JOURNAL OF CATALYSIS 75, 7-22 (1982)

Methane Production from the Catalyzed Reaction of Graphite and
Water Vapor at Low Temperatures (500-600 K)

A.L. CABRERA, HEINZ HEINEMANN, AND G. A. SOMORJAI

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and Department of Chemistry,
University of California, Berkeley, California 94720

Received September 3, 1981; revised December 1, 1981

The steady-state production of methane from the catalyzed reaction of high-density graphite and
water vapor at low temperatures (500-600 K) is reported. The reaction is catalyzed by potassium
hydroxide and potassium carbonate placed on the graphite surface. The steady-state production of
methane has a turnover frequency of 1073 sec™t at 522 K and an activation energy of 10 = 3
kcal/mole. Several other alkali hydroxides, lithium, sodium, and cesium hydroxide, all turned out
to be good catalysts for the production of methane from water vapor and graphite. The surface
composition and surface texture were characterized by Auger electron spectroscopy and scanning

electron microscopy, respectively.

INTRODUCTION

The production of low-molecular-weight
gaseous hydrocarbons directly from carbon
or from various carbonaceous deposits
(coal, unburned particulates, biomass) pro-
vides an intriguing alternative to liquefac-
tion with hydrogen or to gasification to car-
bon monoxide and hydrogen at high
temperatures (>1000 K). The reaction of
carbon with water to produce methane and
carbon dioxide,

2C + 2H,0 — CH,4 + CO, (1)

is virtually thermoneutral AGgyx =
+ 3(kcal/mole) and thermodynamically fea-
sible at low temperatures. Nevertheless,
much of the research carried out to convert
carbon to hydrocarbon liquids has concen-
trated on high-pressure reactions with hy-
drogen. Studies of coal gasification with wa-
ter proved that high-temperature regimes
were needed for efficient production of CO
and H; (/). While recent studies by Exxon
researchers (2) reported the production of
substantial amounts of CH, along with CO
and H; during coal gasification using K,COgq
as a catalyst, these studies have still em-
ployed relatively high temperatures (>900
K) which facilitate the decomposition of

most hydrocarbons that would be pro-
duced.

Our research is focused on finding suit-
able catalysts for low-temperature produc-
tion of low-molecular-weight hydrocarbon
molecules from carbon (coal). We report
the efficient conversion of high-density
graphite to methane and CO, using potas-
sium compounds as catalysts in the temper-
ature range of 500 to 600 K. The reaction
has a turnover frequency of 10~% sec™! at
522 K. While most of our studies have been
carried out using clean graphite samples of
~1 cm?, scale-up to produce large concen-
trations of methane appears feasible by us-
ing graphite powder with a much larger
area. The potassium-catalyzed methane
production was studied over samples of
high-density graphite. The samples were ¢i-
ther covered with potassium that was evap-
orated from an external source, in sifu, in
ultrahigh vacuum (UHV) or by impregna-
tion with KOH or K,;CQOj;, obtained from
their respective solutions, prior to introduc-
ing the samples into the UHV chamber. In
all three cases the steady-state rates of pro-
duction of CH, were the same. Potassium
also catalyzes the water—gas shift reaction:

CO + H,0 — CO, + H, (2
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in the temperature range 300-600 K; the
K,CO; covered graphite catalyzed this re-
action (2) better than KOH-covered graph-
ite. Potassium, however, did not catalyze
the methanation reaction [CO + 3H, —
CH, + H;O] under our experimental condi-
tions and in this range of temperature.

Several other alkali hydroxides were also
utilized as catalysts to compare their activ-
ity for the methane production with that of
potassium hydroxide. Lithium hydroxide
(LiOH) yielded the highest rate of CH, pro-
duction; the cesium hydroxide (CsOH) ac-
tivity was comparable to that of potassium
hydroxide and sodium hydroxide (NaOH)
was the least active catalyst.

EXPERIMENTAL

Several samples of graphite were cleaved
in air with a razor blade from a larger piece
of highly oriented pyrolytic graphite
(HOPG) obtained from Union Carbide Cor-
poration. The high-density material con-
tained no hydrogen or oxygen. The samples
were cut to a rectangular shape having geo-
metric areas ranging from 0.65 to 1.00 cm?®
and a thickness of ~1 mm. The graphite
sample was then mounted on the manipula-
tor of a UHV system operating at a base
pressure <10~? Torr. The graphite is held
from both ends by gold wires.

When the sample holder was positioned
properly inside the system, the sample sur-
face was accessible to surface composition
analysis by Auger electron spectroscopy
(AES), ion sputter cleaning, and mass spec-
trometry. AES was performed with a cylin-
drical mirror analyzer from Physical Elec-
tronics Industries, Inc. that was mounted
on movable bellows. The system was also
equipped with a high-pressure cell which
isolates the sample and allows us to per-
form chemical reaction studies at high pres-
sures (up to 100 atm) without removing the
sample from the UHV chamber. The prod-
uct distribution obtained at high pressures
were monitored by an HP 5880A gas chro-
matograph with a thermal conductivity de-
tector and a 6-ft column of Chromosorb 102

in series with a 6-ft column of Chromosorb
101. This chromatographic column combi-
nation resolves H,, CO, CH,, and CO, at
room temperature and H,O when the gas
chromatograph oven is heated to 150°C af-
ter the CO, peak has evolved. The thermal
conductivity detector was sensitive enough
to detect very small quantities of CO, CO,,
and CH,. In the case of these gases, con-
centrations of one part per million (1 ppm)
which correspond to 5 X 10* molecules
could be detected.

The graphite samples were heated resis-
tively by a high-current AC power supply
and the sample temperature monitored with
a chromel-alumel thermocouple inserted
between the graphite and one of the gold
leads. This system is an improved version
of a high-pressure—low-pressure instrument
reported earlier (3). A schematic diagram
of the system with the high-pressure cell
closed or open is shown in Fig. 1.

Half a monolayer of potassium was depos-
ited onto the graphite using a potassium-
zeolite gun at a background pressure of 1 X
1072 Torr. This potassium source consisted
of a platinum filament coated with a potas-
sium-alumino-silicate emitter and a collima-
tor, similar to that described by Marbrow
and Lambert (4). The potassium coverage
of the sample was determined by monitor-
ing the growth of the potassium layer on a
piece of gold foil as a function of time by
means of AES. Plotting the potassium Au-
ger peak intensity at 252 eV as a function of
deposition time, a layer-by-layer growth
mechanism (5) was obtained. Once the time
of deposition to form a half monolayer was
determined, potassium was evaporated
onto the graphite using identical experimen-
tal conditions. After the half monolayer of
potassium was deposited onto the graphite,
the high-pressure cell was closed and the
sample was exposed to a mixture of water
vapor and helium. This mixture consisted
of 30 Torr of vapor obtained from distilled
water and 1 atm of high-purity helium that
was further purified by using a liquid nitro-
gen trap. The potassium-covered graphite
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FigG. 1. (a) Schematic diagram of the apparatus with high-pressure cell closed, (b) detail with high-

pressure cell open.

was then heated to the desired temperature
in this gas mixture and the gas composition
was analyzed every 10 min with the gas
chromatograph for 4 to 24 hr. The cleanli-
ness of the graphite surface and the potas-
sium surface concentration was monitored
by AES before and after the high-pressure
experiments.

In another case, a solution of KOH witha
molarity of 0.38 M was prepared, and the
fresh sample of graphite already mounted
on the manipulator was dipped into the so-
lution and then dried in air. The KOH-cov-
ered graphite sample was then exposed to
high vacuum for AES analysis. Once the
cleanliness of the surface was checked, the
isolation cell was closed and the sample
was exposed to the water-helium gas mix-

ture and heated to the desired temperature.
The products’ concentrations were mea-
sured with the gas chromatograph and the
reaction was carried out under the same
conditions used with the potassium-cov-
ered graphite samples. The sample surface
was analyzed by AES before and after the
experiments. This procedure was repeated
at different reaction temperatures, each
time using a fresh sample of graphite. When
samples of graphite were coated with other
alkali hydroxides (I.LiOH, NaOH, CsOH) or
with K,COyg, solutions of these bases were
made with the same molarity (0.38 M) as in
the case of KOH, and the same procedure
was used.

Thermal desorption experiments were
performed using an EAI mass spectrometer
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for the detection of the different desorption
products. The mass spectrometer ionizer
was placed at 5 cm from one of the sample
faces; a nearly constant heating rate of 10
K/sec was employed in the range 300-1200
K to desorb the adsorbates.

A quartz microreactor technique (6) was
employed to measure methane production
from graphite powder impregnated with
KOH. The purpose of these studies was to
prove that the catalyzed production of CH,
from graphite and water vapor could be
readily scaled up to produce large quanti-
ties of CH,.

In our apparatus, a mixture of helium and
water was flowed over the sample which
was placed in a temperature-controlled re-
actor. The exit of the reactor was attached
to the sampling valve of the gas chromato-
graph and the gas flow vented to the atmo-
sphere. Water vapor-saturated helium was
obtained by bubbling a stream of helium
through a closed container filled with dis-
tilled water. The partial pressure of water
was ~40 Torr and the total pressure inside
the rector was ~1 atm. The reactor con-
sisted of a 6-mm-0.d. X 4-mm-i.d. X 30-cm-
long quartz tube in a tube furnace, the tem-
perature of which could be regulated to
within =5 K. The powdered graphite with
KOH was held in the reactor tube with
glass wool plugs. A chromel-alumel ther-
mocouple enclosed in a thin walled 3-mm-
o.d. quartz tube was inserted in one side of
the reactor tube, making direct contact with
the sample to monitor its temperature. This
system is described in more detail else-
where (7).

RESULTS AND DISCUSSION

K-Graphite System. (Half a Monolayer
of Potassium Deposited on Graphite)

No chemical reaction between graphite
and water vapor is detectable in the ab-
sence of the potassium catalyst. In the pres-
ence of potassium the production of CH,
can be readily observed when this system is
heated to 473 K. The concentration of CH,,

CO,, and CO produced during the reaction
of water vapor with the graphite samples
were monitored as a function of time in the
temperature range of 475-600 K. Hydrogen
was detected among the reaction products,
but due to the similarity of its thermal con-
ductivity to that of the carrier gas (He), it
was difficult to quantitatively follow its con-
centration change. The buildup of CH, con-
centration at two temperatures, 475 and 523
K, is displayed in Fig. 2. There is an initial
high rate of methane production that, after
about an hour, settles to a somewhat slower
steady-state rate that can be maintained for
extended periods of time in the temperature
range 473-523 K. From this figure and simi-
lar data obtained at other temperatures, an
activation energy for the production of CH,
of 10 = 3 kcal/mole can be estimated. A
turnover frequency for the methane forma-
tion can be calculated assuming that all the
graphite surface atoms are active sites. The
steady-state rate of methane production ob-
tained from Fig. 2 is divided by the number
of surface atoms of the graphite sample.
This number of surface atoms is estimated
by assuming the presence of 1 X 105 sites
per 1 cm? of graphite (8). Once the number
of sites was calculated from the geometric
surface area of the graphite sample, a turn-
over frequency of ~1073 sec™! at 523 K was
obtained. Turnover frequencies for meth-
ane production catalyzed by various alkali
hydoxides are listed in Table 1.

The concentration of CO, and CO that
accumulated in the reaction chamber were
about 10 and 30 times higher, respectively,
than the CH, concentration. In order to de-
termine whether there were other sources
than graphite for the formation of the de-
tected reaction products in the high-pres-
sure chamber, several blank experiments
were performed. A gold foil with and with-
out potassium was substituted for the high-
density graphite sample in the chamber and
the experiments were repeated using identi-
cal conditions of water vapor pressures and
temperature. No methane could be de-
tected in this case. However, production of
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F1G. 2. Number of CH, molecules produced during the potassium-catalyzed water—graphite reaction
as a function of time for two different temperatures.

CO,; and CO could be observed at rates
which are not too different from those de-
tected in the presence of graphite. It ap-
pears that the walls of the stainless-steel
reaction chamber provide a source of car-
bon for carbon oxide formation in the pres-
ence of water vapor. In order to obtain car-
bon mass balance for the graphite-water
reaction that produces methane, the
amounts of CO, and CO produced by the
blank experiments must be subtracted from
the total amount of CO, and CO detected

TABLE 1

Methane Reaction Rates of the Water—Graphite
Reaction Catalyzed by Various Alkali Hydroxides

System Geometric Rate of CH,®
surface area production
of graphite (molecule/carbon
sample surface atom
(cm?) X $€ec)
(X 107%)
LiOH-graphite 0.77 23.8
NaQH -graphite 0.81 5.6
KOH-graphite 0.72 9.9
CsOH-graphite 0.65 10.0

¢ It was assumed 1 x 10* sites per 1 cm? of graphite.

under reaction conditions. The relative
buildup of CO and CO, concentrations ob-
tained with either the gold foil or with the
graphite samples for the two temperatures
(475 and 523 K) is displayed in Figs. 3 and
4, respectively. In the case of CO produc-
tion, the concentration appears to be inde-
pendent of temperature, and after subtract-
ing the amount produced in the blank
experiment there is no CO left within exper-
imental error. However, the CO, concen-
tration does depend on temperature and,
after subtraction of the amount produced in
the blank experiments, some CO, still re-
mained, as seen in Fig. 4. It should be noted
that in any UHV apparatus the residual
gases which constitute the background of
the system are H,, H,O, and CO, while
methane and CQ, are rarely present. There-
fore, the uncertainty in the CO concentra-
tions measured was much higher than those
of CH, and CO,. In the cases of CH, and
CO,, we could measure concentration vari-
ations of ~5 x 10 and ~3 X 10" mole-
cules, respectively, but in the case of CO
the uncertainty was +4 x [0 molecules.
Since the amount of CO, left after sub-
traction from the blank experiment is equiv-



12 CABRERA, HEINEMANN, AND SOMORJAI

T . T T T T T T I
K-gold K-graphite T (K)
30 [¢] L] 475 -
A A 523
A o]
~ A
)
w 2.0 a -
D
35 a
g [}
@ .
e | a ’
o [ ]
O 9
1.0}~ ° 7
A
| & A .
&
)
0 1 1 l 1 1 | 1 |

1
0 20 40 60 80 100 120 140 160 180 200
t (minutes)

F1G. 3. Number of CO molecules produced as a function of time for two different temperatures.
Open circles and triangles correspond to blank experiments performed with potassium-covered gold
foils. Full circles and triangles correspond to experiments with potassium-covered graphite in the
reaction chamber.

alent to the CH, concentration produced at 2H,0 + 2C (graphite) 5 CH, + CO, (at
the same temperature, we can write the 473-673 K).
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FiG. 4. Number of CO, molecules produced as a function of reaction time for two different
temperatures. Dashed curves correspond to blank experiments performed with potassium-covered

gold foil. Solid lines correspond to experiments with potassinm-covered graphite in the reaction
chamber.
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in the temperature range of 473-673 K, and
it was found that the highest conversion to
CH, occurs at 523 K. Up to this tempera-
ture the rate of CH, production occurs in a
steady state and there is no sign of catalyst
poisoning. At temperature above 523 K, the
potassium Auger peak diminishes with time
and the surface is covered with an increas-
ing concentration of carbonaceous species
as detected by AES; simultaneously, the
production of CH, slows down and then
stops. After completion of a run, potassium
was not readily detectable by AES.

When we exposed the K-covered graph-
ite to a mixture of 1 atm of CO with 30 Torr
of water vapor, H, and CO, formation could
be detected. This indicates that the water—
gas shift reaction was taking place but no
CH, formation was observed. Methane was
not detected when K-covered graphite was
exposed to 1 atm of pure H, and the CH,
production was not enhanced when H, was
added to the water vapor with H, pressures
of 20-700 Torr. It appears that CH, could
not be formed from a mixture of CO and H,
under our experimental conditions. In the
presence of a gas mixture of 1 atm of CO,
and 30 Torr of water vapor, no products of
any kind were detected.

The KOH-Graphite System

The production of CH, was studied using
graphite samples that were dipped in 0.38
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Fic. 5. Number of CH, molecules produced during
the KOH-catalyzed water—graphite reaction as a func-
tion of reaction time for various temperatures.
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FiG. 6. Logarithm of the CH, production rate as a
function of the inverse absolute temperature for the
KOH-graphite system.

M KOH solution and then air-dried. The
water vapor pressure in the H,O/He mixture
was the same as used previously, and our
experiments were carried out in the temper-
ature range 475-568 K. The accumulation
of CH, as a function of time at various
temperatures is displayed in Fig. 5. These
curves exhibit larger initial rates of CH,
production than those measured for the K~
graphite system which appears in the first 5
min after the sample is heatéd to the preset
temperature. Nevertheless, in steady state
(after the initial burst) the methane produc-
tion rates are identical. A plot of the loga-
rithm of the steady state rates obtained
from Fig. 5 divided by the number of car-
bon atoms of the graphite sample as a func-
tion of the inverse absolute temperature is
shown in Fig. 6. From this plot an activa-
tion energy for the CH, production of 11.9
* 0.5 kcal/mole is obtained. This activation
energy is in good agreement with the 10 + 3
kcal/mole that was estimated for the CH,
production using the K—graphite system.
The CO and CO, concentrations were
also monitored in this case. Most of the CO
present in the gas phase is again CO de-
sorbed from the high-pressure cell walls
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FiG. 7. Number of CO molecules produced during

the KOH-catalyzed water—graphite reaction as a func-
tion of reaction time for various temperature.

and in the presence of water it readiiy re-
acts to form H, and CO, by means of the
water—gas shift reaction [Eq. (2)]. The wa-
ter—gas shift reaction achieves its maximum
rate in the CO, and H, production at ~525
K and then at higher temperatures slows
down and stops completely at ~568 K. The
CO and CO, concentrations measured are
displayed in Figs. 7 and 8, respectively. In
Fig. 8 we have also plotted the CO, pro-
duced by the water—gas shift reaction which
occurs at room temperature, 298 K (detect-
able CH, production starts up only at 475
K). No CO, is produced at 568 K. On the
other hand, the CO concentration (Fig."7)
which remained almost independent of tem-
perature and similar to that detected on a
gold foil, covered with potassium, clearly is
increased at 568 K, when CO, is no longer
produced, indicating that the water—gas
shift reaction is inhibited. This suggests that
at these high temperatures the KOH cata-
lyzed water vapor-graphite reaction pro-
duces primarily gaseous CH, and CO.

2H,0 + 3C (graphite) 5—':3%
CH, + 2CO (3)

Even though Eq. (3) is not thermoneutral at
low temperature, it becomes thermo-
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O 20 40 60 80O 100 120 140 i60 180 200

t {min})

F1G. 8. Number of CO, molecules produced during
the KOH-catalyzed water—graphite reaction as a func-
tion of reaction time for various temperatures. Open
circles correspond to the production of CO, from the
KOH-catalyzed water—gas shift reaction which takes
place at room temperature.

dynamically more favorable at high temper-
atures (AG ok = 26 kcal/mole; AGggox =
14 kcal/mole).

In order to show more clearly the selec-
tivities of the various reactions of water
vapor over the KOH-graphite system, we
have plotted the rate of CH,, CO,, and CO
produced under our reaction conditions as a
function of temperature in Fig. 9. In this
figure the CO, production rate corresponds
to the total concentration of CO, detected.
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FiG. 9. Plot of the rates of CH,, CO,, and CO pro-
duction during the KOH-catalyzed water—graphite re-
action as a function of absolute temperature.
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FiG. 10. SEM micrographs of KOH on graphite (a) before exposure to reaction conditions, (b) after
exposure to reaction conditions.
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The CO, produced along with the CH, ac-
cording to Eq. (1) was very difficult to esti-
mate because the CO, produced in the wa-
ter—gas shift reaction (almost 90% of the
total CO,) was very sensitive to the KOH
concentration on the surface of the graphite
or on the gold foil used in blank experi-
ments. Surface composition analysis by
AES indicated a reduction in the intensity
of the potassium peak (252 eV) after the
sample was exposed to reaction conditions.

In order to learn about the structure of
the active graphite surface and about the
state of dispersion of KOH, samples of
graphite coated with KOH were inspected
by a scanning electron microscope (SEM)
before and after being exposed to reaction
conditions. Initially, the KOH crystallites
cover the surface of the graphite fairly uni-
formly forming a weblike network as seen
in Fig. 10a. After it is exposed to the reac-
tion conditions, KOH agglomerates forming
crystallites of a few microns in diameter,
scattered over the graphite surface, as indi-
cated in Fig. 10b. Thus the KOH-graphite
contact area is markedly reduced. One can
also notice in Fig. 10b roughened patches
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Fi16. 11. Number of CH, molecules produced during
the KOH-catalyzed water-graphite reaction as a func-
tion of reaction time, measured at 522 K for 20 hr.

that were absent before the water—graphite
reaction. These patches are perhaps the lo-
cations where graphite was chemically at-
tacked and produced CH,.

The reduction in the contact surface be-
tween KOH and graphite is likely to be
responsible at least in part for the reduced
CH, rate of production after an initial pe-
riod and for the steady-state rate being ap-
preciably lower than the initial reaction
rate.
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Fic. 12. Number of CH, molecules produced during the K,CO;- and KOH-catalyzed water—graphite
reactions as a function of reaction time for two different temperatures. For the KOH-catalyzed
reaction, only the steady-state production of CH, is plotted.
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In order to ascertain that the CH, produc-
tion from KOH-graphite was catalytic, the
production of CH, at 522 K was measured
for a period of 20 hr and is plotted in Fig.
11. The rate of CH, evolution stays con-
stant at turnovers greater than 10 molecules
per site. In order to scale up methane pro-
duction by using higher surface area sam-
ples, graphite powder impregnated with
KOH was placed in a quartz reactor and a
mixture of water and helium was intro-
duced at a flow rate of 30 ml/min. The
temperature of the oven was raised to 522 K
and after a period of 1 min methane was
readily detected.

The behavior of methane production in
this flow reactor was the same as previ-
ously observed with the high-pressure—low-
pressure system; a burst of methane was
detected during the first 10 min of reaction
time, then the CH, production rate slowed
down and reached a steady state. When-
ever the graphite powder was impregnated
with fresh KOH, a new burst of CH, was
detected. This behavior can either be ex-
plained by the reduction of the contact sur-
face between the graphite and the KOH, or

by KOH undergoing a chemical transfor-
mation into a potassium compound which is
less active in catalyzing this reaction.

The K,CO3—Graphite System

This system was studied in detail at only
two temperatures, 495 and 522 K, since it
behaves similarly to the potassium-graph-
ite systems previously investigated. The
CH, production at these two temperatures
is plotted as a function of time in Fig. 12. In
this same figure we have plotted the steady-
state production of CH, from the KOH-
graphite system at the same temperatures.

The KOH-graphite and K,COz—graphite
behave identically in the steady-state pro-
duction of CH, as indicated in this figure.
The CO, and CO concentrations are plotted
in Figs. 13 and 14, respectively. Much more
CO, is produced because the water—gas
shift reaction is better catalyzed by K,CO,—
graphite than by the KOH—graphite system
at the same temperature (see Fig. 13). We
have also plotted in this figure the CO, pro-
duced at 495 K in a blank experiment (when
graphite is replaced by a gold foil coated
with K,CQOj;) as represented by open hexa-
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F1G. 13. Number of CO, molecules produced during the K,COjs- and KOH-catalyzed water—graphite
reactions as a function of reaction time for two different temperatures. Open hexagons correspond to a
blank experiment performed with K,COj-covered gold foil at 495 K.
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FiG. 14. Number of CO molecules produced during
the K,CO;- and KOH-catalyzed water—graphite reac-
tions as a function of reaction time for two different
temperatures. Open hexagons, open triangles, and
open circles correspond to blank experiments per-
formed with K,CO3- and KOH-covered gold foils at
various temperatures. Open squares correspond to
pure graphite at 495 K.

gons. It seems that at low temperatures, the
mechanism responsible for the CH, produc-
tion can be described once more by the
reaction represented by Eq. (1). The CO
buildup in the gas phase is now higher than
in the previous cases; nevertheless, blank
experiments performed with gold foils
coated with K,COj; indicate that this extra
CO in the gas phase is not a result of the
decomposition of K,COj.

The LiOH—-, NaOH -, and
CsOH -Graphite Systems

Different samples of graphite coated by
impregnation with 0.38 M solutions of
LiOH, NaOH, and CsOH were studied as
potential methanation catalysts and com-
pared with the KOH-graphite system.
These samples were studied at 522 K and
all of the alkali hydroxides proved to be
good catalysts for the production of meth-
ane from water and graphite. The experi-
mental conditions were identical to those
used for the K, KOH, K;CO3—-graphite sys-
tems. The CH, concentration at 522 K is
plotted as a function of time in Fig. 15. One
can see that KOH-, CsOH-, and NaOH-

graphite yielded nearly the same CH, pro-
duction rates in the steady state, but LiOH-
graphite is clearly more active. On the
other hand, the initial rate of CH, produc-
tion follows the sequence CsOH, KOH,
NaOH, and LiOH from the highest to the
lowest initial rate. Once the rate of metha-
nation is calculated per carbon site, the
turnover frequency obtained for LiOH-
graphite is almost 2.5 times higher than
CsOH-graphite and KOH-graphite, and
about 4 times higher than NaOH-graphite
(Table 1). It should be noted that the activ-
ity of these hydroxides for CH, production
at low temperatures follows the same corre-
lation as the activity of the corresponding
carbonates for graphite gasification at high
temperatures as studied by McKee and
Chatterji (9). These samples were also in-
spected by scanning electron microscopy,
and crystallite formation containing the al-
kali metals were found in all cases after the
samples were exposed to reaction condi-
tions (after the steady-state production of
CH, was reached). The largest crystallites
were found in the case of CsOH with an
average size of ~30 um; for NaOH and
LiOH ~4 um. The ratio between the initial
and the steady-state rate of CH, production

T T T T T T T T T T
LiOH-graphite NoOH-graphite KOH-graphite CsOH-graphite T(K)
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t (min)

oR

F1G. 15. Number of CH, molecules produced during
the LiOH-, NaOH-, KOH-, and CsOH-catalyzed wa-
ter—graphite reactions as a function of reaction time at
522 K.



METHANE PRODUCTION

19

12 T T T T T T T T T
KOH-graphite K,COz-graphite CsOH-graphite T(K)
A ¢ ° 522
10 —
©
©
X
w
[1hd
]
(8]
o
[o]
E
[4Y]
(@}
o

0 | | I ]

! | i | |

0 20 40 60 80

{00 120 (40 160 180 200

t (min)

FIG. 16. Number of CO, molecules produced during the K,COs-, KOH-, and CsOH-catalyzed
water—graphite reactions as a function of time at 522 K.

correlates well with the size of the crystal-
lites formed for the different alkali hydrox-
ides. This reduction in contact area be-
tween the catalyst and the graphite might
account in part for the reduction of the rate
of CH, production after the first few min-
utes of the reaction (see Fig. 15). It is likely
that the rate during steady-state production
of CH, might be closely related to the state
of dispersion of the different hydroxide cat-
alysts.

The CO, and CO concentrations obtained
in these experiments are displayed in Figs.
16 and 17, respectively. In the LiOH-
graphite and NaOH-graphite systems no
CO, was produced, indicating that CH, for-
mation occurs according to Eq. (3). No at-
tempt was made in this case to measure the
CO or CO, buildup in a blank experiment.

Thermal Desorption Experiments

Thermal desorption experiments were
performed over a piece of gold foil coated
with KOH in order to study the thermal
stability of this hydroxide. The base pres-
sure of the system was <107 Torr before
the gold was resistively heated up to 1200 K
at a rate of 10 K/sec. The hydrogen, oxy-

gen, and potassium peaks were scanned
with the mass spectrometer during heating.
The evolution of H; was detected around
400 K and potassium (mass 39) was de-
tected at a higher temperature, 775 K, as
shown in Fig. 18, but no O, (mass 32) was
detected until the temperature of ~990 K
was reached. The desorption of metallic po-
tassium from graphite takes place at about
the same temperature as from gold. Since
KOH is very stable toward dissociation
(/0), hydrogen evolution at 400 K might
come from the dissociation of chemisorbed
water over this system. The potassium peak
is detected near the temperature range at
which KOH vaporized. The high flux of K*
ions is a result of KOH cracking due to
ionization (/0).

H, Desorption

One of the intermediate steps in the pro-
duction of CH, is the formation of CH_,
complexes on the surface of the graphite. If
one interrupts the production of CH, from
the alkali hydroxide—graphite systems, the
surface of the samples should have ad-
sorbed CH, complexes which, upon heat-
ing, will decompose to yield molecular hy-
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FiG. 17. Number of CO molecules produced during the LiOH-, NaOH-, KOH-, and CsOH-catalyzed
water—graphite reactions as a function of reaction time at 522 K. Open squares correspond to pure

graphite at the same temperature.

drogen (desorbing to the gas phase) and
leaves carbon atoms on the surface. This
decomposition must take place at high tem-
peratures because of the formation of
strong bonds by carbon and hydrogen
atoms. Salmeron and Somorjai (/1) studied
the decomposition of unsaturated hydrocar-
bons on the Pt(111) crystal face and they
found that the complete dehydrogenation of
these hydrocarbon fragments took place be-
tween 550 and 710 K. Therefore, each of

T ' 1 k T T T T T

L KOH-gold

the systems studied in the CH4 production
was flashed to 1200 K, after the reaction
with water. A strong hydrogen peak was
detected at high temperatures. Thermal de-
sorption spectra of hydrogen desorption
from LiOH-, NaOH-, KOH-, and CsOH-
graphite are displayed in Fig. 19.

In order to make sure that the H, was not
hydrogen from the alkali hydroxide com-
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FiG. 18. Thermal desorption of H,; and K from a
KOH-covered gold foil sample.
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F1G6. 19. Thermal desorption of H, from LiOH-,
NaOH-, and KOH-, and CsOH —graphite samples af-
ter exposure to reaction conditions.
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pounds, a piece of gold foil was coated with
the different alkali hydroxides and flashed
in ultrahigh vacuum up to 1200 K. H, was
detected at much lower temperatures in
each case and these desorption spectra are
also displayed in Fig. 20. Although we can-
not ascertain the amount of H, that is pro-
duced from the CH, complexes decomposi-
tion due to the high H, background, the
shift of the H, peaks to higher temperatures
(after CH, is produced) is a strong indica-
tion of the presence of these complexes on
the graphite surface. The temperature at
which the H, peak is observed is a measure
of the C-H bond strength. It should be
noted that the amount of H, released from
this decomposition is of order of monolay-
ers.

The formation of CH, from graphite and
H,0 is a process of considerable complex-
ity that requires many sequential reaction
steps. The catalysts (alkali hydroxides)
must aid in the dissociation of H,O on the
graphite surface and possibly in the break-
ing of C—C bonds in the graphite previous
to the formation of the CH, molecule. The
OH™ and H* produced from H,O dissocia-
tion then participate in the multiple step
oxidizing and reducing reactions. It is
known that atomic hydrogen forms C-H
bonds with graphite that leads to the pro-

H, Partial Pressure (arb. units)

1200

Fig. 20. Thermal desorption of H, from LiOH-,
NaOH-, KOH-, and CsOH-covered gold foil samples.

duction of CH, molecules at low tempera-
tures (400-800 K) (8). On the other hand,
the OH~ must somehow donate its oxygen
to produce C-O bonds and eventually de-
sorbed CO or CO,. The use of high-density
oxygen-free graphite rules out the possibil-
ity that oxygen and hydrogen in the final
gaseous products, CH, and CO or COs,,
could come from sources other than the
water molecules.

Further studies aimed at exploring the
mechanism of this catalyzed reaction in-
clude attempts to detect CH, and COH in-
termediates by electron spectroscopy and
exploration of the possibility of K intercala-
tion into the graphite that may be an impor-
tant reaction step needed to break the C-C
bonds of the reactant efficiently. The use of
alkaline earth compounds as possible cata-
lysts will be investigated to optimize the
activity of the carbon—water (C/H,0) reac-
tion. The combination of transition metals
and alkali-metal compounds as catalysts
should be explored in order to aid the for-
mation of gaseous hydrocarbon molecules
other than CH,.

CONCLUSIONS

The production of gaseous CH, and CO,
(or CH, and CO) from graphite occurs rap-
idly in the temperature range 500-650 K
with low activation energy (10 = 3 kcal) in
the presence of alkali compounds. KOH,
K,CO,, LiOH, CsOH, and NaOH all ap-
pear to catalyze both the reduction of C to
CH, and its oxidation to CO, or CO.

Using high surface area graphite, we
have shown that scaling up the C/H,0 reac-
tion to produce large amounts of CH, gas
can readily be accomplished. Thus this re-
action can be carried out under technologi-
cally feasible conditions. One should then
consider other, more economical sources of
carbon to produce CH,, such as coal, bio-
mass, including wood or other plant
sources.
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