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ABSTRACT

An experimental study directed to obtain information on the catalytic
mechanisms involved in the methanation of graphite using, separately, potassium
and calcium as catalysts, and water and/or hydrogen as reactants is reported.
The mechanisms for the potassium catalyzed graphite-~water reaction appears to
be the same in the wide temperature range from 473K to 873K as indicated by
the constant 11 kcal/mole activation energy found for the methane production.
The intercalation of potassium into the graphite as a‘possible step in the
methane synthesis has been investigated andAruled(out,f-XP°"studies indicate
the formation of an active forn‘of more.positiyeiy'charéed carbon from graphite
when graphite is heated at 10& temperatures in-the‘presence of a calcium cata-
lyst and water vapor. ‘The activation energy tormthistcarbon depolymerization
reaction is 16.3 kcal/mole. Methane formation oniy occurs in the presence of

hydrogen due to its reaction with the active carbon. The activation energy

for the methane production in this case is 25.5 kcal/mole.
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INTRODUCTION

The catalytic effects of metals on the kinetics of the reaction between
carbon and water vapor have been the sub1ect of intensive investigation for

several years. In a recent publication from our laboratory,(l) it was reported

~that the conversion of'high density graphite to methane using potassium com—

pounds as catalysts was achieved in the temperature range 473K <TK 600K a

vprocess that occurs at low-temperatures when compared with those used in cur-

rent industrial processes.(z) At low temperatures the decomposition probability
of most hydrocarbons that may be produced in this reaction is low thus, they
may also be the dominant species if the low temperature catalyzed gasification
of coal were feasible. |

We'report here the results of new studies directed to gain insight into
the catalytic mechanisms involved in the gasification of graphite with: HZO and
Ho. The effects of potassium and calcium catalysts have been investigated in
the temperature ranges 673K < T < 873K and 623K < T < 873K respectively. We
also utilized potassium intercalated graphite to test its reactivity with H»s0
and have been able to rule out K intercalations as an important reaction step
during the synthesis of methane.

while potassium readily catalyzes the reaction of water with éraphite to
produce methane, calcium catalyzes only the depolymerization of graphite to a
more reactive form of carbon in this circumstance but not its gasification.
Hydrogen addition was necessary to produce methane in the presence of.calcium.
The potassium catalyzed gasification rateiis proportional to the edge area of

graphite.
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EXPERIMENTAL

The samples used in our experiments were cleaved in air with a razor blade,
from a larger piece of highly oriented pyrolitic graphite obtained from the
Union Carbide Corporation. The- samples had a rectangular shape with a geome-—

‘tric area of ~ 0.32 cm2

and a thickness of ~ 1 mm. In some of the experiments
2 mm thick graphite samples were utilized. |

The sample was mounted on a manipulatbr using avsample holderlmade"of
gold foil spotwelded to two platinum clamps. ‘In this way, we were able to
resistively heat the gold foil which was in direct contact with one face of
the graphite specimen. Depending on the experiment to be performed, the graph-
ite sample was positioned properly inside the high pressure cell and subsequently
exposed to high vacuum. When the pressure in the chamber was less than 2 x 1079
torr the sample surface was characterized by Auger electron spectroscopy (AES)
and x—~ray photoelectron spectroscopy (XPS). For the XPS measurements an X—ray
source with.a Mg anode was used. The.electron'energy analysis was performed
using a high resolution double pass cylindrical mirror analyzer (CMA) from
Physical Electronic‘Industries. After the surface characterization, the sample.
was isolated in the high pressure cell which was connected to a closed loop
reactor, and exposed to water vapor and/or hydrogen;. Helium wasﬂfrequently
used as a carrier gas. The reaction products were monitored with a 5880 A HP
gas chromatograph. After the reaction was completed‘the surface of the sample
was characterized again. A schematic diagram of the apparatus used is shown

in Figure 1A. Detailed description of this system can be found elsewhere (1,3)



" RESULTS

KOH-Graphite System

We have studied the potassium hydroxide catalyzed graphite-wéter reaction
at temperatures ranging from 573K to 873K. The potassium hydroxide chered'
graﬁhite'ﬁas_exposed to a mixture of 22Atoff of water vapor and apﬁroximatély 1
atm. of helium, aﬁd heated at the desired temperature. A plot“of tﬁe logé}ifhm
of the steady state rates per carbon surface atom aé a functidn of the 1nvé;sé
absolute temperature is presented in Figure 2. An éctivation energy of li EN N
kcal/mole is obtained from this plot. This activation energy does ndt differ,
within thg experimentalle:ror,‘frbm the value reported e#rlief,(l) in the tem—
perature range 473K < T < 573K, Thig fact indicates thét the activation energy
for this reacfion is the'samg in a wider temperature range and perhaps that'

the catalytic mechanisms involved in this reaction are the same from 573K to"

873K.

During our experimentS’ﬁe:ndticed that an 1n¢reése in the CHy pfoductidn
could be obser&ed when 6n1y thé thickness of the éampie was Increased. In
Figufe 3 two plots of the methane.concentration vs. time are displayed for two
samples with fhicknessés of 1 mm and 2 mm at the reaction temperéture of 773K.
The difference in the methane produétion can be explained if we assume that
most of the active sites fbr the KOH catalyzed graphite-water'reactions are
located at the edges of the graphite cryétals. ‘This is supported by a recent
electron microscopy study(a)-where it was found fhgt the gasification of

graphite with water using potassium as a catalyst occurs at the edges and that

-the potassium particles propagate'inva'channefing mode along the basal planes.

We also found tht increasing the basal plane area of the graphite samples did
not increase the methénation rate.

Since gasification occurs preferentially at'the prismatic graphite planes
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the turnover rates -calculated as the methane evolution per surface carbon atom

per second are grossly underestimated.

Ca0-Graphite System

Calciﬁm oxide has been used in this work as a catalyst in the methane
synthesisvfrom graphite, using H70 and»Hz as reactgntsf For this purpose, the
gfaphite sample was 1mpfegnated with a iM'solution.bf‘Ca(N03)2‘and dried in
air. The surface of the graphite sample was characferized“by AES and. XPS. 'it
exhibifs the carbon 15 phqtoelectron peék at 284 .4 eV characteristic for graph-
ite. The sample ﬁas then heated in vacuum to al;ow ﬁhé calcium nitrate to
decdmpose. Then, the sample was,heatedrin.the high pressure cell‘at a tempera-
ture in the range 623K < f < 873K,for about 4 hours in 22 torr of H90 and 1 atm
of pure helium while the gas composition was monitored by the gas chromato-
graph. The XPS spectrum taken aftérlghis heétinglcyéle sho%ed_the appearancé
of a new peak at a binding energy of 290 eV, which we have attributed to the
formation of a new form of carben on_the'gfaphi;e_surface which proved to be
much more reactive than graphite, in subsegpent stqdies, »Thisvnew form of
carbon presumably comes from a transformatién ofﬂtbe graphitig carbon through
a C-C bond breaking process catalyzed by the calciqm catalyst and water. No
methane could be detected during this step. ‘Then,‘a.réacqion_with % atm of Hop
at tﬁe same temperature in the range of 623 to 873K was performed. Methane
was readily detected in concentrations higher than those obtained dqring.the
potassium catalyzed gr#phite—water_reaction. Typical plots’for_the achmula-
tion of CH; vs. time are presenté@ in Figure 4. An activation energy of
25.5 kcal/mole was.obtained for this reaction from the Arrhenius plot shown
in/Figure 5. Methane production was detected for several hours. From Figure
4 we can see that the hydrogenation is fast during the first few hours_but

then it slows down. Monitoring the concentration of the new form of active
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carbon as a function of time clearly indicates that the active carbon present

on the surface is hydrogenated to CH; by Hp. After the reaction with Hy the

-peak at 290 eV markeély decreased in ihtenéity as can be seen in Figufe 6 for

Y
T = 773K,

We have also éerformed experiments using a mixturé of 22 torr of Hzoland
32 torr of Hp, in thig citcumsfance there 1s a balance between the rate of for-
mation of active céfboﬁ aﬁ& thg‘tate of its hydrogenatiéh to methane. Consé-‘"
quently, the.station;ry state methéhe ﬁroductions last 1onger as c&ﬁ be seen
in Figure 7 where thé concentrations of the produced ﬁethane.is plotfed'againSE'
time for several temperatures. The agtivation.energy for the production of
methane in the water-hyarogen mixture was found to be 16.3 kcal/mole as dbtaingd
from its Arrhenius.plot in Figure 5.

We have also studied the hydrogen pressure dependence of the rate of

methane production at T = 773K, Figure 8 shows a plot of methane production
' ' [CH,)
dT

= KPHZ, there

" is a first order dependence of methane formation on hydrogen pressure.

Potassium Intercalated Graphite System

In recent years considerable effort has been directed toward_the under-
standing of the strutture;(s) electronic properties(6) and catalytic proper-

ties(7) of alkali-metal-graphite intercalation compounds. -We have conducted

experiments with CgK aimed at obtaining information which may be valuable for -
: e L ST

deciding 1if intercalation is a possiblé reaction step during the potassium

catalyzed graphite-water reaction for the production of methape.,

The surface of the CgkK samplés were characterized with AES and XPS. An
interesting effect waéyobserved while monitoring the surface by AES. The
intensity of the potassium peak increaséd when the electron beam»is‘left on

for about 5 minutes. This can be seen when comparing Figures 9a and 9b. It
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appears that potassium‘diffuses~to the surface under the influence of the elec-
tron beam. Apparently this effect is not due to local heating by the electron
beam because we have purposely heated the sample in the temperature range of
353K to 573K. The intensity of the potassium peak decreased upon heating.

This effect is illustrated in Figure 10, when the sample was heated at 573K.

Unintentionally, we modified the composition of the CgK sample by heating,
particularly at temperature close to 573K. Before the heat_treatment the sam—
ple had a copper-like color and after the heatiﬁg the_cqlor changed to deep
blue, which is cﬁatééteriétic of another type of po;aséium intercalated graphite
.CZ4K. The XPS spectrum taken of this sample and presented in Figure lla also
confirmed this transformation. We observed the Cjg peak at 286 .4 eV shifted
2 eV from the C1s peak in graphite (284.4 eV) as shown in Figure llb. This
shift is.reasonablé if we take into;consideratioﬁ the difference in electronic
environment of carbon atoms in this sample compared to that of pure graphite.

According to S.B. Dicenzo(8) the potassium intercelated graphite that has
a Cis peak closer to 286 eV has the compdsitiop of Co4K. We havé also obtained
a full width at half maximum (FWHM) for the Cjg peak of 2.l eV which is in
agreément with the results reported by:S.B;'Dicehho98) and.Bagh(9) fdr‘this'
type of intercalated graphi;e. -

After these surface characteriiétioﬁs we perfofmed a reaction with ‘this
sample and 22 torr of water vapor for severél hours at 573K. 1In Figure 12, we
present plots éf the metﬁane concentrations obtained vs. time for the Co4K
sample and a KOH-graphite system. Obviously,'thé methane production 1s lower
for the potassium interégiated grapﬂite sample. After the reaCtidn we obsérvéd.
that the thickness of the sample increased by‘a.factor of 8 from the origiﬁél
thickness due to exfoliation of the.graphite,IPOSéibly due td‘water adsorption

within the layers. This can be seen in the pictﬁre shown in Figﬁre 13.’ Another
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important obse;Vétioh is that the Cjg péék shifted back to thé typitaiuﬁééitionJ
of the Cié peak in graphite, as it iélillﬁstfated fn Figure 11b. It should be
noted that éé have not observed any shifts in XBS peaks:beforé o; after the;
reaction with water when the KOH—gtaphife syétéﬁ‘(iﬁ the ébsencé of intercéla-'
tion) has beéﬁ used in the m;thane synthesié;

Our studies allow us to rule out the 1nter§a1atioh.6f pbtaésigm'aé an
important reaction stgb during the catalytic gasificatioﬁ of grééhité in the’

presence of potaésium and water vapor.

DISCUSSION

There are several experimental observations reported berg that aid to

unravel some of the elementary catalytic reaction steps leading to thé forma-

tion of methane from graphite.

1) In the presence of potassium as catalyst, water vapor produces methane
from graphite In_the temperature range of 473 to 873K with Aﬁ activation energy.
of 11 * 1 kcal/mole. In the presence of calcium oxide ashgatqust therg is no
methane evolution under these conditiqns,

2) Calcium oxidé catalyzes the éonversion.qf graphite to a more reactive
form of carbon, in. the presence of water vapor, and in the temperature,rangé »
of‘628-873K. This is indicated By the appearance of a new photoelectron_eﬁis-

sion peak corresponding to a carbon 1S electron binding energy of 290 eV. In

- graphite the C(15) binding energy is 284 .4 eV.

3) Once the more reactive form of carbon is producéd at the'graphite sur—
faée, the addition of hydrogen produces methane with an activation energy of ..
25.5 kcal/mole. Methane'formation stops as sobn as the.;ctive form of carbon
is consumed. j | |

4) When a mixture of hydrogen (32 torr) and water vapor (22 torr) was

\
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used in the presence of calcium as catalyst, methane could be produced from
graphite in steady state with an activa;ion energy of 16.3 kcal/mole;

5) Increasing the basalmplane area of the graphite samples did notlin-
crease the reaction rate. Increasing the thickness of the graphite which con-
sequently increases the edge area, increases thévqethane production rate in
proportion. Electron mic;oscopy studies confirm Fhat the catalyzed_gasificgtion
occurs preferentially at the edges.

6) When using potassium intercalated g;aphite C24K, ;he rate of ?gthane
production was lower than the rate of methane production when KOH was on-the
external surface of the pure graphite samgle.

Potassium and calcium act very differently as catalysts for the production
of methane from graphite.’ While water readily gasifies graphite to metﬁéﬁevand
carbon dioxide (or carbon monoxide) in the presence of potassium or other alkali |
metals calcium catalyzes only the depolymerizétion of graphite to a more reac-
tive form of carbon but not its gasification under the same experimental condi-
tions. XPS studies reveal the appearance of this new form of carbon by a 5.6
eV increase in the carbon 1S electron binding energy in the preéence of water
vapor on thé calcium covered graphite surface. However, the addition of'hydrq—
geﬁ was heeded to produce methane when calcium oxide served as a CataIYSt.
Thus, we can identify at least two distinct, consecutive reaction steﬁs leading
to methane formation in the presénce of calcium. First, active carbon fofmé'

from graphite,
C(graphite) ~7—-=~ > Clactive) W
then the reactive carbon is hydfogenatéd in the presence of Hjp

C(active) + 2H2 ———====> CHy (2)
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From the temperature dependence of the rete of methane production'using pure
hydrogen the activation energy-for-reaCtion (2) 1s 25.5 kcal. This value is
very similar to the traneition metal (Ni, Rh, Ru, Fe, ete.) catalyzed hydrogen-
ation of CO te=form nethane, From reaction rate studiee ueing a mixture of
water vapor and hydrogen we find an activation energy‘Of 16.3 kcal/mole. It

is tempting to assign this yalne to the activation energy needed for reaction
(1), for the conversion of graphite to a more active form of carbon. »

Both electron mieroseopy evidence and the increase of methanation rate
with sample thickness but not with the increase of surface‘area indicate that
chemical attack occurs at the edges of the graphite basal planes. These edge
sites are present in very small concentrations on the highly oriented graphite
samples used in these.stndies. Thus, the tnrnover rates, when given in nnits
of methane moiecniespproduced per surface graphite aton per second, greetly
undereetimate the turnover.rates_atfthe active edge sites.

| ‘The large inereese:in thetbindingvenergp of the carbon 1S electrons nhen
the neﬁ.type.of active cerbon forms indicates the presence‘of a'mdre~positive1y
charged carbon species. | | o |

About 5. 6 eV shift in the C(lS) photoelectron binding energy 1s observed
_when compared to thatvin graphite.,“gimilar shifts of the C(IS) line have been
observed by other‘researchers nhen studying orgenic compeunds with electron

withdrawing substituents like those shown din Table I:
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TABLE I
Compound + .+« C€(18) Binding Energy (eV)
(CHy)4 ct : ~ 290.1(10)
0CH3 S .
pd
HC < OCH, 290.0¢11)
™ ocH3 | . §
COOH :
-
0=C 290,2(11)
\ OH o . .
ONa - : . R
v
0=C 290.3(11)
N oH . .
793 .
0=C Co - 290.7(11)
N\ ocH,CH3 -

.However, while the active cafbonﬂappears‘to oe more oositivelyveherged,“we cao':
not specify its precise electronic stateion the eorfaee.

During the catalyzed hydrogenation of carbon monoxide over iron surfaces ;
carbonaceous deposit forms consisting mostly.of CH-species.(lz) Photoelectron
spectroscopy studies indicate(lz) a small shift in the carbon IS electron bind-
ing energy to 283.9 eV. Thus, it appears ohat the bonding of the active cafbon
species éhae form on the grephite‘surface in the presence of.calcium oxide and
water is very oifferent from the carbon species oresent on‘tfansition metal
surfaces during the CO/Hj reaction. - |

Potassium and other alkali meeals.cao cataiyze che reaction of water vapor
and graphite to produce methane without the need of hydrogen [2C + 2H90 ————- >
CHy4 + CO2]. The activation energy for methane formation is 11.l 1 kcal/mole,
.~ appreciably lower than wﬁen using calcium as a catalyst. Thus, the mechanism
of the alkali catalyzed gasification reaction is very different froﬁ the calcium

catalyzed reaction. The dissociation of H,y0 to OH™ and gt is more facile in
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tﬁé pfeéénce of alkali ions than in the‘presenée of calcium. However, the
alkali catalyzed reaction between gfaphite ahd.water must also proceed through
a carbdn depolymérization‘and than a sdbsgqueﬁt hydrogehafion‘step. Pfoof for
the former comes from our XPS studiés that indicated the appearance of a new
C(1S) peak corresponding to a binding energy of 292§5 eV‘wheﬁ'grAphite was
heated with water vapor in the presence of KOH‘BELQE the gasification tempera--
ture of 473K for several hours. Proof for the hydrogehation reactiqn step was -
providéd by thermal deéorpﬁion studies(1) that detected hydrogen evolution from
the graphite that waévpreviously reacted‘with water to produce methane.

Our,studiés using potassium interéalated gr#phite (CZAK) did not yieid
acceléfatedvreaction rates as compared to KOH covered pure.graphite; This is
: surpriéing since the edge area greatly increases by'swelling of the samples
during'intercalation and subsequent reaction in the presence'df water vapor.
Whiléfthe swelling indicates the absorption of a large amount>of water in the
gréphite thié does not increase thg rate of gasification in any w#y. Thus,'ﬁe
must conclude that potassiuﬁ or water intercalation is not an important reac—
tion step during the low femperature catalyzed gésification of graphite.

While there are certain conclusions th#t can be reached-on the catalyzed
gasification of grabhite to methane from these and -from previous studies on
well characterized small area samples, one should be careful when considering
the'egtensioﬁ of these results to the catalyzed gasification of char or coal.
Graphite contains no hydrogen and its unique caizotropic structure and the
-cﬁemical bondiﬁg of its carbon-atéms cannot be easily compared with organic
molecules and Qarious-structural féatures fouhd in char or coal. Nevertheless,
continued compar;son of the reactivities of these aiffefent systems’will_help"
us to unravel the molééglar details of their catalyzéd depolymerization (or

hydrogenolysis) and hydrogenation.
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It is likely that the rates of catalyzed depolymerization and gasification
of organic systems depend on their structure. Graphite, aliphatic chains or
aromatic fused systems are apt to show different reaction rates. 'ThuS3 it may
be possible to carry out éelective hydrogenolysis of complex organic s&stems
that are found in coal and different forms of biomass (wood, etc.). This way
new and perhaps desir;ble organi; moleculeg may be produced.

The question arises whether brganic molecules 6;her‘than methane.might
also be produced during the gasification at lower temperature. The thermody-
namics of producing C2, C3 and higher molecular wéight hydrocarbons is not
unfavorable. It is also clear that alkali and calcium catalysts do not produce
molecules other than methangrundeg our. experigen;al conditionst' Pérhaps the
combined application of these catalysts and transition metal compounds that
are efficient during CO/HZ,:egcﬁiqns to produce higher.molecuiar weight hydro-
carbons will achieve this goal. Studies are in progress in our laboratory to
produce C3 and 'C3 organic molecules under conditions that are similar to those

needed to produce methane from graphite by using a mixture of catalysts.

* CONCLUSIONS

‘By extending the temperature range to 873K we have confirmed that the
catalyzed ﬁethanation of graphite is efficient at low temperatures, by using
potaésium and calcium as cétalysts and water and/or Hy as reactants.

The catalytic reaction mechanisms involved in the pbtassium catalyzed
graphite water reaction, 2C + 2H90 =————==———mm > CHy + CO9 seem to be the same
in the range of températures frop 473K to 873K. According to ouf studies inter-
calation does not play a roie in the methanation of gfaphite.' Calcium éatalyzés
the transformation of graphitic carbon to an active form of carbon, in the pre-

Ca, Hp0 _
sence of water vapor C(graphite) ~~~-"~"""7" > C(active)+ Methane production,
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however, requires the addition of hydrogen in this circumstance. C(aetiVe) +

My ———mBe>  CH
2 7795 keal 4- . ' : ) .
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FIGURE CAPTIONS

(a) Schematic diagram of the apparatus with high pressure cell

closed, (b) detail with high pressure cell open.

Logarithm of the CH; production rate as a function of the inverse -

absolute temperature for the KOH-gfaphite systém.

Plots of the number of CHy molecules produced durihg the KOH-cata-
lyzéd'water—graphite reaction.as a function of reaction tiﬁé, for

two different thicknesses of gfapﬁité éampies.

Number of CH;4 molecules produced during the calcium catalyzed
hydrogen—graphite reaction as:a function of time for two different
temperatures. The sample was pretreated in 22 torr of water vapor

before the reaction PH2 =1 atm.

Arrhenius plots for the calcium 6xide-graphite system. The plot
for the activation enérgy of 25.5 kcal/mole corresponds to the.
sample éretreated in 22 torr of H90 and then heated in 1 atm of
Ho. The plot for the activation energy 16.3 kcal/mole corresponds

to the case of 22 torr of H90 and 32 torr of Hj.

XPS spectrum a) before and b) after the reaction with 1 atm of Hyp.

The sample was pretreated in 22 torr of H50.

Number of CH; molecules produced as a function of time for the CaO-

graphite system with 22 torr of H90 and 32 torr of Hj.
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Methane production rate as a function of hydrogen pressure at
773K for the,CaO—graphite system. Water vapor pressure was not

varied.

AES spectrum for the K-intercalated graphite sample. a) first

spectrum; b) second spectrum 5 minutes apart.

Temperature effect on the intensity of the ‘AES potassium peak for

¢ S

the K-intercalated. graphite sample.

XPS spectrum for the Co4K sample a) before and b) after the reac-

tion with 22 torr of H30 at 573K.

Number of CH4 molecules produced as a function of time during the

'KOH-catalyzed water graphite reaction and'the‘C24Vv+ Hy0 reaction

_respectively at 573K,

Photograph of two samples of interealated_graphite; Sample above

is before reaction while sample below is after reaction.
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Molecules of -CH4/ Corbon Surface Atomx sec.
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