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Abstract 

The reaction kinetics of three n-alkanes: hexane, nonane, and dodecane are investigated both 

experimentally and numerically through speciation data obtained in a high temperature flow 

reactor. The measurements are performed in the temperature range of 750 – 1200 K for three 

different equivalence ratios ( = 0.5, 1.0, and 2.0) and major combustion products, 

intermediates such as olefins, oxygenates, and a soot precursor benzene have been measured.  

Formation of benzene is emphasized in this work at intermediate flame temperatures (in this 

case below 1200 K). Even though this temperature regime has its importance to technical 

combustors (e.g. at aero engines), the regime is often not studied except a few flow reactor 

studies. From the three fuels studied, one can see that the benzene formation increases 

apparently with fuel stoichiometry as well as with increase in carbon number. Unlike at flame 

conditions, where propargyl recombination plays an important role in benzene formation, at 

lower flame temperatures (<1200 K) the benzene formation is a result of reactions through 

small hydrocarbon species occurring from an even (C2 + C4) route. The benzene formation 

reactions present in the reaction model of current work are n-C4H5 + C2H3  C6H6 + H2, n-

C4H5 + C2H2  C6H6 + H, i-C4H5 + C2H4  C6H6 + H + H2, i-C4H5 + C2H2  C6H6 + H, 

and i-C4H5 + C2H  C6H6. Analysis of the mechanism at conditions of present work shows 

that the benzene formation is dominated by the reactions of i-C4H5 + C2H4  C6H6 + H + H2 

and i-C4H5 + C2H2  C6H6 + H, their relative importance being dependent on the 

temperatures at which C2H4 and C2H2 is formed. The predictions of the speciation data are 

also compared with prominent literature reaction models (JetSurF 2.0, POLIMI, and RWTH). 

It appears that absence of either or both of these two reactions in JetSurF 2.0 and RWTH 

models leads to noticeably lesser contribution to benzene formation giving maximum 

deviation observed with the measurements. For the DLR and POLIMI models where benzene 

predictions are close to the experiments, these two reactions are present. 
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As a consequence a detailed in-house reaction model, which was already extensively 

validated against global combustion characteristics, has been tested against the measured 

speciation data. The model succeeds in reproducing all the measured species and is in good 

agreement with the measurements. This study identifies the major paths during the oxidation 

of all three fuels studied and provides valuable database and insight into the product spectrum 

and prediction of soot precursors.  

Keywords: reaction kinetics, flow reactor, reaction mechanism, speciation data, soot 

precursor, benzene 
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1. Introduction 

The future share of renewable energy supply depends on available conversion and storage 

technologies [1]. Energy from renewable sources e.g. from wind, solar energy is intermittent 

in nature and therefore the use of surplus power in energy storage is very important for a 

secure continuous supply. The power-to-fuel process has promising potential, where CO2 and 

electricity is converted to liquid fuels [2, 3]. Another carbon source, and in the context of this 

work, is use of energy from renewable sources (e.g. biomass) through chemical energy 

conversion technologies for producing high density liquid hydrocarbons [3, 4]. 

The demand for synthetic liquid hydrocarbon fuels has increased rapidly, as they provide 

high energy density fuels and benefit from already existing infrastructures. Main applications 

include alternatives to fossil based fuels in aviation and road transportation or energy storage 

[5]. They are typically produced by the Fischer-Tropsch (FT) process from reaction of 

hydrogen with a carbon source obtained from the renewable feedstock or CO2 capture 

techniques. The product spectrum of liquid hydrocarbons obtained from this technology is 

wide and provides a variety of hydrocarbons in different chemical classes. In this context, 

large alkanes are studied in this work [3].  

The three selected alkanes, namely n-hexane, n-nonane, and n-dodecane, are considered as 

representative of a continuous distribution of n-alkanes as obtainable from FT-processes and 

is representative, when influences of the obtainable product distribution should be captured. 

In this study, we aim to understand the difference or similarities in the intermediate pool that 

arises from the chemical breakdown of the fuel. This is important for an understanding of the 

pollutant formation e.g. soot formation, which is dependent on the intermediate pool that 

determines the first benzene ring formation. The presented mechanism thereby allows for 

flexible representation of various FT product distributions, consisting of n-alkanes.    
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The aim of this study is to investigate larger hydrocarbons to identify the intermediate species 

pool, product spectrum, and benzene formation by considering variation in carbon number 

i.e. chain length and fuel stoichiometry. The objective is to study these effects at temperature 

from 750 – 1200 K, i.e. at the lower end of temperatures relevant for technical combustors. 

We also aim to investigate, whether the benzene formation is influenced by the fuel structure 

(in this case chain length of alkanes) and whether its formation routes at intermediate 

temperatures of present study are different compared to flame temperatures. The influence of 

fuel structure is often studied at flame conditions [6-18], where temperatures are typically 

above 1400 K. The benzene chemistry at such temperatures is dominated by propargyl 

recombination chemistry. This has been successfully revealed in a variety of studies [7, 13, 

14, 19]. Previous works from different research groups on benzene formation reactions 

investigated in fuels of different chemical classes (summarized in Table 1s in the 

supplemental material) concludes that at flame conditions the propargyl recombination is the 

most important and prominent route to benzene (with only few fuel dependence exceptions) 

[6-18]. Most technical combustors cover a very broad span of temperature and stoichiometry 

conditions due the complex interactions of the turbulent fluid dynamics and chemical 

kinetics. Time-resolved polycyclic aromatic hydrocarbon (PAH), soot (Laser induced 

incandescence - LII) [20] and temperature measurements [21] for an aero engine typical swirl 

burner showed the presence of a significant number of instantaneous cases with temperatures 

below 1000 K in regions of the combustor that are also identified as PAH and soot formation 

regions. Unfortunately, the measurements have not been performed simultaneously, so no 

strict coincidence between the individual events can be drawn. Numerical simulations [22] 

suggest PAH and benzene formation in these flames starting at temperatures below 1200 K 

for the selected test case. Reaction kinetics investigations on the reactions governing the 

benzene formation at lower temperature are surprisingly attended by only a few studies [23-
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27]. In this study we investigate the speciation data of three n-alkanes: n-hexane, n-nonane, 

and n-dodecane in a combustion environment. This study focuses on the importance of small 

species / radicals in the prediction of pollutants for large hydrocarbons at lower flame 

temperatures. 

 

1.1 Current status on larger hydrocarbons kinetics 

There is a considerable amount of literature available on the three hydrocarbons considered in 

this study. The present status on modeling and experimental studies on n-hexane, n-nonane 

and n-dodecane is summarized in Table 1. The ignition delay times of the above three 

hydrocarbons are well investigated and investigations are available for atmospheric to high 

pressures (20 – 60 atm) in the temperature range of 700 – 1600 K [28-37]. The characteristic 

burning velocities are studied mostly at atmospheric conditions [38-40] except for n-hexane 

(2, 5, and 10 atm) [41]. Surprisingly, at flame conditions, no speciation data is available in 

literature for any of the three hydrocarbons. Species profiles for the three alkanes are 

measured in Jet Stirred Reactors (JSR) up to 10 atm and 500 – 1200 K [30, 31, 42, 43]. 

Although the above mentioned studies cover sufficient experimental conditions required for 

mechanism development, none of them have measured benzene.  

Table 1: Overview of available experiments and reaction models in the literature of the 
investigated three n-alkanes: n-hexane, n-nonane, and n-dodecane.  

n-alkane 

Experiments 
Reaction 

Mechanisms Ignition delay times Burning velocities Speciation data 

Shock tube Flame Flow reactor Flame  

n-hexane 

700-1200K, 6-42 atm, [28] 

 = 0.5 (1.6 atm);  = 1.0 (1.86, 3, 4 
atm) [29] 

 = 1,2; 627-1365K; 15, 32 bar; 15 
bar (RCM) [30] 

353 K; 1 atm [38] 
353 K; 1,2,5,10 atm 

[41] 
295-380 K; 0.4-1 atm 

[39] 

JSR, low- high T [42] 
JSR, 530 – 1160 K; 10 

atm;  = 0.5, 1, 2 [30]
- 

JetSurF 2.0 [44] 
Dagaut [45] 

Blanquart [46] 
LLNL [47] 

n-nonane 

 = 0.5, 1, 2; 530 – 1591 K; 1, 10 
atm [31] 

 = 0.5, 1, 2; 1, 10 atm [48] 

 = 0.5, 1, 2; 1168 – 1600 K; 2, 10, 
20 atm [32] 

403 K; 1 atm [38] 
JSR, 500 – 1100K; 1, 

10 atm [31] 
-  

JetSurF 2.0 [44] 
 LLNL [47] 

n-
dodecane 

 =0.25, 0.5, 1; 9-58 atm; 786- 1396 
K [33] 

403 K; 1 atm [38] 
400, 470 K; 1 atm 

JSR, 550 – 1150 K;  
= 0.5, 1, 2; 10 bar [43]

- 
Dagaut [43] 

JetSurF 2.0 [44] 
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SVPFR: Stanford variable pressure flow reactor, JSR: Jet Stirred Reactor, RCM: Rapid Compression Machine 

 

On the theoretical side, reaction models available are: n-hexane by Dagaut [45], Blanquart 

[46], LLNL [47] and n-nonane by LLNL mechanism [47]. The JetSurF 2.0 mechanism [44] 

includes all the three alkanes. The reaction model of n-dodecane can be found in LLNL [47], 

POLIMI [50], and Dagaut [43]. Only few of the above mechanisms also include pathways to 

benzene formation [44, 50]. 

 

1.2 Current status on benzene formation kinetics 

The PAH inception starts from the formation of the smallest aromatic compound: benzene. 

Though PAH formation is just a part of the entire soot formation process, benzene formation 

is the limiting step [51]. The reactions responsible for benzene formation vary from C2 to C6 

species chemistry. The chemical structure of fuels has a major influence on the benzene 

formation, since depending on the fuel the different alkyl radicals formed are the determining 

factor on the intermediate pool, consequently leading to benzene [12, 16, 23, 52]. The 

benzene formation is thus dependent on the fuel itself in addition to the temperature region 

where they are formed. Thus understanding the structural effect of the fuel on benzene 

formation plays an important role for fuel design strategies and for soot reduction strategies.  

Several reaction pathways to benzene formation are extensively studied, both theoretically 

and experimentally, in the literature. Most of the direct measurements of benzene available in 

the literature are in flames and are focused on smaller hydrocarbons (C < 4) [7, 9, 10, 13, 18]. 

A few studies are involved in direct measurement of benzene in flames with fuels larger than 

 = 0.5, 1; 727 – 1422K; 15-34 atm 
[34] 

 = 1, 1300 – 1600 K; 2 atm [36] 

 = 0.1 – 2; 838 – 1382 K; 1.71 – 
8.63 atm [35] 

 = 0.46 – 2.05; 867 – 1739 K; 19 – 
74 atm [37] 

[40] SVPFR, 1000 – 1300 K 
[49] 

LLNL [47] 
POLIMI [50] 
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C > 4 [10-12, 17]. Although at flame temperatures (above ~1400 K) benzene formation is 

dominated by fuel dependent precursors, the propargyl recombination is the dominating path 

to benzene ring formation for most fuels [6-18]. In flames, lower temperatures prevail close 

to the burner surface, where benzene formation possesses high measurements uncertainty 

[53]. Thus understanding of low to intermediate temperature benzene formation is inadequate 

through flame studies. This is important because propargyl radicals may not be formed at 

lower flame temperatures and many other small radicals shall play an important role in the 

benzene formation. Most efficient studies in this case are flow reactor tests, which can 

measure fuel conversion at temperatures as low as 900 K [23-27]. 

The theoretical side, though extensively studied, reveals many uncertainties with respect to 

the benzene formation pathways e.g. [18]. Inaccuracy in the recombination reactions 

involving small species influences the benzene formation interpretation heavily. Despite 

tremendous progress in mechanism development, many reaction models are only capable 

reproducing the benzene formation over a limited temperature range. Even the well accepted 

propargyl self-recombination path in different literature mechanism varies where benzene is 

either directly produced from propargyl self-recombination or via intermediate phenyl or 

fulvene [7, 9, 10, 13, 54-58]. Among the limited reaction mechanisms of larger hydrocarbons 

available in the literature that incorporate benzene formation chemistry as well are JetSurF 

2.0 [44] and POLIMI [50].  

The above discussed studies have shown that formation of benzene is complex involving 

many different reaction routes owing to temperature and fuel structure. This study provides a 

discussion on both, the dependence on the fuel´s molecular structure and temperature 

variation. 
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2. Experimental and numerical approach 

Measurements presented in this work were performed at DLR´s high temperature flow 

reactor. The experimental setup is previously described in high detail [59, 60], so only a brief 

description is given here. The system consists of a flow reactor, including gas supplies and 

vaporizer system, which is coupled to a molecular beam mass spectrometry (MBMS) system.   

Gases are metered using calibrated mass flow controllers (MFC) while the liquid fuels are 

regulated volumetrically by a syringe pump. The vaporizer used is consisted of a heated tube 

(25 mm diameter, 12 cm length) filled with mineral wool where the liquid fuels is directly 

injected from the syringe to the Ar carrier gas stream. Temperature of the vaporizer was set 

50°C below the normal pressure boiling point of the fuel. This was found to be sufficient for 

stable and complete evaporation of the respective fuel. The system was directly coupled to 

the reactor inlet flange. Reactor inlet conditions for the three n-alkanes investigated are 

summarized in Table 2. Conditions were chosen to match a specific molar flow rate (10 slm) 

and dilution (99% Ar), while fuel and oxidizer flows (O2) were adjusted to match the 

intended stoichiometry.  

The reactor consists of a ceramic (Al2O3) pipe of 1497 mm length and 40 mm inner diameter 

placed in a high temperature oven. The heated section is 1000 mm in length. Cold reactant 

gases are fed premixed and pre-vaporized into the reactor. The laminar flowing reactant 

mixture passes through a known temperature profile before detection of the gas composition 

as function of the oven temperature (TOven). Continuous measurements are performed at 

constant inlet mass flow, while a monotonically decreasing temperature ramp (-200 K/h) is 

applied to the oven. Due to careful characterization of the system´s behavior i.e. thermal 

inertia and systematic temperature measurement deviations, a distinct centerline gas phase 

temperature profile can be assigned for each oven temperature (TOven) passed through while 

temperature ramping. The procedure is based on measured temperature profiles and validated 



 11

for the present temperature ramp and flow conditions, details can be found in [59]. Note that 

experimental results obtained for temperature ramping have shown to coincide with those 

obtained from individual isothermal condition if the system´s thermal inertia is considered 

properly. Averaging time of the MBMS measurements correspond to a 2.5 K temperature 

interval. 

As a consequence of the above experimental approach, each measured species concentration 

(at distinct TOven) refers to a full spatial temperature profile of the flow reactor. This has been 

considered in the simulations by using these profiles as input parameter to the plug flow 

reactor calculations [59]. The calculations are performed at oven temperatures from 750 to 

1200 K with intervals of 1 K and the species mole fraction exiting the reactor i.e. at 147 cm 

are plotted for each individual temperature thereby providing the spectrum of the mole 

fractions against the oven temperature similar to the experimental values. Furthermore, the 

flow reactor calculations require the initial fuel composition, flow rates and pressure as input 

parameters. The calculations are performed using Chemical WorkBench (CWB) [61]. This 

approach has been examined to give reliable results, see e.g. [62-64]. 

For determination of the composition at the reactor exit, gases were withdrawn by a quartz 

cone at the centerline of the reactor exit at ambient pressures (atmospheric mean pressure is 

960 mbar). Sampling was performed at the end of the reaction segment, roughly 30 mm 

within the reactor tube via a 50 µm orifice at the quartz nozzle tip. All reactions were 

quenched immediately due to the expansion into a molecular beam (2 differential pumping 

stages; 10-4 and 10-6 mbar). The molecular beam was guided to the ion source of an electron 

impact (EI) time-of-flight (TOF) mass spectrometer (Kaesdorf, mass resolution R = 3000) 

and species were detected by their exact mass. For the present study, the ionization energy 

was set to 12.5 eV (actual peak value of the electron energy distribution) in order to minimize 

dissociative ionization i.e. fragmentation at the ion source. The system’s performance 
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allowed the determination of the elemental composition (C/H/O) of stable species based on 

the determination of their exact mass. Note that no further determination of isomeric 

structures beyond the elemental formula is gained experimentally and assignment of 

individual molecular structures is solely based on the experience from isomer resolving 

experiments performed in combustion environments e.g. [65-68] and chemically reasonable 

analogy. In this work radical species have not been evaluated due to poor S/N ratio. 

Quantification of the obtained signals follows well established methods described in 

references [69-71], i.e. by direct binary (species/Ar) calibration measurements or via 

estimation of the ionization cross section based on the RICS (relative ionization cross 

section) method [72]. Direct cold gas calibration was performed in this study for CH4, C2H2, 

C2H4, C2H6, C3H4 (propyne), C3H6, C3H8, C4H4 (vinyl acetylene), C4H6 (1,3-butadiene), C4H8 

(1-butene), C6H12 (1-hexene), C7H8 (toluene), C7H14 (1-heptene), C8H16 (1-octene), C9H18 (1-

nonene), C10H20 (1-decene), and C11H22(1-undecene). All other species were calibrated 

according to RICS [59, 72] based on the respective 1-alkene for aliphatic or toluene for 

aromatic species. Major species (H2O, CO2, CO, H2, O2, and the respective fuel) have been 

determined according to the internal calibration procedure described in [59], which was based 

on values obtained within the individual measurement either at low (reactants) or high 

(products) oven temperatures. The absolute experimental uncertainty of the determined mole 

fractions was estimated to be below 10% for major species, below 20% for direct calibrated 

intermediates and could be up to a factor of 2-4 for species calibrated by RICS when the 

ionization cross section is unknown. Note that mixtures of different isomers contributing to a 

signal can also increase the measurement uncertainty for this elemental composition. Relative 

comparison between the measurement series exhibited a significantly higher precision i.e. 

better than 10% uncertainty.          
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Table 2: Reactor initial conditions, 9900 sccm (standard cubic centimeter per minute at 1013 

mbar, 273 K) argon are added as diluent for all measurements.  

Φ 
Fuel (gas) O2 Fuel (liquid) 

(sccm) (sccm) (µl/min) 

n-C6H14 

0.5 4.98 95.0 28.9 

1.0 9.48 90.5 55.1 

2.0 17.3 82.6 100.6 

n-C9H20 

0.5 3.34 96.5 27.4 

1.0 6.63 93.3 52.9 

2.0 12.4 87.5 99.2 

n-C12H26 

0.5 2.62 97.4 26.5 

1.0 5.11 94.9 51.7 

2.0 9.72 90.2 98.4 

 

3. Reaction mechanism 

The reaction mechanism is a database of elementary reactions which describes the path from 

vaporized fuel via intermediate species to the final products such as H2O, CO2, as well as 

pollutants. This reaction model is developed in a systematic and hierarchical manner and is 

validated in an iterative process against the characteristics combustion experiments such as 

ignition delay times, laminar flame speeds, and speciation data obtained in the flow reactor 

and flames. The reaction model is first validated against global characteristics and is 

subsequently modified to increase the validity range of the model (T, p, ) and speciation 

data to provide a strict test.  

An in-house reaction mechanism of n-dodecane [73] has been updated in this work to include 

reactions of n-hexane and n-nonane conversion. The sub-mechanism of both of these species 
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includes the fuel C6H14, C9H20 as well as radicals formed such as C9H19, C9H17, C8H17, olefin 

C9H18, and the species for low temperature peroxy chemistry. The reactions of both these 

alkanes are based on the analogy of smaller alkanes and their reactions rates are adapted from 

the work of Westbrook et al. [74], JetSurF 2.0 mechanism [44], and from Nehse [75]. The 

DLR in-house benzene and aromatic species reaction mechanism is described in detail 

elsewhere [15].  

The reaction mechanism has been optimized to improve intermediate species prediction as 

well as the prediction of global combustion characteristics. The following changes are 

implemented in the present work. More details on changes are also available in supplemental 

material (Table 2s). 

(1) In the initial reaction model of present work [15], C4H5 species has been lumped as 

total of both iso- and n-C4H5 isomer. The reaction model was updated to separate 

both C4H5 isomers as it is important for the correct prediction of C4H4, C4H6 species 

and, subsequently, to describe benzene formation at the temperatures of the present 

work. Accordingly, the reaction rates of C4H6 H-abstraction rates leading to C4H6 + 

R  n-/i-C4H5 + RH have also been updated.  

(2) The reaction model is modified to improve predictions of intermediate species. The 

reactions updated are (1) CH2HCO + O2 = CH2CO + HO2, (2) C3H5 + HO2 = OH + 

HCO + C2H4 is replaced by C3H5 + HO2 = C3H6 + O2, (3) C4H4 + O = C3H4 + CO 

removed, (3) reactions of n-C4H5, i-C4H5 and C4H6 updated, (4) C6H11 + HO2 = CH2O 

+ OH + C5H9 replace by C6H11 + HO2 = C6H10 + H2O2, (5) C2H4 + OH = CH3CHO + 

H removed, and (6) reaction rates of C4H5 isomers + C2H/C2H2 = C6H6 is updated. 

(3) The decomposition reaction rate of benzene, phenyl(+H) = C2H2 + C4H4 in the initial 

mechanism was adapted from [76] recommended for high temperatures (1200 - 2500 

K) and was implemented to be a benzene decomposition pathway at high 
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temperatures. However, the reverse high reaction rate greatly exaggerated the rate of 

formation of benzene from the two stable molecules (C2H2 and C4H4) at lower 

temperatures. Since the contribution of this reaction to benzene formation or 

consumption is unlikely, this reaction is removed from the initial mechanism. 

In the Results and Discussion section the model predictions are often compared with 

available literature reactions mechanisms such as JetSurF 2.0 [44], POLIMI [50], and RWTH 

[77] mechanisms.  

 

4. Combustion product spectrum – Results and discussion 

Comparisons of measured and computed species profiles obtained in the flow reactor are 

presented in the following. The comparison is shown for species mole fraction as a function 

of respective oven temperature at a given stoichiometry. To facilitate comparison of the 

respective trends, a scaling factor (model data scaled roughly to maximum experimental 

value) is indicated, when applied. Note that no shift in temperature is used. 

 

4.1 Fuel, oxidizer, and major combustion products 

The fuel and oxidizer conversion, and major products H2O, CO2, and CO formation for the 

three studied fuels are presented in Fig. 1 and compared to the modeling results. The 

comparison shows that the fuel and oxidizer conversion and corresponding major product 

formation at given condition is very well captured by the model.  
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Fig. 1: Mole fraction profiles of fuel, O2, and major products CO, CO2, and H2O as a function of the 

oven temperatures for the three fuels studied and  = 0.5, 1.0, and 2.0. Symbols represent 

experimental data and lines modeling results. Legend:  = 0.5 (black), 1.0 (blue), 2.0 (red). 

 

The intermediate product spectrum depends on the initial fuel molecule and can be 

understood by the detailed reaction flow analysis. Figure 2 shows at about 50% fuel 

conversion, that the fuels n-hexane, n-nonane, and n-dodecane are consumed by the H-

abstraction reaction to first fuel radicals C6H13, C9H19, and C12H25, respectively. All these 

radicals formed are decomposed by ß-scission to one alkyl radical and an olefin. The olefins 

are also measured in the experiments and are compared with model predictions (s. Figs. 5 and 

6). Olefins are important intermediates as they decompose to produce radicals that can form 
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benzene. The measured olefins are not only validation data for the model, but also provide 

information on the benzene precursors that are formed from it. Figure 2 shows the species 

spectrum in the first reaction steps predicted by the model. 

 

Fig. 2: Reaction path analysis for the three fuels studied when about 50% fuel conversions are 

achieved in the flow reactor. The fuel decomposition paths are very similar for all three fuel 

stoichiometries. The species marked with blue boxes are measured in the flow reactor. Species 

nomenclature: p (primary), s (secondary) carbon site. As an example, pC9H19 and sC9H19 implies 

lumped primary and secondary C9H19 radicals respectively. 

 

4.2 Intermediate species C0-C6 
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Selected intermediate species are compared by their peak mole fractions in Fig. 3. The 

measured maximum species mole fractions are shown as columns whereas the 

corresponding model predictions are shown by symbols. Both the mole fraction and 

temperature-axis are kept to same values in all 9 cases considered, to allow a direct 

comparison of influence of change in fuel stoichiometry or fuel carbon number. For all three 

fuels considered, the influence of fuel stoichiometry is more prominent than the difference 

in maximum mole fractions due to increase in carbon number. The change in carbon 

number has nearly no influence for species C ≤ 4. For species with C = 5, 6 the changes are 

very small and their mole fractions increase with increasing carbon number. All the 

simulated species are in good agreement with the measured results. 
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Fig. 3: Maximum measured and predicted mole fraction of intermediate species formed during 

the conversion of the three fuels studied. Column: experiment, symbol: simulation. The species 

mole fractions over the entire measured temperatures are available in the supplemental material. 

 

A complete and comprehensive comparison of each species mole fractions profiles is 

available in the supplemental material. 

 

4.3 Oxygenates  

Carbonyl compounds such as formaldehyde (CH2O), ketene (CH2CO), and acetaldehyde 

(CH3HCO) are oxygenated intermediates formed during the combustion. They are considered 

hazardous and can be emitted as a result of incomplete combustion in engines. The 

mentioned three carbonyl compounds are measured for all three stoichiometries. A 

comparison of measured and simulated carbonyl compounds are presented in Fig. 4. For all 

the three compounds, their formation increases with fuel stoichiometry and a slight increase 

is seen with increase in the carbon number of the fuel. The simulated formaldehyde mole 

fractions are a factor of 2 higher compared to the measurements, whereas the ketene and 

acetaldehyde are roughly twice under-predicted by model. Note that the increased error 

tolerance coming with the RICS calibration of those species brings the model results close to 

the error limits.   
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Fig. 4: Mole fraction profiles of major oxygenates as a function of oven temperatures for the three 

fuels studied and  = 0.5, 1.0, and 2.0. Symbols represent experimental data and lines modeling 

results. Legend:  = 0.5 (black), 1.0 (blue), 2.0 (red). 

 

4.4 Olefins - Intermediates C2 to C12 

Figures 5 and 6 show the measured olefins compared to the model as a function of fuel and 

fuel stoichiometry. With increase in the carbon number, more unsaturated species such as 

olefins or aromatics are produced due to a lesser hydrogen availability and enhanced total 

carbon content of the respective experimental conditions. This trend is visible in general from 

the Fig. 5 (C2-C6 olefins) and Fig. 6 (C7-C12 olefins). The modeled results are in excellent 

quantitative agreement with the measurements except that for C3H6, C4H8, and C10H20. For a 

direct qualitative comparison of profile shapes, the modeled C3H6 and C4H8 profiles are 

multiplied by a factor of 3 whereas the C10H20 is multiplied by a factor of 0.5. Here, in all 

cases the fuel stoichiometry dependence of the fuel is in excellent agreement with the 

measurements.  
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Fig. 5: Mole fraction profiles of olefins (C2-C6) as a function of the oven temperatures for the three 

fuels studied and  = 0.5, 1.0, and 2.0. Symbols represent experimental data and lines modeling 

results. Legend:  = 0.5 (black), 1.0 (blue), 2.0 (red). 

 

When comparing the three fuels for the small olefins C2H4, C3H6, and C4H8, their maximum 

mole fractions are nearly independent of the initial fuel carbon number at a given 

stoichiometry. At a given stoichiometry, the maximum concentrations of the olefins larger 

than C4 increase with increasing fuel carbon number. Few modeled species show under 

prediction of the fuel dependence trend. For example, the hexene (C6H12) mole fractions are 

well produced for n-nonane but are under-predicted by both n-hexane and n-dodecane 

oxidation (Fig. 5). This can be attributed to the fact that in the modeled C6H12 is one of the 

major products of n-nonane decomposition (s. Fig. 2), whereas less than 10% C6H12 is 

formed from n-hexane and n-dodecane decomposition. This implies the branching rate 
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coefficient of C6H13 and C12H25 ß-scission reactions needs revision. Since these reaction rates 

are based on the analogy of smaller species as no real measurement or estimations are 

available for larger hydrocarbon this can be considered as uncertainty related to rate 

coefficients. Similarly the C7, C8, and C9 olefins are under-predicted in n-nonane but are well 

reproduced for n-dodecane (Fig. 6). These olefins are not detected in the n-hexane 

measurements. 

  

Fig. 6: Mole fraction profiles of olefins (C7 - C12) as a function of the oven temperatures for the three 

fuels studied and  = 0.5, 1.0, and 2.0. Symbols represent experimental data and lines modeling 

results. Legend:  = 0.5 (black), 1.0 (blue), 2.0 (red). 

 

4.5 Benzene formation at different temperatures 
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A literature review shows that benzene can be formed in different reactions routes in different 

temperature regimes [23-27, 79, 80] independent of the fuel structural dependence. To 

understand this, the regions of temperatures can be divided into two: low- to mid-

temperatures (≤ 1200 K) and high-temperatures (> 1200 K). 

As discussed earlier, flame studies feature the high temperature regime with benzene 

formation dominantly from propargyl recombination for most fuel structures (see Table 1s in 

the supplemental material). The reason behind this dominance is that propargyl radicals 

possess exceptional high thermal and chemical stability (resonance stabilization energy 50 

kJ/mol) and exhibit low reactivity towards O2 leading to their high concentrations at flame 

conditions [19, 78].  

Compared to this, the low- to mid-temperature benzene formation shows dominance of C2 + 

C4 reaction routes. Only a few studies discussed benzene formation in this regime: 

 Pyrolysis in flow reactor have shown that at T < 1200 K, the cracking of hydrocarbons 

leads to acetylene formation which then polymerizes through a molecular channel to 

hydrocarbon mostly larger than C4H4 [27, 79, 80]. The acetylene polymerizes through 

the 2C2H2  C4H4 reaction because at those temperatures the reaction 2C2H2  C4H3 

+ H is about 104 times slower [80]. Further, vinyl-acetylene and acetylene through the 

molecular channel form benzene (C4H4 + C2H2  C6H6). The possibility of this 

reaction is due to the concerted molecular process of triple bond to double bond 

addition leading to ring closure [27]. This process is so fast that the intermediate 

cannot be intercepted by free radical scavengers [27]. This finding also applies to 

oxidation.  

 Recently, Nakamura et al. [26] in a micro-flow reactor at T < 1300 K, showed 

stronger temperature dependence of benzene compared to PAHs in a rich acetylene-
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air mixture. Their modeled reaction sequence was C2H2  C4H4 n-C4H5/i-C4H5 + 

C2H2  C6H6. 

 Dagaut and Cathonnet [24] showed the fuel structure dependence on benzene 

formation in JSR from various unsaturated hydrocarbon fuels (C2H2, C3H4, C3H6, 

C4H6). In their mid-to-low temperature (900 - 1300 K) experiments, they showed the 

benzene formation tendency in the order C2H2 < C4H6 < C3H6 < C3H4.  

 This trend was also seen by Rasmussen et al. [23] who measured benzene in various 

CH4 flow reactor experiments doped with C2H2, C2H4, C2H6, C3H4, and C4H6 for high 

(>1400 K) and mid-to-low (1000 - 1300 K) temperatures. They found that even at low 

temperatures, benzene was formed directly from fuel C3H4 or C4H6 whereas no 

benzene was formed for CH4 doped with C2H6 or C2H4. 

 Similarly acetylene oxidation in a jet-stirred reactor study [25] showed benzene 

mainly formed through the C2 + C4 channel (C2H2 + i-C4H5  fulvene  benzene) at 

T < 1000 K whereas the C1 + C5 channel was the dominant route for T > 1000 K. Here 

the authors compared seven well known literature mechanisms for C6H6 prediction, 

most of them deviated with the measurements.  

These investigations point out that at least at low flame temperatures, the reaction routes to 

benzene formation differ from the widely accepted propargyl radicals’ reaction at flame 

conditions and support the C2 + C4 route as dominant benzene formation channel. 

Unfortunately, all these investigations are only available for fuels with less than 5 carbon 

atoms. 

Relevant to this study, the C2 + C4 benzene formation reactions in the mechanism of 

present work are: n-C4H5 + C2H3  C6H6 + H2, n-C4H5 + C2H2  C6H6 + H, i-C4H5 + C2H4 

 C6H6 + H + H2, i-C4H5 + C2H2  C6H6 + H, and i-C4H5 + C2H  C6H6. In addition, 

reactions of fulvene added to the mechanism are: i-C4H5 + C2H2 = fulvene + H, n-C4H5 + 
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C2H2 = fulvene + H, C5H5 + CH3 = fulvene + 2H, C3H3 + C3H3 = fulvene, C3H3 + C3H5 = 

fulvene + 2H, fulvene = C6H5 + H, fulvene = C6H6, and fulvene + H = C6H6 + H. 

Predictions of benzene for the three n-alkanes studied in this work are shown in the Fig. 

7(left). The figure shows a comparison of the measured and predicted benzene mole fraction 

for all the three fuels. Here, it should be noted that all the predicted profiles are multiplied by 

factor of 2.5. The profile shapes are well reproduced by the mechanism and considering the 

measurement uncertainty of 50% for this measurement and uncertainties in rate constants of 

modeled benzene precursors, this can still be considered a reasonable result. A relative 

comparison in Fig. 7(right) shows, with increase in carbon number and fuel stoichiometry, 

the benzene formation increases, which is apparent.  

  

Fig. 7: Benzene profiles and maximum mole fraction for the three fuels studied and  = 0.5 (black), 

1.0 (red), and 2.0 (blue). Symbols represent experimental data and lines modeling results. Dotted 

lines in the right figure are only guiding lines.  

 

The influence of the fuel itself on benzene formation can be seen from the decomposition of 

the first fuel radical. In case of n-dodecane, the fuel radical (sC12H25, sec-dodecyl radical) 

decomposes to form C4H8 in the reaction sC12H25  pC8H17 + C4H8. Similarly, in n-hexane 

and n-nonane the fuel radicals s-C6H13 and s-C9H19, respectively, decompose to give C4H8. In 
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all cases, the C4H8 leads to benzene formation through C4H8  nC4H7  nC4H6  i-C4H5  

C6H6 pathways.  

The model prediction of benzene precursors are compared in Figure 8. The C2H4 and C2H2 

are involved in the reactions with C4H6 and C4H8 to form benzene. The comparison of the 

model prediction with the respective experiments shows that the model in general is capable 

to reproduce increasing trend with stoichiometry at all temperatures. The C2H2 profiles in rich 

case ( = 2.0) presents a small region of plateau between two distinct regions of maxima. 

The second increase is not reproduced by our model to the extent of measurement. Among 

the literature mechanisms only POLIMI reproduce the second measured increase. At these 

temperatures acetylene is mainly consumed to form C2H3, which is similar to our mechanism. 

Interestingly for other fuels, we observed similar results where C2H2 profile (at rich 

conditions) in intermediate regime is typically in excellent agreement while the rise at the 

high temperature often deviates significantly by the model (up to a factor 2-3) [62, 63]. Thus, 

the under-prediction of C2H2 at high temperature owing to very limited knowledge about this 

regime remains unclear. The simulated maximum mole fractions of C4H6 and C4H8 are under-

predicted by factor of 2 and 3 respectively which can be responsible for under prediction of 

benzene formation. Here, the measurement uncertainties of these two species are about 30%. 
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Fig. 8: Mole fraction profiles of benzene and benzene precursors as a function of the oven temperature 

for the three fuels studied and  = 0.5, 1.0, and 2.0. Symbols represent experimental data and lines 

modeling results. Legend:  = 0.5 (black), 1.0 (blue), 2.0 (red). 

 

The predictions of benzene formation by literature reaction mechanisms are compared in Fig. 

9. The mechanisms that include benzene pathways for n-dodecane are JetSurF 2.0 [44], 

POLIMI [50] and RWTH [77]. Only JetSurF 2.0 mechanism includes also n-hexane and n-

nonane. As shown in Fig. 9 (right), all the mechanisms under-predict the measured benzene 

formation by factor of 3 to 15, which is striking as all these mechanisms are supposed to be 

optimized to predict soot precursors and therefore also benzene formation.  
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Fig. 9: Maximum benzene mole fraction for the three studied fuels and  = 0.5, 1.0, and 2.0. Symbols 

represent experimental data and lines modeling results. Dotted lines in the right figure are only 

guiding lines. 

 

For the conditions of our experiments, all the above mentioned mechanisms have common 

benzene consumption reaction C6H6  C6H5 + H forming phenyl and the major benzene 

formation reactions differ slightly: 

DLR: i-C4H5 + C2H4  C6H6 + H + H2 and i-C4H5 + C2H2  C6H6 + H 

JetSurF 2.0: C4H6 + C2H3  C6H6 + H + H2  

POLIMI: C4H5,total + C2H4  C6H6 + H + H2 

RWTH: i-C4H5 + C2H2  fulvene + H  C6H6 + H 

Among the fulvene formation routes i-C4H5/n-C4H5 + C2H2  fulvene + H, C5H5 + CH3  

fulvene, C3H3 + C3H3  fulvene, C3H3 + C3H5  fulvene, the latter three are unimportant for 

present conditions due to nearly zero mole fractions (<10-8) of corresponding radicals 

required for its formation. Insertion of above reactions leads to benzene formation via fulvene 

(by H-assisted conversion) by <0.1% (at 50% benzene formation for all fuels and 

stoichiometries studied). The major channel remains i-C4H5 + C2H4 (and C2H2)  C6H6. 

Thus, the inclusion of fulvene has no visible effect on benzene formation.  
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All these mechanisms consider the C2 + C4 (even route) as a major benzene formation 

source however the species/radical itself varies. All mechanisms, except JetSurF 2.0, consider 

the C4H5 radical as the C4-species governing benzene formation. Theoretical studies and 

direct measurements in flames have shown that i-C4H5 isomer is more abundant than n-C4H5 

as a result of resonance stabilization [55] due to which the thermochemistry favors formation 

of the i-C4H5 isomer. This is reflected by our model where the concentration of i-C4H5 is 

about two orders larger than that of n-C4H5. The rate coefficient of n-C4H5 + C2Hx  C6H6 (x 

= 2, 3, 4) is significantly larger than that of the i-C4H5 isomer but due to low concentration of 

n-C4H5, the contribution towards benzene formation is dominated by i-C4H5, which was also 

pointed out in Senosiain and Miller [81]. The reaction rates of benzene formation reactions as 

well as concentration of benzene precursor species varies among the mechanisms discussed 

above leading to the scatter in benzene formation predictions. Analysis of the DLR 

mechanism shows that the benzene formation is dominated by the reactions of i-C4H5 + C2H4 

 C6H6 + H + H2 and i-C4H5 + C2H2  C6H6 + H, their relative importance being dependent 

on the temperatures at which C2H4 and C2H2 is formed. It appears that the absence of either 

or both of these two reactions in JetSurF 2.0 and RWTH models leads to noticeably lesser 

contribution to benzene formation giving maximum deviation observed with the 

measurements. For the DLR and POLIMI models where benzene predictions are close to the 

experiments, these two reactions are present. 

Compared to the benzene predictions at the flow reactor conditions, the agreement in 

predictions by these mechanisms in flames is better. For example, benzene is measured by 

Doute et al. [82] in an atmospheric laminar premixed decane-air flame at rich condition ( = 

1.7). The benzene formation reaction at flame temperatures is dominantly the propargyl 

recombination reaction (2C3H3  C6H6). For this case the benzene mole fraction varies up to 

a factor of 2 compared to measurements (see Fig. 10) but still by a factor of 4 among each 
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other. At T < 1100 K, the propargyl concentrations are as low as 10-8 (e.g. in n-dodecane,  = 

2.0) whereas at flame temperatures, the propargyl mole fraction is about 10-4 (e.g. in n-

decane-air flame,  = 1.7). Thus, propargyl concentrations are not sufficient to form benzene 

at lower temperatures typical to flow reactor experiments. Though in flames, lower 

temperature condition do exists closer to the burner surface. However, measurement 

uncertainties are very high at low flame positions. The influence of small species chemistry 

on benzene formation cannot be verified based on present flame experiment. 

 

Fig. 10: Benzene mole fractions in an atmospheric laminar premixed decane-air flame at  = 

1.7. Experiments: symbol [82], lines: simulations. 

 

To extend the above discussion on how the C2 + C4 route correlates to the benzene formation 

at low flow reactor temperatures, we plotted various precursor species against benzene. In 

Figure 11, the maximum benzene mole fractions are plotted against the maxima of various 

precursor species for all fuels and stoichiometries investigated in the present work. Here, both 

simulated and measured (when available) mole fractions are plotted. For the fuels studied in 

this work, the benzene formation in the simulations follows the route: Fuel  first fuel 

radical  nC4H8  nC4H7  C4H6  i-C4H5  C6H6. Along with these species, C2H2 and 

C2H4 are important as they react with i-C4H5 to form benzene. The plot shows that the 

maximum mole fractions of C2H2, C2H4, C4H6, and C4H8 correlate very well with the 
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maximum benzene mole fractions for all the three stoichiometries and three fuels studied. 

This observation is supported by both experiments and simulations. The simulated i-C4H5 

radical, which is not measured, shows also linear fit to the maximum benzene concentration. 

The propargyl radical C3H3 shows no correlation with benzene.  

 

Fig. 11: Maximum benzene concentrations are plotted against various C2 - C4 stable species and 

radicals considered important precursors to benzene formation. Both experiments (circle) and 

simulations (square) are plotted for all three fuels and stoichiometries. An increase in benzene mole 

fraction to increase in precursor mole fraction is shown by a fitting line.  

 

The benzene formations at intermediate temperature do vary from high flame temperature 

routes. The focus of present work has been restricted to n-alkanes only and the influence of 

C2 + C4 route may vary for other reaction classes. At this point, we cannot state a general 

dominance for C2 + C4 benzene formation route at intermediate temperatures beyond the 

investigated n-alkanes. For this reason a general conclusion for benzene formation pathways 

in the intermediate temperature range is not feasible from this study alone and the present 
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results should be considered as an observation proofing the need for future studies of other 

fuel classes. 

 

5. Conclusion 

Reaction kinetics of three n-alkanes is investigated in this work as a representative of larger 

n-alkanes that can be found in the continuous distribution of n-alkanes in FT processes. This 

study intends to investigate larger hydrocarbons for their variation in carbon number and fuel 

stoichiometry at lower end of temperatures relevant for technical combustors. The reaction 

kinetics is investigated to obtain species spectrum produced by the fuel and to understand the 

reaction routes of benzene formation. A DLR high temperature flow reactor setup with 

coupled MBMS detection system is employed to obtain speciation data for the above stated 

fuels. Speciation data of n-hexane, n-nonane, and n-dodecane are studied in an atmospheric 

flow reactor for three different equivalence ratios ( = 0.5, 1.0, and 2.0). A detailed reaction 

model succeeds in reproducing all the measured species and is in good agreement with the 

measurements. Both the measurement and simulations provide insight into major reaction 

pathways as well as into the product spectrum and prediction of soot precursors during the 

oxidation of the three fuels studied. Since the flow reactor is operated at temperatures 

comparable to intermediate flame temperature (in this case below 1200 K), reaction pathways 

leading to benzene in n-alkanes are found to be formed from the C2 + C4 route unlike in 

flames (T > 1400 K), where propargyl recombination is important. Most of the literature 

mechanisms are found not optimal to predict benzene formation at such temperatures. In this 

work, only n-alkanes are studied, therefore the influence of C2 + C4 route cannot be verified 

for other reaction classes. However, it emphasizes the need for understanding benzene 

formation at intermediate flame temperature, which usually occurs in the lower temperature 

zones of practical combustion devices. 
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