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Abstract

Autothermal reforming of methane (in the presence or absence of ethane) over Ni and/or Rh catalysts prepared from hydrotalcites is
reported. Surface and bulk structures of the reduced supported metal catalysts were characterized by various physicochemical technique:s
XANES and EXAFS at the Ni and Rk -edges indicate that the reduction ofNiand Rt in the support matrix with blwas incomplete
for all catalysts. NiRh alloy particles are formed in NiRh/MgAl. IR spectra of adsorbed CO indicate that the surface of the NiRh alloy
particles is enriched in Ni. All catalysts hardly catalyzed coke formation during &Hothermal reforming. The surface concentration of
reduced Ni was critical for the catalytic activity, i.e., the catalytic activity decreased in the order NiRhAMNAMQAI-2 > Rh/MgAlI-

1. However, Ni/MgAI-2 lost its activity, when cyclinggiween 1073 and 773 K at very high space velocitie? €110* 1/(h g)) through

oxidation of metallic Ni. In contrast, NiRh/MgAIl was relatively stable, while Rh/MgAI-1 did not deactivate. The enhanced stability of
NiRh/MgAIl by Rh against oxidation is attributed toyHpillover from Rh in the NiRh alloy as well as to its high activity (larger fraction

with reducing atmosphere). The activity of all catalysts in converting hydrocarbons increased in the presence of ethane, with ethane showing
a high tendency to react preferentially. Ethane could be convertedlietatypin the presence of partly converted methane. NiRh/MgAl and
Rh/MgAI-1 showed stable activity at 1073 and 773 K, while Ni/MgAI-2 gradually deactivated at 773 K. The deactivation attributed to Ni
oxidation was reduced by addition 05B8g.
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1. Introduction nology the demand for new catalysts to produce hydrogen
increases.

Hydrogen based fuel cells are an attractive alternative  St€am reforming of hydrocarbons, especially ofCHs
to conventional combustion engines because of their bettertN€ largestand generally the most economic way to produce
efficiency[1] leading in turn to a reduction of GCemis- M2 [1-3]. However, hydrogen production for fuel cell re-
sions. Fuel cells also lower atmospheric emissions such asduires high productivity, because the reformer has to be as

CO, NO,, and SQ. Due to the progress in fuel cell tech- c0mpact as possiblgl]. As a consequence, the reforming
catalyst must work at very high space velocities. Thus, for

breakthrough applications the catalysts must possess sub-
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oxygen/nitrogen separation can be avoided for this applica- In this contribution, we report therefore GHautother-
tion. mal reforming with or without @Hg over mono- (Ni/MgAl

However, in contrast to the large-scale use of reformers and Rh/MgAl) and bimetallic (NiRh/MgAl) catalysts pre-
under the typical operating conditis, reaction temperatures pared from HTlcs followed by calcination and reduction.
are varied frequently at startup and shutdown of the opera-Various physico-chemical techniques were applied to char-
tion. Thus, catalysts must be able to withstand multiple cy- acterize the bulk and surface structures of these catalysts and
cles under those conditions and rmakso tolerate operation  their potential reduction and oxidation. @ldutothermal re-
under such unusual transierdralitions without deteriora-  forming was carried out at extremely high space velocities
tion. Additionally, it should be mentioned that natural gasis (SV = 1.7 x 10°-1.2 x 10* I/(hg)) at a cycle of temper-
a regionally varying feedstock and may contain some light ature (1073-773-1073 K) or at constant temperature. Note
paraffins[1]. These are more reactive than £ahd tend to  thata composition of the reactants, i.e.,£282/Ar /H20 =
form coke rapidly[5]. In large units, an additional step (pre- 2/1/4/2, was used by assuming the total conversion of CO,
reforming) is being introduced serving mainly to remove the Which deactivates PEFC, to Gt the whole catalytic reac-
heavier hydrocarbori]. This is impractical for small-scale  tions including shift reaction and preferential CO oxidation.
reformers and hence suitable catalysts also have to tolerate
mixed feeds.

Highly dispersed metals show very high and stable ac- 2. Experimental
tivity for CH4 reforming [7]. In this context, Takehira et
al. [7] reported that fine Ni particles can be prepared by 2.1. Preparation of catalyst
using precursors containingdi cations in a crystalline pre-

cursor material, which was ahed at high temperatures Mono- and bimetal catalysts were prepared by using
(> 1123 K) and reduced. In that process, Ni cations homo- HT|cs as precursors. [Mghl2(OH)12C032"] x 4H,O was
geneously dispersed in crystalline mixed oxide, such as per-ysed as the base HTIc and a part of ¥gand AP+ was
ovskite, were reduced and fine and stable Ni particles werereplaced by Nit and R, respectively. Compositions of
formed. A similar idea has been proposed by Vaccari et al. catalysts are compiled ifable 1 The HTIcs were prepared

in the preparation of hydrotalcite-like compounds (HTIcs) by co-precipitation at room temperature by adding simulta-
containing noble metals as precursor for a catalyst for the neously a solution containing the metal nitrates and a solu-
partial oxidation of CH to synthesis gaf8]. Fine Rh parti-  tion containing NaOH and N&Os to distilled water[19].

cles were formed by reduction of well-dispersed Rh cations The pH was kept between 9 and 10 by adjusting the addi-
in the spinel phase. Both groups applied mono- and bimetal-tion of the metal salts and base solution. The precipitates
lic catalysts prepared from HTIcs, in which metals were were kept in suspension under stirring at room temperature

parts of the supports, to partial oxidatifh9-16]as well for overnight, and then filtered, washed with distilled wa-
as steanl7], CO, [9,14,18]and autothermal (i.e., the com-  ter and dried overnight at 363 K. All samples prepared were
bination of partial oxidation and steam reformirg] re- confirmed to have typical HTIc structures by XRD analysis.

forming of CHs. Among the catalysts explored NiRh showed These samples were calcined at 1173 K for 5 h, which com-
very high activity for CH reforming[12,14] However, the pletely destroys the HTIc structure and in turn forms oxide
characterization of the catalysts reported was insufficient for (MgO) and spinel (MgAdO,) phases, in which Ni and Rh
fully rationalizing the observations. In addition, the steady are dispersed homogeneouf@y10]. The powders obtained
state testing of catalysts onlgdts part of the catalyst prop- were pressed into pellets, crushed and sieved to particle sizes
erties (as will be shown here) and the catalytic activity must between 160 and 224 um. The compositions of the catalysts
be evaluated in multiple cycles for simulating the use of the after the calcination were detemed by atomic absorption

catalysts in compact reformers. spectroscopy (AAS).

Table 1

Physicochemical properties of catalysts

Catalyst Compositidh Loading (Wt%) BET surface aré H» uptake Metal dispersiofi Crystal size of N
Ni Rh (M?/gcat) (Mmol/geay) (%) (nm)

Ni/MgAl-1 Ni /Mg/Al = 6.5/61/33 83 121 17 2 83

Ni/MgAl-2 Ni /Mg/Al = 23/44/33 26 115 85 a 83

NiRh/MgAl  Ni/Rh/Mg/Al = 22/0.45/44/33 25 089 109 142 & 6.6

Rh/MgAl-1  Rh/Mg/Al = 0.34/67/33 080 136 24 6.2

Rh/MgAl-2  Rh/Mg/Al = 0.67/65/34 16 n.d. 35 45

@ Determined by AAS for catalys after calcination at 1173 K.
b Calcined at 1173 K.

C Determined by H uptake on the catalysts.

d Determined by using XRD results.
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2.2. Catalyst characterization at 1073 K for 1 h. The reduced samples were prepared as
self-supporting wafers, placed into a stainless-steel cell with
The BET surface area was measured using a PMI auto-CaF windows, and reduced at 723 K for 2 h in a flow of H
mated BET-sorptometer at 77.3 K using nitrogen as analysis (0.1 mbar). After the samples were cooled to 303 K in vac-
gas. uum, CO (3 pbar) was flown into the cell and the spectrum
Transmission electron microscopy (TEM) measurements was collected every 1 min for 60 min. To compare the spec-
were carried out on a JEM-2010 Jeol with an accelerating tra of the catalysts directly, the spectra were normalized by
voltage of 120.0 keV, equipped with a 10241024 pixel the weight of the wafers.
cooled slow-scan CCD-camera. Reduced catalysts, stored in - x_ray absorption spectra were measured at HASYLAB,
air, were suspepded ih ethanol and u'ltrasonically disperged.DESY (Hamburg, Germany) on beam line X1 using the
Drops of the dispersions were applied on a cooper grid- gj111) monochromator. Higher order reflections were ex-
supported carbon film. , _ .. cluded by detuning the second crystal of the monochromator
. Metal dlspersmns were determined by §tat|c equilib- to 60% of the maximum intensity. Fresh catalysts were re-
rium adsorption of I3 at room t_emperature using the pulse_ duced in B ex situ at 1073 K for 1 h and cooled down to
method. 100-300 mg .Of calcined catalyst; was loaded in room temperature. The reduced samples were prepared as
tubular quartz reactor (i.d. 4 mm), reduced ip/Ar (1/19, . . :
total flow rate of 60 mimin, 10 K/min) at 1073 K for 1 h self-support.mglwafers having a total absorption of 2:5, re-
duced in B in situ at 823 K for 2 h and measured at liquid

and purged with He to remove hydrogen atoms on the cat—N ; ¢ Th ¢ f1h di tal
alysts. After the catalysts we cooled to room temperature, 2 lemperature. The spectrum of the corresponding meta
foil was recorded simultaneously between the second and

doses of 0.2 ml llwere pulsed on the catalysts. The uptake '~ "> "™~ ) .
of H, was measured by the mass spectrometry (MS) and theth'rd ionization chamber to calibrate the energy alignment of

metal dispersion was calculated by assuming each metal sitd'€ monochromator. X-ray absorption spectra were recorded
chemisorbs one hydrogen atom. at the NlK-edge_(8333 eV) and thg Rii-edge (23220 eV)

50 mg of the calcined catgts was used for TPR. The @nd analyzed with the program Vipg21]. The local en-
calcined catalysts were heated up to 1123 K with a heat- vironment of the Ni and Rh atoms was determined from
ing rate of 3 K/min in Hy/He (1/19, total flow rate of the EXAFS using phase-shift and amplitude functions for
60 ml/min) and H uptake was measured. Ni—O and Ni—Ni as well as Rh—Rh, Rh—0, and Rh—Ni calcu-

100 mg of the fresh catalysts was used for TPO. After the lated assuming multiple scattering processes (FEFF Version
H, reduction at 1073 K for 1 h, the catalysts were cooled to 8.10)[22,23]
room temperature in flowing He. Then, TPO was performed
in Oz/He (1/19, total flow rate of 60 mimin) up to 1073 K
with a heating rate of 10 kmin and @ uptake was recorded
by MS.

The amount of coke deposited on the catalysts was  caralyst weight was set to 10 mg diluted with 400 mg
also quan.tmed by TPO. For thgt,_used catalysts (contain- o¢ sic or 100 mg and loaded into a tubular quartz re-
ing sometimes SiC used for dilution) were transferred to actor (i.d. 6 mm). The reactawas operated in downflow
the tubul'ar quartz reactor.PHe (1/19, total flow rate of mode with the catalyst bed held between quartz wool plugs.
60 mi/min) was fed to the reactqr and thg catalysts were After the catalysts were reduced in situ i ldt 1073 K
heated from 300 K to 1123 K with 10 Mnin. The coke :
deposited was oxidized to CO and/or £énd detected by for 1 h followed by Ar purge, a CHOZ/AIH,0 mix-

ture (CH;/O2/Ar/H,O = 2/1/4/2, SV = 172.8, 1728 or

MS. For quantitative calibration of evolved GOdecom- 12420 J(hg)) or a CH/CoHe/Ox/ArH20 mixture (CH,/

position of NaHCQ to CO,, NaCQOs, and HO was used. B B
TPO was also performed for SiC and fresh catalysts (beforeCz|—|6/02/Ar/|-|20 =16/0.2/1/4.2/2,SV=1728/(hg))
was passed over the catalyst. A thermocouple was placed

H> reduction) without SiC. The intensity of the peak for CO .
(m /e = 28) was in agreement with the fragmentation 0f,CO at the outside of the reactor and used to control the oven
(m /e = 44) for all TPO experiments indicating that carbona- temperature. A cold trap was attached between the exit
ceous species were converted to-CDhus, only the peaks ~ Of the reactor and gas chromatograph (GC) to remove
of CO, were integrated for detetining the concentrations ~ Water from the educts. The reaction products were an-
of coke. alyzed by the gas chronwgraph (Hewlett Packard, HP

The XRD patterns of the catalysts were collected in 58901) with two capillary columns (MS-5A and Pora Plot
Philips X'Pert-1 XRD powder diffraction-meter using Cu- Q) and a thermal conductivity detector (TCD). Hydro-
K, radiation. The Ni crystallite size was calculated from carbon conversion was calculated with carbon balance,
line broadening using the Scherrer equafi2wj. as the amount of coke deposited was very small to neg-

IR spectra of CO adsorbed on the catalysts were mea-ligible. After the reaction, the catalysts were cooled to
sured using a Bruker IFS 88 spectrometer equipped with room temperature in Ar and used for further characteriza-
a vacuum cell. Fresh catalysts were reduced 3nei situ tion.

2.3. Kinetic measurements



188 K. Nagaoka et al. / Journal of Catalysis 229 (2005) 185-196

®) ' | ®)

©
Fig. 1. TEM images of (A) Ni/MgAl-2, (B) NRh/MgAl, and (C) Rh/MgAI-1 after H reduction at 1073 K.

3. Results In order to understand the subtle variations better two
of the higher dispersion monometallic catalysts, Ni/MgAI-2
and Rh/MgAl-1, and one bimetal catalyst, NiRh/MgAl, were

.1. Physico-chemi f catalyst
3 ysico-chemical property of catalysts characterized in depth.

Metal composition, BET surface area, metal dispersion, 32 Ni XANESand EXAFS
and Ni crystal size are compiled ifable 1 All catalysts
showed high BET surface areas after calcination at 1173 K. The XANES at the Nik -edge of Ni/MgAl-2 and NiRh/
The fraction of metals exposed was below 10% for all ma- MgA| after reduction in H are compared with that of Ni
terials prepared. On the other hand, the presence of rel-foil and NiO in Fig. 2 For both catalysts the intensity of
atively small metal particles was confirmed by XRD and the peak above the edge slityhincreased copared to the
TEM images Fig. 1). The variations in the particle sizes are metal foil, which is attributed to the presence of some Ni
subtly reflecting the harsh conditions these materials were oxide. This suggests that the reduction of Ni cations in the
pretreated. It should be noted, however, that these small vari-support matrix is incomplete after treatment in&t 1073 K.
ations have a profound impact on the total concentration of  The Fourier transformed EXAF&{-weighted) at the Ni
metal atoms available. Note that the fraction of available K-edge of the Ni containing catalysts after reduction in H
metal atoms increases by 170% as Rh was added to the Nof Ni foil and of NiO are shown irFig. 3. The results of
catalysts. For the monometal catalysts, the Ni dispersion in-the EXAFS analysis are summarizedTiable 2 Small con-
creased with increasing Ni loading, while the Rh dispersion tributions of Ni-O (Vni_o = 1.3) and large contributions of
decreased with increasing Rh loading. Ni—Ni (Nni_ni = 9.2-9.4) were observed for both catalysts.
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Fig. 2. Ni K-edge XANES for (b) NiRh/MgAl and (c) Ni/MgAI-2 after
in situ Hy reduction at 823 K following ex situ $ireduction at 1073 K.

(a) Nifoil and (d) NiO included as references.
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Fig. 3. Magnitude of the Fourier transformed oscillatioia%—(veighted) at
the Ni K-edge of (b) NiRh/MgAI and (c) Ni/MgAlI-2 after in-situ #re-
duction at 823 K following ex-situ bireduction at 1073 K. (a) Ni foil and

(d) NiO included as references.
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Table 2
Coordination parameters for Ni caming samples determined by X-ray
absorption spectroscopy

Sample Ni—O Ni—Ni
N R@A) Ac2R?) N R(A) Ac?(A?)
Ni foil 12 2.49
NiO 6 207 12 294
Ni/MgAl-2 1.3 205 00081 94 249 00043
NiRh/MgAl 1.3 205 00095 92 248 00050
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Fig. 4. RhK-edge XANES for (b) NiRh/MgAl and (c) Rh/MgAI-1 after in
situ Hp reduction at 823 K following ex situ $ireduction at 1073 K. (a) Rh
foil and (d) ROz included as references.

Ni K-edge an increase in the peak above the absorption
edge was observed for both catalysts, which suggests the
co-existence of Rh metal and Rh oxide species in the cata-
lyst samples.

The magnitude of the Fourier transformed EXARS-(
weighted) at RhK -edge of the catalysts containing Rh after
reduction is compared with Rh foil and Rbs3 in Fig. 5.

For Rh/MgAl-1, the maxima between 1-2 and 2-3 A are as-
signed to Rh—0O and Rh—Rh contributions, respectively. For
NiRh/MgAI the contribution of the O neighbors (at 1-2 A)
was also observed, while maximum characteristic for the
Rh-Rh contributions (at 2-3 A) was smaller. In addition,
a contribution at around 1.5-2.5 A was observed, which is
attributed to Rh—Ni contributions. The results of the analy-

This is in agreement with the variations in the XANES and sis of the EXAFS at RIK-edge are summarized Table 3
confirms that after reduction Ni is present in these catalysts Contributions of Rh—Ni, Rh—Rh and Rh—O were taken into

in metallic and in cationic form.

3.3. Rh XANESand EXAFS

The XANES at the RhK-edge of Rh/MgAl-1 and
NiRh/MgAl after Hy reduction, Rh foil and ROz are com-
pared inFig. 4. Similarly to the XANES observed at the

account for analyzing the EXAFS of NiRh/MgAl.

The results clearly indicatéé absence of Rh—Rh contri-
bution and the formation of Rh—Ni neighbors in NiRh/MgAl,
providing clear evidence for the formation of NiRh alloy par-
ticles. SinceNgrn-ni Was significantly smaller than 12, we
speculate that at least part of Rh is enriched at the surface of
the bimetallic particles.
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Fig. 5. Magnitude of the Fourier transformed oscillatiota%—(veighted) at
the RhK-edge of (b) NiRh/MgAI and (c) Rh/MgAI-1 after in situ4e-
duction at 823 K following ex situ bireduction at 1073 K. (a) Rh foil and
(d) RhhO3 included as references.
2100 2000 1900 1800
Table 3 Wave number (cm-')
Coordination parameters for Rh-caimting samples determined by X-ray ]
absorption spectroscopy ©
Sample Rh-O Rh-Rh Rh-Ni | 0.01
N R Ac2 N R Ad®2 N R  Ad? 5 1
GINGS) A 33 A 33 s !
Rh foil 12 268 g .
RhyO3 6 206 8 min
Rh/MgAl-1 53 211 00087 25 268 00017 g 60
NiRh/MgAl 2.9 205 00029 01 261 00090 71 252 00041 ;‘E’ 10
1
6
4
3.4. IR spectra of adsorbed CO )
2100 2000 1900 1800

To confirm the existence of Rh on the surface of metal
particles of NiRh/MgAl, the metal surface was probed by
adsorption of CO followed by IR spectroscopy. The IR Fig. 6. IR spectra of CO adsorbed on (A) Ni/MgAl-2, (B) NiRh/MgAl, and
spectra of CO adsorbed at 3 pbar on reduced Ni/MgAl-2, (C) Rh/MgAI-1.

NiRh/MgAl and Rh/MgAI-1 are shown ifrig. 6. Two CO
stretching bands were observed in the IR spectra of all bridged bonded CO was higher than that of linearly adsorbed

catalysts. The bands at higher wavenumbers, i.e., 2000-CO. In contrast, linearly adsorbed CO was more abundant on
2100 cnt ! for Ni containing catalysts and 1910-2080thn  Rh/MgAI-1. For NiRh/MgAll, linearly bounded CO was also
for Rh/MgAI-1, are ascribetb linearly adsorbed CO, while  more abundant than bridged bonded CO at the start of expo-
the bands at lower frequency, i.e., 1800-2000 tifor Ni sure (2—4 min), while the ratio reversed after some time.
containing catalysts and 1800-1910cnfor Rh/MgAI-1,

are assigned to bridged bonded (%,26] All bands in- 3.5. Temperature programmed reduction and temperature
creased with time of exposure and the bands of bridged programmed oxidation

bonded CO on Ni containing catalysts shifted slightly to

higher wavenumbers. The intensities of the CO stretching  The behavior of the supported metals during reduction
bands indicate that with Ni/MgAl-2 the concentration of and oxidation was studied by TPR and TPO. The TPR pro-

Wave number (cm')
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493, 520, and 610 K, respectively. Thus, also the rate of oxi-
dation of Ni in NiRh/MgAl increased in the presence of Rh.
?j 3.6. Activity of catalysts for CH4/O2/Ar/H20 conversion in
% atemperature cycle
3
& The catalytic activity was studied in a temperature cy-
) (b) cle, where the oven temperature was once decreased from
630 1073 K to 773 K, and then increased again from 773 to
(a) 1073 K. The space velocities were adjusted 12 1 10%,
1.7 x 10° or 1.7 x 10? 1/(hg). It should be noted that an
t ' t y t = additional thermocouple in theactor showed significantly
373 573 773 973 lower values compared to oven temperatures at very high

Temperature (K) space velocities of.2 x 10%1/(h g), in the absence of chem-

) ) ) ) ical reactions. Note that oven temperatures of 1073, 973,873
Fig. 7. TPR profiles of (a) Rh/MgAL-1(b) NiRh/MgA, and (c) Ni/MgAl-2 and 773 K corresponded to 973, 873, 773 and 673 K inside
calcined at 1173 K (3 Kmin). ) . . .

the reactor. This is attributet the very high linear veloc-
ity of the reactants (122 cfs) under these conditions. GH
conversions of catalysts with different space velocities (SVs)
are shown as a function of time ig. 9. Note that blank test
with SiC did not show methane conversion. At the space ve-
locity of 1.7 x 10°1/(h g), NiRh/MgAl had the highest stable
CHg conversion Fig. 9B). Among the monometallic cata-
lysts, Ni/MgAI-2 had the highest initial CiHconversion, but
lost 10% of its initial value after the temperature cycle. This
led to comparable activity observed with Rh/MgAI-1. In
contrast, Ni/MgAlI-1 showed only very low CHconversion
from the beginning of the reaction. After the reaction, the de-
activated catalysts had a greenish color pointing to oxidized
Ni. The two Rh containing catgbts showed comparable and
323 ' 53 ' 73 ' 03 ' stable activity at all temperatures. The £ébnversion over

NiRh/MgAl at 773 K exceeded the thermodynamic equilib-
Fig. 8. TPO profiles of (a) Ni/MgAl-2(b) NiRh/MgAl, and (c) Rh/MgAl-1 rium for methane autothermal reforming. This is attributed
x5 reduced at 1073 K (10 Knin). to the preferential combustion over reforming at the lower

temperature. The exothermic process would lead to a higher
files of Ni/MgAI-2, NiRh/MgAl and Rh/MgAI-1 calcined at ~ temperature in catalyst layer and in turn to a higher conver-
1173 K are shown irfrig. 7. The TPR profile of Ni/MgAl- sion.
2 had a single maximum at 1057 K. The high temperature  Activity tests of Ni/MgAI-1, whose activity was rather
required for reduction indicates that¥iis well separated  low at a space velocity of.Z x 10°1/(h g), were carried out
in the precursof4]. Reduction of oxidized Rh, on the other at a lower SV of 17 x 10?1/(h g) (seeFig. 9C). Under these
hand, had a maximum rate at 680 K. It was reported previ- conditions, the catalyst showed a high and stablg €bh-
ously that Rh oxide species distributed in a precursor matrix version uo to 873 K, while the activity was completely lost
are reduced over a wide temperature range (573-1273 K).at 773 K. Once deactivated, the catalyst also showed only
Complete reduction of Rh with Hwas achieved after 4 h  low activity at 973 K, and the Cldconversion was restored
at 1023 K[15]. A rough estimate of the amount of Rh re- only up to 68% (71% of initial value) at 1073 K followed by
duced below 1123 K indicates that it would be too small slight increase to 74% with time on stream at this tempera-
to be detected. The maximum of the reduction of Ni oxide ture. The color of the used catalyst was greenish at the inlet
in NiRh/MgAIl was observed at 1025 K, about 30 K lower and gray at the outlet.
than the reduction of Ni in Ni/MgAI-2. In this context, it Catalytic activity of Ni/MgAI-2, NiRh/MgAIl and Rh/
is noted that i4 consumption during the Hreduction was MgAI-1 is compared at the very high SV of2lx 10* I/
slightly higher on NiRh/MgAl than on Ni/MgAI-2. Allthese  (hg) (Fig. 9A). NiRh/MgAl had the highest Cliconversion
observations suggest that the addition of small amount of Rhamong the catalyst under the used set of reaction conditions.

O, uptake (a.u.)

(a)

promotes the reduction of Ni oxide species. After completing one temperature cycle, the £ebnver-
The TPO profiles of Ni/MgAI-2, NiRh/MgAl and Rh/  sion at the oven temperature of 1073 K was slightly lower
MgAI-1 after the B reduction are compared iRig. 8. (90% of the initial value) than with the fresh material. Note

Rh/MgAI-1, NiRh/MgAl and Ni/MgAI-2 showed peaks at that Rh/MgAI-1 did not show any signs of deactivation at
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Fig. 9. CH; conversions vs time on stream for catalysts with SV of (A)
1.2 x 10%, (B) 1.7 x 103, and (C) 17 x 10? I/(hg) (reaction condi-
tion: CHy/O2/Ar/Ho0 = 2/1/4/2). Solid lines in (B) show equilibrium
CHy conversion at each temperature>) Ni/MgAl-1, (4) Ni/MgAl-2,

(@) NiRh/MgA, (A) Rh/MgAI-1, (A) Rh/MgAI-2.

1073 K. In contrast, the activity of Ni/MgAI-2 was com-
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Fig. 10. CH; conversions vs time on stream for catalysts at 773 K
(closed symbols) and 1073 K (aped symbols) (reaction condition:
CHa/O/Ar/Ho0 = 2/1/4/2; SV = 1.7 x 10° 1/(hg). (O, 9) Nil
MgAl-2, (CJ,m) NiRh/MgAl, (A,A) Rh/MgAI-1.

Table 4
Amount of carbonaceous species on the catalysts after the reaction
Catalyst Fresh After reaction for 24 h (wt%)

(wt%) Without GHg With CoHg

773K 1073 K 773K 1073 K

Ni/MgAl-2 0.42 1.1b 0.5P 0.9° 0.4b
NiRh/MgAl 0.62 1.0° 0.8° 1.0° 0.7
Rh/MgAI-1 0.22 1.1° 1.4° 0.9P 0.6°
SiC 08

Reaction conditions: CkyO5/Ar/Ho0O = 2/1/4/2 or CHy/CoHg/O2/
Ar/H,0=1.6/0.2/1/4.2/2; 17 x 10°1/(hg), 1073 or 773 K, 10 mght.
& Without SiC.
b With 400 mg SiC.

with SiC did not show activity at both temperatures. At
1073 K, all catalysts exhibited stable activity during the pe-
riod studied.

At 773 K the differences in the catalytic behavior were
more pronounced. Specifically, the gHonversion over
NiRh/MgAl was much higher than that over Rh/MgAI-1, al-
though both catalysts were stable. On the other hand, the
initial CH4 conversion over Ni/MgAI-2 was relatively high,
but gradually decreased to 66% of the initial value with
time on stream. The color of used Ni/MgAI-2 at 773 K was

pletely lost at 773 K and was not recovered, even if the Slightly greenish compared to gray color of the reduced ma-
temperature was increased to 1073 K. The color of the usedterial.

Ni/MgAI-1 was green, whereathat of the other catalysts
was gray.

3.7. Activity of and coke deposition on catalysts for
CHg4/O2/Ar/H20 conversion at constant temperature

Activities and stabilities of Ni/MgAI-2, NiRh/MgAl and
Rh/MgAI-1 were tested at 1073 K and 773 K, and the
results are presented iRig. 10 The SV was fixed to
1.7 x 10% 1/(h g) in these experiments. Note that blank test

The concentrations of carbonaceous species on the cat-
alysts after the reaction for 24 h are compiledTiable 4
The CQ evolving from the fresh sample is attributed to car-
bonates, which may also give a minor contribution to the
CO;, evolving from the used samples. Additionally, a small
part of the CQ formed during TPO could also originate
from SiC. Therefore, we conclude that the concentrations
of deposited coke were small for all catalysts demonstrating
strong resistance against coke deposition under the condi-
tions studied.
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3.8. Catalytic activity of catalystsin the presence of that the decrease was less pronounced compared to the de-
additional ethane crease with Ci/O2/Ar/H20 (Fig. 10.
After the reaction for 24 h on the catalysts, the amounts
To study influence of light paraffins in natural gas, the of carbonaceous species are determined and compilest in
flow rate of CH, in the above experiments was reduced to ble 4 As the amounts of deposited coke were insignificant
80 vol% and 50 vol% of the reduced Gkvas replaced by  for all catalysts at both temperatures, we conclude that the

C2Hg (total concentration of carbon in the feed was kept catalysts also do not produce coke in the presence of ethane.
constant). The Ar flow was increased to maintain the SV

at 17 x 10° I/(hg). Note that the blank test with 400 mg

SiC showed 63% conversion of,8g, i.e., 12.6% of total 4. Discussion

conversion of hydrocarbons (normalized to the carbon num-

ber), at 1073 K, and around 60% of the convertgti€was  4.1. Bulk and surface composition of the metal particles
dehydrogenated to4£El4. On the other hand, £ conver-

sion was not observed at 773 K. Conversions of,Gird The bulk and surface structures of metals of Ni/MgAI-2,
of CHs and GHe are shown inFigs. 11A and B, respec-  Rh/MgAl-1 and NiRh/MgAl after the K reduction at
tively. CH4 conversions in ClfC3He/O2/Ar/H20 condition 1073 K are important to understand the catalytic proper-
were comparable to those in GKD2/Ar/H20 at both tem-  ties. The H uptake revealed that the metal surface area of
peratures. On the other hand, the total conversions of theNij/MgAlI-2 increased by a factor of 1.7, when approximately
hydrocarbons in the former reactions were higher thaa CH 294 of Ni were substituted by Rh (MRh = 49 molar ratio)
conversions in the latter reactions. Note that trace amounts(Taple J).

of CoHy (less than 1% yield) were also detected duringthe  The XANES and the EXAFS at the NK-edge of
reaction at 1073 K. At both temperatures,ﬁdrhd total hy' N|/MgA|-2 and N|Rh/MgA| (F|gs 2 and ywere very sim-
drocarbon conversions were very stable for most catalysts,jjar and revealed that Ni was not completely reduced after
except for Ni/MgAI-2 at 773 K for which the activity de-  the H, treatment at 1073 K for 1 hTable 3 in both cat-
creased Sl|ght|y to 90% of its initial value. It should be noted a|ystsl From the intensity of the maximum above the ab-

100 sorption edge a fraction of unreduced Ni species of about

| OO O OO O O OO O OO O OO 20% was estimated. Significant differences in the EXAFS
Q04 “ 0 of NiRh/MgAl and Rh/MgAI-1 at the RhK -edge were ob-
SN served. The analysis of the EXAFS indicated that Rh—Rh
E colnnmnliay contributions were essentially absent in the bimetallic cata-
5 R s UV lysts (NiRh/MgAl), while strong Rh—Ni contributions were
g 40l observed. The results indicate that (similar to Pia4]) a
% I strong driving force exists to form a RhNi alloy and hence
S 5l all reduced Rh atoms are surrounded by TNilgle 3. Itis in-
I teresting to note that Ni-Rh contributions were not observed
0 ; , , , at the NiK -edge, which is attributed to very low loading of
0 5 10 15 20 25 Rh compared to Ni, i.e., 0.89 wt% vs 25 wt%. Under these
Time (h) conditions the Rh atoms are located as isolated atoms and

100 surrounded only by Ni atoms in the bimetallic RhNi phase.
In contrast, most Ni atoms are surrounded by other Ni atoms
in the bimetallic catalyst as only a very small fraction of Rh

S

2 80_ ® atoms are present, preventing to observe the Ni-Rh contri-

g 60-.'m_“’"""'""“"“_“ bution within thelimits of accuracy.

et 2 s LUV The degree of reduction estimated from the Rh—-O con-

g g AT A A A A A A tribution of Rh was much higher in NiRh/MgAlI than in

ﬁv 1 Rh/MgAl-1, which indicates that the presence of Ni dras-

S 20+ tically enhances also the reduction of Rh. The degree of

s reduction of the more abundant Ni species was hardly in-

= 0 , , , , fluenced by the presence of Rh, but gave an additional ther-
0 5 10 15 20 25 modynamic driving force for the presence of reduced Rh

Time (h) (dispersion in Ni). This shows that the degree of oxidation
Fig. 11 (A) ChHy conversions and () total GHand GHg conver- of Rh in Rh/MgAI—l or Rh/MgAI-1 is not dnve'n by the k|.—
sion (normalized by carbon number) vs time on stream for catalysts at netlcs. of reduction, but l_)y the thermOdynamIC,S in the final
773 K (closed symbols) and 1073 K (opened symbols) (reaction conditions: Material. It cannot be estimated at the moment in how far en-
CHy/CoHg/Og/Ar/H20 = 1.6/0.2/1/4.2/2; SV = 1.7 x 103 I/(hg)). capsulation of metal (oxide) particles by the oxidic support
(&, @) NilMgAI-2, (T, M) NiRh/MgAl, (A,A) Rh/MgAI-1. plays an important role.
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Whatever the mechanism of the formation of the metal-
lic particles may be, Ni and Rh oxide species are initially
well dispersed in the oxidic precursor after calcination at
1173 K[8-10,27] During the reduction process a relatively
high mobility of Rh and Ni atoms must exist and the mutual
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atmosphere being oxidative and reductive, respectively. In
order to operate the reformer with high efficiency, it is im-
portant to understand the catalytic behavior under the chang-
ing conditions.

In contrast to the similar catalytic stabilities of Rh/MgAI-

influence (with the formation of the alloy as strong driving
force) leads to the formation of particles in which Rh initi- monometal catalysts was drastically changed by varying
ates the reduction of Ni (by increasing the availability of H SVs (Fig. 9). To understand catalytic behavior of Ni mono-
atoms), but is also separated more clearly from the support,metal catalysts, we characterized Ni/MgAl-1 extensively.
as the decrease in the Rh—O contribution in EXAFS clearly The catalyst showed high GHonversions at 1073-873 K
demonstrates. The presence of Rh, on the other hand, seemat the SV of 17 x 10? 1/(hg) (Fig. 9C). However, the ac-

to provide anchoring of Ni and, therefore, results in smaller tivity vanished at 773 K and the color of the used catalyst
crystal size of Ni in NiRh/MgAl than that in Ni/MgAI-2Ta- was greenish. XRD analysis of this material revealed that
ble ). diffraction peaks of metallic Ni (observed after the téduc-

The intensity of the bandfdinearly adsorbed CO was tion) disappeared completely, indicating that the inactivity
initially (2—4 min) stronger than that of bridged bonded CO was related to the oxidation of Ni in line with the color
for NiRh/MgAI. This tendency was reversed after the time change. Note that the amount of carbonaceous species was
indicating that CO at first adsorbs on Rh atoms. With time, insignificant, i.e., 0.2% including carbonates, after the re-
however, the relative conceration of CO on Rh decreased, action at 773 K. Activity can be restored by increasing the
because Ni is the most abundant surface metal atom. reaction temperaturd={g. 9C). This increase leads to the

The particle size and the fraction of metal exposed were consumption of oxygen of NiO in oxidizing part of GH
probed by three independentways, i.e., TEM dHemisorp- which leads to reduced Ni and a more reducing atmosphere.
tion and XRD (sed@able 1). The particle size was notdeter- The reduced Niis able to catalyze gebmbustion and sub-
mined by EXAFS, as the materials studied include reduced sequent reforming to synthesis gas. Thus, metal oxides are
and oxidized metals making it, thus, ambiguous to deter- more likely reduced at the tlet of the reactor than at the
mine realistic coordination numbers. The comparison of the inlet. It is speculated that all metals were not reduced suffi-
size of the particles and hydrogen chemisorption (fraction ciently by the reactants, if reduced Ni were once oxidized.
of metal atoms that are at the surface) suggests an averag&his phenomenon would give the catalyst lower activity af-
degree of dispersion of 4.1 and 6.5% for Ni/MgAI-2 and ter re-reduction and greenish and gray colors at the inlet and
NiRh/MgAl, respectively. The dispersion suggested by this outlet, respectively. Thus, we conclude that the increase of
method is lower than the values determined by XRD analy- SV and decrease of the temperature leads to oxidation of Ni
sis by assuming spherical metal crystallif2s], i.e., 11.7 explaining the rather low activity at the higher SVs of both
and 14.7% for Ni/MgAI-2 and NiRh/MgAll, respectively. We  Ni monometal catalysts. Higher concentration of exposed Ni
speculate that the difference points to a partial encapsulationin Ni/MgAlI-2 than Ni/MgAI-1 obviously contributes to sup-
of metal particles by the supports during the reduction. press the deactivation due to the oxidation.

Rh monometal catalysts, on the other hand, showed very
stable activity with varying temperature and SWid. 9).
Note that even if Rh/MgAI-1 was used at the SV o k
10* 1/(hg), the catalyst did not deactivate. Similar activi-

Catalyst deactivation is a significant issue in £#&l- ties between Rh/MgAI-1 and Rh/MgAI-2 may be attributed
tothermal reforming with high severity. It is caused by the to the lower Rh dispersion in Rh/MgAI-2 resulting from the
decrease of catalytically active sites by coking, oxidation higher Rh loading.
or sintering of the metal. The influence of such factors  The oxidation of Ni was suppressed efficiently by the ad-
markedly depends on the reaction temperature and the op-dition of small amounts of Rh (NRh= 49 in molar ratio).
eration severity. Deposited coke originates mainly from two Two explanations of the role of Rh in retarding the oxidation
reactions, i.e., Chidecomposition and CO disproportiona- of Niare possible. One is rekad to the high catalytic activity
tion. The former is endothermic and favored at higher tem- (higher intrinsic activity) and because of the larger concen-
peratures, while the latter is exothermic and favored at lower trations of metals exposed (factor of 1.7), which leads to
temperatures. Oxidation of metal may occur easily at lower more reductive atmosphere. Another possibility is presence
temperatures at which methane cannot be activ@e®0] of spillt-over H atoms from Rh to NiRh alloy particl§31].

On the other hand, sintering of metal particles is facilitated By TPR, it was shown that reduction of Ni in Ni/MgAI-2 oc-
by higher temperatures. Operation severity in the laboratory curred at lower temperature by addition of small amounts of
mainly varied with the space velocity (SV), which is another Rh (Fig. 7). Note that such enhancement of Ni reduction by
important factor. Oxidative (D, O, CO,) and reductive  noble metal has been attributed to hydrogen spillover from
(CHg4, CO, Hp) species are present during gldutother- noble metal surface. However, also the oxidation of metallic
mal reforming, i.e., low and high CHconversions lead to  Ni was promoted by RhFig. 8). The nature of the bimetal-

1 and NiRh/MgAl in different SVs, the stability of Ni

4.2. Catalyst properties and behavior in CH4/O2/Ar/H20O
reaction
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lic alloy must be important for retarding the oxidation of 5. Conclusions

Ni. While NiRh/MgAl showed slight deactivation at the very

high SV (12 x 10*1/(h g)) presumably through oxidation of Autothermal reforming of methane with or withoulds
the metal, its catalytic activityas significantly higher than  was carried out at 773-1073 K at the very high SV o7 (%
that of Rh/MgAI-1 under all conditions studie&ig. 10. 10°-12 x 10%I/(h @) over mono- and bimetal catalysts in-

Note that the slight deactivation can be suppressed by thecluding Ni and/or Rh prepared from hydrotalcites. Higher
introduction of a higher fraction of Rh. loading of Ni contributed to prevent a low activity/inactivity

due to oxidation of Ni metal. However, Ni/MgAI-2 includ-
ing relatively large amount of Ni (26 wt%) also deactivated
4.3. Relevance of catalytic behavior in CH4/Oo/Ar/H20 rapidly at the very high SV of 2 x 10* I/(hg). The de-
and CH4/C,Hg/O,/Ar/H,0 reaction activation was drastically retarded by the presence of Rh
(Ni/Rh=49). In NiRh/MgAl, reduction of Rh oxide species
during H pretreatment is enhanced by the presence of Ni.
Total hydrocarbon conversions of Ni/MgAl-2, NiRh/ In turn Rh anchored NiRh alloy particles resulting in the
MgAl and Rh/MgAl-1 were higher in CIHCoHg/Oo/Ar/H 20 formation of relatively small NiRh particles and higher frac-

reaction Fig. 11) than CHy/O./Ar/H,0 reaction Fig. 10). tion of metals exposed. A part of Rh is located at accessible
This tendency is associated to the very high conversions ofSites on the NiRh alloy particles and contributes to main-
CoHg (above 94% at 1073 K and above 58% at 773 K). tain fully reduced Ni. On the other hand, Rh/MgAl showed

In both reactions, most of the catalysts were stable, exceptVe"Y Stable activity even at the very high SV, but its activity
for Ni/MgAI-2 which gradually deactivated at 773 K. How- was lower than that of NiRh/MgAl under all conditions stud-
ever, the deactivation was apparently suppressed by the pari_ed. These results suggest that catalyst compositions, SV and

tial replacement of Cilby CoHe. After the CHyi/O2/Ar/H20 temperf':lture gradient must bptlmlzed caraillly accorldilng

. . . to requirements of the system, i.e., operation condition and
reaction, the catalyst was slightly greenish and the amount : o .

. . . economical efficiency. Partial replacement of £y CoHg
of carbonaceous species accumulated during the reaction .
was insianificant Tabl Th results indicate the arad increased conversion of total hydrocarbons and the more
as Insigniiica {able 4. ese resulis indicate the grad easy activation of gHg than CH, contributes to suppress

ual deactivation can be ascribed to oxidation of Ni as dis-

i ¢ oxidati ) oxidation of metal by consuming oxidative species in the re-
cussed above. Faster consumption of oxidative species, O goant. It is possible with these catalysts also to selectively

and RO, induced by faster conversion 05K than thatof e move the higher alkane from methane by reaction. All cat-
CHy helps retarding the oxidation of metallic Ni. alysts prepared showed strong resistance for coke deposition

In general, thermal or steam cracking of the higher hydro- jn cH, autothermal reforming in the presence and absence
carbons can occur above 873-923 K even in the absence obf C,Hg.

the catalyst. The cracking leatb olefins followed by a car-

bonaceous polymer which can be dehydrogenated easily to
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