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A B S T R A C T   

The oxidative coupling of methane (OCM) at high temperature over monolithic Pt-based catalysts operated at 
short contact times is investigated as an attractive method for methane upgrading to higher value products like 
ethylene and acetylene. An experimental measurement campaign aiming at elucidating the effect of operation 
parameters on the catalyst performance revealed that lower N2 dilution, lower CH4/O2 ratio, and higher space 
velocities promote high C2 yields. A maximum C2 yield of 10 % with 94 % CH4 conversion was obtained at a 
CH4/O2 ratio of 1.1, 50 % N2 dilution, and a space velocity of 4.5 × 105 h− 1. Since both heterogenous and 
homogenous gas-phase chemistry together are required for determining C2 formation pathways, a detailed OCM 
surface reaction mechanism over Pt is presented consisting of 26 species and 86 reactions that are consistent from 
the view of thermodynamics and micro-kinetic reversibility. The combination of this OCM surface mechanism 
with a detailed gas-phase mechanism allows a numerical micro-kinetic description of the experimental mea
surements. The simulations presented in this study suggest that C2 formation takes place in the gas-phase at 
temperature above 1200 K with both oxidative and pyrolytic pathways for methane dehydrogenation to form 
CH3 radicals, whose coupling results in C2H6, C2H4 and C2H2 formation. Furthermore, the simultaneous presence 
of sufficient oxygen content and heat are vital for high C2 species yields.   

1. Introduction 

Methane (CH4) is an abundant feedstock that predominately origi
nates from natural gas. Over the years, various technologies have been 
developed for the efficient utilization of CH4 to syngas (mixtures of 
hydrogen (H2) and carbon monoxide (CO)) [1–3], which can then be 
processed into chemicals and fuels using a wide range of technologies. 
Furthermore, several ways for upgrading the CH4 component, such as 
oxidative coupling of methane (OCM) or non-oxidative coupling of 
methane (NOCM) have been investigated, thereby establishing tech
nologies for C2 species formation. Ethylene (C2H4) and acetylene (C2H2) 
are the most significant and basic building element in the petrochemical 
industry, hence its efficient manufacture is critical [4]. The NOCM gives 
a high selectivity towards C2 products, but due to a limited CH4 con
version, typically only small C2 yields are produced [5,6]. In contrast, 
OCM allows for significant conversion of CH4, but the selectivity to
wards C2 is a relatively low, since high amounts of CO and carbon di
oxide (CO2) are formed during partial and total oxidation reactions 

[4,7–10]. 
In the 1990s, Schmidt and his team pioneered the use of foam or 

honeycomb substrates coated with a metal-containing washcoat to 
demonstrate the autothermal operation of the catalytic partial oxidation 
(CPOX) reformers on a lab scale [11–16]. Hickmann and Schmidt (1993) 
found that adding oxygen (O2) to the methane feed allowed syngas to be 
generated over Rh-based catalysts [13]. In contrast, high amounts of C2 
species were generated when using the same reactor configuration with 
Pt-based catalysts [13,15,17]. Since the total oxidation reactions are 
exothermic, neither of these processes requires the addition of external 
heat and high temperature is autothermally achieved inside the reactor. 
The higher temperature due to higher water selectivity and lower H2 
selectivity observed over Pt than Rh is attributed to the difference in 
activation energy for the formation of OH radicals on the surface. A 
lower stability of OH radicals over the Rh surface favors the H2 forma
tion reaction, whereas H2O formation is favored over Pt [14,18,19]. 
Comprehensive laboratory tests demonstrated that the conversion of 
methane in platinum-coated monolithic reactors can reach 90 % CH4 
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conversion with C2 selectivity as high as 20 % at a space velocity of 1.5 
× 105 h− 1, atmospheric pressure, with a CH4/O2 ratio of 1.4 and 20 % N2 
dilution. Furthermore, a strong correlation of space velocity, N2 dilution 
and input CH4/O2 ratio towards C2 formation is visualized by experi
ments [17,20]. 

Several researchers have pursued detailed chemical kinetic modeling 
in order to elucidate CPOX of hydrocarbons over the Pt catalyst and a 
variety of pathways have been proposed [21–28]. It was investigated 
that methane CPOX over Pt foam catalysts is largely driven by kinetics 
[29]. According to earlier research on methane CPOX over Pt on ceramic 
foam monoliths, a limited zone at the entry of the catalyst foam is where 
total oxidation of methane takes place, followed by a partial oxidation 
zone leading to formation of CO and H2 [29–31]. A prolonged endo
thermic steam reforming zone follows this oxidation zone, and at low 
enough catalyst temperatures, also a water gas shift reaction is observed. 
However, there is little impact from dry reforming [23,27,29]. 

In contrast to CPOX, the formation of C2 species by means of OCM 
over Pt has not yet been comprehensively described by a detailed re
action mechanism that is capable of capturing both gas-phase and sur
face processes. Our previous research put forward that interplay of both 
heterogenous and homogenous chemistry, which together govern the C2 
species formation over Pt by OCM at extremely short contact times [32]. 
The catalyst was vital for oxidation of surface C and H species in order to 
generate localized heat that promotes endothermic homogeneous re
actions [33]. Thus, the higher temperatures are further crucial for 
activation of non-catalytic processes in the gas-phase, for the creation of 
higher hydrocarbons. Furthermore, the formation of C2 products was 
attributed to the formation of CH3 radicals in the gas-phase, and CH2 and 
CH radicals were disregarded as potential sources of C2 species [34]. 

In the current work, the potential contributions of both heterogenous 
and homogenous chemistry to the OCM over a platinum catalyst is 
evaluated. Starting from a microkinetic model by Kahle et al. [28] (22 
species, 58 reactions) that was originally developed for high tempera
ture dry reforming of methane over Pt catalysts, the incorporation of H 
(s) and OH(s) assisted dehydrogenation processes results in new ther
modynamically consistent OCM surface mechanism. The new OCM 
surface mechanism is based on the mean-field approximation and in
cludes 26 chemical species and 86 chemical reactions. The application of 
sensitivity and path analysis helped to further simplify the heteroge
neous mechanism defined. It has also been demonstrated that pathways 
using oxygenates like HCO(s) and CH2O(s) contribute. Further, free- 
radical reactions can explain the gradual dehydrogenation of methane. 
CH3 species formed in the gas-phase may undergo either pure or oxygen- 
supported pyrolysis. Thus, methane can be directly transformed into 
hydrocarbons at high temperatures by thermally induced coupling 
processes in the gas-phase. These gas-phase processes that ultimately 
result in C2 formation via OCM were described by including a detailed 
microkinetic gas-phase mechanism that was originally developed by 
Appel, Bockhorn, Frenklach (ABF) in the context of hydrocarbon 
oxidation and pyrolysis [35]. 

This study presents a comprehensive OCM microkinetic model on 
platinum that is thermodynamically consistent and is validated to a wide 
range of experimental conditions. Furthermore, the current work ex
pands previous studies by providing insights on the complex interplay of 
gas-phase and heterogenous catalytic chemistry and covering a broad 
variation of reaction conditions in terms of (i) residence times, (ii) input 
fuel dilutions through N2, and (iii) CH4/O2 ratio. 

2. Experimental methods 

A 1 wt-% Pt/γ-Al2O3 powder catalyst was prepared by incipient 
wetness impregnation as previously explained in detail by Chawla et al. 
[32], and thereafter coated onto a cylindrical cordierite honeycomb 
monolith (length 0.01 m, diameter 0.01 m, Corning) with a cell density 
of 400 cpsi (cells per square inch by the methodology adopted by Kar
inshak et al. [36]. Herein, the honeycomb geometry was chosen because 

back-pressure is only of minor concern. This is of particular relevance 
because the catalytic converters need to be operated with high flow 
velocities in order to ensure millisecond residence times that are 
considered a prerequisite for OCM. 

The experimental setup used for catalytic testing, which is described 
in detail in our previous publication [32], includes a quartz glass tubular 
reactor with a length of 0.625 m that was used to house the monolithic 
catalyst. An inert honeycomb monolith (length = 0.01 m, diameter =
0.01 m) serving as heat shield was positioned 0.005 m in front of the 
catalyst to enhance the heat transfer. The reactor is placed inside a 
Carbolite HST 12/400 furnace, which was heated to 773 K during the 
catalyst tests. Before entering the reactor, the reaction gases N2, CH4, 
and O2 are preheated to 463 K and mixed using mass flow controllers 
(Bronkhorst). The temperature of the exhaust gas is continuously 
monitored by a type S thermocouple located 0.005 m downstream of the 
catalyst while an online Fourier-transform infrared (FTIR) spectrometer 
(MultiGas 2030, MKS Instruments) analyzes the effluent gas stream 
composition of the exhaust gas. 

The experiments for model development and validation were con
ducted with the monolithic Pt/Al2O3 catalyst described above at varying 
inlet reactor parameters; namely N2 dilution, CH4/O2 ratio, space ve
locity. Table 1 lists the reactor conditions at which experiments were 
conducted with the monolithic 1 wt-% Pt/γ-Al2O3 sample (length =
0.01 m, diameter = 0.01 m, 400 cpsi) at an inlet temperature of 773 K. In 
contrast to the surface chemistry, which is restricted to the reactor 
section containing the monolithic catalyst sample, active gas-phase 
chemistry is considered both over the catalytic monolith and in the 
tubular reactor up to 0.40 m after the catalyst. 

3. Modeling approach 

3.1. Channel model 

The processes during the operation of catalysts reactors can be pre
dicted using multiscale modeling, commencing with the atomic-scale 
reaction mechanism, and adsorption and diffusion operations over the 
catalyst surface, as well as reaction rates on the surface and in the gas- 
phase [37,38]. This study uses elementary-step based kinetic models 
of gas-phase and surface reactions to couple the 2D DETCHEMCHANNEL 

[39] reactor model simulations under reaction conditions of the chem
ical system. In order to account for heat transfer effects during catalyst 
operation at the given reaction conditions, DETCHEMMONOLITH [40] 
simulations are performed for a honeycomb catalyst. Using the 
DETCHEMCHANNEL [39] code, DETCHEMMONOLITH [40] comprehen
sively simulates representative channels to model the transient 
temperature. 

Schwiedernoch et al. [39] have provided thorough documentation of 
the modeling methodology for a channel reactor system, and our earlier 
investigations [32] have also provided summaries of the equations. 
Furthermore, the mean-field approximation is used to model the cata
lytic surface; thereby, the surface is made up of coverages with adsorbed 
species, which varies with temperature and the axial position within a 
channel. Calculations for surface coverages, kinetics, and production 
rates of surface reactions are also described in detail in Chawla et al. 
[32]. 

Table 1 
Reactor conditions chosen for the experiments with the monolithic 1 wt-% Pt in 
γ-Al2O3 sample (length = 0.01 m, diameter = 0.01 m, 400 cpsi) at inlet tem
perature of 773 K.  

Parameter GHSV variation N2 variation CH4/O2 variation 

GHSV (× 105 h− 1) 2.9–6.2 2.9 4.5 
CH4/O2 molar ratio 1.1 1.1 1.1–2.0 
N2 dilution (%) 50 50–70 50  
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3.2. Thermodynamic consistency 

The ability to accurately anticipate the thermodynamic equilibrium 
in the limit of infinite time is one of the prerequisites of a micro-kinetic 
model. Therefore, it is important to ensure that each elementary reac
tion is micro-kinetically reversible. Using the methodology adopted by 
Herrera Delgado et al. [41] for a reversible reaction (Eq. (1), the ther
modynamic consistency establishes a dependence between the rate pa
rameters of the forward and reverse reactions using Eqs. (2) and (3): 
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Here, Ai represents the i th species with v′
ij and v″

ij denoting as the stoi
chiometric coefficients for the reactants and products in the reaction 
respectively, Ng is the number of gas-phase species, Ns is the number of 
surface species. The equilibrium is described by the equilibrium constant 

Kp(T) = exp
(
−

ΔR G(T)
RT

)
, which needs to be converted into a constant 

with respect to concentrations Kc(T) by Eq. (3). ΔR G(T) is the change of 
Gibbs free energy in the reaction and R is the universal gas constant. cΘ

i 

depicts the species concentration under standard pressure, cΘ
i =

pΘ

RT for 
ideal gaseous species and cΘ

i = Γ
σi 

for surface species. Where, σi denotes 
the number of sites occupied by a particle of species i and Γ represents 
the surface site density of the surface. 

Note, that all reactions of a reaction mechanism must fulfill Eq. (2) in 
order to be deemed thermodynamically consistent for the range of 
temperature considered. 

3.3. Reaction flow analysis 

Based on the rate of species generation, a reaction flow analysis 
(RFA) identifies and defines the main sequential paths for the formation 
of products and consumption of reactants in a chemical reaction 
mechanism. The approach used in this study was taken from Gossler 
et al. [41]. The integral RFA determines which reactions contributed the 
most over the time period under consideration by integrating the reac
tion rates over all the reaction processes. Therefore, the effective reac
tion rate, which accounts for the forward and reverse directions of the 
reactions and determines the contribution of a specific reaction to the 
formation of a chemical species, is given by the following Eq. (4). 

reff,j = kf
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The desired form, expressed in mol units, is produced by multiplying the 
aforementioned equation by the volume. A negative value indicates that 
the reaction is actually moving the backward direction. 

3.4. Chemical reaction system 

3.4.1. The gas-phase chemistry 
For the present study, we adopted a detailed chemical gas-phase 

mechanism that was originally established by Appel, Bockhorn, and 
Frenklach (ABF) [35], which includes 99 chemical species and 543 re
actions. The ABF mechanism is capable of describing the formation of 

hydrocarbons up to C6 species and aromatics and has already been 
proven being well-suited under a variety of homogeneous gas-phase 
circumstances, such as both pyrolytic and oxidative conversion of C1 
and C2 species and also under the autoignition conditions [42–44]. Note, 
that for the present study the thermochemical and transport data cor
responding to the gas-phase chemistry was used without modification. 

3.4.2. The surface chemistry 
A mechanism with 22 species and 58 reactions that was originally 

developed by Kahle et al. [28] for dry reforming of methane over Pt 
pellets with an equimolar feed composition of CH4 and CO2 at high 
temperature (1123–1273 K) and at high pressure (up to 20 bar) served as 
starting point for the description of the surface chemistry during OCM. 
Since the original dry reforming mechanism does not include C2 for
mation pathways, the detailed reaction mechanism by Kahle et al. [28] 
was extended as described in section 4.3. 

3.5. Modeling methodology 

The reaction network is highly sensitive to temperature, which 
further impacts the reaction rates, reaction conditions, and species 
composition, i.e. conversion of reactants and formation of products. The 
modeling methodology adopted in this study is described in schematic 
Fig. 1. The operational approach used for the modeling of the experi
mental data involved the initial phase of establishing the temperature 
profiles under reactor conditions using the 2D transient single channel 
simulations, inclusion of heat transport effects with axial heat conduc
tion and active surface chemistry only in the zone of the monolithic 
catalyst. In the current system, axial heat conduction was considered a 
crucial factor for establishment of determination of temperature rise 
inside the coated catalyst and is discussed in detail in the section 4.1. 
Thereafter, the temperature profile obtained is established as the input 
wall temperature profile to conduct further 2D steady-state single 
channel simulations with active both gas-phase and surface chemistry 
over the catalytic monolith. 

The two-stage modeling method was adopted in the study due to lack 
of spatial temperature data for the experimental conditions considered 
due to measurement constraints. The first 2D transient single channel 
simulations were conducted using the above-described methodology 
under consideration of a channel length of 0.02 m and an empty zone of 
0.005 m both at the entrance and exit of the coated catalyst. Given the 
high space velocity considered during experiments and high tempera
tures (more than 1300 K, in all cases) obtained, the residence time over 
the catalyst of only 1–4 ms is extremely short. Hence, an adiabatic 
system with heat conduction along the length is considered in the 2D 
transient single channel simulations. Due to the high computational 
time involved in the calculations, only surface reactions have been 
considered in the 2D transient single channel simulations. However, 
once the temperature profile has been determined from the first stage 
simulations, both active surface and gas-phase chemistry are taken into 
account as the 2D steady-state single channel simulations are carried out 
in order to get the required product distribution. 

4. Results and discussion 

4.1. Description of the temperature profile 

During OCM, the temperature is a decisive factor that strongly in
fluences the evolution of product species [32,34]. Fig. 2 depicts the 
experimental temperature curve (dotted curve) obtained when oper
ating the Pt/Al2O3 catalyst at CH4/O2 = 1.1, N2 = 50 %, p = 1 bar, 
GHSV = 4.5 × 105 h− 1. In the short empty space between the heat shield 
and the catalytic monolith, an exponential temperature increase was 
seen prior to the entrance of the catalyst monolith, which can be 
explained by thermal conduction of the reaction heat evolving from 
catalytic CH4 conversion. The temperature continues to rise until it 
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reaches a peak temperature of 1550 K inside the Pt catalyst and then 
drops at the output. 

The assumption of adiabatic conditions and the exclusive consider
ation of surface chemistry (gas-phase chemistry is not considered), the 
2D steady-state single channel simulations surface mechanism does not 
yield a temperature increase before to the catalytic monolith (Fig. 2(a)). 
Instead, the temperature rises exponentially inside the catalyst before 
reaching a maximum temperature of 1900 K at the catalytic monolith’s 
end, which is an overestimation of the experimentally determined 
maximum temperature. Hence, adiabatic 2D steady-state single channel 
simulations do not describe the system. 

Therefore, 2D transient single channel simulations are conducted 
that allow an axial heat transfer along the solid wall of the catalytic 
monolith and 0.005 m up- and downstream of the coated catalyst. As 
depicted in Fig. 2(b), the consideration of axial transfer of the reaction 
heat that is generated by the catalytic CH4 conversion over platinum 
results in a simulated temperature profile that adequately mimics the 
temperature profile measured in the experimental setup. A pronounced 
temperature increases prior to the catalyst, a maximum in the monolith, 
and a moderate decline downstream the catalyst. 

In order to validate the approach for temperature profile simulations, 
further operation points at varying space velocities (GHSV = 2.9–6.2 ×
105 h− 1) and reaction conditions (CH4/O2 = 1.0, N2 = 50 %, p = 1 bar) 
were simulated. As shown in Fig. 3, the 2D transient single channel 
simulations predict the temperature that was measured 0.005 m 
downstream of the catalytic monolith rather well. Notably, these results 
point to a strong influence of axial heat conduction along the reactor. 
Thus, the transient single channel simulations with axial conduction are 
important in determination of temperature profile developed inside the 
reactor for all the measured input reactor conditions. Due to high tem
perature achieved inside the catalytic reactor, experimental measure
ment of temperature profile was not always feasible. With the 
application of 2D transient channel simulations, the T-profile suggested 
in Stage I of the methodology in Fig. 1, was kinetically modelled. 
Thereafter, the temperature profile obtained is further employed as wall 
temperature for 2D steady-state single channel simulations (Stage II, 
Fig. 1) with both active surface and gas-phase chemistry over the coated 
catalyst monolith, determinant for the product gas distribution. 

Fig. 1. Modeling methodology.  

Fig. 2. Comparison of simulated (lines) and measured (points) temperature profile at CH4/O2 = 1.1, p = 1 bar, 50 % N2, GHSV = 4.5 × 105 h− 1, (a) 2D steady-state 
single channel simulations (b) 2D transient single channel simulation. 
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4.2. Modeling with mechanisms from literature: Surface and gas-phase 
chemistry 

The first 2D steady-state single channel simulations were conducted 
using the methodology described in section 3.5, considering both sur
face kinetic model (Kahle et al. [28]) and gas-phase chemistry (ABF 
mechanism [35]) over the catalyst sample. The kinetic simulations were 
run across a reactor length of 0.4 m, simultaneously considering surface 
and gas-phase chemistry over the monolithic 1 wt− % Pt/Al2O3 catalyst 
with a noble metal loading of 30 g/ft3 (0.01 m), whereas only gas-phase 
chemistry was considered in the empty (0.39 m) quartz glass tubular 
reactor downstream of the monolith. The conversion and yield of the 
products are calculated based on the initial methane content in the feed 
gas stream. 

The experimental measurement campaign that varies the GHSV from 
2.9 − 6.2 × 105 h− 1 with reaction conditions of CH4/O2 = 1.1, N2 = 50 
%, p = 1 bar was shows that the C2 yield initially plateaus with rising 
space velocity and subsequently tends to drop as the space velocity in
creases beyond 4.5 × 105 h− 1 (Fig. 4). In addition, methane conversion 
decreases with rising space velocity, and a larger decrease was observed 
once the space velocity exceeds 4.5 × 105 h− 1, which may also 
contribute to the decline in C2 yields. 

As shown in Fig. 4, the channel simulations describe the temperature 
at the catalyst outlet, CH4 conversion and COx formation fairly well. 
However, the C2 species, which are in the focus of this study, were highly 
underpredicted, and particularly C2H2, which is the main product 
among the C2 species in our experiments, appears to be insignificant 

according to the simulations. These discrepancies call for a major 
modification of the reaction mechanism in order to improve the 
description of the C-C coupling chemistry that that is capable of 
capturing the formation of C2 hydrocarbons. In this regard, the inclusion 
of additional species and reaction pathways allows for a sufficient 
consideration of the complex interactions between gas-phase and sur
face chemistry, which is considered crucial in the context of OCM 
[32,34]. 

4.3. Extending the surface reaction mechanism 

For modifying the existing surface mechanism, a detailed surface 
chemistry with 35 adsorbed chemical species and 283 reversible re
actions that was developed by Vincent et al. [24] for describing the 
production of ethylene through dehydrogenation of ethane over a short 
contact time ceramic foam catalyst coated with Pt/Al2O3 was studied. 
Notably, the mechanism was developed by establishing activation en
ergy barriers, reaction enthalpy changes, and temperatures of adsorp
tion of adsorbed species for all essential steps of the process by means of 
density functional theory (DFT) and the unity bond index-quadratic 
exponential potential (UBI-QEP) approach. By adding 4 new species 
and 14 reversible reactions that describe oxygenate decomposition and 
their interaction with H, OH, O radicals over the Pt surface from the 
mechanism developed by Vincent et al. [24], the original reaction 
scheme by Kahle et al. [28] was extended for our present study on OCM. 
Moreover, since earlier research provides strong evidence for CH3 
radical coupling over the surface as an additional reaction pathway 
during OCM [21,24,45], CH3 radical coupling was not only considered 
in the gas-phase but also on the surface to form C2H6 [24]. Furthermore, 
Zhu et al. also discussed the presence of CHx coupling over noble metal 
catalyst via ab initio DFT calculations [46]. To ensure the microkinetic 
reversibility of each elementary step upon addition of new reactions, the 
thermodynamic consistency of the new OCM surface mechanism was 
maintained following the procedure given in section 3.2. Thereby, all 
species in the resulting mechanism exhibit thermodynamic functions 
that depend accurately on temperature in the range of 773–2000 K. The 
newly proposed, thermodynamically consistent OCM surface mecha
nism, that was established and validated using multiple sets of experi
ments for OCM over a Pt/Al2O3 monolith catalyst, is given in Table 2. 
Through sequential iterative comparisons of numerically predicted and 
experimentally determined species concentrations, the predictive 
behavior of the overall reactor model for OCM was evaluated. 

Consequently, the newly proposed OCM surface model comprises 26 
species and 86 reactions and incorporates HCO and CH2O radical for
mation on the surface and their interactions with H, O, and OH radicals 
over the Pt surface. The adsorption of CH2O radicals on the surface and 
their further catalytic transformation to HCO is well supported in liter
ature [24,26,47]. Furthermore, CH2O adsorption on the surface and 

Fig. 3. Comparison of experimental and modeled gas temperature at 0.005 m 
downstream of the catalytic monolith for variation in space velocity (2D tran
sient single channel simulation: Dashed line and 2D steady-state single channel 
simulations: Solid line). 

Fig. 4. Comparison of simulated (lines) and measured (points) for the influence of GHSV (CH4/O2 = 1.1, p = 1 bar, 50 % N2), (a) yield of C2 species and temperature 
downstream of monolith (b) CH4 conversion, yield of COx and H2O species. 

J. Chawla et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 482 (2024) 148719

6

Table 2 
Heterogenous pathways involved in OCM over a Pt/Al2O3 catalyst.   

Reaction A(cm, mol, s) / S0 β Ea (kJ/mol) ∊ikθi 

R 1 Pt(s) + Pt(s) + O2 → O(s) + O(s) 6.71E-05  − 0.15  − 1.55  
R 2 O(s) + O(s) → Pt(s) + Pt(s) + O2 3.03E + 19  0.67  233.64 +15.65θO 

R 3 H2 + Pt(s) + Pt(s) → H(s) + H(s) 2.91E-04  0.08  − 15.37  
R 4 H(s) + H(s) → H2 + Pt(s) + Pt(s) 4.40E + 21  − 0.16  60.52 +4.45θH 

R 5 Pt(s) + H2O → H2O(s) 1.94E-01  0.00  8.61  
R 6 H2O(s) → Pt(s) + H2O 5.30E + 15  − 0.18  53.72 +33.00θCO 

R 7 Pt(s) + OH → OH(s) 5.15E-01  − 0.02  1.22  
R 8 OH(s) → Pt(s) + OH 1.01E + 17  0.10  246.00  
R 9 Pt(s) + CO → CO(s) 5.21E-01  0.02  3.46  
R 10 CO(s) → Pt(s) + CO 2.67E + 16  − 0.41  144.45 +36.30θCO 

+4.29θH 

+6.00θH2O 

R 11 Pt(s) + CO2 → CO2(s) 9.82E-02  − 0.06  3.15 +86.32θO 

R 12 CO2(s) → Pt(s) + CO2 4.29E + 12  0.53  10.80 +8.18θCO 

R 13 Pt(s) + Pt(s) + CH4 → H(s) + CH3(s) 8.20E-04  0.03  11.82  
R 14 H(s) + CH3(s) → Pt(s) + Pt(s) + CH4 3.69E + 25  − 0.17  3.17 +2.23θH 

R 15 Pt(s) + CH4 + O(s) → OH(s) + CH3(s) 5.96E + 15  0.69  43.75 +7.82θO 

R 16 OH(s) + CH3(s) → Pt(s) + CH4 + O(s) 3.11E + 24  0.02  86.15  
R 17 OH(s) + CH4 + Pt(s) → H2O(s) + CH3(s) 2.84E-01  0.05  23.18  
R 18 H2O(s) + CH3(s) → OH(s) + CH4 + Pt(s) 1.93E + 26  − 0.19  57.90 +33.00θCO 

R 19 CO(s) + O(s) → Pt(s) + CO2(s) 3.67E + 21  0.08  113.88 +28.13θCO 

+4.29θH 

+6.00θH2O 

R 20 Pt(s) + CO2(s) → CO(s) + O(s) 1.17E + 22  − 0.08  149.73 − 94.14θO 

R 21 OH(s) + CO(s) → Pt(s) + COOH(s) 2.69E + 12  0.04  42.74 +36.30θCO 

+4.29θH 

+6.00θH2O 

R 22 Pt(s) + COOH(s) → OH(s) + CO(s) 8.71E + 11  − 0.04  25.91  
R 23 Pt(s) + COOH(s) → H(s) + CO2(s) 4.71E + 11  0.05  50.65 +86.32θO 

R 24 H(s) + CO2(s) → Pt(s) + COOH(s) 3.26E + 12  − 0.05  52.28 +8.18θCO 

+2.23θH 

R 25 H(s) + COOH(s) → CO(s) + H2O(s) 1.15E + 13  − 0.02  28.08  
R 26 CO(s) + H2O(s) → H(s) + COOH(s) 5.38E + 11  0.02  88.28 +69.30θCO 

+2.06θH 

+6.00θH2O 

R 27 C(s) + CO2(s) → CO(s) + CO(s) 4.47E + 19  − 0.01  − 5.57  
R 28 CO(s) + CO(s) → C(s) + CO2(s) 8.27E + 17  0.01  210.00 +86.32θO 

+64.43θCO 

+8.57θH 

+12.00θH2O 

R 29 Pt(s) + CH3(s) → CH2(s) + H(s) 6.73E + 22  0.04  69.76  
R 30 CH2(s) + H(s) → Pt(s) + CH3(s) 5.80E + 21  − 0.04  0.54 +2.23θH 

R 31 CH2(s) + Pt(s) → CH(s) + H(s) 1.16E + 23  0.04  37.54  
R 32 CH(s) + H(s) → CH2(s) + Pt(s) 1.94E + 22  − 0.04  21.36 +2.23θH 

R 33 Pt(s) + CH(s) → C(s) + H(s) 2.14E + 22  0.04  48.55 − 2.23θH 

R 34 C(s) + H(s) → Pt(s) + CH(s) 1.80E + 22  − 0.04  89.45  
R 35 H(s) + O(s) → OH(s) + Pt(s) 2.58E + 21  − 0.01  18.72 +2.23θH 

R 36 OH(s) + Pt(s) → H(s) + O(s) 3.67E + 21  0.01  69.78 − 7.82θO 

R 37 OH(s) + H(s) → Pt(s) + H2O(s) 1.76E + 23  0.02  3.46 +2.23θH 

R 38 Pt(s) + H2O(s) → OH(s) + H(s) 2.66E + 21  − 0.02  46.84 +33.00θCO 

R 39 OH(s) + OH(s) → H2O(s) + O(s) 2.64E + 21  0.03  62.39  
R 40 H2O(s) + O(s) → OH(s) + OH(s) 2.81E + 19  − 0.03  54.71 +7.82θO 

+33.00θCO 

R 41 C(s) + O(s) → Pt(s) + CO(s) 1.53E + 20  0.07  − 7.46 +7.82θO 

− 36.30θCO 

R 42 Pt(s) + CO(s) → C(s) + O(s) 8.98E + 18  − 0.07  243.96 +4.29θH 

+6.00θH2O 

R 43 CH3(s) + O(s) → CH2(s) + OH(s) 3.73E + 23  0.03  85.95 +7.82θO 

R 44 CH2(s) + OH(s) → CH3(s) + O(s) 4.57E + 22  − 0.03  67.78  
R 45 CH2(s) + O(s) → OH(s) + CH(s) 1.51E + 24  0.03  69.50 +7.82θO 

R 46 OH(s) + CH(s) → CH2(s) + O(s) 3.58E + 23  − 0.03  104.38  
R 47 CH(s) + O(s) → OH(s) + C(s) 2.24E + 21  0.03  42.37 +7.82θO 

R 48 OH(s) + C(s) → CH(s) + O(s) 2.69E + 21  − 0.03  134.34  
R 49 OH(s) + CO(s) → H(s) + CO2(s) 6.68E + 20  0.09  29.15 +86.32θO 

+28.13θCO 

+2.06θH 

+6.00θH2O 

R 50 H(s) + CO2(s) → OH(s) + CO(s) 1.50E + 21  − 0.09  13.95  
R 51 H2O(s) + C(s) → OH(s) + CH(s) 1.31E + 19  − 0.07  136.13 +33.00θCO 

R 52 OH(s) + CH(s) → H2O(s) + C(s) 1.03E + 21  0.07  51.85  
R 53 CH(s) + H2O(s) → CH2(s) + OH(s) 9.63E + 17  − 0.07  91.69 +33.00θCO 

R 54 CH2(s) + OH(s) → CH(s) + H2O(s) 3.82E + 20  0.07  64.48  
R 55 CH2(s) + H2O(s) → OH(s) + CH3(s) 1.33E + 18  − 0.07  42.34 +33.00θCO 

R 56 OH(s) + CH3(s) → CH2(s) + H2O(s) 1.02E + 21  0.07  68.19  

(continued on next page) 
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conversion to HCO and further decomposition to CO was considered and 
evaluated via experimental comparisons by Mhadeshwar et al. [26] as 
well. Although according to the subsequently presented results, the CH3 
radical coupling on the surface to form C2H6 has a negligible role on the 
formation of C2 products, the consideration of the reversible reaction is 
important for defining the thermodynamically consistent mechanism 
and active radical interactions. 

The rate constants are provided by a modified Arrhenius equation 
kfk = AkTβexp

[
− Eak
RT

]∏Ns
i=1Θμik

i exp
[εikΘi

RT
]
; the adsorption kinetic is repre

sented by sticking coefficients; the surface site density is Г= 2.72 × 10− 9 

mol/cm2. A: Sticking coefficient or pre-exponential factor, β: tempera
ture dependency. 

To further broaden our understanding of the OCM surface mecha
nism over platinum, the relative change in the surface coverages 

between the original CPOX mechanism by Kahle et al. [28] and our 
newly developed OCM surface mechanism for Pt at the CH4/O2 ratio of 
1.1 and 50 % N2 dilution with GHSV of 4.5 × 105 h− 1 is depicted in 
Fig. 5. The figure describes the species coverages along the channel axis 
for the most prevalent surface intermediates: O(s), CO(s), H(s), OH(s), 
and C(s). 

In Fig. 5(a), within the first millimeter of the channel, adsorbed 
oxygen is quickly consumed on the surface. In that area, the presence of 
O species quickly reduces the amount of H(s) on the surface, which 
points to an easy oxidation of H(s). In analogy to the total oxidation of 
methane over noble-metal catalysts, the predominant amount of the 
total oxidation products CO2 and H2O is formed near the catalyst inlet 
region [48,49]. Hence, the initial excess oxygen makes the front part of 
the catalyst a total oxidation zone [32]. Once the O(s) concentration is 

Table 2 (continued )  

Reaction A(cm, mol, s) / S0 β Ea (kJ/mol) ∊ikθi 

R 57 OH(s) + C(s) → CO(s) + H(s) 7.24E + 18  0.08  − 14.98  
R 58 CO(s) + H(s) → OH(s) + C(s) 2.99E + 17  − 0.08  185.38 +36.30θCO 

+6.51θH 

+6.00θH2O 

R 59 Pt(s) + HCO → HCO(s) 4.02E + 04  0.69  − 9.24  
R 60 HCO(s) → Pt(s) + HCO 1.27E + 11  0.81  176.34  
R 61 OH(s) + CO + Pt(s) → HCO(s) + O(s) 2.35E + 09  0.61  79.65  
R 62 HCO(s) + O(s) → OH(s) + CO + Pt(s) 2.40E + 15  0.39  27.35 +7.82θO 

R 63 HCO(s) + H(s) → Pt(s) + H2(s) + CO 5.04E + 15  0.50  35.80 +2.23θH 

R 64 Pt(s) + H2(s) + CO → HCO(s) + H(s) 2.53E + 09  0.50  0.00  
R 65 Pt(s) + CO + CH2O(s) → HCO(s) + HCO(s) 1.43E + 10  0.58  7.51  
R 66 HCO(s) + HCO(s) → Pt(s) + CO + CH2O(s) 6.59E + 14  0.42  18.09  
R 67 Pt(s) + H2O(s) + CO → HCO(s) + OH(s) 2.63E + 08  0.58  58.91 +33.00θCO 

R 68 HCO(s) + OH(s) → Pt(s) + H2O(s) + CO 2.52E + 16  0.42  14.29  
R 69 CH2O + Pt(s) + O(s) → HCO(s) + OH(s) 2.29E + 09  0.41  0.63 +7.82θO 

R 70 HCO(s) + OH(s) → CH2O + Pt(s) + O(s) 2.38E + 15  0.59  120.07  
R 71 CH2O + Pt(s) + OH(s) → HCO(s) + H2O(s) 1.46E + 13  0.44  − 10.73  
R 72 HCO(s) + H2O(s) → CH2O + Pt(s) + OH(s) 1.62E + 17  0.56  101.03 +33.00θCO 

R 73 CH2O + Pt(s) + Pt(s) → HCO(s) + H(s) 7.38E + 08  0.42  − 5.09  
R 74 HCO(s) + H(s) → CH2O + Pt(s) + Pt(s) 5.41E + 14  0.58  63.29 +2.23θH 

R 75 CH3(s) + O(s) → CH2O + H(s) + Pt(s) 7.82E + 15  0.42  35.60 +7.82θO 

R 76 CH2O + H(s) + Pt(s) → CH3(s) + O(s) 5.45E + 07  0.59  31.90 +2.23θH 

R 77 CH3(s) + O(s) → H(s) + CH2O(s) 4.29E + 15  0.35  30.66 +7.82θO 

R 78 H(s) + CH2O(s) → CH3(s) + O(s) 6.89E + 14  0.65  83.54 +2.23θH 

R 79 CH2O(s) → CH2O + Pt(s) 3.38E + 13  0.81  51.64  
R 80 CH2O + Pt(s) → CH2O(s) 1.47E + 06  0.69  − 4.94  
R 81 Pt(s) + CH2O(s) → HCO(s) + H(s) 1.32E + 16  0.48  44.59  
R 82 HCO(s) + H(s) → Pt(s) + CH2O(s) 4.19E + 14  0.52  56.41 +2.23θH 

R 83 O(s) + CH2O(s) → HCO(s) + OH(s) 7.96E + 15  0.47  10.52 +7.82θO 

R 84 HCO(s) + OH(s) → O(s) + CH2O(s) 3.60E + 14  0.53  73.38  
R 85 C2H6 + Pt(s) + Pt(s) → CH3(s) + CH3(s) 2.71E + 08  0.38  47.97  
R 86 CH3(s) + CH3(s) → C2H6 + Pt(s) + Pt(s) 9.76E + 17  0.62  21.33   

Fig. 5. Numerically predicted surface coverage of adsorbed species as a function of axial position along the catalytic monolith at CH4/O2 = 1.1, N2 = 50 %, p = 1 bar, 
GHSV = 4.5 × 105 h− 1, a) Original mechanism by Kahle et al. [28], b) New OCM surface mechanism. T: red, Pt(s): dark orange, CO(s): navy, H(s): yellow, C(s): 
brown, O(s): blue, OH(s): green, H2O(s): light grey, CO2(s): light orange, CH3(s): dark grey. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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low enough, larger amounts of the partial oxidation precursors CO(s) 
and H(s) are generated on the surface, leading to the formation of the 
partial oxidation products H2 and CO in the second part of the catalyst. 

On the contrary, simulations with the newly developed OCM 
mechanism comprise the formation and decomposition of oxygenates, 
which results in an overall lower amount of adsorbed O(s) species, as 
illustrated in Fig. 5(b). Nevertheless, similar to the simulation con
ducted with the CPOX mechanism by Kahle et al. [28], adsorbed oxygen 
is quickly consumed on the surface, followed by CO(s) and H(s) for
mation on the surface, the new OCM mechanism predicts a decrease in 
the surface coverages of CO(s), O(s) and OH(s) that is due to the 
desorption of radicals from the surface to interact in the gas-phase. 
Notably, the desorption of OH radical species from the Pt surface at 
temperatures above 1000 K and subsequent their interaction with other 
reactants in the gas-phase is well established [13,50]. Along with the 
rise in temperature inside the monolithic catalyst, the relatively high 
desorption rate of reactive radicals from the surface facilitates the 
initiation of gas-phase reactions that ultimately convert CH4 into C2 
species. 

In order to ensure an accurate description of OCM over platinum, this 
newly developed microkinetic surface model was coupled with the ABF 
gas-phase mechanism [35] (c.f. sections 3.4 and 3.5). By performing 
two-dimensional steady-state simulations in adherence to the method
ology described in Fig. 1 and comparing the numerical results with the 
experimental dataset as presented in the following, we validate the 
overall reaction network. 

4.4. Evaluation of the new surface and gas-phase chemistry reaction 
network 

4.4.1. The impact of different  N2 dilution 
N2 dilution in the feed composition is considered to be an important 

parameter that influences C2 yields. For instance, a strong correlation of 
N2 dilution, CH4 conversion, and C2 yields was observed by Hohn et al. 
[17] when operating a Pt/Al2O3 catalyst at short contact times. In the 
present study, the experiments at short contact times were conducted 
with a CH4/O2 ratio of 1.1 and a space velocity of 2.9 × 105 h− 1 while 
reducing the N2 dilution in the system from 70 % to 50 % by 5 % per 
experiment. This reduction in N2 dilution to 50 % results in a maximum 
C2 species selectivity of ca. 10 %. Fig. 6 illustrates that the data on the 
yield of the product species predicted by the 2D simulations using the 
newly proposed OCM surface mechanism coupled with the ABF gas- 
phase mechanism are in good agreement with our experimental data. 
Also, the simulated temperature curve follows the same trend as the 
temperature seen in the experiments, namely an increase in temperature 
with decreasing dilution. The experimental investigations revealed that 
the conversion of methane was not dependent on the inlet N2 dilution, 
which can be attributed to the relatively high temperatures achieved at 

all operational points. However, as the N2 dilution was decreased from 
70 % to 50 %, the increase in C2 selectivity corresponds to the increase in 
temperature downstream of the catalyst. The higher temperature leads 
to activation of gas-phase chemistry responsible for C2 formation, dis
cussed in detailed in section 5.4.2. In accordance with our experiments, 
the simulations point to C2H2 as most prominent C2 product at lower N2 
dilutions. 

4.4.2. The impact of different CH4/O2 ratios 
Considering conditions of 50 % N2 dilution and a space velocity of 

4.5 × 105 h− 1 over a monolithic 1 wt− % Pt/Al2O3 catalyst, experiments 
were carried out for various CH4/O2 ratios ranging from 1.1 to 2.0. Both 
simulations and experiments show that the conversion of methane was 
strongly dependent on the inlet CH4/O2 ratios, which supports earlier 
findings [17,32]. In Fig. 7, a rise in CH4 conversion along with a rise in 
temperature and C2 yield was observed at higher inlet CH4/O2 ratios. 
Herein, the proposed kinetic model does not only predict the total C2 
yields very well, but also adequately describes the individual C2 yields 
for C2H2, C2H4 and C2H6. The maximum C2H2 yield of 10 % was 
observed at the CH4/O2 ratio of 1.1, whereas the maximum C2H4 and 
C2H6 yield was obtained at a CH4/O2 ratio of 1.4, which tails off when 
lowering the CH4/O2 ratio even further. 

4.4.3. The impact of different GHSV 
It is consensus that one of the most important factors impacting the 

C2 selectivity during OCM is the gas hourly space velocity (GHSV). Ac
cording to Kooh et al. [51], rising space velocities create a significant 
temperature difference between the catalyst hotspot and the (furnace) 
operation temperature, which results in higher C2 yields. The data 
visualized in Fig. 8 demonstrate that at a CH4/O2 ratio of 1.1, 50 % N2 
dilution, and varying GHSV, the C2 yield almost plateaus at 10 % yield 
with 94 % CH4 conversion for space velocities between 2.9 × 105 h− 1 

and 4.5 × 105 h− 1, but drops if the GHSV is further increased. These 
findings are in line with the observations previously reported by Witt 
et al. [20] for Rh-based catalysts and point to a direct correlation be
tween GHSV, C2 yield, and CH4 conversion. Additionally, a steep 
decrease in the predicted C2H2 yield is considered to be the fact C2H2 is 
formed via C2H4 (see. Section 4.5). The drop in the experimentally 
determined C2 yield can be attributed to the decreasing CH4 conversion 
that is a consequence of reduced contact times over the coated catalyst 
[52]. Furthermore, diffusion limitations seem to affect the catalytic 
performance at GHSV above 4.5 × 105 h− 1 which is not considered in the 
simulations and are out of the scope of this work. Simultaneously, the 
temperature observed after the catalyst also declines as the CH4 con
version decreases. The numerically projected kinetic model (newly 
developed OCM surface model coupled with the ABF gas-phase mech
anism [35]) closely matches the empirically determined product yields 
as a function of the space velocity and is also capable of predicting the 

Fig. 6. Comparison of simulated (lines) and measured (points) for the influence of N2 dilution (CH4/O2= 1.1, p = 1 bar, 2.9 × 105 h− 1), (a) yield of C2 species and 
temperature downstream of monolith (b) CH4 conversion, yield of COx and H2O species. 
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temperature downstream the catalyst and the overall CH4 conversion 
fairly well. 

4.5. Mechanistic insights by detailed chemical modeling 

4.5.1. The impact of space velocity on surface and gas-phase chemistry 
Notably, nearly 70 % of the methane is converted via the heteroge

nous catalytic reactions at a GHSV of 2.9 × 105 h− 1. However, as the 
GHSV is increased beyond 2.9 × 105 h− 1, a decrease in residence time 
leads to a decline in methane conversion over the surface from 70 % to 
around 50 % at a space velocity of 6.2 × 105 h− 1 as depicted in Fig. 9(a), 
which goes along with a declining oxygen conversion on the surface 
(Fig. 9(b)), i.e. from 75 % at a GHSV of 2.9 × 105 h− 1 to 60 % at a GHSV 

of 6.2 × 105 h− 1. These trends are responsible for the decline in tem
perature increase and C2 yield observed in Fig. 8 upon an increase in the 
space velocity. On increasing GHSV, the methane conversion attributed 
to gas phase reactions decreases while the oxygen conversion from gas 
phase reactions increases. At high GHSV of 6.2 × 105 h− 1, maximum 
temperature of 1300 K is reached. At this temperature, the fact that O2 is 
available downstream of the monolith, leads to the formation of 
oxygenate species via gas phase reactions such as formaldehyde (CH2O) 
and ketene (CH2CO). Similar observation was made by Porras et. al [53]. 
Additionally, as shown in the reaction flow analysis in 4.5.3 O-assisted 
pathways are enhanced at lower temperature, in accordance with 
literature [54]. 

To comprehend the underlying chemistry and operations further, 

Fig. 7. Comparison of simulated (lines) and measured (points) for the influence of CH4/O2 ratio (p = 1 bar, GHSV = 4.5 × 105 h− 1, 50 % N2), (a) yield of C2 species 
and temperature downstream of monolith (b) CH4 conversion, yield of COx and H2O species. 

Fig. 8. Comparison of simulated (lines) and measured (points) for the influence of GHSV (CH4/O2 = 1.1, p = 1 bar, 50 % N2), (a) yield of C2 species and temperature 
downstream of monolith (b) CH4 conversion, yield of COx and H2O species. 

Fig. 9. Numerically predicted contribution of heterogenous and homogenous reaction pathways for the influence of GHSV (CH4/O2 = 1.1, p = 1 bar, 50 % N2), (a) 
CH4 conversion (b) O2 conversion. 
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Fig. 10 depicts the simulated concentration flow fields and gas-phase 
temperature contours in two dimensions for a feed with a CH4/O2 
ratio of 1.1 and 50 % N2 dilution at for the minimum (2.9 × 105 h− 1) and 
maximum (6.2 × 105 h− 1) GHSV that was tested experimentally. In 
Fig. 10(a), at a space velocity of 2.9 × 105 h− 1, the CH4 and O2 contours 
show that there are significant external gradients at the channel’s entry. 
Along the length of the channel, a rise in temperature to above 1800 K 
along with depletion of oxygen is observed. The C2H6 contour evolution 
is typical for a species that is quickly created in the gas-phase over the 
catalyst and subsequently undergoes dehydrogenation to C2H4 and C2H2 
along the channel length. Furthermore, C2 formation begins before ox
ygen is completely consumed over the catalyst sample and continues 
until almost all the available methane is converted. An increase of the 
GHSV to 6.2 × 105 h− 1, results in a lower residence time, which there
after leads to a lower conversion of reactants, a relatively lower 
maximum temperature of around 1300 K over the catalyst, and ulti
mately to lower C2 formation (Fig. 10(b)). Not all of the oxygen is 
consumed over the catalyst. Incomplete oxygen conversion over the 
catalyst surface was also observed in the high temperature catalysis 
experiments over Pt in literature [34,55]. Additionally, 2D axial simu
lations depict that the oxygen consumption continues in the region 
downstream of the catalyst where the temperature is still sufficiently 
high to allow for gas-phase reactions. In contrast to lower space veloc
ities, predominantly C2H6 and C2H4 are formed, whereas the evolving 
C2H2 concentrations are negligible. As discussed in the following sec
tion, the C2 product distribution is strongly governed by the reaction 
temperature. 

4.5.2. The C2 formation temperature 
The data discussed so far and the 2D simulations in the previous 

section in particular underscore that the C2 yield is strongly influenced 
by the temperature rise inside the catalytic reactor. The increasing space 
velocity results in a decreasing residence time over the catalyst sample 
and consequently lower temperatures are reached inside the reactor. 

Fig. 8 demonstrates that the C2 yields plateaus at space velocities be
tween 2.9 and 4.5 × 105 h− 1. A further rise in space velocity causes a 
drop in the C2H2 yield and gives rise to the C2H4 yield instead. In order to 
uncover the underlying phenomena, Fig. 11 depicts the C2 yields as a 
function of temperature over the catalyst sample for a GHSV of 2.9 ×
105 h− 1, 4.5 × 105 h− 1 and 6.2 × 105 h− 1 as obtained by numerical 
simulations using our newly developed OCM surface reaction mecha
nism coupled with the ABF gas-phase mechanism. The higher temper
ature of above 1800 K reached for a GHSV of 2.9 × 105 h− 1 led to a C2H2 
yield of 9 % and a C2H4 yield of 1 %, whereas the model predicts a C2H2 
yield of about 6 % and a C2H4 yield of 3 % at 1700 K for a GHSV of 4.5 ×
105 h− 1. In case of 6.2 × 105 h− 1, the temperature rises to 1300 K, 
leading to C2H6 and C2H4 formation 2 % total C2 yield. From a mecha
nistic point of view, high temperatures benefit the dehydrogenation 
reaction pathways in our kinetic model, which does not only influence 
the total C2 yields but also the C2 product distribution. According to our 
model, a minimum temperature of 1200 K is required to allow for C2H6 
and C2H4 formation, whereas C2H2 formation starts at approximately 
1400 K. Notably, almost 1700 K are required for C2H2 becoming the 
predominant product among the C2 species. 

4.5.3. Reaction flow analysis 
Reaction flow analysis was performed considering individually the 

proposed surface mechanism and the gas-phase mechanism due to 
computational limitations. Reaction flow analysis of the catalytic con
version of methane is conducted at initial temperature of 773 K with 
adiabatic conditions at CH4/O2 = 1.1, N2 = 50 %, p = 1 bar, GHSV = 4.5 
× 105 h− 1. However, during the gas-phase reaction flow analysis studies, 
the maximum temperature reached inside the reactor for the particular 
GHSV, GHSV = 2.9 × 105 h− 1 (Tmax = 1800 K) and GHSV = 6.2 × 105 

h− 1 (Tmax = 1300 K), was considered for isothermal batch reaction flow 
analysis studies. 

Heterogenous Reactions 
In order to gain further mechanistic insights, Fig. 12 depicts a 

Fig. 10. Numerically simulated two-dimensional profiles of temperature and mole fractions of species over the catalyst and downstream of the catalytic monolith 
(the length of approximately 0.05 m is shown in the figure) at CH4/O2 = 1.1, N2 = 50 %, p = 1 bar) at a GHSV of a) 2.9 × 105 h− 1 and b) 6.2 × 105 h− 1. 
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reaction flow analysis (RFA) of C-species that was conducted for our 
newly developed OCM mechanism at an initial temperature of 773 K 
with adiabatic conditions at the CH4/O2 ratio of 1.1, 50 % N2 dilution, 
and at the intermediate GHSV of 4.5 × 105 h− 1 where both adequate 
high temperature and C2 yields are visualized in the previous section. As 
an initial step in the RFA, CH4 undergoes oxidative dehydrogenation on 
the surface to form CH3(s) radicals that are adsorbed on the surface and 
get further transformed to CH2(s) and CH(s). This CHx dehydrogenation 
on the Pt surface is primarily a thermal process and ultimately results in 
the production of C(s). C(s) formation is the dominant decomposition 
path. Subsequently, C(s) is oxidized to CO(s), which eventually desorbs. 
The oxidative thermal decomposition of CH4 over Pt leads high tem
peratures, where most of the CO(s) desorbs, resulting in surface va
cancies. A further reaction of C(s) with adsorbed oxygen (O(s)) leads to 
CO(s) formation. While the predominant share of CO(s) species desorbs 
due to the pronounced heat evolution, a minor amount of 5 % reacts 
with O(s) to form CO2(s) that ultimately desorbs as well. Furthermore, H 
(s) interacts with another H(s) and O(s) to produce H2 and H2O, 
respectively. 

In summary, almost all the methane on the surface is consumed to 
form CO and CO2. Despite the incorporation of a CH3 radical coupling 
pathway in the surface mechanism, the contribution of heterogenous 
surface reactions to the formation of C2 species is negligible under the 

conditions considered. Nevertheless, the exothermicity of the total and 
partial oxidation reactions results in a pronounced heat evolution, which 
is considered a key parameter for the homogeneous reaction network 
that is discussed next. 

Homogenous Reactions 
The gas-phase mechanism for methane consumption evolves gradu

ally once the temperature inside the reactor exceeds 1200 K and be
comes significant in addition to the heterogeneous surface reactions. 
The major pathways involved in the gas-phase consumption of methane 
do not only comprise oxidative routes but also pyrolytic pathways. 
Notably, the methyl (CH3) radical formation from CH4 takes place via 
three major routes: Either via an H radical (R1), or an OH radical (R2), 
or an O radical (R3) attack on CH4. 

CH4 +H• ⇌ CH•
3 +H2 (R1)  

CH4 +OH• ⇌ CH•
3 +H2O (R2)  

CH4 +O• ⇌ CH•
3 +OH• (R3)  

Further reactions of these CH3 radicals ultimately lead to C2 species 
formation. However, as discussed above, the inlet feed conditions 
greatly impact the C2 product distribution and yield, resulting in higher 

Fig. 11. Numerically simulated C2 yield as a function of temperature at three different GHSVs (CH4/O2 = 1.1, N2 = 50 %, p = 1 bar), a) GHSV = 2.9 × 105 h− 1b) 
GHSV = 4.5 × 105 h− 1c) GHSV = 6.2 × 105 h− 1. 

Fig. 12. Reaction flow analysis of the catalytic conversion of methane at initial temperature of 773 K with adiabatic conditions at the CH4/O2 = 1.1, N2 = 50 %, p =
1 bar, GHSV = 4.5 × 105 h− 1. Only major pathways are included. 
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C2 yields at lower space velocity and higher residence time. To under
stand the underlying chemistry in the gas-phase, a detailed RFA was 
conducted for the ABF mechanism, hereby choosing two operating 
conditions that correspond to the two-dimensional species profiles 
depicted in Fig. 10, one at a higher temperature of 1800 K achieved at a 
GHSV of 2.9 × 105 h− 1, where oxygen consumption is complete over the 
catalyst sample, and another at a lower temperature of 1300 K achieved 
at a GHSV of 6.2 × 105 h− 1, where oxygen consumption is incomplete at 
the catalyst sample. 

As already discussed in the context of Fig. 10(a), the optimal resi
dence time enables consumption of methane and oxygen along the Pt 
catalytic monolith at high temperature around 1800 K when choosing a 
space velocity of GHSV 2.9 × 105 h− 1. Under these conditions, heter
ogenous catalytic reactions contribute to almost 70 % to the methane 
consumption, exclusively leading to CO and CO2 formation as elucidated 
in Fig. 9. In addition, a further conversion of methane takes place in the 
gas-phase as depicted in the Fig. 13. 

With 67 % of the overall consumption of CH4 in the gas-phase, the 
pyrolytic pathway (R1) dominates at higher temperatures, which can be 
traced back to the strong depletion of oxygen. The methyl (CH3) radical 
formation from methane via the reaction with OH (R2) and O (R3) 
radicals accounts for 21 % and 7 % respectively. In a second step, the 
CH3 radicals formed in the gas-phase combine to form C2H6 (R4) or a 
C2H5 (R5) radical, which further undergoes thermal dehydrogenation to 
form C2H4 (R6). 

CH•
3 +CH•

3 ⇌ C2H6 (R4)  

CH•
3 +CH•

3 ⇌ C2H•
5 +H• (R5)  

C2H•
5 +M ⇌ C2H4 +H• (R6)  

Prior to the sequential dehydrogenation of C2H4 to C2H2, the reaction 
flow analysis suggests ethylidyne (C2H3 radical) acting as an inter
mediator. The thermal decomposition of C2H4 to ethylidyne proceeds 
mainly via the reaction R(7), which contributes up to 77 %. Although 
this makes ethylidyne an important intermediate radical in the reaction 
pathway, almost all of it is rapidly converted into C2H2 via reaction R(8). 

C2H4 +H ⇌ C2H•
3 +H2 (R7)  

C2H•
3 +M +H•⇌ C2H2 +H2 (R8)  

Beyond the desired target product C2H2, the presence of oxygen radicals 
can lead to a further oxidation of C2H2, resulting in the formation of 
HCCO and CH2CO species. Although the predominant share of the HCCO 
radicals contribute to CO formation, a part of these species is consumed 
to regenerate C2H4 and CH3 radicals, respectively. 

When a substantially higher GHSV of 6.2 × 105 h− 1 is chosen instead, 
the extremely low residence time of reaction species over the catalyst 
leads to an only poor interaction of feed gases with the surface, which 
causes a relatively lower temperature rise to 1300 K shown in Fig. 10(b). 
Therefore, there is a lower conversion of CH4 and O2 over the surface. 
With the onset of gas-phase chemistry above 1200 K, CH3 radicals are 
continuously generated in the gas-phase by the both oxygen-assisted and 
pyrolytic routes. The reaction flow analysis conducted for 1300 K that is 
summarized in Fig. 14 suggests that due to the high amount of oxygen 
species in the gas-phase, the reaction of CH4 with OH radical dominates 
as the main source (64 %) of CH3 radicals, in clear contrast to the 
dominating pyrolytic path at temperatures as high as 1800 K. Further
more, 25 % of the generated CH3 radicals undergoes oxidation to form 
CH2O, which transform into HCO radicals upon molecular oxidation, 
thereby ultimately contributing to CO evolution. 

Fig. 13. Reaction flow analysis of the homogenous conversion of methane using ABF mechanism [35] in a batch reactor at a temperature of 1800 K at the inlet 
conditions of CH4/O2 = 1.1, N2 = 50 %, p = 1 bar. Only major pathways affecting C2 formation are included. 
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In addition, the RFA suggests a fast dehydrogenation mechanism 
enabling the C2H4 formation through C2H6 via both a thermal and an 
oxidative route. The subsequent decrease in C2H4 is mainly caused by a 
further transformation to ethylidyne (C2H3 radical), once again via both 
an oxidative (reaction with O or OH radicals) and a pyrolytic route 
(reaction with a CH3 radical). Ethylidyne, thereafter, undergoes oxida
tion and contributes to the formation of intermediatory radicals like 
HCO (R9), C2H3O (R10) and HCCO (R12). C2H3O radical further 
transforms to CH2CO via R11. 

C2H•
3 +O2 ⇌ HCO• +CH2CO (R9)  

C2H•
3 +O2 ⇌ C2H3O• +O• (R10)  

C2H3O• ⇌ CH2CO+H• (R11)  

CH2CO+H• ⇌ HCCO• +H2 (R12) 

Ultimately, these active O-containing radicals facilitate the genera
tion of CO via CH2CO (R13), HCCO (R14), and HCO (R15): 

CH2CO+H• ⇌ CO+CH•
3 (R13)  

HCCO• +O2 ⇌2CO+OH• (R14)  

HCO• +O2 ⇌CO+HO•
2 (R15)  

5. Conclusions 

The conversion of methane over a Pt-based catalyst operated at short 
contact times has been studied experimentally and computationally. A 
novel mechanism is proposed, which consists of the literature surface 

mechanism for dry reforming over Pt [28] with extensions to account for 
more reactions and a reaction mechanism for homogeneous reactions 
from literature (ABF) [35]. The new OCM surface model development 
involved the expansion of an existing dry reforming mechanism by in
clusion of new species like HCO, CH2O and their interactive reactions on 
the surface. In particular, 14 new reversible reactions that account for 
dehydrogenation were incorporated and thereafter, the thermodynamic 
consistent of the new model was maintained. 

The experimental investigation over Pt/Al2O3 coated monoliths 
included variation in input parameters like N2 dilution, CH4/O2 ratio 
and space velocity, which have a strong correlation with the output C2 
yield. Reducing N2 dilution and CH4/O2 ratio and raising GHSV leads to 
high C2 yields. However, experimentally the maximum C2 yield of 10 % 
was observed over the 1 wt− % Pt/Al2O3 monolithic catalyst at a CH4/O2 
ratio of 1.1 and 50 % N2 dilution with a GHSV of 4.5 × 105 h− 1. 

2D transient simulation studies demonstrated that an adiabatic axial 
heat transfer along the reactor length led to the rise in temperature 
before the coated catalyst and played an important role in temperature 
profile prediction. Thus, this information can be used for designing 
optimized converters in the future. Notably, the progress in additive 
manufacturing may facilitate the design and production of advanced 
geometries, preferentially governed by model-based insights. 

The coupling of the new OCM surface model with gas-phase chem
istry resulted in a good agreement between computational predictions 
and experimental results. It was discovered that under the current 
conditions, the interaction of the feed gases CH4 and O2 over the Pt 
catalyst lead to adiabatic rise in temperature inside the catalyst. The 
main pathways on the surface lead to total oxidation and partial 
oxidation of methane that result in CO2 and CO evolution are the main 
pathways on the Pt surface. Despite the consideration of the C2H6 

Fig. 14. Reaction flow analysis of the homogenous conversion of methane with ABF mechanism [35] in a batch reactor at a temperature of 1300 K at the CH4/O2 =

1.1, N2 = 50 %, p = 1 bar. Only major pathways affecting C2 formation are included. 
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formation reaction over the Pt surface, the reaction flow analysis does 
not suggest a significant formation of C2 on the surface. 

Instead, the C2 yield is strongly influenced by the rise in temperature 
inside the catalytic reactor and a minimum temperature of 1200 K was 
required for the activation of C2 formation. CH4 undergoes both pyro
lytic and oxidative dehydrogenation in the gas-phase to generate CH3 
radicals, which further combine to form C2 species. Thereby, at high 
temperatures, both oxidative and pyrolytic routes play a role in 
achieving the high C2 yields. However, the very high availability of 
oxygen in the gas-phase at lower temperatures resulting from a lower 
catalytic activity on the surface, leads to a pronounced oxidation of CH3 
radicals and the C2 species formed in the gas-phase, hereby reducing the 
product yields. 

This approach serves as a cornerstone for autothermal C2 formation 
studies at high temperature for which both surface and gas-phase re
actions are crucial for conversion of methane at atmospheric pressure. 
The detailed model that is offered can help with the design and 
improvement of catalytic short contact time monolithic reactors that are 
operated at high temperatures. The study provides the best reactor 
conditions for the operation of the monolithic catalytic reactors in a 
laboratory or commercial scale, along with mechanistic explanations for 
why specific temperature, space velocity, and reactive gas composition 
regimes pose a significant role for catalyst performance for C2 formation. 
In future studies, catalyst formulation can be modified to look into the 
effect of Pt concentration and support material in defining the high C2 
yields. 
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