated mole fraction profiles of
several species, i.e., butene, CO, NO and NO,. The profiles of butene
are depicted to represent the fuel consumption, while CO is se-
lected as an important conversion product under fuel-rich condi-
tions. NO as well as NO, are included to show their involvement
in the reaction process.

For the mole fraction profiles of the two butenes and CO, which
are shown in Fig. 1a-b, reasonable agreement between experiment
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Fig. 1. Experimental and simulated mole fractions of (a) fuel (1-C4Hg, i-C4Hg),
(b) CO, (c) NO, (d) NO; in the oxidation of 1Bu (left) and iBu (right) without NO
(Exp: circle, Sim: dotted line) and with NO (Exp: square, Sim.: solid line) as a func-
tion of temperature. For clarity, experimental uncertainties are only indicated as
error bars (bold: w/ NO, normal: w/o NO) at selected temperatures.

and modeling results is observed, while an over-predicted con-
sumption between 900 K and 1100 K can be seen for the mole
fraction profiles of NO, shown in Fig. 1c, for both fuel/NO mixtures.
For the mole fraction profiles of NO,, provided in Fig. 1d, devi-
ations between experiment and modeling can be noticed, which
are still within the experimental uncertainty. For fuel profiles of
1Bu and iBu in Fig. 1a, onset temperatures of 890 K and 990 K
are observed, respectively, while these are shifted about 80 K to-
wards lower temperatures when NO is added. The most striking
feature is the observed negative temperature coefficient (NTC) be-
havior that is only seen for the iBu/NO case. Also, for pure iBu,
slightly lower fuel mole fractions, which are still within the experi-
mental uncertainty, are observed in the temperature range of 900-
1000 K. However, this observation cannot be traced back to a weak
NTC behavior since neither O, is consumed nor is CH,0, which is
a well-known indicator for low-temperature reactivity, formed in
the respective temperature range as can be seen in Fig. 2a-b.

In general, NTC behavior as known for the low-temperature ox-
idation of hydrocarbons can be explained by the competition of re-
actions accelerating or inhibiting the reactivity dependent on tem-
perature [46]. A similar effect upon NO addition was observed in
our recent study on propene/NOx [45]. At total fuel consumption,
a different behavior between the neat 1Bu and iBu as well as the
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Fig. 2. Experimental and simulated mole fractions of (a) O, (b) CH;0, (c) H,0, (d)
CO, in the oxidation of 1Bu (left) and iBu (right) without NO (Exp: circle, Sim:
dotted line) and with NO (Exp: square, Sim: solid line) as a function of temperature.
For clarity, experimental uncertainties are only indicated as error bars (bold: w/ NO,
normal: w/o NO) at selected temperatures.

mixtures with NO addition is again observed. In the 1Bu/NO case,
the addition of NO shifts the total 1Bu consumption about 150 K
towards lower temperatures, corresponding to a promoting effect
of NO on 1Bu reactivity. In contrast, the NO addition in the iBu/NO
case does not lead to an earlier total consumption of iBu. Rea-
sonable agreement between experiment and model, regarding both
peak mole fraction and profile shape, is observed in all four cases
for the mole fraction profiles of the fuel. The trend of the NTC re-
gion for the iBu/NO mixture can be satisfactorily represented by
the model, although it over-predicts the fuel consumption between
900 K and 1000 K. The experimental mole fraction profiles of CO
(Fig. 1b) are also captured with good agreement, especially of the
measured profile shapes, by the simulation results. For the mole
fraction profiles of NO and NO, (Fig. 1c and d), the proposed model
over-predicts the NO consumption between 900 K and 1100 K for
both fuel/NO mixtures. The consumption and formation of NO are
related to complex reaction sequences, including both reactions in
the C4/NOx sub-model and the reaction in the base NOx model. In
the present work, the over-prediction of the NO consumption rate
may come from the uncertainties in the kinetic reaction param-
eters developed in this paper for the C4/NOy sub-model (as dis-
cussed in Section 4.2.2) and maybe also from some uncertainties
in the base NOyx model. Therefore, further comprehensive experi-
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Fig. 3. Major consumption pathways with contributions >10% in the oxidation of 1

83%

Bu without (regular letters, solid arrows) and with NO (italic letters, solid arrows as well

as additional pathways due to NO addition with (red) dashed arrows) at 50% fuel conversion at 962 K and 838 K, respectively, based on integrated flows. Mole fraction
profiles are provided for species highlighted with boxes, and the nomenclature is according to the kinetics model (see Table S3 in SM1).

(a) 1-butene (b) i-butene
H H H H
HC1 3CH H HC1\ 3CH2
\02/ N \C/
H
| 2 :
H CH

Fig. 4. Bond dissociation energies (in kcal/mol) of 1Bu and iBu. C-H bond dissoci-
ation energies of 1Bu were taken from [49]; C-C bond dissociation energies of 1Bu
were taken from [64]. Bond dissociation energies of iBu were taken from [65].

mental and theoretical studies are recommended for this chemical
system.

For better insight into the reactions causing the differences in
the fuel reactivities, ROP analyses were performed at 50% fuel con-
version for the four cases. Only the initial fuel consumption steps
are shown for each case for clarity.

Under the present conditions, 1Bu oxidation is initiated by
three main reactions, R1-R3:

C4Hg-1 + H = C3Hg + CH;3 (R])
C4Hg-1 4+ OH = C4H71-3 + H,0 (R2)
C4Hg-1 4+ OH = C4H;1-4 + H,0 (R3)

According to the ROP analysis in Fig. 3, the most important con-
sumption pathway is the decomposition via reaction R1 forming
propene (C3Hg) with contributions of 23% and 24% for the 1Bu and
1Bu/NO case. This dominant influence is due to the low C-C bond
energy between the carbon atoms at positions 3 and 4; structures
and bond energies for both isomers are provided in Fig. 4.

This observation is also in agreement with the butene flame
study of Schenk et al. [21], who have also identified this reaction
as the major decomposition pathway for 1Bu, trans-2-butene and
2-butene. At 50% fuel conversion, C3Hg is mainly produced with

84% in the 1Bu oxidation according to the ROP analysis. As the ini-
tial decomposition product, C3Hg further reacts, forming C3Hs-A
and CyHy. The mole fraction profiles of the two stable intermedi-
ates, C3Hg and C;H4 that are both formed via initial decomposition
steps are provided in Fig. 5a-b. CH4 and C4Hg, also presented in
Fig. 5 so that respective profile shapes can be compared, are dis-
cussed further below, following the main reaction sequences.

Following the ROP analysis, the H-abstraction reactions R2 and
R3 at the carbon positions C3 and C4, forming 1-methyl-2-propenyl
(C4H71-3) and but-3-en-1-yl (C4H;1-4) radicals, are with 13% and
10% (1Bu), respectively, the second and third most important con-
sumption reaction in the oxidation of the 1Bu and 1Bu/NO mix-
ture due to the comparatively weak C-H bonds (see Fig. 4a). In
contrast, the H-abstraction reactions at carbon positions C; and C,
are unfavored due to larger bond energies of 110.53 kcal/mol and
106.96 kcal/mol, respectively, and the formation of C4H;1-2 and
C4H;1-1 radicals is therefore less important [22].

The main consumption pathway of the C4H;1-3 radicals in the
1Bu oxidation is via reaction R4 forming C4Hg (see Fig. 5d) and
HO, radicals. The unreactive HO, radicals are converted into reac-
tive OH radicals by reaction R5. The OH radicals are then needed
for the initial fuel consumption reactions R2 and R3 and thus the
OH radicals increase the fuel reactivity. Reaction R5 is the main
source of the OH radicals in the neat fuel oxidation at 50% conver-

sion.
C4H71-3 4 0 = C4Hg + HO, (R4)
CH3; + HO, = CH30 + OH (R5)

Important for the low-temperature reactivity is the formation
of the oxygenated species, such as C4H;1-0, C4H;0,-1, which are
chain-branching and thus increase the fuel reactivity. During the
formation of the oxygenated species, HO, radicals are again re-
leased and converted into reactive OH radicals.

Most of the reaction pathways in the 1Bu/NO mixture are simi-
lar to those of the neat 1Bu oxidation. However, as obvious from
fuel profiles in Fig. 1a, the reactivity in the 1Bu/NO mixture is
higher compared to that of the neat fuel. This can be explained by
additional reaction pathways due to the NO addition in the mix-
ture. Reaction R6 contributes with 75% to the consumption of the
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Fig. 5. Experimental and simulated mole fractions of (a) C3Hg, (b) C;H4, (c) CHy,
(d) C4He in the oxidation of 1Bu (left) and iBu (right) without NO (Exp: circle, Sim:
dotted line) and with NO (Exp: square, Sim: solid line) as a function of temperature.
For clarity, experimental uncertainties are only indicated as error bars (bold: w/ NO,
normal: w/o NO) at selected temperatures.

C4H71-3 radical in the 1-Bu/NO case.
C4H71-3 + NO, = C4H71-0 + NO (R6)

NO + HO, = NO, + OH (R7)

The formation and thus the reaction sequence significantly in-
crease the reactivity by producing NO as well as the oxygenated
species C4H;1-0, which is again chain-branching. In contrast, the
similar reaction sequence in the neat 1Bu oxidation, where the
C3H71-3 radical reacts with HO, radicals, only contributes to the
C4H71-3 radical consumption with 16%. Furthermore, the released
NO reacts with unreactive HO, radicals, producing NO, and reac-
tive OH radicals via reaction R7. This so-called interchanging reac-
tion, which is the main source of OH radicals during the oxidation
of the 1Bu/NO mixture, significantly increases the reactivity of the
respective system compared to the neat 1Bu case. This promoting
effect of NO on the HC oxidation is in accordance with the litera-
ture [33,39,46].

In Fig. 6, the ROP analyses of the neat iBu and the iBu/NO mix-
tures are shown. Because of the branched molecular structure of
iBu, its main consumption reactions differ significantly from the
previously discussed consumption pathways of 1Bu. In general, the
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fuel reactivity is lower for the branched molecule, which is in ac-
cord with previous studies [65]. This can be traced back to the fact
that its C-C and C-H bond dissociation energies, which are shown
in Fig. 4b, are generally slightly higher than those of 1Bu. In the
iBu oxidation, the first consumption step is the radical-initiated H-
abstraction reaction towards the resonance-stabilized 2-methylallyl
radical (IC4H7). The formation of the IC4H; radical is favored due
to the lowest bond dissociation energy of the C-H bond at carbon
position 3 (87.6 kcal/mol, see Fig. 4b) as well as the high statisti-
cal probability. For neat iBu the IC4H; radical is with 31% and 28%
dominantly formed via reactions R8 and R9, respectively:

IC4Hg + CH3 = IC4H7 + CHy (R8)

IC4Hg + OH = IC4H; + H,0 (Rg)

As a consequence, twice as much methane (CHy) is produced
during the oxidation of iBu compared to 1Bu due to the significant
importance of reaction R8 as shown in Fig. 5¢c. While the formation
of C3Hg is of significant importance in the 1Bu and 1Bu/NO oxida-
tion, as discussed before, this species is only of minor importance
in the iBu oxidation because of its molecular structure and the re-
lated favored fuel radicals. In the neat iBu oxidation, IC4H; radicals
further react via the chain-propagating reaction R10 that leads to
the formation of allene (C3H4-A):

IC4H; = C3H4-A + CH;5 (RlO)

In Fig. 7 the mole fraction profile of C3H4-A is shown, to-
gether with the profiles of propyne (C3H4-P) and CH, as further
observed stable intermediates. The mole fraction profiles are dis-
cussed in detail in the following sections. Reaction R10 releases
important CHs radicals, which are necessary for the conversion of
HO, radicals into reactive OH radicals via reaction R5, and there-
fore R10 also contributes to the reactivity of the iBu system.

Moreover, also reaction R11 promotes the system’s reactivity
because HO, radicals are converted to reactive OH radicals. This
reaction was also found to increase the fuel reactivity and is in ac-
cordance with the recent results of Zhou et al. [65] who studied
the oxidation of iBu extensively at fuel-lean and fuel-rich condi-
tions.

IC4H; + HO, = IC4H;0 + OH

The IC4H;0 radical decomposes quickly to methacrolein
(IC3H5CHO), which is further oxidized forming IC3H5CO. The lat-
ter species decomposes to C3Hs-T and finally to CO, which signifi-
cantly promotes the reactivity.

As already observed for the iBu case, the fuel consumption dur-
ing the iBu/NO oxidation also occurs mainly via reaction R9 form-
ing the IC4H; fuel radical. Upon addition of NO, the further reac-
tions of this fuel radical differ considerably from those observed
for the neat iBu oxidation since nitrogenous reactants such as NO,,
are involved. In particular, the IC4H; radical further reacts with
NO, leading to the oxygenated species IC4H;O (reaction R12).

IC4H; + NO, = IC4H,0 + NO (R12)

(R11)

While the formation of the IC4H;0 radical is chain-propagating,
the formation of NO contributes again to the OH radical pool
via R7 and thus to the overall reactivity of the iBu/NO sys-
tem. The IC4H;0 radicals further decompose quickly to IC3H5CHO
(methacrolein). The decomposition reaction of IC3HsCHO by H-
abstraction to IC3H5CO can be observed in the iBu and iBu/NO
oxidation, making this pathway a reactive chain sequence that is
believed to be an important contributor to the low-temperature
reactivity of the iBu/NO mixture. In contrast to the iBu oxidation,
the addition of NO opens up further reaction pathways, in partic-
ular reaction R12 which contributes with 77% to the IC4H; radical
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consumption, contributing thus to a chain-propagating reaction se-
quence that significantly increases the fuel reactivity in the iBu/NO
mixture.

Overall, the discussion within this section concerning the fuel
reactivity at 50% conversion has shown that the differences in the
fuel reactivity are mainly related to differences in the bond disso-
ciation energies of the linear and branched fuel molecules. Thus,

the observed differences between the four cases for the mole frac-
tion profiles shown in Figs. 1 and 2 as well as the ROP analyses in
Figs. 3 and 6 could mostly be explained by structural differences
and therefore differences in the main reaction sequences of both
neat fuels, which show important reactivity mainly in the higher
temperature region above 900 K. The observed trends were reason-
ably captured by the present model, and differences in the mole
fraction maxima could be understood in terms of the dominant
reactions. The addition of NO to both fuels increases the reactiv-
ity significantly due to additional reaction pathways contributing
to the radical pool.

4.2. Fuel-specific interaction kinetics

In the previous section it was discussed that notable differences
are observed for the reactivity of the four cases. Significant differ-
ences have become obvious for the NTC region, since a distinct NTC
behavior was only observed for the branched alkene doped with
NO (iBu/NO). The following discussion, which is based on the ex-
perimental results and the results of the newly developed model,
aims to provide explanations for the observed differences within
the low-temperature reaction behavior. To this end, it is of partic-
ular interest to understand the effect of NO addition and to exam-
ine the differences between 1Bu and iBu oxidation in more detail,
concentrating first on the reaction behavior of the two neat fuels
in Section 4.2.1 and then focusing on the two cases with NO in
Section 4.2.2.

To follow not only the fuel decomposition but to reveal the
main differences in the further fuel-specific reaction sequences, in-
tegral ROP analyses for the four cases were also performed at the
temperatures of the respective CH,0 maxima. These temperatures,
that somewhat differ from those of 50% fuel conversion discussed
before, especially for the neat fuels, were selected to enable a com-
parative analysis especially in the low-temperature regime, recog-
nizing that the CH,O maxima appropriately reflect the aforemen-
tioned temperature shifts. The results, which are illustrated for the
major reaction pathways in Fig. 8 for the 1Bu and 1Bu/NO as well
as in Fig. 9 for the iBu and iBu/NO cases, will be used for the re-
mainder of this discussion.

To facilitate following the subsequent discussion, an overview
of selected relevant reactions with their kinetic parameters is pro-
vided in Table 2.
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4.2.1. 1-Butene and i-Butene oxidation without NO

With regard to the different molecular structure of both fuels,
already the reactions to the first fuel radicals open up different
pathways, as mentioned before. These reaction sequences will be
discussed in more detail for the present conditions for 1Bu and iBu.
Common detected intermediates and products, although in differ-
ent proportions from somewhat different reaction sequences, in-
clude CO and CH,O, which were already presented in Figs. 1b and
2b, as well as C3Hg, C;Hy4, and C4Hg shown in Fig. 5 and allene
(C3H4-A) in Fig. 7a. All figures include also the profiles that were
obtained for the cases with NO addition to highlight the respective
changes. Note, however, that specific reactions of the 1Bu/NO and
iBu/NO systems will be discussed later in Section 4.2.2. For better
comparison with the reaction schemes in Figs. 8 and 9, we will

use species abbreviations from the kinetics model (compare Table
S3 in SM1).

1-Butene oxidation. As already discussed in Section 4.1 at 50% fuel
conversion, 1Bu oxidation is initiated by the three main reactions
R1, R2 and R3 (Table 2). Again, these three reactions were also
found to be the major reaction pathways at the CH,O peak tem-
perature, as shown in Fig. 8. Propene is formed with a contribution
of 30% via reaction R1. For 1Bu oxidation, C3Hg is only present in
significant mole fractions above 900 K, as evident from the profiles
shown in Fig. 5a. Although the cases for neat iBu and for the mix-
tures of both fuels with NO will be discussed sequentially below, it
may be useful to keep in mind that all C3Hg profiles are reasonably
well captured by the kinetics model.
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Propene reacts with nearly equal probability to the resonance-
stabilized allyl radical (C3Hs-A) and ethylene (C,H,4). Both species
are with 89% and 87%, respectively, predominantly formed from
C3Hg and reach their mole fraction maxima near the CH,0
peak temperature. According to the ROP analysis, only a small
part of C3Hs-A is consumed via the reaction sequence C3Hs-
A— C3H50— C,H3CHO— C,H3CO0— CyH3—CH,0—-HCO—CO.  This
observation is in agreement with the results of our previous
propene/NOy study [45]. Reactions of the C3Hs-A radical are of
noticeable influence on the reactivity, as seen in the sensitivity
analysis in Fig. 10a.

While its formation reaction decreases the reactivity, the con-
sumption reaction of the C3Hs-A radical with HO, forming C3Hs0

(as the first step in the aforementioned reaction sequence) in-
creases the reactivity at the CH,O peak temperature.

Whereas the quantification of the C3Hs-A radical was not
possible in the present experiment, C;H; was experimentally
detected and its mole fraction profile was shown in Fig. 5b,
Section 4.1. The trends seen in the experiment are reasonably
well captured by the model although it predicts the maximum
for neat 1Bu at a slightly higher temperature than observed
in the experiment. Ethylene is consumed via the reaction se-
quence C;H4—CyH3—CH;0—HCO—CO. Both aforementioned re-
action routes, namely the consumption of C3Hs-A radical and C;Hy,
lead to the formation of CO and CH,O0. Since 1Bu consumption oc-
curs predominantly above 900 K, CH,O must be considered rather
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Table 2
Reactions mentioned within the discussion with kinetics parameter. Rate coefficients are given as k = ATexp(—E, [RT) (A: cm/s/K/mol; Ea: cal/mol); R1: k = k; + k;.
Reaction A B Ea Reference
R1 C4Hg-1+H=C3Hg+CH; 4.57E19 -1.54 9061.0 [55]
1.21E16 -0.99 13,170.0
R2 C4Hg-1+0H=C4H;1-3 + H,0 4.14E04 2.55 -1742.0 [55]
R3 C4Hg-1+0H=C4H;1-4 + H,0 2.51E05 2.28 —1209.0 [55]
R4 C4H71-3 + 0,=C4Hg+HO, 4.88E01 3.48 34,800.0 [55]
R5 CH3+HO,=CH;0+0H 1.00E12 0.27 688.0 [55]
R6 C4H71-3+N0O,=C4H;1-0+NO 1.65E17 -1.55 0.0 [58]
R7 NO+HO0,=N0,+0H 2.10E12 0.00 —497.0 [56]
R8 IC4Hg+CH3=IC4H7+CH4 3.20E12 0.00 10,000.0 [55]
R9 IC4Hg+OH=IC4H;+H,0 1.01E07 2.00 200.0 [66]
R10 1C4H;=C5H4-A+CH; 7.10E10 1.38 56,360.0 [67]
R11 IC4H;+HO,=IC4H;0+0OH 7.77E17 -1.52 2379.0 [55]
R12 I1C4H;+NO,=IC4H;0+NO 1.65E17 —-1.55 0.0 [58]
R13 C4Hg+0=CH,0+C3Hy4-A 7.26E10 0.82 1829.0 [55]
R14 0,+H=0+0H 1.04E14 0.00 15,200.0 [55]
R15 HO,CH,CO=>C0+CH,0+0H 2.51E19 -2.95 8110.0 [55]
R16 C3H5-A+NO,=C3H50+NO 1.65E17 -1.55 0.0 [58]
R17 CH3+NO,=CH30+NO 1.10E13 0.00 0.0 [56]
R18 CH,CHO+NO=HCN+HOCHO 7.00E21 —3.38 1025.0 [56]
R19 C;H3+NO=HCN+CH,0 4.00E13 —0.20 0.0 [56]
R20 IC4Hg+0,=IC4H;+HO, 3.12E13 0.00 37,400.0 [55]
R21 IC4H;+1C4H;=H15DE25DM 1.00E11 0.00 0.0 [55]
R22 HNO+NO,=HONO+NO 4.40E04 2.64 4040.0 [56]
R23 C3H5-T+0,=CH;C0+CH,0 2.55E20 -2.61 1566.0 [55]
R24 C3H5-T+02=CH3COCH2+0 9.86E25 -3.75 11,255.0 [55]
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Fig. 10. Sensitivity analyses for neat (a) 1Bu and (b) iBu at the respective CH,O peak temperature at 1035 K (99% fuel conversion) and 1085 K (87%). Reactions repre-
sented with a negative normalized sensitivity coefficient enhance fuel consumption, while reactions represented with a positive normalized sensitivity coefficient inhibit the

reactivity instead.

as a product in the oxidation sequence and not as an indicator for
low-temperature chemistry.

In the 1Bu oxidation under the present conditions, C4H;1-3
radical is with 13% the second most important fuel radical (com-
pare Fig. 8) formed via reaction R2. Its main consumption pathway
is the oxidation reaction R4 forming C4Hg and HO, As discussed
in Section 4.1, this reaction increases the reactivity via reaction R5.
Reaction R4 was also found to be the most sensitive reaction ac-
cording to the sensitivity analysis shown in Fig. 10a, confirming the
described observation.

The third 1Bu oxidation pathway occurs via C4H;1-4 radicals
formed via reaction R3 (compare Fig. 8). These are with 83% pre-
dominantly consumed in the reactions towards C4Hg, whose mole
fraction profile was shown in Fig. 5d as a sum of all C4Hg isomers.
The model again predicts a maximum for the 1Bu case at slightly

10

higher temperatures than seen in the experiment. C4Hg mainly
decomposes to C;H4 and C,Hs Other reaction pathways such as
C4Hg+0=CH,0+C3H4-A are also relevant for C4Hg decomposition,
even though their contribution is of less importance with 11%. The
formation of the stable molecules CH,0 and C3Hy4-A decreases the
reactivity of the system. Allene further converts to propyne (C3Hy-
P) by H-atom catalyzed isomerization. Both C3H, isomers, C3Hs-A
and C3Hy4-P, were experimentally observed and their mole fraction
profiles are presented in Fig. 7a-b. The measured species mole frac-
tion profiles reveal that the formation of C3H4-A and C3Hy4-P is fa-
vored at temperatures above 1000 K as predicted correctly by the
kinetics model. Consecutive reactions of propyne result in the for-
mation of either propargyl (C3Hs) and CH4 or acetylene (C;H,) and
CHs. Both CH4 and C;H, were experimentally detected, and their
mole fraction profiles are included in Figs. 5¢ and 7c.
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i-Butene oxidation. Because of the branched molecular structure of
iBu, its main consumption reactions differ from the previously dis-
cussed consumption pathways of 1Bu. In general, the fuel reactiv-
ity is lower for the branched molecule because of its higher bond
dissociation energy, as discussed previously in Section 4.1. In the
iBu oxidation, the first consumption step is the radical-initiated H-
abstraction reaction towards the resonance stabilized 2-methylallyl
radical (IC4H5). It is dominantly formed via reactions R8 and R9.
While the formation of C3Hg is of significant importance in the
1Bu oxidation as explained previously, this species is only of mi-
nor importance in the iBu oxidation because of the fuel’s molec-
ular structure and the related favored fuel radicals. Schenk et al.
[21] stated that under their flame conditions, C3Hg is formed from
the f3-scission of the iC4Hg radical, which is in turn formed via H-
atom addition to the fuel. In the present model and at the con-
ditions studied here, the aforementioned reaction pathway con-
tributes with only 2% to iBu consumption and only 17% to C3Hg
formation. The mole fraction profile of C3Hg was shown in Fig. 5a,
with a maximum that is almost a factor of two lower than for 1Bu.
This is quite well represented by the model.

Further differences in the reaction pathways can be observed
for CH; radicals that are a direct result, together with propene, of
reaction R1 in 1Bu oxidation. For neat iBu oxidation, CHs reacts
to CH4 via reaction R8, whereas two CHj radicals predominantly
undergo a self-recombination reaction to form C;Hg in the neat
1Bu oxidation. Ethane, in turn, is then mainly consumed via the
reaction sequence CoHg— C;Hs—C,yHy. Ethylene as final product of
this reaction sequence reaches a considerably lower mole fraction
for the iBu than for the 1Bu case as shown previously in Fig. 5b.
This difference is seen both in the measured and in the simulated
profiles, underlining the lesser importance of the aforementioned
reaction sequence for the neat iBu oxidation.

The IC4H; radical is formed preferentially over the fuel radi-
cal (IC4H5-I1) because of its weaker C-H bond [65]. In the iBu ox-
idation, the formation of C4Hg is of minor importance compared
to the other decomposition pathways and therefore not shown in
the ROP analysis in Fig. 9. A significantly lower C4Hg mole frac-
tion was thus detected for iBu than for 1Bu, as shown in Fig. 5d
(please note the different y-axis scales). This is also in accor-
dance with results of Schenk et al. [21]. At temperatures below the
CH,0 peak temperature (therefore not shown in the ROP analy-
sis), the dimerization reaction forming 2,5-dimethyl,1-5-hexadiene
(CgHy4) is the dominant reaction inhibiting the reactivity. The sta-
ble species CgHy4 was experimentally detected and its mole frac-
tion profile is shown in Fig. 11b.

With increasing temperature, this reaction becomes less impor-
tant while IC4H; decomposes instead with 72% via reaction R10,
which is chain-propagating, to C3H4-A and CHjs radicals.

1
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The formation of C3H,4-A (reaction R10) is the most sensitive re-
action in the iBu oxidation at the CH,0 peak temperature as shown
in the sensitivity analysis in Fig. 10b. However, reaction R10 is very
slow, and only small amounts of C3H4-A were measured experi-
mentally. Similar as for the 1Bu oxidation, C3H4-A (Fig. 7a) con-
verts to C3Hy-P (Fig. 7b) by an H-catalyzed isomerization reaction.
The measured mole fraction profiles are in accordance with the
model predictions, and the temperature-dependent mole fraction
profiles reveal that the formation of C3H4-A and C3Hy4-P is favored
above 1000 K. Propyne decomposes forming either C3Hz or CH,,
while the latter was also detected experimentally (Fig. 7c).

More important than the previously discussed reaction R10 is
reaction R11 forming IC4H;0 and OH radicals, which contributes
with 12% to the consumption of the IC4H; radicals. Reaction R11
promotes the system’s reactivity because HO, radicals are con-
verted to reactive OH radicals which is in accordance with recent
results of Zhou et al. [65], as already discussed in Section 4.1. The
IC4H;0 radical decomposes quickly to methacrolein (IC3H5CHO)
which is further oxidized forming IC3H5CO. The latter species de-
composes to C3Hs-T and finally to CO which significantly promotes
the reactivity.

A comparison of the suite of species profiles as well as the ROP
and sensitivity analyses has shown considerable differences for the
main reaction sequences of both neat fuels which show impor-
tant reactivity mainly in the temperature region above 900 K. The
observed trends have mostly been quite well represented by the
present model, and differences in the mole fraction maxima could
be understood in terms of the dominant and sensitive reactions.
The findings are in general accord with previous studies in the lit-
erature of relevance for the present work. On this basis, the inter-
actions of both neat fuels with NO will now be discussed.

4.2.2. 1-Butene and i-Butene oxidation with NO addition

The following analysis will focus on the changes in the oxida-
tion chemistry of the butene isomers introduced by NO addition
under the conditions of the present study. Similar as for the neat
fuel cases, the discussion will combine information from the reac-
tion flow analyses provided in Figs. 8 and 9, considering also the
additional reactions caused by NO addition, with results from mole
fraction profiles of relevant hydrocarbon, oxygenated and nitrogen-
containing species. The mole fraction profiles for the formerly
mentioned species have been already presented in Section 4.1 in-
cluded in Figs. 1, 2, 5, 7 and 11b together with those for the
two neat fuels, and for the latter, selected results are presented in
Figs. 11a and 12. Furthermore, a sensitivity analysis for the 1Bu/NO
and iBu/NO cases is given in Fig. 13.

1-Butene oxidation with NO. Similar to the 1Bu oxidation without
NO addition, the first fuel consumption steps in the oxidation of
the 1Bu/NO mixture are the radical-initiated H-abstraction reac-
tions R1-R3, and we will discuss their influence sequentially as was
done before in Section 4.2.1 for the neat fuel. As evident in Fig. 1a,
the fuel consumption in the 1Bu/NO case starts at lower tempera-
tures than for iBu/NO, similar to the difference in onset tempera-
ture for the neat fuels.

For neat 1Bu oxidation, the conversion of the fuel is initiated
at 886 K, corresponding to about 10% conversion, by its reac-
tion with OH radicals (reaction R2 and R3), where reaction R2 is
the dominant reaction pathway. The initial source of the OH rad-
icals in the 1Bu oxidation is the reaction R5 (in this reaction,
HO, radicals are converted to OH radicals). In the presence of
NO, however, the formation of OH radicals is initiated via the re-
actions 0,+H=0+0H and HO,CH,CO=CO+CH,0+OH. The well-
studied [33,46] interchanging reaction R7 contributes significantly
to the OH radical pool both at 50% fuel conversion and at the CH,0
peak temperature according to the ROP analyses. The importance
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Fig. 12. Experimental and simulated mole fractions of (a) CH3NO;, (b) HCN, (c) C4H7;NO and (d) HONO in the oxidation of 1Bu (left) and iBu (right) with NO (Exp: square,
Sim.: solid line) as a function of temperature. For clarity, experimental uncertainties are given as error bars only at selected temperatures.
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of this reaction is underlined by the measurements indicating that
NO is rapidly consumed and NO, is produced, as shown previously
in Fig. 1c-d, Section 4.1.

Following the fuel decomposition sequences, reaction R1 leads
to propene and CHj radicals (C4Hg-1+H=C3Hg+CH3), and these
products and their further reactions are now inspected for the
1Bu/NO case. The mole fraction profile of C3Hg as a dominant fuel
decomposition product can be compared in Fig. 5a for 1Bu and the
1Bu/NO mixture. NO addition shifts the C3Hg peak temperature
significantly towards lower temperatures. Different from the neat
1Bu case where it is only relevant at temperatures above 900 K,
the simulation results confirm that C3Hg is mainly produced at low
temperatures for the 1Bu/NO mixture. C3Hg is mainly consumed
(with 29%) forming C3Hs-A at the CH,0 peak temperature (860 K),
which then reacts predominantly (with 69%) further via reaction

12

R16:

C3Hs-A + NO, = C3H50 + NO (R]G)

C3H50 decomposes to acrolein (C;H3CHO) and H-atom, con-
tributing to the radical pool and making this reaction sequence
chain-branching. It can thus contribute to the low-temperature re-
activity as was also found for the propene/O,/NOyx mixture [45].
Above the CH,0 peak temperature at 860 K, C3Hg mainly decom-
poses at 1035 K to C,H4 and CH3 with 32% (not shown in the ROP
analysis). This pathway is, however, of minor importance compared
to the C3Hs-A formation pathway at low temperature.

The predicted profile shape of C;H4 shown in Fig. 5b dif-
fers significantly from the experimental one at temperatures
above 800 K, while this species was well predicted in the neat
1Bu case. This difference is also revealed in the ROP analy-
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sis in Fig. 8. For neat 1Bu oxidation, C;Hy is with 86% mainly
produced at the CH,O peak temperature of 1035 K, and only
small amounts of C,H, are consumed via the reaction sequence
CyH4—C3H3—CH,;0—HCO—CO. In contrast, C;Hy4 is produced only
with 63% at 1035 K during the oxidation of the 1Bu/NO mixture,
which is above the CH,0O peak temperature, resulting in a lower-
predicted C;H4 mole fraction.

Upon NO addition to 1Bu, the CHj radicals that are predomi-
nantly formed via reaction R1 undergo further reactions with NO,
forming reactive CH30 radicals (CH3+NO,=CH30+NO). As seen
from the sensitivity analysis in Fig. 13a, this is one of the most
sensitive reactions at the CH,O peak temperature. Another impor-
tant reaction is that of CHj radicals with O, leading to CH30, rad-
icals; these react further via the interchanging reaction between
CH30 and CH30, radicals enhancing the low-temperature reactiv-
ity of HC and NO as has been studied extensively before [33,37,46].

According to the model, the recombination reaction of CH3 and
NO, forming nitromethane (CH3NO,) is chain-terminating as re-
vealed by the sensitivity analysis in Fig. 13a. This recombination
reaction is one of the most important reactions in CH3 radical
consumption. Nitromethane was experimentally measured for the
1Bu/NO mixture and its mole fraction profile is shown in Fig. 12a.
The shape of the measured mole fraction profile of CH3NO, is rep-
resented satisfactorily by the model, while its maximum is obvi-
ously over-predicted.

Starting from the C4H-1-3 radicals (produced via reaction R2)
in the 1Bu case, it was seen that reaction R4 forming C4Hg and
HO,, is the main consumption pathway at the CH,O peak tem-
perature. For the 1Bu/NO mixture, however, the C4H;1-3 radicals
mainly react with NO,, forming C4H,1-O radicals. The reaction
of C4H71-3 radicals with NO producing C4Hg is less relevant for
the consumption of this fuel radical. The mole fraction profiles of
C4Hg for 1Bu and 1Bu/NO can be compared in Fig. 5d; they are
both quite well represented by the model. A decrease of about
50 K is observed in the temperature of the C4Hg maximum for
1Bu/NO versus neat 1Bu oxidation, where C4Hg peaks above 900 K.
The reaction sequences involving C4Hg are quite different for the
cases with and without NO. According to the ROP analysis, C4Hg
is with 50% mainly produced via C4H;1-4 and with 29% via reac-
tion R4 in the neat 1Bu oxidation. In contrast, for the 1Bu/NO mix-
ture, C4Hg is with about 40% mainly formed via the oxygenated
species C4H;1-40,, which is relevant at lower temperatures. C4Hg
decomposition reactions can produce either C3H4-A or C4Hs-I. For
the 1Bu/NO mixture, the main decomposition pathway of C4Hg is
the formation of C4Hs-I, which, in turn, reacts further via the re-
action sequence C4Hs5-I—C,H3CO—CyH3—CH,0—HCO—CO. Note
that it was not possible to detect C;H3 in the present experiment.
Formaldehyde was measured experimentally and was shown in
Fig. 2b. The dominant formation pathway of formaldehyde, how-
ever, is via the reaction sequence CH;—CH30—CH,0. The CHj
radicals are predominantly produced with 42% via reaction R1. The
CH3 radicals further react with NO,, forming with 72% CH30 radi-
cals and NO. The CH3O0 radicals finally react with 90% to CH,O.

According to the model, C;Hs; is oxidized by 0O, forming
CH,CHO, which is of considerable importance for the formation
of hydrogen cyanide (HCN) via reaction R18. Another reaction se-
quence forming HCN is reaction R19 of the C,H; radical with NO:

CH,CHO + NO = HCN + HOCHO (R18)

C,H;3 + NO = HCN + CH,0 (R19)

The mole fraction profile of HCN, which is shown in Fig. 12b,
can be captured well by the model. At 1000 K, however, the model
under-predicts the mole fractions by about 25 ppm. Obviously,
HCN is produced in significant amounts in the 1Bu/NO oxidation.
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The formation of HCN must be urgently avoided because of its
high human toxicity even at low concentrations [68]. For exhaust
gas reactions under pre-turbine positioning, temperatures up to
823 K should be considered as technically relevant. Zengel et al.
[69] have recently drawn attention on the formation of HCN in
lean-burn natural gas engines using different catalytic converters
for fast and standard NHs selective catalytic reduction. In the most
unfavored case, up to 30 ppm HCN was produced in a temperature
range of 473-523 K. At higher temperatures, up to 17 ppm HCN
was measured at 773 K dependent on the catalytic converter. In
our study, without catalytic converter, about 71 ppm HCN was de-
tected at 784 K for the 1Bu/NO mixture. This finding is considered
as highly relevant for fuel oxidation processes in internal combus-
tion engines where gas-phase reactions might occur in the exhaust
aftertreatment.

Mole fraction profiles of further nitrogen-containing species are
shown in Fig. 12 and differences with regard to sensitive reactions
will be discussed below in comparison with the oxidation of the
iBu/NO mixture.

i-Butene oxidation with NO. It was already pointed out in
Section 4.1 that the main difference introduced by the addition
of NO to i-butene oxidation under the present conditions is the
occurrence of an NTC behavior, which is evident from the fuel
consumption and CH,0 profiles shown in Fig. 2b and reasonably
well predicted by the kinetics model. A distinct NTC-behavior can
also be seen in the 0,, CO, and H,0 profiles presented in Fig. 2,
Section 4.1, for which the present model generally represents the
experimental results and trends well for all four investigated cases.
Hydrocarbon species are mainly relevant at temperatures above
800 K, with no significant shifts to lower temperatures, however,
in contrast to the 1Bu/NO case. Most features are reasonably well
captured by the model. It will thus be interesting to analyze the
reaction sequences that give rise to the observed changes with ad-
ditional emphasis also on the nitrogenous species.

Concerning the reactivity of the iBu/NO system, the formation
of reactive OH radicals is of interest. At the initiation tempera-
ture of 969 K, corresponding to about 10% butene conversion in
the neat iBu oxidation, the most important source of the OH rad-
ical is the reaction CH3+HO,=CH30+O0H. As a consequence of the
addition of NO, the most important source of OH radicals for the
iBu/NO mixture at 835 K is the interchanging reaction R7, leading
to an increase of the system’s reactivity.

Similar to the neat iBu case, the radical-initiated H-abstraction
reaction is the first consumption step also in the iBu/NO oxidation.
It forms the resonance-stabilized IC4H; radical dominantly via re-
actions R8 and R9. In addition, this species can be produced also
by reaction R20:

lC4H8 + 0y = IC4H7 + HO, (RZO)

Reaction R20 was found to be the most sensitive reaction be-
low the NTC region and again above 886 K as shown in Fig. 13b.
The unreactive HO, radicals formed are consumed by about 93%
through the interchanging reaction NO+HO,=NO,+0H, producing
important OH radicals. The OH radicals are, in turn, mainly con-
sumed via reaction R9, increasing the fuel reactivity. IC4H; radicals
can be removed via the dimerization reaction R21:

IC4H; + IC4H; = H15DE25DM(CgHys) (R21)

This reaction is important below the CH,0 peak temperature; it
forms the stable species CgHy4, which is chain-terminating and in-
hibits the reactivity at these temperatures. The mole fraction pro-
file of CgHy4 was shown in Fig. 11b. Detectable mole fractions of
this species were only found for the cases of iBu with and with-
out NO addition with no significant differences seen in the mole
fraction profiles. They are generally represented well by the model,
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which predicts slightly lower peak temperatures, however, than
observed in the experiment. From the ROP analyses, it is suggested
that the formation of CgHq4 is more relevant for the neat iBu oxi-
dation than for the iBu/NO mixture.

At the first CH,O peak temperature, the reaction of the IC4H;
radical with HO, radicals, which is relevant in the neat iBu oxida-
tion forming IC4H-0, is of minor importance for the iBu/NO mix-
ture. Instead, the fuel radical IC4H; mainly reacts with NO, and
produces IC4H;0 radicals via reaction R12 that releases NO. Its
contribution to the consumption of the IC4H; radicals at the CH,0
peak (886 K) is with 77% significant. With increasing temperature,
the contribution of reaction R12 to IC4H; consumption decreases
considerably, however, because it has a negative temperature de-
pendence, as shown in Fig. S2 in SM1. Reaction R12 was also found
to be the second-most sensitive reaction as shown in Fig. 13b.
The Arrhenius parameters for reaction R12 were estimated in anal-
ogy to those for the similar reaction C3Hs5-A+NO,—C3H50+NO,
which was found to be responsible for the low-temperature re-
activity in the 1Bu/NO mixture as well as in the oxidation of the
propene/O,/NOy mixture [45]. However, discrepancies between ex-
periment and simulation that are observed for the fuel consump-
tion (compare Fig. 1a, Section 4.1) indicate that the Arrhenius pa-
rameters must probably be inspected more closely. This is, how-
ever, beyond the scope of the present study and the reaction
should therefore be studied in more detail in the future.

Note that the IC4H; and IC4H,0 radicals could not be detected
in the present experiments. However, the stable species IC4H;NO
and IC4H;NO,, which are formed in low amounts (mole fractions
of order 10~°) by the recombination reactions of IC4H; with NO
and NO, were detected experimentally and their mole fraction
profiles are provided in Figs. 12c and 11a. The NTC behavior was
observed for IC4H;NO. The model predicts the observed trends for
IC4H7NO and C4H;NO in the 1Bu/NO and iBu/NO mixtures quite
reasonably (see Fig. 12c). According to the ROP analysis, the for-
mation reactions of IC4H;NO, and IC4H;NO are chain-terminating
at low temperature. The formation of the IC4H;NO radical is also
found to be very sensitive at low temperature, as indicated in
Fig. 13b. Both reactions compete with a reactive chain sequence
initiated by R12. The competition of these reactions lead to the ob-
served NTC region in close similarity to the behavior observed in
the previous propene/NOy investigation [45]. The inhibiting role of
IC4H,NO is reduced at higher temperatures, where it decomposes
to C;HsCHO and HCN. This reaction pathway is dominant for the
formation of HCN in the iBu/NO mixture at the CH,O peak temper-
ature. The mole fraction profile of HCN is included in Fig. 12b, and
it is very well captured by the model. Again, as for the 1Bu/NO
mixture, somewhat smaller but still significant amounts of HCN
(23 ppm at 784 K) were produced at temperatures representative
of close-coupled engine exhaust aftertreatment systems. Precau-
tions are needed to avoid such emissions because of their toxicity.

As presented in Section 4.2.1 for neat iBu, the IC4H;0 radi-
cals formed predominantly by reaction R12 decompose quickly to
IC3H5CHO (methacrolein). For the iBu/NO mixture, the decompo-
sition reaction of methacrolein by H-abstraction to IC3H5CO was
observed similar to the neat iBu, making this pathway a reactive
chain sequence that is believed to be an important contributor
to the low-temperature reactivity of the iBu/NO mixture. An ad-
ditional reaction pathway in the iBu/NO case is the reaction of
IC3H5CHO with NO,, forming IC3HsCO and HONO. Nitrous acid was
experimentally detected and its mole fraction profile is shown in
Fig. 12d together with that observed in the 1Bu/NO case. Note that
details regarding the identification of HONO isomers by photoelec-
tron photoion coincidence spectroscopy have been discussed very
recently by Hoener et al. [70]. Such assignment of separate struc-
tures was not attempted here, where HONO was detected at a pho-
toionization energy of 11.2 eV.
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For the iBu/NO mixture, HONO is mainly formed via the reac-
tion of HNO+NO,=HONO+NO but also from other reaction path-
ways such as the previously mentioned reaction of IC3H5CHO with
NO, with HONO as a product. For both the 1Bu/NO and iBu/NO
mixtures, the kinetics model shows respectable agreement be-
tween the measured and simulated mole fraction profiles, includ-
ing the NTC region. IC3H5CO decomposes further to C3Hs-T, which
can be oxidized to CH3CO and CH,O0:

C3H5-T + 0, = CH3CO + CH,0 (R23)

Reaction R23 is chain-propagating and contributes to CH,O for-
mation with 28% at 886 K. According to the sensitivity analysis
shown in Fig. 13b, reaction R23 was found to be the most sen-
sitive reaction especially at low temperatures inhibiting the fuel
consumption in the NTC region. The formed CH3CO radical decom-
poses to a reactive CHj radical, which, in turn further reacts with
NO, via the reaction CH3+NO,=CH30+NO. The consumption of
NO, is essential because NO, is needed for the fuel consumption
via reaction R13. Thus, reaction R23 is the major competing reac-
tion to that of the fuel consumption via IC4H; radicals (reaction
R12) and therefore has a negative sensitivity.

C3Hs5-T + 0, = CH3COCH; + O (R24)

The C3Hs5-T radicals are then oxidized by O, forming CH3COCH,
and O radical, which contributes to the radical pool, increasing the
fuel reactivity.

The overall enhanced reactivity of 1Bu and iBu upon NO ad-
dition can be understood by its contributions to the radical pool.
The addition of NO allows the formation of oxygenated species
already at low temperature. A main difference between the oxi-
dation of both fuels under the studied conditions is constituted
by the reaction pathways of radicals found to be responsible for
the low-temperature reactivity, namely, of C3H5O radicals for 1Bu
and IC4H;0 radicals for iBu. The NTC region in the iBu case can
be explained by the competition of chain-branching and chain-
termination reactions of the IC4H;0 radicals dependent on tem-
perature.

5. Conclusions

The oxidation of 1-butene and i-butene with and without NO
addition were studied systematically at fuel-rich (¢ = 2.0) con-
ditions in flow reactor experiments at atmospheric pressure and
temperatures of approximately 600-1200 K using synchrotron-
based VUV-PIMS. These studies were performed with a specific
interest in the fuel-structure-dependent reaction kinetics as well
as in the impact of NO on the respective oxidation rate. Experi-
mental data in form of consistent sets of isomer-resolved species
mole fraction profiles were analyzed in detail for two butene iso-
mers with and without NO addition and complemented with sim-
ulations using an elementary-step reaction mechanism. The mech-
anism with the associated kinetic data is based on mechanisms
given in literature and extended to obtain all relevant reactions
using the experimental data from this work. The model develop-
ment was further supported by experimental and modeling studies
of the oxidation at fuel-lean conditions. The results are provided in
the Supplemental Material. The model is thus deemed suitable and
in a good starting position to describe interactions between NOx
and hydrocarbons with up to four carbon atoms.

The detailed analysis of the experimental and simulated data
reveals that both aspects - the structural differences between
the fuels 1-butene and i-butene as well as the effects of the
NO addition - influence the reactivity due to significant differ-
ences in the mixture-specific intermediate species pools and the
related changes in respective reaction pathways in the low- to
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high-temperature regime. Most obviously, a low-temperature re-
activity leading to an NTC region below 1000 K was induced in
the i-butene/NO mixture, while no NTC behavior was observed for
the other mixtures. It was found that the observed NTC region
in the i-butene/NO mixture can be traced back to the formation
of IC4H0O radicals that are chain-branching and initiate the low-
temperature reactivity. The rate constant of the most important re-
action IC4H;+NO,=IC4H;0+NO shows a negative temperature co-
efficient in the i-butene/NO mixture, which explains the reduced
reactivity with temperature increase. The aforementioned reaction,
however, competes with the recombination reactions leading to
IC4H;NO, and IC4H;NO formation, thus decreasing the reactivity
at low temperatures, instead. The inhibiting reactivity is reduced
with temperature increase.

The overall enhanced reactivity upon NO addition can be traced
back to its contribution on the radical pool for both fuels. These in-
clude, for example, the well-known interchanging reactions such as
NO+HO,=NO,+O0H producing important and reactive OH radicals
and CH3+NO,=CH30+NO. It was shown that significant amounts
of nitrogenated species, including HCN were produced at moder-
ate temperatures and atmospheric pressure relevant to exhaust gas
conditions. It is crucial that the formation of toxic HCN is avoided
and therefore the occurrence of gas-phase reactions leading to HCN
should be considered carefully in technical combustion processes.

Even though the present model reasonably captures the mole
fraction profiles for most of the species, prospective improvements
and extensions of the model might be considered. The experimen-
tal data from the present study are expected to be valuable for the
development of such future combustion models.
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