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1. Introduction

Recognizing the challenges in energy sustain-
ability and environmental security associated with
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the extensive use of fossil fuels, researchers have
been redirecting their interests in biomass, in
search of a suitable alternative of the fast deplet-
ing reserves of fossil fuels. As one of the four iso-
mers of butanol, 2-butanol (sC4H9OH) can be
produced from glucose through the bacterial fer-
mentation and chemical conversion with high
conversion efficiency [1]. Based on the investiga-
tion on the engine performance of 2-butanol/
gasoline blends, 2-butanol was suggested as one
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of the potential gasoline surrogates for its favor-
able physical and chemical properties [2].

Compared with the comprehensive studies
on n-butanol combustion, which are summa-
rized in [3–6], 2-butanol is not under the spot-
light. Some experimental studies have been
performed on its combustion chemistry, includ-
ing the measurements of global combustion
parameters, like ignition delay times [7–9] and
laminar burning velocities [10–12], and species
profiles in flow reactor pyrolysis [13], shock
tube pyrolysis [14], jet-stirred reactor oxidation
[15], premixed flames [16,17] and coflow diffu-
sion flames [18,19]. Meanwhile, Rosado-Reyes
et al. [20] measured the unimolecular decompo-
sition reaction rate constants of 2-butanol,
which agreed satisfactorily with the calculations
in [13]. Based on these experimental investiga-
tions, several kinetic models [4,5,13] have been
developed, focusing on the initial fuel decompo-
sition and oxidation process.

Alcohols are usually considered environmen-
tally friendly due to the potential to reduce soot
emission when doped in conventional transporta-
tion fuels. However, compared with hydrocarbon
fuels with the same carbon number and similar
molecular structure, they have a comparable soot-
ing tendency [21]. In the premixed flames fueled
with 2-butanol (/ = 1.70) and n-butane (/
= 1.71) under similar flame conditions [17,22],
similar mole fractions of propargyl radical, cyclo-
pentadiene and benzene were also observed, which
implies the possible equivalent emission levels of
PAHs in both flames. Meanwhile, in a compara-
tive investigation of coflow diffusion methane
flames doped with 2-butanol, n-butanol and n-
butane [18,19], the benzene concentration was
observed slightly higher in the methane/2-butanol
flame than the other flames. Considering its future
application as an additive of transportation fuels,
it is important to better investigate the aromatic
growth chemistry in the combustion of 2-butanol,
especially when it interacts with hydrocarbon
fuels.

Combined with the speciation using synchro-
tron vacuum ultraviolet photoionization mass
spectrometry (SVUV-PIMS) [18] and the simula-
tion using laminarSMOKE code [6,23], two lami-
nar coflow diffusion methane flames doped with
2-butanol at atmospheric pressure were investi-
gated in this work. Meanwhile, a kinetic model
was developed from the recently reported kinetic
models of butanols and aromatics [6,13,24], and
Table 1
Experimental conditions of coflow diffusion 2-butanol doped m

Name Qair QAr

Flame 1 80,000 5.87
Flame 2 80,000 5.87

Note: Qi is the flow rate of species i.
validated against the experimental results. With
the help of rate of production (ROP) analysis,
interactions between 2-butanol and methane in
the diffusion flame and main reaction pathways
in the decomposition of 2-butanol and formation
of aromatics were characterized in this work.
2. Experimental methods

The experiments were carried out at National
Synchrotron Radiation Laboratory in Hefei,
China. The beamlines and laminar coflow diffu-
sion flame apparatus used in this work have been
introduced in detail in previous studies [18,23]. In
brief, the experimental apparatus consists of three
parts, i.e. a coflow diffusion flame burner, a sam-
pling system and a photoionization chamber with
a reflectron time-of-flight mass spectrometer. The
atmospheric pressure coflow flame was stabilized
on a burner with a 10-mm-ID (inner diameter)
stainless steel fuel tube located in the center of a
102-mm-ID air tube. Two flames were investi-
gated in this work with different inlet mole frac-
tions of 2-butanol in the fuel mixture (Flame 1:
3.90% sC4H9OH and 25.46% CH4; Flame 2:
1.95% sC4H9OH and 33.27% CH4) with the same
inlet carbon flux. The gas phase flow rates of fuels
(CH4 and sC4H9OH), diluent gas (N2), calibration
gas (Ar) and air are presented in Table 1. The
purities of CH4, N2, O2, Ar and sC4H9OH are
99.995%, 99.999%, 99.999%, 99.99% and 99%,
respectively. The mean velocities of fuel mixture
and air were 13.34 and 16.55 cm/s in both flames,
respectively. The gas flow rates were regulated by
mass flow controllers, except for 2-butanol, which
was injected into a vaporizer with its liquid flow
rates regulated by a chromatography pump. In
order to avoid the condensation of 2-butanol,
the temperature of the vaporizer was kept at
30 K higher than its boiling point, and the temper-
ature of the fuel mixture was kept at 493 K during
the experiment.

Flame temperature profiles along the center
line of the flames were measured with Pt-6%Rh/
Pt-30%Rh thermocouple, which is 0.1 mm in
diameter, and coated by Y2O3–BeO anticatalytic
ceramic for the avoidance of catalytic effects.
The uncertainty of the temperature measurement
is about ±50 K. The gas temperature at the soot-
ing region in the flame could be underestimated by
about 120 K due to the soot condensation onto
the thermocouples.
ethane flames (Unit: SCCM).

QN2
QCH4

QsC4H9OH

438 160 24.50
401 209 12.25



Flame species along the flame centerline were
sampled, except in the region near the bottom of
the flame, due to the shape limit of the sampling
probe. The detailed flame sampling and data eval-
uation procedures were introduced in detail in
[18]. The uncertainty of the experimental measure-
ments is related to the probe sampling process and
the photoionization cross sections (PICS) of flame
species. The uncertainties of the measured mole
fractions are within ±20% for flame species calcu-
lated with cold gas calibration, ±50% for stable
flame species with well known PICSs, and about
a factor of 2 for free radicals and the flame species
with estimated PICSs [18,23]. The PICSs of flame
species are available online in the database of [25].
3. Numerical simulation methods and kinetic
models

The laminar coflow flames were numerically
simulated with the laminarSMOKE code [6,23].
The detailed information for the design of the
software was introduced elsewhere [26]. The radi-
ation of the major flame species [27], Fickian and
thermal diffusion [28] are taken into account. The
transport properties of flame species are taken
from the Chemkin transport database [29] or esti-
mated following the procedure described in [30].
Because of the axial symmetry of the system, the
numerical calculations were performed on a
stretched, two-dimensional, rectangular domain,
with length of 250 mm and width of 53 mm. Con-
sidering the balance between the accuracy of
numerical calculation and the cost of computa-
tional time, a mesh with 5616 cells (156 � 36 cells)
was found fine enough for the purpose of this
work, also on the basis of previous studies [6].
Along the centerline, we adopted a finer numerical
grid near the exit of the burner. Similarly, along
the radial direction uniform cell spacing is
adopted to describe the flame region, while coar-
ser grid points are used in air flow. The fuel stream
was assumed at 493 K with a parabolic velocity
profile, while the coflow air was imposed at ambi-
ent temperature with a flat velocity profile. The
composition of fuel mixture and the inlet bound-
ary of air flow were fixed according to the data
in Table 1.

A kinetic model was developed from the previ-
ously reported n-butanol model [6], and the sub-
mechanism of 2-butanol was taken from the
recently published 2-butanol model [13]. The
aromatic formation sub-mechanism was improved
based on our previous models [24], recent
calculations [31–33] and other mechanisms
[34–37], mainly including hydrogen-abstraction-
carbon-addition (HACA) reactions [38] and the
recombination reactions of resonant stabilized
radicals with small flame species, like acetylene,
propargyl and cyclopentadienyl radicals, etc.
[24,34,35,37,39]. The thermodynamic properties
of species in the present model are taken from
different thermodynamic databases [40] or previ-
ous models [35]. This mechanism consists of 237
species and 1632 reactions (Provided in Supple-
mental Materials).
4. Results and discussion

Figure 1 shows the experimental and simulated
mole fraction profiles of fuels (sC4H9OH and
CH4), O2, major products (H2, H2O, CO, CO2),
dilution gas (N2), and calibration gas (Ar) in the
two flames. Figures 2 and 3 show the experimental
and simulated mole fraction profiles of C2–C5
unsaturated intermediates and C6–C16 aromatic
species in the two flames, respectively. By keeping
constant carbon flux in the inlet fuel mixtures, the
influence of 1.95% deviation in the inlet mole frac-
tion of 2-butanol on the production of major
products can be mostly eliminated, as illustrated
from the almost invariable mole fraction profiles
of major products (H2, H2O, CO, CO2) in these
two flames. In contrast, large influence on the pro-
duction of many intermediates, especially benzene
and other aromatic species, can be observed from
Figs. 2 and 3.
4.1. Fuel decomposition

2-Butanol starts to decompose at around
1000 K at atmospheric pressure in flow reactor
pyrolysis experiment [13]. Therefore, its decompo-
sition process in the centerline of coflow flame can
be divided into two stages. Taken Flame 1 as an
example, the gas temperature is 1000 K at around
20 mm above burner (HAB = 20 mm in Fig. 1a).
In the low temperature region (HAB < 20 mm),
weak H-abstraction reactions of 2-butanol occur
via H-atom attack. The decrement of the mole
fraction of 2-butanol in this region is due to the
radial diffusion effect toward the flame front. A
good agreement of the 2-butanol mole fractions
in this region between the experimental and
numerical results validates that the diffusion effect
is well considered in the physical model. In the
high temperature region (HAB > 20 mm), where
most of 2-butanol is consumed, it dominantly
decomposes via unimolecular decompositions.

Figure 4 shows the major reaction pathways in
the decomposition of 2-butanol and the formation
of the first aromatic ring in Flame 1 based on the
global ROP analysis along the flame centerline.
As pointed out by Cai et al. [13] in their investiga-
tion on the pyrolysis of 2-butanol, unimolecular
decomposition reactions are concluded as the
dominant consumption channels of 2-butanol.
Similarly, around 45% of 2-butanol decomposes
through H2O elimination reactions producing



Fig. 1. Temperature and mole fractions of major flame species in the centerline of Flame 1 (top) and Flame 2 (bottom).
Comparison between experimental measurements (symbols) and numerical simulations (lines).
1-butene and 2-butene under this flame condition.
The further stepwise H-elimination reaction
sequences of butene isomers can yield butadiene,
vinylacetylene and butadiyne. Besides, around
30% of 2-butanol decomposes to ethyl and CH3-

CHOH radicals via another unimolecular decom-
position channel. Due to the interaction between
2-butanol and methane in the high temperature
region, the centerline of the coflow flame becomes
an extreme pyrolysis environment. Since the ratio
of 2-butanol/methane is only 0.06–0.15 in this
experiment, the H-atom would dominantly react
with methane due to the higher collision opportu-
nity compared with 2-butanol. Local ROP
analysis of H-atom in this region confirms that
H-atom is mainly consumed via the reaction with
methane, while it is produced via the decomposi-
tion of ethyl and CH3CHOH radicals. Therefore,
the unimolecular decomposition reactions domi-
nate the consumption of 2-butanol in this region.
The rate constants of the unimolecular reactions
of 2-butanol in the present model was referred
to the calculations of Cai et al. [13]. The good
agreement between experimental measure-
ments and model predictions of butene isomers
(Fig. 2) provides a good validation of their
calculations.
It can be also observed from Fig. 2 that the
model can reasonably reproduce the mole fraction
profiles of other primary decomposition products
of 2-butanol. Ethylene is one of them, formed
from the decomposition of ethyl radical. As
shown in Fig. 4b, the unimolecular decomposition
of 2-butanol only provides a minor part of
ethyl radical, compared to the recombination of
methyl radicals. In the coflow flames fueled with
n-butanol/methane, unimolecular decomposition
of n-butanol can produce ethylene via various
intermediate radicals, including ethyl, C2H4OH
and n-propyl radicals [41], while ethyl radical is
the only ethylene precursor formed via the decom-
position of 2-butanol at similar carbon bonds.
Therefore, the position of OH group significantly
affects the production ethylene from butanol iso-
mers. Most of the yielded ethylene decomposes
to acetylene. Another important acetylene forma-
tion pathway is the unimolecular decomposition
of vinylacetylene, as shown in Fig. 4a.

Propene and allyl radical are the main decom-
position products of butene isomers via the uni-
molecular decomposition or retro-ene reactions.
Subsequently, allene is formed dominantly from
allyl radical. The H-abstraction of allene is an
additional propargyl formation pathway, which



Fig. 2. Mole fraction comparison of C2–C5 intermediates between experimental data (symbols) and numerical
predictions (lines), including acetylene (C2H2), ethylene (C2H4), propargyl radical (C3H3), propyne (pC3H4), allene
(aC3H4), propene (C3H6), butadiyne (C4H2), vinylacetylene (C4H4), isomers of C4H6 (C4H6), 1-butene (1-C4H8),
2-butene (2-C4H8), and cyclopentadiene (C5H6).
is directly provided by the decomposition of
2-butanol. In contrast, propyne is formed through
the reaction of acetylene and methyl radical
(H + pC3H4 = CH3 + C2H2, R1). The H-abstrac-
tion of propyne is the rate-controlling step in
the formation of propargyl radical, which is
consistent with the conclusions in our previous
work on coflow diffusion flames of methane and
methane/n-butanol [6,23]. As a result, propargyl
radical, which is the dominant precursor of ben-
zene under this flame condition, is mainly formed
through the following reaction sequence:
CH3! C2H5! C2H4! C2H3! C2H2! pC3H4

! C3H3. The addition of 2-butanol in methane
flames enhances the formation of allene and acet-
ylene, which subsequently increases the formation
rate of propargyl radical and benzene. The present
model can reproduce the peak positions and
trends of the mole fraction profiles of propargyl
radical. The discrepancies between the experimen-
tal and simulated maximum mole fractions can be
mainly ascribed to the wall losses of free radicals
in the sampling probe [42].
4.2. Formation of aromatic hydrocarbons

The recombination of allyl radical and acety-
lene plays a major role in the formation of cyclo-
pentadiene (Fig. 2). It mainly decomposes to
cyclopentadienyl radical, which is an important
PAH precursor. With the increment of the doping
ratio of 2-butanol in the flames, it increases the
mole fractions of cyclopentadienyl radical, which
enhances the contributions of C5 pathways in
the formation of aromatic species.

As shown in Fig. 4b, around 40% of benzene in
Flame 1 is formed through reaction C3H3 + C3H3 =
C6H6 (R2), and the recombination of propargyl
radical with propyne and allene plays an addi-
tional role. Phenyl radical is also formed from
propargyl radical via C3H3 + C3H3 = C6H5 + H
(R3), which was concluded as the most sensitive
reaction in our previous modeling study on meth-
ane coflow flames [6]. The H-abstraction reaction
of benzene is another important formation chan-
nel, because of the large production of benzene
in the flames. Model predictions of benzene and



Fig. 3. Mole fraction comparison of C6–C16 aromatic species between experimental data (symbols) and numerical
predictions (lines), including benzene (C6H6), toluene (C7H8), phenylacetylene (C8H6), styrene (C8H8), indene (C9H8),
naphthalene (C10H8), acenaphthalene and ethynylnaphthalene (C12H8), phenanthrene and anthracene (C14H10), and
pyrene and fluoranthene (C16H10).

Fig. 4. (a) Major decomposition pathways of 2-butanol; (b) major reaction pathways in the formation of the first
aromatic ring in Flame 1. The thickness of the arrow is proportional to the carbon flux of the pathway. The oxidation
reactions are highlighted with gray arrows. The dotted arrows in (b) denote the simplified process in (a).
other observed monocyclic aromatic hydrocar-
bons (MAHs) including toluene, styrene and
phenylacetylene, are presented in Fig. 3. The reac-
tions between benzene/methyl radical, phenyl/eth-
ylene and phenyl/acetylene are their main
formation pathways, respectively. Benzyl radical,
that is mainly formed from toluene and phenyl
radical (C6H5 + CH3 = C6H5CH2 + H, R4), is
one of the key PAH precursors to be discussed
in the following paragraphs. Based on the ROP
analysis along the flame centerline, the major
reaction pathways in the formation of PAHs in
Flame 1 are drawn in Fig. 5.

Indene and naphthalene are two important
bicyclic PAHs, and their formation represents
the starting point of PAH formation. Their model
predictions are presented in the middle row of
Fig. 3. According to the pathway analysis in



Fig. 5. Major reaction pathways in the formation of
large aromatic species in Flame 1. The thickness of the
arrow is proportional to the carbon flux of the pathway.
Fig. 5, the reaction between benzyl radical/acety-
lene (C6H5CH2 + C2H2 = C9H8 + H, R5) domi-
nates the formation of indene. The rate constant
of R5 adopted in the present model was estimated
by Blanquart et al. [35], which agreed well with the
calculation of Vereecken and Peeters [43]. With
the increasing of the doping ratio of 2-butanol,
it enhances the contribution of R5 (up to 40% in
Flame 1) due to the increment of benzyl radical
and acetylene in flames. Meanwhile, the reaction
between benzene/propargyl radical (C6H6 +
C3H3 = C9H8 + H, R6) proposed by Li et al.
[24], phenyl radical/propyne (C6H5 + pC3H4 =
C9H8 + H, R7) and phenyl radical/allene (C6H5 +
aC3H4 = C9H8 + H, R8) calculated by Kaiser
et al. [44] play an additional role with an overall
contribution around 30% in Flame 1.

As shown in Fig. 5, naphthalene is mainly
formed through five pathways, all of which are
the combination reactions of resonantly stabilized
free radicals with small species. By doping 2-buta-
nol into the flames, it increases the mole fractions
of benzyl, phenyl, and cyclopentadienyl radicals,
which leads to a larger production of naphthalene.
In the present model, the reaction steps of benzyl
and propargyl radicals were referred to the calcu-
lation of Matsugi and Miyoshi [36], replacing the
global reaction C6H5CH2 + C3H3 = C10H8 + 2H
(R9) in our previous models [6,24]. The intermedi-
ate species methyleneindanyl (C9H7CH2) radical is
primarily formed through C6H5CH2 + C3H3 =
C9H7CH2 + H (R10). And then, naphthalene is
yielded from the following isomerization and H-
elimination of methyleneindanyl through C9H7

CH2(+M) = C10H8 + H(+M) (R11). Methylene-
indene that formed via another channel of the
H-elimination of methyleneindanyl radical, can
isomerize to naphthalene through C9H6CH2 +
H = C10H8 + H (R12). The rates of these reac-
tions provided in Chembyshev format in [32] were
refitted into Arrhenius format here. The rate of
R10 was estimated as the rate of the global reac-
tion R9 recommended by Richter and Howard
[34]. There is another efficient pathway from
benzyl radical, via the intermediate of fulve-
nallene (C7H6) and fulvenallyl (C7H5) radical:
benzyl! fulvenallene! fulvenallyl! naphtha-
lene. The decomposition kinetics of benzyl radical
was referred to the proposition of Derudi et al.
[31], which would yield fulvenallyl (C7H5) during
the process. Its reaction with propargyl radical
(C7H5 + C3H3 = C10H8, R13) forming naphtha-
lene was proposed similar to the combination of
propargyl radical forming benzene. Compared to
the contribution of the former pathways (around
10%), it provides a contribution of 40% in global
naphthalene formation in Flame 1. Naphthalene
can be also formed via the reactions between phe-
nyl and C4 species. Among them, the reaction of
phenyl radical/vinylacetylene (C6H5 + C4H4 =
C10H8 + H, R14) is an efficient pathway, which
was suggested in the works of Richter and How-
ard [34] and Blanquart et al. [35]. Similar to the
proposition in the previous models [34–37] and
the observation in coflow flames [6,23], the self-
combination of cyclopentadienyl radical is also
an additional naphthalene formation pathway
under this flame condition.

Acenaphthylene (C12H8), phenanthrene
(pC14H10), anthracene, pyrene and fluoranthene
(fC16H10) are important tricyclic and tetracyclic
PAHs. As shown in Fig. 5, reaction C9H7 + C3

H3 = C12H8 + 2H (R15) proposed in the former
studies of Slavinskaya et al. [37] and is the domi-
nant formation pathway of acenaphthylene in the
present model. Phenanthrene is mainly formed
through the combination of indenyl and cyclopen-
tadienyl radicals (C9H7 + C5H5 = pC14H10 + 2H,
R16). The rate of R16 recommended in the work
of Blanquart et al. [35] was adopted in present
model, which was close to the estimation of Cav-
allotti et al. [33] and Richter and Howard [34].
Pyrene was mainly formed through the reaction
between acenaphthylenyl radical and butadiyne,
which was proposed by Slavinskaya et al. [37].
Fluoranthene, that is the isomer of pyrene, was
dominantly formed through the combination of
naphthyl and phenyl radicals (C10H7 + C6H5 =
fC16H10 + 2H, R17). The rate constant of this
reaction was estimated from the recombination
of phenyl radical calculated by Park and Lin
[45]. The experimental measured and simulated
mole fractions of these PAHs are shown in the last
row of Fig. 3. The present model captures the
effect of the doping of 2-butanol very well, how-
ever, does not predict the peak values of their
mole fractions properly.
5. Conclusions

In this work, two coflow methane flames doped
with 2-butanol were studied with SVUV-PIMS. A
2-butanol kinetic model extended to aromatic
growth mechanism was developed, giving a better
characterization on the benzene and PAH forma-
tion. Numerical simulations with detailed kinetic



mechanism were performed with laminar-
SMOKE. The interaction between 2-butanol and 
methane in the aromatic formation process was 
analyzed in detail. The impact of the doping of 
2-butanol is found to be pronounced for benzene 
formation by increasing the mole fractions of C2 
and C3 species, which subsequently lead to the 
increment of propargyl radical.

Resonance stabilized free radicals, such as 
cyclopentadienyl, phenyl, and benzyl radicals are 
main PAH precursors, or even indenyl and naph-
thyl radicals for large PAHs. And the reactions of 
these radicals with small hydrocarbon intermedi-
ates (C2–C4 species) or themselves are the most 
efficient aromatic grown pathways. Considering 
the balance of the reactivity and the residence time 
of the intermediate species in the flames, resonant 
stabilized free radicals, which are more active than 
stable intermediates in chemical reactions and 
have longer residence time than active free radi-
cals, should have much more opportunity to be 
involved in the PAH formation procedure. Fur-
ther theoretical investigation and accurate experi-
mental measurements on the growth of large PAH 
species are demanded to reproduce their forma-
tion accurately under a wide range of combustion 
conditions.
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