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Abstract

Autothermal reforming of methane (in the presence or absence of ethane) over Ni and/or Rh catalysts prepared from hydro
reported. Surface and bulk structures of the reduced supported metal catalysts were characterized by various physicochemical
XANES and EXAFS at the Ni and RhK-edges indicate that the reduction of Ni2+ and Rh3+ in the support matrix with H2 was incomplete
for all catalysts. NiRh alloy particles are formed in NiRh/MgAl. IR spectra of adsorbed CO indicate that the surface of the NiR
particles is enriched in Ni. All catalysts hardly catalyzed coke formation during CH4 autothermal reforming. The surface concentration
reduced Ni was critical for the catalytic activity, i.e., the catalytic activity decreased in the order NiRh/MgAl> Ni/MgAl-2 > Rh/MgAl-
1. However, Ni/MgAl-2 lost its activity, when cycling between 1073 and 773 K at very high space velocities (1.2 × 104 l/(h g)) through
oxidation of metallic Ni. In contrast, NiRh/MgAl was relatively stable, while Rh/MgAl-1 did not deactivate. The enhanced stab
NiRh/MgAl by Rh against oxidation is attributed to H2 spillover from Rh in the NiRh alloy as well as to its high activity (larger fract
with reducing atmosphere). The activity of all catalysts in converting hydrocarbons increased in the presence of ethane, with ethan
a high tendency to react preferentially. Ethane could be converted completely in the presence of partly converted methane. NiRh/MgAl
Rh/MgAl-1 showed stable activity at 1073 and 773 K, while Ni/MgAl-2 gradually deactivated at 773 K. The deactivation attribute
oxidation was reduced by addition of C2H6.
 2004 Elsevier Inc. All rights reserved.

Keywords: CH4 autothermal reforming; C2H6 addition; Bimetal catalyst; Hydrotalcite; NiRh alloy particles; XAS measurement; Catalytic stability;
Oxidative deactivation; Coke formation
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1. Introduction

Hydrogen based fuel cells are an attractive alterna
to conventional combustion engines because of their b
efficiency [1] leading in turn to a reduction of CO2 emis-
sions. Fuel cells also lower atmospheric emissions suc
CO, NOx , and SOx . Due to the progress in fuel cell tec

* Corresponding author. Fax: +49 (0)89 289 13544.
E-mail addresses: nagaoka@cc.oita-u.ac.jp(K. Nagaoka),

andreas.jentys@ch.tum.de(A. Jentys),johannes.lercher@ch.tum.de
(J.A. Lercher).

1 Present address: Department of Applied Chemistry, Faculty of Engi
neering, Oita University, Dannoharu 700, Oita 870-1192, Japan.
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.10.006
nology the demand for new catalysts to produce hydro
increases.

Steam reforming of hydrocarbons, especially of CH4, is
the largest and generally the most economic way to prod
H2 [1–3]. However, hydrogen production for fuel cell r
quires high productivity, because the reformer has to b
compact as possible[4]. As a consequence, the reformi
catalyst must work at very high space velocities. Thus,
breakthrough applications the catalysts must possess
stantially higher catalytic activity than conventional reform
ing catalysts.

CH4 autothermal reforming with H2O and air is a good
option for reforming fuel for fuel cells feeds, as it avoids t
necessity of large external supply of heat, and the cos
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oxygen/nitrogen separation can be avoided for this app
tion.

However, in contrast to the large-scale use of reform
under the typical operating conditions, reaction temperatur
are varied frequently at startup and shutdown of the op
tion. Thus, catalysts must be able to withstand multiple
cles under those conditions and must also tolerate operatio
under such unusual transient conditions without deteriora
tion. Additionally, it should be mentioned that natural ga
a regionally varying feedstock and may contain some l
paraffins[1]. These are more reactive than CH4 and tend to
form coke rapidly[5]. In large units, an additional step (pr
reforming) is being introduced serving mainly to remove
heavier hydrocarbons[6]. This is impractical for small-scal
reformers and hence suitable catalysts also have to tol
mixed feeds.

Highly dispersed metals show very high and stable
tivity for CH4 reforming [7]. In this context, Takehira e
al. [7] reported that fine Ni particles can be prepared
using precursors containing Ni2+ cations in a crystalline pre
cursor material, which was calcined at high temperature
(� 1123 K) and reduced. In that process, Ni cations ho
geneously dispersed in crystalline mixed oxide, such as
ovskite, were reduced and fine and stable Ni particles w
formed. A similar idea has been proposed by Vaccari e
in the preparation of hydrotalcite-like compounds (HTl
containing noble metals as precursor for a catalyst for
partial oxidation of CH4 to synthesis gas[8]. Fine Rh parti-
cles were formed by reduction of well-dispersed Rh cati
in the spinel phase. Both groups applied mono- and bim
lic catalysts prepared from HTlcs, in which metals w
parts of the supports, to partial oxidation[4,9–16]as well
as steam[17], CO2 [9,14,18]and autothermal (i.e., the com
bination of partial oxidation and steam reforming)[4] re-
forming of CH4. Among the catalysts explored NiRh show
very high activity for CH4 reforming[12,14]. However, the
characterization of the catalysts reported was insufficien
fully rationalizing the observations. In addition, the stea
state testing of catalysts only tests part of the catalyst pro
erties (as will be shown here) and the catalytic activity m
be evaluated in multiple cycles for simulating the use of
catalysts in compact reformers.
e

In this contribution, we report therefore CH4 autother-
mal reforming with or without C2H6 over mono- (Ni/MgAl
and Rh/MgAl) and bimetallic (NiRh/MgAl) catalysts pr
pared from HTlcs followed by calcination and reductio
Various physico-chemical techniques were applied to c
acterize the bulk and surface structures of these catalyst
their potential reduction and oxidation. CH4 autothermal re
forming was carried out at extremely high space veloci
(SV = 1.7 × 102–1.2 × 104 l/(h g)) at a cycle of temper
ature (1073–773–1073 K) or at constant temperature. N
that a composition of the reactants, i.e., CH4/O2/Ar/H2O =
2/1/4/2, was used by assuming the total conversion of
which deactivates PEFC, to CO2 in the whole catalytic reac
tions including shift reaction and preferential CO oxidati

2. Experimental

2.1. Preparation of catalyst

Mono- and bimetal catalysts were prepared by us
HTlcs as precursors. [Mg4Al2(OH)12CO3

2−] × 4H2O was
used as the base HTlc and a part of Mg2+ and Al3+ was
replaced by Ni2+ and Rh3+, respectively. Compositions o
catalysts are compiled inTable 1. The HTlcs were prepare
by co-precipitation at room temperature by adding simu
neously a solution containing the metal nitrates and a s
tion containing NaOH and Na2CO3 to distilled water[19].
The pH was kept between 9 and 10 by adjusting the a
tion of the metal salts and base solution. The precipit
were kept in suspension under stirring at room tempera
for overnight, and then filtered, washed with distilled w
ter and dried overnight at 363 K. All samples prepared w
confirmed to have typical HTlc structures by XRD analys
These samples were calcined at 1173 K for 5 h, which c
pletely destroys the HTlc structure and in turn forms ox
(MgO) and spinel (MgAl2O4) phases, in which Ni and R
are dispersed homogeneously[8–10]. The powders obtaine
were pressed into pellets, crushed and sieved to particle
between 160 and 224 µm. The compositions of the cata
after the calcination were determined by atomic absorptio
spectroscopy (AAS).
Table 1
Physicochemical properties of catalysts

Catalyst Compositiona Loading (wt%) BET surface areab

(m2/gcat)

H2 uptake
(µmol/gcat)

Metal dispersionc

(%)
Crystal size of Nid

(nm)Ni Rh

Ni/MgAl-1 Ni /Mg/Al = 6.5/61/33 8.3 121 17 2.4 8.3
Ni/MgAl-2 Ni /Mg/Al = 23/44/33 26 115 85 4.1 8.3
NiRh/MgAl Ni/Rh/Mg/Al = 22/0.45/44/33 25 0.89 109 142 6.5 6.6
Rh/MgAl-1 Rh/Mg/Al = 0.34/67/33 0.80 136 2.4 6.2
Rh/MgAl-2 Rh/Mg/Al = 0.67/65/34 1.6 n.d. 3.5 4.5

a Determined by AAS for catalysts after calcination at 1173 K.
b Calcined at 1173 K.
c Determined by H2 uptake on the catalysts.
d Determined by using XRD results.
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2.2. Catalyst characterization

The BET surface area was measured using a PMI a
mated BET-sorptometer at 77.3 K using nitrogen as ana
gas.

Transmission electron microscopy (TEM) measureme
were carried out on a JEM-2010 Jeol with an accelera
voltage of 120.0 keV, equipped with a 1024× 1024 pixel
cooled slow-scan CCD-camera. Reduced catalysts, stor
air, were suspended in ethanol and ultrasonically disper
Drops of the dispersions were applied on a cooper g
supported carbon film.

Metal dispersions were determined by static equi
rium adsorption of H2 at room temperature using the pul
method. 100–300 mg of calcined catalysts was loade
tubular quartz reactor (i.d. 4 mm), reduced in H2/Ar (1/19,
total flow rate of 60 ml/min, 10 K/min) at 1073 K for 1 h
and purged with He to remove hydrogen atoms on the
alysts. After the catalysts were cooled to room temperatur
doses of 0.2 ml H2 were pulsed on the catalysts. The upta
of H2 was measured by the mass spectrometry (MS) and
metal dispersion was calculated by assuming each meta
chemisorbs one hydrogen atom.

50 mg of the calcined catalysts was used for TPR. Th
calcined catalysts were heated up to 1123 K with a h
ing rate of 3 K/min in H2/He (1/19, total flow rate of
60 ml/min) and H2 uptake was measured.

100 mg of the fresh catalysts was used for TPO. After
H2 reduction at 1073 K for 1 h, the catalysts were cooled
room temperature in flowing He. Then, TPO was perform
in O2/He (1/19, total flow rate of 60 ml/min) up to 1073 K
with a heating rate of 10 K/min and O2 uptake was recorde
by MS.

The amount of coke deposited on the catalysts
also quantified by TPO. For that, used catalysts (cont
ing sometimes SiC used for dilution) were transferred
the tubular quartz reactor. O2/He (1/19, total flow rate of
60 ml/min) was fed to the reactor and the catalysts w
heated from 300 K to 1123 K with 10 K/min. The coke
deposited was oxidized to CO and/or CO2 and detected by
MS. For quantitative calibration of evolved CO2, decom-
position of NaHCO3 to CO2, Na2CO3, and H2O was used
TPO was also performed for SiC and fresh catalysts (be
H2 reduction) without SiC. The intensity of the peak for C
(m/e = 28) was in agreement with the fragmentation of C2
(m/e = 44) for all TPO experiments indicating that carbon
ceous species were converted to CO2. Thus, only the peak
of CO2 were integrated for determining the concentration
of coke.

The XRD patterns of the catalysts were collected
Philips X’Pert-1 XRD powder diffraction-meter using C
Kα radiation. The Ni crystallite size was calculated fro
line broadening using the Scherrer equation[20].

IR spectra of CO adsorbed on the catalysts were m
sured using a Bruker IFS 88 spectrometer equipped
a vacuum cell. Fresh catalysts were reduced in H2 ex situ
.

at 1073 K for 1 h. The reduced samples were prepare
self-supporting wafers, placed into a stainless-steel cell
CaF windows, and reduced at 723 K for 2 h in a flow of2
(0.1 mbar). After the samples were cooled to 303 K in v
uum, CO (3 µbar) was flown into the cell and the spectr
was collected every 1 min for 60 min. To compare the sp
tra of the catalysts directly, the spectra were normalized
the weight of the wafers.

X-ray absorption spectra were measured at HASYLA
DESY (Hamburg, Germany) on beam line X1 using
Si(111) monochromator. Higher order reflections were
cluded by detuning the second crystal of the monochrom
to 60% of the maximum intensity. Fresh catalysts were
duced in H2 ex situ at 1073 K for 1 h and cooled down
room temperature. The reduced samples were prepar
self-supporting wafers having a total absorption of 2.5,
duced in H2 in situ at 823 K for 2 h and measured at liqu
N2 temperature. The spectrum of the corresponding m
foil was recorded simultaneously between the second
third ionization chamber to calibrate the energy alignmen
the monochromator. X-ray absorption spectra were reco
at the NiK-edge (8333 eV) and the RhK-edge (23220 eV
and analyzed with the program Viper[21]. The local en-
vironment of the Ni and Rh atoms was determined fr
the EXAFS using phase-shift and amplitude functions
Ni–O and Ni–Ni as well as Rh–Rh, Rh–O, and Rh–Ni cal
lated assuming multiple scattering processes (FEFF Ver
8.10)[22,23].

2.3. Kinetic measurements

Catalyst weight was set to 10 mg diluted with 400 m
of SiC or 100 mg and loaded into a tubular quartz
actor (i.d. 6 mm). The reactorwas operated in downflow
mode with the catalyst bed held between quartz wool plu
After the catalysts were reduced in situ in H2 at 1073 K
for 1 h followed by Ar purge, a CH4/O2/Ar/H2O mix-
ture (CH4/O2/Ar/H2O = 2/1/4/2, SV = 172.8, 1728 or
12420 l/(h g)) or a CH4/C2H6/O2/Ar/H2O mixture (CH4/

C2H6/O2/Ar/H2O = 1.6/0.2/1/4.2/2, SV= 1728 l/(h g))
was passed over the catalyst. A thermocouple was pl
at the outside of the reactor and used to control the o
temperature. A cold trap was attached between the
of the reactor and gas chromatograph (GC) to rem
water from the educts. The reaction products were
alyzed by the gas chromatograph (Hewlett Packard, H
58901) with two capillary columns (MS-5A and Pora P
Q) and a thermal conductivity detector (TCD). Hydr
carbon conversion was calculated with carbon bala
as the amount of coke deposited was very small to n
ligible. After the reaction, the catalysts were cooled
room temperature in Ar and used for further character
tion.
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(A) (B)

(C)

Fig. 1. TEM images of (A) Ni/MgAl-2, (B) NiRh/MgAl, and (C) Rh/MgAl-1 after H2 reduction at 1073 K.
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3. Results

3.1. Physico-chemical property of catalysts

Metal composition, BET surface area, metal dispers
and Ni crystal size are compiled inTable 1. All catalysts
showed high BET surface areas after calcination at 117
The fraction of metals exposed was below 10% for all m
terials prepared. On the other hand, the presence of
atively small metal particles was confirmed by XRD a
TEM images (Fig. 1). The variations in the particle sizes a
subtly reflecting the harsh conditions these materials w
pretreated. It should be noted, however, that these small
ations have a profound impact on the total concentratio
metal atoms available. Note that the fraction of availa
metal atoms increases by 170% as Rh was added to th
catalysts. For the monometal catalysts, the Ni dispersio
creased with increasing Ni loading, while the Rh dispers
decreased with increasing Rh loading.
-

i

In order to understand the subtle variations better
of the higher dispersion monometallic catalysts, Ni/MgA
and Rh/MgAl-1, and one bimetal catalyst, NiRh/MgAl, we
characterized in depth.

3.2. Ni XANES and EXAFS

The XANES at the NiK-edge of Ni/MgAl-2 and NiRh/
MgAl after reduction in H2 are compared with that of N
foil and NiO in Fig. 2. For both catalysts the intensity
the peak above the edge slightly increased compared to the
metal foil, which is attributed to the presence of some
oxide. This suggests that the reduction of Ni cations in
support matrix is incomplete after treatment in H2 at 1073 K.

The Fourier transformed EXAFS (k2-weighted) at the N
K-edge of the Ni containing catalysts after reduction in2,
of Ni foil and of NiO are shown inFig. 3. The results of
the EXAFS analysis are summarized inTable 2. Small con-
tributions of Ni–O (NNi–O = 1.3) and large contributions o
Ni–Ni (NNi–Ni = 9.2–9.4) were observed for both catalys
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Fig. 2. Ni K-edge XANES for (b) NiRh/MgAl and (c) Ni/MgAl-2 after
in situ H2 reduction at 823 K following ex situ H2 reduction at 1073 K.
(a) Ni foil and (d) NiO included as references.

Fig. 3. Magnitude of the Fourier transformed oscillations (k2-weighted) at
the Ni K-edge of (b) NiRh/MgAl and (c) Ni/MgAl-2 after in-situ H2 re-
duction at 823 K following ex-situ H2 reduction at 1073 K. (a) Ni foil and
(d) NiO included as references.

This is in agreement with the variations in the XANES a
confirms that after reduction Ni is present in these catal
in metallic and in cationic form.

3.3. Rh XANES and EXAFS

The XANES at the RhK-edge of Rh/MgAl-1 and
NiRh/MgAl after H2 reduction, Rh foil and Rh2O3 are com-
pared inFig. 4. Similarly to the XANES observed at th
Table 2
Coordination parameters for Ni containing samples determined by X-ra
absorption spectroscopy

Sample Ni–O Ni–Ni

N R (Å) �σ2 (Å2) N R (Å) �σ2 (Å2)

Ni foil 12 2.49
NiO 6 2.07 12 2.94
Ni/MgAl-2 1.3 2.05 0.0081 9.4 2.49 0.0043
NiRh/MgAl 1.3 2.05 0.0095 9.2 2.48 0.0050

Fig. 4. RhK-edge XANES for (b) NiRh/MgAl and (c) Rh/MgAl-1 after in
situ H2 reduction at 823 K following ex situ H2 reduction at 1073 K. (a) Rh
foil and (d) Rh2O3 included as references.

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

The magnitude of the Fourier transformed EXAFS (k2-
weighted) at RhK-edge of the catalysts containing Rh af
reduction is compared with Rh foil and Rh2O3 in Fig. 5.
For Rh/MgAl-1, the maxima between 1–2 and 2–3 Å are
signed to Rh–O and Rh–Rh contributions, respectively.
NiRh/MgAl the contribution of the O neighbors (at 1–2 Å
was also observed, while maximum characteristic for
Rh–Rh contributions (at 2–3 Å) was smaller. In additio
a contribution at around 1.5–2.5 Å was observed, whic
attributed to Rh–Ni contributions. The results of the ana
sis of the EXAFS at RhK-edge are summarized inTable 3.
Contributions of Rh–Ni, Rh–Rh and Rh–O were taken i
account for analyzing the EXAFS of NiRh/MgAl.

The results clearly indicate the absence of Rh–Rh contr
bution and the formation of Rh–Ni neighbors in NiRh/MgA
providing clear evidence for the formation of NiRh alloy pa
ticles. SinceNRh–Ni was significantly smaller than 12, w
speculate that at least part of Rh is enriched at the surfa
the bimetallic particles.
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Fig. 5. Magnitude of the Fourier transformed oscillations (k2-weighted) at
the RhK-edge of (b) NiRh/MgAl and (c) Rh/MgAl-1 after in situ H2 re-
duction at 823 K following ex situ H2 reduction at 1073 K. (a) Rh foil an
(d) Rh2O3 included as references.

Table 3
Coordination parameters for Rh-containing samples determined by X-ra
absorption spectroscopy

Sample Rh–O Rh–Rh Rh–Ni

N R

(Å)
�σ2

(Å2)
N R

(Å)
�σ2

(Å2)
N R

(Å)
�σ2

(Å2)

Rh foil 12 2.68
Rh2O3 6 2.06
Rh/MgAl-1 5.3 2.11 0.0087 2.5 2.68 0.0017
NiRh/MgAl 2.9 2.05 0.0029 0.1 2.61 0.0090 7.1 2.52 0.0041

3.4. IR spectra of adsorbed CO

To confirm the existence of Rh on the surface of m
particles of NiRh/MgAl, the metal surface was probed
adsorption of CO followed by IR spectroscopy. The
spectra of CO adsorbed at 3 µbar on reduced Ni/MgA
NiRh/MgAl and Rh/MgAl-1 are shown inFig. 6. Two CO
stretching bands were observed in the IR spectra o
catalysts. The bands at higher wavenumbers, i.e., 2
2100 cm−1 for Ni containing catalysts and 1910–2080 cm−1

for Rh/MgAl-1, are ascribedto linearly adsorbed CO, whil
the bands at lower frequency, i.e., 1800–2000 cm−1 for Ni
containing catalysts and 1800–1910 cm−1 for Rh/MgAl-1,
are assigned to bridged bonded CO[25,26]. All bands in-
creased with time of exposure and the bands of brid
bonded CO on Ni containing catalysts shifted slightly
higher wavenumbers. The intensities of the CO stretch
bands indicate that with Ni/MgAl-2 the concentration
Fig. 6. IR spectra of CO adsorbed on (A) Ni/MgAl-2, (B) NiRh/MgAl, an
(C) Rh/MgAl-1.

bridged bonded CO was higher than that of linearly adso
CO. In contrast, linearly adsorbed CO was more abunda
Rh/MgAl-1. For NiRh/MgAl, linearly bounded CO was als
more abundant than bridged bonded CO at the start of e
sure (2–4 min), while the ratio reversed after some time.

3.5. Temperature programmed reduction and temperature
programmed oxidation

The behavior of the supported metals during reduc
and oxidation was studied by TPR and TPO. The TPR
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Fig. 7. TPR profiles of (a) Rh/MgAl-1, (b) NiRh/MgAl, and (c) Ni/MgAl-2
calcined at 1173 K (3 K/min).

Fig. 8. TPO profiles of (a) Ni/MgAl-2,(b) NiRh/MgAl, and (c) Rh/MgAl-1
×5 reduced at 1073 K (10 K/min).

files of Ni/MgAl-2, NiRh/MgAl and Rh/MgAl-1 calcined a
1173 K are shown inFig. 7. The TPR profile of Ni/MgAl-
2 had a single maximum at 1057 K. The high tempera
required for reduction indicates that Ni2+ is well separated
in the precursor[4]. Reduction of oxidized Rh, on the oth
hand, had a maximum rate at 680 K. It was reported pr
ously that Rh oxide species distributed in a precursor ma
are reduced over a wide temperature range (573–1273
Complete reduction of Rh with H2 was achieved after 4
at 1023 K[15]. A rough estimate of the amount of Rh r
duced below 1123 K indicates that it would be too sm
to be detected. The maximum of the reduction of Ni ox
in NiRh/MgAl was observed at 1025 K, about 30 K low
than the reduction of Ni in Ni/MgAl-2. In this context,
is noted that H2 consumption during the H2 reduction was
slightly higher on NiRh/MgAl than on Ni/MgAl-2. All these
observations suggest that the addition of small amount o
promotes the reduction of Ni oxide species.

The TPO profiles of Ni/MgAl-2, NiRh/MgAl and Rh
MgAl-1 after the H2 reduction are compared inFig. 8.
Rh/MgAl-1, NiRh/MgAl and Ni/MgAl-2 showed peaks a
.

493, 520, and 610 K, respectively. Thus, also the rate of
dation of Ni in NiRh/MgAl increased in the presence of R

3.6. Activity of catalysts for CH4/O2/Ar/H2O conversion in
a temperature cycle

The catalytic activity was studied in a temperature
cle, where the oven temperature was once decreased
1073 K to 773 K, and then increased again from 773
1073 K. The space velocities were adjusted to 1.2 × 104,
1.7 × 103 or 1.7 × 102 l/(h g). It should be noted that a
additional thermocouple in thereactor showed significantl
lower values compared to oven temperatures at very
space velocities of 1.2×104 l/(h g), in the absence of chem
ical reactions. Note that oven temperatures of 1073, 973,
and 773 K corresponded to 973, 873, 773 and 673 K in
the reactor. This is attributedto the very high linear veloc
ity of the reactants (122 cm/s) under these conditions. CH4
conversions of catalysts with different space velocities (S
are shown as a function of time inFig. 9. Note that blank tes
with SiC did not show methane conversion. At the space
locity of 1.7×103 l/(h g), NiRh/MgAl had the highest stabl
CH4 conversion (Fig. 9B). Among the monometallic cata
lysts, Ni/MgAl-2 had the highest initial CH4 conversion, but
lost 10% of its initial value after the temperature cycle. T
led to comparable activity observed with Rh/MgAl-1.
contrast, Ni/MgAl-1 showed only very low CH4 conversion
from the beginning of the reaction. After the reaction, the
activated catalysts had a greenish color pointing to oxid
Ni. The two Rh containing catalysts showed comparable an
stable activity at all temperatures. The CH4 conversion over
NiRh/MgAl at 773 K exceeded the thermodynamic equil
rium for methane autothermal reforming. This is attribu
to the preferential combustion over reforming at the low
temperature. The exothermic process would lead to a hi
temperature in catalyst layer and in turn to a higher con
sion.

Activity tests of Ni/MgAl-1, whose activity was rathe
low at a space velocity of 1.7× 103 l/(h g), were carried ou
at a lower SV of 1.7× 102 l/(h g) (seeFig. 9C). Under these
conditions, the catalyst showed a high and stable CH4 con-
version uo to 873 K, while the activity was completely lo
at 773 K. Once deactivated, the catalyst also showed
low activity at 973 K, and the CH4 conversion was restore
only up to 68% (71% of initial value) at 1073 K followed b
slight increase to 74% with time on stream at this temp
ture. The color of the used catalyst was greenish at the
and gray at the outlet.

Catalytic activity of Ni/MgAl-2, NiRh/MgAl and Rh/
MgAl-1 is compared at the very high SV of 1.2 × 104 l/
(h g) (Fig. 9A). NiRh/MgAl had the highest CH4 conversion
among the catalyst under the used set of reaction condit
After completing one temperature cycle, the CH4 conver-
sion at the oven temperature of 1073 K was slightly low
(90% of the initial value) than with the fresh material. No
that Rh/MgAl-1 did not show any signs of deactivation
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Fig. 9. CH4 conversions vs time on stream for catalysts with SV of
1.2 × 104, (B) 1.7 × 103, and (C) 1.7 × 102 l/(h g) (reaction condi-
tion: CH4/O2/Ar/H2O = 2/1/4/2). Solid lines in (B) show equilibrium
CH4 conversion at each temperature. (E) Ni/MgAl-1, (F) Ni/MgAl-2,
(1) NiRh/MgAl, (P) Rh/MgAl-1, (Q) Rh/MgAl-2.

1073 K. In contrast, the activity of Ni/MgAl-2 was com
pletely lost at 773 K and was not recovered, even if
temperature was increased to 1073 K. The color of the u
Ni/MgAl-1 was green, whereasthat of the other catalyst
was gray.

3.7. Activity of and coke deposition on catalysts for
CH4/O2/Ar/H2O conversion at constant temperature

Activities and stabilities of Ni/MgAl-2, NiRh/MgAl and
Rh/MgAl-1 were tested at 1073 K and 773 K, and
results are presented inFig. 10. The SV was fixed to
1.7 × 103 l/(h g) in these experiments. Note that blank t
Fig. 10. CH4 conversions vs time on stream for catalysts at 773
(closed symbols) and 1073 K (opened symbols) (reaction condition
CH4/O2/Ar/H2O = 2/1/4/2; SV = 1.7 × 103 l/(h g)). (E,F) Ni/
MgAl-2, (1,2) NiRh/MgAl, (P,Q) Rh/MgAl-1.

Table 4
Amount of carbonaceous species on the catalysts after the reaction

Catalyst Fresh
(wt%)

After reaction for 24 h (wt%)

Without C2H6 With C2H6

773 K 1073 K 773 K 1073 K

Ni/MgAl-2 0.4a 1.1b 0.5b 0.9b 0.4b

NiRh/MgAl 0.6a 1.0b 0.8b 1.0b 0.7b

Rh/MgAl-1 0.2a 1.1b 1.4b 0.9b 0.6b

SiC 0.8

Reaction conditions: CH4/O2/Ar/H2O = 2/1/4/2 or CH4/C2H6/O2/

Ar/H2O = 1.6/0.2/1/4.2/2; 1.7× 103 l/(h g), 1073 or 773 K, 10 mgcat.
a Without SiC.
b With 400 mg SiC.

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

At 773 K the differences in the catalytic behavior we
more pronounced. Specifically, the CH4 conversion ove
NiRh/MgAl was much higher than that over Rh/MgAl-1, a
though both catalysts were stable. On the other hand
initial CH4 conversion over Ni/MgAl-2 was relatively high
but gradually decreased to 66% of the initial value w
time on stream. The color of used Ni/MgAl-2 at 773 K w
slightly greenish compared to gray color of the reduced
terial.

The concentrations of carbonaceous species on the
alysts after the reaction for 24 h are compiled inTable 4.
The CO2 evolving from the fresh sample is attributed to c
bonates, which may also give a minor contribution to
CO2 evolving from the used samples. Additionally, a sm
part of the CO2 formed during TPO could also origina
from SiC. Therefore, we conclude that the concentrat
of deposited coke were small for all catalysts demonstra
strong resistance against coke deposition under the c
tions studied.
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3.8. Catalytic activity of catalysts in the presence of
additional ethane

To study influence of light paraffins in natural gas, t
flow rate of CH4 in the above experiments was reduced
80 vol% and 50 vol% of the reduced CH4 was replaced by
C2H6 (total concentration of carbon in the feed was k
constant). The Ar flow was increased to maintain the
at 1.7 × 103 l/(h g). Note that the blank test with 400 m
SiC showed 63% conversion of C2H6, i.e., 12.6% of total
conversion of hydrocarbons (normalized to the carbon n
ber), at 1073 K, and around 60% of the converted C2H6 was
dehydrogenated to C2H4. On the other hand, C2H6 conver-
sion was not observed at 773 K. Conversions of CH4 and
of CH4 and C2H6 are shown inFigs. 11A and B, respec-
tively. CH4 conversions in CH4/C2H6/O2/Ar/H2O condition
were comparable to those in CH4/O2/Ar/H2O at both tem-
peratures. On the other hand, the total conversions o
hydrocarbons in the former reactions were higher than C4
conversions in the latter reactions. Note that trace amo
of C2H4 (less than 1% yield) were also detected during
reaction at 1073 K. At both temperatures, CH4 and total hy-
drocarbon conversions were very stable for most cataly
except for Ni/MgAl-2 at 773 K for which the activity de
creased slightly to 90% of its initial value. It should be no

Fig. 11. (A) CH4 conversions and (B) total CH4 and C2H6 conver-
sion (normalized by carbon number) vs time on stream for catalys
773 K (closed symbols) and 1073 K (opened symbols) (reaction condit
CH4/C2H6/O2/Ar/H2O = 1.6/0.2/1/4.2/2; SV = 1.7 × 103 l/(h g)).
(E,F) Ni/MgAl-2, (1,2) NiRh/MgAl, (P,Q) Rh/MgAl-1.
that the decrease was less pronounced compared to th
crease with CH4/O2/Ar/H2O (Fig. 10).

After the reaction for 24 h on the catalysts, the amou
of carbonaceous species are determined and compiled iTa-
ble 4. As the amounts of deposited coke were insignific
for all catalysts at both temperatures, we conclude that
catalysts also do not produce coke in the presence of eth

4. Discussion

4.1. Bulk and surface composition of the metal particles

The bulk and surface structures of metals of Ni/MgAl
Rh/MgAl-1 and NiRh/MgAl after the H2 reduction at
1073 K are important to understand the catalytic prop
ties. The H2 uptake revealed that the metal surface are
Ni/MgAl-2 increased by a factor of 1.7, when approximat
2% of Ni were substituted by Rh (Ni/Rh= 49 molar ratio)
(Table 1).

The XANES and the EXAFS at the NiK-edge of
Ni/MgAl-2 and NiRh/MgAl (Figs. 2 and 3) were very sim-
ilar and revealed that Ni was not completely reduced a
the H2 treatment at 1073 K for 1 h (Table 2) in both cat-
alysts. From the intensity of the maximum above the
sorption edge a fraction of unreduced Ni species of ab
20% was estimated. Significant differences in the EXA
of NiRh/MgAl and Rh/MgAl-1 at the RhK-edge were ob
served. The analysis of the EXAFS indicated that Rh–
contributions were essentially absent in the bimetallic c
lysts (NiRh/MgAl), while strong Rh–Ni contributions wer
observed. The results indicate that (similar to PtNi[24]) a
strong driving force exists to form a RhNi alloy and hen
all reduced Rh atoms are surrounded by Ni (Table 3). It is in-
teresting to note that Ni–Rh contributions were not obser
at the NiK-edge, which is attributed to very low loading
Rh compared to Ni, i.e., 0.89 wt% vs 25 wt%. Under th
conditions the Rh atoms are located as isolated atoms
surrounded only by Ni atoms in the bimetallic RhNi pha
In contrast, most Ni atoms are surrounded by other Ni at
in the bimetallic catalyst as only a very small fraction of
atoms are present, preventing to observe the Ni–Rh co
bution within thelimits of accuracy.

The degree of reduction estimated from the Rh–O c
tribution of Rh was much higher in NiRh/MgAl than i
Rh/MgAl-1, which indicates that the presence of Ni dr
tically enhances also the reduction of Rh. The degre
reduction of the more abundant Ni species was hardly
fluenced by the presence of Rh, but gave an additional
modynamic driving force for the presence of reduced
(dispersion in Ni). This shows that the degree of oxidat
of Rh in Rh/MgAl-1 or Rh/MgAl-1 is not driven by the ki
netics of reduction, but by the thermodynamics in the fi
material. It cannot be estimated at the moment in how far
capsulation of metal (oxide) particles by the oxidic supp
plays an important role.
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Whatever the mechanism of the formation of the me
lic particles may be, Ni and Rh oxide species are initia
well dispersed in the oxidic precursor after calcination
1173 K[8–10,27]. During the reduction process a relative
high mobility of Rh and Ni atoms must exist and the mut
influence (with the formation of the alloy as strong drivi
force) leads to the formation of particles in which Rh in
ates the reduction of Ni (by increasing the availability o
atoms), but is also separated more clearly from the sup
as the decrease in the Rh–O contribution in EXAFS cle
demonstrates. The presence of Rh, on the other hand, s
to provide anchoring of Ni and, therefore, results in sma
crystal size of Ni in NiRh/MgAl than that in Ni/MgAl-2 (Ta-
ble 1).

The intensity of the band of linearly adsorbed CO wa
initially (2–4 min) stronger than that of bridged bonded C
for NiRh/MgAl. This tendency was reversed after the ti
indicating that CO at first adsorbs on Rh atoms. With tim
however, the relative concentration of CO on Rh decrease
because Ni is the most abundant surface metal atom.

The particle size and the fraction of metal exposed w
probed by three independent ways, i.e., TEM, H2 chemisorp-
tion and XRD (seeTable 1). The particle size was not dete
mined by EXAFS, as the materials studied include redu
and oxidized metals making it, thus, ambiguous to de
mine realistic coordination numbers. The comparison of
size of the particles and hydrogen chemisorption (frac
of metal atoms that are at the surface) suggests an av
degree of dispersion of 4.1 and 6.5% for Ni/MgAl-2 a
NiRh/MgAl, respectively. The dispersion suggested by
method is lower than the values determined by XRD an
sis by assuming spherical metal crystallites[28], i.e., 11.7
and 14.7% for Ni/MgAl-2 and NiRh/MgAl, respectively. W
speculate that the difference points to a partial encapsul
of metal particles by the supports during the reduction.

4.2. Catalyst properties and behavior in CH4/O2/Ar/H2O
reaction

Catalyst deactivation is a significant issue in CH4 au-
tothermal reforming with high severity. It is caused by
decrease of catalytically active sites by coking, oxida
or sintering of the metal. The influence of such fact
markedly depends on the reaction temperature and the
eration severity. Deposited coke originates mainly from
reactions, i.e., CH4 decomposition and CO disproportion
tion. The former is endothermic and favored at higher te
peratures, while the latter is exothermic and favored at lo
temperatures. Oxidation of metal may occur easily at lo
temperatures at which methane cannot be activated[29,30].
On the other hand, sintering of metal particles is facilita
by higher temperatures. Operation severity in the labora
mainly varied with the space velocity (SV), which is anoth
important factor. Oxidative (H2O, O2, CO2) and reductive
(CH4, CO, H2) species are present during CH4 autother-
mal reforming, i.e., low and high CH4 conversions lead t
,

s

e

-

atmosphere being oxidative and reductive, respectively
order to operate the reformer with high efficiency, it is i
portant to understand the catalytic behavior under the ch
ing conditions.

In contrast to the similar catalytic stabilities of Rh/MgA
1 and NiRh/MgAl in different SVs, the stability of N
monometal catalysts was drastically changed by var
SVs (Fig. 9). To understand catalytic behavior of Ni mon
metal catalysts, we characterized Ni/MgAl-1 extensiv
The catalyst showed high CH4 conversions at 1073–873
at the SV of 1.7 × 102 l/(h g) (Fig. 9C). However, the ac
tivity vanished at 773 K and the color of the used cata
was greenish. XRD analysis of this material revealed
diffraction peaks of metallic Ni (observed after the H2 reduc-
tion) disappeared completely, indicating that the inacti
was related to the oxidation of Ni in line with the col
change. Note that the amount of carbonaceous specie
insignificant, i.e., 0.2% including carbonates, after the
action at 773 K. Activity can be restored by increasing
reaction temperature (Fig. 9C). This increase leads to th
consumption of oxygen of NiO in oxidizing part of CH4,
which leads to reduced Ni and a more reducing atmosph
The reduced Ni is able to catalyze CH4 combustion and sub
sequent reforming to synthesis gas. Thus, metal oxide
more likely reduced at the outlet of the reactor than at th
inlet. It is speculated that all metals were not reduced s
ciently by the reactants, if reduced Ni were once oxidiz
This phenomenon would give the catalyst lower activity
ter re-reduction and greenish and gray colors at the inlet
outlet, respectively. Thus, we conclude that the increas
SV and decrease of the temperature leads to oxidation o
explaining the rather low activity at the higher SVs of bo
Ni monometal catalysts. Higher concentration of expose
in Ni/MgAl-2 than Ni/MgAl-1 obviously contributes to sup
press the deactivation due to the oxidation.

Rh monometal catalysts, on the other hand, showed
stable activity with varying temperature and SV (Fig. 9).
Note that even if Rh/MgAl-1 was used at the SV of 1.2 ×
104 l/(h g), the catalyst did not deactivate. Similar acti
ties between Rh/MgAl-1 and Rh/MgAl-2 may be attribut
to the lower Rh dispersion in Rh/MgAl-2 resulting from t
higher Rh loading.

The oxidation of Ni was suppressed efficiently by the
dition of small amounts of Rh (Ni/Rh= 49 in molar ratio).
Two explanations of the role of Rh in retarding the oxidat
of Ni are possible. One is related to the high catalytic activit
(higher intrinsic activity) and because of the larger conc
trations of metals exposed (factor of 1.7), which leads
more reductive atmosphere. Another possibility is prese
of spillt-over H atoms from Rh to NiRh alloy particles[31].
By TPR, it was shown that reduction of Ni in Ni/MgAl-2 oc
curred at lower temperature by addition of small amount
Rh (Fig. 7). Note that such enhancement of Ni reduction
noble metal has been attributed to hydrogen spillover f
noble metal surface. However, also the oxidation of meta
Ni was promoted by Rh (Fig. 8). The nature of the bimeta
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lic alloy must be important for retarding the oxidation
Ni. While NiRh/MgAl showed slight deactivation at the ve
high SV (1.2×104 l/(h g)) presumably through oxidation o
the metal, its catalytic activitywas significantly higher tha
that of Rh/MgAl-1 under all conditions studied (Fig. 10).
Note that the slight deactivation can be suppressed by
introduction of a higher fraction of Rh.

4.3. Relevance of catalytic behavior in CH4/O2/Ar/H2O
and CH4/C2H6/O2/Ar/H2O reaction

Total hydrocarbon conversions of Ni/MgAl-2, NiRh
MgAl and Rh/MgAl-1 were higher in CH4/C2H6/O2/Ar/H2O
reaction (Fig. 11) than CH4/O2/Ar/H2O reaction (Fig. 10).
This tendency is associated to the very high conversion
C2H6 (above 94% at 1073 K and above 58% at 773 K).

In both reactions, most of the catalysts were stable, ex
for Ni/MgAl-2 which gradually deactivated at 773 K. How
ever, the deactivation was apparently suppressed by the
tial replacement of CH4 by C2H6. After the CH4/O2/Ar/H2O
reaction, the catalyst was slightly greenish and the am
of carbonaceous species accumulated during the rea
was insignificant (Table 4). These results indicate the gra
ual deactivation can be ascribed to oxidation of Ni as
cussed above. Faster consumption of oxidative species2

and H2O, induced by faster conversion of C2H6 than that of
CH4 helps retarding the oxidation of metallic Ni.

In general, thermal or steam cracking of the higher hyd
carbons can occur above 873–923 K even in the absen
the catalyst. The cracking leads to olefins followed by a car
bonaceous polymer which can be dehydrogenated eas
produce coke deposition[32]. As part of CH4 was replaced
with C2H6, we speculate that carbonaceous deposition c
be favored in CH4/C2H6/O2/Ar/H2O reaction. Especially, a
1073 K, a blank test revealed formation of C2H4 from C2H6

in the absence of the catalyst. Very low concentration
C2H4 (less than 1%) were detected during the reaction in
presence of the catalysts. However, the amounts of carb
ceous species formed under the reaction conditions wer
significant, proving that catalysts prepared in this study
a strong resistance against coke deposition in autotherm
forming of natural gas. In addition, the observations sug
that ethane can be fully converted, while a large fraction
methane is still unconverted.

The coking tolerance of the catalysts is ascribed to
balance between the carbon forming and carbon cons
ing steps on the catalysts studied. The high concentra
of oxidants in the reactants strongly assists for the carbon r
moving step. In addition, basic support (mixture of MgO a
spinel) possibly dissociates water on metal support boun
and the reactive OH species can remove coke precursor
the metal particles[5].
t

-

f

-
-

-

-

5. Conclusions

Autothermal reforming of methane with or without C2H6
was carried out at 773–1073 K at the very high SV of (1.7×
102–1.2× 104 l/(h g)) over mono- and bimetal catalysts i
cluding Ni and/or Rh prepared from hydrotalcites. High
loading of Ni contributed to prevent a low activity/inactivi
due to oxidation of Ni metal. However, Ni/MgAl-2 includ
ing relatively large amount of Ni (26 wt%) also deactivat
rapidly at the very high SV of 1.2 × 104 l/(h g). The de-
activation was drastically retarded by the presence of
(Ni/Rh= 49). In NiRh/MgAl, reduction of Rh oxide specie
during H2 pretreatment is enhanced by the presence of
In turn Rh anchored NiRh alloy particles resulting in t
formation of relatively small NiRh particles and higher fra
tion of metals exposed. A part of Rh is located at access
sites on the NiRh alloy particles and contributes to ma
tain fully reduced Ni. On the other hand, Rh/MgAl show
very stable activity even at the very high SV, but its activ
was lower than that of NiRh/MgAl under all conditions stu
ied. These results suggest that catalyst compositions, SV
temperature gradient must beoptimized carefully according
to requirements of the system, i.e., operation condition
economical efficiency. Partial replacement of CH4 by C2H6
increased conversion of total hydrocarbons and the m
easy activation of C2H6 than CH4 contributes to suppres
oxidation of metal by consuming oxidative species in the
actant. It is possible with these catalysts also to selecti
remove the higher alkane from methane by reaction. All
alysts prepared showed strong resistance for coke depo
in CH4 autothermal reforming in the presence and abse
of C2H6.
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