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Abstract
A detailed mechanism comprising the GRI-Mech natural gas combustion mechanism and recent updates to it that included soot formation and

reactions involving acetylene by Frenklach and coworkers was chosen to describe the gas phase reactions in the oxidative coupling of methane

(OCM). The complete mechanism was reduced for use under OCM conditions with the directed relation graph method. The mechanism reduction

achieved reduction ratios of 0.55 for the number of species and 0.57 for the number of reactions when the differences in the concentrations of CH4,

O2, C2H6, C2H4, and C2H2 between the original and reduced mechanisms were required to be less than 5%.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Methane will be a crucial feedstock for the chemical

engineering industry and source of energy in the 21st century. It

can be utilized in a variety of strategies, such as synthesis gas

production followed by Fischer-Tropsch synthesis or the

synthesis of methanol, oxidative coupling to ethene, and

non-oxidative conversion to aromatics [1]. As a potentially

important direct method of methane utilization, the oxidative

coupling of methane (OCM) has been well researched with

respect to the development of better catalysts and more

effective operating conditions. But the process has not been

able to achieve economically attractive yields, and it appears

that process coupling with another process will be necessary to

improve the economics.

As compared to extensive experimental studies, simulation

studies can save much cost and permit the investigation of

situations that are difficult to use in the laboratory, e.g. process

coupling and conditions of high temperature and pressure.

Moreover, simulations can give insights into the interactions

between microscopic physical and chemical phenomena. It is

expected that a multiscale simulation that combines computa-
* Corresponding author.

E-mail address: wangdz@flotu.org (D. Wang).

0920-5861/$ – see front matter # 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2007.10.065
tional fluid dynamics and chemical kinetics can supply valuable

information for experimental studies. Therefore, the accurate

simulation of an industrial reactor for OCM is significant from

both the fundamental and practical standpoints.

Detailed kinetic mechanisms differ from macroscopic

kinetics in keeping explicit the descriptions of the chemical

behaviors of reaction intermediates and the use of elementary

reactions. It has a more solid foundation because it does not

make indiscriminate simplifications, e.g. using the concept of a

rate-controlling step without being explicit about the reaction

conditions for its validity. Due to increased computing power, it

is now possible to choose to begin with detailed kinetic

mechanisms as the kinetic model. However, because detailed

kinetic mechanisms usually include thousands of reactions and

up to hundreds of species, their direct implementation in

reactive flow simulations is still prohibitively expensive. One

still has to use reduced mechanisms developed through

mechanism reduction algorithms.

However, in contrast to the conventional use of a

macroscopic rate expression, the advantage in beginning with

the detailed kinetic mechanism is that the reduced mechanisms

are in-house developed and validated with the full mechanism

for the relevant reaction conditions. One can perform the

mechanism reduction oneself instead of being forced to accept

the reduced mechanisms of other researchers, which may have

been validated for quite different reaction conditions. Usually a
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user of a reaction mechanism has more specific reaction

conditions and product species of interest and desires a more

specific precision requirement, e.g. that the differences in the

concentrations of a number of chosen species between the

original and reduced mechanisms be less than a fixed

percentage for his particular reaction conditions. Various

reaction mechanism reduction algorithms that reduce detailed

chemistry mechanisms subject to user requirements are now

available. These are due to much work in developing

methodologies for systematic mechanism reduction, and have

been recently reviewed by Tomlin et al. [2], Okino and

Mavrovouniotis [3] and Law et al. [4].

Mechanism reduction methods can be classified into three

major categories: lumping, time scale analysis, and skeletal

reduction. Lumping is most useful when there are groups of

many reactants or products that have nearly the same chemical

behavior, and each group can be treated as one pseudo-species.

This is expected to be of limited use in the OCM reaction. Time

scale analysis uses various methods to find the highly reactive

species or fast reactions in a reacting system, and approximate

these as quasi-steady state species and partial equilibrium

reactions. The corresponding differential equations are thus

replaced with algebraic relations that can be solved explicitly to

reduce the number of variables. The intrinsic low dimension

manifold method [5] and computational singular perturbation

method [6–8] are two systematic approaches of time scale

analysis.

In contrast, skeletal reduction is the elimination of species

and reactions that are unimportant under the particular reaction

conditions of the application. One skeletal reduction strategy is

sensitivity analysis, which is one of its earliest methods [8].

Principal component analysis makes use of the Jacobian

matrices to analyze species coupling to decouple different

reaction groups [9,10]. Bendtsen et al. [11] introduced a time-

dependent reaction matrix P whose elements Pij are the

production rates of species j from reactions with species i at

time t to analyze the chemical dynamics. Interactions between

species were quantified by the matrix and for a set of pre-chosen

concentrations of the major reactants and products, species that

contributed less than a certain percentage to the annihilation or

production of these major species were removed. Recently, Lu

et al. [12–14] proposed a similar species selection procedure,

called the directed relation graph (DRG) approach, and applied

it to the automatic generation of skeletal mechanisms from

detailed chemistry mechanisms. In this work, we used the DRG

approach developed by Lu et al. to simplify the gas phase

reactions of OCM to a skeletal mechanism for the reaction

conditions of OCM.

2. Directed relation graph (DRG) method

The DRG method was proposed by Lu et al. [12–14] to

reduce large detailed mechanisms. It uses a (mathematical)

graph, called the DRG, which comprises the set of directed

paths that mark the species that will remain in the skeletal

mechanism (all the coupled species, in the terminology of Lu

et al.). The species of the skeletal mechanism are defined (see
below) as those that occur in reactions that are significant for

the production of the various user-specified species that were

experimentally measured. The DRG for a particular reaction

mechanism is constructed by first specifying the vertices of a

graph to represent the species present in the mechanism. Each

vertex (species) is considered in turn to compute the set of

reaction rates (for the reaction conditions of a sampled point) of

all the reactions in which that species takes part. The rates in the

set are summed. Then, the significant reactions of the set are

recognized by the criterion that these are reactions with a ratio

of its rate to the summed rate of all reactions that produce

species A, named rAB, is larger than a user specified small

threshold relative error e [12–14]. The significant reactions are

retained as directed edges originating from species A. A

program based on the pseudo-code program in Lu and Law [13]

and the graph representation and depth first search algorithm in

Cormen et al. [15] was used in this work.

The program lets users specify a set of target species Ai. For

each target species, the algorithm identifies those species that

are significant in its production (depletion is included as

negative production) as specified by the value of e, and whose

removal will result in computed concentrations of the target

species that will exceed e. This is done by directed paths as

described above. Then, all these species are collected by a

standard graph search (depth first search or breadth first search

[15]) of the DRG. The union of these species is retained to

comprise the species (and reactions) of the skeletal mechanism.

In order to ensure that the skeletal mechanism is suitably

representative of a specific simulation, the reaction conditions

for which the reduced mechanism is to be used have to

sufficiently sampled, that is, the final skeletal mechanism is the

union of the species (and reactions) of the skeletal mechanisms

of very many pressure, concentration, and temperature values in

the simulation pressure, concentration, and temperature ranges.

The above algorithm for the construction of a DRG of a certain

set of reaction conditions is repeated to construct the DRGs of

the reaction conditions of all sampling points, and the species

retained to comprise the skeletal mechanism is the union of the

retained species of each point. The DRG construction and

selection of retained species and reactions depend on one user-

defined parameter e.

3. Detailed gas phase reaction mechanisms for OCM

Quite a number of detailed gas phase reaction mechanisms

for OCM have been developed by different researchers [e.g.

16–22], and there are also many gas phase methane combustion

mechanisms [e.g. 23–26] that can be relevant, and a difficult

choice in a work on OCM now is the choosing of the best

mechanism from the many detailed gas phase reaction

mechanisms available. Unfortunately, although all these are

ostensibly detailed chemistry mechanisms, they are not

elementary reaction mechanisms in the strict sense of the

concept of elementary reactions, that is, their kinetic

parameters should not be patchwork inter-changed. For

example the authors of GRI-Mech [23] have recommended

that all their kinetic parameters be used as a whole set because
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they have ‘‘been optimized as a whole’’. Due to this, that is, the

building of a more comprehensive mechanism by patchwork

means from all the available detailed chemistry mechanisms is

not advisable at this time, the merits of the different

mechanisms were compared as whole sets.

It can be noted here that many of the gas phase reaction

mechanisms for OCM were developed 25 years ago and all are

more than 10 years old, and that in the meantime, several

excellent reaction mechanisms from workers in combustion

science have been introduced for describing natural gas

combustion. Thus, one aspect of the work here was to examine

the merits of the existing mechanisms and to see if a

contemporary mechanism from the associated field of

combustion science can be used as an update of the gas phase

reaction mechanism of OCM.

In studies specific to the OCM reaction, in the 1980s,

McCarty and coworkers developed a reaction mechanism

consisting of 27 chemical species and 140 elementary reactions

[17] based on free radical chemistry, and Van der Wiele et al.
Fig. 1. Comparison of homogeneous CH4 oxidation data with the simulations u

temperatures and a feed of P(CH4) = 0.47 atm, P(O2) = 0.23 atm, P(Ar) = 0.3 atm. T

mechanism (solid curves), and GRI-Frenklach mechanism (connected small symb
reported a kinetic model of over 164 elementary reactions [18]

from the regression of their own methane–oxygen homo-

geneous reaction data. In 1994, Mims et al. [19] proposed a

detailed chemical mechanism comprising 450 reversible

elementary reactions and 115 species that was based on the

detailed isotopic analysis of the products of the oxidation of
13CH4–12C2H4 mixtures, which was recently also used by

Green and coworkers [20] to develop an upper bound on the

yield from OCM. Further mechanisms are also those from the

groups of Marin [21] and Baerns [22].

From studies on natural gas combustion that should be

highly relevant to the OCM reaction, mechanisms are available

from the groups of Frenklach and coworkers [23], Côme and

coworkers [24], Pilling and coworkers [25], and Williams and

coworkers [26]. These mechanisms were originally developed

for fuel-lean conditions, and this may be the reason why they

had not been considered for use in OCM. However, recent

updates [27–29] that focused on soot formation in flames and

the reactions involving acetylene have extended the GRI
sing various mechanisms. Triangles are experimental data at the indicated

he curves are simulations with the McCarty mechanism (dashed curves), Mims

ols).



Y. Xin et al. / Catalysis Today 131 (2008) 483–488486
mechanism to fuel-rich conditions, and its present comprehen-

siveness and updated data make it attractive for describing the

gas phase reactions in the OCM reaction. Here, we shall call

this the GRI-Frenklach mechanism [23,27–29]. Thus, this

advance made in the mechanism of methane combustion in the

years since the high tide of OCM research in the 1990s makes it

pertinent to begin with an evaluation of which is presently the

most reasonable detailed gas phase mechanism to use for the

OCM reaction.

In order to compare the merits of the various gas phase

mechanisms, this work chose the homogeneous CH4 oxidation

data reported by Wolf [16] and the homogeneous CH4 oxidation

data reported by Van der Wiele et al. [18] as the basis of

evaluation. Actually, the use of the data of Van der Wiele et al.

would automatically create a bias towards the Van der Wiele

mechanism, and another criterion described below was used to

examine the merit of the Van der Wiele mechanism, and also

the Marin [21] and Baerns [22] mechanisms. The various

mechanisms were used to simulate the homogeneous CH4

oxidation data from Wolf [16]. The comparison of experimental

data with the simulations using some selected different

mechanisms is shown in Fig. 1 (the simulations of the other

mechanisms are not shown to avoid cluttering). The results

showed that the simulations using the mechanisms developed

by Mims et al. [19] and GRI-Frenklach [23,27–29] agreed best

with the experimental data, and on this basis, they should be

considered equally good.

The mechanism developed by McCarty failed to correctly

simulate the experimental results of Van der Wiele et al. [20]

and Wolf and coworkers [16]. The other natural gas combustion

mechanisms, namely, those by Côme and coworkers [24],

Pilling and coworkers [25], and Williams and coworkers [26]

were not meant for use under fuel-rich conditions, whereas it

can be expected that during OCM, oxygen adsorption will be

much faster than methane adsorption and there will be a highly

fuel-rich gas phase in the OCM reaction. Actually, it was the

recent updates [27–29] that extended the GRI mechanism to

fuel-rich conditions that made it possible to consider it for the

OCM reaction. For a similar reason, the simplifications of the

GRI mechanism available [23] could not be considered for use

here because they lacked the reactions that lead to aromatic

species and soot, whereas these reactions are expected to be

significant in leading to catalyst deactivation.

Broadly speaking, the simulations using the Van der Wiele

mechanism and also the Marin [21] and Baerns [22] mechanisms

were spotty, and also for the following reason, it was decided not

to use these. The mechanism data of Van der Wiele et al. [20]

gave the kinetic parameters separately for the rates of forward

and reverse reactions, which then can be used to calculate the

reaction equilibrium constant by taking the quotient of forward

rate constant by reverse rate constant. For every reaction in the

reaction list in the Van der Wiele mechanism, the equilibrium

constants were compared with the corresponding equilibrium

constants calculated using the GRI database [23]. It was found

that in most cases, the quotients of the forward rate constant by

the reverse rate constant were different from the same reaction

equilibrium constants calculated using the GRI database. We
took this to mean that the kinetic parameters in the reactions in

the mechanism of Van der Wiele were not those of an elementary

reaction mechanism, but implied that they were fitted parameters

that should be restricted in their use to the conditions of the

experimental data used to deduce them. This made the Van der

Wiele mechanism less attractive. For the same reason, the Marin

[21] and Baerns [22] mechanisms were also less attractive.

Neither the mechanisms of Mims et al. nor GRI-Frenklach

could be discriminated against by the homogeneous CH4

oxidation data shown in Fig. 1. Also, since either one comprised

about 100 chemical species and 400 elementary reactions, it was

impractical to seek to perform a discrimination test using the

kinetic parameters of all the individual elementary reactions.

Thus, the subsequent discrimination was performed using the

smaller number of reactions of their skeletal mechanisms

obtained with the mechanism reduction aid of the DRG method.

The mechanism reduction of the GRI-Frenklach mechanism is

described below. Here, we use the results to discuss the choice of

the gas phase mechanism for the OCM reaction.

Since skeletal mechanisms only keep the important species

and reactions, it is reasonable to believe that the differences

between the skeletal mechanisms of Mims et al. [19] and GRI-

Frenklach [23,27–29] will account for the main differences

between their complete mechanisms. With the use of the DRG

method, these two mechanisms were reduced to skeletal

mechanisms comprising 21 and 23 species, respectively. The

comparison between them is given in detail in Appendix A.

Broadly speaking, the two skeletal mechanisms have almost the

same set of species and most of their reactions, which explains

why the simulations using these two detailed mechanisms

agreed well with each other. It is likely that they were developed

from the same database. On the consideration that the GRI-

Frenklach mechanism includes more reactions on the behavior

of oxygen-containing intermediates and reactions that produce

soot (which will be important in simulating catalyst deactiva-

tion), and had been updated recently [27–29], this is the

mechanism that we recommend for describing the gas phase

reactions in present works on the OCM reaction.

4. Skeletal mechanism of the GRI-Frenklach

mechanism

A mechanism, GRI-Frenklach, comprising 71 species and

486 reactions that was based on GRI-Mech 3.0 [23], and the

papers of Wang and Frenklach [27], Appel et al. [28], and

Eiteneer and Frenklach [29], was used to describe the gas phase

reactions of the OCM reaction. The N containing elementary

reactions in GRI-Mech 3.0 were not used because for

environment protection, there is an incentive to avoid creating

NOx pollutants and it can be assumed that there was no N2 in the

OCM feed. If air is used for the OCM reaction, then these

reactions will have to be added back. However, it can be noted

that it is not economical to use air in OCM because it will cause

a recycle load problem. Simulations using an isothermal and

constant pressure (near 1 atm) plug flow reactor at different

temperatures and ratios of CH4/O2 were used as the data source

for the reaction conditions of the sampling points of the



Fig. 2. Comparison of species concentration profiles as a function of space time t calculated by the complete (solid curves) and DRG-reduced mechanisms (triangles).

The simulation condition was: temperature = 1023 K, P(CH4) = 0.47 atm, P(O2) = 0.23 atm, P(Ar) = 0.3 atm.
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mechanism reduction. CH4, O2, C2H6, C2H4, and C2H2 were

selected as the target species, and their concentrations were

required to have less than 5% differences from those of the

complete mechanism. The choice of the plug flow reactor was

dictated by that the DRG method depends on a representative

sampling and a simulation that can be performed quickly was

needed to establish the reaction conditions that are likely to

exist during the OCM process.

The detailed mechanism comprising 71 species was

simplified by the DRG method to the reduced mechanism

consisting of the 39 species shown in Appendix A. A

consideration of the saving in computing time for a

computational fluid dynamics (CFD) simulation will depend

on the type of simulation. However, it can be assumed that if

mechanism reduction is involved, it is likely to be a reactive

flow simulation where the solution of the chemical kinetics is

the most expensive part of the calculation. For stiff chemical

kinetics, the problem will be dominated by the computation of

the Jacobian and the convergence rate of the iterative solution

method, and the CPU time required can increase proportionally

to the square of the number of species. However, in

computationally intensive problems, a researcher will also

alternatively consider methods that maintain just enough

precision only in the species of interest, take advantage of the

structure of the kinetics to reduce or eliminate stiffness, and use

sparse matrix techniques to keep the CPU time required linearly

proportional to the number of species [30]. Thus, the CPU time

required can be proportional to the first to second power of the

number of species. In our work, the reduced mechanism usually

costs 30% CPU time of the detailed mechanism.

The comparison of the skeletal mechanism with the complete

mechanism for a typical sampling point which is representative
of an OCM operation space is shown in Fig. 2. Without showing

the data, we comment that this is typical of the sampling points

taken for temperatures ranging from 900 to 1100 K, pressures

from 0.8 to 1.2 atm, and CH4/O2 ratios from 0.4 to 0.6. Fig. 2

shows that the target species concentration profiles calculated by

the complete and DRG-reduced mechanisms agree within

‘‘visual’’ accuracy, which indicated that the original detailed

mechanism has been successfully reduced.

5. Conclusion

A detailed chemistry gas phase mechanism, the GRI-

Frenklach mechanism, was selected for describing the gas

phase reactions in the oxidative coupling of methane reaction

system. The selection was based on comparing the simulations

using different literature mechanisms with literature experi-

mental homogeneous CH4 oxidation data. The directed relation

graph method was applied to reduce the selected detailed

mechanism to a skeletal mechanism with only half the number

of species of the complete mechanism.
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Appendix A. The species in the skeletal mechanism

after reduction by the DRG method

Species of the DRG-skeletal mechanism are described in

Table A.1.



Table A.1

Species of the DRG-skeletal mechanism

O2 H O OH H2 HO2

H2O2 CO CH2 HCO CH2(S) CH3

CH2O CH4 CO2 CH2OH CH3O CH3OH

C2H2 C2H3 C2H4 C2H C2H6 HCCO

CH2CO H2O p-C3H4 a-C3H4 CH3CCH2 C3H7

C3H8 a-C3H5 CH2CHO C3H3 C4H2 n-C4H3

i-C4H3 C4H4 C3H6

Note: The species symbols used are those of Frenklach and coworkers [23,27–29].

Table B.1

Comparison of the species of the two different skeletal mechanisms

Species shared by the Mims and GRI-Frenklach skeletal mechanisms

CH4 H2 H2O C2H6 C2H3 CH2O

H O O2 C2H5 H2O2 HCO

CH3 OH HO2 C2H4 CH3O CH2CO

CO CO2 C2H3O

Additional species of the GRI-Frenklach skeletal mechanism

CH2OH CH3OH
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Appendix B. The comparison of the skeletal

mechanisms of Mims and GRI-Frenklach

The skeletal mechanisms of Mims and GRI-Frenklach were

used to discriminate the suitability of their original mechanisms

for OCM simulation. Since the interest was on finding the main

difference between these mechanisms, their skeletal mechan-

isms were obtained with errors on the main species

concentrations of 1.5%, and hence their species were less

than that shown in Appendix A. The species remaining in the

skeletal mechanism of Mims was a subset of those in the

skeletal mechanism of GRI-Frenklach. Most of the reactions of

the skeletal mechanism of Mims, and their kinetic parameters

as well, were the same as those of GRI-Frenklach. The skeletal

mechanism of GRI-Frenklach had about 50 more reactions of

oxygen-containing species (Table B.1).
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