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The pyrolysis of n-butane and i-butane at low pressure was investigated from 823—1823 K in
an electrically heated flow reactor using synchrotron vacuum ultraviolet photoionization mass
spectrometry. More than 20 species, especially several radicals and isomers, were detected
and identified from the measurements of photoionization efficiency (PIE) spectra. Based
on the mass spectrometric analysis, the characteristics of n-butane and ¢-butane pyrolysis
were discussed, which provided experimental evidences for the discussion of decomposition
pathways of butane isomers. It is concluded that the isomeric structures of n-butane and
i-butane have strong influence on their main decomposition pathways, and lead to dramatic
differences in their mass spectra and PIE spectra such as the different dominant products
and isomeric structures of butene products. Furthermore, compared with n-butane, i-butane
can produce strong signals of benzene at low temperature in its pyrolysis due to the enhanced
formation of benzene precursors like propargyl and C4 species, which provides experimental
clues to explain the higher sooting tendencies of iso-alkanes than n-alkanes.
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I. INTRODUCTION

Traditional transportation fuels such as gasoline,
diesel oil and kerosene are composed of many different
chemical classes, especially linear alkanes and branched
alkanes [1]. Understanding the combustion chemistry
of alkanes not only promotes cleaner and more efficient
utilization of transportation fuels, but also facilitates
development of kinetic models of biofuels with long car-
bon chain, such as biodiesels and large alcohols. Bu-
tane isomers including n-butane and i-butane are im-
portant components of liquefied petroleum gas, and are
also excellent model fuels to study the combustion be-
haviors of larger linear and branched alkanes. This is
mainly because butane is the smallest alkane with nor-
mal and branched isomers, and exhibits the oxidation
characteristics observed in larger alkanes such as cool
flame, negative-temperature-coefficient (NTC) behav-
ior and two-stage autoignition [2—6]. Meanwhile, since
butane is the largest gaseous alkane at room tempera-
ture and atmospheric pressure, it can be used to control
the volatility of gasoline [7].
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The pyrolysis of butane is of special interest for re-
searchers, not only due to the importance of pyrolysis
reactions including thermal decomposition and combi-
nation reactions in combustion, but also because the
pyrolysis of butane is broadly applied to produce ethy-
lene and 1,3-butadiene which are important feedstocks
to manufacture plastics and rubber. Many experimen-
tal studies on the pyrolysis of butane isomers have been
conducted previously [8—28]. Laser diagnostic meth-
ods [18, 23, 27, 28], gas chromatography (GC) [12—17,
20—22, 24—26] or conventional mass spectrometry (MS)
[11, 19] were mainly utilized to detect pyrolysis prod-
ucts. For example, Golden et al. used electron-impact
ionization MS (EI-MS) to analyze the pyrolysis prod-
ucts of n-butane at very low pressure [19]; Goos et
al. studied the low pressure pyrolysis of n-butane initi-
ated by methyl radical using laser heating, and detected
products by using GC combined with MS (GC-MS) [26];
Oechlschlaeger et al. studied the high temperature py-
rolysis of n-butane and i-butane behind shock waves
to explore their pressure- and temperature-dependent
decomposition rate constants, and measured the con-
centrations of methyl radical using ultraviolet (UV)
narrow-line laser absorption [27]; very recently, Sivara-
makrishnan et al. used H-atomic resonance absorption
spectroscopy (H-ARAS) to investigate the roaming rad-
ical mechanism in the shock tube pyrolysis of i-butane
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[28]. However, none of these work reported compre-
hensive identification of pyrolysis products of butane,
especially radicals and isomers, due to the inherent lim-
itations of the conventional diagnostic methods, which
cannot provide sufficient validation of pyrolysis model
of butane and limits the understanding of their com-
bustion chemistry.

In this work, synchrotron vacuum ultraviolet (VUV)
photoionization mass spectrometry (SVUV-PIMS) was
used to study the pyrolysis of n-butane and i-butane
at low pressure. The product pools including stable
products, unstable radicals, and isomeric species were
identified by the measurements of photoionization effi-
ciency (PIE) spectra. Characteristics of n-butane and
i-butane pyrolysis were discussed based on the mass
spectrometric analysis, and provided experimental evi-
dences for the discussion of the decomposition pathways
of butane isomers.

Il. EXPERIMENTS

The experimental work was performed at National
Synchrotron Radiation Laboratory, USTC in Hefei,
China. The experimental method has been introduced
in detail elsewhere [29—31], only a brief description is
given herein. Generally, the pyrolysis apparatus is com-
posed of a pyrolysis chamber with an electrically heated
flow reactor, a differentially pumped molecular-beam
sampling system and a photoionization chamber with
a home-made reflectron time-of-flight mass spectrome-
ter (RTOF-MS). The gas mixture of Ar (500 standard
cubic centimeters per minute (SCCM), 99.999% purity)
and each butane isomer (20.83 SCCM, >99.0% purity)
was fed into a 6.0-mm-inner-diameter alumina flow re-
actor with a 50-mm length heated in the furnace. The
inlet mole fraction of butane is calculated to be 4%.
The pressure of the pyrolysis chamber was maintained
at 3 Torr during the experiment. The pyrolysis species
were sampled by a quartz nozzle, and then the formed
molecular beam entered the ionization chamber through
a nickel skimmer and was ionized by the tunable syn-
chrotron VUV light. The produced ions were detected
by the RTOF-MS with a mass resolving power of ~2000.

The detailed method of temperature measurement
along flow reactor centerline has been introduced in our
previous work [30, 32]. In brief, a tungsten-rhenium
thermocouple was put close to the middle region of
the heating coil to monitor the outside temperature
of the flow tube. Before and after experiment, a K-
type thermocouple was put inside the flow tube to
measure the centerline temperature profiles with a Ar
flow rate of 520.83 SCCM. Linear extrapolation was
used to calibrate the experimental temperatures be-
yond the high temperature limit of K-type thermocou-
ple. The thermocouple was moved along the center-
line by a feedthrough outside the pyrolysis chamber to
record the temperature profile which is named after its
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maximum value (Tax). Temperatures in the following
discussion all refer to Tiax-

Two experimental modes were used in this work. To
identify pyrolysis species by ionization energies (IEs),
PIE spectra were measured at 1623 K when almost all
pyrolysis products could be observed with enough sig-
nal intensities. The identification of molecular structure
was performed by comparing the measured IEs from
PIE spectra with the values in Ref.[33]. To reveal the
decomposition of butane isomers and formation of py-
rolysis products with temperature, a series of mass spec-
tra were recorded from 823 K to 1823 K at appropriate
photon energies to ensure near-threshold photoioniza-
tion of interested species and further weighted by pho-
ton fluxes for the comparison between each other.

I1l. RESULTS AND DISCUSSION
A. ldentification of pyrolysis species

Benefitting from the advantages of synchrotron VUV
photoionization and molecular-beam sampling tech-
niques, comprehensive pyrolysis product pools of bu-
tane isomers including many stable products, radi-
cals and isomers were identified in this work. Figure
1 demonstrates the identification of typical pyrolysis
products of butane isomers from PIE spectra, two for
radicals and the other two for isomers, which are di-
rectly formed from the primary decomposition of fuels.
It is recognized that radicals can hardly be detected
in flow reactor pyrolysis experiments at relatively high
pressures (e.g. 1 atm) due to their short life times
and negligible concentrations at elevated pressures, and
therefore flow reactor pyrolysis experiments at low pres-
sures become the suitable tool to investigate radical in-
formation in hydrocarbon pyrolysis [34]. Figure 1(a)
shows the PIE spectrum of m/z=29 in the pyrolysis of
n-butane. An onset at 8.24 eV can be observed from
the figure and indicates the existence of ethyl radical
(CoHs, IE=8.26 €V [33]). Similarly, allyl radical (C3Hs,
TE=8.18 eV [33]) is also detected in the pyrolysis of i-
butane isomers as shown in Fig.1(c).

Figure 1 also shows the PIE spectra of m/z=56
(C4Hs) in the pyrolysis of butane isomers. In Fig.1(b),
a clear onset around 9.10 eV reveals the formation of
2-butene (IE=9.12 eV [33]) in the pyrolysis of n-butane.
To assist the identification of higher IE C4Hg species,
the photoionization cross section (PICS) profile of 2-
butene [35] is plotted in the figure. Then a higher onset
around 9.55 eV appears, corresponding to the litera-
ture IE of 1-butene [33]. Both isomers have comparable
signals as observed from the PIE spectrum. From the
PIE spectrum of m/z=56 in the pyrolysis of i-butane
(Fig.1(d)), i-butene (IE=9.22 eV [33]) can be detected
with measured IE at 9.19 eV. Its PICS profile [36] is
also used to reveal the onset of 1-butene at higher pho-
ton energy. The onset of 1-butene is so obscure that
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FIG. 1 PIE spectra of m/z=29 (a) and 56 (b) in n-butane pyrolysis and m/z=41 (c) and 56 (d) in -butane pyrolysis
at 1623 K. Identified species and their literature IEs are labeled at corresponding photon energies. To guide the eyes,
photoionization cross section profiles of 2-butene [35] and i-butene [36] are drawn in (b) and (d).

one can hardly observe it without the assistance of i-
butene’s PICS profile, which indicates the dominance of
i-butene in C4Hg products of i-butane pyrolysis. The
different isomeric structures and dominance of C4Hg
products in the pyrolysis of n-butane and i-butane are
definitely related to the different molecular structures of
fuels, which will be discussed in detail in the following
section.

Based on the measurements of PIE spectra, more
than 20 species were detected in this work. Their molec-
ular weights, formula, names, literature IEs and mea-
sured IEs are listed in Table I. It can be seen that some
radicals including CHs, CoHs, C3Hsz and C3sHy were de-
tected in the pyrolysis of both n-butane and i-butane.
Benefiting from the measurements of IEs, isomers of
C3H4 and C4Hg were also distinguished. Due to sim-
ple molecular structures of fuels, the pyrolysis product
pools of n-butane and i-butane are almost identical,
except the butene isomers whose formation is directly
related to the molecular structures of butane isomers.

B. Mass spectrometric analysis

Though the product pools in the pyrolysis of n-
butane and i-butane are very similar, there are still a
lot of different characteristics between them due to the
different molecular structures and decomposition path-
ways of n-butane and i-butane (shown in Fig.2). Based
on the discussion in our previous work [37, 38], it is
concluded that the photon-flux-weighted ion intensity
of a species in a mass spectrum is approximately pro-
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FIG. 2 Decomposition pathways of n-butane and i-butane
discussed in this work. X and HX represent radicals (H,
CHs, etc.) and H-abstraction products by X radical attack,
respectively.

portional to its mole fraction. Therefore further insight
into the pyrolysis chemistry can be obtained either from
analysis of mass spectra measured at different temper-
atures for the same fuel or by comparing mass spectra
of different fuels at similar conditions.

1. Pyrolysis of n-butane

Figure 3 shows the mass spectra at different tem-
peratures in the pyrolysis of n-butane. All reported
mass spectra in this work were measured at the photon
energy of 11.0 eV to simultaneously exhibit most prod-
ucts (especially ethylene) and limit photofragmentation
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TABLE I List of species detected in the pyrolysis of butane
isomers.

m/z Species IE*/eV

Ref.[33] n-Butane i-Butane

2 Hydrogen 15.43 15.45 15.42
15 Methyl radical 9.84 9.80 9.79
16  Methane 12.61 12.60 12.65
26 Acetylene 11.40 11.35 11.34
28 Ethylene 10.51 10.43 10.45
29  Ethyl radical 8.26 8.24 8.32
30 Ethane 11.52 11.55 11.53
39 Propargyl radical 8.67 8.70 8.65
40  Propyne 10.36 10.38 10.33
Allene 9.69 9.78 9.77

41  Allyl radical 8.18 8.16 8.13
42 Propylene 9.73 9.72 9.74
50 Diacetylene 10.17 10.12 10.10
52  Vinylacetylene 9.58 9.56 9.56
54  1,3-Butadiene 9.07 9.08 9.09
56  2-Butene 9.11 9.12 —b
i-Butene 9.22 b 9.19
1-Butene 9.55 9.59 9.55

58 n-Butane 10.53 10.50 —b
i-Butane 10.68 - 10.65

78 Benzene 9.24 ¢ 9.26

# The uncertainties of measured IE are +0.05 eV for
species with strong signal/noise (S/N) ratio or £0.10 eV
for species with weak S/N ratio;

> The symbol “—” represents that the corresponding
species was not formed at all temperautres in this work;
¢ Not formed at the temperature of PIE spectra
measurements (1623 K).

of fuels. As seen from Fig.3, the decay of n-butane
and the rise of products are unambiguously demon-
strated. Methyl, ethylene and propene have strong sig-
nals among all products at both low and high tempera-
tures, while the signals of C3H,4 isomers become compa-
rable at very high temperatures. C4 unsaturated prod-
ucts including C4Hg, C4Hg, C4Hy, and C4Hs only have
weak signals, which indicates that only a minor part of
n-butane decomposes along sequential H-loss pathways
to form C4 products in pyrolysis.

From Fig.3, it is observed that n-butane is almost
undecomposed at 1123 K. The small peak at m/z=43
belongs to the C3H; fragment of n-butane. At early
decomposition temperatures like 1323 and 1523 K,
methyl, ethylene, and propene are major observed prod-
ucts. Here the whole temperature region of fuel decom-
position is divided into two stages, that is, the early de-
composition stage for the first half region and the late
decomposition stage for the last half. It is known that
unimolecular dissociation of fuel controls the fuel de-
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FIG. 3 Stack plots of photoionization mass spectra at dif-
ferent temperatures in the pyrolysis of n-butane. The scales
of all mass spectra are identical.

composition and product formation at the early decom-
position stage when radicals are in low concentration
levels [32, 34]. Based on the bond dissociation energies
(BDEs) of n-butane [39], the weakest bond in n-butane
is the C2—C3 bond with the BDE of 86.8 kcal/mol,
which is 2.1 kcal/mol lower than other two C—C bonds
and at least 11.5 kcal/mol lower than the C—H bonds.
Therefore the cleavage of C2—C3 bond to produce two
ethyl radicals should be the most effective unimolecu-
lar decomposition pathway of n-butane at low tempera-
ture, while the cleavage of C1—C2 and C3—C4 bonds to
produce methyl and n-propyl radicals is the second im-
portant one. Both ethyl and n-propyl radicals can suf-
fer rapid -C—H scission reactions to produce ethylene
and propene, respectively. n-Propyl can also decom-
pose via 3-C—C scission to methyl and ethylene. From
Fig.3, ethylene is observed as the most abundant prod-
uct, while methyl and propene cannot compete with
it though they also have strong signals. Therefore the
experimental observations provide solid evidences for
above discussion.

At the late decomposition stage, the H-abstraction
reactions of fuel also have significant contributions to
fuel consumption due to the accumulated concentra-
tion of radicals [32, 34]. The 3-C—H scission of 1-butyl
(CHSCHQCHQC*HQ) and 2—butyl (CH3CHQC*HCH3)
can produce l-butene and 2-butene, which agrees
with the isomeric identification from the PIE spec-
trum. However, because BDEs of $-C—H bonds
are at least 11 kcal/mol higher than those of 5-C—C
bonds in both 1-butyl and 2-butyl molecules [39],
the two H-abstraction products of n-butane are most
likely decomposed via (3-C—C scission reactions to pro-
duce ethyl4-ethylene and methyl+propene, respectively,
rather than to decay via -C—H scission reactions. This
interprets the low signals of C4 unsaturated products in
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the pyrolysis of n-butane as observed from Fig.3.

C. Pyrolysis of i-butane

Figure 4 shows the mass spectra at different temper-
atures measured in the pyrolysis of i-butane. Similarly
to Fig.3, the fuel decomposition and product formation
with increasing temperature can be clearly observed
from Fig.4. Different from the pyrolysis of n-butane, the
pyrolysis of i-butane has more complex mass spectra,
which leads to more products with strong signals such
as methyl, ethylene, propargyl, CsH, isomers, propene,
vinylacetylene, and C4Hg isomers. In particular, C4
unsaturated products can be readily observed from the
mass spectra, which indicates that i-butane is easier to
decompose through C4 channels in pyrolysis.

As observed from Fig.4, i-butane remains undecom-
posed at 1123 K. The peak at m/z=42 can be inter-
preted as the C3Hg fragment of i-butane with the ap-
pearance potential of ~10.90 eV [33, 35]. It is ob-
served that i-butane has a similar initial decomposi-
tion temperature to n-butane. At the beginning of
i-butane decomposition (e.g. 1323 K), product sig-
nals can only be unambiguously observed at m/z=15,
42, and 56, corresponding to methyl, propene and i-
butene. The strongest peak belongs to propene even
after it is subtracted by the CsHg fragment signal of
i-butane. Based on the BDEs of i-butane [39], the
weakest bonds are three C—C bonds (88.2 kcal/mol),
which are 7.5 kcal/mol lower than the C2—H bond and
12.0 kecal/mol lower than the C1—H bonds. Therefore
the cleavage of C—C bonds to produce methyl and -
propyl radicals is the dominant unimolecular decompo-
sition pathway of i-butane, and controls the consump-
tion of i-butane at the beginning of its decomposition.
Because the unpaired electron located at the middle
carbon atom of i-propyl, 8-C—H scission is the most
effective and rapid consumption pathway of i-propyl,
leading to the strong signals of propene. Furthermore,
the similar dominant decomposition pathways of bu-
tane isomers, i.e. the cleavage of C—C bonds, should
be the main reason for their similarly initial decompo-
sition temperatures.

i-Butane can also suffer H-abstraction or uni-
molecular decomposition reactions to form i-butyl
((CH3)2CHC*Hy) and t-butyl ((CHs)3C*) radicals.
Similarly to the situation in the pyrolysis of n-butane,
the importance of these channels will be enhanced at
the late decomposition stage of i-butane pyrolysis. Both
i-butyl and ¢t-butyl can readily suffer 5-C—H scission re-
actions to produce i-butene, which interprets the early
formation of i-butene and its dominance in C4Hg iso-
mers. Furthermore, similarly to 1-butyl and 2-butyl,
i-butyl is more easily to decay via 3-C—C scission and
becomes the second important precursor of propene.
The decomposition of propene and i-butene is the main
source of smaller products in the pyrolysis of i-butane.
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FIG. 4 Stack plots of photoionization mass spectra at dif-
ferent temperatures in the pyrolysis of i-butane. The scales
of all mass spectra are identical.

It is notable that benzene was clearly detected at the
late decomposition stage of i-butane, while only very
weak signals of benzene were observed in the pyrolysis
of n-butane. Besides, i-butane also produces benzene at
lower temperature than n-butane, as seen from Table 1.
It is broadly recognized that the self-combination of
propargyl radical and combination of C4 radicals with
acetylene are two most significant formation pathways
of benzene in combustion of small hydrocarbons [40]. In
the pyrolysis of i-butane, the signals of both propargyl
and C4 products are much stronger than those in the
pyrolysis of n-butane, which results in the different be-
haviors of butane isomers in benzene formation. Since
benzene is the precursor of PAHs and soot in combus-
tion of small hydrocarbons, the enhanced formation of
benzene in the pyrolysis of i-butane will provide exper-
imental clues to explain the strong sooting tendencies
of iso-alkanes compared with n-alkanes [41].

IV. CONCLUSION

Low pressure pyrolysis of n-butane and i-butane from
823—1823 K in a flow reactor has been studied us-
ing SVUV-PIMS. More than 20 species including sev-
eral radicals and isomers were unambiguously identi-
fied from the measurements of PIE spectra. The prod-
uct pools of n-butane and i-butane pyrolysis are almost
identical, except for the butene isomers. Based on the
mass spectrometric analysis, the characteristics of n-
butane and i-butane pyrolysis were discussed. The most
abundant products in the pyrolysis of n-butane and i-
butane are ethylene and propene, respectively, indicat-
ing that the cleavage of C—C bonds is the dominant uni-
molecular decomposition pathways of butane isomers.
The decomposition of i-butane can also lead to strong
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signals of i-butene due to its branched structure, while
the formation of 1-butene and 2-butene in the pyrolysis
of m-butane is suppressed. Furthermore, i-butane can
produce more abundant benzene than n-butane due to
the enhanced formation of propargyl and C4 species,
which may interpret the higher sooting tendencies of
iso-alkanes than n-alkanes.
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