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Abstract

spc-Ni/MgAl (spc: solid-phase crystallization method) catalysts have been prepared from Mg-Al hydrotalcite-like compounds con-
taining Ni at the Mg site as the precursors and tested for partial oxidation of iBtd synthesis gas. The precursors based on
[MgZ" AIZT(OH)]**+(CO3~x) mH0, in which a ratio of MgAl varied and a part of the M ions were replaced by Rif* ions, were
prepared by a coprecipitation method, thermally decomposed, and reduced to form spc-Ni/MgAl catalyst. Surface areas of spc-Ni/MgAl
catalysts were around 1502rgc‘alt. Ni2* ions first substituted a part of the ¥I sites in the Mg—Al hydrotalcite-like compounds and then
incorporated in the rock-salt-type Mg—Ni—O solid solutions in the mixed oxide after the decomposition. The dispersion of Ni was thus re-
peatedly enhanced during the spc preparation, resulting in the highly dispersed Ni metal particles after the reduction. The activity of the
spc-Ni/MgAl catalyst was the highest at the ratio of Md of 1/3. When the catalysts were tested in the partial oxidation of,Gc-
Nig.5/Mg> sAl afforded enough high Chiconversion even at the high space velocity(20° ml h—lggalt), exceeding the value obtained
over 1 wt% Rh/MgO. Ni species on spcg\i/Mg> sAl catalysts were stable even under the presencexpfdile Ni catalysts prepared
by the conventional impregnation quickly lost activity due to the surface oxidation of Ni particles. Moreover, the total heat produced by the
reaction was the lowest over the spgNiMg» sAl catalyst among the catalysts tested. This strongly suggests that the heat of exothermic
CH4 combustion to HO and CQ could be quickly consumed by the following endothermic {idforming by HO and CQ over spc-
Nig.5/Mgz sAl. Thus, the spc-Nj5/Mga sAl catalyst is a hopeful candidate for the autothermal reforming of @Hich can be carried out
under the copresence of bothh® and G to feed H to the fuel cell economically. Actually the autothermal reforming of,Gtds been
successfully carried out over spcg¥/Mg» Al catalysts.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction on-board a vehicle but also in a stationary FC system. A suf-
ficient amount of H must be continuously produced in a
small reformer and fed to the PEFC and, therefore, the re-
forming catalyst must work under extremely high space ve-

dlocity. For example, a personal car of 100 horsepower con-

sumes 70 kW of electricity, which requires 70 Nhr?!

of Hy for driving, if the PEFC in status quo consumes

1 Nm*h~1 of H, for producing 1 kW. Thus, the catalyst

for the on-board reformer must be exceptionally active com-

pared with that for Fischer—Tropsch and methanol syntheses.

Even in the stationary FC system for home, hospital, and

so on, a small reformer is preferable and therefore the cata-

~* Corresponding author. lyst must be highly active. Moreover, the reformer would be
E-mail address: takehira@hiroshima-u.ac.jp (K. Takehira). frequently started up and shut down during domestic use,

Hydrogen production for polymer electrolyte fuel cells
(PEFC) is a current topic in the world. Steam reforming
of hydrocarbons, especially of methane, is the largest an
generally the most economical way to make H-3]. An
alternative industrial chemical approach includes oxidative
reforming of CH.. However, the K production for PEFC
requires enormously high efficiency, taking into account that
the reformer should be compact in the FC system not only
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and air contamination in the fuel gas could not be avoided. 2. Experimental
Recently supported precious metal catalysts have frequently
been reported to solve these problems [4-11], since the pre-2.1. Preparation of the catalyst
cious metals such as Rh and Ru are highly active and stable
for the reforming reactions. However, the cost of the fabri- ~ Spc-Ni/MgAl catalysts with various MAI ratios were
cation of the fuel cell system is also important, since a large prepared by the spc method as follows: Mg—Al hydrotal-
amount of precious metals is required not only for the re- Cite precursors based on [Kffy Al3+(OH)2]**(COz ) -
former but also for the fuel cell. Use of cheaper metals or, at mH0O, in which a part of Mg+ was replaced by Ni, were
least, a smaller amount of precious metals is preferable forprepared by the coprecipitation method reported by Miyata
the catalyst preparation of the reformer. These restrictionset al. [27] with minor modifications. The loading amount
inevitably require a new concept for the catalyst preparation of Ni was fixed at 16.3 wt% after heating at 1073 K. Both
and also for its use in the reformer. an aqueous solution containing the nitrates ofPfgNi*,
Supported metal catalysts have been used in the re-and AP and an aqueous solution of sodium hydroxide were
forming reactions of hydrocarbons and are conventionally added slowly and simultaneously with vigorous stirring into
prepared by wet impregnation of different supports. This an agueous solution of sodium carbonate. During the mix-
method is not fully reproducible and may give rise to some ing treatment, heavy slurry precipitated. The crystal growth
inhomogeneity in the distribution of the metal on the sur- 00k place by aging the solution at 333 K for 12 h. After
face. Moreover, the fine metal particles tend to sinter at high the solution was cooled to room temperature, the precipitate
temperature, resulting in the catalyst deactivation. Use of Was washed with distilled water and dried in air at 353 K.
the precursors containing metal ions in the crystal struc- 11€ Mg(Ni)-Al hydrotalcite-like precursors, thus obtained,
ture, which on further calcination and reduction, may result Were heated in a muffle furnace in a static air atmosphere
in the formation of highly dispersed and stable metal parti- PY increasing the temper'agure from ambient temperature to
cles on the surface. The authors have applied this method!123 K atarate of 5 Kmin" and keptat 1123 K for 5 h to
for the preparation of stable and highly dispersed metal- form the precursor of spc-Ni/MgAl. Surface areas of the pre-
supported catalysts as the “solid-phase crystallization” (spc) CUrsers of spc-Ni/MgAl catalysts were always high around

-1
method and tested it by using perovskite as the precursors150 m?gcat' The cqtalysts were p.ressec'i at 25 Fons, crushed,
[12-15] and sieved to particles of prescribed size, which were used

in the reaction after the prereduction treatment.

As the reference, the catalysts were prepared by conven-
tional impregnation (imp) using-Al203, y-Al203, MgO,
and Mg—Al mixed oxides prepared from Mgl (3/1) hy-
drotalcite as the carrier. When the Mg—Al mixed oxide was
used as the carrier, water or acetone was used as the solvent
of Ni(NO3)2 - 2H,0 and the catalyst obtained was denoted as
imp-Ni/MgsAl-aq or imp-Ni/MgsAl-ac. Ni(acac) was also

The hydrotalcite-like compound is anionic clay, layered
mixed hydroxides containing exchangeable anions and pro-
duces the oxide by heating that shows interesting proper-
ties, such as high surface area, “memory effect,” and ba-
sic character [16]. Moreover, upon heating, the compound
forms a homogeneous mixture of oxides with very small
crystal size, stable against thermal treatments, which by

lr.?duclt:l)on forrF_ sma;llha?d thermally statlblle tmeftal C%Staxl used in acetone solution for impregnation and the catalyst
ltes. Freparalion of heterogeneous catalysts trom Mg—=Al 55 jenoted as imp-Ni/Mg\l-acac. The loading amount of

hydrotalcite-like compounds as the precursors and its uti- Ni was fixed at 16.3 wt% on all the catalysts after the heat-
lization for the CH reforming have been claimed [17] and

reported by Basini et al. [18,19]. They focused their study
on the catalyst application in the GHpartial oxidation,
and the effects of the residence time and the thermal pro-
file were monitored to know the catalytic reaction mecha-  The structures of the catalysts were studied by XRD,
nism. BET, TEM, TPR, and a btadsorption method. X-ray dif-
We have recently reported that spc-Ni/MgAl catalysts fraction was measured by using a Rigaku RINT 2550VHF
were prepared starting from Mg—Al hydrotalcite-like com-  giffractometer with Cu-k radiation. The diffraction pat-
pounds containing Ni at the Mg sites as the precursors, andierns were identified by a comparison with those included
were successfully applied for partial oxidation [20], steam in the JCPDS data base (Joint Committee of Powder Dif-
reforming [21], and dry reforming of CH[22-25]. It was  fraction Standards). BET measurements were conducted us-
concluded that the high catalytic performance is uniquely ing N, at 77 K with a Bell Japan BELSORP18 instru-
due to the stable and highly dispersed Ni metal particles on ment. Transmission electron micrographs (TEM) were ob-
the catalysts [26]. In the present paper, we report the effectstained over on a JEOL JEM3000F instrument equipped
of Mg/Al ratio and reduction temperature on the Ni disper- with a Hitachi/Kevex H-8100/DeltalV EDS. Temperature-
sion on a spc-Ni/MgAl catalyst, and finally its high activity ~programmed reduction (TPR) of the catalyst was performed
revealed even at high space velocity in the autothermal re-with a U-shaped quartz reactor, the inner diameter of which
forming of CH;. was 6 mm, at a heating rate of 10 K mihusing a mixture

2.2. Characterization of the catalyst
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of 3 vol% Hp/Ar as reducing gas after passing through a 13X by at a rate of 2 Kmin® from 773 to 1173 K, and finally
molecular sieve trap to remove water. A TCD was used for by keeping at 1173 for 0.5 h. The thermocouple by which
monitoring the H consumption. Prior to the TPR measure- the reaction temperature was controlled was placed at the
ments, the sample was heated at 573 K for 2 h in 20 vol% center of the catalyst bed. Product gases were analyzed by
0O2/N2 gas. online TCD-gas chromatography. The selectivity to .CO
The Ni dispersion was determined by static equilibrium CO, or H was calculated based on the numbers of carbon
adsorption of H at ambient temperature using the pulse and hydrogen atoms in GHThe catalytic activity was also
method. A 20 mg of the catalyst was prereduced at 1073 K in tested by changing the space velocity between 180,000 and
Ha/N2 (5/20 mlmin~1) flow for 30 min and cooled to am- 900,000 ml 1 g} using 5 mg of the catalyst powders of
bient temperature in Ar atmosphere. The sample was thensize less than 0.15 mghas dispersed in quartz wool.
used for the measurement by pulsing each 1 ml of 10 vol%  When the distribution of the temperature in the catalyst
H2/N>. During the pulse experiment, the amount gf\s bed was measured, 50 mg of the catalyst was dispersed with
monitored by a TCD-gas chromatograph. Uptake efdtl 500 mg of the quartz beads and packed in the reactor placed
the monolayer coverage of the Ni species was used to esti-across horizontally by using a catalyst holder made by quartz
mate Ni metal dispersion, assuming that each surface Ni siteand attached to the thermocouple sheath. The length of the

chemisorbs one hydrogen atom/(Msyrface= 1). catalyst bed was 18 mm and the temperature was measured
by sliding the thermocouple along the catalyst bed.
2.3. Catalytic testing Also for testing the autothermal reforming of GHD>, or

H>0 was added in the CHH20O/N2 or CHy/O2/N2 mixed

The partial oxidation of Chl was conducted using a gas flow, respectively, by changing the flow rate of each gas.
fixed-bed flow reactor mainly in a mixed gas flow of &H
02, and N (1/2/1 vol ratio) at 1073 K at atmospheric pres-
sure. The autothermal reforming was carried out mainly in a 3. Resultsand discussion
mixed gas flow of CH, Oy, H,O, and N (2/1/2/1 vol ra-
tio). N2 gas was used as an internal standard for the analyses.1. Preparation of spc-Ni/MgAl catalyst
by gas chromatography. A U-shaped quartz tube reactor, the
inner diameter of which was 6 mm, was used with the cata- Metal composition, surface area, Ni dispersion, and size
lyst bed near the bottom. The catalyst particles of the size of Ni metal particles of the supported Ni catalysts are shown
0.35-0.60-mm diameter were used as dispersed in quartan Table 1. The composition of metals was determined by
beads for the space velocity of 4800-290,000 rﬁlg&}t. ICP analysis for spc-catalysts, while the value was calcu-
Usually 50 mg of the catalyst was prereduced in a gas flow lated for the imp-catalysts from the amount of raw materials,
of 20 vol% Hy/N2 by increasing the temperature at a rate of both after heating at 1123 K. The amount of Ni loading was
10 Kmin~! from ambient temperature to 773 K, followed almost constantaround 16 wt% on spc-catalysts. The surface

Table 1
Metal composition, surface area, and Ni dispersion of the catalysts
Catalys® Atomic Composition Ni BET surface #H Ni Particle size
ratio for Al=1.0P loadind® ared uptaké dispersion of Ni (nm)
(Ni -+ Mg)/Al Ni Mg (Wi%%) (m2gh (umol g2 (%) XRD TEM
spc-Nip 26/Mgg 74Al 1 0.271 Q703 167 1246 2535 178 78 7.0
spc-Npp 38/Mg1 g2Al 2 0.377 163 160 1563 2475 182 7.8 6.9
spc-Nip 50/Mg2 50Al 3 0.488 252 158 1786 2651 197 7.0 6.1
spc-Np g2/Mgs 38Al 4 0.595 290 172 1416 1960 134 83 102
spc-Nip 73/Mga 27Al 5 0.778 396 178 1251 2035 134 82 121
spc-Np,g5/Mgs, 15A!l 6 0.824 467 163 1285 1555 112 6.6 9.8
imp-Ni/MgzAl-ag® 163 954 2215 160 72 83
imp-Ni/Mg3Al-ac 163 540 660 48 166 220
imp-Ni/MgzAl-acad 16.3 892 1393 100 167 186
imp-Ni/a-Al 203 16.3 82 486 35 311 355
imp-Ni/y -Al,03 163 1063 1229 89 114 130
imp-Ni/MgO 163 172 138 10 — 8.2

a Reduced at 1173 K for 0.5 h ingAN; (5/20 mImin~1).

b Determined by ICP analysis for spc-catalysts after calcination at 1123 K for 5 h and calculated for imp-catalysts.
€ Calcined at 923 K for 14 h and at 1123 K for 5 h.

d Determined by H pulse method.

€ Impregnated in aqueous solution of Ni(ll) nitrate.

f Impregnated in acetone solution of Ni(ll) nitrate.

9 Impregnated in acetone solution of Ni(ll)-acac.
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Table 2

Effect of the reduction conditions on the Ni dispersion of the catalysts

Catalyst Reduction [ Ni
condition$ uptak@ dispersion

(umol ) %)

spc-Np 5/Mga sAl 1023 K for0.5h 838 6.2

spc-Ni 5/Mga sAl 1073 K for 0.5 h 2218 165

spc-Np 5/Mg2 sAl 1123 Kfor0.5h 2449 182

spc-Ni 5/Mga sAl 1173 K for 0.5 h 2651 197

a Reduced in H/N5 (5/20 mimin—1).
b Determined by H pulse method.

area of the catalysts was higher on spc-catalysts than imp-

catalysts, the highest value of 178.6 g3.;, among which
was obtained with spc-NE5/Mg2 sAl catalysts. Even when
MgszAl mixed oxide was prepared by heating the hydrotal-
cite and was used as the support for impregnation, i.e., imp-
Ni/MgsAl-aq, imp-Ni/MgzAl-ac, and imp-Ni/MgAl-acac,

the lower values of surface area were obtained compared to

the spc-catalysts. Among the other imp-catalysts, imp-Ni/
Al,O3 catalyst alone showed a relatively high surface area
of 106.3 n?ggalt. Ni dispersion obtained by Hadsorption
was also the highest with spcdNi/Mg2sAl, followed by
the other spc-catalysts. By both increasing and decreasin
the Mg/Al ratio, the Ni dispersion decreased. A rather high
value of the Ni dispersion was obtained with imp-Ni/bAd-
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gFig. 1. XRD patterns of the precursors of spc-Ni/MgAl catalysts dur-

ing the preparation. (a) spc-ipe/Mgg 74Al after drying; (b) spc-
Nig.5/Mg2 sAl after drying; (c) spc-Ng 26/Mgg 74Al after heating; (d) spc-

ag, even though the surface area was not so high, suggestingip s/Mg, sAl after heating; (e) spc-Miog/Mdo 74Al after reduction;

that Ni was highly dispersed during the preparation (vide in-
fra).

The conditions of the catalyst prereduction affected sub-
stantially the Ni metal dispersion (Table 2). Increasing tem-
peratures resulted in higher Ni dispersion as well as the
stable activity in the partial oxidation of GHvide infra).
The reduction at 1173 K for 0.5 h afforded the best results

and all the catalysts were prereduced under these conditions.
Further increase in the reduction temperature or in the reduc-

tion time caused the formation of the Mg#&), spinel phase

in the catalyst, resulting in the lowering in the Ni dispersion
as well as in the surface area. All catalysts tested for the re-
forming in this paper were prereduced at 1173 K for 0.5 h.

3.2. Sructure of spc-Ni/MgAl catalyst

XRD patterns of spc-Ni/MgAl catalysts during the prepa-
ration with various MgAl ratios are shown in Fig. 1. In the
case of spc-Ni2e/Mgo.74Al (Mg /Al = 1/1), sharp lines of
Al(OH)3 were observed together with those of Mg—Al hy-
drotalcite just after the drying of the precipitate. When the
Mg/Al ratio was increased above P, no Al(OH); appeared
and the hydrotalcite alone was observed after the drying of
the precipitate. After the drying, the highest intensity as well
as the smallest linewidth in the peaks of the hydrotalcite was
observed on spc-Ni/MgAl with the M@l ratio of 2/1-3/1,
and both increasing and decreasingMbratios caused the
line broadening in the hydrotalcite peaks.

(f) spc-Nig.38/Mg1 g2Al after reduction; (g) spc-Nis/Mgo sAl after reduc-
tion.

After heating of spc-Nj26/Mgo.74Al at 1123 K for 5 h,
both the hydrotalcite and the Al(Okl)disappeared, and
MgO (including Ni as Mg—Ni—O solid solutions) in turn
appeared together with Mg#®4 spinel. The line intensi-
ties of the MgAbO,4 spinel phase were weakened with in-
creasing MgAl ratios. The lines of MgO (Mg—Ni-O) were
broader in the samples of lower Ml ratios, apparently
suggesting that the size of the MgO crystal decreased or the
Ni2t incorporation in MgO was enhanced. A lattice con-
stanta calculated from thel value of MgO (200) plane
was smaller than those of MgO and Mg—Ni—O in all spc-
Ni/MgAl catalysts, coinciding well with the results reported
by Fornasari et al. [28] and Ross [29]. This suggests that
Al the ionic radii of which (0.54 A) is smaller than those
of Mg?*+ (0.72 A) and N#* (0.69 A) [30], was incorpo-
rated into MgO to form the solid solutions. Olsbye et al. [31]
also reported that At substitutes into the MgO framework
and inhibits the crystal growth of MgO in the M4l (3/1)
mixed oxide prepared from the hydrotalcite precursor, and a
MgAIl 04 spinel phase was observed after the steaming test.
These coincided well with the results of 3l incorporation
and an excess amount of &1 was consumed by the forma-
tion of the MgAbO4 spinel phase in the present work.

When the sample was reduced in 20 vol%/N, at
1173 K, NF* in the Mg—Ni—O solid solutions was reduced
to form Ni metal. The peaks of Mg—Ni—-O were substan-
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Fig. 2. TEM images of the supported Ni catalysts after reduction. (a) spggilgg 74Al; (b) spc-Nig 32/Mgq g2Al; () spc-Nig5/Mgo sAl; (d) spe-
Nig.62/Mg3 38Al; (e) spc-Ni 73/Mg4.27Al; (f) spc-Nig gs/Mgs, 15Al; () imp-16.3wt%Ni/Mgs Al-ac; (h) imp-16.3wt%Ni/MgAl-acac.

tially weakened and broadened, while the peaks of Ni metal
appeared, with all the catalyst samples. This suggests that
during the release of Ni species from the Mg—Ni—O solid
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(Table 1) was the smallest with spcg¥iMg2.sAl among Ni - d—j Q ) Ni - (;f B )
the spc-catalysts in both TEM images and XRD calculations. " particle ciameter / nm " particle imeter / o
Interestingly imp-Ni/MgAl-ag showed a smaller size of Ni
metal particles compared to the other imp-catalysts, coin- ¢ 100 [ spe-Nipm/MgizAl 1007 e Nigss/Mgs 1sAl

ciding well with the results of Ni dispersion (Table 1). Ni

metal particles were not clearly observed with imp-Ni/MgO
by XRD and Ni dispersion was very low even after the re-
duction with H, suggesting that Ni was stable and hardly
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reduction are shown in Fig. 3. The smaller ratio of M Ni particle diameter / nm Ni particle diameter / nm

caused a formation of the smaller size of Ni metal particles

after the reduction (Red.) as well as even after the oxidation Fig. 3. Distributions of Ni metal particles on spc-Ni/MgAl catalysts. Red.,
(POM) of CH, for 5 h at 1073 K. After the POM reaction,  after reduction; POM, after partial oxidation.
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the size of Ni metal particles on both spceMé/Mgo.74Al

and spc-Ni 38/Mg1.62Al increased, probably due to the sin-
tering of Ni metal particles during the reaction. On the other
hand, when the MgAI ratio exceeded AL, very interest-
ingly the average size of Ni metal particles rather decreased
after the POM reaction except spce¥s/Mgs.15Al.

The distributions of Ni metal particles on imp-Ni cata-
lysts are shown in Fig. 4. When Ni was loaded on3¥b
mixed oxides in aqueous solution, a high dispersion of Ni
metal particles was observed as shown in spc-NyMg
ag. However, use of acetone as the solvent for impreg-
nation resulted in the lower dispersion as shown in both
spc-Ni/MgsAl-ac and spc-Ni/MgAl-acac. Among both cat-
alysts, a considerably higher dispersion was observed by
using Ni(acac) than Ni(NQs)2 - 2H,0. Ni(acac) can form
a surface-chelating Ni complex on the catalyst, probably re-
sulting in the high dispersion, while Ni(N§» - 2HO in
acetone cannot afford such an effect. Both imp-Ni/MgO and
imp-Ni/y-Al,0O3 showed a rather sharp distribution com-
posed of smaller size Ni metal particles compared to those
of imp-Ni/a-Al203. Imp-Ni/MgO and imp-Nij-Al203
formed Mg—Ni—O solid solutions and NiAD4 spinel, re-
spectively, also resulting in the high dispersion of Ni metal
particles. Moreover, the size of Ni metal particles decreased
on spc-Ni/MgAl catalysts as already noted in this paragraph
and may be due to the reversible reduction-oxidation of Ni
species during the Ctbxidation. This reversible reduction-
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oxidation between Ni metal and Mg—Ni—O solid solutions
may produce finely dispersed Ni metal particles by redis-
tributing Ni species on the catalyst surface.

3.4. TPRof the catalysts

The results of H-TPR measurements of spc-Ni/MgAl,
together with imp-Ni catalysts as a comparison, are shown
in Fig. 5. Obviously Mg—Al mixed oxides prepared by
heating Mg—Al hydrotalcite showed no reduction peak up
to 1300 K. Imp-Nif-Al20O3 showed a reduction peak at
high temperature, probably due to the formation of Ni&J
spinel on the catalyst surface. Among imp-Ni/MgAl cata-
lysts, imp-Ni/MgAl-ag showed the highest temperature of
the reduction, which is almost the same as that observed
with spc-Nps/Mg2sAl, followed by imp-Ni/MgsAl-acac,
imp-Ni/MgsAl-ac, and imp-Nif-Al203. During the prepa-
ration of imp-Ni/MgAl-ag, surface reconstitution of Mg—Al
hydrotalcite possibly took place [16], and Ni was simultane-
ously incorporated in the hydrotalcite phase, resulting in the
highest temperature of the reduction among imp-Ni/MgAl
catalysts.

Imp-Ni/MgO showed no peak in the TPR up to 1300 K,
while both spc- and imp-Ni/MgAl catalysts showed a clear
peak of the Ni reduction. It is likely that Kt dissolved
in MgO as the solid solutions is not easily reduced to Ni
metal, while the addition of Al makes the i reduc-
tion in both imp- and spc-catalysts easy. All spc-Ni/MgAl
catalysts showed a reduction peak at high temperatures
above 1080 K, and the reduction temperature increased
from 1080 to 1190 K with increasing the M4l ratio in

5

« .
3 J)
<

= |9
S

g n
2
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=

400 500 600 700 800 900 1000 1100 1200 1300
Temperature / K

Fig. 5. Temperature-programmed reduction of the supported Ni catalysts.
(a) NiO; (b) MgzAl mixed oxide; (c) imp-Ni/MgO; (d) imp-Niy-Al>03;

(e) imp-16.3wt%Ni/MgAl-acac; (f) imp-16.3wt%Ni/MgAl-ac; (g) imp-
16.3wt%Ni/MgzAl-ag; (h) spc-Nb 26/Mgo 74A; (i) spe-Nio 32/Mg1 62Al;

(i) spc-Nig 5/Mgz 5Al; (K) spe-Nig g2/Mg3 38Al; (1) spe-Nig 73/Mga, 27Al;

(m) spc-Np gs/Mgs, 15A.
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spc-Ni/MgAl catalysts. Judging from the peak area of H 20000 -

consumption, spc-Nixe/Mgo.74Al and spc-Np 3g/Mg1.62Al :’Q; 15000 F

showed values of 69 and 88%, respectively, of those of <

the other spc-Ni/MgAl catalysts as the amount of Nre- %‘ 10000 r

duced in TPR. This means thatNi species in both cata- S

lysts are not completely reduced. On the other hand, when = S000

the Mg/Al ratio exceeded AL, the amount of H con- 0

sumed corresponded well with the amount ofNin each 0 10 20 30 40 50 60 70 80 90
catalyst, suggesting that almost all?Ni species was re-

duced in TPR of spc-Nis/Mg25Al, spc-Nig.s2/Mgs 3sAl, 20 / degree

spc-Nb.73/Mga 27Al, and spc-Np gs/Mgs 15Al.
When the MgAI ratio in spc-Ni/MgAl catalysts was in-

creased, the formation of Mg—-Ni—O solid solutions might 20000 |- P NIMgsAl-aq ®
be enhanced under the MgO-rich conditions. This situation &, )
leads to an increase in the reduction temperature of Ni. 2 15000
On the contrary, the phase separation into the Mg—-Al hy- g‘ 10000 i
drotalcite and Al(OHj took place after the coprecipitation, 8
followed by the formation of the MgAl, spinel phase af- 5 5000
ter heating, in spc-Ni/MgAl catalysts of low M@\l ratios. 0
These phenomena may make the catalyst phase more com- 0 10 20 30 40 50 60 70 80 90
plex, resulting in an easy but incomplete reduction of Ni
species in the catalysts. 20/ degree
3.5. Highly dispersed Ni metal particles imp-Ni/MgsAl-ac
20000

On spc-Ni/MgAl catalysts, an increase in the Mg ratio & 15000 |
resulted in an increase in the reduction temperature as well 2
as the reduction peak area, suggesting that a large amount g* 10000
of Mg stabilizes a large amount of &i in the solid solu- 8 5000 L
tions. Prmaliana et al. [33-36] reported that the MgO-NiO =
system forms “ideal” solid solutions over the whole molecu- 0
lar fraction range and was used as the catalyst for the steam 0 10 20 30 40 S0 60 70 80 90

reforming of CH.. It is also reported that by Tomishige and
co-workers [37-39] that Mg—Ni—O solid solutions of small
Ni content showed an excellent stability in dry reforming Fig. 6. XRD patterns of supported Ni catalysts. (a) After drying, (b) after
of CHy after the reduction treatment. Preliminary heating of heating, (c) after reduction, (d) after reactiah) (Mg—Ni—O; (®): Ni metal;
a catalyst or catalyst precursor at a temperature higher tharn(®): Mg-Al hydrotalcite; ): MgAl04.
that of catalytic tests is a common experimental procedure
in catalyst preparation. Such a treatment enhances the interlysts is probably due to the substitution of3Alin MgO
action between an active metal species and an oxide carrierwhich affects the stability of Mit in Mg—Ni—O solid solu-
resulting in the formation of more stable catalyst [40]. Inthe tions. However, the smaller ratio of Ml again resulted
case of Ni catalyst supported on MgO, such treatment, how-in an incomplete reduction of Ni as observed with spc-
ever, leads to the formation of Mg—Ni—O solid solutions. As Nig 26/Mdo.74Al and spc-Ni 3g/Mg1 s2Al (Fig. 5). Itis likely
a result, a considerable amount of Ni diffuses from the cat- that an appropriate value of/ B exists in the MgAl ratio
alyst surface into the bulk of the carrier, where it becomes to reduce efficiently Ni species to form highly dispersed Ni
irreducible and therefore ineffective for catalysts [33,36]. An metal particles on spc-Ni/MgAl catalysts.
increasing amount of Mg in spc-Ni/MgAl possibly contains For imp-Ni/MgzAl catalysts, the use of an aqueous solu-
an increasing amount of Ni, resulting in a stabilization of Ni tion resulted in the highest reduction temperature, followed
species as observed in the increase in the reduction temperby the use of Ni(acag)and Ni(NGs), - 2H,0 in acetone
ature. solution. This may be due to “memory effect” of the hy-
On the other hand, At is also incorporated into the  drotalcite structure [32], i.e., the layered structure of the
MgO framework and inhibits the crystal growth of MgO hydrotalcite was reconstituted, accompanied by the incorpo-
(probably of Mg—Ni—O solid solutions, too) in the Mg—Al ration of Ni at the Mg sites, when MgAl mixed oxide was
mixed oxide, as noted previously [28,29,31]. This probably immersed in an aqueous solution of Ni(j)@- 2H20. In
makes the Ni reduction in spc-Ni/MgAl catalysts easy. Easy fact, the diffraction lines of the hydrotalcite were clearly ob-
reduction of N#* observed in TPR of spc-Ni/MgAl cata-  served in the XRD results after the impregnation (Fig. 6). It

26 / degree
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100

is expected that the effects of spc preparation also take place
on the catalyst surface of imp-Ni/M4l-aq, resulting in the
higher dispersion of Ni metal particles. It is concluded that
the reconstitution of the hydrotalcite affords a substantial ef-
fect on the formation of highly dispersed Ni metal particles
on the supported Ni catalysts prepared by impregnation in
agueous solution. Such effect was not observed when the
mixed oxide was dipped in acetone solution as revealed by
imp-Ni/MgzAl-ac (Fig. 6). An increasing temperature in the
reduction peak observed on imp-Ni/N&j-acac may well
coincide with a smaller size of Ni metal particles compared
with imp-Ni/MgsAl-ac (Table 1 and Figs. 2 and 4). Acetyl-
acetone in Ni(acag)may bind to the catalyst surface and

CHa4 Conversion / %

form surface-chelating Rt acac species, resulting in the 40 . 0000 000000
. f . . . e 5 1
formation of smaller size Ni metal particles by inhibiting
. . . . -1 -1
the cohesion to each other. The largest size of Ni metal Space Velocity /ml b g-cat

particles was obtained over imp-Ni#AI,O3 as well as the Fi i . .

. . _ ig. 7. The partial oxidation of Cid over supported Ni catalysts.
lowest surface area, showing thaf\l,03 is an inert support  (a) spc-Ni /Mgy 5Al: (b) imp-16.3wt%6NiMgsAl-ag; (c) imp-16.3wt%
against Ni (Table 1 and Fig. 4). On the other hand, impsNi/  Ni/MgsAl-acac; (d) imp-16.3wt%Ni/MgAl-ac; (€) imp-16.3wt%Ni/MgO;
Al>03 showed a smaller size of Ni metal particles as well (f) imp-16.3wt%Nif -Al203; (g) imp-16.3wt%Nik-Al203; (h) commer-
as a reduction peak at the higher temperature compared tcial Nifa-Al203. Amixed gas of CH/Op/Np = 2/1/1 was used at 1073 K
imp-Ni/a—Al ,03, probably due to the formation of NiAD; prr 50 and 5 mg of the_ catalyst dlluted‘t‘\y quartz be_ads at the low (dotted

! . ine) and the high (full line) space velocities, respectively.
spinel phase on the catalyst surface. On impxMi 203,
reduction peaks were observed at low temperature almost
similar to that on NiO, suggesting that Ni was simply loaded €ven at a high space velocity, followed by imp-Ni/bAd-
ona-Al,03 without forming any compound. ag prepared by impregnation in an aqueous solution of
During the preparation of spc-Ni/MgAl catalysts, Niwas Ni(NO3)2 - 2H20.
first replaced at the Mg site in Mg—Al hydrotalcite after dry- A good performance of imp-Ni/MgAl-aq may be ex-
ing and then incorporated in the rock-salt type Mg—Ni—O plained by the reconstitution of a hydrotalcite-like structure
solid solutions in the mixed oxide after heating. It is ex- inaqueous solution during the preparation, resulting in a cir-
pected that the dispersion of Ni was thus repeatedly en-cumstance around the Ni species in the catalyst partly sim-
hanced during the spc preparation, resulting in the high dis- ilar to that of the spc preparation. Imp-Ni/\d4l-acac also
persion of Ni metal particles after the reduction. It must also showed a good performance with the powdered catalyst, fol-
be noted that the reducibility of Rif in the catalysts was  lowed by imp-Nif/-Al 203, probably due to the high disper-
moderately controlled by the incorporation of%Alin the sion of Ni metal particles on both catalysts as suggested from

Mg—Ni-O solid solutions. the results of TPR. The chelating agent, i.e., acetylacetone,
may be effective for dispersing Ni metal particles by bind-
3.6. Catalytic behavior of supported Ni catalysts ing Niions to the catalyst surface. Imp-Ni/Ngl-ac showed
rather low CH conversion, and both imp-Ni/MgO and imp-
The catalytic behavior of spc-pls/Mg2 sAl in the partial Ni/a-Al203 showed much lower CHconversion. These
oxidation of CHy, may be due to low dispersion (imp-Ni/Mgl-ac and imp-

1 0 1 Ni/a-Al203) or small amount (imp-Ni/MgQO) of Ni metal
CHi+ 302~ CO+2Hp  AHpeg = —36kImol™, (1) particles on the catalyst surface.

in a CH;/O2 = 2/1 mixture was tested on the catalyst XRD observation of imp-NiZ-Al 03 after the reaction

by changing the space velocity and compared to the othershowed weak diffraction lines due to NiO, suggesting that
imp-Ni catalysts (Fig. 7). Dotted lines were obtained by us- the surface of Ni metal particles was oxidized during the ox-
ing 50 mg of the catalyst of particle size 0.35-0.60 mm idation. We have observed a similar phenomenon over imp-
at a low space velocity, while full lines were obtained with Ni/SrTiO3 catalysts during the partial oxidation of GIH5].

5 mg of the catalyst powders of the sized.15 mm¢ dis- When the size of Ni metal particles becomes large on the
persed in quartz wool at a high space velocity. Generally catalyst, the interaction between metal and support becomes
a higher CH conversion was observed over spc-Ni/MgAl weak, resulting in an easy oxidation of the surface of metal
catalysts than imp-catalysts. When space velocity was in- particles during the oxidation reaction. When the space ve-
creased, the Ni catalysts prepared by impregnation-of  locity increased, the surface of Ni metal particles can be
Al203 and MgO, including a commercial NifAl,O3 cat- quickly oxidized, since a large amount of oxygen attacks the
alyst, showed clear declines in the £Ebnversion. On the  catalyst surface and the oxidation reaction proceeds more
contrary, spc-Njs/Mg2sAl showed high CH conversion rapidly than the dissociation of GHThe oxidized Ni sur-
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face catalyzes the combustion of ghb form CQ and
H>0, but does not catalyze the reforming reactions of,CH
with H,O and CQ to CO and H, resulting in a substan-
tial decrease in the CHconversion. The partial oxidation
of CHs (1) on Ni catalysts is generally composed of an
exothermic combustion (2) and two endothermic reforming
reactions (3) and (4) under the conditions of 2B, = 2/1.:

7CHa+ 302 > 3COz + 5H0

AHZyg = —801 kImor, 2)
1CHs+ $H,0 - 1CO+ 3H,

AHgg = +206 kImor 2, ©)
1CHs+ 1c0o, - 3co+ 2iH,

AHg « = +247 kImoi L. (4)

The combustion proceeds more rapidly than the latter two

reforming reactions and the rates of the latter reactions con-

siderably depend on the activity of the Ni catalyst used. If
the combustion of Cldalone takes place over the Ni cat-
alyst, the CH conversion can be calculated agtt= 25%
under the gas composition of GHO» = 2/1. However, the
CHg conversion remained at values above 25% over all the
powder catalysts tested at the high space velocity. It is likely
that certain equilibrium between the oxidized and the re-

duced states was attained on the surface of Ni particles of

the catalyst, and the latter surface still catalyzed the reform-
ing reactions, though poorly, over imp-catalysts.

The behaviors of spc-Ni/MgAl catalysts of various
Mg/Al ratios were also tested in the partial oxidation of CH
by changing the space velocity (Fig. 8), the highest activ-
ity among which was still obtained over spceNIiMg2 sAl
with the highest Ni dispersion (Table 1). High activity of
spc-Nip.s/Mg2 5Al proved by the high Cll conversion even

95

90

CHa4 Conversion / %

85

500000 1000000

Space Velocity / mih’ g—cat'1

Fig. 8. The partial oxidation of CHl over spc-Ni/MgAl cata-
lysts. (@) spc-Nj.26/Mdo.74Al; (b) spc-Nip.32/Mg1 62Al; (c) spe-Nig.s/
Mga sAl; (d) spc-Nigs2/Mgaz 3gAl; (€) spc-Np.73/Mga27Al; (f) spe-
Nig g5/Mgs, 15Al; (g) thermodynamic equilibrium. A mixed gas of G
O2/N2 =2/1/1 was used at 1073 K for 5 mg of the catalyst diluted by
quartz beads.
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at the high space velocity (@ 10° mlh—1 gz} corresponds

to that of 1 wt% Rh/MgO reported as the best Rh catalyst
by Ruckenstein and Wang [4]. Either increasing or decreas-
ing in the Mg/Al ratio from the value of 13 resulted in a
decrease in the CHconversion with increasing the space
velocity. Lower ratios of the MgAl, e.g., /1, afforded
segregation of the AI(OH)phase from Mg-Al hydrotal-
cite during the co-precipitation, while higher Mgl ratio
resulted in the formation of a MgO-rich phase after the
calcination. The former hindered the formation of a well-
crystallized hydrotalcite phase, and the latter strongly held
Ni in the MgO structure as the solid solutions by lacking the
moderation effects due to the ¥l incorporation. It is likely
that both cases suppressed the formation of highly dispersed
Ni metal particles, resulting in the lowering of the activity at
the high space velocity.

3.7. Temperature of the catalyst bed in partial oxidation of
CHgy

When the rates of reforming reactions are slow, the heat
of combustion may be accumulated in the catalyst bed, re-
sulting in the formation of a hot spot. On the other hand, if
we can provide a catalyst of high performance for the re-
forming, the heat of combustion may be quickly eliminated
from the catalyst bed by the following reforming reactions
and therefore no accumulation of the heat appears. The high-
est temperature was observed at the inlet of the catalyst bed,
where the heat accumulation mainly occurred by the com-
bustion. The highest temperatures of the catalyst bed were
measured by changing the space velocity from 20,000 to
90,000 mitr gzt on the supported Ni catalysts (Fig. 9).

A blank test with quartz wool alone instead of the catalyst
afforded a constant temperature covering all the space ve-
locities. Actually less than 5% of CHwas consumed by
the combustion reaction, resulting in no substantial heat ac-

1150

1100 |

Temperature / K

1050 :
50,000

100,000

Space velocity / ml ' g—caf1

Fig. 9. Temperature at the inlet of the catalyst bed in the partial oxida-
tion of CHy. (a) spc-Np 26/Mdo.74Al; (b) spc-Nig.32/Mgy 62Al; (C) spc-
Nig,5/Mg2 sAl; (d) spc-Nig 62/Mg3.38Al; () spc-Nip.73/Mga.27Al; (f) spe-

Nig g5/Mgs 15Al. A mixed gas of CH/O/Ny = 2/1/1 was used at
1073 K for 50 mg of the catalyst diluted by 500 mg of quartz beads. A length
of the catalyst bed was 18 mm.
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cumulation. Imp-Ni catalysts showed significant increases 100

in the temperature with increasing the space velocity, imp-
Ni/a-Al 2,03 among which was the highest, followed by imp-
Ni/MgO, imp-Ni/y-Al 203, and imp-Ni/MgAl-ag. The tem-
perature increase was the smallest with spgshiig2 sAl,
suggesting that the enhanced endothermic reforming reac-
tions on this catalyst canceled the heat accumulation by the
combustion. On the contrary, on imp-NtAl,03, the sur-
face of large size Ni metal particles was partially oxidized at
the high space velocity, resulting in an enhanced combustion
reaction than the reforming reactions followed by the heat
accumulation. Imp-Ni/MgAl, imp-Ni/MgO, and imp-Nif -
Al,03 behaved as the catalyst possessing a medium level
of activity for the reforming reactions probably depending
on each level of Ni metal dispersions. Among these imp-
catalysts, imp-Ni/MgAl showed the lowest value of heat
accumulation due to the high Ni dispersion accompanied
by the reconstitution of Mg—Al hydrotalcite containing Ni
during the catalyst preparation. Along the catalyst bed, the 90
temperature decreased from the inlet to the outlet with the 0
all the supported Ni catalysts and showed almost constant
temperature around 1090 K at the outlet at the space veloC—ig. 10. Autothermal reforming of Ci carried out by adding
ity of 90,000 ml 't gcat Only inthe case of ablank test,the 0, () or H2O (Il) to the steam reforming. (a) Spco¥/MgzsAl;
temperature increased from the inlet (1084 K) to the outlet (b) imp-16.3wt%Ni/MgAl-aqg; (c) imp-16.3wt%Nif-Al203; (d) imp-

16.3wt%Ni/MgO; (e) imp-16.3wt%Ni-Al»O3; (f) thermodynamic equi-
(1090 K) along the catalyst bed at the same space velocity. ibrium. () A mixed gas of CH/HaO/Na — 50/50/200 mimir

was used at 1073 K for 50 mg of the catalyst. (II) A mixed gas of
CHg/02/N5 = 40/20/80 mimin~1 was used for 25 mg of the catalyst.

CHa4 conversion / %
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3.8. Autothermal reforming of CHy4

Autothermal reforming of Chlwas carried out by adding
Oy into the steam reforming mixture of GHAH2O/Ny =
50/50/100 mIimirr® over 50 mg of the supported Ni cat-
alysts at 1073 K (Fig. 10l). CH conversion calculated
by thermodynamic equilibrium increased with increasing
the amount of @. spc-Nps/Mg25Al showed the highest
activity in the autothermal reforming of GHalmost fol-
lowing the thermodynamic equilibrium, followed by imp-
Ni/y-Al203 and imp-Ni/MgAl-ag. Imp-Ni/MgO showed
the lowest activity, followed by imp-N#/-Al,03, and both
showed decreasing GHonversions by the addition of,0
at5 mimirr L.

When the autothermal reforming was carried out by
adding RBO in the partial oxidation mixture of CH O,/

N2 = 40/20/80 mimin~t, CH,; conversion at thermody-
namic equilibrium increased with increasing the amount of
H>O (Fig. 10l11). Twenty-five milligrams of the supported
Ni catalysts was used in each reaction. Spgg\¥ig2 sAl
again showed the highest activity almost following the ther-
modynamic equilibrium judging from the GHonversion,
followed by imp-Nik -Al 203, imp-Ni/MgzAl-aq, and imp-
Ni/MgO. The activity of imp-Nik-Al,03 was the lowest,  in the absence of £ while the addition of @ (5 mImin~1)
while imp-Ni/MgO showed rather high activity comparedto caused a clear decrease in the activity (Fig. 10l). This co-
the case of autothermal reforming carried out by addiag O incided well with the increase in the temperature with the
to the steam reforming. This may be due to surface oxidation addition of 5 mimin® of O, (Fig. 11l1). The activity of

cles on imp-Ni&-Al 203 must be oxidized at the first stage,
resulting in a lowering of the activity.

Temperature at the inlet of the catalyst bed increased
with increasing the amount of Oadded in the steam re-
forming mixture of CH/H>0/N, = 50/50/100 ml mirr 1
(Fig. 111), showing that endothermic steam reforming was
converted to exothermic, i.e., oxidative reforming reaction
by the addition of @. The reaction temperature was con-
trolled at 1073 K at the center of the catalyst bed. Spc-
Nigs/Mg2sAl showed the lowest temperature again as well
as no significant increase in the temperature even in the
presence of a high amount of,Osuggesting that the ac-
tivity for the reforming of this catalyst was the highest
among the Ni catalysts tested. Judging from the temperature
change, the activity was followed by imp-hiAl,O3 and
imp-Ni/MgsAl-aq. Both imp-Ni/MgO and imp-Ni-Al,03
showed a high temperature of the inlet of the catalyst bed,
in which the temperature change was significant with imp-
Ni/a-Al203. Imp-Ni/x-Al203 showed enough high activity

of Ni metal particles on imp-N#-Al03. The reaction was
carried out by increasing the amount of®lin the mixture
of CH4 and @, and therefore the surface of Ni metal parti-

imp-Ni/MgO for steam reforming was very low (Fig. 10I)
coinciding well with the high temperature in the absence
of Oz (Fig. 111).
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Fig. 11. Temperature at the inlet of the catalyst bed in the au-
tothermal reforming of Cl carried out by adding ® (I) or
H20 (Il). (a) spc-Np 5/Mg2 sAl; (b) imp-16.3wt%Ni/MgAl-ag; (c) imp-
16.3wt%Nik -Al,03; (d) imp-16.3wt%Ni/MgO; (e) imp-16.3wt%Ni/
a-Als03. () A mixed gas of CH/H2O/Ny = 50/50/100 mlmin1
was used at 1073 K for 50 mg of the catalyst. (Il) A mixed gas of
CHa/05/Ny = 40/20/80 mImin—1 was used for 25 mg of the catalyst.

Interestingly, the temperature at the inlet of the cat-
alyst bed did not change significantly whem® was
added in the partial oxidation mixture of GHO2/N2 =
40/20/80 mimin~t (Fig. 1111). This may be due to the fact
that oxidation proceeds more quickly compared to steam
reforming reaction. As a result, the addition of®idid not
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was almost constant as38, +32, +32, +34, +37, and
+37 K, when the amount of $#0 added was 0, 20, 40,
60, 80, and 100 mImint, respectively. The reaction was
always exothermic and the temperature at the inlet of the
catalyst bed was high, showing no substantial effectg®H
addition in heat production. This may be again due to that
the oxidation proceeds faster than the reforming reactions.
The distribution of products, i.e.,41CO, and CQ as well

as CH, and HO as the raw materials during the reaction
over spc-Ny s/Mg2 5Al always followed the thermodynamic
equilibrium.

3.9. Stability of spc-Ni/MgAl catalyst

A long-term stability of spc-Njs/Mg2sAl was tested
in the autothermal reforming of CHat 1073 K for 50 h
using 50 mg of the catalyst by feeding the mixed gas
of CH4/H20/02 = 2/2/1 rather at high GHSV of .b x
10° mlh—1 g2 (Fig. 12). The stability of spc-Nis/Mg2 sAl
was compared with those of spceo¥s/Mgo7sAl, imp-
16.3wt%Ni/MgAl-aq, and imp-8.3wt%Ni/MgAl-aq. Dur-
ing the reaction for 50 h, both spc-dN/Mg2.5Al and spc-
Nig.25/Mg2.75Al showed a quite high stability as well as
a high activity, while imp-16.3wt%Ni/MgAl-ag showed a
slow decline and imp-8.3 wt% Ni/MgAl-aq revealed a dras-
tic decrease in the activity after 30 h of the reaction. It is
clearly shown that the spc-method afforded a good stability
on supported Ni catalysts. Interestingly, even when the load-
ing amount of Ni was decreased to almost half, amount, i.e.,
8.3 wt% (spc-Nb 25/Mg2 75Al), the activity was still kept at
the same order of spc-bli/Mg2.sAl during 50 h of the re-
action. As shown in Table 2, the condition of prereduction

affect substantially the temperature at the inlet of the catalyst treatment was important for affording the high stability on

bed. Spc-Nis/Mg2s5Al showed again the lowest tempera-
ture in the absence of 4@, followed by imp-Nif-Al203,

and the temperature gradually decreased with increasing
the amount of HHO added. Also over imp-Ni/MgAl-aq and
imp-Ni/MgO, even though the temperature at the inlet was

high, the temperature decreased with increasing the amount

of H,O added, reflecting each activity for the reforming
reactions. Imp-Ni-Al2,03 showed a clear increase in the
temperature with increasing the amount of@H This may
be due to the surface oxidation of Ni metal particles, well
coinciding with the low activity (Fig. 1011) as discussed al-
ready.

The highest activity was obtained with spcgNiMg2 sAl
in both autothermal reforming reactions. A difference in the
temperature between the inlet and the outlet of the catalyst
bed was—80, —35, —27, +13, 435, and+47 K, when
the amount of @ added in the steam reforming over spc-
Nigs/Mg2sAl was 0, 5, 10, 15, 20, and 25 ml mif, re-
spectively. The temperature at the inlet of the catalyst bed
significantly increased with increasing the amount gf O

spc-Ni/MgAl catalysts and the reduction at 1173 K for 0.5 h

afforded the best results.
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Fig. 12. Autothermal reforming of Cjdover supported Ni catalysts.
(@) spc-Ni /Mg sAl; (b) spc-Nip 25/Mg2 75Al; (€) imp-16.3wt%Ni/

added, clearly showing that endothermic steam reforming mg,al-ag; (d) imp-8.3wt%NilMgAl-ag. A mixed gas of Cti/Hy0/O05/
was converted to exothermic oxidative reforming. On the N, =50/50/25/25 mimin—! was use(li at 1073 K for 50 mg of the catalyst
other hand, interestingly, the difference in the temperatures (space velocity= 1.5 x 10> ml h~! gz,
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4. Conclusion

spc-Ni/MgAl catalysts have been prepared from Mg—Al
hydrotalcite precursors containing Ni at the Mg site and
tested for the partial oxidation and autothermal reforming of
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on spc-Nps/MgzsAl catalysts were stable even under the
presence of @ while Ni catalysts prepared by the con-
ventional impregnation quickly lost activity due to the sur-
face oxidation of Ni particles. Moreover, a heat accumu-
lation during the CH oxidation was the lowest over the
spc-Nip.s/Mg2 sAl catalyst among the catalysts tested. This
clearly suggests that the heat of exothermig@bimbustion

to H,O and CQ could be quickly consumed by the follow-
ing endothermic Chireforming by HO and CQ over spc-
Nigs/Mg2sAl. Actually spc-Nips/Mg2sAIl showed a high
and stable activity for the autothermal reforming of Qbh-

der the copresence ob@nd HO. Thus, spc-Njs/Mg2 sAl
catalyst is a hopeful candidate for the autothermal reforming
of CH4 which can feed Hto fuel cell economically.
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