
HAL Id: hal-04746062
https://hal.science/hal-04746062v1

Submitted on 15 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Quantitative investigation of the formation of
oxygenated aromatics in an anisole-doped flame

Kanika Sood, Sylvie Gosselin, Abderrahman El Bakali, Alessandro Faccinetto,
Pascale Desgroux, Kevin van Geem, Laurent Gasnot, Luc-Sy Tran

To cite this version:
Kanika Sood, Sylvie Gosselin, Abderrahman El Bakali, Alessandro Faccinetto, Pascale Desgroux, et
al.. Quantitative investigation of the formation of oxygenated aromatics in an anisole-doped flame.
Proceedings of the Combustion Institute, 2024, 40 (1-4), pp.105289. �10.1016/j.proci.2024.105289�.
�hal-04746062�

https://hal.science/hal-04746062v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


1 
 

Published in Proceedings of the Combustion Institute 

https://doi.org/10.1016/j.proci.2024.105289 

 

(accepted version) 

Quantitative investigation of the formation of 

oxygenated aromatics in an anisole-doped flame 

 
Kanika Sooda, Sylvie Gosselina, Abderrahman El Bakalia, Alessandro 

Faccinettoa, Pascale Desgrouxa, Kevin M. Van Geemb,  

Laurent Gasnota, Luc-Sy Trana,* 

 
aUniv. Lille, CNRS, UMR 8522 - PC2A - Physicochimie des Processus de Combustion et de l’Atmosphère, F-59000 Lille, 

France. 
bLaboratory for Chemical Technology (LCT), Ghent University, Technologiepark 125, B-9052 Ghent, Belgium 

______________________________________________________________ 
 
Abstract 
 
Recent studies have demonstrated that several oxygenated aromatics, including oxygenated polycyclic aromatic 
hydrocarbons (OPAHs) possessing different functional groups, are formed during anisole combustion. However, 
a quantitative analysis for these species is still very limited. This limitation inhibits the development and validation 
of formation kinetic mechanisms for these toxic air pollutants. This study addresses this gap by investigating 
quantitatively, a fuel-rich anisole-doped laminar premixed flame stabilized on a Holthuis burner at atmospheric 
pressure with an equivalence ratio of 1.90. Gas samples were extracted from the flame using a quartz nozzle and 
analyzed by gas chromatography (GC) preceded by a special online pre-concentration trap system, which decreases 
the detection limit by a factor of over 1000 compared to a conventional GC. Major species (reactants, CO, etc.), 
32 small intermediates (C1-C5 like formaldehyde, acetaldehyde, acetylene, cyclopentadiene, etc.), 12 non-
oxygenated aromatics (benzene, naphthalene, phenanthrene, etc.), and especially 24 oxygenated aromatics (phenol, 
2,2-biphenol, dibenzofuran, 9H-xanthene...) including several OPAHs at ppb concentration levels were quantified. 
Interestingly, flame structure analysis shows that oxygenated aromatics peak closer to the burner surface as 
compared to non-oxygenated aromatics. The number of rings for non-oxygenated aromatics was observed to 
increase with the height above the burner, indicating that one-ring aromatics form before two- or three-ring 
aromatics. However, this is not always the case for oxygenated aromatics. Three-ring OPAHs are almost as 
abundant as the three-ring PAHs in terms of quantity, some three-ring OPAHs are even twice as abundant as their 
analogous PAHs (e.g., benzofuran vs fluorene, 9H-xanthene vs anthracene, etc.), which emphasizes their 
importance and certainly implies that these species need to be considered in kinetic studies. However, unlike PAHs, 
only less than half of the quantified OPAHs are currently present in literature models for anisole combustion.  
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Information for Colloquium Chairs and Cochairs, Editors, and Reviewers 

1) Novelty and Significance Statement  

The novelty of this study lies in the explicit quantification of OPAHs (and associated PAHs) in a fuel-rich laminar 

premixed anisole doped flame. Challenges associated with the experimental quantification of OPAHs from 

complex flame sample mixtures spanning a broad range of concentrations (several ppm to a few ppb) are overcome 

using different GC setups with online sample enrichment accessory. Comparison with non-oxygenated analogs 

presents pioneering observations like OPAHs are formed prior to PAHs in the studied conditions and that the 

abundance of a given species is related to the number of rings where the trend followed by OPAHs and PAHs is 

dissimilar. Our findings underscore the value of a sub-mechanism considering currently missing OPAHs in detailed 

kinetic mechanisms for anisole. The latter are necessary to achieve a safe integration of lignin-based biofuels in 

the auto-industry.  
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3) Authors’ Preference and Justification for Mode of Presentation at the Symposium  

The authors prefer OPP presentation at the Symposium, for the following reasons: 

• A promising experimental database on the quantification of OPAHs necessary to improvise chemical 

kinetic mechanisms 

• Acute challenges addressed in this work are of foremost importance for people performing speciation 

measurements in extremely complex flame samples  

• The content of the paper constitutes intriguing results concerning emissions from lignin-based biofuel 

and a former comparison of OPAHs and PAHs   

• In relevance to the theme of the 40th ISOC “emphasizing energy transition” 
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1. Introduction 1 

Despite several unfavorable effects (CO2 2 

emissions, depletion of energy resources, etc.), global 3 

energy production from the combustion of fossil fuels 4 

continues to account for over 80% of the total energy 5 

produced across the world [1]. The use of renewable 6 

sources such as “bioenergy” including solid biomass 7 

and its liquid derived biofuels has been identified as 8 

one of sustainable solutions for mitigating global CO2 9 

emissions and improving energy security [2]. Lignin 10 

is one of the main components of biomass, taking 11 

about 10–30% of its weight [3], that has long been 12 

considered as a waste product in the pulp and paper 13 

industry, as well as in bioethanol production [4,5]. 14 

Several processes were recently proposed to convert 15 

lignin into a variety of valuable chemicals and fuels 16 

(i.e., “lignin-based biofuels”) [6,7]. However, despite 17 

the potential presented by these biofuels, their 18 

combustion processes are likely to increase the 19 

formation of aromatic compounds, particularly 20 

oxygenated aromatics and OPAHs due to their 21 

chemical structure. OPAHs, recognized for their 22 

increased toxicity as compared to conventional 23 

aromatics [8,9], can significantly impact the 24 

characteristics of soot particles and exhaust gas 25 

emissions [10]. Recent research efforts have delved 26 

into the formation kinetics of OPAHs during 27 

combustion of fuels in general [11,12], with specific 28 

attention given to lignin-based biofuels [13,14]. 29 

Anisole or its derivatives were used in these studies as 30 

component models of lignin-based biofuels [13–16]. 31 

Anisole has suitable properties for internal 32 

combustion engines, e.g. high-octane number 33 

(RON=114) and high lower heating value (33 MJ/L vs 34 

21.3 MJ/L for ethanol and 30.1-33.3 MJ/L for 35 

gasoline) [17]. Amongst recent studies, Chen et al. 36 

[13] and Sood et al. [18] demonstrated that a large 37 

number of oxygenated aromatics, including OPAHs, 38 

are formed during the oxidation of anisole. Despite 39 

recent progress in the identification of OPAHs during 40 

lignin-based biofuel combustion, quantitative analysis 41 

for these species is surprisingly still very limited, 42 

though quantitative data in laboratory-scale reactors is 43 

crucial to develop and validate kinetic models for 44 

these air pollutants. It is worth mentioning that the 45 

species quantified in the literature studies for anisole 46 

so far are rather limited to mainly benzofuran and 47 

dibenzofuran (see Section S1 in Supplemental 48 

Material 1, SM1), while recent studies on the 49 

identification of OPAHs show that their number can 50 

reach over 40 species [13,18].  51 

Motivated by the potential of lignin biofuels, the 52 

potential issue of oxygenated aromatics formation, 53 

and the lack of quantitative analysis for these air 54 

pollutants, this study presents quantitative results 55 

from a fuel-rich anisole-doped flame.  56 

Note that, under flame conditions, especially in 57 

premixed flames, PAHs are usually present in ppm 58 

levels [19] and it is expected that OPAHs would also 59 

be present in low or even lower concentrations which 60 

is why, experimentally, it is very challenging to 61 

quantify and study them. The experimental approach 62 

used in the present study has overcome this technical 63 

issue to explore a wide range of aromatics. 64 

 65 

2. Experimental method 66 

 67 

A laminar premixed stagnation flame burner 68 

coupled to 4 GC setups was used to carry out this 69 

work. A schematic representation is available in SM1 70 

(Section S2).  71 

 72 

2.1 Flame conditions 73 

 74 

A fuel-rich premixed flame of 75 

anisole/iso-octane/methane was stabilized on a 76 

Holthuis burner at atmospheric pressure, with an 77 

equivalence ratio of 1.90, a total flow rate of 9.86 78 

ln/min (normal liter per minute) and an overall mass 79 

flow rate per area of 7.82×10-3 g/cm2/s. Fuel-rich 80 

conditions were chosen to facilitate the formation of 81 

aromatics. The fuel mixture contained 10% anisole 82 

and a liquid heavy hydrocarbon, inspired by the 83 

potential use of biofuels as additives in gasoline in 84 

real applications. Iso-octane was chosen as it is often 85 

used as a representative branched alkane and serves as 86 

a key component in gasoline surrogates [20]. Methane 87 

was needed to stabilize the flame. In this flame, 71.3% 88 

of the carbon originates from iso-octane and anisole, 89 

while 28.7% comes from methane. A flame without 90 

anisole was also measured under close fuel-rich 91 

conditions for comparison of product distribution. 92 

The detailed conditions of these flames are provided 93 

in Section S2. The burner system was detailed 94 

previously [18,21]. Briefly, the burner central porous 95 

(60 mm in diameter, with cooling water kept at 60°C) 96 

was surrounded by another co-annular porous used for 97 

the nitrogen shroud (25 ln/min) to protect the flame 98 

from perturbations by the surrounding air. To stabilize 99 

the fuel-rich flame, a stagnation plate (stainless-steel 100 

disc with 60 mm diameter and 30 mm thick) was 101 

surmounted at 21 mm above the burner surface and 102 

was pierced at its center to provide access for a quartz 103 

nozzle.  104 

The liquid flow rates of anisole and iso-octane 105 

(Sigma-Aldrich, purity 99.0%) were controlled by a 106 

dual-liquid vaporization system. This system 107 

constituted two Coriolis flow controllers (Bronkhorst, 108 

error ±0.2%) followed by two evaporators/mixers, in 109 

which liquid fuels were vaporized and mixed with N2. 110 

The gaseous stream was then mixed with O2 and CH4 111 

and fed to the burner. Flow rates of CH4, O2 and N2 112 

(Air Liquide, purity >99.95%) were controlled using 113 

Mass Flow Controller (MFC, Bronkhorst, error 114 

±0.5%). 115 

The flame temperature as a function of the height 116 

above the burner (HAB) was measured using  117 

thermocouple-based thermometry with soot 118 

deposition correction and radiation loss correction 119 

based on extrapolation to zero wire diameter, as 120 

employed in [22]. The temperature measurement 121 
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approach was chosen also in comparison with 1 

additionally performed laser-induced fluorescence 2 

measurements. More details concerning this method 3 

are provided in SM1 (Section S3). 4 

 5 

2.2. Species measurements by GCs 6 

 7 

Gas samples were extracted from the flame using a 8 

quartz nozzle (190 µm orifice, 0.9 mm tip, 24° 9 

opening angle) and directed to the GCs via a heated 10 

sampling line (~140° C). Four GCs were used to 11 

analyze the sample.  12 

The first GC (GC Perkin Elmer Clarus 580), which 13 

was detailed previously [23], comprises of a capillary 14 

column Rt-Q Bond (30 m × 0.25 mm × 8 µm, 100% 15 

divinylbenzene, Restek), a TCD and a FID preceded 16 

by a methanizer (nickel catalyst for hydrogenation). 17 

This system enabled the quantification of major 18 

species (fuels, CO, CO2, H2), small hydrocarbons, 19 

small oxygenated species and some monoaromatics 20 

(benzene, cresols, etc.). Calibration factors were 21 

determined using cold-gas mixtures whenever 22 

available or by relying on the hydrogenation using the 23 

methanizer to convert species to their corresponding 24 

alkane. This procedure was proven successful 25 

previously [23]. The estimated uncertainties of data 26 

from this GC are nearly <15% for main species, <25% 27 

for abundant intermediates, and <55% for minor 28 

products (<10 ppm). The estimation was based on the 29 

error of the MFCs used, the error of the composition 30 

of commercially available standard mixtures, the 31 

calibration method, and the signal-to-noise ratio. 32 

A second GC (GC-Scion 456) equipped with an 33 

FID and an online Sample Pre-concentration Trap 34 

(SPT) system (called here “GC-SPT-FID”) was used 35 

for quantifying mainly PAHs and OPAHs. As PAHs 36 

and OPAHs are usually present in concentrations that 37 

are too low to be correctly determined by a regular 38 

GC, the SPT, a sample enrichment device, was used. 39 

This pre-concentrating system operates on the idea of 40 

cryofocusing–thermodesorption which is a common 41 

and powerful technique to perform quantification of 42 

species at trace levels. The gaseous flame sample was 43 

preconcentrated on inert adsorptive glass beads at a 44 

specific adsorption temperature (-50°C) using a 45 

coolant (liquid N2). Through subsequent rapid heating 46 

of the adsorptive material to a desorption temperature 47 

(200°C), the steady state was instantaneously shifted 48 

towards desorption (thermodesorption), consequently 49 

remobilizing the trapped analytes. Formerly trapped 50 

analytes were then flushed in the opposite direction to 51 

the sampling flow, onto the chromatographic column 52 

dedicated for aromatics (SCION-17MS; 30 m × 0.32 53 

mm × 0.25 μm, 50% phenyl methylpolysiloxane as 54 

stationary phase) and detected with an FID. An 55 

illustration of the different steps involved in SPT is 56 

provided in SM1 (Section S2). 57 

Aromatics were identified by their mass spectra 58 

and their individual retention times from pure product 59 

injection when available. Because of the highly 60 

complex aromatic composition of flame samples, two 61 

GC-MS setups with two separation mechanisms, a 1D 62 

GC-MS (Agilent Technologies 5975C) and a 2D GC-63 

MS (GC×GC, Thermo Scientific Trace GC Ultra), 64 

with electron ionization at 70 eV, were used for 65 

identification. The identification methodology was 66 

detailed in our previous work [18]. More technical 67 

details of these setups are available in SM1 (Section 68 

S2).  69 

 70 

3. Results and discussions 71 

 72 

Section 3.1 briefly presents the temperature, fuels 73 

and major end products, and Section 3.2 presents 74 

selected C1-C5 intermediates, followed by discussions 75 

on mono-aromatics, PAHs and OPAHs in Section 3.3. 76 

While a full list of the quantified species is available 77 

in SM1 (Section S5) and the data is available in SM2, 78 

important examples are presented and discussed in the 79 

following sections. Carbon balance was checked and 80 

it is close to 100% (e.g. 102 % at HAB=2.55 mm). 81 

 82 

3.1. Temperature, fuels and major end products 83 

 84 

Fig. 1 presents the flame temperature profiles 85 

measured with and without the sampling nozzle as 86 

well as the mole fraction profiles of the fuels, O2, H2, 87 

CO, and CO2. The lowest temperatures measured are 88 

about ~1000-1200 K close to the surface of the burner, 89 

whereas the maximum temperatures range around 90 

1700-1750 K at HAB ~ 3-4 mm) and decrease to 91 

about 1500-1600 K towards the stabilization plate. 92 

The presence of the nozzle shifts the temperature 93 

profiles ~1 mm towards the burnt gas zone. Anisole 94 

and iso-octane are no longer detectable from about 3 95 

mm, and O2 from about 5 mm. The used equivalence 96 

ratio is far from the stoichiometric conditions leading 97 

to incomplete oxidation process that explains the high 98 

mole fractions of CO (0.164 vs. 0.045 for CO2). 99 

 100 

Fig. 1. Temperature, reactant, and major end products. 

 101 

3.2. C1-C5 intermediate species  102 

 103 

Fig. 2 presents the mole fraction profiles of 104 

selected species amongst >30 C1-C5 intermediate 105 

species, such as formaldehyde, acetylene, propene, 106 
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iso-butene, and cyclopentadiene. Formaldehyde 1 

peaks at HAB ~ 2 mm, while others peak at about 2.5-2 

3.0 mm. These species have peak mole fraction of 3 

7.96×10-4, 1.39×10-2, 1.73×10-3, 2.18×10-3, and 4 

3.70×10-4, respectively, and are the most abundant 5 

intermediate within their carbon number group, 6 

respectively. Formaldehyde is highly toxic and 7 

reactions of C2-C5 unsaturated hydrocarbons can 8 

contribute to the formation of the first aromatic ring. 9 

The mole fraction of acetylene largely predominates 10 

under these flame conditions making it the most 11 

abundant not only amongst C2 species but also 12 

amongst all intermediates. This species persists with 13 

high amounts in the burnt gas zone, and is well-known 14 

to participate to the PAH growth via the HACA 15 

mechanism (H-abstraction-C2H2-addition) [24].  16 

 17 

 

Fig. 2. The most abundant C1-C5 intermediates. Error 

bars are included 

 18 

3.3. Aromatic species 19 

 20 

A total of 36 aromatics including 12 non-21 

oxygenated and 24 oxygenated are quantified. These 22 

numbers are quite noteworthy and a significant 23 

improvement over the available literature studies on 24 

absolute quantification. Benzene (C6H6, m/z 78) and 25 

phenol (C6H6O, m/z 94) are the smallest quantified 26 

non-oxygenated and oxygenated aromatics, 27 

respectively. The heaviest PAHs and OPAHs 28 

quantified in the present work are anthracene (C14H10, 29 

m/z 178) and diphenoxy methane (C13H12O2, m/z 30 

200). A typical chromatogram obtained by GC-SPT-31 

FID for aromatics is shown in Fig. 3. The co-existence 32 

of PAHs and OPAHs in the studied flame is evident. 33 

Given the complexity inherent in this co-existence, 34 

the present experiments are limited to 3-ring aromatic 35 

species, and the heavier aromatics are a subject of 36 

perspective studies. The chromatogram in Fig. 3 is 37 

obtained at a low HAB where the concentration of 38 

PAHs is still low while higher levels of OPAHs are 39 

detected. Even after exhaustive identification, about 40 

13 signals remain unidentified. 41 

Since most of the PAHs and OPAHs are solid at 42 

room temperature, a special calibration procedure for 43 

GC-SPT-FID was used. In this method, the species of 44 

interest (PAH or OPAH) is stored in a cell for which 45 

the temperature and pressure are regulated. The 46 

concentration of the PAH or OPAH vapors generated 47 

by this system is calculated based on their saturation 48 

vapor pressure. The outlet of this cell is connected to 49 

the flame sampling line to transfer the generated 50 

samples to the GC. A schematic representation and 51 

more details are available in SM1 (Section S4). 52 

Besides other common uncertainty sources from GC, 53 

flame and sampling systems, the uncertainty of the 54 

PAH/OPAH calibration system also needs to be 55 

considered, for instance, the uncertainty of the vapor 56 

pressure data (for example ±5% for dibenzofuran 57 

[25]), two N2 MFCs (±0.5% × 2 = ±1%), pressure 58 

sensor (±0.25%), and thermocouple for temperature 59 

(±1%). Also considering the error from the MFCs 60 

used for flame (±0.5% × 6 = ±3%), that from the 61 

influence of the noise of baseline on PAH/OPAH peak 62 

integration (±5-15%, depending on species’ 63 

abundance), and the repeatability (<5%), the overall 64 

uncertainty of these molecules measured by GC-SPT-65 

FID is estimated to be within ~20% (from ppm level) 66 

and ~30% (close to ppb level), except phenolics.  67 

Prior to discussing each aromatic species, an 68 

overview on the position of peak mole fraction and the 69 

sum of maximum mole fractions of 1-, 2-, 3-ring 70 

aromatics is presented in Fig. 4. It is interesting to note 71 

that, in general, oxygenated aromatics attain their 72 

peak mole fractions before those of non-oxygenated 73 

aromatics. As shown in the left panel, the profiles of 74 

oxygenated aromatics are comparatively closer to the 75 

burner with respect to the non-oxygenated aromatics 76 

which suggests that these species could be produced 77 

before the non-oxygenated ones. Also, it is interesting 78 

to note that the number of rings for non-oxygenated 79 

species increase with HAB, indicating that one-ring 80 

species are formed prior to two- and three-ring 81 

species. However, this is not the case for oxygenated 82 

aromatics. Three-ring OPAHs appear to form as soon 83 

as one-ring oxygenates are formed (more details 84 

below).  The bar graph on the right represents the sum 85 

of the peak mole fractions of all species (non-86 

oxygenated and oxygenated) with the same number of 87 

rings. A comparison of the sum of the peak mole 88 

fractions of 1-, 2-, and 3-ring aromatics suggests that 89 

non-oxygenated aromatics are produced in higher 90 

amounts than oxygenated aromatics as far as one- and 91 

2-ring aromatics are concerned. However, it can be 92 

seen that the sum of the amounts of 3-ring OPAHs are 93 

almost as abundant as the sum of the amounts of the 94 

3-ring PAHs. 95 
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Fig. 3. Typical chromatogram (zoom between 27-34 min) obtained by GC-SPT-FID for the anisole doped flame at 2 mm. 

1 

2 

3 

4 

 5 

Fig. 5 presents a detailed analysis of all the 6 

aromatics quantified in this study. Panel (a) presents a 7 

bar graph representation of the peak mole fractions of 8 

all the quantified aromatics. As shown in the figure, 9 

oxygenated aromatics and OPAHs constitute a 10 

significant fraction of anisole decomposition products 11 

under the studied conditions. Anisole can readily 12 

undergo the O-CH3 bond dissociation because of its 13 

very low bond dissociation energy to form the 14 

phenoxy radical, whose implication in the combustion 15 

chemistry of anisole gives rise to a whole new set of 16 

stable intermediates such as simple and/or substituted 17 

phenol, cresols, benzofurans, indanones, xanthenes, 18 

xanthones and dioxin like species. The majority of 2- 19 

and 3-ring OPAHs are being quantified for the first 20 

time. The species are listed in the order of their 21 

respective amounts where phenol is the most 22 

abundant oxygenated aromatic whose concentration 23 

can range in hundreds of ppm whereas 2-24 

dibenzofuranol is the least abundant quantified OPAH 25 

present in ppb levels. Panel (b) presents a comparison 26 

of the evolution of the mole fraction profiles of 27 

selected oxygenated aromatics together with their 28 

non-oxygenated analogs. Note that only experimental 29 

results are discussed here, simulations from the model 30 

of Ref [26] are also included for comparison but are 31 

discussed in the next paragraph.  As stated earlier, 32 

oxygenated aromatics are found to peak earlier than 33 

their non-oxygenated analogs. This is true for all 34 

oxygenated aromatics irrespective of the number of 35 

rings present in their structure. For 1-ring species, 36 

benzene is more abundant than phenol. But it can be 37 

seen it is not certainly the case for 2- and 3-ring 38 

species. Benzofuran is slightly more abundant than 39 

indene whereas other species like dibenzofuran, 40 

xanthene and 6H-dibenzo [b,d] pyran are present in 41 

much higher amounts (more than twice) as compared 42 

to their non-oxygenated analogs i.e., fluorene, 43 

anthracene and phenanthrene respectively. Species 44 

like dibenzofuran, xanthene and 6H-dibenzo [b,d] 45 

pyran attain their peak mole fractions at similar HAB 46 

as that for phenol. This hints at earlier formation of 3-47 

ring OPAHs in comparison to their analogous PAHs 48 

which are anticipated to be formed via the classical 49 

HACA mechanism [24] and are consequently formed 50 

much later. Mole fraction profiles of selected 51 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4. Overview on the position of peak mole fraction profiles and comparison of the sum of maximum mole fractions of 

1-, 2-, 3-ring aromatics.  Error areas (left) or error bars (right) are included. 
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aromatics from the same figure are also available 1 

collectively in SM (Fig. S7).  2 

While the focus of this work is on experimental 3 

analysis, it is interesting to identify what quantified 4 

aromatics are present in the anisole-iso-octane models 5 

in the literature. There are numerous models 6 

developed for the pyrolysis/oxidation of anisole or 7 

iso-octane [14,15,26–31]. Surprisingly only two 8 

models contain the reaction mechanisms of anisole 9 

and iso-octane simultaneously [26,28], and only one 10 

amongst these two models contains 3-ring PAHs and 11 

OPAHs (i.e., the “CRECK model” [26]). As 12 

highlighted in Fig. 5a (bold structures), all non-13 

oxygenated aromatics detected in the present flame 14 

were also found in the mentioned models, in 15 

particularly the CRECK model. However, 6 out of 24 16 

quantified oxygenated aromatics were considered in 17 

the models. Dibenzofuran is the sole 3-ring OPAH 18 

considered in (some of) these models. Simulations 19 

using the CRECK model and the "Premixed Laminar 20 

Burner-Stabilized Stagnation Flame" module of 21 

Chemkin Pro [32], along with the measured 22 

temperature profile without any offset, are compared 23 

with experimental results for major species, abundant 24 

intermediates (Section S6 in SM1), and selected 25 

aromatics (Fig. 5b). Fig. 5b indicates that the model 26 

in general reproduces non-oxygenated aromatics well 27 

but significantly overpredicts oxygenated aromatics, 28 

with phenol, benzofuran, and dibenzofuran being 29 

overestimated by factors of 5, 40, and 30, 30 

respectively. However, the model accurately captures 31 

some relative trends, such as OPAHs like benzofuran 32 

and dibenzofuran peaking at lower HABs compared 33 

to their PAH counterparts, indene and fluorene 34 

respectively. Additionally, benzofuran and 35 

dibenzofuran are predicted to have higher mole 36 

fractions than indene and fluorene, which is consistent 37 

with experimental observations. It should be noted 38 

that detailed comparisons and discussions of model-39 

experiment discrepancies are beyond the scope of this 40 

study; the modeling is primarily used to confirm and 41 

explain certain experimentally observed trends for 42 

PAHs and OPAHs. 43 

Based on kinetics proposed in the CRECK model 44 

[26], some possible formation pathways for some 45 

relevant quantified species are presented in Fig. 6. The 46 

figure shows that 3-ring PAHs (e.g., phenanthrene and 47 

fluorene) are formed through 1- and 2-ring species, 48 

explaining the increase in HAB with the number of 49 

rings, as seen in Fig. 4. However, the formation of 50 

oxygenated aromatics does not always follow this 51 

mechanism (Fig. 6). Simulated profiles of some 52 

aromatics in Fig. S10 confirm this trend. Fig. 6 53 

illustrates that phenol forms first and then leads to 54 

benzene. This pattern is also observed for o-cresol and 55 

toluene. Moreover, benzofuran and dibenzofuran are 56 

rapidly produced through the combination of phenoxy 57 

radicals, which are key early-stage fuel radicals. In 58 

simple terms, oxygenated aromatics are early 59 

products of anisole combustion, while non-60 

oxygenated aromatics are secondary products and are 61 

produced through a multistep PAH growth process. 62 

Furthermore, the oxidation of OPAHs (e.g. 63 

dibenzofuran) also contributes to the formation of 64 

PAHs (e.g. naphthalene) (Fig. 6). The above-65 

mentioned mechanisms could explain why 66 

oxygenated aromatics peak earlier than their non-67 

oxygenated counterparts and are formed in high 68 

amounts. It is important to note that while this 69 

explanation is mainly based on formation kinetics, 70 

other factors such as molecular stabilization may also 71 

play a role. Isolating these factors for a more detailed 72 

study is challenging and will require another further 73 

investigation. 74 

Based on the present experimental indications, as a 75 

first initiation, possible formation pathways of some 76 

selected newly-detected OPAHs are presented in Fig. 77 

6 (bottom panel). The combination of phenoxy radical 78 

with the benzyl radical or its self-recombination can 79 

lead to the formation of 9H-xanthene or dibenzo-p-80 

dioxin, respectively. Again, it can explain why they 81 

are produced earlier and in greater concentration 82 

compared to their analogous PAHs. While the 83 

formation of dibenzo-p-dioxin via this pathway was 84 

investigated in the literature [33], the formation of 85 

xanthene via this way is suggested by the detection of 86 

o-benzylphenol in the present work. The detection of 87 

diphenoxy methane and benzyl phenyl ether could be 88 

envisaged from the recombination of anisyl radical 89 

with the phenoxy and phenyl radicals, respectively, 90 

which suggests that not only phenoxy but also anisyl 91 

are important in the formation of OPAHs and need to 92 

be considered in the future models. The OPAH 93 

formation pathways discussed here are primarily 94 

focused on anisole as their precursor. However, it is 95 

worth noting that OPAHs could also form from PAHs, 96 

although this contribution might be deemed less 97 

substantial compared to the direct pathways involving 98 

anisole. This inference is supported by the absence of 99 

any OPAHs observed in another flame lacking anisole 100 

that was also studied (flame conditions showed in 101 

SM1). For comparison, this flame without anisole was 102 

also analyzed, which showed that while all non-103 

oxygenated aromatics depicted in Fig. 5a were 104 

produced, they appeared in much lower quantities, 105 

and no oxygenated aromatics were detected in 106 

measurable amounts. Nonetheless, the potential 107 

interactions between species pools from iso-octane 108 
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and anisole reactions in the anisole-doped flame, 1 

which could affect the measured PAHs and OPAHs, 2 

cannot be ruled out. A recent study indicated that 3 

radicals from iso-octane might contribute to the 4 

formation of specific mono-ring oxygenated 5 

aromatics, such as 4-(2-methylprop-2-en-1-yl) phenol 6 

and [(2-methylprop-2-en-1-yl)oxy]benzene [18]. 7 

However, these species could not be quantified in the 8 

present work due to peak integration issues, 9 

preventing further discussion on the potential 10 

interactions. This is an interesting point that warrants 11 

further investigation in the future. 12 

13 

14 

 
Fig. 5. Details of quantified aromatics. (a) A bar graph representation of the experimental results where shaded names on the 

x-axis are already considered in the literature models. (b) Selected mole fraction profiles of analogous structures where symbols 

represent data points determined experimentally and lines represent simulations from the CRECK model; for clarity, a division 

factor “f”’ was applied for some simulated profiles (shown as “sim/f”); simulated profiles of anthracene and phenanthrene, 

originally lumped together in the model, are divided by a factor of two to be considered for comparison with the experimental 

data points. 
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Fig. 6. Possible formation routes for selected aromatics, determined either based on the CRECK model [26] or proposed 

based on the current experimental evidence from this study. Species highlighted using solid boxes were experimentally 

quantified (species names are available in Fig. 5), whereas those using a dashed box were only identified. 

1 

4. Conclusions and perspectives 2 

 3 

This study lays emphasis on the consequential co-4 

existence of oxygenated and non-oxygenated 5 

aromatics in an anisole flame and reveals its tendency 6 

to form a variety of OPAHs which are challenging 7 

species to study. A sample enrichment device i.e., the 8 

‘SPT’ system is adopted for quantification of species. 9 

The present study is so far the first quantitative study 10 

to highlight the implication of oxygenated aromatics 11 

and OPAHs in anisole-iso-octane doped laminar 12 

premixed flames where these species are not only 13 

experimentally quantified but also compared to their 14 

non-oxygenated analogs. In general, oxygenated 15 

aromatics are formed very close to the burner surface 16 

and their abundance decreases as the number of rings 17 

in a given structure increase. In comparison with non-18 

oxygenated analogs, it was observed that though 1- 19 

and 2-ring non-oxygenated species are more abundant 20 

than 1- and 2-ring oxygenated aromatics, the inverse 21 

is true for 3-ring aromatics. Future research could 22 

explore the impact of varying amounts of anisole, 23 

address specific uncertainties in the calibration of 24 

phenolics, and focus on advancements in kinetic 25 

modeling. 26 
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