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Approaches to catalytic methane conversion

in academic and industrial research:

comparison, competition, collaboration *1

JAY A. LABINGER*2

Efficient and economic conver-
sion of methane to more valuable prod-

ucts has immense potential for many

applications, both for fuel and chemi-

cals. A major target is the transforma-
tion of methane to a liquid product, in

order to circumvent the cost of trans-
porting methane from "remote" loca-
tions where there is insufficient local

demand.Two routes are currently avail-

able in established technology. One,
developed by Mobil, is practiced in New

Zealand; it proceeds in three steps from
methane to gasoline, via steam refor-

mation to synthesis gas, methanol syn-
thesis, and conversion to gasoline over

the zeolite ZMS-5; stopping at metha-

nol might be a viable alternative, par-
ticularly if methanol-powered automo-
biles become more important.

CH,+ H20 -> H, + CO CH2OH -> CH m

+ H20

The second also begins with

steam reformation, but then utilizes the

Fischer-Tropsch synthesis to yield hy-
drocarbons directly. A version of this

process is being commercialized by
Shell for Malaysia.

CH, + H20 -> H, + CO - CH + H20

These routes appear intuitively

inefficient, in thatthey start by breaking

four C-H bonds per molecule and mak-
ing a C-0 bond, afterwards putting back
some of the four H's and removing the
oxygen. Indeed, it has been estimated
that processes that avoid the energy-
and capital-intensive steam reforma-
tion step could be economically much

superior. However, in trying to conceive
a more direct pathway from methane to
methanol or higher hydrocarbons, we
encounter a fundamental problem:
methane is usually considerably much
less reactive than products derived

therefrom. this means that a process

based on such a reaction may be car-
ried out under conditions where either
conversion or selectivity is optimized,

but achieving both good selectivity and

conversion is extremely difficult. There

is thus a major scientific challenge as
well as the practical issue: how can
methane, a relatively highly inert mol-

ecule, be activated under conditions
that do not lead to complete degrada-

tion to valueless products?

Possible direct routes for me-

thane conversion might include:

• Dehydrogenative coupling

	

n CH,	 C,Hm +1-41-11=r-Til2	 H2

The disadvantages are thatthe
reaction isthermodynamically disfavo-
red below 1000°C; hence it is energy-

intensive and unselective. It has been

used for acetylene production.

• Oxidative variant

n CH, + (4n-m)/ 4 02 -4 CnHm
4n-m  H

2 0
	2 	 2

Incorporating oxidation remo-
ves the thermodynamic barrier, but in-

troduces a severe problem of selec-

tivity- how are we to stop short of CO2?

• Methane to methanol

CH4 + 1/2 02 -> CH2OH

Again there is a selectivity prob-
lem, and the best literature yields re-
ported are only =5%, using traditional

catalytic methods. However, there are
efficient bacterial enzymes, called
methane monooxygenases(MMO),that
can carry out this reaction.

Approachesto achieving these
conversions may be very broadly
grouped into three classes:

i) "Traditional" heterogeneous
catalysis, utilizing solid metal or metal

oxide catalysts.

ii) Homogeneous catalysis,
generally involving organometallic spe-

cies.

iii) Biological and "biomimetic"

catalysis, based on actual enzymes or
synthetic catalysts thought to mimic

enzymatic action.
The vast majority of industrial

research in catalysis in general has fol-

lowed the first approach, and methane

conversion has been no exception,with
particular emphasis on the so-called
oxidative coupling reactions shown

hown above. The second and third ap-

proaches have been almost exclusively
the province of academic laboratories,

as they are perceived as having pro-
mise only over a much longer term, as

well as being suited to a more mecha-
nistic program fo study.

Based on this background, the

history of oxidative coupling research

over the last 5-10 years is somewhat
surprising. Since the initial reports

around 1982-1983, several hundred pa-
pers and patents have issued from at

least 50 groups in all types of labs -
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industrial, academic, and government—

in at least 20 countries worldwide. Fur-
thermore, if we again broadly divide

approaches to catalyst improvement
into two — one Edisonian, testing as

many types of materials as possible
and trying to interpret trends, eventu-

ally converging on optimal performance;
the other mechanistic, focusing on

gaining understanding of the factors
controlling performance and using the

information to design improved cata-

lysts —we find thatthe frequency of the
two in academia and industry is about

the same, contrary to what might have
been expected.

Our own work in this area has

focused upon the mechanism of the
oxidative coupling reaction, and the

consequences of the mechanism for its
viability. It has been estimated that cata-

lyst performance in the vicinity of 25%

yield (that is, conversion of methane
times selectivity to higher hydrocarbon

products) would be required. More than
a few reports in the literature have met

this requirement, leading many to con-
clude that the selectivity problem, at

least, is one that can be overcome for
this particular approach. This conclu-

sion containstwoinherentassumptions:

that performance can be indefinitely
improved by suitable catalyst optimiza-

tion, and that results obtained under
laboratory conditions will be reproduc-

ible in practically relevant conditions.
We have attempted to check the valid-

ity of these assumptions through
mechanistic investigation.

Studies were carried out on a
Na/Mn/Mg0 catalyst prepared by im-
pregnating MgO with a solution of

NaMnO, and calcining. Reactions of

methane, as well as of C2 hydrocar-

bons, were followed by standard flow
reactor methods, using quadrupole

mass spectrometry for product analy-
sis. A typical series of experiments

consists of varying the gas flow rate,
and hence the contact time, while

keeping temperature and pressure con-
stant; The relationship between con-

version (which varies directly with

contact time) and selectivity can thus
be determined. (Selectivity is defined
as total moles of carbon appearing in
the desired C2, products divided by the
total moles of methane that have re-
acted). Further details are available in
the literature.'

The basic results are as fol-
lows:

• Under all conditions, the se-

lectivity decreases as conversion in-
creases.

• At low conversions, the only

products are ethane and CO2. At con-
stant conversion, the selectivity in-

creases as pressure increases.

• At higher conversions, addi-
tional products, particularly ethylene

and propylene, begin to appear. At con-

stant conversion the selectivity de-

creases as pressure increases.

These trends may be qualita-

tively interpreted by means of the
mechanism shown in Scheme I, where
MO and g signify, respectively, reac-

tions taking place at the catalyst sur-
face and reactions in the gas phase. At

very low conversions — that is, very
short contact times — any stable prod-

uct formed exits the reactor before it
can react further, so the only steps that

are significant are 1-3. Since the de-
sired product ethane is produced by a

second-order reaction, while CO2arises
from a first-order step, the selectivity
improves with pressure.

In contrast, as contact times
lengthen reactions 4-10 become in-
creasingly important, and the majority

of the CO2 is produced not by parallel
reaction 3, but by consecutive reac-
tions 6, 9 and 10. Of particular impor-
tance are the gas-phase reactions 5

and 8, yelding ethylene and acetylene,
both of which are major percursors to
CO2. Since it is now the pathways lead-
ing to the undesired product that are
second-order,the selectivity getsvvorse

as pressure increases.
It is possible to obtain rate con-



FIGURE 2

LIMITING vs. OBSERVED/REQUIRED SELECTIVITIES

40	 60

Conversion, %

80 100

100
1 atm

4 atm

31 atm

60 -

80
fl 	best observed, 1 atm

A	 required, 4 atm

required, 31 atm

(from Kuo, DOE report)•
40 -

20 -

O

artigos

stants for all the steps in Scheme I. The

values for steps 1, 4, 6, 7, 9 and 10 are
found experimentally, by measuring
the rate of conversion of various hydro-

carbon reactants; rate constants for 2,
5 and 8 are in the literature; and that for

3 is calculated by fitting experimental
selectivities in the low-conversion limit

to the simple kinetic expression arising
fromtreating reactions 1-3 in the steady-

state approximation. These rate con-
stants may then be used to predict the

entire behavior of the system. Figure 1
shows the comparison between calcu-

lated and experimental overall selec-
tivity, ethylene: ethane ratio, and C3Ç

selectivity as a function of conversion;
as can be seen, the agreement is excel-

lent.

Our analysis of the mechanism
of the oxidative coupling reaction pla-

ces an inherent limit on catalysis per-
formance that in fact does not meet the

above requirements under practical

conditions of pressure. All of the earlier
laboratory results that give 25% yield or

better were obtained at or below— usu-
ally well below — one atmosphere of

methane pressure. Any practical sys-
tem will have to be run at a minimum of

several atmospheres, and the mecha-
nism implies thatthis will have severely

detriment effects on selectivity. Figure

2 shows the predicted optimal perform-
ance of an oxidative coupling catalyst

as a function of pressure, making every
reasonablefavorable assumption about

individual rate constants consistent
with the radical mechanism involved.'
On the same graph are i) the best ob-

served results at 1 atm, which agree
well with the calculated limit; and ii)

estimates of performance that would
be required for a practical process,

based on engineering and economic
considerations. Clearly the require-

ments far exceed the best that is likely
to be attainable.

In the face of this prediction,

how should we proceed towards the
target of methane conversion?As noted

earlier, our problems stem primarily
from the fact that methane is less reac-

tive than the desired products we ob-
tain from it. How could we overcome

this obstacle? There are basicallythree
strategies:

• Exploit separation techniques

or advanced reactor design

• Control access or binding to
active site (shape-selectivity, hydro-
phobicity)

• Find reaction mechanism

where methane becomes more reac-

tive
The first of these is certainly

feasible, but bound to be highly expen-

sive; in any case, it is largely outside the
province of chemistry. The second is

most probably the means by which
MMO produces methanol selectively

from methane. The third would be most

desirable of all.
Circumventing the limitation will

require approaches that are mechanis-
tically entirely distinct from oxidative

coupling, which might be found in the
realms of homogeneous, biological, or

even possibly novel heterogeneous
catalysts. One attactive possibility is

shown in Scheme II. Here hydroxylation

of an alkane is achieved using reagents
— Pt II/1V complexes —thatare stable to

oxygen and hence could conceptually
be used in a catalytic alkane oxidation
scheme, although only stoichio-metric

oxidation has been achieved to date.
We have shown' by reaction such as:

CH,CH2OH + PtC162-+ H20 —>HOCH,CH2OH

+ PtC142- + 2HCI (inter all&

that the selectivity of these reactions is
completely different from that of the

radical-based processes discussed
above: unactivated positions such as
-CH, are as reactive as or even slightly

more reactive than -CH2OH, offering the
possibility, for example, of converting

methane to methanol with much better

yield than has yet been achieved (about
5%) using traditional heterogeneous

catalysts.

Clearly this is a long-term ap-
proach to the problem, which appears
much more suited to academic than

industrial research; but as I have tried

to show, such focus on the long term
is necessary if substancial progress
towards the solution of this major

challenge isto be made. Strong interac-
tions between industry and academia —

wether in the form of direct industrial

support for academic research, estab-
lishment of consortia, or new types of

arrangements — will also be essential,
so that advances in fundamental

understanding can be most directly
applied to the technical and practical

hurdles that must be overcome.
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