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Introduction

Catalytic gasification 1is a term that is
rather loosely applied to a variety of processes
using inorganic additives to promote the kinetics
of conversion of carbon to gaseous products. In
recent years, interest in the catalytic gasifica~-
tion of coal by steam to produce syngas or methane
has generated many studies of the wmechanism of
this process. This body of work covers a great
variety of catalyst-carbon systems studied with’'a
broad array of experimental tools. The results
represent a formidable body of evidence that
provides strong support for a number of essential
catalyst characteristics and for specific
elementary process steps. Taken together, these
considerations form the basis for a detailed
mechanism of catalyst action.

Characteristics and Operation of
an Effective Catalyst

An effective catalyst 1s an ionic salt con—
taining an oxygen—bearing anion. Many investiga-
tions have shown that the carbonate, hydroxide,
oxide, acetate, sulfate, and nitrate salts of the
alkali and alkaline earth metals are generally ef-
fective catalysts, im strong contrast to the hg—
lides which exhibit little catalytic activity.l”
However, the halides become active catalysts under
conditions where they are hydrolyzed or otherwise
converted 506—% species containing an oxygen—bear-
ing anion.”’

The working catalyst must form a liquid film
that wets the carbon surface. Dispersion of the
catalyst is a critical initial step that occurs at
subgasification temperatures when the catalyst be-
comes a liquid film that wets the carbon and
spreads over its exposed surface. Evidence9£f§
such a process comes from microscopic lstlﬂies,
measurement of surface area changes, ~? and an
observed increase in electrical conductance upon
heating of carbon-catalyst admixtures, indica-
tive of the formation of a phase with high charge
carrier mobility.

The molten catalyst is a metal-rich (oxygen—
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creases, indicating an increase in thermodynamic
activity possibly produced by a change in
metal/oxygen stoichiometry. Opposite changes oc-
cur when steam or CO, is admitted to the Knudsen
cell. These observations suggest that the liquid
film in contact with the carbon is a nomn-stoichio-
metric oxide that contains an excess of the metal
as atoms in a dissolved state. During gasifica-
tion, the composition of the film is determined by
a dynamic balance between a reducing process at
the carbon-catalyst interface and an oxidizing
process at the surface in contact with the gaseous
reactant. The composition and characteristics of
gsome Cs-rich oxides have been charactgzrized as
crystalline solids at room 1:empe1'at:ul:e.1 At high
temperatures they melt into liquid phases (for
which free energies of formation have been evalu-
ated) con{grised of a higher oxide containing ex-
cess Ca. Using the equilibrium partial pres—
sures of Cs and CO measured over a CsZCO3-carbon
sample in the Knudsen cell, together witti the pub-
lished thermochemical data, we estimated the, com~
position of the 1liquid phase to be Cs,0. A
similar analysis of the K,CO ~-carbon system was
not possible because of the lack of thermochemical
data at low oxygen partial pressures. By analogy,
however, all alkali-metal-oxygen systems would be
expected to behave in a parallel fashion. Fur-
ther, very recent evidence of the conversion of
K,C04 to a non-stoichiometric oxide 1in the pre-
sence of carbon is proviiled by studies with iso-
tope-labelled catalysta.l

Chemical attack by the catalyst and during
gasification occurs at the carbon atoms on the

edges of aromatic arrays. The reaction steps oc-

curring at the carbon/catalyst interface require
some explanation because the carbon structure is
comprised to some degree of planar aromatic ar-
rays, and these surfaces are known to be quite un=
reactive toward oxide and hydroxide ions.

Transmission electron microscopy has confirmed
that the catalyst interacts with carbon atoms lo-
cated at the edges of the planar arrays, but the
mechanism of the attachment remains obscure. 0-11

The catalyst 1is reduced at the carbon—cata-
lyst interface. We suggest that the initial re-

deficlent) compound. The nature of the high tem
perature chemical state of alkali metal carbonates
admixed with carbon can be inferred ;rom Knudsen
cell mass spectrometric measurements. At about
900 K, both carbomK,C03 and carbon-Cs;CO3 admix-
tures in a Knudsen cell gradually lose oxygen, as
evidenced by a progress dimunition in the equili-
brium partial pressures of CO and CO,. At the
same time the pressure of the alkali metal in-
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action step is a simple electron transfer from the
aromatic material to the alkali metal ion of the
catalyst. Recently reported measurements made in
an electrochemical cell with a molten Na,CO4 elec-
trolyte provide str?sg evidence for such an elec-
tron transfer step. In this work, the addition
of graphite to the electrolyte (in the absence of
air) rapidly shifted the rest potential of the
cell from -0.511 to -1.348 V, indicative of the




formation of an easily oxidized specles, such as
sodium metal, due to reduction of the sodium ifons
in the carbonate by the solid carbon. This pro—
cess produces directly an excess of metal atoms in
the catalyst and leaves the carbon array with a
net positive charge, termed a radical cation.

A metal-oxygen-carbon complex is formed by

the reaction of the charged species at the inter—

face. The positively charged radical cation would
be highly reactive toward the negatively charged
oxygen ions in the catalyst. It is highly pro-
bable that reaction of the radical cation and the
0“ leads to formation of a phenolate ifon, the pre-
sence of which in the carbon array has been con-
firmed.<0 Indeed, phenolate ion structures would
be stabilized by alkali metal ions in the molten
catalyst film. The existence of some type of K-0-
C structure has been suggested also on the basis
of infrared spe%cii of partially gasified K,C04-
char admixtures.”’**“*

The metal-oxygen—carbon complex is a precur-

sor of gaseous CO production. The rate of forma—
tion of CO during char gasification has been cor—
related  with the concentration of phenolate
groups. This observation, in conjunction with
the observed stability and steady state population
of these groups at gasification temperatures sug-
gests that decomposition of the phenolate groups
is the tate—governégg step in the catalytic gasi-
fication process. Decomposition may occur
through conversion of the phenol functionality to
the ketone followed by thermolytic decarbonyla-
t::l.on.1 This part of the gasification rteactfion
pathway remains’ speculative, although such decar-
bonylation reactions zizave been observed to occur
at high temperatures.

Conclusion

Inorganic salts composed of alkali metal
cations and oxygembearing anions are effective
catalysts for the steam or COo, gasification of
carbon. Under gasification conditons the catalyst
is counverted to a non—stoichiometric oxide that is
highly dispersed over the carbon surface as a 1li-
quid film. This catalyst film mediates the trans—
fer of oxygen from the oxidizing gas to the carbon
surface by way of a redox cycle. At the cata-
lyst/carbon interface, electron donation by the
carbon reduces the cation to a neutral atom dis-
solved in the catalyst, leaving a positively-
charged radical cation on the carbon surface. The
radical cation reacts readily with oxygen ions
from the catalyst forming a phenolate function-
ality that is stabilized by the metal ions in the
catalyst phase. The oxygen ions lost from the
catalyst are replenished at the gas/catalyst
interface by oxidation of the dissolved metal
atoms by the oxidizing gas. The reactive inter—
mediates are transported between gaseous oxidant
and carboa by diffusion through the catalyst
phase. CO0 1is formed by decarbonylation of the
phenolate species, a process that governs the rate
of the gasification reaction.
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