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Upper bound on the yield for oxidative coupling of methane
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Abstract

An approach is presented for determining an upper bound on the yield of a catalytic process, which allows for variations in the
chemistry. Scaling and thermodynamic arguments are used to set parameters of an elementary step surface mechanism at value
optimal yields, subject only to physical constraints. Remaining unknowns are treated as independent variables and varied over a b
The result is a set of thermodynamically consistent mechanisms with optimal kinetics that can be incorporated into reactor-transp
to generate yield trajectories. With this approach, an upper bound on the yield for oxidative coupling of methane (OCM) was c
Results show that even with optimal surface chemistry, limits exist on the attainable yield. Surface energetics necessary for supe
performance were identified and the origins of these requirements elucidated. The resulting upper bound on OCM yield under con
packed-bed, continuous-feed operation was found to be 28%.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A major goal of both physical chemists and chemi
engineers is the design of catalysts for technologically
portant processes. A first step toward this goal is un
standing the fundamental limits on catalyst performanc
recognizing how closely our experimental catalysts appro
ideal performance. Some of these limits are well-known
but so far there is no general method for establishing th
bounds for systems with complex nonlinear kinetics. A
result, one seldom knows whether or not a process ca
substantially improved by modifying the catalyst. Anoth
important step in catalyst design is identifying which ch
acteristics of a catalytic system (e.g., thermochemistry of
surface intermediates, reaction barrier heights, morphol
and reactor design) are most critical for a particular appl
tion. This information could then serve as a valuable gu
to further experimental work.

This paper examines the conversion of methane to et
via the oxidative coupling of methane (OCM):

2CH4 + O2 →
catalyst

C2H4 + 2H2O.

* Corresponding author.
E-mail address:whgreen@mit.edu (W.H. Green, Jr.).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00043-5
A sizeable economic incentive exists for the conversion
abundant low-value light alkanes into more valuable fu
tionalized organics (e.g., ethene) for use as polymer/ch
cal precursors. While strongly dependent on ethene v
ation, analyses performed by the MITRE Corporation
SRI [3], and Gradassi and Green [4] have placed the m
imum values for OCM economic feasibility at∼ 16–30%
yield and > 80% selectivity. These economic projectio
typically assume industrial conditions of elevated press
and undiluted feed streams. For simplicity and safety, h
ever, laboratory-scale catalyst screening has focused al
exclusively on exceeding these values in a packed-be
actor operated at atmospheric pressure with dilute
streams. Yet even under such favorable conditions, n
of the numerous OCM catalysts synthesized since Ke
and Bhasin’s initial report [5] have managed to be co
mercially viable. This hints at some fundamental limitati
on OCM yields. Alternative reactor/separation schemes h
successfully been shown to exceed the yield/conversion
gets and may ultimately represent the only viable future
OCM [6,7]. But before more elaborate and costly reac
schemes are pursued, the upper limit on yield for a c
ventional packed-bed, single-pass, continuous-feed op
tion needs to be fully assessed.

The notion of establishing an upper bound on OCM p
formance has been previously explored. At the core of m

http://www.elsevier.com/locate/jcat
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of these efforts is the development of an elementary-step
face mechanism. Upon acquisition of experimental data
particular OCM catalyst, the Arrhenius pre-exponential f
tors and activation energies are adjusted to fit the experim
tal results [8,9]. Once established, these kinetic mechan
are utilized in reactor-design optimization algorithms to
termine an upper bound. A more comprehensive appr
has been taken by Feinberg and co-workers [10,11],
have presented methods for maximizing production rate
sidering all possible reactor designs. In both cases, optim
tion is performed with fixed chemical kinetics, and the p
formance is constrained by the quality of the catalyst u
in developing the mechanism. The unintentional result is
de-emphasis of the catalyst’s role in obtaining high yie
This is greatly at odds with conclusions arrived at by exp
mentalists, who have often linked performance to the rela
rates of surface reactions.

An early attempt at determining a bound on OCM yi
was performed by Labinger [12]. In his paper, Labin
solves a set of ordinary differential equations (ODE) deri
via a pseudo-elementary reaction mechanism to ultima
chart methane conversion vs C2 selectivity. In this model
the surface irreversibly reacts with CH4, CH3, C2H6, C2H4,
and C3

+ species. Initial rate parameter estimates for
mechanism are derived from experimental data for a m
Mn–Mg oxide catalyst [13]. By manipulating select ra
constants to advantageous values consistent with o
experimental catalytic data, Labinger sets an upper bo
of 30% yield at 1 atm methane partial pressure for the c
where methane and oxygen are reacted separately wit
catalyst.

Recently, several issues have been brought to light
warrant re-examining Labinger’s upper bound. First,
cause both heterogeneous and homogeneous steps ar
essary for C2 formation, mass transfer is believed to pl
a potentially significant role in the OCM yields obtaine
Couwenberg et al. [14] identified irreducible mass-tran
limitations on surface-generated reactive intermediates
as methyl radical, whose lifetimes are short compared
the transport time scale. The resulting concentration gr
ents facilitate second-order processes such as methyl ra
coupling to form C2 species, increasing the yield. It is n
possible to capture this effect with an ODE (CSTR or PF
model; a 2D or 3D simulation is necessary.

Second, at the high temperatures needed for O
O2(g) will be present above the regenerable metal ox
catalyst. This being the case, an industrial OCM process
probably co-feed methane and oxygen to avoid reduc
of the catalyst. The presence of O2(g) introduces many
additional complications as it will also quickly under
reaction with gas-phase radicals, significantly affecting
selectivity and yield. Here, we establish the yield limit
a co-fed CH4/O2 system rather than the two-stage syst
studied by Labinger.

The intricate balance between the need for gaseous
gen in catalyst activation and its detrimental role in g
-

-

-

r

e

c-

l

-

phase oxidation contradicts the notion of simply treat
the catalyst as a methyl radical generator. A number of
ditional interactions occurring between the gas phase
the catalyst surface deserve further attention because o
intimate coupling of heterogeneous and homogeneou
actions. Beyond its role in methyl radical generation,
search has also indicated that the catalyst serves as a r
quencher. This removal of detrimental/beneficial gas-phas
species can significantly alter the conversion/selectivity tra-
jectory.

Finally, although OCM has long been thought to occur
a catalytic cycle, catalyst researchers have largely foc
on only one step in this cycle: reducing the activation ene
for hydrogen abstraction from methane. However, for v
active catalysts, alternative bottlenecks could be pres
For instance, acceleration of hydrogen abstraction typic
requires increasing the stability of the resulting surf
hydroxyl species. If pushed to extremes, these sur
hydroxyls could effectively act as poisons. Understand
the limited combinations of surface energetics that al
for optimum throughput in the catalytic cycle could provi
catalyst developers with both a clear target and a too
screening catalysts.

In this paper, we present a different paradigm for mo
ing heterogeneous catalysis. Since our goal is to deter
whether a fundamental upper bound on OCM yield ex
instead of fixing surface chemistry parameters to match
particular catalyst, we have computed the OCM yield o
range of conceivable catalysts. OCM is a model case s
for this approach in that, despite the large number of c
lysts examined, a fairly unified surface mechanism has b
set forth. The key catalytic cycle consists of a small nu
ber of elementary reactions, minimizing the dimensiona
of the search space. In each case, beneficial surface rea
rates are set at the upper limit of what is physically ach
able. While large uncertainties exist in any one set of
perimentally derived kinetic parameters, some of the lim
of catalyst behavior are well-known (e.g., the energetic
oxygen adsorption/desorption on metal oxides and diffu
limits on reaction rates). Surface thermochemistry imm
ately provides a bound on kinetics. Thanks to improvem
in computational speed, the use of detailed multicompo
transport models coupled with elementary surface reac
mechanisms is now practical. As shown below, even if
could synthesize a catalyst where all desired reaction
were maximized and all surface species had optimal the
chemistry, OCM yield would still be significantly restricte
by fundamental thermodynamic and transport limitations

2. Reaction mechanism

Gas-phase rate constants and thermodynamic pro
data were taken from a library of reactions compiled p
viously by Mims et al. [15]. This homogeneous model c
tains almost 450 reversible elementary chemical react
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Table 1
Proposed surface mechanism for OCM

Reaction Af
a Ef (kJ/mol) Ar Er (kJ/mol)

(1)O2 + 2V∗ ↔ O∗ + O∗ 1.63×1022 0.0 2.39×1019 250

(2)CH4 + O∗ ↔ CH3
· + OH∗ 1.85×1013 94.41 1.91×1013 0.0

(3)OH∗ + OH∗ ↔ H2O+ O∗ + V∗ 2.25×1019 0.0 2.17×1022 94.41

(4)C2H6 + O∗ ↔ C2H5
· + OH∗ 1.35×1013 103.80 1.37×1013 0.0

(5)C2H4 + O∗ ↔ C2H3
· + OH∗ 1.40×1013 144.71 1.42×1013 0.0

(6)CH2O+ O∗ ↔ CHO· + OH∗ 1.35×1013 61.74 1.37×1013 0.0

(7)CH3OH+ O∗ ↔ CH3O· + OH∗ 1.31×1013 108.00 1.33×1013 0.0

(8)HOO· + O∗ ↔ O2 + OH∗ 1.29×1013 0.0 1.31×1013 138.78

(9)HOO· + V∗ ↔ HO· + O∗ 1.29×1013 0.0 1.80×1013 110.51

(10)CH3OO· + 2V∗ ↔ O∗ + OCH3
∗ 1.34×1022 0.0 1.72×1019 386.76

(11)CH3OO· + V∗ ↔ O∗ + CH3O· 1.08×1013 0.0 1.33×1013 144.49

(12)CH3
· + O∗ ↔ CH3O∗ 1.91×108 0.0 2.24×1013 233.28

(13)CH3O∗ + X· ↔ XH + CH2O+ V∗ b

(14)CH3O∗ + O∗ ↔ OH∗ + CH2O+ V∗ 1.72×1019 0.0 1.69×1019 5.96

A-Factor andEa values shown are for the case where�Hads= −250.0 kJ/mol and�Habs= 125 kJ/mol. These are the optimal kinetic parameters for OC
performance as determined by the yield map in Fig. 1.

a A-Factors in cm, mol, s units.
b A-Factors andEa values are dependent on the abstracting gas-phase species.
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and 115 species. Here, we assume the detailed gas-
chemistry model is accurate, and focus on the surface
netics of our hypothetical ideal catalysts. Similar to pre
ous models [9,16], the elementary surface mechanism
is shown in Table 1. Reaction (1) describes the one-step
sociative chemisorption of oxygen. The resulting activa
oxygen serves to abstract hydrogen from methane in r
tion (2) via an Eley–Rideal mechanism, generating me
radicals that then couple in the gas phase. To complete
catalytic cycle, two surface hydroxyls combine to form w
ter in reaction (3), regenerating a vacancy site in the proc

In addition to these steps, reactions (4)–(7) desc
hydrogen abstraction from the major products. Inclus
of these reactions undoubtedly reduces yields, yet
lower/similar C–H bond energies of ethane, ethene, me
nol, and formaldehyde make these species as susce
to hydrogen abstraction as methane. We assume tha
e

.

e
t

OCM temperatures, the surface interacts with these spe
in a manner similar to how it reacts with methane.
a partial proof of their necessity, previous simulatio
done by Hargreaves, Hutchings, and Joyner found
failure to include reaction (6) resulted in concentrations
formaldehyde that were never experimentally observed [

The appropriateness of assuming comparable hydro
abstraction rates from C–H bonds with similar streng
may come into question given the experimentally obser
rate constants for methane versus ethene combustion
Rosynek, and Lunsford [18], through isotope labeling
periments, have determined that, for several OCM cataly
the overall rate for ethene combustion is∼ 3–5 times larger
than that for methane combustion. This may seem surpr
since the C–H bond energy for ethene is greater than tha
methane. When considering the overall rates for the c
bustion of methane and ethene, however, we must con
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the fact that this process involves several elementary r
tions. Following hydrogen abstraction, the resulting me
and vinyl radical species must undergo further reactio
form CO2. Unlike vinyl radicals, which are known to re
act very quickly with O2(g) to form COx precursors, methy
radicals are relatively unreactive with O2 [15]. The initial
methyl–O2 adduct is unstable at OCM temperatures and f
apart back to methyl and O2(g). Our calculations suggest th
all the surface-mediated routes from CH3 to CO2 involve an
endothermic reaction. Thus, it is not surprising that ethen
converted to COx more rapidly than methane, even thou
the rate of the first step is not very different.

While the main function of the catalyst is to act as
source for radical species, several researchers have disc
the radical quenching abilities of solid surfaces [19,2
Such quenching reactions may provide a means for th
moval of detrimental gas-phase species and thus inhibit
ative gas-phase reaction channels. Peroxy species have
shown to facilitate undesirable gas-phase deep oxida
pathways [15,21]. Therefore, we have also included w
we consider to be the major surface-mediated peroxy ra
quenching reactions (reactions (8)–(11)). These reaction
ther involve a very fast H abstraction or cleavage of the v
weak peroxide bond.

One aspect of the surface mechanism that is not c
is the role of the catalyst in heterogeneous deep oxida
Many researchers have speculated about such pathway
a great deal of debate still exists as to the appropriate t
ment of such pathways [22]. Deep oxidation products are
ten blamed on the presence of unselective, surface-ads
oxygen species that have not had time to be incorporated
the oxide lattice [16]. In addition, unwanted secondary re
tions of ethene, such as reaction of the ethene double
with the surface, also eventually lead to deep oxidation p
ucts. Both of these heterogeneous reaction pathways res
lower C2 yields. Since our ultimate goal is to obtain an u
per bound on the OCM yield, we have limited the hetero
neous contribution to deep oxidation only to indirect pa
ways. Perhaps the most critical examples of indirect d
oxidation involve secondary reactions of ethane and eth
Surface-mediated hydrogen abstraction from these sp
result in radicals that then degrade via gas-phase chann
COx species. Even under ideal circumstances, they are l
unavoidable and play a large role in limiting OCM yield
Thus, they have been included in the surface mechanis
the form of reactions (4) and (5).

Indirect, surface-mediated deep oxidation pathways w
also considered in the treatment of surface methoxy spe
From an energetic standpoint, we expect that the colli
of methyl radicals with the catalyst favors methoxy form
tion (reaction (12)). Such intermediate species have b
observed in related, lower temperature reactions invol
methanol and methane. In situ DRIFT studies of OCM o
lanthana catalysts, however, detected only trace amoun
these species under reaction conditions [22]. Thus, we
pothesize that surface methoxy species are unstable a
-

ed
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-
n

l
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.
s
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f

h

temperature, either dissociating or being quickly subje
to further degradation. Examination of methoxy degrada
routes in lower temperature partial oxidation reactions p
vides some clues. In situ DRIFT studies by Li et al. [23]
the decomposition and adsorption products of methano
formaldehyde on CeO2 found that methoxy species degra
in the following sequence of reactions:

CH3O→ HCOO→ CO2 (adsorbed carbonate).

Surface formaldehyde is an intermediate in this proc
In certain cases, this sequence appears to terminate b
carbonate formation. Selective partial oxidation cataly
such as MoO3/SiO2 have been found to convert metha
to formaldehyde with high selectivity without any eviden
of surface carbonate [24]. Yang and Lunsford theorized
the rate of formaldehyde desorption from the surface
rapid enough to prevent formaldehyde degradation [
Perhaps this is one reason why MoO3 species have bee
found to have superior performance in partial oxidation
actions. Under ideal circumstances, we assume that su
methoxy species are converted to formaldehyde throug
actions (13) and (14). Upon formation, however, formal
hyde is quickly desorbed from the surface.

Having developed an a priori surface mechanism, b
Arrhenius pre-exponential factors and activation ener
were needed to specify the forward and reverse rate
stants. To set an upper bound on catalyst activity, no a
tional barriers to reaction were considered beyond thos
quired by thermochemistry. Thus, in the case of endothe
reactions, the activation energy was set equal to the enth
of reaction, while exothermic steps were assumed to hav
barriers.

For steps involving gas molecules striking the surfa
upper bounds on the Arrhenius pre-exponential factors w
calculated using collision theory. Pre-exponential factors
reactions involving only surface species were determ
using simplified transition-state arguments [25]. To set
upper bound on catalyst turnover, sticking coefficients w
initially set to unity. The only exception to this was t
reaction of methyl radicals with the catalyst surface. T
and Lunsford [26] have presented evidence suggesting
the sticking coefficient for methyl radicals on good OC
catalysts is significantly less than unity, approximately 10−7.
As shown later, an ideal OCM catalyst would certainly
have a collision-controlled rate for this detrimental react

Given the number of surface reactions, this appro
appears to result in a dauntingly large multidimensio
search space. We will show, however, through a var
of arguments, that the number of truly independent re
tion enthalpies is relatively small. A brief description of t
methodology is given below. For additional details ple
refer to Appendix A. The enthalpy associated with re
tion (1) was the first of two independently specified re
tion enthalpies. A range of oxygen adsorption enthalpy
ues spanning−75 to −300 kJ/mol was examined, whic
includes literature values obtained for oxygen adsorptio
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a wide variety of metal oxides [27]. Enthalpies for this
action were examined at fixed intervals of 25 kJ/mol. Simi-
larly, the enthalpy for reaction (2), the hydrogen abstrac
reaction of methane, was independently fixed at 25 kJ/mol
increments in the range of 75 to 200 kJ/mol. This broad
range centers around the average hydrogen abstractio
ergy for Li/MgO [28] and Li/Sn/MgO [9], two of the most
active and well-characterized OCM catalysts to date. W
the values of reactions (1) and (2) are independently set
reaction enthalpy associated with reaction (3) is autom
cally fixed according to the thermochemistry of the ove
catalytic transformation of methane and oxygen to me
radicals and water.

Upon specification of the enthalpy of methane hyd
gen abstraction, the remaining barriers for ethane, eth
formaldehyde, and methanol were scaled according to
difference in C–H bond energy of these species relativ
methane. To distinguish the bond energies of MO–H v
sus MO–CH3, the differences in bond strength for seve
hydrocarbon species of the type RO–H and RO–CH3 were
compared [29]. Finally, surface formaldehyde was assu
to desorb from the surface with no barrier.

Altogether, there are five surface species whose the
chemistry is unknown. One of these is fixed by the requ
ments of thermodynamic consistency, one is set relativ
the energy of OH∗ by analogy, one is set by defining th
zero of energy, and two are allowed to float within a ph
ically reasonable range. To fully span the two-dimensio
subspace of surface energetics requires a total of 60 i
pendent calculations.

3. Model formulation

As a first approximation of flow through a packed be
the bed was visualized as a series of parallel, noninterac
isothermal cylinders. These cylinders were considered l
with our hypothetical catalyst, and intraparticle micropor
ity was ignored. To maximize catalyst site density, a cu
crystal structure was examined, where all exposed sur
oxygen atoms were assumed to be potentially active
for OCM. The resulting site density was calculated to
∼ 1×10−9 mol/cm2. Site densities from other crystal stru
tures are comparable.

To maximize methyl radical production, the smalle
allowable pipe diameter was selected to increase the sur
to-volume ratio of the pipe and hence the heterogene
phase contribution. The cylinder diameter (0.02 cm) w
determined by averaging the resulting void space of mes
particles (20–60) typically employed in OCM tests.
with most laboratory-scale OCM experiments, simulatio
were performed at 1 atm. The flow velocity was fix
at 5.25 cm/s. Higher velocities were avoided as they a
observed to result in significant pressure drops du
packed-bed studies. Cylinder length was not fixed,
-

,

-

,

-

adjusted to maximize the yield for each hypothetical cata
and reaction condition.

Using the various surface kinetic models described
lier, the typical range of packed-bed conditions was sim
lated to find a maximum yield. Specifically, temperatu
ranging from 700 to 800◦C were examined, with methan
to oxygen molar feed ratios of 2:1 to 10:1. Similar to exp
imental catalyst screening conditions, a dilute feed stre
of 15% reactants was employed. The series of equat
describing multicomponent transport and chemical re
tion occurring throughout the catalyst-lined cylinder w
solved using the commercial modeling package, CR
LAF [30]. This solves the conservation equations for m
mentum, species, and energy in a two-dimensional chan
assuming laminar flow, neglecting axial diffusion, and u
lizing the ideal gas law as the equation of state. A more
tailed discussion of the formulation can be found in eit
the CRESLAF manual [30] or in the publications of Coltr
et al. [31,32]. Concentration profiles output from CRE
LAF simulations were used in calculating methane con
sion and C2 selectivities down the catalyst bed. Yields vers
axial position were then calculated, and the maximum y
was selected in forming yield maps. As mentioned ear
CRESLAF was utilized to capture the potentially significa
effects of radial gradients in radical concentration. For co
parison, calculations were also made with a plug flow
proximation using PLUG [30].

4. Results and discussion

4.1. Yield bounds of nonporous catalysts

Maximum yields of the aforementioned subspace
surface energies were tabulated in yield maps such as F
Results displayed are for reactor conditions ofT = 800◦C
and CH4:O2 = 2:1, as these conditions were found
result in the highest yields. Even under the most opti
set of surface energies, however, the maximum yield o
approaches 14%. In contrast, yields cited for superior O
catalysts exceed 20%.

Several possible explanations exist for this discrepa
One possibility is that the elementary mechanism d
not accurately represent the surface kinetics of high-y
OCM catalysts. An alternative mechanism, such as
that differentiates between oxygen species, may be m
appropriate. Assuming the kinetic mechanism employe
correct, however, another potential pitfall is the inadvert
maximization of a negative reaction channel. We do
believe this is the case. With respect to the main cata
cycle, our belief is that high OCM yields are attained
rapid catalytic turnover. The generation of a high met
radical concentration should promote coupling to C2 species
over deep oxidation. This is due to the second-order na
of the coupling reaction. One area where the reduc
of activation energies to enthalpic values was presum
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Fig. 1. OCM yield bound map for a nonporous catalyst as determ
by an axisymmetric, multicomponent reacting flow simulation. E
grid point represents a single simulation performed using a spe
set of surface reaction parameter values. The various paramete
employed are generated through independent selection of O2 dissociative
adsorption enthalpy (reaction (1)) and CH4 hydrogen abstraction enthalp
(reaction (2)) in the main OCM catalytic cycle. Details are given
Section 2.T = 800◦C, P = 1 atm, CH4:O2:N2 feed ratio= 2:1:17.

sub-optimal was in reaction (14), the conversion of surf
methoxy species to formaldehyde. Concern regarding
overexpression of this reaction prompted examining
effects of removing this reaction pathway. The result
impact on C2 yield, however, was found to be minor. Whi
rate-of-production analysis shows reaction (14) to be
primary surface channel for the formation of formaldehy
its impact is ameliorated by the low formation rate of surf
methoxy species. Finally, the influence of various radi
quenching reactions was also evaluated. As shown l
manipulations of the sticking coefficients for these reacti
indicate that the optimal kinetic parameters were used.

The source of the yield discrepancy can likely be
tributed to some oversimplification, whether physical or
netic, of the real packed bed. For example, nonhomoge
in temperature as well as in catalyst surface undoubtedly
a significant impact on the resulting yield trajectory. One
portant cause of the lower-than-expected yields is the
metric constraint imposed on the model. By modeling
system as a series of catalyst-lined pipes, the bulk of cat
sites provided by porosity is neglected. As a first attemp
take into account this phenomenon, transport effects w
the pores themselves were ignored and the surface site
sities were simply increased. Barring the possibility of
lective transport such as oxygen sieving, it is believed
this should provide an upper bound on what really occur
porous catalysts.

4.2. Model for microporous packed-bed catalysts

To approximate the extent to which microporous n
works could contribute to catalyst active sites, we emplo
s

,

t

-

a geometric argument based on a sphere-packing mod
catalyst particles [33,34]. The sieved particles constitu
the packed bed were assumed to consist of agglomerate
works of nonporous microspheres. Assuming microsph
of a given uniform size, the number of microspheres mak
up the sieved particle can be calculated. From this, the
surface area of the sieved particles is determined.

As expected, reducing the microsphere size result
increased total surface area. Constraints exist, how
as to the area that may be effectively utilized for OC
The effective surface area cannot be simply increase
selecting smaller and smaller microspheres. Reyes
Iglesia [34] have shown that, for a uniform agglomerate
microspheres, the average pore radius is roughly half
of the microsphere radius. This average pore diameter
exceed the methyl radical mean free path to allow signific
methyl radical coupling in the gas phase to form the2
products. Under the reaction conditions studied, the m
free path is approximately 200 nm. In addition, coup
products such as ethene, once formed, must diffuse out o
particle without further reaction with the surface (otherw
they will be converted to COx products). To determine th
particle shell thickness wherein OCM can take place with
destruction of the ethene produced, we employ a ran
walk argument. The mean time for a randomly form
ethene molecule to contact the pore wall is approxima
by (2rp)2/12D whererp is the average pore radius andD is
the diffusion coefficient of ethene. This time is then sca
via the inverse of the reaction probability of ethene w
the surface. This estimates the average time elapsed
to further ethene reaction. Using this value of time,
mean square distance that ethene molecules can trav
the pores before being consumed can be calculated. T
an estimate of the thickness of the particle shell that ca
utilized effectively for OCM may be obtained. Fig. 2 sho
the ratio of the accessible surface area to the geom
surface area of the pipe. As expected, since the time be
wall reaction increases with the square of the pore diam
ethene can safely diffuse out of particles made of la
microspheres. However, the size of the microspheres
limits the gain in surface area. The effectiveness of parti
composed of small microspheres is strongly influenced
the reaction probabilities of the molecules being examin
With large reaction probabilities, the accessible numbe
sites inside the particles is much smaller than that der
from the microsphere’s external surface area. With a ba
of 100 kJ/mol for ethene surface abstraction at 800◦C, the
reaction probability of ethene is∼ 1.4 × 10−5 per collision
with the surface. This results in a maximum effective surf
area that is 2 orders of magnitude larger than the geom
surface area used in computing Fig. 1.

4.3. Yield bounds for microporous OCM catalysts

To simulate the contribution of this additional surfa
area, the original site density was increased by 2 or
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Fig. 2. Impact of microsphere size on accessible pore surface area of s
particles. Smaller particles show significant enhancement of acces
surface area with decreasing ethene reaction probability. In our mode
reaction probability∼ 10−5, so microporosity can increase the effecti
surface area by 2 orders of magnitude. Bed void fraction= 0.2, particle
porosity= 0.3.

of magnitude such that the total number of active s
was conserved. As shown in Fig. 3, overall OCM yie
of up to 28% may be obtained. While modification of t
site density to capture internal micropore contributions
a rough approximation, it is interesting that the consequ
upper bound is comparable to yields reported for the
experimental OCM catalysts.

One important result from Fig. 3 is that superior yie
are observed only within a narrow window of catalyst th
mochemistry. This contradicts earlier predictions that
catalyst plays a minor role in determining OCM perfo
mance [8,35]. While the unavoidable secondary reaction
ethane and ethene undeniably shape the maximum yield
tainable, Fig. 3 testifies to the uniqueness of each cataly
determining that ultimate bound. The fact that maximiz
yields occur under conditions where the methane hy
gen abstraction energy is not minimized raises an impor
possibility. While two of the three critical reactions in th
main catalytic cycle can be independently fixed, the e
getics of the third reaction is constrained by thermodyn
ics. This interconnectedness complicates the notion o
tional catalyst design. For instance, the ease with whic
material adsorbs oxygen has a profound effect on how e
water can be desorbed. Targeting efforts exclusively to
prove a single catalyst feature (e.g., hydrogen abstrac
may simply result in bottlenecks from the other surface
actions.

4.4. Reaction pathway analysis

To test this hypothesis, the main catalytic cycle w
analyzed via Campbell’s degree of rate control [36].XRC,i ,
-

Fig. 3. OCM yield bound map with 100× the effective site density used i
Fig. 1 (modeling the increased surface area due to microporosity). O
parameters used are identical to those employed in generating Fig. 1.
the strong effect of surface area on the yield bound.

the degree of rate control for stepi, is defined as:

XRC,i = ki

r

(
δr

δki

)
Keq,i ,kj

,

wherer is the overall rate of the catalytic cycle,ki andKeq,i
are the forward rate constant and equilibrium constant
step i, respectively, andkj ’s are the rate constants for th
remaining steps. Implementation of this method was d
numerically. MATLAB was used to solve the steady-st
rate equations in the main catalytic cycle for site fract
values. The site fractions obtained from this simplifi
model corresponded quite well to values obtained via PL
and CRESLAF calculations at a fraction of the computat
cost. The influence of each step on the overall rate was
determined by increasing the values for bothki andk−i by a
small factor and recalculating the steady-state rate. This
repeated using smaller incremental increases until the
differential limit was approached.

Fig. 4 shows the resultingXRC values for the methan
hydrogen abstraction (reaction (2)) of the main catalytic
cle. In almost all cases, hydrogen abstraction was foun
be rate-limiting. At low�H abstraction, however, increase
in |�H adsorption| result in the appearance of an alternat
rate-limiting step. This effect, however, is only important
the fringe of catalyst energetics studied and does not
plain why the computed OCM yield drops off in the ran
of �Habstraction< 125 kJ/mol and−100> �Hadsorption>

−250 kJ/mol. In fact, hydrogen abstraction remains the ra
determining surface reaction throughout this region, wh
would seem to imply that further reductions in the hydrog
abstraction barrier would result in even greater methyl r
ical production. This is indeed the case. At�Hadsorption=
−200 kJ/mol, as �H abstraction is decreased from 125 t
75 kJ/mol, an approximate 2 orders of magnitude incre
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Fig. 4. Contour map of potential rate-limiting behavior by surface meth
hydrogen abstraction (reaction (2)) using Campbell’s degree of rate co
method. Reaction (2) is rate-controlling in almost all cases.

in the methyl radical formation rate are observed. Ove
C2 yields, however, drop from 26.4 to 17.6%. The contrad
tion between high methyl radical production and low ove
OCM yield hints at the onset of a new channel that co
petes with gas-phase methyl radical coupling. To quan
the consumption channels for methyl radicals, small sect
of the catalyst-lined pipes were analyzed using Chemk
AURORA CSTR model. This allowed for the convenient e
traction of reaction sensitivity and production rate values
mimic the 2D model system, catalyst surface area-to-vol
ratios were maintained. A cross section of abstraction
thalpies was studied at�H adsorption= −200 kJ/mol using
gas and surface mole fraction inputs obtained from ea
CRESLAF simulations. Small residence times (τ = 10−2

and 10−3 s) were selected for CSTR simulations to ta
snapshots of behavior at different points along the cata
lined pipe. Since the axial length scale for reaction chan
with �H abstraction(reactants are converted to products
a much shorter distance at low�H abstraction), changes in
production/consumption channels were compared atz val-
ues of identical conversion.

At 20% conversion, when�H abstraction= 150 kJ/mol,
methyl radical consumption is dominated by gas-phase
pling to form ethane. This reaction channel accounts
∼ 55% of methyl radical consumption. Several additio
gas-phase consumption channels are also present, su
C2H6 + CH3 → C2H5 + CH4 and CH3 + O2 → CH3OO,
which account for∼ 10 and∼ 9% of CH3 consumption
Under these conditions, the surface reaction, OH∗ +CH3 →
CH4 + O∗, accounts for only 12.6% of methyl radicals co
sumed. As�H abstractionis reduced, however, this surface
action becomes increasingly important. At�H abstraction=
125 kJ/mol, OH∗ + CH3 → CH4 + O∗ consumes∼ 48% of
the methyl radicals produced, increasing further to 92.6
99.2% at�H abstraction= 100 and 75 kJ/mol, respectively
In some cases, this reverse reaction is accelerated to
as

-

Fig. 5. Variation in steady-state OH∗ site fraction at point of peak methy
radical production with changes in catalyst chemistry (�Habstraction,
�Hadsorption).

gree such that reaction (2) becomes quasi-equilibrated
�H abstraction< 125 kJ/mol and larger|�H adsorption| val-
ues, an analysis of the reversibility of reaction (2) reve
values approaching 1 [37]. The appearance of this sur
reaction as a significant competitive channel for CH3 con-
sumption is not due to a change in its activation ene
which remains fixed in our model at 0 kJ/mol. Instead,
as Fig. 5 shows, the steady-state population of OH∗ rises
dramatically as�H abstractionis decreased, increasing fro
θOH∗ < 10−8 at �H abstraction= 200 kJ/mol to θOH∗ ∼ 0.3
at �H abstraction= 75 kJ/mol. Due to the interconnected n
ture of surface reaction steps, as�H abstractionis decreased
and|�H adsorption| increased, hydroxyl removal becomes
creasingly endothermic. The outcome is a dramatic incr
in the steady-state equilibrium concentration of OH∗ species
on the surface, which results in the reaction OH∗ + CH3 →
CH4 + O∗ dominating over the desired methyl radical co
pling.

While the increasing role of the surface back-reac
OH∗ + CH3 → CH4 + O∗ reduces the benefit of going
lower values of�H abstraction, it still cannot explain the drop
off in the computed OCM yield. At a conversion of 20
and�H adsorption= −200 kJ/mol, decreasing�H abstraction
from 125 to 100 kJ/mol results in an order-of-magnitud
increase in methyl radical production. While a larger p
tion of these methyl radicals are reacted back to CH4 (92.6
versus 47.5% for�H abstraction= 125 kJ/mol), the steady
state concentration of CH3 is still ∼ 2 times higher. Thus
methyl radical coupling is always enhanced at lower v
ues of�H abstraction. The decrease in yield that is observ
at �H abstraction< 125 kJ/mol can only be explained if w
examine the concurrent changes occurring in the other
face reactions. As�H abstractionfor methane is reduced, a
identical barrier reduction occurs in the remaining hyd
gen abstraction steps. In particular, the reactions of O∗ with
the C2 products (C2H6 and C2H4) are also accelerated b
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Fig. 6. OCM yield bound map as determined via plug flow simulati
The various parameter sets employed as well as modeling condition
identical to those used in generating Fig. 3. For high surface-to-vol
ratios, the plug flow approximation is accurate over most of the ra
T = 800◦C, P = 1 atm, CH4:O2:N2 feed ratio= 2:1:17.

an order of magnitude. But unlike hydrogen abstraction
CH4, once these C2 species undergo hydrogen abstract
to form their radical counterparts, they are quickly reac
away. In the case of C2H5, many of these gas-phase co
sumption reactions simply lead to ethylene formation (i
C2H5 → C2H4 + H and C2H5 + O2 → C2H4 + HO2).
However, C2H3 formed from C2H4 is rapidly consumed
by O2 in the reactions, C2H3 + O2 → HCO + CH2O and
C2H3 + O2 → C2H3O· + O. At �H abstraction= 125 kJ/mol,
these reactions destroy 96% of the C2H3 formed; the prod-
ucts ultimately become unwanted COx . Importantly, these
negative gas-phase consumption channels remain dom
at low�H abstraction. While the back-reaction OH∗ +CH3 →
CH4+O∗ competes effectively with methyl coupling (whic
is slow because it is second order in the radical concen
tion), the comparable back-reaction C2H3 + OH∗ → C2H4
+ O∗ is not as competitive with the very fast C2H3 + O2 re-
action. For�H abstraction> 100 kJ/mol, < 4% of the C2H3
formed is consumed by surface reactions. The increased
of C2 destruction continues largely uninhibited by surfa
back-reactions as�H abstractionis lowered, and eventuall
outstrips the corresponding increases in C2 formation with
the more active catalyst.

4.5. Plug flow approximation vs 2D simulation

To quantify the magnitude of potential yield improv
ments due to irreducible mass-transfer limitations [9,14
methyl radicals, an identical yield map was created us
the plug flow approximation (Fig. 6). For most values
the surface thermochemistry, the plug flow yield clos
approximates the multidimensional simulation. The com
nation of �H abstraction= 125 kJ/mol and �H adsorption=
t

e

Fig. 7. Methyl radical mole fraction versus fractional radial distance
z = 0.2 cm forr = (a) 0.01 cm, (b) 0.05 cm, and (c) 0.1 cm. For larger ra
the methyl radical concentration is significantly higher near the cata
surface than in the middle of the channel, and the plug flow approxima
is not accurate.

−250 kJ/mol was selected to further examine the role
lack thereof of CH3 mass transfer on OCM yield. Fig.
shows the methyl radical profile for the original tube
dius of 0.01 cm as well as those for increased radii of 0
and 0.1 cm atz = 0.2 cm. No significant gradient of methy
radicals was observed for the original radius. A rate
production analysis comparing methyl radical coupling n
the wall as opposed to the channel center reveals only
nor differences:∼ 4% difference atz = 0.2 cm. A simple
Damkohler reaction-diffusion analysis gives the expec
length scale of the methyl radical gradient to be∼ 0.02 cm.
At r = 0.01 cm, the walls of the tube remain within th
gradient layer, resulting in overlap with the gradient fro
the opposing wall. It is only when the tube radius is
creased that significant CH3 gradients are seen. When th
occurs, the beneficial impacts due to irreversible mass tr
port limitations can be large. Due to the second-order
ture of methyl radical coupling, the higher concentration
methyl radicals near the catalyst surface results in an
creased rate of methyl radical coupling and overall C2 yield.
When comparing the maximum yields for various diamet
however, we have found the yield predicted by the mu
dimensional model to be lower for larger diameter cas
Thus, while irreducible mass transport effects can sign
cantly increase yields under certain conditions, this ben
is diminished by the fact that such effects are largest at
optimal operating conditions. To maximize yields, very h
surface-to-volume ratios are required, so the spatial dim
sions become small enough that diffusion across the c
nels becomes competitive with radical reactions. Under
condition, the irreducible mass transfer limitation vanis
and plug flow approximations are fairly accurate.
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Fig. 8. Influence of CH3 quenching reaction sticking coefficient o
OCM C2 yield bound. Modeling conditions:�Habstraction= 125 kJ/mol,
|�Hadsorption| = 250 kJ/mol, T = 800◦C, P = 1 atm, CH4:O2:N2 feed
ratio = 2:1:17. Low CH3 sticking coefficients similar to those measur
experimentally [27] appear to be necessary for effective OCM catalyst

4.6. Importance of surface radical quenching

As an alternative to coupling, methyl radicals near
surface can also react with the catalyst to form surf
methoxy species via reaction (12). Poor OCM performa
has been previously blamed on large sticking coefficie
for methyl radical quenching [38,39]. As mentioned earl
experimental work by Lunsford et al. [28] seems to indic
that the sticking coefficient for methyl radicals on go
OCM catalysts is significantly less than unity. Moreov
Tong and Lunsford inferred a lower limit on the meth
radical sticking coefficient of 10−8 [26]. (One caveat is tha
these sticking coefficients were determined under condit
different from actual OCM conditions. Also, the physic
origin of the low methyl radical uptake rate is not know
in our simulations we have just reduced theA-factor.)
Fig. 8 highlights the impact of the methyl radical sticki
coefficient on catalyst yield for�H abstraction= 125 kJ/mol
and�H adsorption= −250 kJ/mol. The extent to which thi
negative reaction channel competes with gas-phase m
radical coupling plays a significant role in determini
attainable C2 yields. While it is difficult to imagine a sticking
coefficient of 10−8 relative to other surface reactions (unle
there is a barrier or the surface species is only we
bound), we do see significant improvements in selecti
at more moderate values for the methyl radical stick
coefficient. A value of 10−5 was used as the stickin
coefficient in generating Figs. 1 and 3; Fig. 8 suggests
as long as the sticking coefficient is below 10−3, the yield
predictions will be similar.

The sensitivity to reaction (12) depends on the su
ce thermochemistry. For example, Fig. 9 shows the
pact of changing the sticking coefficient for a catalyst w
�H abstraction= 100 kJ/mol and�H adsorption= −75 kJ/mol.
Unlike results at �H abstraction = 125 kJ/mol and
l

Fig. 9. Influence of CH3 quenching reaction sticking coeffi
cient on OCM C2 yield bound at alternative surface condition
�Habstraction= 100 kJ/mol, |�Hadsorption| = 75 kJ/mol, T = 800◦C,
P = 1 atm, CH4:O2:N2 feed ratio= 2:1:17. Under these conditions, th
yield bound is less sensitive to the sticking coefficient value than unde
conditions of Fig. 8.

�H adsorption= −250 kJ/mol in Fig. 8, these condition
seem more tolerant of higher sticking coefficients. The
bustness of a particular set of surface energies with rega
reaction (12) provides us with an additional criterion to f
ther narrow the window of desirable surface energetics
OCM catalysts. While both sets of surface energetics ach
yields in excess of 25%, the conditions of�H abstraction=
100 kJ/mol and�H adsorption= −75 kJ/mol may be more
desirable as they are less subject to the additional req
ment of a low methyl radical sticking coefficient.

Although surface reaction of methyl radicals is clea
undesirable, radical quenching was found to be ad
tageous under some circumstances. Studies manipu
the rate of HO2 quenching by the catalyst (reactions
and (9)) via their sticking coefficients show that the ca
lyst plays an active role in controlling detrimental HO2 radi-
cal populations. As shown in Fig. 10, while reducing H2
quenching increases conversion, the selectivity drops
matically, leading to an overall decrease in yield. As sho
by Mims et al. [15], HO2 facilitates deep oxidation in th
gas phase, primarily through the reaction HO2 + CH3 →
CH3O + OH. Reaction sensitivity and rate-of-producti
values were extracted with AURORA for surface con
tions of �H abstraction= 125 kJ/mol and �H adsorption=
−250 kJ/mol, using gas and surface mole fraction inp
at z = 0.2 cm obtained from earlier 2D simulations. Wh
the sticking coefficient is set to 1,> 99% of HO2 in the sys-
tem is removed through surface quenching. In contrast,
an HO2 sticking coefficient of 10−5, an insignificant portion
of HO2 is consumed at the surface. The difference in H2

surface quenching reduces the predicted upper bound o2

yield from 27 to 21%.
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Fig. 10. Impact of HO2 sticking coefficient on OCM C2 yield bound.
Modeling conditions: �Habstraction= 125 kJ/mol, |�Hadsorption| =
250 kJ/mol, T = 800◦C, P = 1 atm, CH4:O2:N2 feed ratio= 2:1:17. Sur-
face destruction of HO2 is necessary to obtain high yields.

Upon observation of the significant impact of HO2 on
C2 yield trajectories, the effects of CH3OO quenching were
also investigated. The major reaction channel in the
phase for CH3OO loss is CH3OO + CH3 → 2CH3O. Thus,
it was suspected that the effective surface quenchin
CH3OO might also be necessary for high yields. As sho
in Fig. 11, however, the computed C2 yields are not sensitiv
to the CH3OO sticking coefficient. At a sticking coefficien
of unity, ∼ 72% of CH3OO destruction is due to surfac
reaction. HO2 reacts more readily with the surface throu
an additional fast channel because of its weak O–H bo
Fortunately, because the concentration of CH3OO is an order
of magnitude less than that of HO2, it has a negligible effec
on the yield.

5. Conclusions

In this paper, we describe a simple approach for de
ing the inherent limits that may exist for a catalytic reacti
This approach allows for the coupling of our physical in
ition about the catalyst’s function with our knowledge of t
elementary surface kinetics. Although the use of elemen
steps to describe surface kinetics leads to a large numb
reaction parameters, it allows us to operate within a t
modynamically consistent framework, which is critical. W
have shown that scaling arguments can be used to reduc
dimensionality of the problem. For the remaining unknow
we can turn to experimental data to establish a range of
sible values for them. Thus, a methodical survey of the
tainable yield becomes tractable.

Unlike previous modeling attempts to determine optim
catalytic performance, this methodology focuses on
catalyst’s impact on the attainable yield. Oftentimes,
f

e

Fig. 11. Impact of CH3OO· sticking coefficient on OCM C2 yield bound.
Modeling conditions: �Habstraction= 125 kJ/mol, |�Hadsorption| =
250 kJ/mol, T = 800◦C, P = 1 atm, CH4:O2:N2 feed ratio= 2:1:17. C2
yields are not sensitive to changes in this sticking coefficient.

employing a surface mechanism fit using experime
data from a single catalyst, the unique behavior of t
catalyst is downplayed. Optimization is conducted so
with respect to reactor parameters such as space-time,
ratio, and temperature. Lost in this process is the key
of the catalyst surface kinetics on yields. Our results
OCM reaffirm the importance and uniqueness of cata
behaviors in determining yields. This is demonstrated by
limited range of abstraction and adsorption enthalpies
correspond with superior catalytic performance.

In selecting OCM as a case study for this approach,
goal was to take into account additional complexities
perhaps more rigorously confirm Labinger’s conclusion t
OCM could not be economically feasible. OCM highligh
some of the challenges encountered in attempting to ob
a high-yield catalyst, while providing a relatively simple a
well-understood surface mechanism. Here, an upper bo
of 28% for C2 yield is determined for a continuous, CH4/O2
co-fed, single-pass process under conventional condi
used for catalyst screening. As Labinger and Ott [12,
pointed out, the attainable yield computed under th
laboratory conditions of diluted feed stream and atmosph
pressure is higher than that achievable at more rea
industrial conditions. Based on these results, it seems
existing catalysts are already close to the performance l
and it does not appear that OCM can be viable with cur
economics [2–4] using a simple packed bed of catalyst
reacts via the conventional Eley–Rideal mechanism.

It remains to be seen how well real catalysts can be
lored to approach optimal surface thermochemistries. W
it is difficult for the performance of idealized catalysts
be matched, this method does provide a guide to fu
catalyst development. We have found that a particular
face thermochemical behavior is a necessary requireme



332 Y.S. Su et al. / Journal of Catalysis 218 (2003) 321–333

ific
be-
yst
e-
ew
lpie
her

for
elp-

er.
ase

of

es
nt

for

ecie
r the

tive
h is

. Th

ith

e

in

d in
with

xy

ac-
lue

ns,

s in
r for

ng

hy-
face,
high OCM yield. Moreover, we have identified those spec
combinations of enthalpies that result in optimal OCM
havior. With the growing interest in high-throughput catal
screening, efficient metrics for identifying potentially sup
rior catalysts are critical. In the case of OCM, for each n
catalyst synthesized, adsorption and abstraction entha
may be measured to see whether they lie in the range w
high yield may potentially exist. Thus, this simple metric
catalyst screening established for OCM should be very h
ful for future studies.
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Appendix A. Calculation of surface reaction enthalpies

The reactions involved in the main catalytic cycle
OCM are

(A.1)O2 + 2V∗ ↔ 2O∗, �H ads,

(A.2)CH4 + O∗ ↔ CH3 + OH∗, �H abs,

(A.3)OH∗ + OH∗ ↔ H2O+ O∗ + V∗, �H recomb,

CH3 + CH3 ↔ C2H6, �H coupling.

The overall reaction is given by

2CH4 + 1
2O2 ↔ C2H6 + H2O, �H overall.

�H overall and �H coupling involve only gas-phase speci
with well-known heats of formation. Upon independe
fixing of reactions (A.1) and (A.2), the reaction enthalpy
reaction (A.3) is determined by

�H recomb= �H overall− 1
2�H ads− 2�H abs− �H coupling.

We can then employ these values to specify surface sp
bond strengths, which are used to define enthalpies fo
remaining surface reactions.

The formation of O∗ species on the surface (�H M–O)
is defined via reaction (A.1). This involves the dissocia
adsorption of oxygen on the surface, the result of whic
the formation of two active O∗ species.

�H M–O = (�H ads− BDEO2)/2,

where BDEO2 is simply the bond dissociation energy of O2
in the gas phase at the reaction temperature of interest
energy associated with the transformation of V∗ to OH∗
(�H M–OH) can be defined by

�H M–OH = �H A + �H B − �H abs− �H recomb,
s
e

s

e

where�H A and�H B are known enthalpies associated w
the reactions

H + OH↔ H2, �H A,

CH4 ↔ CH3 + H, �H B.

Once�H M–OH was defined,�H M–OCH3 was scaled relativ
to it. As a first approximation,

�H M–OCH3 = �H M–OH + X1,

where X1 = 41 kJ/mol, the average of the difference
bond energies between R–OH and R–OCH3 for several
hydrocarbon species.

Furthermore, taking into account bonds broken/forme
reaction (A.2), we can determine the energy associated
the formation of MOH from MO∗ as

�H MO–H = −�H B + �H abs.

Likewise,

�H MO–CH3 = �H M–OCH3 − BDECH3–O − �H M–O,

where BDECH3–O is the bond dissociation energy of metho
radical.

As labeled in Table 1, the reaction enthalpies of re
tions (4)–(7) were computed using the previously fixed va
of �H abs,

�H 4–7= �H abs− (BDECH3–H − BDER–H),

where R–H represents the major products C2H6, C2H4,
CH2O, and CH3OH.

Reaction (8), the first of four peroxy quenching reactio
was calculated via

�H8 = �H C + �H MO–H,

where�H C is the reaction enthalpy associated with

HO2 ↔ O2 + H, �H C.

Reaction (9) is calculated as

�H9 = �H D + �H M–O,

where�H D is the reaction enthalpy associated with

HO2 ↔ OH+ O, �H D.

Reaction (10) involves the reaction of surface vacancie
quenching gas-phase methyl peroxy radicals. The barrie
this reaction is defined by

�H10 = BDECH3O–O+ �H M–OCH3 + �H M–O,

where BDECH3O–O is the energy associated with breaki
the O–O bond in CH3OO. Reaction (11) is calculated as

�H11 = BDECH3O–O+ �H M–O.

To define the reaction enthalpies associated with the
pothesized methyl radical degradation route on the sur
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we have

�H12 = �H MO–CH3.

This is followed by further hydrogen abstraction from t
resulting surface methoxy species. This abstraction
occur by gas-phase radicals, wherein the resulting reac
enthalpy may be described by

�H13 = −�H M–OCH3 + �H E + �H F,

where�H E is the enthalpy associated with the reaction

X + H ↔ XH, �H E

and�H F represents the reaction enthalpy of

OCH3 ↔ OCH2 + H, �H F.

Here, we assume that the interaction between the surfac
the resulting surface formaldehyde species is negligible.
ternatively, hydrogen abstraction from the surface meth
can occur via neighboring surface oxygen species, at w
point the enthalpy of reaction becomes

�H14 = −�H M–OCH3 + �H MO–H + �H F.

The resulting surface formaldehyde species simply de
from the surface.
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