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Combined reforming of methane with carbon
dioxide and oxygen in molten carbonate fuel

cell reactor’

Tomohiko Tagawa,* Mitsunobu Ito and Shigeo Goto
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An application of a molten carbonate fuel cell
(MCFC) system to the reforming reactor is
proposed. Molten carbonate is regarded as a
permselective membrane for oxygen and carbon
dioxide. A combination of partial oxidation of
methane with carbon dioxide reforming of
methane is possible by applying the MCFC-type
reactor as a membrane reactor. The energy of
the reaction can be directly converted into
electric power. This suggested the possibility of
chemicals (syn-gas) and energy (electric power)
co-generation and a new way of utilizing carbon
dioxide. The selection of the anode catalyst is
essential for the reforming reaction. Several
transition metals, rare earth metals and noble
metals (especially ruthenium) were tested.
Among them, nickel was selected as a material
for the anode catalyst. The effect of lithium
addition was also studied. Copyright © 2001
John Wiley & Sons, Ltd.
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1 INTRODUCTION

tic development of catalysts, few studies have been
done on the development of reactors and reaction
systems. This study proposes an application of the
molten carbonate fuel cell (MCFC) system to a
catalytic reactor for conversion of methane into
synthesis gas by utilizing carbon dioxide.

The effective utilization of methane and carbon
dioxide as chemical resources has been strongly
desired from the viewpoints of reducing greenhouse
gases and for the development of new carbon
sources. This technology can also utilize low-
quality natural gas, which contains a large amount
of carbon dioxide and remains in some unused
fields in South-East AsiaCarbon dioxide reform-
ing of methane, reaction [1], is a particularly
efficient process for producing synthesis gas from
these two substrates:

CHs 4+ CO, = 2H, 4+ 2CO

AH = 248 kJ moi* 1]
This can provide synthesis gas with a low/€0
ratio, which is efficient for producing oxygenates
such as alcohol or aldehyde.

The partial oxidation of methane (abbreviated to
POM) also attracts attention as a means for
producing synthesis gas having a desirabC®
ratio for methanol synthesis. This reaction, which is
slightly exothermic, is economically more useful to
produce synthesis gas than the conventional steam
reforming reactions (highly endothermic).

Several supported transition metal catalysts were
used for these reactiorisNickel-based catalysts

Catalytic conversion is quite important for the were mainly used in industry owing to their low

utilization of carbon dioxide. In spite of enthusias- costs. However,

it is easy for carbonaceous
deposition to occur followed by catalyst deactiva-
tion.* We have reported the reaction mechanism

* Correspondence to: Tomohiko Tagawa, Department of Chemical@nNd ~performance of several industrial nickel

Engineering, Nagoya University, Chikusa, Nagoya 464-8603,catalysts for carbon dioxide reformi

Japan.
E-mail: tagawa@park.nuce.nagoya-u.ac.jp

t This paper is based on work presented at the Fifth Internationa
Conference on Carbon Dioxide Utilization (ICCDU V), held on
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ng and the
POM. In a previous papet,we reported that the
gffect of carbonaceous deposition could be sup-
pressed using a macroporous ceramic foam catalyst
in carbon dioxide reforming. We also proposed a
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novel pretreatmentwhich was called deposition—
removal (D—R) treatment,for suppressingarbo-
naceousdepositionfor carbondioxide reforming’
andPOM’ onthebasisof theexistencef two types
of activesite, whereonemainly participatedn the

main reaction and the other in carbonaceous

deposition®

Reforming reactionshave economicdisadvan-
tagesdueto ahigh endothermideatof thereaction.
The POM reactioncanprovide sucha heatfor the
reactionbut hasa risk for explosionresultingfrom
the mixture of methaneand oxygen in a high
temperaturesituation. To solve theseproblems,a
combinedreactionof reformingandPOM hasbeen
proposed?®

A fuel-cell-type reactor is one of the most
importanttechnologiedor solvingtheseproblems.
In a fuel-cell-typereactor,the electrolyte,which is
used as a permselectivemembrane,is located
betweenthe oxygen feed and the reactantfeed.
This reactor can avoid the mixing of gaseous
oxygenandmethanethusdirectmethanecombus-
tion doesnotoccur.Theenergyof oxidation,which
is convertedasa potentialenergybetweencathode
andanode canbe usedasthe electricpower.From
our previousinvestigationson a solid oxide fuel
cell (SOFC)-typeeactor,it wasfoundthatthe key
to the applicationas a reactorwas the designand
preparatiorof the electrodecatalyst:*3

Thebasicconceptbof the MCFC systemis shown
in Fig. 1. A mixture (1:2) of oxygenand carbon
dioxideis activatedon the cathodecatalystto form
carbonateanion,CO3?~, by reaction[2]:

10, +CO, +2e =CO5~ 2]

The carbonatdon is selectivelytransferredto the
anodethrougha molten carbonatesalt. The ion is
decomposedinto activated oxygen and carbon
dioxide on the anodecatalystby reaction[3]. The
products are further reacted with methane by
reactions[4] and [5]. Two typesof reaction,that
is, POM[4] andcarbondioxidereforming[5], take
placein the MCFC reactor:

C0327 = Ogactive + COz + 26~ [3]
CH4 "‘ Oactive = 2H2 + Co [4]
CH4; + CO, = 2H, + 2CO [5]

Thus, carbon dioxide is essentialto this reactor
and can be used quite efficiently. As for the
activationof reactantsgreatattentionmustbe paid

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 1 Conceptof MCFC system,which is appliedto the
methaneeformingreactionasa reactor

to the designand the preparationof the electrode
catalyst.

Undesirableside reactions,which are related
with total oxidation, can occur in the reaction
systemasfollows:

H2 + Oactive = HZO [7}
CO+ Oactive = COZ [8}

Catalyststhatrealizedesirablereactionsshouldbe
selectedor producingusefulchemicals.

During MCFC reactionscarbonaceousleposi-
tion on nickel catalyst can occur, as in the
reforming reaction. This may causea dramatic
decreasén catalystperformance.

CHs+ Ni = CH,— Ni+ (4—x)/2H, [9]

It is thought that the alkali metals (lithium and
potassium)in the molten carbonatesalt will be
movedto the catalyst.It was reportedthat these
alkali metalswere effective as a co-catalystand
produced some interesting effects, such as the
suppressiomf carbonaceoudepositiont**>anda
stabilizing activity on the MCFC reaction®® but a
slight decreaseof reaction activity.***° In this
study, the selectionof an anode catalystfor the
MCFC reactorwill be reported.From the above-
mentioned basic investigations, nickel catalysts
supportedn ceramicfoamwith alkali metalswere
preparedor the anodeof the MCFC reactor.
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Figure 2 Setup of MCFC reactor,wheretwo electrodeunits
weresetin the moltensalt bath.
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Figure 3 Blank operationof MCFC reactorwithout anode
electrodematerial at 953K under the following conditions:
Fen,=1.0x 10 ° mol s7%, Fco,=Fo,=1.0x 10 ° mol s 7,

Ptotal IS atmospherigressure.
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Figure 4 Activity of iron electroden MCFCreactorat 953K
under the following conditions: Fey, =1.0x 10°° mol s77,

Fco,=Fo,=1.0x 10 °mol s, Py is atmospherigressure,
Wear=3.09.

2 EXPERIMENTAL

2.1 Catalysts preparation

2.1.1 Foam-supportedcatalystfor MCFC
electrode
Catalystswere preparedby impregnatingvarious
electrodematerialson the ceramicfoam supportas
follows. An agueoussolution of nitrate salt was
impregnatedon the ceramic foam, which was
heatedon a hot plate at 453K. Then,the catalysts
were dried and calcinedin air at 603K for 5h
(Fair=1.5x 10 “mol s 1). The nickel oxide con-
tentwasadjustedto 20 wt%.
Theceramicfoamcatalystwith additivewasalso

preparedy impregnatinga mixedaqueousolution
of nitrate salts.

2.1.2 Alkali metal-nickel/alumina catalyst for
tubular-type fixed bed reactor

The effect of additivewasstudiedby impregnating
nickel and alkali metal on alumina (yAl,Os;
Syokubaikaseijith an aqueoussolution of nickel
nitrate and alkaline materials.Theseweredried in
an ovenat 383K and eachwas calcinedin air at
603K for 5h (Fa;=1.5x 10 * mol s™%). The
catalystswere crushedinto 20 to 32 meshsize.
Nickel contentswere 30 wt%. The mole ratio of

Appl. OrganometalChem.2001;15: 127-134
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Figure 5 Activity of cobalt electrodein MCFC reactor at

953K underthe following conditions:Fcy, = 1.0 x 10> mol

s ! Fco,=Fo0,=1.0x10° mol s, Py is atmospheric
pressureW,,= 3.09.

alkali metal(Li, K or Cs)/Niwas0, 0.2,0.5and1.0.

Fromthe resultswith the fixed-bedreactor,a mole

ratio of Li/Ni = 1.0 was selectedfor the electrode
catalystin the MCFC reactor.
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Figure 6 Activity of nickel electrodein MCFC reactor at
953K underthe following conditions:Fcy, = 1.0 x 10> mol
s ! Fco,=Fo0,=1.0x 10°° mol s, Py is atmospheric

pressureW,,:=3.0g.
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Figure 7 Activity of copperelectrodein MCFC reactorat
953K underthe following conditions:Fcp, = 1.0 x 10> mol
s! Fco,=Fo0,=1.0x 10° mol s, Py is atmospheric
pressureW,5=3.0g.

2.2 Apparatus and reaction
conditions

2.2.1 Tubular-type fixed bed reactor for
carbon dioxide reforming

Carbon dioxide reforming was conductedin a
tubular-type continuous flow fixed-bed reactor.
Catalystand quartz powderof the samesize were
packedin the reactorin a quartztube of 8.0mm
innerdiameterThetemperatureavasmeasuredvith
a thermocoupleinsertedin the catalystbed. The
catalysts were reducedin a hydrogen flow of
5.0 x 10 ®mols *at1073K for 1 hjustbeforethe
reactionwas started.Methaneand carbondioxide
were introducedafter a helium purge at 1000K.
Standard conditions of CO, reforming are as
follows: Fcyp,=1.5x 10* mol s, Fcp, =3.0x
10" *mols *, Py is atmosphericpressure,T =
1000K, Wear=10mg, Wsio, =5.09. The products
weremeasuredvith an on-line gaschromatograph
equipped with a thermal conductivity detector
(TCD). Details of the apparatusare in a previous

paper’

2.2.2 Thermogravimetric (TG) analysis

The changesn catalystweightweremeasuredn a
methane flow with a TG analyzer (TGA-50,
Shimadzu). The standardTG conditions are as

Appl. OrganometalChem.2001;15: 127-134
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Figure 8 Activity of La,O3 electrodein MCFC reactor at
953K underthe following conditions:Fcy, = 1.0 x 107 mol
s Y Fco,=Fo,=1.0x10° mol s%, Pl IS atmospheric
pressureWCat 3.0g.

follows: Fcpy, = 1.5 10> mol s, Pyora is atmos-
pherlcpressureT 1000K, Wea= 10mg Detailed
explanationsaregivenin a previouspaper’

2.2.3 MCFC reactor
Figure 2 showsthe MCFC reactor. The ceramic
foam anodeunit was setin a ceramictube into
which methanewas introduced separatelyfrom
oxygen.Nickel-supporteccermaicfoam was used
asacathodeunit andsetin the ceramictube.These
tubeswereinsertedin a crucible, which wasthen
locatedin the furnaceandfilled with carbonatesalt
in order to contactthe catalysts.Carbonatesalt,
which consistedof an Li,CO; (62 mol%) and
KoCO, §38 mol%) mixture,wasusedasaconductor
of COs”" in the crucibleat 1053K. An equimolar
mixture of carbondioxideandoxygenwassupplied
to the cathode.Methane was introducedto the
anode.Standardconditionsfor MCFC reactionare
as follows: Feyy,=1.0x 10° ® mol s Fco,
Fo,=1.0x 10> mol s % T=953K, Py IS
atmospherlcpressure Weat=3.0g. All products
weremeasuredisingan on-line TCD gaschroma-
tograph. Current and electromotive force were
measuredwith a multi-meter connectedto the
anodeand cathodewith platinumwire.

Copyright© 2001JohnWiley & Sons,Ltd.

Figure 9 Activity of SmO3 electrodein MCFC reactorat
953K underthe following condltlons Fen,=1.0x 107° mol

» Fco,=Fo,=1.0x 10°° mol s Ptom is atmospheric
pressurewcat 3.00.

3 RESULTS AND DISCUSSIONS

3.1. Selection of anode materials
in MCFC reactor

Theselectionof theanodematerialswvasconducted
by usingthe MCFC reactorat a standarcperating
conditions.lron, cobaltand copper,in additionto
nickel, wereselectedo representransﬁmnmetals
From the viewpoint of oxygen activation®* rare
earth elements lanthanum and samarium were
tested. Noble metals are expectedto be stable
against carbon deposition, and ruthenium was
tested.Figure 3 showsthe resultsof a blank test
without anodematerials.A small amountof CO,
and a negligible amount of H,O were detected.
Figures4—7 showtheresultsfor iron, cobalt,nickel
and copperrespectively.The iron anodeshoweda
high activity in the first 10h, but the activity
decreasedteeply. Theamountof COwasquitelow
at the initial stagecomparedwith hydrogen;this
suggestedhe formation of carbonaceousleposi-
tion, which reducedthe original activity. It is
consideredhatthe mainreactionsareEqns[4], [5]
and[9]. Cobaltshowstotal oxidationactivity atthe
initial stage representedby the formationof H,0.
The activity alsodecreasedteeplyin thefirst 10h
(Egns[6]-[9]). Nickel showshigh activity andthe
activity is stablefor morethan50h. Hydrogenand

Appl. OrganometalChem.2001;15: 127-134
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Figure 10 Activity of rutheniumelectrodein MCFC reactor
at953K underthefollowing conditions:Fcp, = 1.0 x 10~ °mol
s ! Fco,=Fo,=1.0x 10° mol s, Py is atmospheric

pressureW,,:=3.0g.

carbon monoxide were detected as products,
although the H,/CO ratio was quite high (Egns
[4], [5] and[9]). CopperproducedH,O and CO,,
showingtotal oxidation activity. It alsodecreased
within 20h (Egn [6]). Figures8 and 9 show the
results of lanthanumand samariumrespectively.
Both materialsshowstableactivity, butthe product
distribution suggeststhat the reforming reaction
andtotal oxidationproceedn a parallelmannerat
steadystate(Eqns[4]—[8]). Figure10showsresults
for ruthenium which showstotal oxidationactivity
attheinitial stagebut reformingactivity developed
after 20 h of time on stream.The formationof CO
was quite low, suggestingthe deposition of
carbonaceousnaterials (Eqn [6] then Eqgns [4],
[5] and [9]). Theseresultsshow that anodema-
terials can control both the activity and selectivity
and the selection of anode materials should be
essentialfor the design of the reaction system.
Althougheachcatalysthasreformingability (Egns
[3]-[5]) or total oxidation(Eqns[6] and[7]), nickel
only keepsa high reforming activity after several
hoursof time on stream.Theseresultssuggesthat
nickel is one of the desiredcomponentdor anode
materialsin thereformingreactor.Figure11 shows
the electromotive force and current during the
reactionwith the nickel electrodeshownin Fig. 6.
Thestablepotentialof 1.25V agreesapproximately
with the theoreticalvalue evaluatedfrom the free
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Figure 11 Electromotive force and current of nickel elec-
trodein MCFCreactorat 953K underthefollowing conditions:
Fcn,=1.0x 10 ° mol s, Fco,=Fo,=1.0x 10 ° mol %,
Piotal IS atmospherigressureW.,= 3.0 g.

energy change.This fact showsthat the internal
resistancef thereactoris quite small. Thegradual
increasein current, coupled with the stability in
electromotiveforce (Fig. 11) andreactionactivity
(Fig. 6), indicatesthat the systemis not in the
steadystateat theinitial stageandalong-termtest
is neededor the evaluationof thetotal systemThe
initial change in current might show that a
considerableamountof carbondioxide andoxygen
originating from the carbonatesalt were produced
in a non-electrochemicainannerand reactedwith
methaneat the initial stage.However,the stable
valueof electromotiveforceis reliableevidenceor
the reaction proceedingelectrochemicallyat the
sametime. As this reactorrequiresabout30 h until
a steady state is achieved, the improved thin-
membrane-typ®&CFC reactoris neededo shorten
the leadingperiod.

Theseresultsshowthat this systemconvertsthe
change of the chemical energy directly into
electrical power during the valuable chemical
productionand chemicals—energgo-generatioris
possibleby usingthe MCFC reactor.

3.2 Selection of additive raw
materials for nickel component

In spite of the resultspresentedn Section3.1 the
nickel electrodeshowedunstableactivity depend-

Appl. OrganometalChem.2001;15: 127-134
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Figure 12 Effect of lithium sourceon CO, reforming of
methanewith a PFRat 1000K underthefollowing conditions:
Fen,=1.5x 10 *mol s %, Fco,=3.0x 10 * mol's %, Pogalis
atmospherigressureW,,;= 10mg.

ing onthereactionconditions®® In orderto designa
stable electrode, lithium was selected as the
componenfrom amongthe alkali metals® In this
section, the selection of raw materials for the
lithium additive is reported.For the selectionof
additives,a plug flow-type fixed-bedreactor(PFR)
was usedto evaluateCO, reforming activity. TG
analysiswasalsousedto estimatethe depositionof
carbonaceougnaterials. CO, reforming activity
testedwith the PFRis shownin Fig. 12. Li,SO,
completely deactivatednickel electrode.All the
lithium compoundstesteddecreasedhe original
activity of the nickel electrode. The means of
introductionof LiCl (s: nickel was supportedand
then lithium was supportedit: nickel and lithium
weresupportedtthesameime) did notmakeabig
difference.Amongthem,LiNO ; showsthe highest
activity asanadditive.

The deposition of carbonaceousnaterial was
testedby TG analysisin a flow of methaneat
1000K. The resultsare shownin Fig. 13. Li> SOy,
Lio,CO;, CHsCOOLi increased the deposition
comparedwith the nickel electrodewithout addi-
tives (Ni-imp: preparedby impregnationmethod).
LiCl, LINO3 and LiOH reducedthe carbonaceous
deposition. These two sets of results shown in
Figs 12 and 13 suggesthat additionof LINO; can
improve the catalystby imparting high resistance

Copyright© 2001JohnWiley & Sons,Ltd.

T T T

at 1000
100 -

o'4]
[l

A WIWr[%]
D
o

40

LiNi-prec

20 LiNO; |
LiOH ]
| T WO WU N S T S S R ST
0 50 100 150
Time [min]

Figure 13 Effect of lithium sourceon carbondepositionby
TG analysis at 1000K under the following conditions:
Fcn,=1.5x 107° mol s, Py is atmosphericpressure,
Weat=10mg.

to carbonaceouslepositionwhile keepinga rela-
tively high and stable reforming activity. Thus,
LiNO3 is a good precursoras an additive for the
nickel anodeelectrode.The activity of this Ni—Li
electrodein the MCFC reactor has already been
shownelsewheré?
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