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Application of NiO-Al,O; aerogels to the
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Ni(NO3), and Ni(CH;COO), were dispersed on
AIOOH aerogels by supercritical drying and the
activity of the resultant NiO-Al ,O5 aerogels was
investigated for the CO,-reforming of CH 4. The
aerogels showed higher and more stable activity
for the reforming than an impregnation catalyst.
X-ray diffraction analysis and temperature-
programmed reduction suggested that fine nick-
el particles were formed on the aerogels with
high dispersion and that they interacted strongly
with alumina aerogel supports. The high per-
formance of the aerogels was attributed to the
fine nickel particles. Copyright © 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

An efficient use of greenhouse-effect gases,CH
and CQ as a source of carbon is a central issue i

and noble metafs have been found to show
resistance to carbon formation; however, the low
activities of the sulfur-passivated nickel and high
costs and limited availability of the noble metals
have prevented the application. In previous papers,
we developed carbon-free reforming nickel cata-
lysts, the novel NiO—-AIO; aerogels, prepared from
cyclic nickel glycoxide, (CHO)Ni, and boehmite
sol, AIOOH, by the sol-gel technique and subse-
quent supercritical drying? In the aerogels, nickel
ions were considered to be incorporateg-al ,05
by replacing some parts of aluminium ions with
nickel ones, i.e. nickel aluminate was considered to
be formed throughout the aerogels. As a result, fine
nickel particles appeared after reduction throughout
the aerogel with high dispersion, which brought
about not only higher activity but also much less
activity for coking than impregnation catalysts.
Here, in order to explore simple methods for
synthesizing NiO—-AIO; aerogels, Ni(N@), and
Ni(CH3COO), are dispersed on AIOOH aerogels
by supercritical drying. The catalyst performance of
the resultant NiO-AIO; aerogels was examined in
comparison with an impregnation NiO—£&);
catalyst. For the impregnation catalyst, .8k

Maerogel was used as a catalyst support.

heterogeneous catalysis. Supported nickel catalysts

are used industrially for the reforming because of

high activity, long-term stability and low cost.

However, nickel is prone to deactivation caused by

carbon formation via Cildecomposition and CO EXPERIMIENTAL

disproportionation, leading to the plugging of the

reactor tubé. Considerable efforts have been The method for preparing AIOOH gel from
concentrated on exploring catalysts that are resisaluminium triisopropoxide was described in pre-
tant to carbon formation even at or near stoichio-vious paper$:® After water, nitric acid, urea and
metric reactant ratios. A sulfur-passivated niékel isopropyl alcohol present in the gel were replaced
with ethanol by dipping the gel in ethanol for 3
* Correspondence to: Toshihiko Osaki, National Industrial days, 0.1 and 0.02 mol of the gel was respectively
Research Institute of Nagoya, Hirate-cho, Kita-ku, Nagoyaimpregnated in Ni(N@),-6H,O—C,HsOH (2.81 g—
462-8510, Japan. 200ml) and in Ni(CHCOO)-4H,0-CHsOH
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t This paper is based on work presented at the Fifth Internationa‘o'50 9 200 ml) for 1 day';hﬁ:a :tchcé(ljr:‘g:nognlt%)\,\tﬁg
dy

Conference on Carbon Dioxide Utilization (ICCDU V), held on r€émoved by Supercritic_al | |
5-10 September 1999 at Karlsruhe, Germany. schedule reported previously. After supercritical
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Figure 1 XRD spectraof (a) Ni(NO3)—AIOOH aerogelafter supercriticaldrying, (b) NiO-Al,Os aerogelafter calcinationof
Ni(NO3)>—AIOOH aerogeht 773K for 4 h, and(c) Ni—Al ,O5 aerogehfterreductionof NiO—Al,O5 aerogelwith hydrogerat 1073K

for 3 h.

drying, the aerogelswere calcinedin air at 773K
for 4 h. Beforethereformingreactionstheaerogels
were reduced with hydrogen (30ml min~?%) at
1073K for 3 h. For comparison;10 wt% Ni—Al 03
catalyst was prepared by impregnating Al,O3
aerogel (3 g) in an aqueoussolution of Ni-
(NO3),-6H,0O (1.65 g) followed by drying and
subsequentlgalciningat 773K for 3 h.
Thermogravimetry (TG; Shimadzu, TGA-50)
anddifferential thermalanalysis(DTA; Shimadzu,
DTA-50) were performed in air at a constant
rampingrate of 5K min~*. Crystalline phasesof
aerogelswere identified using a powder X-ray
diffractometer(XRD; Rigaku, RAD-1VC) with a
copper tube operated at 30kV and 20 mA.
Reductionof NiO to nickelin NiO—Al,O5 aerogels
was investigatedby temperature-progmmedre-
duction (TPR): ca 25mg of samplewas put in a
quartz tube (i.d. 4 mm) and the temperaturewas
rampedat5 K min~* to 1273K in hydrogen—argon
carrier gas (5:95, 30ml min~%). The hydrogen
consumptionwas continuouslymonitored by gas
chromatographywith a thermal conductivity de-
tector (Shimadzu,GC-8A). BET surfaceareawas
measuredy anitrogenadsorptiorapparatugJapan
Bel, Belsorp28 SP)at liquid-nitrogentemperature.

Copyright© 2000JohnWiley & Sons,Ltd.

Hydrogen gas adsorption was measuredby a
conventionalpulse adsorptiontechniquein argon
carrier gas using gas chromatographywith a
thermal conductivity detector.Nickel loading in
the catalystswas measuredby atomic absorption
(ShimadzuAA-610).
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Figure 2 TG andDTA of Ni(NO3)—AIOOH aerogelin air.
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Figure 3 TPRof (a) NiO—-Al,Oz aerogefrom Ni(NO3), (25.4mg), (b) NiO-Al 03 aerogefrom Ni(CH3;COO), (24.9mg),and(c)

NiO-Al,O3 impregnationcatalyst(25.3mg).

Contlnuous flow reaction of CH,~CO, (1:1,
60ml min~ )wascarrledoutusmgaconventlonal
fixed-bed flow reactor (i.d. 4 mm) under atmos-
pheric pressureat 1073K for 24h. The effluent
gasesvereanalysedy gaschromatographwvith a
thermal conductivity detector. The CH,~CO,
reforming was also investigatedunder the differ-
ent|al reactor conditionsand the specific activity
ris~* was calculatedby dividing the rate of total
CH, conversionwith the amountof H, adsorbed:

_ CH;, conversionrate (umol s * g 1)
"~ H, adsorption(zmol g~) x 2

Carbon formation during CH,—CO, (1:1, 40ml
min—) wasinvestigatedby TG.

RESULTS AND DISCUSSIONS

Figure 1(a) shows XRD spectrumof Ni(NO3)>—
AIOOH aerogel after supercritical drying. The
crystalline phasewas assignedto y-AIOOH only

and no nickel-containing phaseswere detected.

This suggeststhat nickel nitrate was highly
dispersedn AIOOH aerogel.

Copyright© 2000JohnWiley & Sons,Ltd.

Figure 2 shows the TG-DTA spectrum of
Ni(NO3)>—AIOOH aerogel in air. A significant
weightdecreasandthe correspondingexothermal
peak were observedat ca 320°C, indicating that
organiccompounddike ethanolremainingin the
aerogelwere burnedat that temperatureAfter the
combustiona furtherweight decreaseorrespond-
ing to an endothermalpeak was observedat ca
410°C. Thismustbedueto astructurechangdrom
p-AlOOH to y-Al 03 by releasingd.5molesof H,O
per mole of AIOOH.* At this temperature,Ni-
(NO»),-6H,0 mayalsobedecomposetb give NiO
(or nickel aluminate)by releasingNO, and H,0.
Phase transformation from y- to 0-Al,O; was
observedat ca 850°C, at which temperaturea
slight weight decreaseand a correspondingen-
dothermalpeakwere observed.

Figurel(b) showsthe XRD profile of theaerogel
aftercalcinationof Ni(NO3),—AIOOH aerogelThe
calcinedaerogelexhibitedthe y-Al O3 phaseonly
and no nickel-containingphaseswere observed.
Sincethe XRD profile for NiAl O, is almostthe
same as that for y-Al,O3, nickel atomsin the
aerogelsareconsideredo be incorporatedn the y-
Al ,O5 structureby forming nickel aluminate.

TPR profilesareshownin Fig. 3. Thereduction
of NiO to nickel was observedat ca 800°C for

Appl. Organometal Chem.14, 789-793(2000)
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Table 1 Characterizatiorof Ni—Al O3 aerogelsand Ni—Al O3 impregnationcatalyst

Precursor Ni content(wt %) H, ads.(umol g %) BET* (m? g™} Ni crystallite size (nm)
Ni(NO3), 3.8 14.1 289 2.9
Ni(CH;COO), 6.2 33.9 268 4.1
Impregnation 11.7 43.3 182 5.7

1 Surfaceareasof NiO-Al,O; aerogelsand NiO—Al,O3 impregnationcatalyst.

NiO-Al,O3 aerogels,whereasthe reduction was
observeditca600°C for NiO-Al,Oz impregnation
catalyst.This also strongly suggestghat nickel is
incorporatedin the alumina structure, i.e. alu-
minium ions in tetrahedralor octahedralsitesare
partially replacedwith nickel ions.On theimpreg-
nationcatalyst,ontheotherhand,nickel oxidemay
be locatedon the surfaceof the aluminasupport,
thereby the reduction should proceedat a lower
temperatureFig. 1(c) showsthe XRD patternafter
thereductionof NiO—Al,O3 aerogelwith hydrogen,
which confirmed the appearanceof the nickel
phase From the peak-broadeningf Ni (200), the
nickel crystallite size was estimatedusing Scher-
rer's equation.The resultsare shownin Table 1.
The nickel crystallite size was ca 2.9—4.1nm,
suggestinghat fine nickel particlesare formedon
the aerogelsafter hydrogenreduction.

In Table 1, the concentrationf nickel in the
catalystarealsoshown.Thenickelloadingwas3.8
wt% and 6.2 wt% for the aerogelspreparedfrom
Ni(NO3), and N(CHsCOOQ), respectively,ndicat-
ing thatnotall of thenickel wasincorporatedn the
aerogelsThisis becausel0 wt% Ni—Al,O3 should
be obtainedif all of nickel were incorporated.
Therefore someof the nickel saltswereconsidered

conversion of CHy / %

time on stream / h

Figure 4 Effect of time on streamon CH,~CGO, (1:1, 60ml
min~Y) reactionat 1073K for 24 h; O: Ni-Al ,05 aerogeffrom
Ni(NO3)» (29.2mg); [J: Ni-Al O3 aerogefrom Ni(CH3:COO),
(29.8mg); ¢: Ni—Al,03 impregnationcatalys (31.1mg).

Copyright© 2000JohnWiley & Sons,Ltd.

to remainin the autoclaveafter the supercritical
drying. As for the impregnationcatalyst,on the
contrary, a slightly high value (11.7 wt%) was
obtained. The BET surface area of NiO-AIl,O4
aerogelsvas268-289m? g+, whereaghe surface
areawas182m? g * for the impregnationcatalyst
(Al ,03 aerogelsupport,259m? g~ %).

Figure 4 showsthe effect of time on streamon
CH4CO, reforming at 1073K. The aerogels
exhibited higher activities than the impregnation
catalystand the deactivationwas less significant
on the aerogelghan on the impregnationcatalyst:
the initial CH, conversionwas 83.9% and 83.8%
for the aerogels preparedfrom Ni(NOs), and
Ni(CH3COOY), respectivelyand the final conver-
sions were 66.5% and 69.2%, whereas CH,
conversionwas changedfrom 66.7 to 47.5% on
the impregnationcatalyst.

The coking profiles during the reforming are
shownin Fig. 5. The aerogelsshowedmuch less
activitiesfor cokingthantheimpregnatiorcatalyst,
which mustbe a main causefor the retardationof
catalystdeactivation.The suppressiomf coking is
ascribedto the fine nickel particlesformed on the
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Figure 5 Carbon formation during CH,~CO, (1:1, 40ml
min~~) reaction at 1073K on (a) Ni-Al,O3 aerogel from
Ni(NO3)» (20.4mg), (b) Ni—Al ;03 aerogelfrom Ni(CHsCOO),
(12.1mg), and(c) Ni—Al O3 impregnationcatalyst(21.0mg).
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Figure 6 Arrheniusplots of specificactivitiesandactivation
energiesfor CH,~CO, (1:1, 60ml min~ ") reactionunderthe
differential reactor conditions; O: Ni—-Al,O5; aerogel from
Ni(NO3), (10.3mg); [J: Ni—Al,O3 aerogefrom Ni(CH;COO),
(10.1mg); <>: Ni—Al,O3 impregnationcatalyst(10.3mg).

aerogelswhich may inhibit carbondissolutionin

the crystalandsubsequentarbonnucleation.
The resultsof steady-stat€CH,—~CO, reforming

underthe differential reactorconditionsare shown

Copyright© 2000JohnWiley & Sons,Ltd.

in Fig. 6. The specificactivity was higher on the
aerogels than on the impregnation catalyst,
although the difference was small betweenthe
aerogelfrom Ni(CH;COO), andthe impregnation
catalyst. Betweenthe aerogels,the activity was
higher on the aerogel preparedfrom Ni(NO3),
havingfiner nickel particles.This suggestshatthe
reformingreactionis moreenhanceanfinernickel
particles. Theenhancemeruf thereformingonfine
nickel particles is also one of the causesfor
suppressiorof carbonformation during the refor-
ming.
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