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We report the investigation on the low-temperature oxidation of cyclohexane in a jet-stirred
reactor over 500—742 K. Synchrotron vacuum ultraviolet photoionization mass spectrometry
(SVUV-PIMS) was used for identifying and quantifying the oxidation species. Major prod-
ucts, cyclic olefins, and oxygenated products including reactive hydroperoxides and high
oxygen compounds were detected. Compared with n-alkanes, a narrow low-temperature
window (~80 K) was observed in the low-temperature oxidation of cyclohexane. Besides, a
kinetic model for cyclohexane oxidation was developed based on the CNRS model [Combust.
Flame 160, 2319 (2013)], which can better capture the experimental results than previous
models. Based on the modeling analysis, the 1,5-H shift dominates the crucial isomerization
steps of the first and second Oy addition products in the low-temperature chain branching
process of cyclohexane. The negative temperature coefficient behavior of cyclohexane oxida-
tion results from the reduced chain branching due to the competition from chain inhibition
and propagation reactions, i.e. the reaction between cyclohexyl radical and Oy and the de-
composition of cyclohexylperoxy radical, both producing cyclohexene and HO radical, as
well as the decomposition of cyclohexylhydroperoxy radical producing hex-5-en-1-al and OH
radical.

Key words: Cyclohexane, Low-temperature oxidation, Synchrotron vacuum ultraviolet
photoionization mass spectrometry, Kinetic model, Negative temperature coefficient behavior

NTC behavior has also been found in low-temperature

Low-temperature combustion techniques for inter-
nal combustion engines have attracted great attentions
due to the features to reduce emissions, leading to
a growing need to understand low-temperature oxida-
tion chemistry of transportation fuels and their com-
ponents [1-3]. In particular, the negative tempera-
ture coefficient (NTC) behavior typically happening at
500—900 K plays a key role in low-temperature auto-
ignition processes [4, 5]. Naphthenes (cycloalkanes and
alkylcycloalkanes) are an important component family
in petroleum-derived transportation fuels. Their total
volume fraction can reach up to 35% in diesel oils, 20%
in jet fuels, and 10% in gasoline [6, 7], while the value
can be 50%—70% in diesel oils derived from oil-sands [8].
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oxidation of naphthenes. However, chemistry in naph-
thene oxidation, especially for the NTC behavior, was
still not well understood compared with those in acyclic
alkane oxidation. Cyclohexane is one of the small-
est naphthenic components in transportation fuels and
serves as a model compound for large naphthenic com-
ponents in transportation surrogate fuels [9, 10]. Fur-
ther understanding of the low-temperature oxidation
chemistry of cyclohexane will not only contribute to
the development of accurate kinetic models for trans-
portation surrogate fuels, but also help understand the
low-temperature oxidation chemistry of naphthenes.

Various studies have been conducted for the high-
temperature combustion of cyclohexane, such as mea-
surements of ignition delay time in shock tubes (ST)
[11-15], laminar flame speed in spherical expanding
flames [16-18] and counterflow flames [19, 20], and
species concentration in flames [16, 21-23], jet-stirred
reactor (JSR) oxidation [24, 25] and flow reactor pyroly-
sis [26]. Compared to the high-temperature combustion
of cyclohexane, there are only a limited number of
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studies conducted on its low-temperature oxidation.
Lemaire et al. [27] measured the ignition delay time
of cyclohexane at 600—900 K and 7—14 bar in a rapid
compression machine (RCM) and found that the low-
temperature oxidation of cyclohexane shows slight NTC
behavior. Recently, Vranckx et al. [28] extended the
pressure up to 40 bar and clearly confirmed the NTC
behavior of cyclohexane oxidation between 680—910 K
at various pressures and equivalence ratios. Serinyel et
al. [18] used gas chromatography (GC) to detect sta-
ble species in the JSR oxidation of cyclohexane, includ-
ing cyclic ethers, ketones, aldehydes, and some cyclic
olefins. They also found that cyclohexane only has
weak reactivity in low-temperature oxidation. Yang et
al. [29] elucidated this weak reactivity is because the
six-membered ring structure limits the number of hy-
drogen atoms available to the 1,5-H shift, based on their
observations in motored-engine experiments and confor-
mational analysis. However, there is no measurement
on reactive intermediates in low-temperature oxidation
of cyclohexane, such as hydroperoxides and high oxy-
gen compounds (i.e. CgHyoO3 species in this work),
which play crucial roles in the low-temperature chain
branching process.

Buda et al. [30] developed a kinetic model for low-
temperature oxidation of cyclohexane with estimated
rate constants by analog with alkanes. Later, rate
constants for the isomerization reactions of the cyclo-
hexylperoxy radical (ROO) and the decomposition reac-
tions of cyclohexylhydroperoxy radicals (QOOH) were
updated according to the theoretical work of Sirjean et
al. [31, 32]. Recently, some rate constants for the forma-
tion and decomposition of key oxygenated species were
updated by Serinyel et al. [18] based on the validation
against their JSR oxidation and laminar flame speed
data, while they also added some new reactions with
the rate constants estimated using the EXGAS soft-
ware. The final model reported by Serinyel et al. [18]
shows reasonable agreement with the detailed species
concentration data in JSR oxidation over 500—1100 K,
as well as the ignition delay time data over 650—1150 K
[11-13, 27, 28] and the laminar flame speed data [17-
20]. However, its performance in predicting the reac-
tive hydroperoxides and high oxygen compounds, is still
unknown due to the absence of experimental measure-
ments.

In this work, the low-temperature oxidation of cyclo-
hexane was investigated in a jet-stirred reactor at atmo-
spheric pressure. Oxidation species were detected using
synchrotron vacuum ultraviolet photoionization mass
spectrometry (SVUV-PIMS), while their mole fractions
were evaluated. The energy barriers of the isomeriza-
tion pathways in second Os addition processes were
calculated to reveal the dominant pathway. A kinetic
model of cyclohexane oxidation was developed from the
model of Serinyel et al. (referred to as the Serinyel
model) [18] and validated against the present experi-
mental data. Both rate of production (ROP) and sen-
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sitivity analysis were performed to provide insight into
the low-temperature oxidation chemistry of cyclohex-
ane.

Il. EXPERIMENTS

The experiment was performed at the National Syn-
chrotron Radiation Laboratory (NSRL) in Hefei, China.
The VUV beamline and the JSR oxidation apparatus
were introduced in our recent work [33-35], only brief
introduction about the JSR oxidation apparatus will be
provided here. An electrically heated silica JSR with a
volume of 102 cm?® was used in this work. The reactor
temperature was monitored by a K-type thermocouple
mounted in the center of the reactor. Cyclohexane was
fed by a liquid chromatography pump and vaporized in
an electrically heated vaporizer before mixing with Oq
and Ar. The inlet mole fractions of cyclohexane and
Os were maintained at 1% and 9%, respectively, cor-
responding to the stoichiometric condition. The mix-
ture first entered an annular preheating zone which was
heated to the reaction temperature in order to minimize
thermal gradients in the gas phase inside the reactor
[36]. The residence time of gas mixture inside the an-
nular preheater is very short compared to its residence
time inside the reactor (a few percent). The experi-
ment was performed at 760 Torr and 500—742 K with
the residence time of 2 s. The products were sampled by
a quartz nozzle mounted on the sidewall of the reactor.
After ionized by the synchrotron VUV light, the ions
were detected by a homemade time-of-flight mass spec-
trometer with a mass resolution (m/Am) of 2100 [33].

The mole fractions of products were evaluated using
the method introduced elsewhere [37]. Photoionization
cross sections (PICSs) of most species were taken from
our online database [38]. For hydroperoxides, the PICSs
were estimated using the group addition method [39].
The uncertainties of evaluated mole fractions are about
+20% for major species, +50% for intermediates with
known PICSs, and a factor of 2 for those with estimated
PICSs [34].

Ill. KINETIC MODELING

In this work, the sub-mechanism of cyclohexane was
updated according to the validation against the present
experimental data. Detailed information about the re-
actions and the source of updated rate constants are
listed in Table I, while some controversial reactions will
be discussed in this section.

Isomerization of cyclohexylperoxy radical via in-
tramolecular hydrogen transfer mainly produces three
cyclohexylhydroperoxy radicals, i.e. SQOOH (R2),
vQOOH (R3), 6QOOH (R4), while the formation of
aQOOH through a four-membered ring transition state
is not preferred. The rate constants of these isomeriza-
tion reactions were estimated in most of previous mod-
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TABLE I The reactions updated in the present model®.
Reaction A n E./(cal/mol) Reference No.
Isomerization
CeH1100=0QOO0OH 5.25x 108 1.355 38850 PM® R1
CeH1100=QO0OH 5.25x 108 1.739 30250 PM R2
CeH1:00=yQO0OH 1.82x10% 1.401 31740 PM R3
CsH1100=5QO0H 8.70x107 1 25556 PM R4
Chain termination
CeH11+02=CsH1o#6+HO- 3.90x10'? 0 5000 [30] R5
CeH1100=CsH10#6+HO; 7.60x10'2 0 32100 [40] R6
02+7QOOH=CsHyOOH-1+HO> 5.20x10"2 0 5000 This work R7
024+7QOOH=CsHoOOH-2+HO> 5.20x 102 0 5000 This work RS

Formation of hex-5-en-1-al and C¢H1003 and decomposition of C¢H19O3

~YQOOH—OH-+hex-5-en-1-al 9.90x10'2 0.248 20440 PM R9
007QOOH—-0OH+CsH1003 1.80%107 1.668 25100 [18] R10
CsH1003—OH+C2H,+CH,CO+CH>CHO 1.50x10% 0 32000 [40, 41] R11
H-atom abstraction

CeH124+OH=CgH11+H20 7.70x107 2 —770 [30] R12

? The rate constants (k=AT" exp(—FEa/RT), cm®mol~'s™') are valued at 1 atm.
b BQOOH, yQOOH, and §QOOH: Radical sites are in the ortho, meta, and para positions of the OOH sidechain,

respectively.
¢ PM denotes evaluated rate constant in the present model.

els [30, 42, 45, 46]. Cavallotti et al. [40] and Sirjean
et al. [32] calculated the rate constants of the isomer-
ization reactions of ROO and the decomposition reac-
tions of QOOH producing cyclic ethers with modified
G2MP2 and CBS-QB3 methods, respectively. Fernan-
des et al. [44] determined the rate constant of R3 using
pulsed-laser photolytic initiation combined with laser-
induced fluorescence measurements. The rate constants
of R2—R4 in the present model and from literature are
compared in FIG. 1. Recognizing the great discrepan-
cies of their rate constants among different sources, the
rate constants of R2—R4 were evaluated in this work
based on the validation against the present experimen-
tal data, which mainly locate inside the distributions of
literature rate constants. As shown in FIG. 1, the rate
constant of R3 is more than one order of magnitude
higher than R2 and R4, implying its critical role in de-
termining the low-temperature oxidation reactivity of
cyclohexane. Thus, the decomposition of YQOOH will
also play an important role in the low-temperature ox-
idation of cyclohexane. The rate constants in previous
models [18, 43] and from theoretical calculations [32, 40]
of R9 (a global reaction from yQOOH to hex-5-en-1-al
and OH radical) are plotted in FIG. 1(d). The evalu-
ated rate constant in the present model is embedded in
the two computed results [31, 40], and is slightly higher
than that in the Serinyel model [18].

The formation of cyclic olefins and less reactive HO4

radical was considered as the chain-inhibition step in
low-temperature oxidation since the HO4 radical favors
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self-combination reaction to yield HyOo which is ther-
mally stable below 800 K. In the present model, the rate
constant recommended by Buda et al. [30] was adopted
for R5. For R6, the rate constant was taken from the
theoretical calculation work of Cavallotti et al. [40],
while the rate constants of R7 and R8 were estimated
in the present model.

For the decomposition of OOyQOOH and high oxy-
gen compounds (lumped as CgH;9Os in both the
Serinyel model and the present model), global reactions
were incorporated, which is similar to the previous mod-
els [18, 41, 47]. Their rate constants were assigned ac-
cording to the validation against present experiment.
For example, the rate constant of C¢H19O3 decomposi-
tion reaction (R11) was evaluated to match the present
experiment data according to the rate rule summarized
by Ranzi et al. [41].

The final model is composed of 437 species and 2376
reactions. The simulation work was performed us-
ing the perfectly stirred reactor (PSR) module in the
Chemkin-Pro software [48]. Fix gas temperature and
transient solver were used. The surface temperature is
selected to be the same as the gaseous temperature.

IV. RESULTS AND DISCUSSION
A. Measurement of oxidation species
Benefitting from the use of SVUV-PIMS diagnostic

method, detailed speciation, especially for those reac-
tive intermediates, was achieved in this work. As shown
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FIG. 2 Mass spectrum of cyclohexane oxidation at 600 K, equivalence ratio ¢=1.0 and the photon energy of 10.00 eV. The
formula and names in blue color denote hydroperoxides observed in this work.

in FIG. 2, stable oxidation products were measured in
this work, including cyclic ethers/aldehydes/ketones,
cyclic olefins and cyclic alcohols, which were also ob-
served by Serinyel et al. [18]. However, the GC
method used in the work of Serinyel et al. [18] is
not capable to detect reactive intermediates like hy-
droperoxides. In this work, hydroperoxides includ-
ing methyl hydroperoxide (CH;OOH), cyclohexyl hy-
droperoxide (CgH;;OOH), cyclic ether hydroperoxides
(CEHPs), keto-hydroperoxides (KHPs) and olefinic-
hyderperoxides (OFHPs), as well as their decompo-
sition products, were successfully detected. Particu-
larly, the signal at m/z=130.05 (C¢H1¢O3) is referred to
KHPs/CEHPs which are critical chain-branching trig-
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gers [49].

B. Consumption of cyclohexane

FIGs. 3—5 shows the measured mole fraction profiles
of reactants, major products, and intermediates. As a
comparison, the predicted results by the present model,
the Serinyel model [18] and the model of Silke et al.
(referred to as the Silke model) [11] are also shown in
FIG. 3. Asshown in FIG. 3, the measured mole fraction
profile of cyclohexane shows a low-temperature window
of about 80 K, which is composed by a low-temperature

(©2018 Chinese Physical Society
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[18], and the Silke model [43], respectively. 3m-CE and 5m-

CE represent three- and five-membered cyclic ether, respec-
tively.

oxidation region (first half, 580—620 K) and a NTC re-
gion (second half, 620—660 K). The low-temperature
window is much narrower than its acyclic counterparts,
e.g. n-hexane (about 200 K) [50]. Under the con-
ditions investigated by Serinyel et al. [18], the mea-
sured low-temperature window of cyclohexane oxida-
tion was even narrower (about 55 K). The measured
mole fraction profiles of major products also indicate
a similar narrow temperature window. As shown in
FIG. 3, the present model can well capture the mea-
sured low-temperature window, while the two previous
models both over-predict the temperature window.

In order to explore the low-temperature oxidation
chemistry of cyclohexane, both the ROP analysis and
the sensitivity analysis were conducted at 575 and 660
K, corresponding to the low-temperature oxidation re-
gion and the NTC region, respectively. Based on the
ROP analysis, the reaction networks at 575 and 660 K
are drawn in FIG. 6 to guide the eye. The sensitivity
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analysis for the consumption of cyclohexane is shown
in FIG. 7. As concluded by Battin-Leclerc et al. [51]
and Zédor et al. [52], cyclohexane has a similar low-
temperature reaction mechanism to its acyclic counter-
parts. Cyclohexane is mainly consumed via the H-atom
abstraction reaction by OH radical (R12) (97.2% and
95.4% at 575 and 660 K, respectively). It is worth not-
ing that, the ROP analysis at 575 K demonstrates R9,
R10, and R11 produce more than 60% of OH radical. As
temperature increases, the H-atom abstraction reaction
by HO- has an increasing contribution (0.5% and 3.8%
at 575 and 660 K, respectively). In the low-temperature
oxidation of alkanes, the low-temperature oxidation re-
activity is determined by the competition between chain
branching and chain inhibition/termination, which re-
sults in the NTC behavior [51]. Thus, the following
discussion will be focused on this competition in the
chain reaction system of low-temperature oxidation of
cyclohexane.

C. Low-temperature chain branching process and NTC
behavior

According to the ROP analysis and the sensitivity
analysis, the chain branching process (see Scheme 1),
including (1) the first Oy addition to R (cyclohexyl rad-
ical) forming ROO (cyclohexylperoxy radical), (2) the
isomerization of ROO to QOOH (cyclohexylhydroper-
oxy radical) through intramolecular H shift (R3), (3)
the second Oy addition to QOOH forming OOQOOH,
(4) the isomerization of OOQOOH to U(OOH)s, (5) the
decomposition of U(OOH), forming ketohydroperoxide
and OH radical, and (6) the sequential decomposition
of ketohydroperoxide forming the second OH radical
(R11), plays a crucial role in the low-temperature oxi-
dation of cyclohexane, which is similar to the situation
in the low-temperature oxidation of alkanes [49, 51]. In
both the Serinyel model [18] and the present model,
steps (4) and (5) were lumped as one global reaction
(R10). In particular, most steps in the chain branch-
ing process are among the most sensitive reactions for
promoting the consumption of cyclohexane at both 575
and 660 K, as shown in FIG. 7.

The first O9 addition reaction consumes most of cy-
clohexyl radical, making it the dominant consumption
pathway of cyclohexyl radical in low-temperature oxi-
dation. Furthermore, the reaction of cyclohexyl radical
with Oy producing cyclohexene and HO3 (R5), which
is the step (7) in Scheme 1, plays a minor role in the
consumption of cyclohexyl radical. As the temperature
increases from 575 K to 660 K, this reaction shows en-
hanced competition to the first Oo addition reaction,
with the contribution increasing from 5.0% at 575 K to
10.9% at 660 K. It should be noted that this reaction
is a typical chain inhibition reaction since it produces
HOs radical which is much less reactive than H atom,
O atom, and OH radical. As a result, the sensitiv-
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FIG. 6 Reaction networks of stoichiometric cyclohexane oxidation at (a) 575 K and (b) 660 K.

(a) I Cyclohexane
CsH1100 = yQOOH
CeH1003#6EP => OH+C2H4+CH2CO+CH2CHO
yQOOH+02 = OOyQOOH
CeH11+02= CeH1100
02+CH2CHO => HCHO+OH+CO
CsH1100 = CeH10#6+HO2
CeH1100+CsH1100 => CeH110+CsH110+02
CsH1100+CeH1100 => CsH100+CeH110OH+O2
CeH11+02 = CeH10#6+HO2
yQOOH => OH+hex- -en 1-al

promoting

inhibiting

(b)
CsH1100 = yQOOH
CeH11+02 = CeH1100
yQOOH+02 = O0OyQOOH
OOyQOOH => OH+CsH1003#6EP
CeH12+HO2 = CeH11+H202
02+CH2CHO => HCHO+OH+CO
02+CH2CHO = CH2CO+HO2
CeH1100 = CeH10#6+HO2
CsH11+02 = CeH10#6+HO2
yQOOH => OH+hex-5-en-1-al

promoting

inhibiting

-0.8 -06 -04 02 00 0.2

Sensitivity coefficients

0.4 0.2 0.0 0.2
Sensitivity coefficients

FIG. 7 Sensitivity analysis for the consumption of cyclohexane at ¢=1.0 and (a) 575 K, (b) 660 K.
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Scheme 1 Major reaction sequences from cyclohexyl radical in the low-temperature oxidation of cyclohexane.
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ity analysis in FIG. 7 shows that this reaction has a
greatly enhanced positive sensitivity coefficient in the
NTC region, compared with the situation in the low-
temperature oxidation region.

Due to the symmetric molecular structure, the iso-
merization of ROO to QOOH includes four competing
channels, producing «QOOH, SQOOH, yQOOH, and
dQOOH (R1—R4). As shown in FIG. 1, the 1,5-H shift
through a six-membered ring transition state (R3) is
more favored in the isomerization of cyclohexylperoxy
radical due to the reduced ring strain effect. The ROP
analysis shows that the product of R3, i.e. YQOOH, is
the dominant QOOH in the low-temperature oxidation
of cyclohexane, while only trace amounts of SQOOH
and §QOOH (less than 2%) are formed. For aQOOH,
it is produced from the isomerization of ROO (R1)
through a four-membered ring transition state with an
extremely high ring strain energy. Thus R1 only has
negligible contributions to the consumption of ROO.
Besides the isomerization to QOOH, ROO can also be
consumed by some other reactions. It can suffer the
concerted elimination to produce cyclohexene and HO»
radical (R6), the reactions with cyclohexane or HO4
radical to produce C¢H11O0H, and the reaction with
another ROO to produce cyclohexanone and cyclohex-
anol. The results of cyclohexene, cyclohexyl hydroper-
oxide, cyclohexanone, and cyclohexanol are shown in
FIGs. 4 and 5. In particular, strong competition be-
tween R3 (step (2) in Scheme 1) and R6 (step (8) in
Scheme 1) can be observed from the ROP analysis and
the sensitivity analysis. Same as R5, R6 is also a chain
inhibition reaction. The contribution of R6 to the con-
sumption of ROO is doubled from 575 K to 660 K and
its sensitivity coefficient in FIG. 7 also greatly increases.
Meanwhile the sensitivity coefficient of R3 decreases a
lot.

vYQOOH also has several competing consumption
pathways. At 575 K, its consumption is mainly con-
trolled by the second O addition forming OOyQOOH.
In order to reveal the dominant consumption path-
ways of OOyQOOH, quantum chemistry calculation
was performed with B3LYP/6-31G(d) for optimization
and CBS-QB3 for single point energy calculations. As
shown in FIG. 8, the calculated results indicate the 1,5-
H shift has a much lower energy barrier than other chan-
nels. Therefore the ROP analysis shows that the 1,5-H
shift controls the consumption of OOyQOOH, forming
~U(OOH), with the radical site on the meta position.
The decomposition of yU(OOH)y can produce CEHP
and OH radical. The CEHP further isomerizes to KHP,
while KHP suffers unimolecular decomposition to give
the other OH radical and completes the chain branch-
ing process. In this work, CEHP and KHP (both are
CgH1003 isomers) were observed and their results are
shown in FIG. 4. The molecular structures labelled in
FIG. 4 are the most possible ones proposed for CgH1¢O3
based on the ROP analysis. Similar to R5, yQ(OOH)
can also react with Oz (R7—R8) to produce OFHPs
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FIG. 8 Calculated energy barriers for OOQOOH isomer-
ization channels. TSC-DE-i (i=1, 2) refers to concerted
elimination in isomerization process. The optimized struc-
tures for the transition states in intermolecular H shifts are
provided.

(i. e. CGHQOOH) Similar to CHgOOH and C(;HHOOH7
the evolution of C4gH190O3 and C¢H9OOH presents the
same characteristics. Once generated, they decompose
rapidly. The present model can well predict this ten-
dency as well as the survived temperature region of
these hydroperoxides. The survived temperature re-
gion of these hydroperoxides presented in FIG. 4 also
reveals that the production and decomposition of hy-
droperoxides promote the fuel decomposition at initial
stage (580—600 K in this work).

Besides the chain branching reaction sequence,
~vQOOH can also suffer the unimolecular decomposi-
tion reaction to produce 1,3-epoxycyclohexane and OH
radical. However, 1,3-epoxycyclohexane is not stable
and can quickly be isomerized to hex-5-en-1-al, which
was first experimentally confirmed by Handford-Styring
et al. [53] and widely incorporated in previous mod-
els [11, 18, 30]. According to the predicted results in
FIG. 5, the maximum mole fraction of hex-5-en-1-al is
more than one order of magnitude higher than those of
cyclic ethers, aldehydes and ketones, which is similar to
the GC observations of Serinyel et al. [18]. In both the
Serinyel model and the present model, this reaction se-
quence was lumped as a global reaction (R9). As shown
in FIG. 6, this chain propagation step is only a minor
pathway to the consumption of yQOOH compared with
the chain branching process at 575 K. As the temper-
ature increases, this process becomes more and more
competitive. At 660 K, it dominates the consumption
of YQOOH while the chain branching process becomes
less important. The sensitivity analysis also reveals the
great enhancement of R9 at 660 K compared with the
situation at 575 K.

According to the above discussions, both the ROP
analysis and the sensitivity analysis demonstrate that
the chain branching process (steps (1)—(6) in Scheme 1)
can promote the low-temperature reactivity of cyclo-
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hexane. In contrast, the chain inhibition and chain
propagation reactions (steps (7)—(9) in Scheme 1), in-
cluding the reaction between cyclohexyl radical and Og
forming cyclohexene and HOz radical (R5), the con-
certed elimination of ROO producing cyclohexene and
HO- radical (R6), and the decomposition of v-QOOH
to hex-5-en-1-al and OH radical (R9), can greatly re-
duce the reactivity. Under the low-temperature oxida-
tion region (580—620 K), the chain branching process
dominates the oxidation, showing enhanced reactivity
as the temperature increases. Then the chain inhibition
and chain propagation processes become more and more
competitive, leading to the reduced low-temperature re-
activity and the NTC behavior over 620—660 K. The
updated key reactions in the low-temperature mecha-
nism of cyclohexane are the reason that the present
model can better capture the low-temperature oxida-
tion characteristics and NTC behavior of cyclohexane
than previous models.

V. CONCLUSION

In this work, the SVUV-PIMS method was used to
explore the low-temperature kinetics of cyclohexane in
a jet-stirred reactor. Major products, cyclic olefins,
and oxygenated product including hydroperoxides and
high oxygen compounds were detected. Cyclohexane
exhibits apparent low-temperature reactivity and nar-
row low-temperature window. A kinetic model was
developed from a previous model and a series of key
low-temperature reactions were updated. Compared
with previous models, the present model shows satisfac-
tory performance in capturing the experimental results.
Both the ROP analysis and the sensitivity analysis were
performed to help understand the chemistry in low-
temperature cyclohexane oxidation. Unlike alkanes, the
1,5-H shift, instead of the 1,4- and 1,6-H shift, dom-
inates the crucial isomerization steps of the first and
second Os addition products in the low-temperature
chain branching of cyclohexane. The NTC behavior
of cyclohexane oxidation results from the reduced chain
branching due to the competition between chain inhi-
bition and propagation reactions, i.e. the reaction be-
tween cyclohexyl radical and O5 and the decomposition
of cyclohexylperoxy radical, both producing cyclohex-
ene and HO, radical, as well as the decomposition of
cyclohexylhydroperoxy radical producing hex-5-en-1-al
and OH radical.
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