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The pyrolysis of cyclohexane at low pressure (40 mbar) was studied in a plug flow reactor from 950 to
1520 K by synchrotron VUV photoionization mass spectrometry. More than 30 species were identified
by measurement of photoionization efficiency (PIE) spectra, including some radicals like methyl, propar-
gyl, allyl and cyclopentadienyl radicals, and stable products (e.g., 1-hexene, benzene and some aromat-
ics). Among all the products, 1-hexene is formed at the lowest temperature, indicating that the
isomerization of cyclohexane to 1-hexene is the dominant initial decomposition channel under the con-
dition of our experiment. We built a kinetic model including 148 species and 557 reactions to simulate
the experimental results. The model satisfactorily reproduced the mole fraction profiles of most pyrolysis
products. The rate of production (ROP) analysis at 1360 and 1520 K shows that cyclohexane is consumed
mainly through two reaction sequences: cyclohexane — 1-hexene — allyl radical + n-propyl radical, and
cyclohexane — cyclohexyl radical — hex-5-en-1-yl radical that further decomposes to 1,3-butadiene via
hex-1-en-3-yl and but-3-en-1-yl radicals. Besides the stepwise dehydrogenation of cyclohexane, C3 + C3
channels, i.e. C3Hz + C3H3 and C3Hs + aC3Hs also have important contribution to benzene formation. The
simulation reveals that C3Hs + C3H3 = phenyl + H reaction is the key step for other aromatics formation,

i.e. toluene, phenylacetylene, styrene, ethylbenzene and indene in this work.
© 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Cycloalkanes widely exist in diesel, jet, and gasoline fuels. They
make up to 35% of conventional diesel fuels, about 20% of jet fuels
and about 10% of gasoline [1,2]. Among cycloalkanes, cyclohexane
has received great attention due to its simplicity, and the role as a
good starting point to develop cycloalkane models. Many experi-
ments have been carried out to investigate pyrolysis [3-6],
oxidation [7-17] and combustion [18-25] of cyclohexane. In addi-
tion to experimental investigations, some theoretical studies have
been performed by Handford-Styring and Walker [26], Sirjean et al.
[27] and Cavallotti et al. [28].

However, despite the great effort towards cyclohexane, some
aspects of cyclohexane chemistry are still not fully understood.
Tsang [29] and Brown et al. [30] proposed that the dominant initial
channel of cyclohexane pyrolysis is its isomerization to form 1-
hexene. However, the experimental results in an annular reactor
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at atmospheric pressure obtained by Aribike et al. [31] did not con-
firm Tsang's prediction [29], since 1-hexene was not observed. Voi-
sin et al. [8] performed a measurement for the oxidation of
cyclohexane in a jet stirred reactor (JSR) at 10 atm, in which 1-hex-
ene was also not identified. The JSR oxidation experiment carried
out by EI Bakali et al. [9] at 1, 2 and 10 atm showed that a pressure
decrease favored the formation of olefins. In their experiments, 1-
hexene was observed at 1atm, but not at 10 atm. Dissociation
channels other than isomerization reaction of cyclohexane were
proposed by Aribike et al. [31], Voisin et al. [8] and EI Bakali
et al. [9] due to the absence of 1-hexene. Recently, Kiefer et al.
[5] carried out shock tube and theoretical study of cyclohexane
decomposition. Both experimental and theoretical results con-
firmed that cyclohexane predominantly isomerizes into 1-hexene.

Another aspect for cyclohexane chemistry is the mechanism of
benzene formation. Besides recombination reactions of small linear
hydrocarbons, there are many experimental evidences that ben-
zene can be produced by dehydrogenation of cyclohexane
[8,10,13,18,32]. In a sooting premixed flame, Ciajolo et al. [23]
predicted that benzene comes from the fast dehydrogenation of
cyclohexane at the preheat and reaction zones and from the
recombination/addition reactions of small radicals, especially the
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self-combination of CsHj at the postflame zone. The laminar flames
of cyclohexane investigated by Law et al. [21] and Li et al. [25]
showed that benzene is formed dominantly by stepwise dehydro-
genation of cyclohexane under stoichiometric condition, and by
the synergy of both fuel dehydrogenation and radical recombina-
tion under fuel-rich condition. However, McEnally and Pfefferle
[20] showed that dehydrogenation is a minor pathway comparing
with addition reactions for benzene formation in non-premixed
cyclohexane flames.

In this work, we studied the cyclohexane pyrolysis at low pres-
sure (40 mbar) in a plug flow reactor in the temperature range of
950-1520 K using synchrotron VUV photoionization mass spec-
trometry (SVUV-PIMS). This technique has been proven as a pow-
erful in situ diagnostic method for complex reaction systems such
as pyrolysis and combustion, low temperature oxidation and or-
ganic analysis [33-37]. The pyrolysis products, particularly 1-hex-
ene and some aromatics were detected and quantified. A detailed
kinetic model of cyclohexane pyrolysis was developed and vali-
dated by our experimental results. The main objective of this work
is to discuss the initial decomposition channels of cyclohexane and
the formation of benzene and larger aromatics under the condi-
tions of this work.

2. Experimental method

The experimental work was carried out at U10 beamline of Na-
tional Synchrotron Radiation Laboratory (NSRL) in Hefei, China.
Description of the beamline and pyrolysis apparatus can be found
in detail elsewhere [38,39], and is briefly described here. The syn-
chrotron radiation from a bend magnet beamline of the 800 MeV
electron storage ring is dispersed by a 1 m Seya-Namioka mono-
chromator equipped with a 1200 grooves/mm grating. The energy
resolving power (E/AE) is about 500 at ~150 pm entrance and exit
slits. A LiF window is mounted between the exit slit and the pho-
toionization chamber to eliminate the higher-order harmonic radi-
ation when the wavelength is longer than 105 nm (equal to
11.80eV). A wavelength of 74.5 nm (equal to 16.65 eV) without
LiF window was used to get the signals of Ar, H, and CH,4, and mea-
sure the mixture of cold gases Ar, H, and CH,4 for calibration of the
major species.

The pyrolysis apparatus consists of a pyrolysis chamber contain-
ing a high temperature furnace, a differentially-pumped chamber
with a molecular-beam sampling system, and a photoionization
chamber combined with a home-made reflectron time-of-flight
mass spectrometer (RTOF-MS). The pyrolysis species were sampled
by a quartz cone with a ~500 pum orifice at the tip. The formed
molecular beam passed through a nickel skimmer into the photo-
ionization chamber, where it was crossed by the synchrotron light,
and then the photoions were collected and analyzed by the RTOF-
MS.

A newly constructed furnace was used in this experiment. The
furnace is similar to the former one that we used to study the pyro-
lysis of butene isomers [40], but the heating region is longer in this
study. As shown in Fig. 1a, the heated region is 150 mm and the
distance from the outlet of furnace to the sampling nozzle is about
10 mm. A tungsten-rhenium thermocouple was put close to the
middle region of the heating wire to monitor the outside temper-
ature (Toy) of the flow tube. Before performing the experiment, a
K-type thermocouple was put inside the flow tube to measure
the temperature profiles along the flow tube with a Ar flow rate
of 1.0 standard liter per minute (SLM). The position of the K-type
thermocouple can be controlled by a feedthrough outside the pyro-
lysis chamber, and then the temperatures at different positions
along the flow tube axis can be measured, named Ti,(d). Here, d re-
fers to the position of the thermocouple. In this work, four T;,(d)
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Fig. 1. (a) The schematic diagram of a newly constructed pyrolysis apparatus with
molecular-beam sampling mass spectrometer. The red circles inside the furnace
denote heating wire with the length of 150 mm in this work. A tungsten-rhenium
(W-Re) thermocouple that connected to a temperature controller was put close to
the middle region of the heating wire [40]. (b) The temperature profiles along the
centerline of the flow tube were measured by moving a K-type thermocouple (not
shown in the figure) from the tube inlet to the sampling point of the quartz nozzle.
Four temperature profiles with maximum values of 850, 1050, 1260 and 1460 K are
shown. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

profiles at Tou =773, 973, 1173 and 1373 K were measured from
d=0-229 mm, as shown in Fig. 1b. Each profile is named by its
maximum value (Tpax). The relationship between Ty and Ti,(d)
at each d can be deduced from the four T;,(d) profiles through sec-
ond order polynomial fitting. Then, the temperature profiles in the
flow tube at other T,s are plotted, which are provided in Supple-
mental material. In this work, the maximum value of the profile is
used as experimental temperature. The uncertainty of the maxi-
mum temperature is estimated to be within +30 K.

During the experiment, the carrier gas Ar was controlled by a
MKS mass flow controller with the flow rate of 0.98 SLM. The liquid
flow rate of cyclohexane was set as 0.097 ml/min (equal to 0.02
SLM in gas phase) using a high performance liquid chromatogra-
phy pump (Fuli Analytical Instrument Co., Ltd., Zhejiang, China).
The initial mole fraction of cyclohexane is 0.02 and the pressure
of the pyrolysis chamber was kept as 40 mbar. Cyclohexane was
vaporized in a vaporizer heated at a temperature of about 408 K
and mixed with Ar, then was fed into an alumina flow tube (inner
diameter: 6.8 mm). The sample of cyclohexane (99.5+%) used in
this experiment was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), Ar (99.99%) was purchased from Nan-
jing Special Gases Factory Ltd. in China.

Two experimental models were used in this study. One is to mea-
sure the photoionization efficiency (PIE) spectra at 1440 K, where
the conversion of the reactant is about 80% and most pyrolysis spe-
cies have strong signals. The PIE spectra contain precise information
of the ionization energies (IEs), which are crucial for species identi-
fication. Another one is to measure a series of mass spectra by vary-
ing temperature in order to get the mole fractions of Ar, reactant and
pyrolysis species. At each temperature, the experiments were
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performed at eight photon energies (16.65, 11.70, 11.00, 10.50,
10.00, 9.69, 9.50 and 8.86 eV) in order to implement near threshold
measurements. The method to deduce the mole fractions has been
reported in detail in our previous work [39], and is briefly described
here. For species i, the ion signal (S;) is given by

Si(T,E) = C x Xi(T) x 6i(E) x D; x ®y(E) x A(T) (E1)

where C is a proportional constant, X;(T) is the mole fraction of spe-
cies i at the temperature T, g;(E) is the photoionization cross section
of the species i at the photon energy E, D; is the mass discrimination
factor for the species i, and ®,(E) is the relative photon flux at the
photon energy E, A(T) is the expand factor at temperature T, which
is derived from the profile of Ar measured in the pyrolysis process.
The units of T, E, g,(E) and ®,(E) are K, eV, Mb and nA, respectively.

The mole fraction of pyrolysis species i at temperature T can be
obtained via a standard species s at temperature T, by the
relationship:

Xi(T) = [Si(T, E)/Ss(To, E)l[05(E)Ds/ai(E) Di]
x [4(To)/A(T)]Xs(To) (E2)

Ar was chosen as the standard species to get the mole fractions of H,
and CH,4 at 16.65 eV. The ([6{(E)/oa(E)] x [Di/Da;]) for H, (or CHy)
was gained by cold gas experiments on a binary mixture of H, (or
CH,4) and Ar in equal composition at 16.65 eV. The mole fraction of
cyclohexane was calculated by Xcycionexane(T) = [Scycionexane(T,E)/
Scyclohexane(TOvE)] X [)(TO)//L(T)] X chclohexane(TO)- In this WOl'l(, TO is
950K, at which pyrolysis does not happen. Xcycionexane(To) in this
temperature equals to its inlet concentration (0.02). To get the mole
fractions of other pyrolysis products, cyclohexane was chosen as the
standard species at 11.00, 10.50 and 10.00 eV, 1,3-butadiene calcu-
lated via cyclohexane was used as standard at 9.69 and 9.50 eV,
and 1,3-cyclohexadiene as standard at 8.86 eV. The mole fraction
of acetylene was calculated at 11.70 eV using ethylene as a standard.
Finally, the mole fraction profiles of each species were normalized in
consideration of the mole expansion effect. The errors of the total C
and H balances for measured species in the whole temperature
range are within 10%.

3. Kinetic modeling

Kinetic modeling simulations were performed with the Plug
Flow Code using Chemkin-PRO software [41]. Most thermody-
namic and transport data were taken from JetSurF version 2.0
(JetSurF 2.0) [42], and other data absent in JetSurF 2.0 were taken
from the compilation of Goss et al. [43]. Constant pressure of
40 mbar was used in the simulation since there is no big difference
for the pressure profiles in the plug flow tube (the inlet pressure is
only about 4 mbar higher than that of the outlet part at 1520 K).
The calibrated temperature profiles were used as input parameters.
As shown in Fig. 1, the pyrolysis species were sampled at 229 mm.
Therefore the simulated results at 229 mm are used to compare
with the experimental data.

The kinetic model developed in this work is based on our previ-
ously published pyrolysis mechanism of three butene isomers [40]
and JetSurF 2.0 [42]. The present model consists of 148 species and
557 reactions. Table 1 lists some selected reactions and their rate
constants. Figure 2 shows nomenclature, structure and name of
some important species related to cyclohexane pyrolysis. The full
mechanism is included in Supplemental material. The submecha-
nism of cyclohexane will be discussed below.

3.1. Reactions of cyclohexane

Some decomposition channels were proposed for the initial
reactions of cyclohexane (cCgHy,), which have been reviewed in

detail by Kiefer et al. [5]. In their work, both the shock tube exper-
imental and theoretical results confirmed that cyclohexane pre-
dominantly isomerizes into 1-hexene (C¢H12) (R1).

cC¢Hip = CsHy (R1)

None of the proposed molecular channels such as cCgH;z = 3CoHy
and cCgHq = cCgHqo + H, have a significant contribution to the
overall dissociation rate. In Kiefer et al.’s work [5], the rate con-
stants of R1 were measured in experiments and calculated by RRKM
theory at various pressures (33, 67, 133, 200 and 266 mbar) in the
temperature range of 1300-2000 K. They suggested that the uncer-
tainty of rate constants is within +30% throughout the range of pres-
sure and temperature. In this work, their calculated rate constant at
33 mbar is used and divided by a factor of 1.5 in the simulation to
get a better agreement with the experimental measurement.

Besides the C-C bond dissociation channel, the C-H bond disso-
ciation channel of cyclohexane will produce cyclohexyl radical
(cCeH11) (R2).

CCsH]z = CC6H1] +H (RZ)

The pressure-dependent rate constants of this reaction (R2) are ta-
ken from JetSurF 2.0.

H abstraction reactions by H and CH5 attack (R3) and (R4) on
cyclohexane are also included in the mechanism with the rate con-
stants taken from the work of Kiefer et al. [5] and JetSurF 2.0,
respectively.

H + cC¢Hiz = cCcHy1 +Hy (R3)

CH3 + cCg¢Hy, = cC¢Hyq + CHy (R4)

3.2. Reactions of 1-hexene

Kiefer et al. [5] also studied the thermal decomposition of 1-
hexene. They proposed two main decomposition channels (R5)
and (R6) and calculated the rate constants at 33, 67, 133, 200
and 266 mbar. The rate constants at 33 mbar are used in this work.

C6H12 = aC3H5 + nC3H7 (RS)

C6H12 = C4H7 + C2H5 (RG)

Besides, the dehydrogenation reactions (R7, R8) and reactions of
radicals like H and CH3 attack on 1-hexene (R9-R18) are included
in this model.

3.3. Reactions of CgH;; isomers

Two main reaction channels for cyclohexyl radical (cCgH;,) are
considered in this model. One channel is the ring-opening isomer-
ization of the cyclohexyl radical to form hex-5-en-1-yl radical

(PXCeHy1) (R19).
cCgHqi1 = PXC(;HH (R]g)

The hex-5-en-1-yl radical further decomposes to but-3-en-1-yl rad-
ical (C4H7)+ CoH4 (R21) and isomerizes to hex-1-en-3-yl radical
(SAXCgH11) (R22).

PXCsH11 = C4H7 + CoHy (R21)

PXCsH11 = SAXCeH14 (R22)

Then the hex-1-en-3-yl radical mainly decomposes to 1,3-butadi-
ene (C4Hg) and ethyl radical (C;Hs) through p-C-C scission (R24).

SAXCsHi; = C4Hg + CGoH5 (R24)

Besides the isomerization channel, the cyclohexyl radical can
form cyclohexene (cCgH;o) through p-C-H scission (R20).
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Table 1
Rate constants for selected reactions in the cyclohexane decomposition submechanism, k = AT"exp(—E/RT). The units are in cm?, mol, s, cal.
No. Reactions A n E References
Reactions of cyclohexane
1 cCeH1z = CeH12 1.33 x 107 -34.70 162,775 [5]
2 cCgHyq + H (+M) = cCsH1 (+M) 4.80 x 103 0.0 0 [42]
Low pressure limit 1.70 x 10°8 —12.08 11,264
Troe parameters: 0.649, 1213.1, 1213.1, 13369.7
3 cCgHy2 +H = cCgHyp + Ha 2.69 x 10'° 14 8229 (5]
4 cCgHy2 + CH3 = cCgHy1 + CHy 3.82 x 10% 3.2 11,634 [42]
Reactions of 1-hexene
5 CgHi2 = aCsHs + nC3H; 1.07 x 10%° -19.33 95,177 (5]
6 CgHyz = C4Hy + CoHs 2.70 x 108° -193 107,000 (5]
7 PXCgH;q + H (+M) = CgH15 (+M) 3.60 x 10'3 0.0 0 [42]
Low pressure limit 3.01 x 10%® -9.32 5834
Troe parameters: 0.498, 1314.0, 1314.0, 50000.0
8 SAXCgHq1 + H (+M) = CgHy3 (+M) 2.00 x 10 0.0 0 [42]
Low pressure limit 1.33 x 10%° -12.0 5968
Troe parameters: 0.020, 1096.6, 1096.6, 6859.5
9 CgHyo + H = C3Hg + nC3Hy 3.20 x 10?2 -2.39 11,180 [42]
10 CgHqz + H=CoH, + pC4Ho 8.00 x 10%! -2.39 11,180 [42]
11 CgHi2 + H=PXCeH11 + Hy 3.23 x 1072 4.70 3679 [42]
12 CgH12 + H=SXCgH11 + H3 3.17 x 1072 4.65 1340 [42]
13 CgHyz + H = S2XCgHy; + H, 3.17 x 1072 465 1340 [42]
14 CgHyp + H = SAXCgH 1 + H, 5.40 x 10% 2.50 ~1900 [42]
15 CgH12 + CH3 = PXCgH11 + CHy 4.50 x 107! 3.65 7153 [5]
16 CgH1o + CH3 = SAXCgH11 + CHy 2.82 x 10° 3.60 7153 [5]
17 CgHyz + CH3 = S2XCgHy; + CH, 1.50 x 10° 3.46 5480 (5]
18 CgH1z + CH3 = SXCgHq1 + CHy 1.50 x 10° 3.46 5480 [5]
Reactions of cyclohexyl radical
19 cCgHi1 (+M) = PXCgHy; (+M) 6.03 x 10'2 0.07 27,983 [42]
Low pressure limit 510 x 10733 15.29 —603
Troe parameters: —25.11, 225, 28, 50000.0
20 cCgHi1 (+M) = cCgHyo + H (+M) 3.34 x 10! 0.69 33,948 [42]
Low pressure limit 3.00 x 10740 17.33 —603
Troe parameters: —19.22, 230, 28, 50000.0
Reactions of hexenyl radicals
21 PXCgH11 (+M) = C4H; + CoH, (+M) 3.98 x 102 0.12 27,572 [42]
Low pressure limit 330 x 1074 18.35 —603
Troe parameters: —13.87, 227, 28, 50000.0
22 PXCgH11 (+M) = SAXCgH17 (+M) 1.55 x 10? 2.83 15,566 [42]
Low pressure limit 1.50 x 1073° 14.56 —602
Troe parameters: —13.59, 214, 28, 50000.0
23 PXCgH1; (+M) = PXCH,cCsHg (+M) 9.55 x 108 0.36 10,704 [42]
Low pressure limit 230 x 10728 14.28 —603
Troe parameters: —18.98, 214, 28, 50000.0
24 SAXCgH1q (+M) = C4Hg + CoHs (+M) 3.39 x 10'! 0.66 32,263 [42]
Low pressure limit 4.00 x 104 18.05 —-603
Troe parameters: —18.50, 246, 28, 50000.0
25 SXCgH1; (+M) = C3Hg + aC3Hs (+M) 457 x 1012 0.13 24,386 [42]
Low pressure limit 2.50 x 103! 14.57 -579
Troe parameters: —13.17, 268, 28, 50000.0
26 S2XCgHq1 (+M) = CsHg-14 + CH; (+M) 8.13 x 10'° 0.78 29,648 [42]
Low pressure limit 4.00 x 1073 16.78 —600
Troe parameters: —7.03, 314.0, 28.0, 50000.0
27 S2XCgHq1 (+M) = PXCH,-3-1CsHg (+M) 7.59 x 10° 1.81 6448 [42]
Low pressure limit 930 x 10°1° 11.70 —603
Troe parameters: —58.54, 201, 28, 50000.0
Reactions of cyclohexene
28 cCeH1o = C4Hg + CoHa 2.30 x 10" -2530 115,500 [44]°
29 SAXcCgHg + H (+M) = cCgH1o (+M) 2.00 x 10 0.0 0 c
Low pressure limit 2.66 x 105° -12.0 5968
30 cCgH1p + H=SAXcCeHo + H> 1.10 x 10° 2.50 —-1900 [61]
31 €CgH1o + CH3 = SAXcCgHg + CHy 2.00 x 10" 0.0 7300 [61]
32 SAXcCgHg = cCgHg-13 + H 1.62 x 107 -13.0 66,036 [25]
33 SAXcCgHg = PXCgHo-13 5.36 x 10°° -11.9 48,276 [25]
34 SAXcCgHg + H = cCgHg-13 + Ha 1.80 x 102 0.0 0 [42]
35 SAXcCgHg + CH3 = cCgHg-13 + CHy 1.10 x 103 0.0 0 [42]
36 cCgHg-13 = SAXcCgH; + H 7.29 x 10%° -8.0 87,064 [25]
37 cCeHg-13 + H = SAXcCgH; + Ha 1.10 x 10° 25 ~1900 [61]
38 cCgHg-13 + CH3 = SAXcCgH; + CHy4 2.00 x 10'2 0.0 7300 [61]
39 SAXcCeH; = Al +H 2.64 x 10° -1435 44,929 [25]
40 SAXcC¢H7 + H=A1+H, 1.80 x 10'2 0.0 0 [42]
41 SAXcCgH7 + CHs = A1 + CHy 1.10 x 103 0.0 0 [42]
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Table 1 (continued)

No. Reactions A n E References
Reactions of benzene and fulvene
42 aC3H, + C3H3 = A1 +H 2.20 x 10" 0.0 2000 [62]
43 pCsHy+ CsH3 =A1+H 2.20 x 10" 0.0 2000 d
44 C3Hs + C3H; = fulvene 7.25 x 1055 ~16.0 25,035 [63]
45 C3Hs + C3H; = fulvene 4.19 x 10%° -9.0 6098 [63]
46 C3Hs + C5Hs = Al 1.64 x 10% -15.9 27,529 [63]
47 C3Hs3 + C3H3 = Al 1.20 x 10% 7.4 5058 [63]
48 C3Hs + aC3Hs = fulvene + 2H 3.26 x 10%° 5.4 3390 [63]
49 Fulvene = Al 5.62 x 108! -194 121,500 [63]
50 Fulvene + H=A1+H 3.00 x 10'? 0.5 2000 [63]
51 nC4H; + CoHs = Al 2.87 x 10 0.0 817 [64]
52 C4Hs+CoHs=A1+H 1.90 x 10" 0.0 2510 [65]
53 C4Hy + CoH, = Al 447 x 10" 0.0 30,010 [55]
54 nC4Hs + C;Hp = A1 +H 2.94 x 10'° -1.09 9257 [66]
55 nC4Hs + CoH, = fulvene + H 1.52 x 10'5 -0.76 8762 [66]
56 iC4Hs + CoH, = A1 +H 1.47 x 10?3 -3.28 24,907 166]
57 iC4Hs + CoH, = fulvene + H 1.01 x 10** -5.94 28,786 [66]

2 Reduced by a factor of 1.5.

b Reduced by a factor of 8.

¢ Refer to SAXC4H7 + H (+M) = 1-C4Hg (+M).

d

Refer to aC3Hy + C3H3 = A1 + H.

2 4 6
P
1 3 5

cyclohexane 1-hexene cyclohexyl cyclohexene
cCgH) CeHja cCeHyy cCeHyg
3-cyclohexenyl  1,3-cyclohexadiene  cyclohexadienyl benzene fulvene
SAXcCqHg cCgHy-13 SAXcCgH, Al fulvene
AT AT Al A, T
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Fig. 2. Nomenclature, structure and name of some important species related to
cyclohexane pyrolysis.

cCgHi1 = cCsHio + H (RZO)

The pressure-dependent rate constants of the reactions (R19)-
(R22), and (R24) are adopted from the JetSurF 2.0.

3.4. Reactions of cyclohexene

The dissociation of cyclohexene was studied by Kiefer and Shah
[44] in the shock tube over 1200-2000 K and 147-733 mbar. The
dominant dissociation channel is inverse Diels-Alder molecular
elimination to form 1,3-butadiene and ethylene (R28).

cCe¢Hip = C4Hg + CoHy (R28)

Rate constant reported by Kiefer and Shah [44] in 147-733 mbar is
chosen and reduced by a factor of 8 in this model.

On the other hand, the stepwise dehydrogenation of cyclohex-
ene can form benzene.

SAXcCsHo + H = cCsHyo (R29)
cCeHyo + H = SAXcCsHs + H, (R30)
SAXcCsHe = cCeHs-13 +H (R32)
CeHs-13 = SAXcCgH; + H (R36)
CeHs-13 + H = SAXcCgH; + H, (R37)
SAXcCsH, = Al +H (R39)

Rate constants of the above reactions are listed in Table 1.

3.5. Reactions of cyclopentadiene and aromatics

To simulate the formation of aromatics, such as benzene, tolu-
ene, phenylacetylene, styrene, ethylbenzene and indene detected
in this work, aromatics reactions taken from the pyrolysis model
of toluene [45] are also included, which have been validated by
the low pressure (40 mbar) premixed flame data of toluene [46]
and ethylbenzene [47].

aCsHy + GGH; = A1 +H (R42)
pC;H,4 + CsHs = A1+ H (R43)
C3H; + C3H; = fulvene (R44,45)
CsH; + GH; = Al (R46,47)
C3Hs 4+ aC3Hs = fulvene + 2H (R48)

The rate constants of C3Hs + C3H3 to form phenyl + H, benzene and
fulvene used in this work are based on the work of Miller and Klip-
penstein [48] and Georgievskii et al. [49]. In Georgievskii et al.’s
work, the total rate constant of recombination of C3H; was com-
pared with available experimental data, such as the work of Scherer
et al. [50] and Fernandes et al. [51], showing an excellent agreement
between experiments and calculations. Besides these C3 + C3 chan-
nels, the C4 + C2 channels and the isomerization reactions of ful-
vene and benzene are also considered, as shown in Table 1.

Some groups have studied the pyrolysis of cyclopentadiene
(CsHg), such as Roy et al. [52] and Bacskay and Mackie [53]. The
submechanism of CsHg in this work is taken from the USC Mech
I [54], the low-pressure soot model developed by Richter et al.
[55] and the CsHg mechanism proposed by Bacskay and Mackie
[53]. These reactions had been included in the pyrolysis model of
toluene [45].

3.6. Reactions of C4-C1 species

The C4-C1 mechanism used in this work have been validated by
our pyrolysis study of three butene isomers [40]. The reactions re-
lated to butene isomers have been discussed in detail in previous
work, and will not be described here. The mechanism of 1,3-buta-
diene is adopted from USC Mech II [54], which have been validated
by various kinds of experimental data in the work of Laskin et al.
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Table 2
List of species detected in the pyrolysis of cyclohexane.
m/z Formula Species Photon energy (eV) PICS (Mb) Trorm (K) Tm (K) Xm Refs. of PICS
2 H, Hydrogen ? € € 1230 1520 2.37E-2 €
15 CH3 Methyl radical ® 10.00 5.6 1150 1460 3.50E-4 [67]
16 CH,4 Methane *? € € 1230 1520 5.40E-3 €
26 CoH, Acetylene ° 11.70 24.9 1310 1520 6.43E-3 [68]
28 CoHy Ethylene ® 11.00 7.8 1200 1520 2.00E-2 [68]
39 C3Hj Propargyl radical © 10.50 9.0 1310 1520 4.81E-4 [69]
40 CsHy Allene ® 10.00 5.7 1230 1510 1.26E-3 [70]
Propyne ° 10.50 231 1280 1520 2.26E-3 [68]
41 CsHs Allyl radical ¢ 9.50 5.6 1150 1360 4.55E-4 [71]
42 C3Hg Propene b 10.50 11.1 1230 1440 2.76E-3 [72]
50 C4H, 1,3-Butadiyne ® 10.50 23.8 1410 1520 1.52E-4 [68]
52 C4Hy Vinylacetylene ” 10.50 22.8 1310 1520 1.32E-3 [68]
54 C4Hg 1,3-Butadiene P 11.00 242 1200 1440 6.64E-3 f
56 C4Hg 1-Butene ° 10.50 10.0 1200 1360 8.73E-4 [73]
2-Butene © 9.50 52 1240 1460 7.84E-5 [74]
64 CsHy 1,3-Pentadiyne ¢ 10.00 332 1360 1520 2.51E-5 [75]
65 CsHs Cyclopentadienyl radical d 10.00 9.1 1310 1520 1.33E-4 est
66 CsHe Cyclopentadiene ¢ 9.50 15.7 1260 1520 461E-4 [75]
68 CsHg 1,3-Pentadiene ¢ 9.50 12.7 1200 1390 3.37E-4 [70]
Isoprene
70 CsHyo 1-Pentene ° 10.00 14.4 1200 1390 2.19E-5 [74]
76 CeHy Benzyne ¢ 9.50 27.0 1410 1520 2.27E-5 est
78 CeHg Benzene ” 9.50 11.05 1330 1520 6.34E-4 [68]
Fulvene ¢ 8.86 3.9 1330 1490 9.72E-5 est
80 CeHs 1,3-Cyclohexadiene ” 9.50 183 1230 1450 1.27E-4 [74]
82 CsHio Cyclohexene ® 9.50 8.9 1180 1330 2.13E-4 [74]
1,3-Hexadiene © 8.86 8.7 1230 1390 1.82E-5 [74]
84 CgHiz Cyclohexane [76]
1-Hexene © 9.69 3.7 1150 1310 1.31E-4 [70]
92 C;Hg Toluene ® 9.50 18.5 1360 1520 7.70E-5 [77]
102 CgHs Phenylacetylene ° 9.50 29.4 1410 1520 2.00E-5 [77]
104 CgHs Styrene ° 9.50 26.3 1390 1520 4.34E-5 [77]
106 CsHqo Ethylbenzene b 10.00 25.8 1330 1520 1.65E-5 [77]
116 CoHg Indene ° 10.50 52.2 1410 1520 1.69E-5 [77]

¢ Error uncertainty + 10%.

Error uncertainty + 25%.

Error uncertainty + 50%.

Error uncertainty factor 2-3.

Cold gas experiment was performed with Ar for H, and CH,.
f Measured by our group.

o an T

[56]. The submechanism of CsHs and CsH,4 is mainly taken from
USC Mech II [54], the work of Kiefer et al. [5] and the calculation
results of Miller et al. [57]. For the reactions of H with propyne,
the theoretical study by Miller et al. [57] showed a remarkably
good agreement with the shock tube experiments of Bentz et al.
[58]. The reactions related with these C4-C3 species have been
given in Ref. [40] and are not described here. The mechanism of
C2-C1 is adopted from USC Mech II [54].

4. Results and discussion

In this work, more than 30 species were detected and identified,
as listed in Table 2 with initial formation temperature (Teorm), Tmax
and concentration at T,.x of each product. The literatures of photo-
ionization cross sections (PICSs) and the value used for mole frac-
tion evaluation are also given in Table 2. PICSs of most species are
derived from the literatures. PICS of 1,3-butadiene measured by
our group is used for calculating its mole fraction in this work.
For species with unknown values, their PICSs are estimated from
molecules with similar structures and IEs. The uncertainties of
the measured mole fractions of each species are also given in
Table 2. In this work, the uncertainties for H, and CH4 are +10%.
For most species with the known PICSs, the uncertainties are
+25-50%. The uncertainties for species with unknown PICSs are
estimated to be a factor of 2-3.

The experimental (open symbols) and simulated results (solid
lines) of cyclohexane pyrolysis are shown in Fig. 3. In general,

the model reproduces the initial formation temperatures, peak
temperatures and concentrations of most species, which validates
the accuracy of this model. We will discuss the reaction flux of the
reactant, the formation of benzene and larger aromatics based on
the simulation results below.

4.1. Consumption of cyclohexane

Figure 4 displays the ROP analysis of cyclohexane consumption
at 1360 and 1520 K, respectively. The reason for choosing these two
temperatures is that the consumption of the reactant is about 50%
at 1360 K and almost 100% at 1520 K. As can be seen from Fig. 3a,
the simulation reproduces well the consumption of cyclohexane.
The ROP analysis in Fig. 4a shows that cyclohexane is consumed
via two channels at 1360 K, i.e. the unimolecular dissociation (R1,
36%) to form 1-hexene, and H loss by radical attack to form
cyclohexyl radical (R3 and R4, 64%). The sensitivity analysis of
cyclohexane is carried out at 1360 K, as shown in Fig. 5. It reveals
that R1 and R3 have large negative coefficient for cyclohexane, that
is to say, increasing the pre-exponential factors (A) of R1 and R3 will
promote the consumption of cyclohexane. The good agreement be-
tween simulation and experiment indicates the reasonability of
rate constants of R1 and R3 used in this work.

As mentioned above, some researchers proposed that the isom-
erization of cyclohexane to 1-hexene is the initial decomposition
channel [5,29,30]. In this work, 1-hexene was observed and identi-
fied. As shown in Fig. 6, two onsets are observed: one is located at
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Fig. 3. Experimental (open symbols) and simulated (solid lines) mole fractions of cyclohexane, Ar and pyrolysis products.

9.86 eV, corresponding to cyclohexane; the other is 9.47 eV, which
corresponds to 1-hexene. The measurement of 1-hexene is very
important to clarify the initial decomposition channels of cyclo-
hexane pyrolysis at the low-pressure condition. To obtain the mole
fraction of 1-hexene, the medium photon energy (9.69 eV) be-
tween the IEs of 1-hexene and cyclohexane was chosen, which is
about 0.2 eV above the IE of 1-hexene. The slightly weak signal
of 1-hexene is mainly resulted from its weak PICS at this energy.
It can be seen from Fig. 3f that 1-hexene begins to be produced
at about 1150K and exhibits a maximum at about 1310 K. The
lowest formation temperature of 1-hexene confirms that cyclohex-
ane firstly isomerizes to 1-hexene. Our model reproduces the
experimental result of 1-hexene within the experimental uncer-
tainty. 1-Hexene is mainly decomposed by C3-C4 bond dissocia-
tion to form the allyl radical (aCsHs) and n-propyl radical (nCsH-)
(R5, 93%). Small amount of 1-hexene is consumed by C4-C5 bond
dissociation to form ethyl and but-3-en-1-yl radical (R6, 3%). Fig-
ure 7 presents the sensitivity analysis of 1-hexene at 1310 K. It
can be seen that R1 has the largest positive coefficient, while R5
has the largest negative coefficient for 1-hexene (the coefficient
for R5 is about —1.26). When the pre-exponential factor (A) of R5

is divided by a factor of 2, the concentration of 1-hexene is 2.4
times larger than the original one.

The formed n-propyl radical rapidly dissociates through two
channels: -C-C bond dissociation to form methyl radical and eth-
ylene, and p-C-H scission to form propene. The former channel
contributes about 80% of the total dissociation of the n-propyl rad-
ical. There exist three channels for the consumption of the allyl
radical: addition of the methyl radical to form 1-butene (36%), -
C-H scission to form allene (21%) and addition of hydrogen radical
to form propene (32%). The allyl radical is detected and quantified
in this work. As can be seen from Fig. 3¢, the initial formation tem-
perature of the allyl radical is about 1150 K and reaches to a max-
imum at about 1360 K. The relation of the allyl radical with 1-
hexene is in agreement with the experimental observation that
the allyl radical has the similar shape with 1-hexene. ROP analysis
(not shown in Fig. 4) shows that 1-butene, allene and propene are
mainly formed from the allyl radical through the reactions men-
tioned above. For propene, the p-C-H scission of the n-propyl rad-
ical also has some contribution to its formation. Most allene is
consumed through H-assisted isomerization and direct isomeriza-
tion reaction to form propyne. The initial formation temperature of
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Fig. 4. ROP analysis of cyclohexane at (a) 1360 K and (b) 1520 K, respectively. The numbers indicate the conversion percentage.

allene is about 50 K lower than that of propyne, while the concen-
tration of propyne is twice as much as allene. In a word, the simu-
lated mole fraction profiles of C3 products and 1-butene in Fig. 3c
and d agree with the experimental results.

On the other hand, the formed cyclohexyl radical is consumed
via two channels: isomerization to form hex-5-en-1-yl radical
(R19, 83%) and B-C-H scission to produce cyclohexene (R20,
17%). The hex-5-en-1-yl radical is mainly consumed by 1,4-H shift
isomerization to form hex-1-en-3-yl radical (R22, 69%), which fur-
ther decomposes to 1,3-butadiene and ethyl radical (R24, 100%).
The rest of the hex-5-en-1-yl radical is mostly consumed by g-C-
C scission to form ethylene and but-3-en-1-yl radical (R21, 29%).
Further reactions of the but-3-en-1-yl radical include two chan-
nels: p-C-H scission to produce 1,3-butadiene (55%) and B-C-C
scission to the vinyl radical and ethylene (44%). As mentioned
above, cyclohexene is consumed mainly by inverse Diels-Alder
molecular elimination to form 1,3-butadiene and ethylene (R28,
90%). The reactions of H-loss by B-C-H scission (R29) and radical
attack (R30) to produce 3-cyclohexenyl radical only account for
about 8% of the consumption of cyclohexene. The stepwise

dehydrogenation of the 3-cyclohexenyl radical forms benzene via
1,3-cyclohexadiene and cyclohexadienyl (not shown in Fig. 4). This
is in agreement with the experimental observation that the initial
formation temperature is cyclohexene < 1,3-cyclohexadiene < ben-
zene. The simulated cyclohexene and 1,3-cyclohexadiene mole
fraction profiles agree well with the experimental results. It should
be noted that the simulated concentrations of cyclohexene and 1,3-
cyclohexadiene are sensitive to the reaction cCgH;o = C4Hg + C;Hy
(R28). As mentioned in Section 3.4, the rate constant of R28 taken
from Kiefer and Shah [44] is reduced by a factor of 8. If there is no
reduction of this rate, the simulated concentrations of cyclohexene
and 1,3-cyclohexadiene will be underpredicted by a factor of 6 and
8, respectively. Considering the reliability of measured cyclohex-
ene and 1,3-cyclohexadiene concentration using known PICSs, we
think that the rate constant of R28 used in this work is reasonable
under our experimental condition. For the ROP analysis at 1520 K,
as shown in Fig. 4b, more 1-hexene (43%) is produced by cyclohex-
ane comparing with Fig. 4a at 1360 K. Further reactions of 1-hexene
and the cyclohexyl radical are similar with reactions at 1360 K. The
only discrepancy occurs on the allyl radical. The allyl radical is
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Fig. 5. Sensitivity analysis of cyclohexane at 1360 K. Reactions with absolute
sensitivity coefficients larger than 0.025 are considered.
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Fig. 6. PIE spectra of m/z 84 measured in the pyrolysis of cyclohexane at 1440 K.
The red solid line is the PIE of 1-hexene measured by Yang et al. [70].

consumed mainly by g-C-H scission to form allene (52%), and con-
tribution via addition reactions to form propene (25%) and 1-bu-
tene (6%) is small.

Basing on Fig. 4a and b, we can draw the conclusion that cyclo-
hexane is consumed mainly through the reaction sequence of
cyclohexane — 1-hexene — allyl radical + n-propyl radical and
cyclohexane — cyclohexyl radical — hex-5-en-1-yl, which further
decomposes to 1,3-butadiene via the hex-1-en-3-yl and but-3-
en-1-yl radicals. It can be seen that most carbon flux flows into
1,3-butadiene, which explains the extremely high mole fraction
of 1,3-butadiene (6.64 x 1073) in the experimental measurement.
The model reproduces the mole fraction profile of 1,3-butadiene
within the experimental uncertainty. Most 1,3-butadiene is con-
sumed by H attack followed by B-C-C scission to form ethylene
and vinyl radical, while a small amount is consumed by radical at-
tack to form iC4Hs and nC4Hs, which is the source of vinylacetylene
and 1,3-butadiyne, as shown in Fig. 3d.

4.2. Formation of cyclopentadiene, benzene and other aromatics

In this work, two five-member-ring products were identified
and quantified, i.e. cyclopentadiene and cyclopentadienyl radical,

] 1-Hexenej
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CH3+CH3=H+C2H5

aC3H4+H=aC3H5
cC6H12+CH3=cC6H11+CH4
nC3H7=C3H6+H
cCBH12+H=cC6H11+H2
CBH12=C4H7+C2H5
H+C2H4(+M)=C2H5(+M)
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Fig. 7. Sensitivity analysis of 1-hexene at 1310 K. Reactions with absolute sensi-
tivity coefficients larger than 0.02 are considered.

as shown in Fig. 3e. The ROP analysis at 1520 K shows that cyclo-
pentadiene is mainly formed from the reaction sequence
aC3Hs + GH3 — lC5H7 — CsHg and iC4Hs + CH3 — lC5H7 — CsHe.
H-abstraction of cyclopentadiene is the major source of the cyclo-
pentadienyl radical, which dominantly dissociates to C;H, and
C3Hs.

Formation of the first aromatics ring such as benzene and phenyl
radical has been thought to be the rate controlling step of PAH and
soot formation. A recent study by Hansen et al. [59] revealed that
benzene formation is affected by the fuel structure in premixed
flames of isomeric CgHq, fuels. They suggested that benzene is
formed dominantly by Cs+Cs reactions, i.e. C3Hs+C3Hs and
C3Hsz +aC3Hs in the 1-hexene flame since 1-hexene decomposes
dominantly to C3 products, which had been confirmed later by
the simulation results [60]. However, in the cyclohexane flame, they
suggested that successive dehydrogenation of the cyclohexyl radi-
cal is important to benzene formation close to the burner surface.

In this work, both 1-hexene and the cyclohexyl radical are
formed in the pyrolysis of cyclohexane. ROP analysis of benzene
in Fig. 8a was carried out at 1520 K to elucidate the benzene forma-
tion channels. As seen from Fig. 8a that benzene is formed by mul-
tiple channels, 32% benzene is formed from dehydrogenation of
cyclohexadienyl (R39), 21% benzene is formed from the isomeriza-
tion of fulvene, which is formed by C3+(C3 channels, i.e.
C3H3 + aC3Hs (67%) and CsHs + C3H3 (31%), and the rest is directly
produced by combination of resonantly stabilized small radicals
like C3H3 + C3Hs, C3H3 + aC3H4 and C3Hs + pC3Hy. For the combina-
tion channels of benzene formation, the recombination of C3Hs is
dominant (23%). Considering the C3Hsz-based fulvene route and
other reactions, C3 + C3 reactions totally contribute about 58% to
benzene formation. As seen in Fig. 3f, the model predicts the mea-
sured mole fraction of benzene within the experimental uncer-
tainty. The model simulates well the initial formation and peak
temperature of fulvene, but the maximum mole fraction is overes-
timated. A larger uncertainty is associated with the measured mole
fraction of fulvene since its PICS is unknown. Fig. 9 gives the sen-
sitivity analysis of benzene performed at 1520 K. It can be seen that
the reaction of cCgHi; = CgHy2 (R1) has large positive coefficient.
This confirms that the C3 + C3 reactions play an important role
for benzene formation because most C3 products are formed from
1-hexene. Stepwise dehydrogenation of cyclohexane via
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Fig. 9. Sensitivity analysis of benzene at 1520 K. Reactions with absolute sensitivity
coefficients larger than 0.01 are considered.

cCgH11 — cCeHyg —» SAXcCgHg — cCgHg-13 — cyclohexadienyl also
has large positive coefficients for benzene formation.

Besides benzene, other aromatics were also detected, as shown
in Fig. 3g and h. ROP analysis was performed at 1520 K to reveal
the formation channels of these products. It can be seen from
Fig. 8b that these aromatics are mainly formed by addition
reactions, i.e. benzyl+H, phenyl+C,H,, phenyl+C,H, ben-
zyl + CHs, benzyl + C,H,, phenyl + C3H3 and phenyl + allene. Benzyl
is dominantly formed by reaction benzyl + H = phenyl + CH3, and
about 90% of the phenyl radical is formed by reaction
C3Hs + C3H3 = phenyl + H. Therefore C3Hs + C3H3 reaction plays an
important role in larger aromatics formation.

5. Conclusions

The low-pressure pyrolysis of cyclohexane was studied in a plug
flow reactor from 950 to 1520K by using synchrotron VUV

photoionization mass spectrometry. More than 30 species were
identified and quantified. Isomerization to 1-hexene is found to
be the dominant initial decomposition channel of cyclohexane
pyrolysis under the low pressure condition. A kinetic model
containing 148 species and 557 reactions was constructed to sim-
ulate the experimental results, and the simulated results agree
well with experimental data for most of pyrolysis products. The
ROP analysis under 1360 and 1520 K shows that cyclohexane is
consumed mainly through the reaction sequence of cyclohex-
ane — 1-hexene — allyl radical + n-propyl radical and cyclohex-
ane — cyclohexyl radical — hex-5-en-1-yl radical, which further
decomposes to 1,3-butadiene via the hex-1-en-3-yl and but-3-
en-1-yl radicals. Multiple channels were found for benzene forma-
tion, i.e. combination of resonantly stabilized radicals and stepwise
dehydrogenation of cyclohexane. Besides benzene, some aromatics
i.e. toluene, phenylacetylene, styrene, ethylbenzene and indene
were detected and quantified. The simulation reveals that C3Hs +
C3Hs = phenyl + H is the key step for the formation of these larger
aromatics.
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