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1. Introduction 

The minimization of nitrogen oxides (NOx and N2O) emissions to comply with current EU 

directives [1, 2] together with issues related to the rising energy demand  and the need of a safer 

energy supply, are today among the major concerns of combustion-related processes. 

A significant amount of research has been devoted to improve the understanding of NOx 

formation and to develop environmental friendly and fuel flexible technologies.  

The use of a wide palette of novel energy vectors and the exploitation of non-conventional fuel 

mixtures, as Coke Oven Gas (COG), a valuable by-product of coal carbonization, could 

potentially  fulfill the need of fuel flexibility; however, it introduces new challenges in pollutant 

control research. For instance, deeper investigations are needed to shed light on  NOx formation 

during COG combustion. This low calorific value (LCV) fuel is mainly made up of H2, CH4, CO 

and small percentages of aromatic compounds [3]. Eddings [4], simulated NOx formation in 

combustion of steel industry by-products like COG in a plug-flow reactor, at intermediate 

temperatures (1200-1400 K), atmospheric pressure and three different equivalence ratios (φ = 0.6, 

1, 1,4), by using twelve different kinetic mechanisms. They observed, in all the analysed cases 

that NOx emissions were composed of over 99 % of nitric oxide (NO) and that NO formation was 

controlled by hydrogen attack to N=N bond trough H+N2 reaction to form the NNH intermediate, 

at the chosen operating conditions, instead of the methylidene attack according to the prompt NO 

formation mechanism. To our knowledge, not many other studies were later performed to 

investigate NOx formation in COG oxidation. Moreover, if the oxidation small aromatic species, 

such as benzene, has been extensively discussed in literature [5-9] in order to assess the 

competition between the depletion of such compounds and their growth to PAH and ultimately to 

soot; no study, until now have tried to determine the role that benzene oxidation chemistry might 

play in NOx formation.  

The main goal of the present work is to investigate NOx formation in laminar premixed 

stoichiometric H2/CH4/CO/O2/N2 and H2/CH4/CO/O2/N2/C6H6 flames at low pressure that are 

representative of a real COG composition. The purpose is highlighting the main NO formation 

pathways and the role that benzene oxidation chemistry might play on the nitrogen chemistry in 

such flames through a joint experimental and modelling investigation.  
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2. Methodology 

2.1 Experimental 

Experiments were performed in laminar H2/CH4/CO/O2/N2 and H2/CH4/CO/O2/N2/C6H6 premixed 

stoichiometric flames stabilized at low pressure (7.5kPa), on a movable water-cooled Spalding-

Botha burner with a diameter of 8 cm, at a fixed dilution ratio, D=O2/(O2+N2) of 0.21. The 

experimental setup has been described in detail elsewhere [10]. The compositions of the 

investigated flames are listed in Table 1. They represent industrial COG mixtures with different 

contents of C6H6 (Flame II, Flame III, Flame IV). The flame without benzene (Flame I) was also 

investigated as reference. The net inlet flow rate of the mixtures was kept constant and equal to 13 

ln/min. 

 

Table 1- Investigated  stoichiometric (φ=1) premixed flame compositions- P=7.5 kPa, 

D=O2/(O2+N2)=0.21, Q=13 ln/min  

Flame XH2 XCH4 XCO XO2 XN2 XC6H6 

Flame I  0.1323 0.0488 0.0115 0.1695 0.6378 - 

Flame II 0.1305 0.0482 0.0114 0.1700 0.6396 0.0004 

Flame III 0.1256 0.0464 0.0112 0.1713 0.6442 0.0013 

Flame IV 0.1225 0.0452 0.0107 0.1721 0.6475 0.0020 

Sampling was carried out at different distances from the burner by means of a conical quartz 

nozzle, with an entrance diameter of 0.2 mm and an angle of 45˚. Chemical compounds were 

detected by gas chromatography (TOGA/Trace GC) equipped with two capillary columns, 

PoraPLOT Q, and Molsieve 5 Å , in series with RTX1, for the analyzed gas flow rate restriction 

before the micro-TCD and thermal conductivity and flame ionization detectors. NO 

concentrations have been measured with a HORIBA PG-250, by chemiluminescence 

measurements with an accuracy of ± 5%. Temperature profiles were measured by means of a 

coated type B (PtRh6% - PtRh30%) thermocouple and the corrections for radiative heat losses 

were evaluated by the Heat transfer model (HTM) method [11]. 

 

2.2 Modelling 

 

In order to interpret the experimental data, two different kinetic mechanisms were used: 

NOMecha2.0 sub-mechanism [12] integrated with GDFkin®3.0 [13] and a benzene oxidation 

sub-mechanism [14] and POLIMI models [15]. NOMecha2.0 sub-mechanism for N-species 

formation at high temperature was validated, by Lamoureux et al. [12], on a large experimental 

database obtained in flames, a jet-stirred reactor (JSR) and a plug-flow reactor under sub-

atmospheric and atmospheric conditions; after being implemented in GDFkin®3.0, a robust 

model dedicated to natural gas oxidation chemistry [13]. Moreover the added sub-mechanism 

describing benzene oxidation [14] was validated against many data obtained at high and low 

temperature for n-heptane/benzene and methane/benzene mixtures. The final mechanism consists 

in 194 species and 1336 reactions. 

On the other hand the POLIMI_1810 mechanism was obtained from the related framework, 

describing the pyrolysis and oxidation of hydrocarbon fuels. Its core C0-C3 mechanism was 

recently updated by coupling the H2/O2 and C1/C2 subsets from Metcalfe et al. [16], C3 from 
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Burke et al. [17], and heavier fuels from Ranzi et al. [18] Thermodynamic properties were also 

updated by leveraging the database of Burcat and Ruscic [19]. A full description of the NOx 

model is available in the work of Song et al. [20], while the model for the pyrolysis and oxidation 

of benzene was originally developed by Saggese et al. [21] and included in the general 

framework. The final size consists in 261 species and 5834 reactions. The investigated premixed 

laminar flames were simulated using the software OpenSMOKE++ [22].  

 

3. Results 

 

Benzene addition slightly increased the flame temperature in the investigated flames. Indeed the 

corrected maximum temperatures measured in Flame I and Flame IV, were respectively 1872 K 

and 1911 K, with an uncertainty estimated at ± 5%. 

The measured NO profiles in the investigated flames showed that also NO formation increased 

with the fraction of C6H6 added to the stoichiometric premixed laminar H2/CH4/CO/air flames. 

For instance, at 50 mm of distance from the burner, the measured NO on dry basis in Flame IV 

was ~27% higher than NO measured at the same distance in the reference flame, Flame I, without 

benzene. 

The structures of Flame I and Flame IV were computed by integrating the corrected temperature 

profiles in the simulations and by using both kinetic mechanisms above described. In particular, 

the predicted main species mole fraction profiles, in Flame I and Flame IV, were in reasonable 

agreement with experimental profiles and similar predictions were achieved with POLIMI_1810 

and NOmecha2.0 mechanisms. With regard to the simulated NO profiles both kinetic mechanisms 

were able to predict the increasing NO trend with increasing concentrations of benzene observed 

experimentally. However, the comparison between the measured and the simulated NO profiles 

on dry basis showed that the kinetic models used overestimate the experimental measurements 

(Fig.1). The highest overestimation was observed in the post-flame zone, as well as in the reaction 

zone, when C6H6 was present in H2/CH4/CO/air flame and NOmecha2.0 was used. 

Very similar NO predictions were achieved with both kinetic mechanisms in the reference flame 

H2/CH4/CO/O2/N2, Flame I (Fig.1.a), where the models underpredicted NO close to the reaction 

zone while an overprediction of ~50 % occurred in post flame zone at 50 mm. However, for 

Flame IV (Fig 1.b), the NO predictions were moderately overestimated in both the reaction zone 

and the post-flame zone, with the NOmecha2.0 mechanism, while the POLIMI_1810 mechanism 

again slightly underpredicted NO in the reaction zone and overpredicted in the post-flame zone. 

 

 
              a                                                                      b                         

 

 

 

 

 

 

 

Fig. 1-  

Fig.1- Comparison between experimental (symbols) and simulated NO profiles using NOmecha2.0 (lines) 

and POLIMI_1810 (dashed lines), in stoichiometric premixed laminar H2/CH4/CO/N2/O2, Flame I, (a) and 

H2/CH4/CO/N2/O2/C6H6(0.2%) , Flame IV, (b). 
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Detailed ROPA and sensitivity analyses allowed to identify the main NO formation pathways in 

the stoichiometric H2/CH4/CO/N2/O2 flames with and without benzene at different distances 

from the flame front.  

It was found that C6H6 interacted with the oxidation kinetics of the other fuel components in the 

stoichiometric H2/CH4/CO/N2/O2 flames by increasing the production of intermediate species 

that play a key role in NO prompt formation route. This NO formation pathway was therefore 

enhanced by the presence of benzene. 

 

4. Conclusion 

 

NOx formation in four stoichiometric, low-pressure, premixed laminar  H2/CH4/CO/O2/N2 and 

H2/CH4/CO/O2/N2/C6H6 flames was investigated in order to shed light on NOx formation in COG 

oxidation. The complete flame structures measurement coupled with a detailed kinetic study 

performed with two different kinetic mechanisms, NOmecha2.0 and POLIMI_1810, allowed to 

clarify the nitrogen chemistry interaction with the fuel oxidation and in particular the role of 

benzene in the main NO formation routes in such flames. 

In the future works, this study will be extended to lean and rich flames, in order to get a deeper 

understanding on the effect of benzene on NOx chemistry.  
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