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Abstract
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.b The reaction is: catalyzed by potassium hydroxide and potassium

‘carbonate>placed on the graphite surface. The steedy state production of

methane has a turnover frequency of 107 3sec™l 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 produection

of methane from water vapor and graphite. The surface composition and surface
texture were characterized by Auger electron spectroscopy and scanning elec-

tron microscopy, respectively.
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- Introduction

The production of low molecular weight gaseous hydrocarbons diteetly_
from carbon or from various carbonaceous deposits (coal, unburned particulates,
biomass) provides an intriguing alternative to liquefaction with hydrogen or
to_gasification to carbon monoxide and hydrogen:at high temperatures ()1000
K). The reaction of carbon with water to produce uethane and carbon dioxide,

2C + 2Hy0 --> CH, + CO, | | (1)

is virtually thermoneutral A Ggogg=t+3(kcal/mole) and thetmodynamically feas-
ible at low temperatures;‘ Neuertheless,.much of the'researgﬁ carried out to
- convert carbon to'hydrocarbon liquids has concentrated on high presssure
reactions with hydrogen. Studies‘of coal gasifitatiou with water proved
that high‘temperatute tegiues were needed for efficient production of CO and
Ho [l],iowﬁile,recent studies by Mims and Pabst [2] reported the.produetion‘d_
of substantial amounts of CH4 along with CO and H2 during coal gasification
using KZCO3 as a catalyst, these studies ‘have still employed relatively
high temperatures (>900 K) which facilitate the decomposition of most hydro—
carbons that would be produced. |

Our research is focused on finding suitable catalysts for low tempera-
ture production of low molecular weight hydrocarbon‘moleCules from carbon
(coal). We report the efficient.conversiou of high density.graphite to
. methane and Co- usingvpotassium compoundsvas catalysts in the temperature
tange of 500 to 600 K. The reaction has a turnover frequency of 1073 gsec™!
'at 522 XK. While most of our studies have beeu carried out using clean gra-
phite samples of ~ lcmz, scale—up to produce large concentrations of methane
'appears feasible by using gfaphite powder with‘a much larger area. The
potassium catalyzed methane production wasvstudied over samples of high

density graphite. The samples were either covered with potassium that was
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evaporated from an external source, in situ, in ultrahigh vacuum (URV) or'by
impregnation with KOH or K5COj, obtained from their respective solutions,
prior to introducing the samples into the UHV chamber. 1In all three.éases R
the steady statelpates of production of CH4 were the same. Potassium also
catalyzes the water?gas sﬁift reaction:‘ 

” y_.“ CO + Hp0 —=> COp + H) , (2)

in the temperature range 300—600 K; the K3COj3 covered graphite éatalyzed
this reaction (2) better than KOH-covered graphite. 7 |

Several other alkali hydroxides_we;e also utilized as catalysts to com-
pare their activity for the methane production with that of'potassium hydrox-
ide. Lithiﬁm hydroxide (LiOH) yiélde& thg highest»rate‘of CH4 production;
the cesipm hydroxide.(CSOH) activity was comparable to that of ﬁotassium

hydroxide and sodium hydroxide (NaOH) was the least active catalyst.

Experimental
Several samples of g:éphite were cleavedvin‘air witﬁ a razor blade f:om' _
a larger piecetbf highly oriented pyrolytic graphitév(HOPG> obtained from
Union Carbide Corporation. The high density material contained no hydrogen
or'éxygen. The samﬁles were cut to a rectangular éhape having geometric
aréas ranging from 0;65 to 1.00 cm? and a thickness of ~.1 mm. The graphite
sample was then mountéd on the ménipulatof of a UHV system operating.at a,
base pressure <1079 térr. Tﬁe graphite is held f;om both ends by gold wires.
When the sample.hélder was positioned properly iﬁside the‘system, the
sample surface was accessible'tolsurface composition analysis.by Auger elec-
tron spectroscopy (AES), ion sputter cleaning, and mass spectrometry. AES
was perforﬁed with a cylindrical_mirror analyzer from Physical Electronics

Industries, Inc. that was mounted on moveable bellows. The system was also
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equipped with a high pressure cellvwhicﬁ isolates the sémple and allows us
to perform chemical reaction studies at high pressur;s (up to 100 atm) with-
out removing the sample from the UHV chamber. The product distribution
vobtained'at high preSSufes were monitofed by.an HPVSSBOA‘gas chromatograph
with a thermal conductivity detector and a sik foot column of Chromosofb 102
in.series with a six foot column of Chromgsorb’lOl. This chromatographic
column coﬁbinafion resolves Ho, CO, CH4 énd COo at room teﬁperatufe and

Hy0 when the gas chromatograbh oven is heated to 150°C after fhe CO,y peak
has.eVolved.' The graphité samples were heated resistively by a high current
AC‘péﬁer suﬁply and the sample teﬁperéture'ﬁonitored witﬁ a chromel-alumel
thérmocouple inséftea between thé'graphite and one of the gold 1eads;v Thié
system is anvimproved version of a high préssuré-low préssure instfuﬁent
reported earlierv[B];_'A schématic diagram.of.the system‘with the high‘pfés—
'éure cell closed or open is shown in Figure 1.

Half a monolayer of potassium ﬁas deposited onto the graphite using a
potaésiﬁﬁ—ieélite:guﬁ at a background_éressure'of 1x10f9 torr. This_potas—
sium source cénsisted ofva platiﬁuﬁ filament,coated with a ﬁotaséium—alumino-
silicate emitter 5ﬁd'é éoilimator, similar to that described by Marbrow and
Lambert [4]. The potassium covefage of the éamplebwas determined by>monitor—
ing the groWih of the potaséium 1éyer oﬁ a piece of gold foil as‘a'function

-of time by heané of AES; Plotfing the.potassium Augef péak intensity at 252
eV as a function‘of‘depoéition time,iévlayer—by—layer growth mechanisml[Sl
'was obtained. Once the time of deposition to form a half monolayer was
determined, pdtassium was evaporated onto the graphite using identicgl experi-
.mental éonditibns; Aftef the half monolayer of potassium was deposited onto
‘the graphite, the high preSsﬁrg,ceiilwas.closéd'énd‘thevsample was exposed

to a mixture of water vépor_éﬁd helium. This mixture consisted of 30 torr
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of vapor obtained from distilled water and 1 atm of high purity helium tﬁat
was further purified by using a liquid nitrogen trap. The potassium éovered
graphite was then heated to the desired temperatﬁre in this gas mixture and
the gas composition was/analyzed every 10 minutes with the_gas chromatograph
for 4 to 24 hours. The cleanliness of the graéhite surface énd the potassium
surface concentration was monitored by AES before and after'the~high-pressure
experiments.

In another case, a solution of KOH with a molarity of 0.38 M was pre-
pared, and the fresh sampie of graphite already mounted on the ménipulétor
was dipped into the solutioﬁ and then dried in air. Ihe KOH covered graphite
sample was then exposed to high vacuum for AES analysis. Once the cleanliness
of the surface was ch;cked, the isolation cell was closed and the sample was
exposed to the,waﬁerfheliﬁm gas mixture and‘heaﬁed to the-desired femperature.

The products’ concen;rétiohs were measured with the gas chrowmatograph and

the reaction was carried out under the same conditions used with the potas-— -

sium éovered graphite samplés.._The sample surface was analyzed by AES‘before
and after the experiments. This pfoCedure was repeated at different reaction
temperatures, eachvtime using a fresh sample of graphite. “When samplesvof
graphite were coated with other?alkali hydroxides (LiOH, NaOH, CsQH) o£ with
KoC03, solutions of these bases were made Qith the same molarity (0.38 M)
as.in the case of KOH,:an& the same procedure was used.

Thermal desorption experiments were performed.using'én EAI mass spectro-
meter for the detection ofjthe different desorption products. :The mass.
spectrometer ionizer was placed at 5 cm from one of the éample faces; a
nearly constant heating rate of 10-K/séc was employed in the range 300-1200
K to desorb the édsorbates. |

A quartz microreactor technique [6] was employed to measure methane -
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production from graphite powder impregnated with KOH. The purpose of these
studies was to prove that the catalyzed production of CHy from graphite an&'
water vapor could be readily scaled up to produce iarée quantities of CH4.‘

In our apparatus, a mixture of helium and water was flowed over the sém-
ple which was placed in a temperature controlied reactor. ‘The exit of the
_reactorkwas éttached to the sampling valve of the gas chromatograph and the
gas flow vented to the atmosphere. . Water vapor saturated helium was obtained
by bubbling a Stréém of helium through a closed conté#nef fille&’with distilled
water. The partial pressure of water was_@ 40 torr and the total pressure
inside the reactor was ~.1 atm. The réactor consisted of a.6 mm o.d.x4 mm
i.d.x30 cm long quartz tube in a tube fufnaée, the femperaﬁuré of thch'COuld
be regﬁlated to within * 5 K. The powdered'graphite with KOH was Held in
the feaétor'tube with glas; woél pldgs. A chromel-alumel thermdcouple enclosed
iﬁ a thin walléd'3 mm o.d. qﬁartz tube w#s inserted in one side of the reactor
tube, makiﬂg direct contéét witﬁ the éample to monitor its ﬁemperature.

This system is described in more detail elsewhere [7].

Results and Discussion

K-graphite system. (Half a monolayef of potassium‘depoéited on graphite).

" No chemical reaction between g;aphite and water Vapor is detect-
"able in the absence of the pbtassiuﬁ catalyst. Iﬁ_tﬁe presence of potassium
the production of CHy éan be readily obsérVed when this system is.heated
to 473 K. The concentfations of CH4, COy, and CO proddced during the reac-
tion of water vapor with the graphite samplés wefé monitofed’as a function
of time iﬁ the temperature rangé éf 4]5~6OO K. Hydrogen was detectéd
among the reaction products, but due to the similarity of its thegmal conduc-

tivity to that of the carrier gas (He), it was difficult to quantitatively
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follow its concentration change. The buildup of CH; concentration at two
temperatures, 475 and 523 K, is displayed in Figure 2. There_is an initial
high rate of methane production that, after :about an'hou:, settles to a
somewhat sldwer sfeady.state rate that'can be maintained for exten&ed periods
of time in the temperature range 473-523 K. From tﬁis figure and similar
data obtained at other temperétures, an activation energy for the production
of CHy of 10 * 3 Kcal/mole can be eétimatedf The turnover frequeﬁcy for

‘the methane formation reaction is about 1073 secl atv523 K, assuming that
all thé graphite surface atoms arekactive;

The concentration of.C02 and CO that accumulated in the reaction
chamber were about 10 and 30'ti§es higher, fesﬁectively, than the CHy4 concen-
tration. In order to determine whether there were other sources than graphite
for. the formation of the detectéd reaction products in the high pressure
chamber, several blank expefiments were;perfofmed. A gold foll with and
without potassium was substituted for the high density graphite sample in
the_chamber and the experiments were repeated using,identicai conditions of
water vapor pressures and temperature. No methane could be detected in this
case. However, production of COz‘and CO could be observed at rates which
are not too differént fram those detected in the presence of graphite. It
appears that_the walls of the stainless steel reaction chamber provide a
source of carbon for carbon oxide férmation in the presence of water vapor.
In order to obtain carbon ﬁass balance for.the gpaphite—water reaction that
prodﬁces methane, the amounts of COp and CO produced by the blank.experimenfs
must be subtracted from the total amoﬁhc of COp and CO detected under reaction
conditions, The relative buildup of CO and Cop concentfations ﬁbtained
with either the gold foil or with the graphite samplés for the two,temperé—

tures, (475 and 523 K), is displayed in Figures 3 and 4, respectively. In
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the case of CO'production, the coﬁcenﬁration appears to be indepéndentzof V
temperéture, and after subtracging the amount pfoduced in the Biank'éiﬁéfi¥'
ment there is no CO left within expéfimeptal error. However, the'COQ conce-
ntration does depeﬁ& on.température and, after subtraction of the_amount“
produéed in’the blank:exﬁeriménts, some CQZ still.remained, as seen in
Figure 4. This amoﬁntvof COy is equivalenf to the CH4 concentration pro—‘
duced at the same témperature. 'Iherefpre, the reaction that produceé CHy
and COj may be"exp:eSSed ;s:  2ﬁ2b + ZCv(graphite)”—§—> CHy + COp (at
473-673 K). o

The graphite-water reaction was studigd in the'temperature'féﬁge'of
473-673 K, "and it was found tﬁat tﬁé highest'conversion to CHy; occurs at
523 K. Up tothié'temperature éhe rate of CHy production occurS”inva steady
state and there is no sign of cataiys; poisoning. At temperatures abbve.523b
K the potaSSium Augér péék d;minisﬁes with time and the surface is covered
with an incfé#éiﬁg céncenfration 6f carbonaceous speéies as detected‘by'AEsg
simulﬁaneously,:the préduction of CH; slows down and then stops. After
completion of'a fuh; potassium waé not readily detectable by AES. The_gra-
phite was then fléshed.é; 1200 K and ; strong peak of CO was obtained in thé
mass specttoﬁétef-with a maximum deéorption rate at ~ 900 K, as shown in
Figure 5. Iﬁ_the same figure we show a CO desorption spéctfum (dashed curve)
‘from a sample of pure graﬁhite,IWith the same geometric area, which was
éxposed to ~ 100 L of CO. Carbon monoxide is'onlyrweakly adsorbed on pure -
graphite and in much smaller concentration. Once tﬁe:CO is'tefmallyvdeSOrbed'
from the sample or removed by argon ion bombardment, potassium is detected
once more (with AES) and on reaction with water the CH; production starts
up again. When using a mixtureléf i atm of CO with 30 torr of water vapor

on the K-covered graphite, only Hy and CO; formation could be detected,
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indicating that the water-gas shift reaction was taking place and that the
methanation reaction was inhibited. In the presence of a gas mixture of
1 atm of COp and 30 torr of water vapor, no products of any kind were

detected.

The KOH-graphite system.

The production of CH4 was studied using graphite samples that were

dipped in 0.38 M KOH solution and then air-dried. The water vapor .pressure

- in the H90/He mixture was the same as used previously, and our.experiments

were carried out in the tempe:éture range 475-568 K. The accumulation of
CH4 as a function of time at various temperatures are disblayed in Figure

6. These curves exhibit larger initial rates of CH4; production than those

measured for the Kgraphité system which appears in the first five minutes

after the sample is heated to the preset temperature. Nevertheless, in
steady state (after”the initial burst) the methane pfoduction“rates are
identical. A plot of the logarithm of the steady state rates obtained fromv
Fig. 6 divided by the number of carbon atoms of the gfabhite sample as a
function of the inverse absélute temperature is shownvin Fig. 7. From this
plot an activation energy for the CH4 production of 11.9 * 0.5 kcal/mole

is obtained. This activation energy is in good agreement with the'iO 3
kcal/mole that was estimated for the CH; production using the K-graphite
system,

The CO and COzbconcentrations were ;lso monifored in this case. Mosf'
of the CO present in the gas phase 1s again CO desorbed from the'high pres-—
sure cell walls and in the presence of water it readily reacts to form ﬁz
and COy by means of the water-gas shift reactionv(Eq.Z). .The water—gas

shift reaction achieves its maximum rate in the COy and Hz.production
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at ~ 525 K'and then at higher temperatures slows down and stopé completely

at ~ 568 K. The CO and COj concentrations measured are displayed in‘Figs.

8 and 9, respectively. 1In Fig. 9 we have also plotted the C02 produced by

the water—gas shift reaction which occurs at room temperature, 298 K, (detect—
able CHy, production starts up only at 475 K). No COy is produeed at 568 K.

On the other hand, the CO concentration (Fig. 8) which remained almost inde-

.~ pendent of temperature and similar to that detected on a gold foil;_coveredh

with potassium, clearly is increased at 568 K, when CO; is no longer prodoced,
indicating that the water—gas shift reahtion-is ihhibited,‘ This soggests
that at these high temperatures the KOH catalyzed water vapot—graphite reac-
tion oroddcesuprimarily gaseous CHy; and CO. |
'2H0 + 3C (graphite) -Eg-—> CH; + ZCO v ' (3
S 568 K
Even though Eq.:3 ie hot thermoneutrai at low‘temperatures, it becomes thermo—
dynamically more favorable at high temperatures ( A G400K—26 kcal/mole,
A G600K‘l4 kcal/mole)

In order: to show more clearly the selectivitles of the various reactions
of'water vapor over the KOH-graphite system, we have plotted the rate of CHy, -
CO9, and CO produeed under our reaction conditions as a.function of tempera-
ture in Fig. le In th1s flgure the C02 productlon rate corresponds to the
rate of the water—gas shift reactlon.v The CO5 produced along with the CHy
according to Eq.l was very difficult to estimate because_the COy produced

in the water—gas shift reaction (almost 90% of the total COj) was very

sensitive to the KOH concentration on the surface of the graphite or on the

gold foil used in blank experiments. Surface composition analysis by AES

" indicated a reduction in the intensity of the potassium peak (252 eV)eafter
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the sample was exposed to reaction conditioms.

"In order to learn about the structure of ihe active graphite surface
and about the state of dispersion of KOH, samples of grapgite cbétedeithl
KOH were inépected by a'scanhing electron microscope (SEM) before ahd éftef
being exposed té-réaction conditibnéﬁ‘ Initiall&, the KOH éfystalliﬁés c&&er
the surface of -the graphite fairly unif&fmly;fdfming a weblike nétwork as
seen in Fig. 1la. After if is exposed to théifeaction'cdnditions, KOH agglo;
merates forming crystallites of é few micfoné in diémeter, scafte?ed.over
tﬁe graphite surface, as indicated5in Fig. 11b. Thps»the KOH—gf;éﬁigé‘con—
tact area is markedly reduced. One éan also notice in Fig. 11b roughened
patches that were absent before the waterfgraphite'reaction; .TheSA patches
are perhaps  the locations where graphite wés cheﬁically.attééké&:and produced
| CHA. . L :

The reductiéﬁ,in the contact éUrfaée beﬁwgen KOH énd.gféphiﬁe'is iikeiy.
to be reéponsible at least in part fof the redﬁce&WCH4 rate of pfoduc;i;n
after an initial period and for“tﬁe éteady state rate Being apﬁréciably
lower than the initial reaction raté. . .

In order to ascertain that the CHy proddétion from KOH—gr;phite was
‘catalytic, the production of CHy at‘522 K was measured fof a périod of 20
hours and is plotted in Fig. 12, .Tﬁe rate of CH, evolution stays cbﬁstaﬁt
at turnovers greater than 10 molecules per sité. In order to séaie.up |
methane production‘by using higher surface area sampleé, grapHité p§wder
'impregqated with KOH was ﬁlacéd inwa quartz feaéfbf and‘a mikture of waﬁer
and helium wés_introduced at ; flow rate of 30 cé/min; Thé“temperatﬁre of
the oven was raised to 522 K and after a period of 1 min. mefhane wa; readily
detected. | |

The.behavior of methane production in this flow reactor was the same as
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previously observed with the high pressure-low pressure system; a burst of

methane was deteéFed during the\first 10 minutes of reaction time, then the
”'Cﬁ4 production rate slowed down andyreached a steady state. Whenever thg
graphite powder Qaé impregnaped with f%esh KOH, a new bgrst of CHy was
détected; This'behéfior»can ei#hgr’be;exb}ained by the reduction of'the
contact surface betweeﬁ the’graphite and the KOH, or by KOH undergoing a

chemical transformation into a potassium compound which is less active in

catalyzing this reaction.

The K2C03—gfaphite system

This sytem was.studied in detail at only two temperatures, 495jK.énd
5221K,‘since 1t-béhaves similarly to the potassium—graphite systems previously
investigated. The CH4 production at tﬁese two temperatures is plotted as
a'function of time in Fig. 13. In this same figu;e we have pldtﬁed the
steady stéte productién ovaH4vfrom the‘KOH—gréphite system at the same
' temperaturés; |
| The KOH—graphite aﬁd K2C03—g;aphite:béhave identically in thg steady
~state proqﬁétion of CH, as indicated in this figure. vThe CO9 and CO conceﬁ—
tratiéns are plotted in Figs. 14'and 15, respectively. Much more COzuis pro-
&uded Secause the_watér;gés shift reagtiop is better catalyzéd by K»CO3~
graphité than by‘the KOH-graphite system at the same temperature (see Fig,
14).; Wé haQe aisd plotted iﬁ this figure the COy produced at 495 Kiin a
blank experiment (when graphite is reﬁlaced byia'gold foil coa;ed with KoC03)
aé represented by‘open hexagons. It seems thaf at lo& temperatures, the
"méchaqism résppnsiﬁle for the CHy production can be described once'moye by
the.reaction rep;eseﬁted by Eq. 1. The CO buildup in the gas phase is now

higher than in the previous cases; nevertheiess, the blank experiment per-
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formed with gold foil at 495 K yields the same CO concentration, indicating
that no CO was produced from the graphite;ﬁater reaction in the temperature
range 400-600 K, In order to clarify this point, thermal desorption experi-
ments were performed. from K9CO3-coated gold foil, suspecting that the extra
CO buildup in the cell couldAcome from the dgcomposition of the potassium»»
carbonate. It wa; found that CO desorbed from K9CO3 at two temperatures,

356 K and 482 K, and that the real decomposition of the carbonate did not

- start until ~ 900 K, in good agreement with results obtained by other
researchers [8]. Once the K2C03 was degassed, no CO peaks at low temperatures
were obtained. Therefore, the extra CO found in the cell was CO chemisorbed‘
on the K2063, when the K2CO3—graphite samples were prepared outside the
reaction cell. .Tﬁe stroné chemisorption of CO. by this system also explains
its high acgivify‘fowards the‘water-gaé shift'regction. Potassium surface
concentration meésured by AES before and»after reaction show a reduction in
the potassium Auger peak intensity (252 eV) after the sample was exposed to
reaction conditions, but this decreasé in the potassium intensity is less

significant than in the case of the KOH-graphite system,

The LiOH-, NaOH-, and CsOH-graphite systems.

Differenf éamples of graphite coated by impregnation with 0.38 M solu-
tions éf LiOH, NAOH, an& CsOH were studied és pofential methanation catalysps
and compared 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 methane from water and graphite. ?hé experimental cqndi;;éns
were identical to those'used‘for the K, KOH, KCO3—-graphite systems. _The_‘
CHy éoncentration at‘SQZ K is plotted as a function of time in Fig. 16.

One can see that KOH-, CsOH-, and NaOH-graphite yielded nearly the same CHy
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production rates in the steady state, But LiOH-graphite is clearly more
éctive._ On the other hand,. the initial rate of CH4 production follows the
_Sequence CsOH; KOH, NaOH, énd LiOH f;om the highest to the lowest ;nitial’
rate. Once the raté of methanation is célculaﬁed per carbon site, tﬂe turn-
over fréquené& obtained‘for LiOH;graphite is almost 2.5 times highér than
' CsQH—grapﬁite:andeOH—graphiﬁe;:ahd about 4 times higher than NabH—graphite
(Table I).‘ Itkshoﬁld be notedithaﬁ'thevactivity of thése hydroxides for CHy
productibn af iow temperatﬁfeé-féllows'the same correlation as. the actiyity
of théﬁéoffeéponding>carbonateé for grabﬂite gasificétién at‘high temperétures
as stﬁdiédhby”MéKee and Chétte;ji'[9l. These éamples were also inspected
by scanning'élééfrdn micrpséopy, and crystallite>formaéioﬁsbcont5ining the
'.alkaliﬁﬁéféiéxwééé féﬁﬁd in-ali cases after thersémplevaére exéosed to
:reactioﬁ”éSAditioﬁs. 'The average si?e ofvﬁhe crystélliteé follows fhe same
'sequenée ééiéhéziﬁitiai‘rate'of CH4‘pfoduction; thé largest crystallites
were found ih the case of CsOH ~ 30 M m{isizes for KOH were ~ 10.u m; for
.NaOH and ﬁidﬁ < 4 uAﬁ. |

The COs and CO concentrations §btéined in these ekperiments aré displayed
.‘in Figs. 17 and 18, respectively. In the LiOH-graphite and NaOH-graphite
systems no CO was produced, ingicating thét CH4_fofmation occurs according"
 ?,to Eq.3. No attempt waé made.iﬁ:tﬁis case té meaS@feﬁthe CO or CO»p bgildup

in a blank experiment.

" Thermal Desorption Experiments

Thermal desorption experiments were pErformed‘6ver”a piece of gold foil
coated with KOH in order to study the thermal stability of this hydroxide.
7'The.base:pressure of the systemfwaSi<10f9 ‘;orr’befbré'the_gold was resis-

“tively heated ﬁp to 1200 K at afrate.of 10 K/sec. 'The hydrogen, oxygen, and
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potassium peaks were scanned with the mass spectrometer during heating. The
evolution of Hy was detected arouﬂd 400 K and potassium (mass 39) was

- detected at ; higher temperature, 775vK, as shown in Fig 19, but no 0y

(mass 32)IWas detéctea;untii'the‘temperature‘df ~ 990 K was reached. The
desorption of meﬁaliic pot#ssium'frOm gfaphite takes place at about the

same temperature as from géld. Since KOH is very stable toward dissociation
[10]; hydrogen evolution At 400 K might come from the dissociation of chemi-
sorbed water over this system. The potassium peak is detected néar the
temperature range at which KOH vaporized. The high flux pf Kt ions is a

result of KOH cracking due to ionization [10].

Hy desorptipn

.‘One of the intermediaté_sfeps in the production of CH; is the formation
of CHx>comp1exes on the surface of the'graphite. If one interrupts the .pro-
duction of CHy f;om éhé Alkali'hydroiide—graphite systems, the surf;ce of the
samplesvshOuld have adsorbed CHy éomplexes which, upon heating, will decompose
to yield‘molecular hydrogen (desorbiﬁg to the gaé phase) and leaves carbon
atoms on the surface. This deﬁomposition ﬁust take place at high temperatures
because éf the formation of strong bonds by carbon and‘hydrogen atoﬁs.
Salmeron and Sbmorjai {11] studied the aecomposition of unsaturated hydpp-
carbqns on the Pt(11ll) crystal facevand they found that fhe complete dehydro-
genation-of these hydrocarbon-fragments took place between 550-710 K. There-
fore, each of the systems studied in the CH; production was flashed to 1200 K,
after the reaction with waﬁer. A strdng ﬁydrogen peak was ﬁeteéted at high
temperatures. fhermal desorption spectra of‘hydrogen desérption from LiOH-,
NaOH-, KQH-,iand CsOH-graphite are displayed in Fig. 20.

In order to make sure that the H, was not hydrogen from the alkali
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hydroxide conpounds, a piece of gold foil was coated with thevdifferent

alkali hydroxides and flashed in hltrahigh vacuum up to 1200 K; Hz was
detected at much lower temperatures in each case and these desorption spectra
are also dlsplayed in Fig. 21. From these figures one can see that hydrogen
desorption from CsOH and KOH takes place below the reaction temperature-
studied (522 K); hydrogen desorption from LiOH takes place above that tenpera—
ture and finally, NaOH has two weak desorption peaks, one above and one

below 522 K.

Conclusions

The production of gaseous CH; and CO» (or CHy and CO) from graphite
occurs rapidly in the temperature range 500-650 K with a low activation energy
(10 * 3 keal) in the presence of alkali compounds. KOH, K,C03, LiOH, CsOH,
and Nadﬁ all appear'to catalyze both the reduction of C‘to CH4vand>its oiida—
tion to Cbé'or'CO. "This is a process of considerahle‘conplexity that requires
,many sednential reaction‘steps. The dissociation of water to OH; ‘an‘daH+ is
clearly catalyzed'by'alkali hydroxides, as indicated by studies of:the photo—
decomposition of Hy0 vapor on SrTiO3 surfaces‘[12]. This reaction'proceeds
at 300 K only in the presence of alkali hydroxides which catalyze the hydroxy—
lation of the oxide surface; Thus the alkali hydroxides aid what must be
one of the first reaction steps, the dissociation of sz on the graphite
surface. The OH™ and H+ prodnced in this way.thenlparticipate in the |
multiple step oxidizing and'reducingireactions. ut appears to form C—Hl
bonds and sequential addition of H atons; and the breaking of C=C bondslare.
needed to form the CHg molecule. The OH™ is able to donate its oxygen to

produce C~0 bonds and eventually desorbed CO,p or CO. The use of high density

oxygen—free.graphite rules ont the possibility that hydrogen or oxygen in
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the final gaseous products, CH4 and COy, can come from sources other than  the
water molecules.

"Further studies aimed at exploring the mechanismoof thiS'catalyzed.reac*.
tion‘include'attempts'to detect CHy and COH intermediates‘hy.electron spectro-
scopy and exploration of the possibility of K intercalation into the graphite
that may be an important 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 optimiae the activity of the carbon-water o
(C-H90) reaction. The combination of transition metals and alkali-metal
compounds. as catalysts should be explored invorder to aid the formation-of
gaseOus hydrocarbon molecules other than CHg.

' Using high surface area graphite, we have shown that scaling up the

C-H30 reaction to produce large amounts of CH4 gas can readily be accomplished.
Thus this reaction can bevcarried-out under technologically feasible condi—
tions;‘ One should then consider other, more economical sources of carhon to
produce CH&; such as coal, biomaSs,'including wood or other plant sources.

In these systems, part of the hydrogen that is to be converted to CHy4 would
be supplied in part by- the hydrocarbons in the carbon source. . |

Another interesting carbon source is the particulates emitted from
internal combustion engines. It appears possible to aid the'catalyzed
gasification of this carbonaceous material using alkali hydroxide or other
suitable catalysts.

Since alkali compounds and water vapor are abundant and readily avail-
able on the surface of our planet, one could perhaps associate the presence
and accumulation of CH4 in certain areas such as in coal mines with‘the
C-H,0 reaction that occurs at relatiyely low temperatures and with low

activation energy.
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Table 1. Methane reaction rates of the water—graphite reaction

cétalyzed by various alkéli hydroxides

System ‘ Geometric surface : Rate of CH4* production

area of graphite (molecule/carbon

sample (cm?) ‘ ' Surface atom x sec).
LiOH-grahite | | | '0.77' - . 23.8‘ x 10~4
NaOH-graphite.' o 0;81v_ o .‘  ) - | 5f6 X 10'4
KOﬁ-graphiﬁé | 0.72_ . o '. o é.9.x 10*4 ,
CsOH-_-grap.hitv:'e‘ , © 0465 | | : 19;0 x 10~4

* It was assumed 1x10!3 sites per 1 cm? of graphite.-
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Figure captions

Figure 1.

Figure. 2

- Figure 3.

Figure 4.

Figure 5.

Figure 6.

(a) Schematic diagram of the apparatus with high pressure cell
closed, (b) detail with high pressure cell open.

Number of CH; molecules produced during the potassium catalyzed
water—graphite reaction as a function of time for two different -
temperatures. » ‘ ‘ : -

Number of Co moleCules produced as a function of. time for two dif-
ferent 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.

Number of C02 molecules produced as a function of reaction time
for two different temperatures. Dashed curved corespond to blank
experiments performed with potassium—covered gold foil. Solid
lines correspond to experiments with potassium-covered graphite in
the reaction chamber,

Thermal desorption of CO from the K-graphite system after it was
exposed to reaction conditions. Dashed curve corresponds to CO v
desorption from pure graphite after it was exposed to 100 L of CO:

Number of CH4 molecules produced during the KOH catalyzed water—
graphite reaction as a function of reaction time for various

. temperatures.

Figure 7.

Figure 8,

“Figure 9.

Figure 10.

Figure 11.

Figure 12,

Logarithm of the CHy production rate as a function of the inverse
absolute temperature for the KOH—graphite system.

Number of CO molecules produced during the KOH catalyzed water-
graphite reaction as a function of reaction time for various
temperature.

Number of COoy molecules produced during the KOH catalyzed water-—
graphite reaction as a function of reaction time for various
temperatures. Open circles correspond to the production of CO»p
from the KOH catalyzed. water—gas shift reaction which takes place
at room temperature.

Plot of the rates of CH;, COy, and CO production during the KOH
catalyzed water—graphite reaction as a function of absolute
temperature.

SEM micrographs of KOH on graphite (a) before exposure to reaction
conditions, (b) after exposure to reaction conditions.

Number of CH4; molecules produced during the KOH catalyzed water—
graphite reaction as a function of reaction time, measured at 522 K

for 20 hours.



Figure 13.

Figure 1l4.

Figure 15.

Figure 16.

Figure. 17

Figure 18.

-2]-

Number of CH; molecules produced during the KoC03 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.

Number of COj molecules produced during the K5CO3 and KOH catalyzed
water—-graphite reactions as a function of reaction time for two

- different temperatures. Open hexagons correspond to a blank experi-

ment performed with KjCOj3-covered gold foil at 495 K.

Number of CO molecules produced during the KyCO3 and KOH catalyzed

water—graphite reactions as a function of reaction time for two

different temperatures. Open hexagons, open triangles, and open
circles correspond to blank experiments performed with K,CO3~ and
KOH~-covered gold foils at various temperatures. Open squares
correspond to pure graphite at 495 K. -

Number of CH, molecules produced during the LiOH NaOH, KOH, and
CsOH catalyzed water—graphite reactions as a function of reaction

_time at 522 K.

Number of CO7 molecules produced during the KZCO3, KOH, and CsOH
catalyzed water-graphite reactions as a function of time at 522 K.

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.

Figure 19.

Figure 20.

Figure 21.

Thermal desorption of Hy and K from a KOH-covered gold foil sample.

Thermal desorption of Hy from LiOH-, NaOH-, KOH-, and CsOH-graphite
samples after exposure to reaction conditions.

Thermal desorption of Hy from LiOH-, NaOH-, KOH-, and CsOH-covered
gold foll samples. '
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