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The solar steam reforming of methane (CH4�
H2O = CO� 3H2) on an Ni–Al2O3 catalyst has
been investigated by maintaining the mole ratio
of H2O/CH4 = 1/1 at 650, 750, 850 and 950°C.
The mole ratio of H2O/CH4 = 1/1 was adjusted
throughout the reactions using a specially
fabricated steam generator, where the desired
relative humidity for a particular temperature
in the methane gas stream was controlled by
changing the CH4 flow amount at atmospheric
pressure. The stoichiometric steam content in
the inlet gases of CH4 and H2O was adjusted by
using a specially fabricated steam generator at
atmospheric pressure. The reactor was irra-
diated with a concentrated xenon lamp as a solar
simulator at each temperature. The gaseous
contents in the outlet gases from the reactor
were estimated from gas chromatography data.
The amount of unreacted H2O was calculated
using the mass balance equations for atomic
hydrogen and atomic oxygen by assuming that
inlet gases of CH4�H2O produce outlet gases of
CO, CO2, H2, CH4 and H2O, and deposition of
carbon. The carbon deposition on the Ni–Al2O3
catalyst after reactions in the steam reforming of
methane at a temperature above 850°C were
hardly detected by an elemental analyzer. On
the other hand, the unreacted H2O amount
above 850°C was less than 7 mol% among the
outlet gases produced. The steam reforming of
methane above 850°C can reduce the unreacted

H2O and the carbon deposition, and maintain
more than 85% of methane conversion efficiency
by keeping H2O/CH4 = 1/1 under atmospheric
pressure. Copyright# 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

Storing solar energy in chemical reactions has
received considerable attention by many research-
ers. The steam reforming of methane (CH4�
H2O = CO� 3H2 DH = 206 kJ molÿ1) has emerged
as a favorite for consideration. This reaction is a
well-known process for producing hydrogen in the
chemical industry. Catalyst and process technolo-
gies are well documented.1,2 In this reaction system
a major concern is the large excess of steam (H2O/
CH4 ratios from 2 to 3) necessary to prevent
catalyst deactivation. Over 30% of the incident
energy is consumed in generating this amount of
steam. Unreacted, excess steam cannot be stored or
transported but must be condensed at the endother-
mic stage. Bo¨hmer et al.3 and Rozenman4 have
investigated steam reforming using solar energy,
and their investigations have been performed under
conditions of high pressure and higher H2O/CH4
ratios than 1/1. In addition, they used an indirectly
irradiated receiver, i.e. the heat transfer to the
working fluid (e.g. the mixture of methane and
steam) does not take place upon the surface that is
exposed to incoming solar radiation. Instead, there
is an intermediate wall, which is heated by the
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irradiatedsunlightononesideandtransferstheheat
to a working fluid on the otherside.This receiver
has someinherentweaknesses.The heat transfer
requires large temperaturedifferences.This, to-
getherwith heatlossesin thepipes,meansthat the
energyis deliveredat a much lower temperature
than received.One of the keys to solving these
problemsis to usea directly irradiatedreceiver.No
solar steam reforming of methane has been
reported.A directly irradiatedreceiveris onewhere
the heat transferto the working fluid takesplace
upon the surface that is heateddirectly by the
incomingradiation.Further,it would beinteresting
if the heat sourcecontributedto methanesteam
reforming.

In this study, we investigatedthe solar steam
reforming of methaneon an Ni–Al2O3 catalyst,
which was controlled to keep the stoichiometric
moleratioof H2O/CH4 = 1/1usingaxenonlampas
a light source(solarsimulator)underatmospheric
pressure.

EXPERIMENTAL

A nickel-on-aluminacatalystsample(23 wt% Ni)
waspreparedfrom Ni(NO3)2�6H2O (0.28g) anda-
Al2O3 powder(7.0 g) by simple impregnation.A

schematicdiagramof theapparatusis shownin Fig.
1. It consistedof a gasdelivery systemwith steam
generatorand a catalytic reactor. A mixture of
methaneandsteam,whoseratio hadbeenadjusted
to 1:1 by keeping the humidity constantin the
methanegas streamfor a particular temperature,
was passedthroughthe reactor.5 The reactorwas
irradiatedby a 875–1755W xenonarc lampbeam.
Theeffluentgaseswerecollectedin asamplingcell
and then were analyzedby gas chromatography
equipmentequippedwith PorapakQ or Molecular
Sieve 13X columns. The effluent gasespassed
through the water vessel contributed to eluting
water from the chromatographiccolumn. Since
CO2 is solublein water,theamountdissolvedwith
time is not negligible. In view of the time-course
betweensamplingandanalyzingthedissolvedCO2
amountwasaddedto theCO2 amountobtainedby
gaschromatography.The carbondepositedon the

Figure 1 A schematicdiagramof theapparatus.

Figure 2 Time variation (a) in the mole ratio of inlet H2O/
CH4 and(b) in themolefractionof outletH2, CO,CO2, CH4 at
850°C: &, H2; ~, CH4; *, CO;�, CO2.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 867–870(2000)

868 O. YOKOTA ET AL.



catalystwasanalyzedusinganelementalanalyzer.
We also investigated the steam reforming of
methaneat 850°C by usinganelectricfurnace.

RESULTS AND DISCUSSION

Figure 2 showsthe time variation (a) in the mole
ratio of inlet H2O/CH4 and(b) in themole fraction
of outlet H2, CO, CO2, CH4 at 850°C by gas
chromatography.The mole ratio of H2O/CH4 was
controlledto keepH2O/CH4 = 1/1 throughoutthis
studyusinga speciallyfabricatedsteamgenerator.
The unreactedH2O amount was estimated by
calculation.5 The calculation was basedon the
assumptionthat the reactionof the CH4 and H2O
inlet gasesproducescarbon,CO, CO2, H2, CH4,
andH2O,andthemassbalancesbeforeandafterthe
reactions.Each mole fraction of the outlet gases
was an almost constant value against time, as
shownFig. 2b. Table1 showsthe variationof the
averageH2O/CH4 and averagemolar fraction of
outlet gases,the amountof depositedcarbonand
methaneconversionefficiency through each ex-
periment. Carbon deposition is one of the main
factorsin catalystdeactivation.Carbondeposition
washardlyobservedabove850°C, asshown Table1.

Böhmeretal.3 andRozenman4 investigatedsolar
steamreforming of methaneusing an inlet H2/O/
CH4 mole ratio of 3/1 (underabout 7 or 7.5 bar
processgaspressurefor Böhmeret al. and20 atm
for Rozenman). Böhmer et al. reported the
unreactedH2O amountedto be 29.8mol% H2O at
817°C amongoutleteffluentgasesof H2, CO,CO2,
CH4 and H2O and Rozenman,35 mol% at 515–
815°C. TheunreactedH2O at 850°C will become

lower thanthosevaluesundertheir conditions,but
will not be lower than 25 mol%.3 The unreacted
H2O undertheconditionsof the presentstudywas
reduced by less than one-fifth of the value of
Böhmer et al. The methaneconversionefficiency
was increasedwith increasingtemperature(Table
1). The efficiency rose greatly between750 and
850°C andit becamemorethan85%above850°C.

The steamreformingof methaneat 850°C was
alsoperformedusingan electric furnaceasa heat
source.The methaneconversionefficiencywas in
agreementwith that obtainedby using the xenon
lampat 850°C. However,theamountof deposited
carbonby using the electric furnacewas clearly
detectedby the elementalanalyzerand unreacted
H2O was much greater.As with using sunlight,
when using a xenon lamp a temperaturegradient
arisesin the sampleowing to the concentrationof
the light. Since the thermocouplewas inside the
sample, the temperatureof thermocouplemay
indicate a lower value than that of the irradiated
surface. To make the sample temperature as
homogeneousas possible:(1) a thin quartz tube
(6 mm diameter)wasused,(2) a copperplatewas
rolled on the backsideof the quartz tube, (3) the
insulatorwascoveredwith the quartztubeexcept
for thelight aperture.If thereactiontemperaturefor
the xenon lamp and the electric furnacewas the
same,the differencein the outlet productwill be
dueto the heatsource.The xenonlamp may have
the effect of depressingthe productionof carbon
andH2O,or theelectricfurnacemayhavetheeffect
of acceleratingtheproductionof carbonandH2O.

In this study, the carbon deposition and the
unreactedH2O were reducedby controlling H2O/
CH4 = 1/1 andusinga xenonlamp at atmospheric
pressure.Thekey maybe theuseof a xenonlamp

Table 1 The averagecompositionsof inlet andoutlet gases

Xenonlamp Electric furnace

650°C 750°C 850°C 950°C 850°C
Inlet H2O/CH4 1.0 1.1 0.9 1.1 1.1

Outlet (mole fraction)
H2 0.60 0.60 0.71 0.71 0.67
CH4 0.13 0.09 0.04 0.03 0.04
CO 0.07 0.14 0.17 0.15 0.17
CO2 0.06 0.02 0.03 0.04 0.02
H2O 0.14 0.15 0.05 0.07 0.09

Carbon(wt%) 0.65 0.36 0.06 0.03 0.36
Z (%) 61 70 85 90 84

Z: methaneconversionefficiency.
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anda quartztube,which enablesthe sampleto be
irradiateddirectly. We will studymoreexactlythe
effect causedby heatingdirectly andindirectly.
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3. Böhmer M, Langnickel U, Rodriguèz JA, Sánchez M,
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