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The kinetics and mechanism of graphite gasification by CO, and H,O catalyzed by five alkali and
alkaline earth metal catalysts are investigated by studying the monolayer channeling action on the
basal plane of graphite. CO, and H,O are dissociatively chemisorbed by these catalysts, followed
by diffusion of O atoms/ions to the edge carbon sites, where breakage of C-C bonds takes place
to free CO. The C—C bond breakage is the rate-limiting step. The catalytic activities as measured
by the turnover frequencies on the edge carbon sites follow the order K > Ba > Ca > Na > Li.
The same catalytic mechanism and rate-limiting step operate in both channeling action and bulk
reactions using mixed powders of carbon and catalysts. The results on channeling also indicate that
the active intermediates are catalysts in the form of particles and clusters, and that the C-O-M
(where M denotes metal) phenolate groups, although present in abundant amounts, are not the
active intermediates. For very small particles, the surface free energy appears to play a role in

lowering the amounts of CO, and H,0 chemisorbed, hence decreasing the channeling rates.

Academic Press, Inc.

INTRODUCTION

Much attention has been attracted to the
behaviors and catalytic actions of catalysts
(metals, metal oxides, and salts) in the
gas—carbon reactions. The gasification reac-
tions of carbon by CO, (to form CO) and
H,O (to form H, and CO), in particular, are
the bases for coal gasification, catalyst re-
generation, and other chemical and metal-
lurgical processes. For these two reactions,
the alkali and alkaline earth salts are the best
catalysts (see reviews (I-5). Much progress
has been made during the past 2 decades
toward the understanding of the mecha-
nisms of these catalyzed reactions (6-12),
possible active intermediates (/3-18), and
phenomena involved in the catalyst behav-
iors (19-23).

A generally postulated mechanism (8,
10-12, 14) consists of the oxidation-reduc-
tion cycle in which oxygen is transferred to
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the carbon active sites through the catalyti-
cally active alkali and alkaline earth species,
followed by the liberation of C(O) from the
carbon structure (by breaking the neigh-
boring C—C bonds). The last step is consid-
ered as rate-limiting. This mechanism ac-
counts for many experimental results, e.g.,
the similarity between activation energies
of catalyzed and uncatalyzed reactions
(24-28) and the rapid exchange of oxygen
atoms between the gas phase (CO, and H,0)
and the catalysts (7, 13, 21-24, 29, 30).
However, uncertainties remain concerning
the active intermediates.

Many active intermediates have been pro-
posed. Among all alkali and alkaline earth
salts, potassium is the most extensively
studied (due to its practical importance).
The proposed active intermediates for po-
tassium include metallic K (9), K,O (9, 3/,
32), K,0, (30), K-O-C (6, 15-17, 33, 34),
K,CO5;(9, 31), and clusters (16, 21, 22). Sim-
ilar complexes have also been suggested for
other catalysts (7, 9, 23). The C-0O-K
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phenolate-type group, first observed by
Mims, Pabst, and co-workers (15, 16), has
been shown to exist in large amounts on
carbon surfaces during gasification by a
number of experimental techniques. This
type of intermediate has received the most
attention. The recent study by Meijer et al.
(20) suggested that the active intermediate
is in the form of clusters with varying sizes
(depending on the K/C ratio) and that the
clusters are anchored by phenolate groups
to the carbon surface.

A different approach to studying the cata-
lyzed gas—carbon reactions has been mi-
Croscopy, progressing from optical micros-
copy (35) to various techniques of electron
microscopies such as etch-decoration TEM
(36, 37) and controlled-atmosphere TEM
(38), and STM (39). Microscopy is particu-
larly useful for studying the catalyzed
gas—carbon reactions because of the unique
and most intriguing phenomenon of motions
of the catalyst particles (or clusters) which
result in the catalytic activity. The major
catalyst motions include: pitting (/, 35),
deep layer (multi-graphite layer) channeling
and edge recession (3, 38), and monolayer
channeling (40-43). The monolayer (single
graphite layer) channeling action, in partic-
ular, provides quantitative Kinetic data
(since the depth of the channel is defined)
and has resulted in a better understanding
of the catalyst actions. The monolayer
channeling is a pervasive phenomenon oc-
curring in all gas—carbon reactions (i.e.,
reactions with H,, O,, CO,, and H,0)
and can contribute significantly to these
reactions (40-43).

To date, it has appeared that the results
from the TEM studies are not related to
the voluminous results from the bulk stud-
ies, i.e., studies using carbon powders or
particles such as described in Refs. (/-34).
In this work, we studied the monolayer
channeling of alkali and alkaline earth cata-
lysts in the C-CO, and C-H,O reactions.
An effort was made to relate the channeling
action results to the bulk study results,
with particular attention to the mechanism

and active intermediates for these catalytic
reactions.

EXPERIMENTAL

The carbon used in this study was a natu-
ral single-crystal graphite from Ticonder-
oga, New York. This graphite was chosen
for its well-defined crystalline structure and
ability to be cleaved into specimens thin
enough (700 to 1000 A thickness) for TEM
observation while maintaining a large single-
crystal basal plane area. A detailed explana-
tion of the techniques used to prepare the
crystals for reaction, catalyst deposition,
and subsequent gold decoration has been
given elsewhere (37, 41).

The catalyst precursors used were all of
puratronic grade supplied by Alfa products,
(Danvers, MA) with purities well above
99.9%. The precursors used were LiC,H;0,
- 2H,0, Na,CO,, NaNO;, K,CO,, KNO;,
Ca(C,H,0,), * H,0, and Ba(NO,),. The CO,
and N,, used for gasification and as a car-
rier, respectively, were of ultrahigh purity
grade (99.999% minimum purity for both)
and were subjected to further purification to
remove traces of O,. The catalysts were
dispersed on the basal plane of graphite from
aqueous solutions. The graphite sample was
placed on a filter paper, on which the solu-
tion was dispensed. After air drying, the
catalysts were dispersed on the basal plane
as confirmed by microscopy.

The catalyst-deposited graphite was
placed on a sapphire plate held in an alumina
combustion boat. The boat was placed in a
quartz tube furnace reactor. Prior to reac-
tion, it was necessary to degas the basal
plane in N, at 500°C overnight. After degass-
ing, the temperature was raised to the de-
sired reaction temperature and the gas was
switched to CO, or H,0. Pure CO, or water
vapor saturated in N, was used for the reac-
tion. The graphite sample was subsequently
subjected to gold decoration and viewed in
TEM.

The first series of experiments involved
two types of control experiments. First, the
catalyst-deposited samples were heated to
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the reaction temperatures (up to 700°C) for
various periods of time (up to 8 hr) in the
purified N, carrier, and no channels were
observed on the basal plane. Second, graph-
ite samples without catalyst deposition were
subjected to CO, or H,O reaction under the
same conditions, and, again, no channels
were observed.

Five catalysts (Li, Na, K, Ca, and Ba)
were studied. The catalytic behaviors of the
same alkali metals from different precursors
(KNO; and K,CO;, NaNO; and Na,CO,)
were also compared.

For rate calculations only channels with
both clearly defined beginnings and ends
were used.

RESULTS AND DISCUSSION

Monolayer channeling refers to the gas-
ification of carbon by catalyst particles
through the action of carving channels one
graphite layer deep on the basal plane. This
catalyst action has been observed and stud-
ied for the C-H, reaction (40), C-0O, reac-
tion (42), and the reactions with CO, and
H,O (43). The manner by which the channel
depth is verified to be indeed monolayer has
been described in detail (40). The origins
from which monolayer channels initiate are
lattice vacancies on the graphite basal plane
and monolayer steps (40). The driving force
for particle movement is also understood;
it is caused by wetting or the balance of
interfacial tensions (40). Since vacancies
were abundant on the natural graphite sam-
ple, many monolayer channels were ob-
served in the reacted samples. That these
channels were indeed monolayer was veri-
fied in the same manner as described pre-
viously (40—43).

Catalyzed Graphite—CO, Reaction

Graphite samples with alkali (Li, Na, and
K) and alkali earth (Ca and Ba) metal salts
deposited were exposed to 1 atm CO, for 8
hr. No monolayer channeling was observed
at temperatures below 600°C. After expo-
sure at 600°C, the catalysts exhibited differ-
ent faceting behaviors. The alkali metal par-

ticles tended to be faceted, the most faceted
being K, whereas the alkali earth particles
showed no tendency of faceting. Represen-
tative TEM views are shown in Fig. 1 for
Li, K, and Ba catalysts. Faceting of K was
also observed after exposure in a water va-
por atmosphere at 600°C (44). K particles
were present in sharp hexagonal forms. The
faceted particles were oriented along the
arm-chair of {1120} directions of the graphite
substrate, as indicated by electron diffrac-
tion of the graphite. Li particles exhibited
only slight faceting. The faceting may be
attributed to the anisotropic force field of
the graphite basal plane. The carbon atom
density along the arm-chair {1120} direction
is higher by approximately 20% than that
along the zig-zag {1010} direction. Conse-
quently, the interactions between the cata-
lyst and the substrate were stronger along
the arm-chair direction, which resulted in
the faceting of the particles. While the exact
compositions of the particles were not
known, the lower melting points of the alkali
metal compounds (e.g., carbonates and ox-
ides) caused them to exhibit a liquid-like
behavior at 600°C (in CO,). It was also ob-
served that for both alkali and alkaline earth
catalysts, the particles were dispersed pref-
erentially along steps and defects on the
graphite, caused by stronger interactions at
these locations.

As the temperature was increased to
above 650°C, the particles of all catalysts
began to carve monolayer channels. Repre-
sentative results are shown in Fig. 2 for K,
Ca, and Ba catalysts reacted at 650° for 6 hr.
Channeling by all different catalysts exhib-
ited similar behaviors except their rates.
Different precursors (carbonate and nitrate)
of K and Na yielded the same results. The
origins for monolayer channeling can be ei-
ther vacancies of monolayer steps on the
graphite basal plane; the channels shown in
Figs. 2A and 2C were initiated at vacancies,
whereas those in Fig. 2B were from a mono-
layer step (which was also shown by gold
nuclei decoration). For the alkali and alka-
line earth catalysts, the channeling direc-
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FiG. 1. TEM pictures showing the dispersion of carbonates of (A) Li, (B) K, and (C) Ba on the graphite
basal plane after exposure to 1 atm CO, at 600°C for 8 hr.
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F1G. 2. TEM pictures of monolayer channels (decorated by gold nuclei) carved on the graphite basal
plane by catalysts of (A) potassium, (B) calcium, and (C) barium after reaction in 1 atm CO, at 650°C
for 6 hr.
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TABLE 1

Turnover Frequency (Carbon Atom/Carbon Atom/s) by Different Catalysts

System T(C°C) Li Na K Ca Ba
C-CO, (1 atm) 650 0.24 = 0.05 0.31 = 0.06 1.3 £ 0.1 0.45 = 0.09 0.72 £ 0.2
C-H,0 (21 Torr) 690 3.1 %055 52 0.2 85+04 5.8 =£0.2 7.2 +0.5

tions were random, and particles also
changed directions as the channels propa-
gated. The fact that all alkali and alkaline
earth catalysts began to exhibit appreciable
channeling activities at the same tempera-
ture suggests that the same reaction path-
way was followed. This is in agreement with
the results from bulk studies (using carbon
powders) which suggested that alkali and
alkaline earth catalysts only increased the
concentration of the active complexes on
carbon rather than changing the reaction
pathway (24-28). The reaction was studied
at both 650 and 700°C, but similar results
were obtained.

By measuring the lengths of the mono-
layer channels which had both clearly de-
fined beginnings and ends, the rates were
calculated. Here the rates were expressed
as turnover frequencies based on the active
sites of carbon. The active sites were clearly
defined, since they were located at the front
leading edge of the catalyst particle. The
turnover frequencies for the five different
catalysts are listed in Table 1. These data are
based on averages of at least five channels
(each with clearly defined beginning and
end) for each catalyst. The sizes of the parti-
cles used in the data ranged from 0.1-0.3
pum. The activities follow the rank: K >
Ba > Ca > Na > Li. This same rank order
has also been obtained from bulk kinetic
studies using carbon powders (such as acti-
vated carbon) in flow or TGA reactors
45-48).

Catalyzed Graphite—H,O Reaction

The monolayer channeling was studied
for the five alkali and alkaline earth metal

catalysts at 650 and 690°C in a gas atmo-
sphere containing 21 Torr H,O.

Similar to the catalyzed C-CO, reaction,
no channeling was observed at temperatures
below 600°C. At 600°C, however, very low
channeling activities could be observed
after prolonged reaction time (>10 hr) and
by using high TEM magnifications. Vigor-
ous channeling activities were observed at
higher temperatures. The main features of
the channeling are essentially the same as
those in the C—CO, reaction. Figure 3 shows
representative channels developed at 650°C
after 2 hr reaction by Li and Ca particles.
The turnover frequencies for the catalyzed
C-H,O reaction are also listed in Table 1.
These data, like in the graphite/CO, system,
are also based on averages of at least five
channels for each catalyst. The turnover fre-
quencies were, again, based on active sites
of carbon. The rank order of the activities
for the five catalysts is K > Ba > Ca >
Na > Li, the same as in the C-CO, reaction.

Rate-Limiting Step for
Monolayer Channeling

For both deep-layer channeling and
monolayer channeling the following sequen-
tial steps are involved (42): (1) chemisorp-
tion and reaction of the gas molecule (O,,
CO,, or H,0) at the catalyst-gas interface,
(2) transport (diffusion) of oxygen ions/
atoms through or over the catalyst particle
to the catalyst-carbon interface to form
bonding with the edge carbon atoms, and (3)
breakage of carbon-carbon bonds to free
the edge carbon to release CO.

Goethel and Yang (42) has discussed in
detail the rationale for determining the rate-
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F1G. 3. TEM pictures of monolayer channels (decorated by gold nuciei) carved on the graphite basal
plane by catalyst particles of (A) Li and (B) Ca after reaction in 21 Torr H,O at 650°C for 2 hr.

limiting step based on the dgpendence of
channeling rate on the particle size of the
catalyst. The results for the alkali and alka-
line earth catalyzed C-CO, and C-H,O re-
actions showed a lack of dependence of the
channeling rate on the particle size, except
for very small sizes. A typical relationship
between rate and size is shown in Fig. 4 for
C-H,O0 reaction catalyzed by potassium at
690°C. For particles smaller than a certain
size, the channeling rate increased with the
particle size. For the K/graphite/H,O sys-
tem (Fig. 4), the size threshold was approxi-
mately 750 A, and for the K/graphite/CO,
system, the threshold was 600 A.

The independence of channeling rate on
particle size (beyond the threshold) indi-
cates that the rate-limiting step was the
breakage of C—C bonds at the carbon-cata-
lyst interface located at the advancing front
of the catalyst particle. This conclusion is
in agreement with the conclusion obtained
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at 690°C.



ALKALJI AND ALKALINE EARTH CATALYZED GRAPHITE GASIFICATION 19

from bulk carbon studies. Isotope exchange
experiments (7, 13, 21-24) showed that oxy-
gen exchanges between gas reactant mole-
cules (CO, and H,0) and alkali metal cata-
lysts were much faster than the carbon
gasification rates, hence the C-C bond
breakage was the rate-limiting step.

The rate-limiting step for the transition
metal oxide (V,0s) catalyzed C-CO, and
C-H,0 reactions is however, quite different
(43). In these reactions, the channeling rate
increases linearly with particle size, and the
rate-limiting step is chemisorption (oxida-
tion) at the surface of the catalyst (to raise
the oxidation step by oxygen transfer) (43).
The reason for the different rate-limiting
steps is that the transition metal oxides are
not as active as the alkali and alkaline earth
compounds in the chemisorption of CO, and
H,0, which is essential for O atom transfer.
Consequently, transition metals are not
good catalysts for the C-CO, and C-H,O
reactions.

Behavior of Small Particles

As mentioned, for particles smaller than
certain sizes, the channeling rates increased
with size (Fig. 4). In order to interpret this
result, one needs a further understanding
of the rate-limiting step. (Conversely, this
result will shed light on the rate-limiting
step.)

From the bulk studies reported in the liter-
ature on the alkali catalyzed C-CO, and
C-H,0 reactions, it is concluded that these
catalysts only increase the concentration of
the C(O) complex on the carbon surface,
hence the overall rates (24, 25, 27, 28). The
rate-limiting step being C-C bond breakage
for channeling is consistent with this conclu-
sion, since the C-C bond breakage is as-
sisted by the O atom concentration at the
edge carbon site.

The concentration of the C(O) complex
will increase if the partial pressure of CO, or
H,O in the gas phase is increased, because
more CO, or H,O will be chemisorbed on
the catalyst surface. The chemical composi-
tions of the alkali species are not known

and are dependent on the partial pressure,
temperature, and dispersion. Moreover,
within each particle, the composition varies,
being more reduced toward the cata-
lyst—carbon interface and more oxidized to-
ward the gas—catalyst interface. For sim-
plicity in this discussion, one may assume
the following equilibria to dominate at the
gas—catalyst interface: K,CO, = CO, + K,O
and 2KOH = H,0 + K,O.

For very small particles (or droplets, as
the particles exhibit liquid-like behavior),
the surface free energy (or surface tension)
plays an important role in the vapor-liquid
equilibria. The relationship is given below
(a detailed discussion and experimental
proof for the Kelvin equation are available
in Adamson (49). The alkali oxide/carbon-
ate equilibria should also be influenced by
surface free energy for small sizes, and the
Kelvin equation is used for our interpre-
tation,

P 20V,

p. T RT’

1)

where P, is the partial pressure over a flat
surface, P is equilibrium partial pressure
over a particle with radius r, o and V, are
the surface tension and molar volume of the
particle, respectively, R is the gas constant,
and T is the absolute temperature.

For our reactions with different particle
sizes, the vapor pressure of CO, or H,O is
fixed. Therefore, the corresponding concen-
tration of carbonate or hydroxide on the
solid surface will be lower for smaller parti-
cles, via the Kelvin equation. For a constant
vapor pressure, C, is the surface carbonate
concentration in the solid corresponding to
flat surfaces (or large particles) and C is that
over small particles, the Kelvin equation
can be epxressed as (assuming Henry’s law
region of the Langmuir isotherm)

C @ 20V,

lna= "RT °

2

For decreasing particle size, the chemi-
sorption of CO, or H,O decreases, which
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in turn decreases the active C(O) complex
concentration, hence lowers the channeling
rate.

An estimate for the reduction of carbon-
ate concentration by small sizes is given as
follows: T= 950K, r =300 A, and V,, = 50
cm?®/ml (for CO,) and 20 cm*/mol (H,0). The
surface tensions for alkali and alkaline earth
metal oxides/carbonates at the reaction
temperature are on the order of hundreds,
e.g., o = 300 dyne/cm. Using these values,
Eq. (2) yields

. C

For CO,: C. 0.77.
. C_

For H,0: C. 0.90.

These ratios are in qualitative agreement
with the ratios of the channeling rates.

Similar size dependence has also been ob-
served for other catalysts, except with dif-
ferences in the threshold particle size and
the plateau rate.

Shape of Channels: Relative Rates by
C-0-K and Particles (Clusters)

Much research has been done to show
the existence of the C—-O-M phenolate-type
groups (where M is alkali or alkaline earth
metal) under carbon gasification conditions.
These groups were first proposed by Mims,
Pabst, and co-workers (15, 16) to be the
active species of alkalies in the catalyzed
reactions. The C—O-K group was shown to
exist at 720 to 1000 K by *C-NMR (I15) and
methylation by CH,I (16). It was found that
about } of the K atoms formed C-O-K and
the fraction decreased with the K/C ratio
(16). Using FTIR, Yuh and Wolf (/7) also
showed the existence of the C-O-K group
for the C-H,O reaction at 750°C. The
C-O-M group as an intermediate has also
been proposed by others (45, 50). More re-
cently, the C—O-K group is suggested as
the anchor for the catalyst clusters to attach
to the edge carbon sites (20, 34). Whether

the C—O-M group is the reactive intermedi-
ate, however, is an unresolved question. In-
sight into this question can be gained from
the shape of the monolayer channels.

A very interesting picture observed in
studying the monolayer channeling is that
all channels carved by alkali and alkaline
earth catalysts have a fluted appearance
(e.g., Figs. 2 and 3). This phenomenon was
not observed for the monolayer and deep-
layer channeling in these reactions cata-
lyzed by transition metal oxides, where all
channels persisted with the same widths as
the channels proceeded (42, 43). The fluted
shape was also noted by Baker et al. (51)
in their study of deep-layer channeling by
barium in the C-H,0 reaction. They inter-
preted the observation by the deposition or
coating of the catalyst on the channel walls
and consequently the particle diminished in
size which resulted in the fluted shape of
the channel. This interpretation would not
explain the fluted shape for monolayer
channels.

The uncatalyzed carbon gasification is too
slow to cause widening of the channel walls
under the reaction conditions (37). The
fluted shape indicates that a catalytic spe-
cies exists on the channel walls, and that this
species has a small activity. The published
literature (15—-17) suggests that the C—O-M
group existed on the channel walls under
our experimental conditions. Thus, the
fluted shape of the channels would provide
a good estimate for the ratio of the activity
of the particle (or cluster) over that of the
C-O-M group. The length of the channel
represents the activity of the particle,
whereas the amount of the widening of the
channel represents the activity of the
C-0O-M group.

Estimates of the ratio of channel length/
widening for the K-catalyzed monolayer
channeling (in both CO, and H,O reactions)
yielded values in the range of 30 to 50.
Thus, on a turnover frequency (per carbon
active site) basis, the K particle is 30 to
50 times more active than the C-O-K
group. Catalyst loss by evaporation and
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coating on the channel walls undoubtedly
also contributed to the fluted shape. Con-
sidering this factor, the actual ratio would
be higher than 30-50.

Mechanism and Active Complex: Relating
Channeling and Bulk Studies

From the voluminous literature on bulk
studies (using bulk carbon) of catalyzed car-
bon gasification, the mechanism is similar
to that for channeling. A unified mechanism
involves the steps (using CO, as the re-
actant, H,O replaces CO, in the first step to
form H, for the C-H,O reaction)

CO, + *sCO + O* 3)
Diffusion of O* 4)
O*+ C*< CO) + * %)
C(0)s CO, (6)

where * denotes the active site on the alkali
or alkaline earth catalyst surface. Step (4) is
diffusion either on surface or in the bulk
catalyst lattice for the O atom or anion to
reach the active site of carbon, C*, which is
an edge atom on the graphite layer. The
compositions of the particles are not known
and are likely nonstoichiometric com-
pounds (52-54) through which oxide ion can
be transferred.

From bulk study results, it has been sug-
gested that only clusters have catalytic ac-
tivities. The difference between the mecha-
nism for channeling by particles and the
mechanism involved in bulk carbon reac-
tions (e.g., reaction of polycrystalline car-
bon) is in Step (4). For channeling, the O
atom/anion must diffuse across the particle
to the edge carbon site. However, the diffu-
sion step is rapid, and as a result, the rate-
limiting step is Step (6) for both channeling
and bulk reaction.

As mentioned in the foregoing, it has been
suggested that clusters or particles are an-
chored on the edge carbon sites through the
C-0-M phenolate groups. If this is indeed
the case, since the active carbon sites are
covered by the particle in the channeling

action, Step (6) can be expressed in a more
exact manner,

~C-C~0-K+0*>
-C-CO)-0-K—
CO+-C-0-K, (6)

where the carbon atom in the C-O-K group
is actually bonded to two carbon atoms and
both are broken in order to free CO. The
reaction shown in Step (6a) can also contrib-
ute to the differences in the turnover fre-
quencies for different alkali and alkaline
earth metals (Table 1). Results from bulk
studies indicate that these differences are
caused by the different concentrations of
O* (i.e., different equilibrium constants for
Step (3)) generated by different catalysts.
Neither of the two causes can be ruled out.

From the fluted shape of the channels, it
is suggested that the C—O-M groups have a
low but finite catalytic activity. Apparently
the C-O-M group does not chemisorb and
dissociate CO, or H,O as efficiently as parti-
cles or clusters. The lack of a good activity
by the C—-O-M group is also consistent with
the fact that a minimum but large amount
of catalyst is needed (to be mixed with the
carbon powder) before catalytic activities
are observed (e.g., 19).

A final note may be made concerning the
sizes of the catalyst particles or clusters.
The sizes depend on the dispersion, which
in turn, depends on the temperature and gas
environment and more importantly, on the
structure of the substrate carbon surface.
Relatively large particles can exist on the
basal plane of graphite; the largest sizes un-
der conditions in this study were approxi-
mately 0.3 um. The sizes are considerably
smaller on polycrystalline and edge plane
graphite surfaces. However, the same cata-
lytic mechanism and the rate-limiting step
are operative in both particle channeling ac-
tion on the basal plane and bulk reaction
with mixed powders of catalyst and carbon.
When the catalyst loading is high or the dis-
persion poor, there may exist carbonate in
the alkali catalysts (21) and calcium catalyst
(21, 55). In these circumstances, however,
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CO,istransferred from the bulk to the carbon
active sites which is rate-limiting and conse-
quently the catalyst is not efficiently used.

CONCLUSION

Alkali and alkaline earth metal catalyst
particles cut monolayer channels on the
basal plane of graphite to gasify carbon in
the C-CO, and C-H,0O reactions. Above
certain particle sizes (e.g., 600 A for the
K/C/CO, system at 650°C and 750 A for the
K/C/H,0 system at 690°C) the channeling
rates are independent of particle size. This
result along with previous results on chan-
neling lead to the conclusion that the rate-
limiting step for channeling is the C-C bond
breakage at the carbon-catalyst interface lo-
cated at the advancing front of the catalyst.
For very small sizes, the channeling rate
decreases as the size decreases. It is pro-
posed that the surface free energy plays a
role for these small particles in the gas (CO,
or H,0)-liquid/solid (carbonate or hydrox-
ide) equilibria, where the concentration of
CO, or H,O in the particle decreases for
smaller particles.

The channeling characteristics for all five
catalysts are similar, and are also similar
in both C-CO, and C-H,O reactions. The
catalyst activities follow the order: K >
Ba > Ca > Na > Li. This is in agreement
with the bulk study results published in the
literature where mixed powders of carbon
and catalysts are used.

Comparing the channeling results and
bulk study results, it is apparent that the
same catalytic mechanism and rate-limiting
step are operative in both channeling and
bulk reaction.

The channels cut by alkali and alkaline
earth catalyst particles exhibit a unique
fluted appearance, which is not observed
for other catalysts such as V,0s. Since the
channel walls are covered by C-O-M phe-
nolate-type groups, this result indicates that
the C-O-M groups has a small activity but
only particles and clusters have large activi-
ties, and it is the latter which contribute to
the catalytic reactions.
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