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Modeling and optimization of C hydrocarbon production ®ia the oxidati®e coupling2
( )of methane OCM were studied. The model includes both homogeneous and heteroge-

neous reactions. Focusing on the use of detailed reaction networks, pre®iously ®alidated
experimentally, and the critical role of oxygen in both methane acti®ation and product
degradation, this work systematically explores the use of controlled oxygen addition and
product remo®al schemes that impro®e OCM performance. Based on a plug flow reac-
tor that is di®ided into N stages, within which oxygen is added andror products arep
remo®ed, a rigorous optimization algorithm is de®eloped that simultaneously maximizes
C yields and minimizes O consumption. In the absence of catalyst and product re-2 2
mo®al, the C yield is maximized at a fixed O rCH ratio, but this maximum yield is2 2 4

( )independent of the form in which the oxygen is added cofeed or staged . When a
catalyst is added, the optimal C yields show only gradual impro®ements with oxygen2
distribution because the benefits of the lower oxygen reaction order on the catalyst are
ad®ersely affected by concomitant surface degradation reactions. The largest yield im-
pro®ements are obtained when the C hydrocarbons are remo®ed at each stage before2
they undergo oxidation reactions. Thus, when staged oxygen addition is combined with
product remo®al in the presence of a catalyst, C yields as high as 87% are achie®ed in2
about 20 stages. Such yield ®alues are consistent with experiments in which continuous
product separation schemes ha®e been used.

Introduction
Ž .The oxidative coupling of methane OCM to higher hy-

drocarbons continues to be the focus of significant research
in both industry and academia. The objective of these efforts
is to devise a commercially viable process for utilizing abun-
dant natural gas reserves that are remotely located around

Ž .the world. A pioneering article by Keller and Bhasin 1982
showed that, albeit low yields, ethylene and ethane could be
produced from methane and oxygen feeds at atmospheric

Ž .pressure and at relatively high temperatures ;1,073 K .
Their findings sparked a flurry of research activities that
sought to improve these C yields to economically attractive2
levels. Most of the early work focused on the synthesis of new
catalysts that would favor the coupling reaction over the un-

Ždesired oxidation of the C products Amenomiya et al., 1990;2
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.Lunsford, 1990; Krylov, 1993 . Since then, several groups have
been able to improve the yields observed by Keller and Bhasin
Ž .1982 , but even the most active and selective catalysts have
not yet achieved the targets required for economic feasibility
Ž .Kuo et al., 1989; Fox, 1993 . Beside the issues of activity and
selectivity, viable processes must also deal with the relatively
high exothermicity of the reaction, thus complicating reactor
design. Currently, there is a consensus that an inherent limi-
tation of the OCM chemistry is the concomitant oxidation of

Žthe C products Labinger, 1988; Ekstrom et al., 1989; Mackie2
.et al., 1990; Mackie, 1991 . The oxygen attack typically results

in yield-conversion trajectories that go through a maximum at
some intermediate methane conversion. For typical cofeed
operation in fixed-bed reactors, C yields greater than about2

Ž .30% have not been reported Krylov, 1993 . Thus, comple-
menting the quest for new catalysts, the search for novel re-
actor configurations that seek to overcome the above limita-
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tions has, more recently, received considerable attention.
These approaches range from the selective removal of the C2
products using various adsorption and membrane separation

Žschemes Omata et al., 1989; Tonkovich et al., 1993; Jiang et
.al., 1994; Hall and Myers, 1995; Cordi et al., 1997a,b to con-

trolled oxygen addition strategies that lessen product degra-
Ždation Choudhary et al., 1989; Schweer et al., 1994; Do et
.al., 1995 . Some of these approaches have resulted in sub-

stantial improvements, reaching C yields as high as 85%2
Ž .Jiang et al., 1994 . The lack of commercial implementations
today, however, suggests that the cost involved in these alter-
native reactor-separator schemes likely outweighs the bene-
fits and, thus, it establishes the need for even more active
and selective catalysts and improved reactor designs.

This work describes a modeling and optimization study that
systematically explores C yield improvements by the con-2
trolled addition of oxygen andror controlled removal of C2
products, both in the presence or in the absence of an oxida-
tive coupling catalyst. Although some related studies have

Žbeen reported in the literature Santamaria et al., 1992; Reyes
et al., 1993; Cheng and Shuai, 1995; Coronas et al., 1997; Lu

.et al., 1997a,b , the present study offers a more rigorous and
formal analysis of yield optimization during staged operation
and makes use of detailed reaction mechanisms for both the
gas-phase chemistry and the surface catalyzed steps. Other
theoretical studies of C yield optimization on a simulated2

Žcountercurrent moving-bed chromatographic reactor Krug-
.lov et al., 1996 and in a fixed-bed reactor that includes the

Žmass and heat control along its distance Rojnuckarin et al.,
.1996 have also been recently published and have merits of

their own.
The details of the homogeneous and heterogeneous reac-

tion mechanisms, on which the simulation and optimization
results are based, are discussed first. This work emphasizes
the use of reliable gaseous and catalytic networks that have
been validated against experiments and which have been pre-
viously found suitable for describing compositional effects at
typical methane coupling conditions of pressure and temper-
ature. Thermodynamic calculations and reaction kinetic
simulations are used first to illustrate some key features of
the OCM chemistry, particularly regarding the issues of ethy-
lene and ethane oxidation, pyrolysis under oxygen-depleted
conditions, the role of the catalyst on methane activation and
surface oxidation, and the need of product removal for
achieving high C yields. The gaseous and catalytic reaction2
networks are then embedded into rigorous optimization algo-
rithms that seek to maximize the C yields under a variety of2
situations that include, independently or simultaneously, the
effects of catalyst addition, staged oxygen distribution, and
staged product removal.

The most salient results of this modeling and optimization
study can be summarized as follows. In the absence of cata-
lyst and of product removal, the optimization algorithm iden-
tifies that C yields are maximized when an optimal amount2
of O is used; this maximum yield value, however, is indepen-2
dent of whether the oxygen is cofed or distributed along the
reactor in multiple stages. Under oxygen co-feed operation,
the addition of catalyst decreases the reaction time markedly
but increases the yields only moderately. Staged oxygen addi-
tion in the presence of a catalyst brings only small yield
improvements, because the concurrent surface oxidation re-

actions compete strongly with the methane activation step
throughout the range of oxygen partial pressures. The opti-
mization results indicate that, by far, the largest C yield im-2
provements occur under the staged product removal schemes.
Thus, when product removal is complemented by staged oxy-
gen addition in the presence of a catalyst, yields of nearly
87% are achieved in 20 stages.

Homogeneous and Heterogeneous Reaction
Networks
Homogeneous reactions

The gas-phase reaction mechanism used in this study is
Ž .taken from a recent publication by Mims et al. 1994 . It in-

volves an extensive set of free radical reactions that, in con-
junction with isotope experiments, were successfully used to
interpret mechanistic details of ethylene secondary reactions

Ž .at OCM conditions Mims et al., 1994 . The network consists
of 115 species that participate in 447 reversible reactions. An
important feature of the network, which is largely responsible
for the numerous species and reactions, is the inclusion of
detailed reaction pathways for C and C hydrocarbons.3 4
There are also some higher molecular weight species such as
1,3-cyclopentadiene and benzene, as well as 1,3-cyclopenta-
dienyl, 4-cyclopentenyl, and 1,4-pentadienyl radicals. Accord-
ingly, this network has only limited capabilities for describing
molecular weight growth and care is taken here of not using
it under oxygen-depleted conditions. Also, in order to avoid
errors in incorporating such large network into our computer
algorithms, an original version was provided to us by the de-

Ž .velopers of the network Mims et al., 1994 . This version con-
tains the network in Chemkin-II format and is complemented
by the thermodynamic database that is required to calculate
the reverse rate constants and the physico-chemical proper-
ties of the reaction mixture. Finally, it is noted that, despite
the extensive computations involved in the optimization cal-
culations, the accuracy of the reaction mechanism was not
compromised by altering the network in any way.

Heterogeneous reactions
The catalytic OCM kinetics are taken from a very recent

Ž .work by Colussi and Amorebieta 1997 , who carried out a
theoretical and experimental investigation of the maximum
C yields achievable in a continuous flow reactor containing2
a Sm O catalyst. In line with the purposes of the present2 3
study, their catalyst system was chosen to illustrate the role
of the surface-catalyzed steps on the overall C yields under2
controlled oxygen environments. Colussi and Amorebieta’s
mechanism explicitly addresses the issue of oxygen reaction
order; it has necessary details to be useful in computer mod-
eling, and it has been validated against their own experimen-
tal data. Clearly, however, the methodology developed here
can also be used in conjunction with other catalyst systems

Žfor which reaction mechanisms have been developed such as
Hoebink et al., 1994; Andrianova et al., 1996; Pannek and

.Mleczco, 1996; Wolf et al., 1998 .
In their analysis of the OCM chemistry, Colussi and

Ž .Amorebieta 1997 complemented the surface-catalyzed steps
with a reduced set of seven free radical reactions. These gas-
phase reactions are instead replaced here with the more de-
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tailed homogeneous reaction mechanism described in the
Ž .previous section. The carbon oxide species CO appearingx

in their original mechanism have also been explicitly sepa-
rated into CO and CO according to the stoichiometrics2

Ž .shown below see also Amorebieta and Colussi, 1995, 1996

k K1 I6 66CH q1r2 O CH q1r2 H O, O g 2O 1Ž . Ž .4 s1 3 2 2 s1

k K2 II6 66CH q5r2 O COq3r2 H O, O g 2O 2Ž . Ž .3 s2 2 2 s2

k K3 III6 66C H q1r2 O C H q1r2 H O, O g 2O 3Ž . Ž .2 6 s3 2 5 2 2 s3

k K4 I V6 66C H q5 O COqCO q2 H O, O g 2O 4Ž . Ž .2 4 s4 2 2 2 s4

The numerical values of the kinetic constants ks and the
equilibrium constants K s can be found in their original pub-

Ž .lication Colussi and Amorebieta, 1997 . The above reactions
show that, in addition to the desired methyl radical genera-
tion at the catalyst surface, degradative reactions also take
place. Thus, ethane is converted to ethyl radicals and methyl
radicals, and ethylene are degraded to carbon oxides and wa-
ter. According to their experimental data, the rate of the
above reactions could be adequately described by the follow-
ing rate expression

w x w xd X k Xx
y s ,y1r2y1r2dt w x1q K Ox 2

w x w xX s CH , CH , C H , C H 5Ž .4 3 2 6 2 4

At typical OCM conditions of pressure and temperature,
these rate expressions become independent of oxygen con-
centration and therefore suggest that OCM performance can
be improved by controlled oxygen strategies. As shown later,
however, the benefits of oxygen staging are severely curtailed

Ž .by the detrimental reactions Eqs. 2]4 , which oxidize the
methyl radicals and also the ethane and ethylene products.

Modeling and Optimization
Modeling

This section summarizes the modeling equations that de-
scribe the evolution of reactants and products along the reac-
tor length. Since the calculations are specialized to constant
pressure and isothermal operation, no heat balance is re-
quired. Using mass fractions, the material balance equations
can be written as

G S Gdx e 1yeŽ .i
s ? R q ? a ? L qu ? R ,Ý Ý Ýi j p ik i jž /dz r u r u0 o 0 ojs1 k s1 js1

x 0 s x , is1, . . . , N 6Ž . Ž .i i0

In these equations, z is the axial reactor position, x is thei
mass fraction of species i, r is the inlet mass density, u is0 0
the inlet interstitial velocity, a is the catalyst internal sur-p
face area per unit volume, and e and u are the reactor and
particle void fractions, respectively. R and L are the ratesi j ik

Ž . Žof reaction mass units of the ith species in reactions j gas

. Ž .phase and k catalyst surface , respectively. As described
previously, the total number of species are Ns115, the total
number of reactions in the gas phase are Gs447 and in the
catalyst surface are Ss4. The time taken to the reacting
mixture to reach the axial position z is obtained by integrat-
ing the following equation

dt r
s , t 0 s0 7Ž . Ž .

dz r u0 o

Thus, by specifying pressure temperature, and inlet mass
fractions, the integration of Eqs. 6 and 7 determine the
elapsed time and the species concentration along the reactor

Ž .distance. The Chemkin-II package Kee et al., 1990 is used
to calculate the rates of reaction and the properties of the
reacting mixture. The following numerical values are used in
all the calculations described here: e s0.4, u s0.4, u s1000
cmrs, and a s2 ?105 cm2rcm3.p

Optimization
This section formulates a mathematical optimization prob-

lem that seeks to maximize the overall production of C hy-2
drocarbons in a plug-flow reactor having N discrete stagesp
along its length. As shown in Figure 1, such an arrangement
corresponds to a series of sequentially-connected subreactors
containing injection and ejection points. The r and p repre-i i
sent oxygen addition and product removal points at the ith
stage, respectively. The length of each subreactor is x and itsi
numerical value is not known a priori. As shown later, the x si
are determined from the solution of the optimization prob-
lem itself. Thus, in addition to the integration of the species
concentration with distance, material balances are applied to
each subreactor to account for the mass added or removed.

The methane feed is always added to the first subreactor
and the objective of the optimization problem is to maximize
the yield of C products accumulated throughout all the2
stages

Np

� 4Y s a Y x , Ss C H , C H , C H 8Ž . Ž .Ý Ý s s i 2 2 2 4 2 6
is1 sg S

Y represents the combined yield of ethane, ethylene, and
acetylene, and is defined in the usual manner as the product
of selectivity and conversion. The coefficients a make it pos-

Figure 1. Distributed injection/////ejection reactor configu-
ration used in the optimization of C yields.2
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sible to target final products with preferred proportions of
C H , C H , and C H . Given a methane feed and a num-2 6 2 4 2 2
ber of event points, the optimization problem consists of

Ž . Žfinding: a the amount of oxygen injected at each location if
. Ž . Žany ; b the amount of product removed at each location if
. Ž .any ; and c the location of the event point. Since the objec-

tive of the optimization is also to minimize the total amount
of oxygen that is fed to the reactor, the entire mathematical
problem is formulated as follows

N Np p

max v a Y x q v r 9Ž . Ž .Ý Ý Ýx , r , p 1 s i 2 i
is1 sg S is1

subject to

dxi
s f x , x , r , p , is1, . . . , N 0- z- x 10Ž . Ž .idz

Np

RF sÝ r F R 11Ž .i
is1

r r y R G0, is1, . . . , N 12Ž .Ž .i i p

p p y P G0, is1, . . . , N 13Ž .Ž .i i p

r FCx , is1, . . . , N 14Ž .i i p

p FCx , is1, . . . , N 15Ž .i i p

X x F X max 16Ž . Ž .O i O2 2

The first constraint simply describes the compositional
Žchanges of each species within each subreactor that is, the

.material balance Eq. 6 . The second constraint limits the
total amount of oxygen within some prespecified lower and
upper bounds. The third and fourth constraints ensure that,
unless a minimum amount is injectedrejected, the event does
not take place. The fifth and sixth constraints impose that no
mass should be injected andror ejected if no event point is

Ž .identified C41 . The last constraint establishes that a new
stage is defined only after a predetermined O conversion2
level is achieved in the prior stage. Unless specified other-
wise, this maximum O conversion value is taken here as 99%.2

Notice that instead of posing a multiobjective optimization
problem to maximize the C yield, while simultaneously min-2
imizing the oxygen consumption, an objective function based
on weighting factors has been chosen. For suitable choices of

Ž . Ž .the weighting factors v s1 and v sy1 , such a formu-1 2
lation was found to be adequate to the objectives of this work.
Although not further addressed here, the role of v and v1 2
becomes important when cost considerations are included

Žin the objective function that is, the difference between
.the value of products minus the cost of oxygen . Also, the

number of stages N is used as a parameter instead of anp
optimized variable. This was prompted by the difficulty of
penalizing the monotonic increase in the number of stages in
any other way other than on economic grounds. This is out-
side the scope of the present study. Economic penalties are
important in this problem since product yields increase grad-
ually with the number of stages.

Numerically, the above optimization problem is solved us-
ing the NPSOL variant of the NAG Fortran Library. Integra-

Žtion is carried out with either DVODE or DDASSL Brenan
.et al., 1996 , but any other integration package able to handle

stiff, nonlinear, ODE’s should suffice. First-order derivatives
are computed numerically. The approach is fairly straightfor-
ward and well-suited to the purposes of the present calcula-
tions since computational efficiency is not the key target.

Equations 9]16 represent a general mathematical opti-
mization problem that is solved here for a number of special
cases that independently or simultaneously quantify the ef-
fects of oxygen addition and of product removal on C yields2
in the presence or absence of a catalyst. Thus, with or with-
out catalyst, the following cases are analyzed in the next sec-

Ž . Ž .tion: 1 staged oxygen addition; 2 staged product removal;
Ž .and 3 staged oxygen addition in combination with staged

product removal. It is noted that, in all the cases examined
here, the existence of multiple local minima cannot be ruled
out. The main focus of the calculations was to obtain a mean-
ingful set of results that demonstrated the advantages of the
staged oxygen addition and of the product removal strategies
even if these results could be associated with local minima.

Results and Discussion
Simulation

Figure 2 shows a typical gas-phase yield-conversion trajec-
tory in a co-feed reactor at 101.3 kPa and 1,073.15 K. The
integration was carried out up to an oxygen conversion of
99.9% to probe the response of the network at low oxygen
concentrations. The residence time required to achieve the
overall maximum yield is about 0.5 s. Consistent with the early

Ž .experimental observations of Keller and Bhasin 1982 , the
dominant coupling products are ethylene and ethane. Small
amounts of acetylene form only at very high oxygen conver-
sion levels, where dehydrogenation reactions of ethane and
ethylene become important. The individual yield trajectories

Figure 2. Ethane, ethylene, and acetylene yields and
( )oxygen conversion as a function of

methane conversion.
O rCH s1, 1,073.15 K, 101.3 kPa, no catalyst.2 4
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are clearly consistent with a consecutive reaction scheme that
sequentially converts C H ™C H ™C H . The non-zero2 6 2 4 2 2
slope for ethane formation at low methane conversion con-
firms that ethane is the primary product of the coupling reac-
tion.

Consistent with the expected behavior of purely homoge-
neous reactions, the overall C yield goes through a maxi-2
mum of 10.56% at an intermediate methane conversion of
46.8%. Beyond this conversion value, the overall yield de-
clines due to oxidation reactions of the C products. These2
oxidation reactions become important throughout the
methane conversion region where both the oxygen partial
pressure and the concentration of C hydrocarbons are sig-2
nificant. Ultimately, as oxygen becomes severely depleted,
other mechanisms of C yield degradation take place. They2
correspond to kinetically-slower pyrolysis reactions that lead

Ž q.to the formation of higher molecular weight products C2
and also to reforming reactions of methane with CO and2
H O to form additional CO and H . This region of high oxy-2 2
gen depletion is not of interest to the OCM chemistry and is
purposely avoided during the present optimization calcula-
tions, because the homogeneous mechanism cannot ade-
quately describe the molecular weight growth processes that
take place as the system progresses towards thermodynamic
equilibrium. More suitable reaction networks that specifically
address these pyrolysis reactions are available in the litera-

Ž .ture Dean, 1990 .
Figure 3 shows gas-phase yield-conversion trajectories at

various O rCH feed ratios under co-feed operation. These2 4
results illustrate the key role of the oxygen partial pressure

Ž .on methane activation, as well as on ethylene and ethane
oxidation steps. This figure shows that an optimal O rCH2 4
ratio exists in the range of 0.5 and 1. It also shows that for
inlet O rCH ratios lower than about 0.5, the decline in C2 4 2
yield is principally associated with pyrolysis-like conditions:
the sharp decline appears immediately after the point of
maximum yield and, therefore, it suggests that most of the

Figure 3. Gas phase C yields as a function of methane2
conversion for various O /////CH ratios.2 4
1,073.15 K, 101.3 kPa.

Figure 4. Comparison of mole fractions at thermo-
dynamic equilibrium and from kinetic integra-
tion up to point of maximum C yield.2
O rCH s1, 1,073.15 K, 101.3 kPa.2 4

oxygen is used for the methane activation step. Also, reflect-
ing the more selective chemistry that takes place at lower
oxygen partial pressures, the slopes of the yield-conversion
curves increase with decreasing oxygen in the feed. Thus, un-
der co-feed operation, the trade-offs of oxygen control are
clear: lesser amounts of oxygen induce more selective chem-
istry but limit the maximum attainable yields.

Figure 4 compares the product distribution obtained at
conditions of thermodynamic equilibrium with the corre-
sponding values obtained by kinetic integration up to the
point of maximum C yield. The pressure, temperature, and2
inlet feed O rCH ratio are the same as those described in2 4
Figure 2. This figure shows that at typical methane coupling
conditions of pressure and temperature, the most abundant
species at equilibrium are H , CO, H O, and CO . These2 2 2
species are also present in the kinetically-evolving mixture,
but they are distributed in a much different proportion. The
reacting mixture also has large amounts of unreacted methane
and oxygen, small amounts of C s, and some Cq products.2 2
These results illustrate that a key objective of the OCM
chemistry is to exploit a kinetic trajectory that maximizes

Ž .ethane and ethylene reacting intermediates that would be
otherwise only minor components at conditions of thermody-
namic equilibrium. This, therefore, suggests that the C yields2
can be manipulated by controlling the surrounding oxygen
partial pressure andror by removing the C products before2
oxidation and reforming reactions take place. The results of
such strategies are discussed in the next section.

Finally, Figure 5 compares the C yields obtained with and2
without a catalyst. It is seen that the catalyst brings about a
measurable improvement in the maximum C yield. The2
shape of the yield-conversion trajectory is largely maintained,
except for the region of high oxygen conversion. This is sim-
ply due to the dominance of the catalytic reactions that con-
trol the reaction rates at times much shorter than those
required for pyrolysis reactions. With the catalyst, the time
taken to achieve the maximum yield is only 2 ms, which is
significantly shorter than the 0.5 seconds required for the
purely homogeneous reactions.
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Figure 5. C yields as a function of methane con-2
version in the presence and absence of a
catalyst.
O rCH s1, 1,073.15 K, 101.3 kPa.2 4

Optimization results
The optimization algorithm was first applied to the sim-

plest of all cases contained within the general formulation:
controlled addition of oxygen in the absence of a catalyst.
The optimization sought to maximize the C yield with the2
number stages N as a parameter. It was found that, irre-p
spective of the value of N , the maximum C yield reached ap 2
value of about 10.72% at an optimal O rCH ratio of about2 4
0.62. These values are consistent with the simulation results
of the previous section that demonstrated a C yield of2
10.58% at O rCH s1 and suggested that, in a co-feed mode,2 4
additional improvements could be realized by controlling the

Ž .O rCH ratio between 0.5 and 1 see Figure 3 . Thus, in the2 4
absence of a catalyst, there is no incentive in staging the oxy-
gen feed along the reactor length since a co-feed operation
produces the same results.

The next level of calculations focused on maximizing the
C yields by distributing the oxygen along the reactor in the2
presence of a catalyst. The results are summarized in Table
1. They are reported in terms of the percentage of carbon in
the products. Despite the low oxygen reaction order of the
catalytic reactions compared to those of the gas phase, the

Table 1. Carbon Number Distribution as a Function of
Number of Stages for a Plug-Flow Reactor Operating

at 1,073.15 KU

N CH COqCO C C O rCHp 4 2 2 2q 2 4

2 59.41 8.24 20.26 12.08 0.222
4 56.53 8.56 21.09 13.82 0.239
6 55.36 8.71 21.37 14.54 0.246
8 54.64 8.86 21.51 14.98 0.251

10 54.44 8.81 21.59 15.15 0.252
20 53.58 9.01 21.73 15.67 0.257

UStaged oxygen injection, no product removal, with catalyst.

Table 2. Carbon Number Distribution as a Function of
Number of Stages for a Plug-Flow Reactor Operating

at 1,073.15 KU

N CH COqCO C C O rCHp 4 2 2 2q 2 4

2 38.95 40.26 17.47 3.26 0.781
4 24.33 47.22 24.33 2.67 0.884
6 17.26 49.09 31.85 1.79 0.928
8 14.59 47.96 35.96 1.47 0.908

10 12.84 46.73 39.13 1.29 0.900
20 5.91 44.76 48.56 0.76 0.889

UOxygen co-feed, staged product removal, no catalyst.

optimization algorithm reveals only minor incentives for dis-
tributing the oxygen feed along the reactor length. The small
increase with N is the result of a compensation effect be-p
tween favorable and unfavorable surface-catalyzed processes.
The catalytic methane activation that is favored over gas-
phase oxidation at low oxygen partial pressures also favors
the surface oxidation of methyl radicals, ethane, and ethy-
lene. Thus, the small increment in methane conversion with
the number of stages is nearly balanced by the selectivity
losses to COqCO and C . The optimal amount of oxygen2 2q
is low and increases only slightly with the number of stages.
It is kept low to minimize the concurrent gas-phase oxidation
reactions, and it is responsible for the rather large amounts
of C products that form more readily at low oxygen con-2q
centrations.

Table 2 summarizes the optimal C yields and oxygen re-2
quirements obtained for staged product removal in the ab-
sence of a catalyst and under oxygen co-feed conditions. In
all product removal cases reported here, all the C H , C H ,2 6 2 4
and C H products are removed at each stage. This table2 2
shows that the C yield increases markedly with the number2
of stages. Yields of nearly 50% are obtained for 20 stages. As
N increases, sizable methane conversion increments occurp
without appreciable increases in carbon oxides and with de-
creasing C formation. The removal of C products limits2q 2
their oxidation and their participation in molecular weight
growth processes. It also allows the use of higher amounts of
oxygen, that contribute proportionately more to methane ac-
tivation than to product oxidation. The optimal amount of
oxygen goes through a broad maximum that reflects a com-
promise between increased methane conversion and de-
creased product selectivity.

Table 3 summarizes the optimal C yields and oxygen con-2
sumption obtained for staged oxygen addition and product

Table 3. Carbon Number Distribution as a Function of
Number of Stages for a Plug-Flow Reactor Operating

at 1,073.15 KU

N CH COqCO C C O rCHp 4 2 2 2q 2 4

2 38.47 39.49 17.78 4.23 0.820
4 19.29 51.03 26.46 3.21 0.993
6 17.00 46.83 32.98 3.17 1.010
8 11.99 46.73 38.29 2.97 1.010

10 8.98 45.99 42.12 2.89 1.038
20 3.91 40.06 53.68 2.33 0.963

UStaged oxygen injection, staged product removal, no catalyst.
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Table 4. Carbon Number Distribution as a Function of
Number of Stages for a Plug-Flow Reactor Operating

at 1,073.15 KU

N CH COqCO C C O rCHp 4 2 2 2q 2 4

2 44.38 12.61 31.98 11.07 0.310
4 24.59 15.91 49.69 9.79 0.406
6 15.33 15.79 60.94 7.92 0.432
8 10.39 14.59 68.62 6.38 0.432

10 7.26 13.47 74.11 5.14 0.428
20 2.06 8.62 87.21 2.09 0.379

UStaged oxygen injection, staged product removal, with catalyst.

removal in the absence of a catalyst. As in the previous case,
the yield increases markedly with the number of stages. A
one-to-one comparison of the results in Tables 2 and 3 shows
that the additional effect of oxygen distribution lead to a fur-
ther, though moderate, improvement in C yields. The rela-2
tively larger amounts of oxygen allowed in this case have a
more favorable effect on the methane conversion than on the
formation of undesired carbon oxides. The longer residence
times involved in the present case, due to the oxygen distri-
bution, gives rise to slightly greater, though moderate,
amounts of C than in the previous case.2q

Table 4 summarizes the optimal C yields and oxygen con-2
sumption obtained for staged oxygen addition and product
removal in the presence of a catalyst. As expected, this case
leads to the largest improvements in C yields. The combina-2
tion of catalyst and product removal is largely responsible for
the marked improvements of this case compared to those dis-
cussed previously. Reflecting the very high methane conver-
sion and very high selectivity at 20 stages, the yield reaches
87.2%. Also, consistent with the more selective chemistry un-
der which this system operates, the total oxygen requirements
are moderate and also go through a maximum that compen-
sates the trade-offs of conversion and selectivity trends with
increasing N .p

Figure 6. C yield increments as a function of methane2
conversion for the conditions of Table 4.
Staged oxygen injection, staged product removal, with cata-
lyst.

Figure 7. Percent of oxygen injected at each injection
point for the conditions of Table 4.
Staged oxygen injection, staged product removal, with cata-
lyst.

Figure 6 shows the stage-by-stage C yield increments as a2
function of methane conversion for the conditions of Table 4.
The yields increments are nearly uniform and, as N in-p
creases, follow trajectories that gradually approach the parity
line of maximum selectivity. Under the present conditions,
the C yields increase monotonically with the number of2
stages. For N greater than about 20, this staged operationp
behaves like a dual function membrane that selectively per-
meates the oxygen in and separates the products out.

Complementing the results of Table 4 and Figure 6, Figure
7 displays how the oxygen is distributed among the various
injection points. The relative amounts change as N in-p
creases. When N is low, the optimization algorithm deter-p
mines that more oxygen should be added in the latter injec-
tion points. As N increases from 6 to 10, the relative amountsp
go through a shallow minimum. Finally, as N increases pastp
about 10, the relative amounts become more uniform but still
exhibit a slight decreasing trend. The nearly uniform injec-
tions that the algorithm determines for a large N furtherp
emphasizes the similarity of this discrete operation to a con-
tinuous membrane reactor.

Conclusions
Despite the extensive search for more active and selective

catalysts that followed the pioneering work of Keller and
Ž .Bhasin 1982 , there is broad consensus today that co-feeding

CH and O over an OCM catalyst leads to C yields that do4 2 2
not meet the targets required for economic feasibility. Ac-
cordingly, as illustrated by the present work, some of the em-
phasis has shifted to engineering designs that take advantage
of the OCM chemistry fundamentals, particularly regarding
the preservation of the desired C products and the mini-2
mization of detrimental oxidation pathways that occur on the
catalyst surface and in the surrounding gas phase. Thus, based
on a detailed modeling and optimization study, this work
demonstrates that the maximum C yields achievable in a2
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co-feed process can be significantly improved by controlling
the addition of oxygen and the removal of C products along2
multiple stages in a fixed-bed reactor. The focus of this anal-
ysis is on potential C yield improvements based on chem-2
istry fundamentals and, therefore, cost or implementation
issues are not addressed. The results are based on realistic
homogeneous and heterogeneous chemical mechanisms that
have been previously verified experimentally and which
describe well compositional effects at typical conditions of
pressure and temperature. In all cases involving oxygen dis-
tribution, the algorithms prescribe the optimal amounts of
oxygen added at each stage and their location along the reac-
tor.

The combination of catalyst and oxygen control without
product removal leads to only moderate yield improvements
because, despite the significant lowering of gas-phase oxida-
tion rates at low oxygen partial pressures, significant surface
oxidation reactions occur in parallel with the production of
methyl radicals. Thus, the expected advantages of a low
oxygen reaction order in the catalyst are negated by the con-
current nonselective surface oxidation steps. Although this
conclusion is strictly valid for the Sm O catalyst considered2 3
in the present study, it appears to be applicable to OCM cat-
alyst systems in general. As expected, the largest C yield2
improvements are realized when the products are removed
from the reactor, thereby preventing their oxidation in either
the catalyst or the surrounding gas phase. Thus, when staged
oxygen addition is combined with staged product removal over
a catalyst, C yields as high as 87% are obtained in 20 stages.2
These yield values are consistent with those obtained by Cordi

Ž . Ž .et al. 1997a,b and by Jiang et al. 1994 through the use of a
membrane reactor and recycle reactor-separator, respec-
tively, and, therefore, provide some support for the validity of
our optimization algorithms and the underlying catalytic and
gaseous chemistry on which the results are based.

Notation
a s weight factors in Eq. 8s
Cs large positive constant
k skinetic constants of surface reactionsi
K sequilibrium constants for adsorbed oxygeni
Ps lower bound for product removal
Rs lower bound for oxygen amount
Rsupper bound for oxygen amount
ts time

x s location of stage ii
Xsspecies composition

x maxsmaximum O conversion within a stageO 22
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