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A B S T R A C T

Recent literature kinetic studies revealed the importance of new mechanisms for polycyclic aromatic hydro-
carbon (PAH) and soot inception beyond hydrogen–abstraction–acetylene–addition (HACA) and hydrogen–ab-
straction–vinylacetylene–addition (HAVA) mechanisms in the combustion of ethylene and other hydrocarbons.
Co-flow diffusion flame is a canonical flame used to investigate the interaction between fluid dynamics and
PAH chemistry. In this study, supersonic molecular beam sampling technique was utilized for the first time with
synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) to measure laminar co-flow
diffusion flame at atmospheric pressure. We report quantitative measurement of precursor radicals as well as
critical intermediates and odd carbon number PAH species. A custom-designed computational code, based on
OpenFOAM and Cantera, was adopted to simulate laminar co-flow diffusion flames with literature kinetic model.
Chemical kinetic analyses show that addition reactions of odd carbon number species provide considerable con-
tribution to PAH formation processes beside HACA and HAVA mechanisms. Reasonable mass growth reactions
are postulated for aromatic species with odd carbon numbers, such as ethynyl-indene, fluorene, benzo-indene,
which need further investigations. Reactions of resonantly stabilized radicals followed by ring expansion are
shown to be critical for both odd and even carbon number aromatics, and are suggested to be included in future
PAH models.

1. Introduction

Soot is the solid product of incomplete combustion of hydrocarbons.
It reduces the energy conversion efficiency in combustors [1,2], threat-
ens human health [3] and adversely affects environmental sustainabil-
ity [4]. A large collection of studies in the last decades identified poly-
cyclic aromatic hydrocarbons (PAHs) to be critical precursors of soot
particles [5–8]. A major chemical pathway from the initial benzene
ring to form PAH has been found to be the hydrogen–abstraction–acety-
lene–addition (HACA) mechanism [9,10]. Later on, hydrogen–abstrac-
tion–vinylacetylene–addition (HAVA) mechanism was also proposed as
another efficient pathway [11]. More recently, phenyl addition–de-
hydrocyclization (PAC) [12] and clustering of hydrocarbons by radi-
cal-chain reaction (CHRCR) [13] mechanisms were reported to account
for the contributions from the recombination of peri-condensed aromatic
hydrocarbons and the chain reactions of resonantly stabilized radicals
(RSRs), respectively. A few kinetic mechanisms have been proposed
to describe the chemistry of PAH formation and its further growth to

soot, particularly based on the HACA mechanism [9,14–24]. Detailed
quantum calculations have not been fully employed in the determina-
tion of the reaction rate constants for PAC and CHRCR mechanisms, and
thus these mechanisms have not yet been widely applied in chemical
models [25].

Experimental measurements on laminar flames of various hydro-
carbons are valuable database for the validation of kinetic models.
In particular, basic hydrocarbon fuels, such as methane and ethylene
(C2H4), are widely used for the validation of the entirety of PAH for-
mation pathways starting from very small intermediates. Fuel-rich pre-
mixed ethylene flames were commonly applied for the investigations of
PAH formation chemistry by mass spectrometry [26–32], laser fluores-
cence [33–36], and gas chromatography / mass spectrometry (GC-MS)
[37,38]. However, premixed flames do not serve as the most opti-
mal configuration to study large PAHs, because the fuel and subse-
quent hydrocarbon molecules are always surrounded by oxygen so that
most PAHs formed are oxidized within the flame. On the contrary,
diffusion flames are considered to be more suitable testbed for PAH
formation since the fuel breakdown process is
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mostly under oxygen-deficient conditions. PAH formation has been stud-
ied in counterflow ethylene diffusion flames [14,39–47], due to the
nearly one-dimensional flame structure, with the help of GC-MS and
other diagnostic techniques. Alternatively, co-flow diffusion flame is a
more canonical laboratory configuration encountered in practical com-
bustors. McEnally and co-workers [48–51] measured combustion
species in co-flow ethylene diffusions flames by using a quartz sampling
probe coupled to an electron-ionization mass spectrometer (EI-MS). Xu
et al. [52] studied co-flow ethylene diffusions flames by using multi-
ple diagnostics, i.e., GC for stable intermediates, transmission electron
microscopy (TEM) for soot particles, and deconvoluted Li/LiOH atomic
absorption for H, O, and OH radicals. Kailasanathan et al. [53] utilized
GC for the investigation of hydrocarbon and aromatic formation in eth-
ylene co-flow diffusion flame at elevated pressures (1.0–8.0 atm). Re-
cently, Jerez et al. [54] measured PAH signal in an ethylene co-flow
diffusion flame by coupling laser induced incandescence (LII) and laser
induced fluorescence (LIF). Mitra et al. [55] separated PAH isomers
and evaluated their mole fractions by GC-MS. They emphasized that the
zig-zag sites are most reactive towards addition reactions and methyl-
ene-bridged PAHs lead to faster growth of large PAHs. Based on their
observed discrepancy between experimental and simulation results, they
suggested to develop more detailed reaction networks for large PAHs ac-
counting for different PAH structures.

The present study attempts to further improve our understanding
of the PAH formation in a laminar co-flow ethylene diffusion flames
by providing detailed mole fractions of many PAH species by utiliz-
ing synchrotron vacuum ultra-violet photoionization molecular beam
mass spectrometry (SVUV-PI-MBMS). This diagnostic technique enables
the separation and quantification of isomeric intermediates species with
similar molecular weights [22,56,57], and it has been successfully
applied in our previous studies of PAH chemistry in laminar co-flow
methane diffusion flames [22,57]. Along the centerline of ethylene
co-flow flame of this study, a total of 38 species, including reactants,
small intermediates, and large PAHs up to 5 fused aromatic rings, were
measured and quantified as a function of flame heights. Experimental
data are compared with numerical simulations [58] based on the PAH
model of Narayanaswamy et al. (NBP model) [16]. Kinetic analysis are
performed to illustrate the pathways from ethylene to large PAHs and to
suggest further improvements in PAH kinetic models.

2. Experimental methods

Experimental measurements of laminar co-flow diffusion flames
were carried out at the National Synchrotron Radiation Laboratory in
Hefei, China. Experimental conditions of the two investigated flames
are summarized in Table 1. The carbon flux (flow rate of ethylene)
remains constant for the two cases. The main difference between the
two cases is the amount of diluent gas applied to the fuel stream,
dilution ratio, η, is 82% and 85% for the two flames, respectively.
The small difference in the inlet conditions of the two flames

helps validate the sensitivity and precision of our experimental method.
Gas flow rates were regulated by MKS mass flow controllers. Diluent gas
(N2) and calibration gas (Ar) were varied in two different conditions,
while the carbon flux was kept identical. Gas purities of N2 and Ar are
99.999%, and that of C2H4 is 99.9%.

Details of the SVUV-PI-MBMS diagnostic system, including the syn-
chrotron beamline and the photoionization mass spectrometer, have
been described previously [59,60]. Here, we coupled the co-flow flame
burner with SVUV-PI-MBMS and upgraded the sampling method based
on our previous design [56,57]. A schematic diagram, presented in
Fig. 1a, illustrates the main components of this facility: a co-flow
flame burner, a molecular beam sampling system, and a reflectron
time-of-flight mass spectrometer (RTOF-MS). The new co-flow flame
burner used in this study is slightly different from our previous design,
as shown in Fig. 1b. The fuel and co-flow air tubes are made of stain-
less steel. The inner diameter (10 mm) and thickness (1.0 mm) of fuel
tube remain the same as previous design but the inner diameter of the
co-flow air tube is reduced to 86 mm to provide a uniform air flow.
Porous material and quartz pellets are used to provide a flat air velocity
at its exit. The flow of fuel mixture is fully developed after a distance of
600 mm from the inlet of the fuel tube. The exit of the fuel tube is 8 mm
above the burner surface, which is specially designed to be able to sam-
ple gases near the bottom of the flame.

Fig. 1c shows the assembly drawing of the entire facility. Co-flow
flame burner is fixed on a two-dimensional locator (accuracy 0.05 mm),
which is used to automatically control the sampling position of the
flame. A small quartz nozzle (angle 18°) is attached to the ionization
chamber, which separates the ionization chamber (10-1 Pa) from the
atmospheric pressure flame. Because of the large pressure difference
through the quartz nozzle, molecular beam is formed right after the ori-
fice of quartz nozzle. The diameter of this orifice is 125 μm, determined
by a balanced consideration of the mass signal and the requirement of
vacuum level for mass spectrometer. Wall thickness near this orifice is
<10 μm (see the photo of quartz nozzle orifice in Supplementary Ma-
terials), which would have weak impaction on the flame [61]. Vac-
uum ultraviolet (VUV) light generated from the synchrotron radiation is
applied as a soft ionization source for our home-made ion guider and
RTOF-MS, giving a mass resolution of ~2100 [60].

Uncertainty in the SVUV-PIMS measurements is related to the sam-
pling process and the photoionization cross sections (PICSs) of the de-
tected species. Absolute uncertainty is ±10% for species quantified via
cold gas calibration, ±25% for stable species with known PICSs, and
about a factor of 2 for free radicals and species with estimated PICSs
[56,57]. Relative uncertainty among various species measured by the
same experimental method is quite small. Detailed data processing pro-
cedure and PICSs of the measured species may be found in Supplemen-
tary Materials.

Table 1
Experimental conditions for ethylene co-flow diffusion flames.

Name P (a) Qair
(b) QAr

(b) QN2
(b) QC2H4

(b) η (c) vair
(d) vfuel

(d)

CF1 1.0 80,000 10 841 175 82% 25.55 23.77
CF2 1.0 80,000 12 1058 175 85% 25.55 28.84

(a) P, environment pressure, Unit: atm;
(b) Qi, flow rate of species i, Unit: SCCM;
(c) η, dilution ratio, 1-QC2H4/(QC2H4 + QN2 + QAr);
(d) vi, mean velocity of fuel or air flows at 298 K, Unit: cm/s.
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Fig. 1. The diagnostic facility for laminar co-flow diffusion flame: (a) schematic diagram, (b) details of burner, (c) assembly drawing of entire facility.

3. Numerical methods

3.1. Computational configurations

An OpenFOAM low-Mach number algorithm implemented in un-
structured grid is applied for the simulation of studied flames [58,62].
Thermochemical properties and reaction kinetics are calculated using
Cantera [63]. Molecular diffusion velocity of each species is calcu-
lated by a mixture-averaged formula. Radiation heat loss via gas phase
species, such as CO2, H2O, CH4, and CO, is accounted for with optically
thin approximation (OTA) [64]. Generally, OTA overpredicts radiation
heat loss since absorption is not considered. However, optical thickness
of the studied laminar co-flow diffusion flame is very small. Simulation
results of Liu et al. [65] on laminar co-flow diffusion flame showed that
the peak flame temperature predicted by OTA was only 15 K lower than
the benchmark solution.

As shown in Fig. 2, a two-dimensional axisymmetric domain is used
for the simulations of the co-flow flame, with a length of 130 mm (from
10 mm below to 120 mm above burner surface) and a width of 43 mm.
The simulated domain is extended 10 mm upstream into the fuel and
air tubes to better reproduce the inflow preheating and velocity distri-
bution. The simulations use a non-uniform mesh with a total of 53,810
cells (390 in axial direction and 140 in radial direction). The inlet tem-
perature of both fuel mixture and co-flow air is 300 K. A parabolic ve-
locity profile is specified at the fuel inlet, as the flow is expected to be
fully developed in the long fuel tube used here, while the co-flow air in-
let uses a uniform velocity profile.

3.2. Kinetic model

NBP model (Narayanaswamy et al. [16], 158 species and 1049
reactions) is adopted to analyze the gas-phase ethylene combustion

Fig. 2. Computational domain and boundary conditions.
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and PAH evolution. NBP model mainly added the chemistry of toluene,
ethylbenzene, styrene, 1,3-dimethylbenzene (m-xylene) and 1-methyl-
napthalene to the previous model of Blanquart et al. [17] for smaller
hydrocarbon combustion. The PAH growth is based on several reaction
pathways in this model: 1) HACA mechanism; 2) HAVA mechanism; 3)
the addition of propargyl radicals on substituted aromatic molecules;
and 4) the self-recombination of cyclopentadienyl and its reaction with
indenyl to form phenanthrene. NBP model has previously been validated
against a series of ethylene combustion data, including ignition delay
times, laminar burning velocities, and speciation data in plug flow reac-
tor, shock tube and flames [16]. We chose this model here because of
its comprehensive PAH pathways and previous applications in various
combustion systems. Soot model is not considered for this lightly soot-
ing flame because of its negligible influence on flame temperature and
PAH concentrations (see Section S2 in Supplementary Material).

4. Results and discussion

Two laminar co-flow ethylene diffusion flames (CF1 and CF2, see
Table 1) were studied by SVUV-PIMS, with 38 species quantitatively
measured. Active species, like free radicals, fulvene, methyl-indene, and
other odd carbon number aromatics, were experimentally quantified for
the first time in co-flow ethylene diffusion flame. Numerical simulations
of these two flames were performed with matched boundary conditions.
Experimental measurements, numerical simulations, as well as kinetic
analyses are given in the following sub-sections, with particular empha-
sis on the key reaction pathways from ethylene to benzene and growth
of monocyclic aromatics to large PAHs. Due to the qualitative similari-
ties in the flame structures of CF1 and CF2, the following kinetic discus-
sions are focused on CF1 case as a representative of both flames.

4.1. Major species comparison

Fig. 3 presents experimentally measured and simulated flame tem-
peratures, as well as mole fractions of reactants (C2H4 and O2) and major
products (CO2, CO, H2O, and H2) along the centerlines of CF1 and CF2.
The model well captures the flame temperature except in the sooting
zone (see Section S2.2 in Supplementary Material). The predictions
of all major flame species are in good agreement with the experimen-
tal data. The centerline of a co-flow flame has a higher level of prod-
uct gases, such as CO, CO2, H2O, and even H2, which are back-diffused
from the conical flame surfaces into the fuel stream all the way up to
the fuel inlet. These profiles are accurately captured by the simulations,
implying that the inflow boundary conditions are well matched with the
experiment. Experimental measurements of CO are not shown in Fig. 3
due to the strong interference of the mass signal of C2H4. Based on the
carbon balance at different flame heights, e.g., 50 mm, it is found that
a large portion of ethylene (~19%) is not converted to CO or CO2, but
instead forms PAHs and soot which was visually apparent in the studied
co-flow diffusion flames (Fig. S2 in Supplementary Material).

4.2. From ethylene to benzene

Due to the advantage of SVUV-PI-MBMS technique, a series of free
radicals were experimentally detected for the first time in atmospheric
ethylene co-flow diffusion flame. As shown in Fig. 4, all non-aro-
matic free radicals detected in this study have odd carbon numbers;
among these, propargyl (C3H3) and allyl (aC3H5) are resonance stabi-
lized radicals. The experimental method applied in this study shows
good repeatability, since the mole fraction profiles of free radicals in
the two studied flames show good agreement. Methyl radical (CH3)
has ~10 ppm concentration in ethylene flame; its reac

Fig. 3. Model prediction (solid lines) and experimental data (symbols) of major flame species in co-flow ethylene diffusion flames, CF1 (a, b) and CF2 (c, d). Dot-circle symbols and
dash-dot lines present the measured and simulated temperature profiles in the two flames.
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Fig. 4. Numerical simulations (lines) and experimental data (symbols) of non-aromatic free radicals. Nomenclature: methyl (CH3), propargyl (C3H3), allyl (aC3H5).

tions with acetylene and ethylene are the main contributors of C3 species
(Fig. 5).

Fig. 5 shows the key chemical pathways towards benzene ring in
the CF1 flame. The reaction of methyl and acetylene yields propyne, and
subsequently leads to propargyl radicals. In the meantime, the reaction
of ethylene and methyl forms propene, which is the dominant contribu-
tor of allyl radical [66]. All three radicals are over predicted by ~6–10
times, while considering the absolute uncertainty (a factor of 2) of radi-
cal measurements in this study. The overprediction of propargyl radical
may significantly impact model performance for PAH predictions. Pre-
vious studies also suggested C4 RSRs, like but-1-en-3-yne-2-yl (iC4H3)
and buta-1,3-dien-2-yl radicals (iC4H5), for phenyl and benzene forma-
tion via C4 + C2 pathways [67,68]. However these two RSRs are not
observed in our experiment, suggesting that their low concentrations in
ethylene flames are below the detection limit of 0.1 ppm. Indeed, the
reaction of but-1-en-3-yne-2-yl and acetylene is deemed unlikely accord-
ing to previous studies [69,70].

Stable C1-C6 non-aromatic intermediates measured in CF1 and CF2
are plotted in logarithmic scale in Fig. 6, which were commonly mea-
sured in previous ethylene co-flow diffusion flames. Ethylene primarily
converts to the vinyl radical which subsequently forms acetylene. Acety-
lene is clearly a key intermediate, which has the highest mole fraction
among all intermediates. It then either converts to C3 and C4 species or
oxidizes to ketene, as shown in Fig. 5. C4 species, including C4H2, C4H4,
and C4H6, have mole fractions larger than 100 ppm, while C3H4 isomers
have mole fractions at ~10 ppm level. Numerical predictions of C1 and
C2 species are generally in reasonable agreement, while obvious devia-
tions are observed for C3 and C4 species.

Butadiyne (C4H2) is derived from the reaction of ethynyl radical and
acetylene in NBP model. Overpredictions of butadiyne could be due to
not only the rate coefficient of butadiyne formation reaction, but also
the lack of consumption pathways towards PAHs. Butadiyne, a rather
active molecule, is ignored in aromatic reactions in many PAH models
[14,16–19,71,72]. For example, its reaction with phenyl radical was
included in several models [16,22,71]; however, similar reactions were
not considered for naphthyl, phenanthryl, etc. The reaction between
propargyl and butadiyne has been theoretically proposed to form ful-
venallenyl radical [73,74]. Although, this reaction is included in some
models [14,25], but the further reactions of fulvenallenyl were not pro-
vided in these models, such as self-combination to form phenanthrene
and combination with propargyl to produce naphthalene [75].

The mole fraction of vinylacetylene (C4H4) is separated from its iso-
mers, butatriene (t-C4H4) and cyclobutadiene, by ionization energy, as
presented in Fig. 6h. The reactions of ethylene + ethynyl and acety-
lene + vinyl are the main formation pathways of vinylacetylene. The
correct prediction of vinylacetylene mole fraction is very important for
further predictions of PAHs, since it is the source of HAVA mechanism
for PAH growth. Fig. 7a presents the mole fraction of butatriene, which
was not commonly reported in previous studies. Its concentration in
co-flow diffusion ethylene flames is about 10% of that of vinylacety-
lene, but it is a more active intermediate than vinylacetylene. A recent
published C0-C4 model includes comprehensive chemistry of butatriene
[76]. It may be easily formed by acetylene, and rapidly isomerize with
vinylacetylene. Future PAH model development may consider its reac-
tions with aromatic radicals, similar to HAVA mechanism.

Butadiene and butyne are quantified in this study, however 1,3-
/ 1,2-butadiene or 1- / 2-butyne are not separated due to their very

Fig. 5. Rate of production (ROP) in CF1 flame by NBP model. ROP analysis was performed at flame height of 55 mm. This position is close to the flame front, strong chemical process
occurs here, and the mole fractions of most species reach their maxima here.
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Fig. 6. Numerical simulations (lines) and experimental data (symbols) of C1-C6 species in CF1. Nomenclature: methane (CH4), acetylene (C2H2), benzyne (C6H4), allene (aC3H4), propyne
(pC3H4), cyclopentadiene (C5H6), butadiyne (C4H2), vinylacetylene (C4H4), 1,3-butadiene (1,3-C4H6).

Fig. 7. Experimental data (symbols) of small species in CF1 flame. These species are not included in NBP model. Nomenclature: butatriene (t-C4H4), butyne (y-C4H6), fulvene (f-C6H6).

close ionization energies. The experimental data presented in Fig. 6i
and 7b are calibrated to 1,3-butadiene (1,3-C4H6) and 2-butyne
(y-C4H6), respectively. Compared to the detailed chemistry of 1,3-bu-
tadiene in the models, the reactions of other C4H6 isomers are still
lacking in the kinetic models, particularly for their potential contri-
bution to benzene. NBP model assumes the combination of propar-
gyl and methyl radicals to form solely 1,3-butadiene, while neglect-
ing other C4H6 species. Considering the measured mole fractions of bu-
tyne (~100 ppm, comparable to butadiene), it should also be consid-
ered in future models, not only because of its potential contribution in
benzene formation but also as a balance of carbon flux among differ-
ent reaction routes. The H-abstractions of 1,3-butadiene, 1- and 2-bu-
tyne yield buta-1,3-dien-2-yl, 1-butyn-3-yl and 2-butynyl radical, re-
spectively; 1,2-butadiene is able to form both 1-butyn-3-yl and 2-bu-
tynyl. A previous experimental study [77] also identified different C4H5
radical structures besides buta-1,3-dien-2-yl in premixed flames, where
1-butyn-3-yl and 2-butynyl may have larger concentrations than
buta-1,3-dien-2-yl. We recommend their reactions with

acetylene for benzene to be included in future kinetic models for ben-
zene formation, which may promote the contribution of C4 + C2 routes
to first aromatic ring formation.

Benzene formation is critical to reveal PAH formation chemistry in
ethylene co-flow diffusion flames. According to the ROP analysis in Fig.
5, it is primarily produced from the recombination of propargyl radi-
cals, while C2 pathways are negligible. The reactions of C4H5 radicals
with acetylene may also provide considerable contribution to benzene
if these are properly included in the model, as just discussed above.
Model predictions of benzene are higher than experimental data by a
factor of ~6 as shown in Fig. 8a. Quantum calculations of Miller et
al. [78,79] for the self-combination of propargyl radical were adopted
in NBP model, but the results of these calculations were simplified to
benzene which overestimated the formation carbon flux from C3. Ful-
vene (f-C6H6), an important C6H6 isomers, is not included. Our mea-
surements of fulvene (as shown in Fig. 7c) indicate its mole frac-
tions to be ppm level in ethylene co-flow diffusion flames. Tang et
al. [80] measured the speciation of all eight

6
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Fig. 8. Model predictions (lines) and experimental data (symbols) of aromatics with even carbon numbers. Nomenclature: benzene (C6H6), phenylacetylene (C8H6), styrene (C8H8), naph-
thalene (C10H8), acenaphthylene (C12H8), biphenyl (C12H10), phenanthrene (C14H10), pyrene (C16H10), benzo[ghi]fluoranthene (C18H10).

C6H6 isomers from the recombination reaction of propargyl. Linear
structures take the major roles when reaction temperature is below
900 K; 3,4-dimethylenecyclobutene dominates over 950–1050 K; ful-
vene and 2-ethynyl-1,3-butadiene are major species over 1050–1300 K;
benzene dominates when reaction temperature is above 1300 K. Over-
prediction of benzene at lower flame height indicates that branch-
ing channels of propargyl recombination reaction need to be consid-
ered, such as 2-ethynyl-1,3-butadiene suggested in theoretical studies
[78,79]. 2-Ethynyl-1,3-butadiene also has kinetic connections with bu-
tadiyne and butatriene by their reactions with vinyl and ethynyl radi-
cals, respectively.

C6H4, shown in Fig. 6c, is a highly unsaturated intermediate that has
plenty of isomers; here, we use o-benzyne for its mole fraction calcula-
tion [19,81–83]. C6H4, ~ 10 ppm level, is comparable with benzene,
but the model significantly underpredicts it. o-Benzyne may have contri-
bution on indene formation according to the theoretical study on its re-
action with cyclopentadiene [84]. Recent investigations recommended
the potential contribution of benzyne in PAH formation due to its di-
radical property [85,86]; therefore, its formation pathways are worthy
to be investigated. In addition to the H-elimination reaction of phenyl
radical, recombination of two phenyls has a branching channel yield-
ing benzene and benzyne [87] which is not commonly included in cur-
rent models. The combination of butadiyne and acetylene, included in
NBP model, may form o-benzyne but the reverse reaction (decomposi-
tion route of o-benzyne) is thermally more favored at flame conditions.
Zhang et al. [88] recommended the reaction between ethynyl and viny-
lacetylene to be critical for o-benzyne formation.

4.3. From benzene to aromatics with even carbon number

In this study, most of the PAH mass peaks are assigned to the com-
monly proposed structures in literatures (see details in Table S1 of Sup-
plementary Material), since these are expected to have the highest
mole fractions among the various isomers. It is nearly impossible to ac-
curately identify different PAH isomer structures for the same chemical
formula by SVUV-PI-MBMS, particularly when all isomers have low con-
centration and similar structures. More sophisticated techniques, such as
i2PEPICO [89] and GC × GC [90], are required to distinguish PAH iso-
mers.

Fig. 8 presents the mole fractions of aromatic species with even
carbon numbers. Starting with benzene, HACA mechanism is consid-
ered the major PAH formation pathway in ethylene pyrolysis [91],
premixed flame [9,21,92] and co-flow diffusion flame [93]. HACA
mechanism includes three routes [94]: a) original Frenklach route via
ethynyl-phenyl radical [95–97]; b) Bittner-Howard route via
phenyl-vinyl radical (pv-C8H7) [98]; c) modified Frenklach route via
vinyl-phenyl radical (vp-C8H7) [99,100]. NBP model describes the for-
mation of naphthalene from phenyl by the original Frenklach route
but does not include the other two routes. As a result, the products of
phenyl and acetylene reaction prefers phenylacetylene than C8H7 rad-
icals. Acetylene addition to ethynyl-phenyl radical (C8H5) leads to the
formation of naphthyl radical, as shown in Fig. 9. The contribution of
HAVA mechanism is clearly minor when compared to HACA mecha-
nism, thus is too small to be shown in the reaction flux diagram. We
also found that the contribution of cyclopentadienyl self-combination is
quite small for naphthalene formation.

Related to the overprediction of benzene, the under prediction of
styrene shows the lack of its formation reactions. The combination of
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Fig. 9. Aromatic growth pathways in CF1 at flame height of 55 mm. Normal numbers and those in brackets label the contributions from reactants and to products, respectively.

cyclopentadienyl and propargyl is an efficient formation route beside C2
channels [19,25].

Similar to the phenyl radical, HACA route of naphthyl radical also
has higher reaction flux than its HAVA route. Acetylene addition to
naphthyl leads to C12H8 isomers: ethynyl-naphthalene and acenaphthy-
lene. In Fig. 8, the experimental data of C12H8 is calibrated as ace-
naphthylene [19,83], and all C12H8 isomers in NBP model are added
up for comparison. C12H10, calibrated as biphenyl, is slightly overpre-
dicted, similar to C12H8. Acetylene addition to biphenyl radical is a ma-
jor pathway for phenanthrene formation in ethylene flame, as shown in
Fig. 9. Mitra et al. [55] separated 2-vinyl-naphthalene from its C12H10
isomers, but found it not important in phenanthrene formation. Steric
crowding may explain the difficulty to add another acetylene beside
vinyl sidechain [101]. The over prediction of benzene and naphthalene
thus results in the overprediction of these closely related species.

C14H10 is approximated to be phenanthrene in mole fraction calcu-
lation, and NBP model shows good predictions. NBP model proposes
the addition of phenyl to phenylacetylene and the addition of acetylene
to biphenyl radical for phenanthrene formation, according to theoreti-
cal calculations [102]. Recent study on phenylacetylene pyrolysis ob-
served diphenylacetylene and phenanthrene, which may be the products
of the reaction between phenyl and phenylacetylene [103]. However,
cross beam experiment carried out by Parker at al. [104] suggested
ethynyl-biphenyl to be the major product of phenyl and phenylacetylene
reaction. Further elementary studies are required to clarify the efficiency
of phenanthrene formation via this pathway. Moreover, the contribution
of step-wise acetylene addition is surprisingly minor here in contrast to
naphthalene formation. HAVA mechanism plays a minor role, similar to
its performance in naphthalene formation.

C16H10 in Fig. 8h is speculated as pyrene, while other major C16H10
isomer are fluoranthene [105,106], acephenanthrylene and

aceanthrylene [55]. Phenyl addition to naphthyl to form fluoranthene, a
typical PAC mechanism route [12], was included in NBP model, but this
reaction is found to be less efficient than acetylene addition to phenan-
thryl for pyrene, as shown in Fig. 9. Repeated propargyl addition
to naphthalene may also produce pyrene via phenalene [55,107] or
benzo-indene [25]. Mitra et al. [55] recently emphasized that “zigzag”
periphery of aromatics is more favorable for further addition reactions.
Acetylene addition to phenanthrene and anthracene yield acephenan-
thrylene and aceanthrylene, respectively. C18H10 is calibrated as
benzo[ghi]fluoranthene in our experiments [108–110]. The recombina-
tion of two indenyl radicals is favored to yield chrysene, benzo[a]an-
thracene, benzo[b]phenanthrene, or benzo[c]phenanthrene
[25,111–113]. Further H2-elimination of C18H12 may promote the for-
mation of benzo[ghi]fluoranthene. However, this species is not included
in NBP model, and thus the experimental data are compared to another
C18H10 isomer, cyclopenta[cd]pyrene. Two acetylene addition pathways
are proposed for its formation (Fig. 9) in the model and the simulation
results exhibits good agreement with experimental data.

4.4. Formation of aromatics with odd carbon number

Besides the addition of even carbon number species, like phenyl,
acetylene and vinylacetylene, previous PAH investigations argued for
the inclusion of other reaction pathways in PAH formation. Li et al.
[114] recommended the reaction sequences involving odd carbon num-
ber species, particularly the reactions with propargyl. Hansen et al.
[115] proposed the conversion of odd and even carbon number aro-
matics by H-abstraction-methyl-addition (HAMA) mechanism. Recently
published PAH mechanism, clustering of hydrocarbons by radical chain
reactions (CHRCR), also focused on those intermediate radicals with odd
carbon number, such as vinyl-cyclopentadienyl, indenyl, and phenalenyl
[13]. Many literature models [14–16,19],
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including NBP model adopted here, typically do not have detailed chem-
istry of odd carbon number aromatics (C9–C19). Jin et al. [25] published
an indene pyrolytic model including a series of reaction networks for
these species; however, this model was not comprehensively validated
in oxidative environments. In this work, we quantified these odd carbon
number aromatics as well as RSRs, which are valuable for further PAH
model development.

The smallest aromatic intermediate measured in the ethylene flame
is cyclopentadienyl radical. In the medium flame height (~45 mm),
cyclopentadienyl is formed by the reaction of propargyl and acety-
lene or the H-abstraction of cyclopentadiene. When the flame height
is closer to the flame front, more and more cyclopentadienyl radicals
are formed by the oxidation of mono-aromatic species. For example,
the oxidation of toluene and benzene yields benzyl and phenoxy radi-
cals, respectively, which further decompose to cyclopentadienyl radical
[14–16,19]. However, benzyl decomposition to form cyclopentadienyl
is not favored kinetically [116–118]. Strong competition between oxi-
dation and PAH growth occurs in this flame region. The self-combina-
tion of cyclopentadienyl produces naphthalene [119], and its reaction
with cyclopentadiene yields indene [120]. These two pathways are not
presented in Fig. 9, due to their minor contributions. Fig. 6f presents
the mole fractions of cyclopentadiene in CF1 and CF2, which are slightly
overpredicted. On the other hand, the simulation results of cyclopenta-
dienyl radical agree well with the experimental data shown in Fig. 10a.

Model predictions of C7 and C9 aromatics are presented in Fig.
10. C7H8 is calibrated as toluene without considering cycloheptatriene
[121]; C7H7 is calibrated as benzyl without considering cyclohepta-
trienyl and vinyl-cyclopentadienyl [13,22]. C7H7 radical is overpre-
dicted whilst C7H8 is relatively better predicted. Toluene and benzyl
are key intermediates in a phenyl driven PAH pathway. The decomposi-
tion of benzyl forms cyclopentadienyl and acetylene in NBP model. But
theoretical and experimental studies illustrated it to yield fulvenallene
and fulvenallenyl [116–118]. The combination of cyclopentadienyl and
acetylene forms cycloheptatrienyl [21,122]. Trogolo et al. [123] theo-
retically proposed the formation of vinyl-cyclopentadienyl by the com-
bination of propargyl and vinylacetylene, which may also be involved in
PAH formation via CHRCR mechanism [13].

For the C9 chemistry in NBP model, the combination reactions of
phenyl + propargyl and benzyl + acetylene are considered equally

important for indene formation [124], as shown in Fig. 9. Savee et
al. [122] validated the sequential addition of acetylene to propar-
gyl radical, yielding cyclopentadienyl, cycloheptatrienyl and indene. C7
sub-mechanism thus needs to be updated to better capture the forma-
tion of C9 species. Indene and indenyl radical are more than an order of
magnitude overpredicted. Even considering the possible radical losses in
the sampling process, the discrepancy from the model is too large to be
caused by experimental uncertainty. A major drawback in this model is
attributed to the lack of indenyl consumption pathways, such as the in-
denyl recombination to form C17 and C18 species suggested by Jin et al.
[25,111], and phenyl / benzyl additions to indenyl recommended by
Johansson et al. [13] and Sinha et al [125].

Previous studies proposed C10H10 to be dihydronaphthalene isomers
[126–129], but we quantified C10H10 as 3-methyl-indene in ethylene
co-flow diffusion flame, as presented in Fig. 11a. NBP model proposed
a global reaction for indene ring expansion via methyl addition, which
contributes to the majority of naphthalene formation (Fig. 9). This re-
action pathway was recommended by Hansen et al. [115] in their pre-
mixed flame study, Jin et al. [25] in their indene pyrolysis work, and
recently validated by Zhao et al. [130] in their elementary experi-
ments. The critical intermediate of this reaction sequence is methyl-in-
dene (C10H10). The reaction of cyclopentadienyl and methyl radicals
forms benzene; the reaction of indenyl and methyl radicals forms naph-
thalene. These are typical ring expansion reaction pathways for PAH
growth, providing the conversion between odd and even carbon number
aromatics. Similar reactions for larger PAHs with penta-aromatic rings
should be included in future models.

C11H8 (Fig. 11b) is another indene related important aromatic. As
proposed in Jin et al. [25] and Johansson et al. [13], acetylene ad-
dition to indenyl leads to 3-ethynyl-indene. Elementary reaction study
of Zhao et al. [131] confirmed the formation of 3-ethynyl-indene by
this reaction. It is thus the most likely candidate for C11H8 in eth-
ylene flames. Similar to the reaction of propargyl and vinylacetylene
forming vinyl-cyclopentadienyl radical [123], the reaction of fulvenal-
lenyl and vinylacetylene is a possible formation pathway of vinyl-in-
denyl radical. Its H-elimination provides another source of ethynyl-in-
dene. Another C11 species measured in this flame is C11H10, which
could be methyl-naphthalene or vinyl-indene. NBP model included only
methyl-naphthalene derived by the reaction of

Fig. 10. Model predictions (lines) and experimental data (symbols) of odd carbon number aromatics. Nomenclature: cyclopentadienyl (C5H5), benzyl (C7H7), indenyl (C9H7), toluene
(C7H8), indene (C9H8), methyl-naphthalene (C11H10).
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Fig. 11. Experimental data (symbols) of aromatics that usually ignored in kinetic studies. Nomenclature: methyl-indene (C10H10), ethynyl-indene (C11H8), fluorene (C13H10).

methyl and naphthalene. As shown in Fig. 10f, the simulation results
are slightly lower than the experimental data. We suggest to consider
the reaction between indenyl and vinyl as an additional pathway for
vinyl-indene formation.

C13H10 (Fig. 11c) measured in this study could be phenalene [55],
fluorene or benzo-indene [25]. Fluorene is a PAH species commonly in-
cluded in literature models [19,20,71,132], which is formed by methyl
addition to biphenyl [133] or the combination of indenyl and viny-
lacetylene [16]. These models usually include its formation pathways
but lack further reactions towards larger molecules. Jin et al. [25] sug-
gested addition reactions of fluorenyl, such as the addition of methyl,
acetylene, propargyl and intermediates with penta-ring. As discussed
above, the reaction of phenyl and propargyl radicals has critical role
in indene formation. Similar reaction for the formation of benzo-indene
from naphthalene was proposed by Jin et al. [25] and validated by Zhao
et al. [134], which is a likely additional pathway for the chemistry of
C13 PAHs. Another channel of this reaction leads to phenalene, which
has potential contribution to pyrene formation via phenalenyl, a RSR.

In summary of the discussion on the aromatic species in ethylene
flame, the carbon flux to those with even carbon numbers is commonly
over-weighted in the contribution of PAH growth in HACA based mod-
els [9,15,135], while those with odd carbon number are usually un-
der-rated [13–17,114]. According to the discussion in this section, in-
termediates with characteristic structures related to benzene-ring (C6),
benzyl (b-C7), penta-ring (C5), vinyl-penta-ring (v-C7), or hepta-ring
(c-C7) play critical roles in addition to HACA and

HAVA mechanism, as shown in Fig. 12. Addition reactions of C1-C4
species to these intermediates drive further evolution of larger PAH
structures. For example, HAMA (hydrogen-abstraction-methyl-addition)
mechanism provides the conversion from C6 to b-C7, and methyl addi-
tion to the penta-ring converts C5 to C6. Addition of C2 species to the
“zigzag” periphery of C6 produces C5, its addition to C5 yields c-C7, and
its addition to C7 isomers forms C5. Moreover, propargyl addition to C6
and b-C7 produces C5 and C6, respectively, similar to the formation of in-
dene and naphthalene from phenyl and benzyl, respectively. Vinylacety-
lene addition to C6 fuses new benzene ring. Reactions of other C4 species
for PAH growth need further investigations, such as the addition reac-
tions of butadiyne and the combination between vinylacetylene and C5
/ C7 radicals. Instead of a linear perspective, “pathway”, a two-dimen-
sional perspective, “network”, may be more suitable to enhance our un-
derstandings of PAH “map”. In Fig. 12, panels a and b present the re-
actions for the interconversions of species with the same aromatic rings,
this is the 1st dimension. The red and blue lines present reactions for the
aromatic growth, which is the 2nd dimension. One characteristic molec-
ular structure is always connected by multiple “pathways” in the 2nd di-
mension, which reveals higher selectivity than purely reaction pathways
to model PAH growth in this dimension. The experimental results pre-
sented in this work quantify the intermediates related to the conversion
processes in the reaction “network”, which may help future modelling
study on the chemistry of odd carbon number aromatics.

Fig. 12. Two-dimensional “network” to present part of the reactions for mono-/bi-cyclic aromatics. (a) and (b) show the dimension of interconversion reactions; red and blue lines indicate
the 2nd dimension of aromatic growth reactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Conclusions

Laminar co-flow ethylene diffusion flames at atmospheric pressure
were experimentally studied for the first time by SVUV-PI-MBMS. A to-
tal of 38 species, including free radicals, odd carbon number aromat-
ics and PAH larger than two aromatic rings, were measured and quan-
tified along the centerline of the co-flow flames as a function of flame
heights. Experimental data were compared with simulation results using
NBP PAH model.

The reaction pathways from C4H5 radicals to benzene are not in-
cluded in kinetic models probably because of the lack of detailed chem-
istry of C4H6 isomers. 1-Butyn-3-yl and 2-butynyl radicals, other than
buta-1,3-dien-2-yl, are suggested to be considered for benzene forma-
tion. Although propargyl recombination is known as the most important
pathway from ethylene decomposition to benzene formation, the contri-
bution of C4H5 + C2H2 is also important for further consideration.

Chemical kinetic analyses indicate that even for such a widely stud-
ied ethylene flame, we still lack the knowledge of PAH formation be-
yond HACA and HAVA mechanisms. Even HACA reaction pathways are
not completely clarified in some literature kinetic models. Propargyl is
a main contributor to indene and other penta-ring aromatics. However,
the role of odd carbon number aromatics in PAH formation remains in-
conclusive. Incorrectly proposed C7 chemistry in models hinders further
PAH pathways. The formation pathways of benzyl and cycloheptatrienyl
from phenyl and cyclopentadienyl are well described, but the formation
of vinyl-cyclopentadienyl from propargyl and vinylacetylene is not ex-
perimentally confirmed. Moreover, the unique further combination re-
actions of these C7H7 radicals, except benzyl, require further investiga-
tions. Addition of C1-C3 intermediates to indenyl leads to ring expan-
sion, while indenyl self-combination and reaction with benzyl contribute
to chrysene and pyrene formation, respectively. Reactions of resonantly
stabilized radicals followed by ring expansion are key reaction steps to
connect the chemistry of odd and even carbon number aromatics. The
reactions of those C7 and C9 radicals are prototypes for those larger rad-
icals with benzyl and penta-ring structures. There are also other char-
acteristic PAH structures, like vinyl-penta- and hepta-aromatic rings, to
be considered for comprehensive description of PAH chemistry. Some
feasible mass growth reactions are postulated in this study for aromatic
species with odd carbon numbers, such as ethynyl-indene, fluorene, and
benzo-indene, which need further investigations on their kinetics. Mole
fractions of these aromatics measured in this study will help the future
model development and kinetic analysis of PAH formation and growth.

CRediT authorship contribution statement

Hanfeng Jin: Conceptualization, Resources, Investigation, Formal
analysis, Writing - original draft. Junjun Guo: Software, Valida-
tion. Tianyu Li: Investigation, Methodology. Zhongyue Zhou: Method-
ology. Hong G. Im: Writing - review & editing, Supervision. Aamir
Farooq: Writing - review & editing, Supervision, Project administra-
tion, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Research reported in this publication was funded by the Office of
Sponsored Research at King Abdullah University of Science and

Technology (KAUST) and National Natural Science Foundation of China
(11675111). The computational resources were provided by KAUST Su-
percomputing Laboratory (KSL). We appreciate the great help in exper-
iment from Dr. Yizun Wang, Dr. Jiuzhong Yang (University of Science
and Technology of China), and Prof. Fei Qi (Shanghai Jiao Tong Univer-
sity).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fuel.2020.119931.

References

[1] M.A. Costagliola, L. De Simio, S. Iannaccone, M.V. Prati Combustion efficiency
and engine out emissions of a S.I. engine fueled with alcohol/gasoline blends.
Appl Energy 2013;111:1162–1171.

[2] B. Li, Y. Li, H. Liu, F. Liu, Z. Wang, J. Wang Combustion and emission
characteristics of diesel engine fueled with biodiesel/PODE blends. Appl Energy
2017;206:425–431.

[3] I.C. Pope, R.T. Burnett, M.J. Thun, et al. Lung cancer, cardiopulmonary mortality,
and long-term exposure to fine particulate air pollution. JAMA
2002;287:1132–1141.

[4] H.I. Abdel-Shafy, M.S.M. Mansour A review on polycyclic aromatic hydrocarbons:
Source, environmental impact, effect on human health and remediation. Egypt J
Pet 2016;25:107–123.

[5] H. Richter, J.B. Howard Formation and consumption of single-ring aromatic
hydrocarbons and their precursors in premixed acetylene, ethylene and benzene
flames. Phys Chem Chem Phys 2002;4:2038–2055.

[6] H. Wang Formation of nascent soot and other condensed-phase materials in
flames. Proc Combust Inst 2011;33:41–67.

[7] S.H. Shim, K.Y. Ahn, S.H. Jeong, S.I. Keel, H.D. Shin Study of deposit morphology
in a propane diffusion-flame under fuel-rich conditions. Appl Energy
2004;79:179–189.

[8] M. Frenklach, A.M. Mebel On the mechanism of soot nucleation. Phys Chem Chem
Phys 2020;22:5314–5331.

[9] H. Wang, M. Frenklach A detailed kinetic modeling study of aromatics formation
in laminar premixed acetylene and ethylene flames. Combust Flame
1997;110:173–221.

[10] D.S.N. Parker, R.I. Kaiser, T.P. Troy, M. Ahmed Hydrogen abstraction/acetylene
addition revealed. Angew Chem Int Ed 2014;53:7740–7744.

[11] D. Parker, F. Zhang, Y.S. Kim, R.I. Kaiser, A. Landera, V. Kislov, et al. Low
temperature formation of naphthalene and its role in the synthesis of PAHs
(Polycyclic Aromatic Hydrocarbons) in the interstellar medium. Proc Natl Acad
Sci 2012;109:53–58.

[12] L. Zhao, M.B. Prendergast, R.I. Kaiser, B. Xu, U. Ablikim, M. Ahmed, et al.
Synthesis of polycyclic aromatic hydrocarbons by phenyl
addition–dehydrocyclization: The third way. Angew Chem
2019;131:17603–17611.

[13] K.O. Johansson, M.P. Head-Gordon, P.E. Schrader, K.R. Wilson, H.A. Michelsen
Resonance-stabilized hydrocarbon-radical chain reactions may explain soot
inception and growth. Science 2018;361:997–+.

[14] Y. Wang, A. Raj, S.H. Chung A PAH growth mechanism and synergistic effect on
PAH formation in counterflow diffusion flames. Combust Flame
2013;160:1667–1676.

[15] J. Appel, H. Bockhorn, M. Frenklach Kinetic modeling of soot formation with
detailed chemistry and physics: Laminar premixed flames of C2 hydrocarbons.
Combust Flame 2000;121:122–136.

[16] K. Narayanaswamy, G. Blanquart, H. Pitsch A consistent chemical mechanism for
oxidation of substituted aromatic species. Combust Flame 2010;157:1879–1898.

[17] G. Blanquart, P. Pepiot-Desjardins, H. Pitsch Chemical mechanism for high
temperature combustion of engine relevant fuels with emphasis on soot
precursors. Combust Flame 2009;156:588–607.

[18] N.A. Slavinskaya, U. Riedel, S.B. Dworkin, M.J. Thomson Detailed numerical
modeling of PAH formation and growth in non-premixed ethylene and ethane
flames. Combust Flame 2012;159:979–995.

[19] W. Yuan, Y. Li, P. Dagaut, J. Yang, F. Qi Experimental and kinetic modeling study
of styrene combustion. Combust Flame 2015;162:1868–1883.

[20] A. Matsugi, A. Miyoshi Modeling of two- and three-ring aromatics formation in
the pyrolysis of toluene. Proc Combust Inst 2013;34:269–277.

[21] C. Saggese, S. Ferrario, J. Camacho, A. Cuoci, A. Frassoldati, E. Ranzi, et al.
Kinetic modeling of particle size distribution of soot in a premixed
burner-stabilized stagnation ethylene flame. Combust Flame
2015;162:3356–3369.

[22] H. Jin, A. Frassoldati, Y. Wang, X. Zhang, M. Zeng, Y. Li, et al. Kinetic modeling
study of benzene and PAH formation in laminar methane flames. Combust Flame
2015;162:1692–1711.

[23] J.E.T. Liu, W. Yang, Y. Deng, J. Gong A skeletal mechanism modeling on soot
emission characteristics for biodiesel surrogates with varying fatty acid methyl
esters proportion. Appl Energy 2016;181:322–331.

[24] H. Huang, D. Lv, Y. Chen, J. Zhu, Z. Zhu, M. Pan, et al. Development and
validation of a reduced multi-component mechanism for diesel engine application.
Appl Energy 2019;254:113641.

[25] H. Jin, L. Xing, J. Hao, J. Yang, Y. Zhang, C. Cao, et al. A chemical kinetic
modeling study of indene pyrolysis. Combust Flame 2019;206:1–20.

https://doi.org/10.1016/j.fuel.2020.119931
https://doi.org/10.1016/j.fuel.2020.119931


UN
CO

RR
EC

TE
D

PR
OO

F

H. Jin et al. Fuel xxx (xxxx) xxx-xxx

[26] B. Apicella, A. Carpentieri, M. Alfè, R. Barbella, A. Tregrossi, P. Pucci, et al. Mass
spectrometric analysis of large PAH in a fuel-rich ethylene flame. Proc Combust
Inst 2007;31:547–553.

[27] B.D. Crittenden, R. Long Formation of polycyclic aromatics in rich premixed
acetylene and ethylene flames. Combust Flame 1973;20:359–368.

[28] A. Bhargava, P.R. Westmoreland Measured flame structure and kinetics in a
fuel-rich ethylene flame. Combust Flame 1998;113:333–347.

[29] V. Dias, C. Renard, J. Vandooren Modeling of rich premixed C2H4/O2/Ar and
C2H4/dimethoxymethane/O2/Ar flames. Z Physik Chemie 2009;223:565.

[30] V. Dias, J. Vandooren Experimental and modeling studies of C2H4/O2/Ar, C2H4/
methylal/O2/Ar and C2H4/ethylal/O2/Ar rich flames and the effect of
oxygenated additives. Combust Flame 2011;158:848–859.

[31] M. Musick, P.J. Van Tiggelen, J. Vandooren Flame structure studies of several
premixed ethylene - oxygen - argon flames at equivalence ratios from 1.00 to
2.00. Combust Sci Technol 2000;153:247–261.

[32] I.E. Gerasimov, D.A. Knyazkov, S.A. Yakimov, T.A. Bolshova, A.G. Shmakov, O.P.
Korobeinichev Structure of atmospheric-pressure fuel-rich premixed ethylene
flame with and without ethanol. Combust Flame 2012;159:1840–1850.

[33] A. Ciajolo, R. Barbella, A. Tregrossi, L. Bonfanti Spectroscopic and compositional
signatures of pah-loaded mixtures in the soot inception region of a premixed
ethylene flame. Proc Combust Inst 1998;27:1481–1487.

[34] Y. Zhang, Y. Li, P. Liu, R. Zhan, Z. Huang, H. Lin Investigation on the chemical
effects of dimethyl ether and ethanol additions on PAH formation in laminar
premixed ethylene flames. Fuel 2019;256:115809.

[35] C. Russo, B. Apicella, A. Tregrossi, M.M. Oliano, A. Ciajolo Thermophoretic
sampling of large PAH (C ≥ 22–24) formed in flames. Fuel 2020;263:116722.

[36] Z. Li, P. Liu, P. Zhang, Y. Wang, H. He, S.H. Chung, et al. Role of dimethyl ether
in incipient soot formation in premixed ethylene flames. Combust Flame
2020;216:271–279.

[37] M.J. Castaldi, N.M. Marinov, C.F. Melius, J. Huang, S.M. Senkan, W.J. Pit, et al.
Experimental and modeling investigation of aromatic and polycyclic aromatic
hydrocarbon formation in a premixed ethylene flame. Proc Combust Inst
1996;26:693–702.

[38] F. Xu, P.B. Sunderland, G.M. Faeth Soot formation in laminar premixed ethylene/
air flames at atmospheric pressure. Combust Flame 1997;108:471–493.

[39] N. Olten, S.M. Senkan On-line measurements of the polycyclic aromatic
hydrocarbons (PAH) in counter-flow ethylene diffusion flame. Combust Sci
Technol 2000;159:1–15.

[40] S.K. Choi, B.C. Choi, S.M. Lee, J.H. Choi The effect of liquid fuel doping on PAH
and soot formation in counterflow ethylene diffusion flames. Exp Therm Fluid Sci
2015;60:123–131.

[41] Y. Wang, A. Raj, S.H. Chung Soot modeling of counterflow diffusion flames of
ethylene-based binary mixture fuels. Combust Flame 2015;162:586–596.

[42] S.S. Yoon, S.M. Lee, S.H. Chung Effect of mixing methane, ethane, propane, and
propene on the synergistic effect of PAH and soot formation in ethylene-base
counterflow diffusion flames. Proc Combust Inst 2005;30:1417–1424.

[43] J.Y. Hwang, S.H. Chung Growth of soot particles in counterflow diffusion flames
of ethylene. Combust Flame 2001;125:752–762.

[44] F.N. Egoifopoulos, P.E. Dimotakis A comparative numerical study of premixed and
non-premixed ethylene flames. Combust Sci Technol 2001;162:19–35.

[45] L. Zimmer, F.M. Pereira, J.A. van Oijen, L.P.H. de Goey Investigation of mass and
energy coupling between soot particles and gas species in modelling ethylene
counterflow diffusion flames. Combust Theor Model 2017;21:358–379.

[46] F. Yan, L. Xu, Y. Wang, S. Park, S.M. Sarathy, S.H. Chung On the opposing effects
of methanol and ethanol addition on PAH and soot formation in ethylene
counterflow diffusion flames. Combust Flame 2019;202:228–242.

[47] Z. Li, H.M.F. Amin, P. Liu, Y. Wang, S.H. Chung, W.L. Roberts Effect of dimethyl
ether (DME) addition on sooting limits in counterflow diffusion flames of ethylene
at elevated pressures. Combust Flame 2018;197:463–470.

[48] C.S. McEnally, L.D. Pfefferle Aromatic and linear hydrocarbon concentration
measurements in a non-premixed flame. Combust Sci Technol 1996;116:183–209.

[49] C.S. McEnally, A.M. Schaffer, M.B. Long, L.D. Pfefferle, M.D. Smooke, M.B. Colket,
et al. Computational and experimental study of soot formation in a coflow laminar
ethylene diffusion flame. Proc Combust Inst 1998;1:1497–1505.

[50] C.S. McEnally, L.D. Pfefferle Experimental study of nonfuel hydrocarbons and soot
in coflowing partially premixed ethylene/air flames. Combust Flame
2000;121:575–592.

[51] J.F. Roesler, S. Martinot, C.S. McEnally, L.D. Pfefferle, J.L. Delfau, C. Vovelle
Investigating the role of methane on the growth of aromatic hydrocarbons and
soot in fundamental combustion processes. Combust Flame 2003;134:249–260.

[52] F. Xu, A.M. El-Leathy, C.H. Kim, G.M. Faeth Soot surface oxidation in
hydrocarbon/air diffusion flames at atmospheric pressure. Combust Flame
2003;132:43–57.

[53] R.K.A. Kailasanathan, E.K. Book, T. Fang, W.L. Roberts Hydrocarbon species
concentrations in nitrogen diluted ethylene-air laminar jet diffusion flames at
elevated pressures. Proc Combust Inst 2013;34:1035–1043.

[54] A. Jerez, J.J. Cruz Villanueva, L.F. Figueira da Silva, R. Demarco, A. Fuentes
Measurements and modeling of PAH soot precursors in coflow ethylene/air
laminar diffusion flames. Fuel 2019;236:452–460.

[55] T. Mitra, Y. Amidpour, C. Chu, N.A. Eaves, M.J. Thomson On the growth of
Polycyclic Aromatic Hydrocarbons (PAHs) in a coflow diffusion flame of ethylene.
Proc Combust Inst 2020.

[56] H. Jin, Y. Wang, K. Zhang, H. Guo, F. Qi An experimental study on the formation
of polycyclic aromatic hydrocarbons in laminar coflow non-premixed methane/air
flames doped with four isomeric butanols. Proc Combust Inst 2013;34:779–786.

[57] A. Cuoci, A. Frassoldati, T. Faravelli, H. Jin, Y. Wang, K. Zhang, et al.
Experimental and detailed kinetic modeling study of PAH formation in laminar
co-flow methane diffusion flames. Proc Combust Inst 2013;34:1811–1818.

[58] Guo J, Selvaraj P, Tang Y, Im HG, Raman V. An analysis of soot formation path-
ways in laminar coflow ethylene flame at higher pressures, AIAA Scitech 2020 Fo-
rum; 2020.

[59] F. Qi Combustion chemistry probed by synchrotron VUV photoionization mass
spectrometry. Proc Combust Inst 2013;34:33–63.

[60] Z. Zhou, X. Du, J. Yang, Y. Wang, C. Li, S. Wei, et al. The vacuum ultraviolet
beamline/endstations at NSRL dedicated to combustion research. J Synchrot
Radiat 2016;23:1035–1045.

[61] J.C. Biordi, C.P. Lazzara, J.F. Papp Molecular beam mass spectrometry applied to
determining the kinetics of reactions in flames. I. Empirical characterization of
flame perturbation by molecular beam sampling probes. Combust Flame
1974;23:73–82.

[62] M. Hassanaly, H. Koo, C.F. Lietz, S.T. Chong, V. Raman A minimally-dissipative
low-Mach number solver for complex reacting flows in OpenFOAM. Comput
Fluids 2018;162:11–25.

[63] D.G. Goodwin, H.K. Moffat, R.L. Speth Cantera: An object-oriented software
toolkit for chemical kinetics, thermodynamics, and transport processes. Pasadena,
CA: Caltech; 2009.

[64] M.F. Modest Radiative heat transfer. third ed. New York: Academic; 2013.
[65] F. Liu, H. Guo, G.J. Smallwood Effects of radiation model on the modeling of a

laminar coflow methane/air diffusion flame. Combust Flame 2004;138:136–154.
[66] H.J. Curran Rate constant estimation for C1 to C4 alkyl and alkoxyl radical

decomposition. Int J Chem Kinet 2006;38:250–275.
[67] C.S. McEnally, L.D. Pfefferle, B. Atakan, K. Kohse-Hoinghaus Studies of aromatic

hydrocarbon formation mechanisms in flames: Progress towards closing the fuel
gap. Prog Energy Combust Sci 2006;32:247–294.

[68] H. Richter, J.B. Howard Formation of polycyclic aromatic hydrocarbons and their
growth to soot - a review of chemical reaction pathways. Prog Energy Combust
Sci 2000;26:565–608.

[69] J.A. Miller, C.F. Melius Kinetic and thermodynamic issues in the formation of
aromatic compounds in flames of aliphatic fuels. Combust Flame 1992;91:21–39.

[70] C.F. Melius, J.A. Miller, E.M. Evleth Unimolecular reaction mechanisms involving
C3H4, C4H4, and C6H6 hydrocarbon species. Proc Combust Inst
1992;24:621–628.

[71] C. Saggese, A. Frassoldati, A. Cuoci, T. Faravelli, E. Ranzi A wide range kinetic
modeling study of pyrolysis and oxidation of benzene. Combust Flame
2013;160:1168–1190.

[72] P. Selvaraj, P.G. Arias, B.J. Lee, H.G. Im, Y. Wang, Y. Gao, et al. A computational
study of ethylene–air sooting flames: Effects of large polycyclic aromatic
hydrocarbons. Combust Flame 2016;163:427–436.

[73] A. Maranzana, A. Indarto, G. Ghigo, G. Tonachini First carbon ring closures
started by the combustive radical addition of propargyl to butadiyne. A
theoretical study. Combust Flame 2013;160:2333–2342.

[74] G. da Silva, A.J. Trevitt Chemically activated reactions on the C7H5 energy
surface: propargyl + diacetylene, i–C5H3 + acetylene, and n-C5H3 + acetylene.
Phys Chem Chem Phys 2011;13:8940–8952.

[75] G. da Silva, J.W. Bozzelli The C7H5 Fulvenallenyl Radical as a Combustion
Intermediate: Potential New Pathways to Two- and Three-Ring PAHs. J Phys
Chem A 2009;113:12045–12048.

[76] X. Zhang, M. Lailliau, C. Cao, Y. Li, P. Dagaut, W. Li, et al. Pyrolysis of
butane-2,3-dione from low to high pressures: Implications for methyl-related
growth chemistry. Combust Flame 2019;200:69–81.

[77] N. Hansen, S.J. Klippenstein, C.A. Taatjes, J.A. Miller, J. Wang, T.A. Cool, et al.
Identification and Chemistry of C4H3 and C4H5 Isomers in Fuel-Rich Flames. J
Phys Chem A 2006;110:3670–3678.

[78] J.A. Miller, S.J. Klippenstein The recombination of propargyl radicals: Solving the
master equation. J Phys Chem A 2001;105:7254–7266.

[79] J.A. Miller, S.J. Klippenstein The recombination of propargyl radicals and other
reactions on a C6H6 potential. J Phys Chem A 2003;107:7783–7799.

[80] W. Tang, R.S. Tranter, K. Brezinsky Isomeric product distributions from the
self-reaction of propargyl radicals. J Phys Chem A 2005;109:6056–6065.

[81] L. Zhao, Z.J. Cheng, L.L. Ye, F. Zhang, L.D. Zhang, F. Qi, et al. Experimental and
kinetic modeling study of premixed o-xylene flames. Proc Combust Inst
2015;35:1745–1752.

[82] M. Schenk, L. Leon, K. Moshammer, P. Oßwald, T. Zeuch, L. Seidel, et al. Detailed
mass spectrometric and modeling study of isomeric butene flames. Combust Flame
2013;160:487–503.

[83] Y. Li, L. Zhang, T. Yuan, K. Zhang, J. Yang, B. Yang, et al. Investigation on
fuel-rich premixed flames of monocyclic aromatic hydrocarbons: Part I.
Intermediate identification and mass spectrometric analysis. Combust Flame
2010;157:143–154.

[84] A. Comandini, K. Brezinsky Radical/π-Bond Addition between o-Benzyne and
Cyclic C5 Hydrocarbons. J Phys Chem A 2012;116:1183–1190.

[85] S. Luo, A.J. Kuhn, I. Castano, C. Castro, W.L. Karney Hydrogen shifts in aryl
radicals and diradicals: the role of m-benzynes. J Org Chem 2018;83:314–322.

[86] F. Hirsch, E. Reusch, P. Constantinidis, I. Fischer, S. Bakels, A.M. Rijs, et al.
Self-reaction of ortho-benzyne at high temperatures investigated by infrared and
photoelectron spectroscopy. J Phys Chem A 2018;122:9563–9571.

12



UN
CO

RR
EC

TE
D

PR
OO

F

H. Jin et al. Fuel xxx (xxxx) xxx-xxx

[87] S.H. Dürrstein, M. Olzmann, J. Aguilera-Iparraguirre, R. Barthel, W. Klopper The
phenyl+phenyl reaction as pathway to benzynes: An experimental and theoretical
study. Chem Phys Lett 2011;513:20–26.

[88] F. Zhang, D. Parker, Y.S. Kim, R.I. Kaiser, A.M. Mebel On the formation of
ortho-benzyne (o-c6h4) under single collision conditions and its role in interstellar
chemistry. Astrophys J 2011;728:141.

[89] X. Mercier, A. Faccinetto, S. Batut, G. Vanhove, D.K. Božanić, H.R. Hróðmarsson,
et al. Selective identification of cyclopentaring-fused PAHs and side-substituted
PAHs in a low pressure premixed sooting flame by photoelectron photoion
coincidence spectroscopy. Phys Chem Chem Phys 2020;22:15926–15944.

[90] T. Dijkmans, K.M. Van Geem, M.R. Djokic, G.B. Marin Combined Comprehensive
Two-Dimensional Gas Chromatography Analysis of Polyaromatic Hydrocarbons/
Polyaromatic Sulfur-Containing Hydrocarbons (PAH/PASH) in Complex Matrices.
Ind Eng Chem Res 2014;53:15436–15446.

[91] B. Shukla, M. Koshi A novel route for PAH growth in HACA based mechanisms.
Combust Flame 2012;159:3589–3596.

[92] H. Wang, M. Frenklach Transport properties of polycyclic aromatic hydrocarbons
for flame modeling. Combust Flame 1994;96:163–170.

[93] S.B. Dworkin, Q. Zhang, M.J. Thomson, N.A. Slavinskaya, U. Riedel Application of
an enhanced PAH growth model to soot formation in a laminar coflow ethylene/
air diffusion flame. Combust Flame 2011;158:1682–1695.

[94] T.-C. Chu, Z.J. Buras, M.C. Smith, A.B. Uwagwu, W.H. Green From benzene to
naphthalene: direct measurement of reactions and intermediates of phenyl
radicals and acetylene. Phys Chem Chem Phys 2019;21:22248–22258.

[95] H. Wang, M. Frenklach Calculations of Rate Coefficients for the Chemically
Activated Reactions of Acetylene with Vinylic and Aromatic Radicals. J Phys
Chem 1994;98:11465–11489.

[96] M. Frenklach, H. Wang Detailed modeling of soot particle nucleation and growth.
Proc Combust Inst 1991;23:1559–1566.

[97] M. Frenklach, D.W. Clary, W.C. Gardiner, S.E. Stein Detailed kinetic modeling of
soot formation in shock-tube pyrolysis of acetylene. Proc Combust Inst
1985;20:887–901.

[98] J.D. Bittner, J.B. Howard Composition profiles and reaction mechanisms in a
near-sooting premixed benzene/oxygen/argon flame. Proc Combust Inst
1981;18:1105–1116.

[99] M. Frenklach, N.W. Moriarty, N.J. Brown Hydrogen migration in polyaromatic
growth. Proc Combust Inst 1998;27:1655–1661.

[100] N.W. Moriarty, N.J. Brown, M. Frenklach Hydrogen Migration in the
Phenylethen-2-yl Radical. J Phys Chem A 1999;103:7127–7135.

[101] P. Liu, Z. Li, W.L. Roberts The growth of PAHs and soot in the post-flame region.
Proc Combust Inst 2019;37:977–984.

[102] J. Aguilera-Iparraguirre, W. Klopper Density functional theory study of the
formation of naphthalene and phenanthrene from reactions of phenyl with vinyl-
and phenylacetylene. J Chem Theory Comput 2007;3:139–145.

[103] W. Sun, A. Hamadi, S. Abid, N. Chaumeix, A. Comandini An experimental and
kinetic modeling study of phenylacetylene decomposition and the reactions with
acetylene/ethylene under shock tube pyrolysis conditions. Combust Flame
2020;220:257–271.

[104] D.S.N. Parker, T. Yang, R.I. Kaiser, A. Landera, A.M. Mebel On the formation of
ethynylbiphenyl (C14D5H5; C6D5C6H4CCH) isomers in the reaction of D5-phenyl
radicals (C6D5; X2A1) with phenylacetylene (C6H5C2H; X1A1) under single
collision conditions. Chem Phys Lett 2014;595–596:230–236.

[105] K.O. Johansson, J. Zádor, P. Elvati, M.F. Campbell, P.E. Schrader, N.K.
Richards-Henderson, et al. Critical assessment of photoionization efficiency
measurements for characterization of soot-precursor species. J Phys Chem A
2017;121:4475–4485.

[106] A. Macor, F. Avella, D. Faedo Effects of 30% v/v biodiesel/diesel fuel blend on
regulated and unregulated pollutant emissions from diesel engines. Appl Energy
2011;88:4989–5001.

[107] A. Raj, M.J. Al Rashidi, S.H. Chung, S.M. Sarathy PAH Growth Initiated by
Propargyl Addition: Mechanism Development and Computational Kinetics. J Phys
Chem A 2014;118:2865–2885.

[108] M.J. Kleeman, M.A. Robert, S.G. Riddle, P.M. Fine, M.D. Hays, J.J. Schauer, et al.
Size distribution of trace organic species emitted from biomass combustion and
meat charbroiling. Atmos Environ 2008;42:3059–3075.

[109] D. Fabbri, V. Baravelli, K. Giannotti, F. Donnini, E. Fabbri Bioaccumulation of
cyclopenta[cd]pyrene and benzo[ghi]fluoranthene by mussels transplanted in a
coastal lagoon. Chemosphere 2006;64:1083–1092.

[110] P. Gustafson, C. Östman, G. Sällsten Indoor levels of polycyclic aromatic
hydrocarbons in homes with or without wood burning for heating. Environ Sci
Technol 2008;42:5074–5080.

[111] H. Jin, J. Yang, L. Xing, J. Hao, Y. Zhang, C. Cao, et al. An experimental study of
indene pyrolysis with synchrotron vacuum ultraviolet

photoionization mass spectrometry. Phys Chem Chem Phys 2019;21:5510–5520.
[112] M. Lu, J.A. Mulholland Aromatic hydrocarbon growth from indene. Chemosphere

2001;42:625–633.
[113] A. Ajaz, A.C. Voukides, K.J. Cahill, R. Thamatam, S.L. Skraba-Joiner, R.P. Johnson

Microwave flash pyrolysis: C9H8 interconversions and dimerisations. Aust J Chem
2014;67:1301–1308.

[114] Y. Li, J. Cai, L. Zhang, T. Yuan, K. Zhang, F. Qi Investigation on chemical
structures of premixed toluene flames at low pressure. Proc Combust Inst
2011;33:593–600.

[115] N. Hansen, M. Schenk, K. Moshammer, K. Kohse-Höinghaus Investigating
repetitive reaction pathways for the formation of polycyclic aromatic
hydrocarbons in combustion processes. Combust Flame 2017;180:250–261.

[116] G. da Silva, J.A. Cole, J.W. Bozzelli Thermal Decomposition of the Benzyl Radical
to Fulvenallene (C7H6) + H. J Phys Chem A 2009;113:6111–6120.

[117] C. Cavallotti, M. Derudi, R. Rota On the mechanism of decomposition of the
benzyl radical. Proc Combust Inst 2009;32:115–121.

[118] G.T. Buckingham, T.K. Ormond, J.P. Porterfield, P. Hemberger, O. Kostko, M.
Ahmed, et al. The thermal decomposition of the benzyl radical in a heated
micro-reactor. I. Experimental findings. J Chem Phys 2015;142:044307.

[119] A.E. Long, S.S. Merchant, A.G. Vandeputte, H.-H. Carstensen, A.J. Vervust, G.B.
Marin, et al. Pressure dependent kinetic analysis of pathways to naphthalene from
cyclopentadienyl recombination. Combust Flame 2018;187:247–256.

[120] J.A. Mulholland, M. Lu, D.-H. Kim Pyrolytic growth of polycyclic aromatic
hydrocarbons by cyclopentadienyl moieties. Proc Combust Inst
2000;28:2593–2599.

[121] N. Hansen, T. Kasper, S.J. Klippenstein, P.R. Westmoreland, M.E. Law, C.A.
Taatjes, et al. Initial Steps of Aromatic Ring Formation in a Laminar Premixed
Fuel-Rich Cyclopentene Flame†. J Phys Chem A 2007;111:4081–4092.

[122] J.D. Savee, T.M. Selby, O. Welz, C.A. Taatjes, D.L. Osborn Time- and
Isomer-Resolved Measurements of Sequential Addition of Acetylene to the
Propargyl Radical. J Phys Chem Lett 2015;6:4153–4158.

[123] D. Trogolo, A. Maranzana, G. Ghigo, G. Tonachini First Ring Formation by
Radical Addition of Propargyl to But-1-ene-3-yne in Combustion. Theoretical
Study of the C7H7 Radical System. J Phys Chem A 2014;118:427–440.

[124] A.M. Mebel, Y. Georgievskii, A.W. Jasper, S.J. Klippenstein Temperature- and
pressure-dependent rate coefficients for the HACA pathways from benzene to
naphthalene. Proc Combust Inst 2017;36:919–926.

[125] S. Sinha, R.K. Rahman, A. Raj On the role of resonantly stabilized radicals in
polycyclic aromatic hydrocarbon (PAH) formation: pyrene and fluoranthene
formation from benzyl-indenyl addition. Phys Chem Chem Phys
2017;19:19262–19278.

[126] A.B. Fialkov, J. Dennebaum, K.H. Homann Large molecules, ions, radicals, and
small soot particles in fuel-rich hydrocarbon flames part V: Positive ions of
polycyclic aromatic hydrocarbons (PAH) in low-pressure premixed flames of
benzene and oxygen. Combust Flame 2001;125:763–777.

[127] R.C. Santos, F. Agapito, E.M. Gonçalves, J.A. Martinho Simões, R.M. Borges dos
Santos Energetics of H-atom addition to naphthalene: A thermochemical cycle
from tetralin to naphthalene. J Chem Thermodyn 2013;61:83–89.

[128] W. Yuan, Y. Li, Z. Wang, Y. Wang, L. Zhao, Y. Zhang, et al. Experimental and
kinetic modeling study of premixed n-butylbenzene flames. Proc Combust Inst
2017;36:815–823.

[129] C. Shao, H. Wang, N. Atef, Z. Wang, B. Chen, M. Almalki, et al. Polycyclic
aromatic hydrocarbons in pyrolysis of gasoline surrogates (n-heptane/iso-octane/
toluene). Proc Combust Inst 2019;37:993–1001.

[130] L. Zhao, R.I. Kaiser, W. Lu, B. Xu, M. Ahmed, A.N. Morozov, et al. Molecular mass
growth through ring expansion in polycyclic aromatic hydrocarbons via
radical–radical reactions. Nat Commun 2019;10:3689.

[131] L. Zhao, M.B. Prendergast, R.I. Kaiser, B. Xu, W. Lu, U. Ablikim, et al. Reactivity
of the indenyl radical (C9H7) with acetylene (C2H2) and vinylacetylene (C4H4).
ChemPhysChem 2019;20:1437–1447.

[132] H.F. Jin, J.H. Cai, G.Q. Wang, Y.Z. Wang, Y.Y. Li, J.Z. Yang, et al. A
comprehensive experimental and kinetic modeling study of tert-butanol
combustion. Combust Flame 2016;169:154–170.

[133] B. Shukla, A. Miyoshi, M. Koshi Role of methyl radicals in the growth of PAHs. J
Am Soc Mass Spectrom 2010;21:534–544.

[134] L. Zhao, M. Prendergast, R.I. Kaiser, B. Xu, U. Ablikim, W. Lu, et al. How to add a
five-membered ring to polycyclic aromatic hydrocarbons (PAHs) – molecular mass
growth of the 2-naphthyl radical (C10H7) to benzindenes (C13H10) as a case
study. Phys Chem Chem Phys 2019;21:16737–16750.

[135] B. Shukla, M. Koshi Comparative study on the growth mechanisms of PAHs.
Combust Flame 2011;158:369–375.

13


	Experimental and numerical study of polycyclic aromatic hydrocarbon formation in ethylene laminar co-flow diffusion flames
	Keywords
	Abstract
	Introduction
	Experimental methods
	Numerical methods
	Computational configurations
	Kinetic model

	Results and discussion
	Major species comparison
	From ethylene to benzene
	From benzene to aromatics with even carbon number
	Formation of aromatics with odd carbon number

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References


