JOURNAL OF CATALYSIS 85, 154-168 (1984)

Catalysis of Carbon Oxidation by Transition Metal
Carbides and Oxides

RALPH T. YANG AND CHOR WONG

Department of Chemical Engineering, State University of New York at Buffalo, Amherst, New York 14260

Received June 6, 1983

The technique of etch decoration/transmission electron microscopy has been employed to study
the catalysis of the carbon—oxygen reaction by seven group VB and VIB metal carbides and oxides.
Turnover frequencies for carbon gasification were measured at 680°C from the monolayer pit
expansion rate on the basal plane of single-crystal graphite, with and without catalyst particles
deposited on the surface. Among the catalysts used in this study, only MoO; followed the well-
established mode of channeling, while all others catalyzed the reaction at the edges of the etch pits
which were distant from the catalyst by apparently a long-range action. The etch pits formed in the
presence of carbides (WC, TaC, and Mo,C} were all hexagonal, unlike the uncatalyzed reaction in
which pits were circular, and the edges of the hexagonal pits were composed of the zigzag {1010}
faces. These pits were similar to those created directly by atomic oxygen. The results suggested
that the transition metal carbides served as dissociation centers and dissociation was followed by
spillover and reaction on the edges of the pits. Deformed circular pits were formed in the presence
of the oxide catalysts (Cr,0;, WO;, and Ta,0s), and the oxide catalyst particles disintegrated and
dispersed on the surface. Because the reaction temperature was near or above the Tammann
temperatures, it appeared that the catalysts dispersed by emission of molecular species or clusters
which migrated on the basal plane of graphite and were subsequently trapped on the edges of the
etch pits. Gasification of the edge carbon atoms was thus catalyzed by the trapped catalyst through

direct contacts.

INTRODUCTION

Two major mechanisms have been pro-
posed for the catalyzed gasification of car-
bon: oxygen transfer and electron transfer.
In the oxygen transfer mechanism, the solid
catalyst forms intermediate(s) in the oxidiz-
ing gaseous atmosphere and the intermedi-
ate(s) oxidizes the carbon in its vicinity. In
so doing the catalyst returns to its original
state and the cycle continues. This mecha-
nism has long been proposed (/) but has
received much credence only recently from
the work of McKee (2). The electron trans-
fer mechanism, first proposed by Long and
Sykes (3), stipulates that the carbon—car-
bon bonds attached to the edge or surface
carbon are weakened because the carbon
matrix transfers an electron to the metal ion
in the catalyst, and thereby facilitates the
gasification of the edge carbon. This mech-
anism has been used to explain many cata-

lyzed reactions of carbon by O,, CO,, and
H,O (2, 4). Other mechanisms fundamen-
tally different from these two have also ap-
peared in the literature. Holstein and
Boudart have proposed a ‘‘catalyzed car-
bon-carbon bond breakage’” mechanism
for carbon gasification by H, (5), H,0, and
CO, (6) catalyzed by platinum. This mecha-
nism stresses the ability of the catalyst to
directly break the carbon-carbon bonds
without the participation of the adsorbed
gas. A modification of the electron transfer
mechanism in terms of intercalation was
proposed for the carbon—oxygen reaction
catalyzed by alkali metal compounds (7).
The electronic configuration of the interca-
lated compounds is thought to enhance che-
misorption and thus facilitates the reaction.
A variation to the oxygen transfer mecha-
nism has been proposed by Mims and Pabst
to interpret the alkali salt catalyzed C-H,0
reaction (8). A surface phenoxide group,
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=COK, is thought to be the active site for
carbon gasification. This surface group is
an activated and stable group which facili-
tates a high dispersion of the catalyst. Evi-
dence of the existence of this group and its
role in the reaction have been shown and
discussed by several authors (9-11). It is
proposed that gasification of this active site
proceeds by a rapid reversible oxidation
followed by a slower decomposition step.
Still another proposed mechanism is the
somewhat more controversial one of disso-
ciation—spillover. The catalyst in contact
with carbon serves in dissociating the gas
molecules into atomic species which then
migrate on the carbon surface until reach-
ing an active carbon site where gasification
takes place. Attempts have been made in
employing this mechanism to interpret the
features of the C-H, reaction catalyzed by
platinum (5, /2), and the C-0, reaction by
Cr,05 (13, 14). Convincing evidence, how-
ever, has been found for this mechanism in
our study of the C-0; reaction catalyzed by
tungsten carbide (/5).

Clearly, there is no single mechanism
which can describe all catalyzed carbon
gasification reactions. It is likely that differ-
ent mechanisms may be dominating for gas-
ification by different gases, and for the
same gas at different temperatures.

The behavior of catalyst particles during
the catalyzed carbon gasification is rather
unique in that the particles form channels
or localized, deep pits on the carbon sub-
strate. This phenomenon has been revealed
and studied on the basal plane of graphite
single crystals, using etch-decoration elec-
tron microscopy (I6), controlled atmo-
sphere hot stage optical microscopy (I3,
17), and electron microscopy (/8, 19). With
a few exceptions, all channeling studies
have been done with the carbon-oxygen re-
action, in the temperature range of 500-
800°C. Over 30 metals and metal oxides,
mostly transition and noble metals, have
been studied (13, 14, 16—19). Most of the
catalyst particles form channels while a few
form pits or both channels and pits. There
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are, however, several catalysts which do
not form channels or pits, yet they do cat-
alyze the oxidation reaction. These non-
channeling, nonpitting catalysts are the
subjects of this study. Among the nonchan-
neling, nonpitting catalysts are Ta,0Os ((17),
but reported as nonactive in Ref. (/3)),
Cr,04 (13, 14), and WC (15).

The origin of the particle channeling phe-
pomenon is still not understood. Baker has
been successful in correlating the speed of
channeling with size and Tammann temper-
ature (20). Channeling occurs either in pre-
ferred crystallographic directions of the
graphite surface or in random directions.
Preferential wetting of the zigzag face
({1120} direction), because of the higher in-
terfacial tension, has been attributed to the
channeling in the said direction by nickel
particles in the C-H, reaction (2/). How-
ever, wetting cannot be used to explain the
channeling of gold in the C-0O, reaction
where the preferred direction of channeling
is zigzag ((1120) direction) in dry oxygen,
and armchair ((1010) direction) in moist
(2.5% H,0) oxygen (16).

In this study, we applied the etch decora-
tion/transmission  electron  microscopy
technique (EDTEM) to examine the mecha-
nism of the action of the nonchanneling,
nonpitting catalysts on the carbon-oxygen
reaction. The catalysts used in this study
included Cr203, WO3, Ta205, MOO3, WC,
TaC, and Mo,C.

EXPERIMENTAL

It has been well known since the 1940’s
that heterogeneous nucleation occurs at
dislocations on the solid surface, and the
decorated dislocations can be examined by
optical microscopy. Using the transmission
electron microscope (TEM), Bassett in
1958 (22) was able to show the presence of
monoatomic steps (2.8 f\) on the cleaved
surface of rock salt by depositing a metal
vapor on the surface. Bassett’s work was
immediately followed by the ingenious de-
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velopment of the etch decoration/transmis-
sion electron microscopy technique and the
use of the technique to study carbon gasifi-
cation Kinetics and mechanism by Hennig
(23), Thomas (24), Feates (25), and others.

The EDTEM technique, described in de-
tails by Hennig (23), consists of cleaving
single crystals (natural graphite from Ticon-
deroga, N.Y.) to a thickness of a few hun-
dred angstroms, etching the graphite in a
gas (in our case, 20% O, in argon at 1 atm)
which expands the surface vacancy to cre-
ate a pit one atomic layer deep, decorating
the edge of the pit with gold nuclei, and
examining with TEM. The radius of the pit
is proportional to the time of etching. The
atoms on the edge of the pit are the active
sites. From the pit growth rate, we are able
to calculate the rate of removal of carbon
atoms per active site, or the turnover fre-
quency. Consequently the technique is ca-
pable of producing a wealth of fundamental
information on the mechanism of both un-
catalyzed and catalyzed gas—carbon reac-
tions. However, the technique is rather
temperamental and is sensitive to a large
number of factors which are not fully un-
derstood (23, 26). Nevertheless reproduc-
ible and consistent results can be obtained
(26) which provide a first step in developing
a fundamental understanding of gas—solid
reactions.

Prior to etching the sample with reactant
gases, it was found necessary (26) to purge
the sample with an inert gas (Ar in our ex-
periments) at 650°C for a prolonged period
of time, at least 10 hr. Without this step, the
etched sample could not be successfully
gold-decorated. This was probably caused
by preferred nucleation of gold atoms on
the tightly bound species on the graphite
surface as numerous small gold nuclei were
seen. The prolonged purge ensured the de-
sorption of these species.

For catalyzed reaction studies, the
cleaved single-crystal graphite was coated
with catalyst particles prior to etching or
reaction. The catalysts used in this study
were Cr,0;, W03, Ta,0s, MoO;, WC, TaC,
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and Mo,C (Alfa Products, Danvers, Mass.).
All of the catalysts with the exception of
Cr,0s, which was deposited as chromium
acetate and oxide solutions, were insoluble
in water and were dispersed on the cleaved
graphite as water slurry. The concentra-
tions of the slurries and solutions were
made to correspond to 0.1 M. The particle
sizes were predominantly near 0.2 um. The
slurry or solution was applied to the
cleaved graphite surface by a syringe, and
the sample was subsequently dried. It
should be noted that this method of coating
the samples in conjunction with the small
graphite basal plane area (which varied
from sample to sample) did not allow a
quantitative determination of the amount of
catalyst deposited. It was also difficult to
reproduce the amount of catalyst loading.
Therefore no attempt was made to measure
the activation energy and the gas-concen-
tration dependence. However, the catalyst
particles were visible in TEM. The rates
reported in this study were the expansion
rates of the monolayer pits which were at
distances away from the catalyst particles.
The catalyzed rates thus varied from sam-
ple to sample due to different amounts of
catalyst deposited. Nevertheless, the
mechanisms of the catalyzed reactions re-
ported here, which do not depend on the
amount of the catalyst, are conclusive.

RESULTS AND DISCUSSION
Turnover Frequency Calculation

For the uncatalyzed carbon—-oxygen re-
action, linear relationships were obtained
between the size of etch pits and reaction
time (23-26). The linearity indicates that
the turnover frequency is constant during
the reaction, Thus the rate of expansion of
pit radius (R), dR/dt, may be calculated
from a single experiment. The turnover fre-
quency can then be evaluated as

(atoms gasiﬁed) _ powi2mRAR/dt 0
edge atom - s/ pi3027RH (
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where poo; = 0.377 C/A2, pyiz = 0.140 C/
A2, and H = step height = 3.35 A.

Figure 1 shows the gold-decorated etch
pits on a sample with no catalyst. The turn-
over frequency from this figure was 0.6 1/s.
The pits for the uncatalyzed reaction were
circular loops. The activation energy for
the reaction was 35 kcal (24, 25).

With catalysts deposited on the surface,
as mentioned in the experimental section, it
was not possible to reproduce the amount
and the dispersion of the catalyst particles
from sample to sample. Thus no effort was
made to check the linearity of the pit size-
time relationship. The turnover frequencies
reported in this study were therefore
‘“overall” values, i.e., the average rate
over the entire period of reaction. Nonlin-
ear behaviors may be possible. For exam-
ple, an ‘‘incubation’ period was reported
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for the channeling of KOH particles in the
carbon-steam reaction at 500°C (27). How-
ever, the overall rates were used to obtain
insights into the catalytic mechanisms, and
no quantitative calculations on the individ-
ual steps involved in the mechanisms were
attempted at this point.

Oxidation Catalyzed by Carbides

No studies have been reported on the ca-
talysis of carbon gasification by transition
metal carbides. The three carbides investi-
gated here, WC, TaC, and Mo,C all in-
creased the overall pit growth rate substan-
tially. More important, the etch pits were
all hexagonal in shape, and the sides of the
pits_were composed of the zigzag face
({1010}) as identified by selected area dif-
fraction using TEM. Another important
feature of the transition metal carbide-cata-

FiG. 1. Transmission electron micrograph of the basal surface of graphite after oxidation for 25 min
at 650°C with 0.2 atm O, (with 0.8 atm Ar), followed by gold decoration.
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lyzed reaction was that no channeling or
pitting was observed. The catalyst particles
were at distances away from the etch pits.
The catalysis was apparently due to a re-
mote-action mechanism.

The pits produced on the basal plane by
WC-catalyzed carbon-oxygen reaction are
shown in Fig. 2. The overall turnover fre-
quency calculated from this figure was 6.2
atoms/atom/s. (In this calculation py3 in
Eq. (1) was replaced by py50.) An uncata-
lyzed sample oxidized under the same con-
ditions would have a turnover frequency in
the range of 0.7 to 1.2 atoms/atom/s. The
turnover frequency for the uncatalyzed oxi-
dation reaction is dependent on the density
of pits, or the active site density, as demon-
strated previously (28, 29). Dispersed large
particles of tungsten carbide were clearly
visible in TEM but not shown in the area
covered by Fig. 2. The sizes of the pits pro-
duced by WC-catalyzed reaction were uni-
form for a given area of the graphite surface
while varied slightly for different areas of a
given sample. Sizable differences were ob-
served from sample to sample due to the
different quantities of catalyst deposited on
each sample.

The behavior of tantalum carbide, TaC
was similar to that of tungsten carbide.
Hexagonal pits of the same orientation
were produced during oxidation, as shown
in Fig. 3. The overall turnover frequency
from Fig. 3 was 12.5 atoms/atom/s. The be-
havior of molybdenum carbide was rather
peculiar, as shown in Fig. 4, in that the hex-
agonal pits were uniformly deformed. The
pits had the same orientation as those pro-
duced by WC and TaC, i.e., the walls of the
hexagonal pits were composed of the zigzag
face of graphite. However, the hexagons
produced by Mo,C appeared to be uni-
formly elongated. The turnover frequency
was estimated as 12.5 atoms/atom/s. The
catalyzed rates are summarized in Table 1.

Our recent experiments with graphite
gasification by atomic oxygen have shown
that the resultant monolayer etch pits were
hexagonal, and the orientation of the hex-
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agonal pits was that with the zigzag faces
(30). Thus the hexagonal shape of the etch
pits, with the zigzag orientation, for the
transition metal carbides catalyzed oxida-
tion is indicative of attack by atomic oxy-
gen. The transition metal carbides have
electronic structures similar to that of plati-
num and possess catalytic activities for dis-
sociating O-O and H-H bonds (31, 32).
Therefore it is likely that the transition
metal carbides act as dissociation centers
for molecular oxygen generating atomic
oxygen or surface oxide species which sub-
sequently diffuses across the basal plane of
graphite and reacts at edges of the mono-
layer pits. The reason for atomic oxygen
forming hexagonal pits with the zigzag ori-
entation as opposed to molecular oxygen
forming circular pits is likely a steric one,
which has been described previously (15).
The reason for the uniform elongation of
the pits formed by molybdenum carbide re-
mains unknown.

At this point, the possibility of the sur-
face of carbides being oxidized during the
reaction is rather uncertain. The reaction
time was short, i.e., 7 to 10 min. The bulk
was definitely not oxidized as the bulk ox-
ide catalysts would give entirely different
results as shown in the next part of the pa-
per. Furthermore, since the catalyst sur-
face must be predominantly carbidic in the
initial period of the reaction, and the con-
formation of the etch pits, e.g., hexagonal
vs circular, depended on the initial period
of pit formation, the carbidic surface was
most likely the active species for the disso-
ciation-spillover mechanism in the initial
period. However, the possibility of an oxi-
dized surface being the active species in the
later period of reaction cannot be ruled out.

Catalysis by Transition Metal Oxides

Except MoO;, a number of common fea-
tures have been observed for the catalysis
of the carbon—-oxygen reaction by the tran-
sition metal oxides used in this study, as
summarized below. Like their counterpart
carbides, no channels or deep pits were
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,————3pm———{

Fic. 2. Hexagonal etch pits with the zigzag {1010} faces produced on the basal plane of graphite by
oxidation at 680°C in 0.2 atm O, for 10 min with WC catalyst. WC particles (0.2-um size) are not shown
in the figure.
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F——3pm—

F1G. 3. Hexagonal pits with zigzag orientation produced on the basal plane by oxidation at 680°C in
0.2 atm O, for 10 min with TaC catalyst (particles not shown in figure).
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F16. 4. Elongated hexagonal pits produced by oxidation at 680°C in 0.2 atm O, for 10 min with Mo,C
catalyst (particles not shown in figure).
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TABLE 1

Overall Turnover Frequencies for Carbon Oxidation
(over 7-10 min reaction time) in 0.2 atm O, at 680°C
Catalyzed by Transition Metal Carbides and Oxides

Catalyst  Overall turnover freq.  Tammann temp.
s Q)

wC 6.2 1325

TaC 12.5 1887

Mo,C 12.5 1266

WO, 15.6 635

Cr,0, 4.7 1135

Ta205 3.1 804

MoO; Formed channels 282

None 0.7-1.17 —

formed, while the monolayer pit expansion
rate was increased by the catalysts by a
long-range action. Unlike the carbides, the
monolayer pits were deformed circular
ones rather than being hexagonal, and the
large oxide particles (ca. 0.2 um) originally
present on the surface had disappeared af-
ter the etching step. Furthermore, there ap-
peared to be consistent excess gold nuclea-
tion on the basal plane of graphite.
Although comparisons between different
samples were difficult because a lack of re-
producibility in catalyst deposition, tung-
sten oxide appeared to be the most active of
the transition metal oxides examined. The
turnover frequency for the WOs-catalyzed
sample shown in Fig. 5 was 15.6 atoms/
atom/s, as compared to the value of 0.7 to
1.2 atoms/atom/s for the uncatalyzed reac-
tion. The etch loops produced by WO; were
somewhat irregular, although they were not
as deformed as the loops produced with
Cr,0; and Ta,0;. There was also a small
amount of carbon abstraction from the ba-
sal plane leading to smaller etch pits. A
sample catalyzed by Cr,0, is illustrated in
Fig. 6. The turnover frequency was 4.7 at-
oms/atom/s. Tantalum pentaoxide behaved
in a somewhat more erratic manner. The
etch loops formed in the presence of Ta,Os
were extremely deformed and nonuniform
as shown in Fig. 7. The turnover frequency
was approximately 3.1 atoms/atom/s. Mo-
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lybdenum trioxide was the only oxide ex-
amined that behaved in the conventional
mode by producing channels through
graphite, Fig. 8 (16-21). But unlike the
channeling reported in the literature, the
channels produced by MoQ; were unusu-
ally shallow; they were probably only a sin-
gle layer deep judging from the merging pat-
terns, and no particles were observed in the
tips of the channels. The turnover frequen-
cies for the transition metal oxides are
listed in Table 1, along with the Tammann
temperatures.

The experimental results described
above and the fact that the reaction temper-
ature (680°C) was near or above the Tam-
mann temperatures of the catalysts sug-
gested a mechanism in which molecular
species or small clusters were emitted from
the particles and were trapped on the edges
of the pits, and subsequently catalyzed the
reaction by direct contacts. This mecha-
nism would be similar to the theory of emis-
sion/migration proposed for sintering of
supported metal and metal oxide catalysts
as reviewed recently (33, 34). Such a mech-
anism was consistent with all the features
observed. Different amounts of catalysts
trapped in different areas of the pits would
cause the deformation. The excessive nu-
cleation of gold observed could be ac-
counted for by the presence of catalyst
clusters which would go undetected with-
out gold decoration. These clusters could
have been trapped by energy-wells on a
nonuniform surface potential on the carbon
surface created by the metal oxides, consis-
tent to the observation of stable dispersion
of platinum on carbon by the added high-
valence metal oxides on carbon (35). The
cluster trapped on the pit edges could cata-
lyze the carbon gasification by an oxygen-
transfer or electron-transfer mechanism.
The dispersion (and disappearance) of the
catalysts could have also taken place during
the prolonged inert-gas flush step (at
650°C). This phenomenon is under further
study in our laboratory.

Although it was difficult to correlate the
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F—3pm——

FiG. 5. Etch loops produced by oxidation at 680°C in 0.2 atm O, for 10 min, with WO; catalyst
particles initially deposited on surface.
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F—1pm—

FiG. 6. Etch loops produced by oxidation at 680°C in 0.2 atm O, for 7 min, with Cr,0; catalyst
initially deposited on surface,
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FiG. 7. Etch loops produced by oxidation at 680°C in 0.2 atm O, for 10 min with Ta,Os catalyst
initially deposited on surface. Note the formation of the severely deformed pits.
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Fic. 8. Channels produced by MoO; catalyst on the basal plane of graphite oxidized by 0.2 atm O, at
680°C for 10 min.
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reactivity of the catalyst because the load-
ing could not be measured, there was a cor-
relation between the observed turnover fre-
quency and the uniformity of the etch pits,
which was consistent with the emission/
trapping mechanism. Molybdenum trioxide
was the only group VI metal oxide studied
that created channels. The temperature of
reaction was well above the Tammann tem-
perature (282°C). Thus the catalyst was
highly mobile. As suggested by McKee (/3)
MoO; probably undergoes an oxygen trans-
fer cycle at the point of contact between the
catalyst and the graphite, in much the same
manner as CuO which also generates chan-
nels (2).

For the Cr,0; catalyzed carbon—oxygen
reaction, it was observed that the particles
remained motionless while the recession
rates of the distant thick edges were in-
creased (I4). It was suggested that Cr,0O,
acts as a dissociation center for O, provid-
ing atomic oxygen which subsequently dif-
fuses to the active sites at the pit edges
where reaction occurs (13, 14). Marsh and
O’Hair (36) have studied by optical micros-
copy the oxidation of deep edges, on the
graphite basal plane, by atomic oxygen.
They noted that the sides of the deep hex-
agonal pits, created first by oxidation with
0O, at 800°C, did not appear to recede when
exposed to atomic oxygen at 200°C. There
was, however, a general removal of carbon
from the basal plane without any apparent
widening of the hexagonal pits. Photo-
graphs of the sample after prolonged expo-
sure to atomic oxygen showed the pits get-
ting shallower and eventually disappearing.
It was postulated that the primary mecha-
nism of reaction consisted of chemisorbed
oxides migrating on the basal plane to the
edge and reacting with the uppermost lay-
ers of graphite. The recession of a few
atomic layers of graphite could not be ob-
served in an optical microscope; thus the
walls of the pits appeared to be stationary.
This result is supported by the results of
Rellick et al. (37), who noted that the edges
of various compression annealed pyrolytic
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graphites formed terraces after thermal oxi-
dation, and Feates (38) who noted that in
the radiolytic oxidation of graphite by vari-
ous gases only the uppermost layer of the
edge was attacked. If Cr,0O; did indeed act
as a dissociation center for molecular oxy-
gen, then deep edges should not have re-
ceded uniformly. On the other hand, the
aforementioned mechanism of emission
trapping on edges followed by direct-con-
tact catalysis can more adequately interpret
the previous results (/4).

A final note may be made concerning the
possible effects of the impurities indigenous
to the graphite sample. All samples used in
this study were prepared and cleaned by
the method originated by Hennig (16, 23),
i.e., repeated washing in hot HCl and HF
solutions and rinsing in distilled water (26).
This method was followed by all later work-
ers except that some additional cleaning
techniques were adopted subsequent to the
acid washing step. Hennig measured the C-
O, rates on samples further cleaned by an-
nealing at 3100°C and separately, by elec-
tron bombardment in ‘‘high vacuum’ at
2300°C, but noted that no difference was
observed in the loop expansion rates (39).
This result indicated that the impurities
were not present on the freshly cleaved sur-
faces. A further comparison can be made
on the rates of the uncatalyzed C-0, reac-
tion reported by several groups using the
same EDTEM technique and the same
source of graphite. Turnover frequencies
may be calculated from the literature data
and normalized to the conditions of 0.2 atm
0, and 650°C. Our rates were 0.6 s™' (at
10 pits/um?) and 0.9 s~! (at 1 pit/um?) (28,
29). Hennig’s rate was 0.8 s=! (pit den-
sity not reported but estimated to be 5
pits/um?) (39), and the rate of Feates and
Robinson was, at 600°C, 0.7-0.8 s™' (pit
density not reported but estimated to be 3
pits/um?) (25). Clearly there is a general
agreement of the data among the three
groups. The sample cleaning procedure was
not described in Ref. (25), but it was noted
in other related papers by Feates et al. as
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annealing in vacuo at 2400°C by electron
bombardment after acid washing (38). Us-
ing samples cleaned in the same method as
that of Feates et al., Evans and Thomas
reported a rate of ca. 0.2 s™!, normalized
to the above conditions (40). Their samples
might have very low pit densities which
would yield low rates. However, their rate
was still lower than that of the other
groups. When impurities are present on the
basal plane surface, most of them will cre-
-ate channels and deep pits. The results pre-
sented in this study were without channels
and deep pits. Although the absence of pits
and channels does not guarantee the ab-
sence of imputities, it is unlikely that these
impurities, and hence the catalytic effects,
would be present in the same quantities
from sample to sample. Based on the above
discussion, the possible effects from impu-
rities were most likely absent in this study.

ACKNOWLEDGMENT

The authors are indebted to support from the Na-
tional Science Foundation, Grant CPE-8120569.

REFERENCES

1. Kroger, C., Neumann, B., and Fingas, E., Z.
Anorg. Chem. 197, 311 (1931).

2. McKee, D. W., in *“‘Chemistry and Physics of Car-
bon” (P. W. Walker, Jr., and P. A. Thrower,
Eds.), Vol. 16, Dekker, New York, 1980.

3. Long, F. J., and Sykes, K. W., Proc. R. Soc.
London Ser. A 215, 100, 111 (1952).

4. Holstein, W. L., and Boudart, M., Fue! 62, 162
(1983).

5. Holstein, W. L., and Boudart, M., J. Catral. 72,
328 (1981).

6. Holstein, W. L., and Boudart, M., J. Catal. 75,
337 (1982).

7. Franke, F. H., and Meraikib, M., Carbon 8, 423
{1970).

8. Mims, C. A., and Pabst, J. K., Amer. Chem. Soc.
Diyv. Fuel Chem. Prepr. Pap. 25(3), 258, 268
(1980).

9. Spiro, C. L., McKee, D. W., Kosky, P. G., and
Lamby, E. J., Fuel 62, 180 (1983).

10. Wigmans, T., Haringa, H., and Moulijn, J. A,
Fuel 62, 185 (1983).

11. Yuh, S. J., and Wolf, E. E., Fuel 62, 252 (1980).

12. Rewick, R. T., Wentrcek, P. R., and Wise, H.,
Fuel 53, 274 (1974).

YANG AND WONG

13. McKee, D. W., Carbon 8, 623 (1970).

14. Baker, R. T. K., and Chludzinski, J. J., Carbon
19, 75 (1981).

15. Yang, R. T., and Wong, C., AIChE J. 29, 338
(1983).

16. Hennig, G., J. Inorg. Nucl. Chem. 24, 1129 (1962).

17. Thomas, J. M., in ““Chemistry and Physics of Car-
bon’’ (P. L. Walker, Jr., Ed.). Vol. 1, Dekker,
New York, 1965.

18. Baker, R. T. K., Catal. Rev. Sci. Eng. 19(2), 161
(1979).

19. Harris, P. S., Feates, F. S., and Rueben, B. G.,
Carbon 12, 189 (1974).

20. Baker, R. T. K., J. Catal. 78, 473 (1982).

21. Baker, R. T. K., Sherwood, R. D., and Derouane,
E. G, J. Catal. 75, 382 (1982).

22. Bassett, G. A., Philos. Mag. 3, 1042 (1958).

23. Hennig, G. R., in *‘Chemistry and Physics of Car-
bon”’ (P. L. Walker, Jr., Ed.), Vol. 2, Dekker,
New York, 1966.

24. Thomas, J. M., Carbon 8, 413 (1970).

25. Feates, F. S., and Robinson, P. S., *“Third Con-
ference on Industrial Carbon and Graphite,’’ Soci-
ety of Chemical Industry, London, 1971.

26. Wong, C., Ph.D. dissertation, State University of
New York at Buffalo, Amherst, N.Y., 1983.

27. Coates, D. J., Evans, J. W., Cabrera, A. L., So-
morjai, G. A., and Heinemann, H., J. Catal. 80,
215 (1983).

28. Yang, R. T., and Wong, C., Science 214, 437
(1981).

29. Yang, R. T., and Wong, C., J. Chem. Phys. 715,
4471 (1981).

30. Wong, C., Yang, R. T., and Halpern, B. L., J.
Chem. Phys. T8, 3325 (1983).

31. Levy, R. B., and Boudart, M., Science 181, 547
(1973).

32. Kojima, 1., Miyazaki, E., Inoue, Y., and Yasu-
mori, 1., J. Catal. 73, 128 (1982).

33. Wanke, S. E., and Flynn, P. C., Catal. Rev. Sci.
Eng. 12, 93 (1975).

34. Ruckenstein, E., and Dadyburjor, D. B., “‘Re-
views in Chemical Engineering’’ (N. R. Amund-
son and D. Luss, Eds.), Vol. 1(3), p. 251, Reidel,
Hingham, Mass., (1983).

35. Fung, S. C., U.S. Patent 4,359,406, issued to Ex-
xon Research and Engineering Co., 1982.

36. Marsh, H., and O’Hair, T. E., Carbon 7, 702
(1969).

37. Rellick, G. S., Thrower, P. A., and Walker, P. L.,
Jr., Carbon 13, 71 (1975).

38. Feates, F. S., Trans. Faraday Soc. 64, 3093
(1968).

39. Hennig, G. R., J. Chem. Phys. 40, 2877 {1964).

40. Evans, E. L., and Thomas, J. M., ‘“Third Confer-
ence on Industrial Carbon and Graphite,”” Society
of Chemical Industry, London, 1971.



