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The partial oxidation of methane over MgO- and SiO2-supported
rhodium catalysts was investigated, using a CH4/O2 mixture with
a molar ratio of 2.1/1 as feed gas. At 750◦C and atmospheric pres-
sure, the 1% Rh/MgO catalyst exhibited a very high stability at the
high gas hourly space velocity of 720,000 ml g−1 h−1, its catalytic
activity and selectivity remaining constant and high after an in-
duction time up to 100 h of reaction. In contrast, the 1% Rh/SiO2

catalyst deactivated rapidly. To explain the above results, the re-
action behaviors of CH4 and CH4/O2 (2/1) over the oxidized cata-
lysts 1% Rh(O)/MgO and 1% Rh(O)/SiO2 were studied in a pulse
microreactor. No carbon deposition occurred during the reaction
of CH4 with the MgO-supported rhodium catalyst, even after the
catalyst was almost completely reduced. In contrast, a notable
amount of surface carbon was generated during the reaction of
CH4 with the SiO2-supported rhodium catalyst. During the reac-
tion of CH4/O2 (2/1) over the oxidized catalysts, the rhodium oxide
supported on SiO2 was easily reduced by CH4, while the reduc-
tion of rhodium oxide supported on MgO occurred with some dif-
ficulty. This implies much stronger interactions between rhodium
oxide and MgO than between the former and SiO2. Temperature-
programmed reduction experiments also revealed much stronger
interactions between rhodium and magnesium oxide and that two
kinds of rhodium compounds were present in the oxidized MgO-
supported rhodium catalyst. X-ray powder diffraction enabled us
to identify Rh2O3 and MgRh2O4 in precalcined 10% Rh(O)/SiO2

and 10% Rh(O)/MgO, respectively. It is suggested that the strong
interactions between rhodium and magnesium oxide (especially the
formation of MgRh2O4) are responsible for the high stability of the
MgO-supported rhodium catalysts. c© 1999 Academic Press

Key Words: methane partial oxidation; syngas; rhodium sup-
ported on magnesia; rhodium supported on silica; magnesium
rhodium oxide.
1. INTRODUCTION

The chemical utilization of natural gas, one of the world’s
abundant resources, to produce basic chemicals is one of
the desirable goals of the current chemical industry. The
conversion of methane to useful chemicals has attracted at-
tention in recent years and many technologies have been
1 To whom correspondence should be addressed.
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developed. Although the direct conversion of methane to
valuable chemicals such as ethylene (1, 2) or methanol and
formaldehyde (3) is a most fascinating route, no viable pro-
cess or catalyst has yet been developed. For the time be-
ing, indirect transformation of methane via synthesis gas
is still the most competitive process (4). Partial oxidation
is a promising approach for producing synthesis gas from
methane and oxygen or air (reaction 1). The reaction is
mildly exothermic and produces a syngas with a H2/CO ra-
tio of about 2, a composition suitable for methanol, and
Fischer–Tropsch syntheses (5, 6). This process is more en-
ergy efficient and can produce a H2/CO ratio more suitable
than that provided by steam reforming (reaction 2) or by
CO2 reforming (reaction 3).

CH4 + 1/2 O2 → CO+ 2 H2 1H0
298 = −36 kJ/mol [1]

CH4 +H2O→ CO+ 3 H2 1H0
298 = 206 kJ/mol [2]

CH4 + CO2 → 2 CO+ 2 H2 1H0
298 = 247 kJ/mol [3]

The catalysts used for this reaction are mainly supported
noble metals, such as Rh, Ru, Pd, and Pt (7–14), and sup-
ported Ni catalysts (15–26), as well as some pyrochlore type
oxides (Ln2Ru2O7) (27, 28) and perovskite type oxides
(LaMO3; M=Ni, Rh, Co, Cr) (29–31).

The selection of a heterogeneous catalyst for a given re-
action should be based on a high conversion of reactants
to desired products, but also on the stability of the catalyst,
which should maintain high activity and selectivities for a
sufficiently long time under the particular conditions of op-
eration. In the methane partial oxidation reaction, the sin-
tering and the deposition of carbonaceous materials are two
common factors leading to the deactivation of the catalyst.
It has been demonstrated that the rate of coke formation
during the steam reforming of hydrocarbons depends on the
metal crystallite size over supported nickel catalysts (32).
The aggregation of metal caused by sintering accelerates
the rate of coke formation. The most obvious way to lessen
sintering is to keep the temperature low. Unfortunately, the
methane partial oxidation reaction has to proceed at high
temperatures (usually>700◦C) to get a meaningful conver-
sion of methane.
1
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The tendency for coke deposition is considered to be
the main drawback of supported nickel catalysts, because
it leads to their rapid deactivation. Many studies have been
conducted to develop coke-resistant nickel catalysts. It has
been proposed that the formation of a NiO/MgO solid so-
lution in the catalyst precursor is responsible for the sta-
bility observed over MgO-supported nickel catalysts (24,
33, 34). For catalysts containing noble metals, Slagtern and
Olsbye reported that LaRhO3 can provide a 95% methane
conversion and 98% CO selectivity even after 120 h of re-
action at 800◦C (29). However, the content of rhodium in
their catalyst was high (around 35 wt%) and the residence
time was also high (1 s). Generally one considers that Rh
provides a high and stable syngas yield in the partial oxida-
tion of methane, more stable than other metals. It will be
shown here that the support affects its behavior by com-
paring the Rh/MgO- and Rh/SiO2-supported catalysts. In
this paper, the magnesium oxide supported rhodium cata-
lyst with 1% Rh content is reported to have high activity
and selectivity as well as high stability under the extremely
high gas hourly space velocity (GHSV) of 720,000 ml g−1

h−1. In contrast, the 1% Rh/SiO2 has a low stability. Pulse
reactions, temperature-programmed reduction (TPR), and
X-ray powder diffraction (XRD) were used to character-
ize the catalysts to explain their behavior. Much stronger
interactions between rhodium and support were detected
for the Rh/MgO catalyst than for the Rh/SiO2 catalyst. The
strong interactions between rhodium and magnesium ox-
ide are most likely responsible for the high stability of the
Rh/MgO catalyst.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The MgO (or SiO2)-supported rhodium catalysts were
prepared by impregnating MgO (or SiO2) with a
Rh(NO3)3 · 2H2O ethanol solution, followed by overnight
drying at 110◦C and calcination in air at 800◦C for 4 h. The
calcined catalysts are denoted as Rh(O)/MgO (or SiO2).
The catalysts reduced in H2 are denoted as Rh/MgO (or
SiO2). Rh loading means the wt% Rh in the reduced cata-
lyst.

2.2. Catalytic Reaction

2.2.1. Activity assay. All activity assays were conducted
under atmospheric pressure in a fixed-bed flow vertical
quartz reactor (3 mm inside diameter) located in an elec-
tronically controlled furnace, with the catalyst powder held
on quartz wool. Five milligrams of catalyst (about 2.5 mm
height) was used in each run. The prepared catalyst was

heated in a H2 flow (20 ml/min) up to 750◦C, after which H2

was switched to a CH4/O2 mixture with a molar ratio of 2.1
to carry out the reaction at a GHSV of 720,000 ml g−1 h−1
UCKENSTEIN

and a furnace temperature of 750◦C. The reactants and
products were analyzed with an on-line gas chromatograph
equipped with Porapak Q and 5A molecular sieve columns.
A thermocouple was inserted in the middle of the catalyst
bed to measure the temperature of the catalyst and another
was located in the gas near the exit of the catalyst bed to
measure the temperature of the gaseous phase.

2.2.2. Pulse reaction. A quartz tube (4 mm inside diam-
eter) was used as reactor with the catalyst held on quartz
wool. During the pulse experiments, there was a constant
flow of helium (35 ml/min) through the reactor, and the re-
actant gas mixture was injected in the carrier gas. In each
run, 50.0 mg of catalyst was used. The pulse volume was
50 µl for both CH4 and CH4/O2 (2/1). The reactants and
products were analyzed with an on-line gas chromatograph
equipped with a thermal conductivity detector (TCD) and
a Porapak Q column.

2.3. Catalyst Characterization

2.3.1. Surface area. The surface areas of the calcined
catalysts were determined via nitrogen adsorption, using
a Micromeritrics ASAP2000 instrument. The sample was
degassed at 200◦C for at least 5 h in high vacuum before
the measurement. The surface areas were 42.8 m2/g for 1%
Rh(O)/MgO and 573.7 m2/g for 1% Rh(O)/SiO2.

2.3.2. Dispersion of the metal. The Rh dispersion of the
reduced catalysts was determined by CO chemisorption at
room temperature and the stoichiometry of CO to metal-
lic Rh was assumed to be 1/1. One hundred milligrams of
calcined catalyst powder held on quartz wool was reduced
in a H2 flow (20 ml/min) at 500◦C for 1.5 h. Further, at the
same temperature, the reduced catalyst was purged with
an ultra high purity helium flow (35 ml/min) for 1 h. Af-
ter the temperature was decreased to room temperature,
CO (10 µl per pulse) was pulsed over the catalyst until no
further adsorption of CO was detected. The CO left in CO
chemisorption was determined quantitatively with a TCD.
Both the hydrogen and helium were further purified with a
Hydro-Purge II and an Oxy-Trap column before use. The
initial dispersions of Rh after reduction were 3.9% for 1%
Rh/MgO and 9.0% for 1% Rh/SiO2.

2.3.3. Temperature-programmed reduction. TPR of the
calcined catalyst was conducted by heating the sample from
50 to 950◦C at a rate of 20◦C/min in a flow of 2.5% H2/Ar
mixture (35 ml/min). The hydrogen consumed in TPR was
determined with a TCD. Twenty-five milligrams of sample
precalcined in air at 800◦C for 4 h was used in each TPR run.
2.3.4. X-ray powder diffraction. XRD was carried out
with a Siemens D500 X-ray diffractometer, using Cu Kα
radiation, at 40 kV and 30 mA.
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FIG. 1. CH4 conversion (square), CO selectivity (circle), and H2 se-
lectivity (diamond) obtained over the reduced 1% Rh/MgO (solid) and
1% Rh/SiO2 (open) catalysts in the continuous reaction. P= 1 atm,
Tfurnace= 750◦C, CH4/O2= 2.1, GHSV= 720,000 ml g−1 h−1.

3. RESULTS

3.1. Continuous Flow Reaction

3.1.1. Effect of time on stream. A CH4/O2 gas mixture
with a molar ratio of 2.1/1 was used as feed gas and the par-
tial oxidation reaction was conducted under atmospheric
pressure at 750◦C (furnace temperature) and at a GHSV of
720,000 h−1 over MgO- and SiO2-supported rhodium cata-
lysts. The effect of time on stream was investigated and the
results are presented in Fig. 1. During the first 10 h of reac-
tion, the methane conversion over 1% Rh/SiO2 was higher
than that over 1% Rh/MgO. However, after 20 h of reac-
tion, both the methane conversion and the selectivities to
CO and H2 over 1% Rh/MgO became higher than those
over 1% Rh/SiO2. In addition, while the activity over 1%
Rh/SiO2 decayed rapidly after 20 h, the activity and the
selectivities to CO and H2 over 1% Rh/MgO remained un-
changed up to at least 100 h of reaction. The 1% Rh/MgO
catalyst provides about 80% methane conversion, 92% CO
selectivity, and 96% H2 selectivity, with very high stability.

The temperature of the catalyst was recorded during the
reaction. The temperature profile recorded during the first
40 min of reaction is shown in Fig. 2. The catalyst tempera-
ture for 1% Rh/SiO2 oscillated with an amplitude of about
25◦C around an average temperature of about 770◦C, while
no such oscillations were observed for the 1% Rh/MgO
catalyst. A similar observation was reported previously
(35) for SiO2- and MgO-supported nickel catalysts.

3.2. Pulse Reaction

3.2.1. Interaction of CH4 pulses with the 1% Rh(O)/MgO

and 1% Rh(O)/SiO2 catalysts. The interactions of me-
thane pulses with the 1% Rh(O)/MgO- and 1% Rh(O)/
SiO2-supported Rh catalysts were investigated at 750◦C.
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FIG. 2. Relationship between catalyst temperature and reaction time
over 1% Rh/SiO2 (a) and 1% Rh/MgO (b) in the continuous reaction.

The amount of surface carbon formed was evaluated from
the carbon balance. Figure 3 presents the variations of
methane conversion and selectivities to CO, CO2, and C
(surface carbon) over the 1% Rh(O)/MgO catalyst as a
function of the number of CH4 pulses. Based on carbon
FIG. 3. The relationship of methane conversion (a) and selectivities
to CO, CO2, and C (b) with the number of methane pulses over 1%
Rh(O)/MgO at 750◦C.
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balance, one can conclude that no surface carbon was
formed during the reaction of CH4 with the 1% Rh(O)/
MgO catalyst. With the increase in the number of CH4

pulses, the methane conversion decreased sharply during
the first 7 pulses, decreased gradually during the following
9 pulses, and slightly increased after the 16th pulse. During
the first 7 pulses, only a small amount of CO (<5%) was
formed and no H2 was detected, the reaction being domi-
nated by the formation of CO2 and H2O. Since no O2 was
present in the feed gas, it is clear that the oxygen of the
catalyst was responsible for the formation of CO2 and H2O.
With the rapid depletion of the active oxygen of the catalyst
during the first several pulses, the methane conversion de-
creased sharply as observed in Fig. 3a. Starting with the 8th
pulse, H2 was detected as one of the products and the
selectivity to CO increased sharply to about 77% at the
11th pulse, after which it increased more gradually until it
reached 100% at the 24th pulse (Fig. 3b). From the 10th
pulse onward, the formation of CO and H2 dominated the
reaction even though the corresponding methane conver-
sion was low (around 10%).

For comparison purposes, the interaction of CH4 with
the oxidized 1% Rh(O)/SiO2 was also investigated and
the results are plotted in Fig. 4. During the first 6 pulses, the
methane conversion was high (≥90%). Starting with the
7th pulse, the methane conversion decreased rapidly for
the following 5 pulses and gradually from the 13th to the
25th pulse (Fig. 4a). Unlike the 1% Rh(O)/MgO, surface
carbon was formed over the 1% Rh(O)/SiO2 during each
pulse. During the first pulse, no CO or H2 was detected, and
the CO2 formation dominated. At the 2nd pulse, both H2

and CO were detected, and the amount of CO2 decreased
to a very low level (<0.5%). Starting with the 2nd pulse, the
surface carbon formation dominated the reaction (Fig. 4b).
It is clear that the SiO2-supported rhodium catalyst has a
high capacity for methane conversion and decomposition
and that the carbon deposition is mainly responsible for the
deactivation observed in Fig. 4a.

3.2.2. Reaction of CH4/O2 pulses over the 1% Rh(O)/
MgO and 1% Rh(O)/SiO2 catalysts. The reactions of
methane and oxygen over the oxidized catalysts were inves-
tigated by generating pulses of CH4/O2 mixture with a stoi-
chiometric feed ratio of 2/1. O2 was completely consumed
during each pulse reaction. The product formed contained
CO, H2, CO2, and H2O. The carbon balance indicated that
no carbon was deposited on the catalyst. In Figs. 5a and
5b, the reactivities of CH4/O2 over 1% Rh(O)/MgO and
over 1% Rh(O)/SiO2 are compared at 750◦C; major dif-
ferences can be observed. For the 1st pulse, methane was
converted completely over both catalysts and no CO or H2

was formed, CO2 being the only carbon-containing product

generated. Starting with the 2nd pulse, the methane conver-
sion remained at 100% over 1% Rh(O)/SiO2, while over
1% Rh(O)/MgO it decreased sharply, becoming 45.5% at
CKENSTEIN

FIG. 4. The relationship of methane conversion (a) and selectivities
to CO, CO2, and C (b) with the number of methane pulses over 1%
Rh(O)/SiO2 at 750◦C.

the 5th pulse, and then increased gradually to 73.2% at the
15th pulse. Over 1% Rh(O)/SiO2, CO and H2 were formed
starting with the 2nd pulse and the CO selectivity increased
sharply to 96.0% at the third pulse, remaining around 97%
from the 5th pulse onward. Over 1% Rh(O)/MgO, CO
started to form at the 4th pulse, but H2 was not formed until
the 6th pulse. With the increase in the number of pulses, the
CO selectivity increased rapidly from 2.0% at the 4th pulse
to 81.6% at the 7th pulse and then it increased gradually to
93.4% at the 15th pulse.

3.3. The Reductivities of the 1% Rh(O)/MgO
and 1% Rh(O)/SiO2 Catalysts

The reductivities of the 1% Rh(O)/MgO and 1% Rh(O)/
SiO2 catalysts were investigated by means of TPR. As

shown in Fig. 6, 1% Rh(O)/SiO2 exhibits only one peak at
about 140◦C with a long tail and 1% Rh(O)/MgO exhibits
two peaks at about 350 and 530◦C.
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FIG. 5. Comparison of methane conversion (a) and CO selectivity
(b) during CH4/O2 (2/1) reaction over 1% Rh(O)/MgO and 1% Rh(O)/
SiO2 at 750◦C.

3.4. XRD Results

Because the rhodium content of 1% Rh(O)/MgO and
1% Rh(O)/SiO2 was too low for XRD analysis, 10%
Rh(O)/support samples were prepared to obtain infor-
mation about the rhodium compound(s) present in the
catalysts. The XRD patterns of 10% Rh(O)/SiO2 provided
peaks at 2θ = 23.8, 32.8, 34.9, 48.6, 53.2, 61.2, and 62.6, which
can be attributed to Rh2O3. For the 10% Rh(O)/MgO,
besides the peaks at 2θ = 42.4 and 61.6 belonging to
MgO, additional peaks at 2θ = 18.0, 34.8, 36.4, and 56.0
were present, which can be attributed to MgRh2O4. In
conclusion, Rh2O3 and MgRh2O4 were detected over 10%
Rh(O)/SiO2 and 10% Rh(O)/MgO, respectively. MgRh2O4

(magnesium rhodium oxide) has a spinel structure.

4. DISCUSSION
The low-temperature reduction peak around 140◦C in
the TPR curve of the 1% Rh(O)/SiO2 catalyst (Fig. 6) in-
THANE TO SYNTHESIS GAS 185

dicates a facile reduction of rhodium oxide supported on
SiO2, implying that there are weak interactions between
rhodium and SiO2. In contrast, the two peaks at much
higher temperatures, 350 and 530◦C, in the TPR curve
of the 1% Rh(O)/MgO catalyst (Fig. 6) imply that there
are much stronger interactions between rhodium and mag-
nesium oxide and that two kinds of rhodium compounds
are present in the 1% Rh(O)/MgO catalyst. According to
the XRD results, MgRh2O4 was present in the precalcined
10% Rh(O)/MgO sample. Since the TPR curve of the 1%
Rh(O)/MgO indicates two kinds of rhodium compounds,
it is reasonable to consider that rhodium was present as
Rh2O3 and MgRh2O4, which are responsible for the lower
and the higher temperature reduction peaks, respectively.
The absence in the XRD patterns of the peaks correspond-
ing to Rh2O3 might be a result of its high dispersion over
the MgO support. Based on the TPR and XRD results one
can conclude that there are much stronger interactions be-
tween metal and support for the MgO-supported rhodium
catalysts than for the SiO2-supported ones. As shown in
Fig. 2, for the 1% Rh/MgO catalyst, no oscillations of the
catalyst temperature occurred during the partial oxidation
reaction, while it oscillated as much as 25◦C for the 1%
Rh/SiO2 catalyst. This provides additional evidence for the
stronger interactions between rhodium and magnesium ox-
ide than between rhodium and silica. Indeed, due to the
weak interactions between rhodium and SiO2, the metal-
lic rhodium formed through the reduction of the oxide by
H2 before the reaction can be reoxidized by O2 during re-
action and the oxide formed can be rereduced again by
CH4, and so on. Because the oxidation and reduction pro-
cesses are rapid, quasi-adiabatic states can be assumed, and
the different enthalpies involved in the two processes lead
FIG. 6. TPR profiles of 1% Rh(O)/SiO2 (a) and 1% Rh(O)/MgO (b).
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to an oscillatory temperature of the catalyst. In contrast,
the much stronger interactions between rhodium and MgO
make the reduction to rhodium more difficult and, hence,
relatively slow. For this reason, the reduction and oxidation
processes become nearer to an isothermal one and no (or
little) oscillations of the catalyst temperature will occur.

When CH4 alone was introduced as pulses over the 1%
Rh(O)/MgO catalyst, only total oxidation products, CO2

and H2O, were formed during the first three pulses (Fig. 3).
Because no oxygen was present in the feed, it is clear that
the oxygen contained in Rh2O3 and/or MgRh2O4 was re-
sponsible for the CO2 and H2O formation. Total oxidation
of hydrocarbons is often observed over transition metal ox-
ides even in the absence of gaseous oxygen (36). With the in-
crease in the extent of reduction, the amount of active oxy-
gen (the oxygen of the MgO lattice is inactive) decreased
and the number of active Rh sites increased. As a result,
the methane conversion decreased (Fig. 3a), but the CO
selectivity increased and that of CO2 decreased (Fig. 3b).
It is worth emphasizing that no surface carbon was gener-
ated even after the catalyst was almost completely reduced,
implying that MgO-supported rhodium catalyst has a low
capacity for carbon generation. In contrast, when methane
was pulsed over the 1% Rh(O)/SiO2, not only CO2 but also
surface carbon was formed during the first pulse (Fig. 4b),
indicating that methane decomposed to carbon over the
rhodium sites formed via the reduction of rhodium oxide
by CH4. With the generation of metallic rhodium, CO and
H2 were detected at the 2nd pulse, implying that rhodium
sites are necessary for the formation of CO and H2. Almost
starting with the 2nd pulse, the CH4 decomposition to car-
bon dominated the reaction over the 1% Rh(O)/SiO2 cata-
lyst, indicating that this catalyst has high ability for carbon
generation. Of course, the accumulation of surface carbon
was responsible for the rapid deactivation of the catalyst
which started with the 7th pulse (Fig. 4a). Let us emphasize
that in contrast to the SiO2-supported catalyst, the MgO-
supported catalyst was free of carbon deposition under the
conditions employed.

Au and Wang compared the reactivities of CH4/O2 (2/1)
over the oxidized 2.0% Rh(O)/SiO2 and over the reduced
2% Rh/SiO2 using the pulse technique and concluded that
the oxidized rhodium oxide can be easily reduced by CH4

even in the presence of O2 (37). A similar result was ob-
tained in the present work. As shown in Fig. 5, for the
first CH4/O2 pulse over the 1% Rh(O)/SiO2 catalyst, the
methane conversion was 100% and only total oxidation
products, CO2 and H2O, were formed. Because the amount
of oxygen in the pulse was too small for the total oxidation
of CH4, it is obvious that a part (in fact the largest one)
was provided by rhodium oxide. With the generation of

rhodium sites, CO started to form at the second pulse, and
its selectivity increased sharply reaching rapidly a stable
state with increasing number of CH4/O2 pulses. This clearly
CKENSTEIN

indicates that the metallic rhodium constitutes the active
site for the partial oxidation of methane to CO. A notably
different behavior was observed over the 1% Rh(O)/MgO.
Even though during the first pulse CH4 was completely con-
verted and CO2 was the only carbon-containing product
formed, unlike the 1% Rh(O)/SiO2 catalyst, the methane
conversion has not remained at the 100% level; on the con-
trary, it decreased sharply from the 2nd to the 5th pulse,
and no CO was formed until the 4th pulse. The pulse exper-
iments also indicated that it is more difficult to reduce the
1% Rh(O)/MgO than the 1% Rh(O)/SiO2. As suggested by
TPR and XRD, two kinds of rhodium compounds, Rh2O3

and MgRh2O4, were present in the 1% Rh(O)/MgO cata-
lyst, with the former more easily reducible than the latter.
Both are, however, less reducible than Rh(O)/SiO2. Be-
cause of the difficulty of reduction, the methane conversion
decreased rapidly during the following several pulses. With
the gradual increase in the extent of reduction, the sites
needed for the formation of CO were formed, resulting in
an increase in both CO selectivity and methane conversion.
However, even at the 15th pulse the methane conversion
was still lower than that over 1% Rh(O)/SiO2 (Fig. 5a), im-
plying that the 1% Rh(O)/MgO catalyst has a much longer
induction time. This result is consistent with that obtained
in the continuous flow reaction.

The 1% Rh/MgO catalyst provided high methane con-
version and selectivities to CO and H2 with high stability,
while the 1% Rh/SiO2 catalyst rapidly deactivated (Fig. 1).

There are at least two factors that can deactivate the cata-
lyst, namely, the carbon deposition and the sintering of the
active metal. By investigating the reactivities of CH4 over
1% Rh(O)/SiO2 and over 1% Rh(O)/MgO by the pulse
method, we found that a notable amount of surface carbon
was formed over the former and none over the latter.

Sintering is especially harmful for supported nickel and
noble metal catalysts, because the aggregation of metal crys-
tallites decreases the number of active sites and also acceler-
ates the carbon deposition since larger metal ensembles are
beneficial for carbon deposition. For supported nickel cata-
lysts, it has been found that MgO-supported nickel catalysts
have stable performances in catalyzing partial oxidation of
methane, CO2 reforming of methane, and the combination
of CO2 reforming and partial oxidation of methane (33, 34,
24). This high stability was attributed to the formation of a
solid solution between NiO and MgO. One important im-
plication of the formation of the NiO/MgO solution is that
the reduction of NiO occurs with some difficulty, and, as a
result, a relatively small amount of Ni is segregated as small
particles on the surface of the support. Little sintering oc-
curs because of their strong interactions with the support.
In the present paper, the MgO-supported rhodium catalyst

was found to have a activity much more stable than that
of the SiO2-supported rhodium catalyst. The strong inter-
actions between rhodium and magnesium oxide (especially
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the formation of MgRh2O4 in the precursor catalyst) are
most likely responsible for the high stability. It can be in-
ferred that a relatively uniform dispersion of rhodium ox-
ide on MgO support is generated due to the formation of
MgRh2O4. This compound is reduced with difficulty to at
most tiny rhodium crystallites. Some are reoxidized and
this redox process is continued. After an induction time, on
the order of 10 h for the present conditions, a quasi-steady
state for the number of rhodium sites is achieved that is
responsible for the conversion of methane. The strong in-
teractions between rhodium and magnesium oxide hinder
the aggregation of metallic rhodium and hence its sintering.
As a result, the activity of the MgO-supported catalyst can
remain constant with the time on stream for a long time
(at least 100 h). On the contrary, since no strong interac-
tions between rhodium and SiO2 exist, rhodium oxide can
be easily reduced and the crystallites sinter, leading to the
deactivation of the SiO2-supported rhodium catalysts. In
conclusion, the strong interactions between rhodium and
magnesium oxide (especially the formation of MgRh2O4)
identified in the present paper are responsible for the highly
stable activity of the MgO-supported rhodium catalyst.

5. CONCLUSION

This paper shows that the high stability of the MgO-
supported rhodium catalysts is due to the strong interac-
tions between rhodium and magnesium oxide. The iden-
tification of MgRh2O4 (magnesium rhodium oxide) in the
precursor catalyst provides direct evidence for the existence
of these strong interactions. The TPR and pulse reaction
of CH4/O2 (2/1) experiments indicate that the reduction of
the oxidized MgO-supported rhodium catalysts occurs with
greater difficulty than that of the oxidized SiO2-supported
rhodium catalysts. The temperature recordings show that
no oscillations of the catalyst temperature occur during the
partial oxidation reaction over the 1% Rh/MgO catalyst un-
like over the 1% Rh/SiO2. These results provide additional
indirect evidence for the existence of strong interactions
between rhodium and magnesium oxide. Because of the
strong interactions, the aggregation of the rhodium crys-
tallites is hindered, and thus the sintering of rhodium can
be greatly lessened. As a result, the activity of the MgO-
supported catalysts can remain constant with the time on
stream for a long time.
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