
Catalysis Today 89 (2004) 405–418

Syngas production from methane reforming with CO2/H2O and O2 over
NiO–MgO solid solution catalyst in fluidized bed reactors

Keiichi Tomishige∗

Institute of Materials Science, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan

Received 10 June 2003; received in revised form 5 December 2003; accepted 6 January 2004

Available online 27 April 2004

Abstract

Catalyst performance of NiO–MgO solid solution catalysts for methane reforming with CO2 and H2O in the presence of oxygen using
fluidized and fixed bed reactors under atmospheric and pressurized conditions was investigated. Especially, methane and CO2 conversion in
the fluidized bed reactor in methane reforming with CO2 and O2 was higher than those in the fixed bed reactor over Ni0.15Mg0.85O catalyst
under 1.0 MPa. In contrast, conversion levels in the fluidized and fixed bed reactor were almost the same over MgO-supported Ni and Pt
catalysts. It is suggested that the promoting effect of catalyst fluidization on the activity is related to the catalyst reducibility. On a catalyst with
suitable reducibility, the oxidized and deactivated catalyst can be reduced with the produced syngas and the reforming activity regenerates in
the fluidized bed reactor during the catalyst fluidization. In addition, the catalyst fluidization inhibited the carbon deposition.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dry reforming of methane to produce CO-rich synthesis
gas has gained a growing interest in the last two decades,
considering the chemical utilization of natural gas and
CO2, which are substances related to the environment and
energy sources[1–6]. It is known that carbon dioxide is a
greenhouse gas and the reserve of natural gas, whose main
component is methane, is comparable to that of petroleum.
However, only large-scale natural gas fields can be utilized,
especially as a liquefied natural gas at present. Therefore the
utilization of remote gas fields has been under consideration.
In addition, there are some natural gas fields with medium
and small scales containing considerable amount of CO2 [7].

Since the environmental problems related to the trans-
portation fuel become more serious recently, much attention
has been paid to the synthetic fuel (Fischer–Tropsch oil, for
example) which does not contain sulfur at all. In addition,
methanol is a candidate as a hydrogen source for the fuel cell
vehicle, and dimethyl ether will be a superclean diesel fuel.
Methanol (Eq. (1)) and Fischer–Tropsch oil (Eq. (2)) are
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synthesized from the synthesis gas with H2/CO = 2, and
dimethyl ether are synthesized from that with H2/CO = 1
[8]

CO+ 2H2 → CH3OH (1)

nCO+ 2nH2 → (CH2)n + nH2O (2)

3CO+ 3H2 → CH3OCH3 + CO2 (3)

Synthesis gas has been produced from the steam reforming
of methane (Eq. (4))

CH4 + H2O → CO+ 3H2, �H = 206 kJ/mol (4)

CH4 + CO2 → 2CO+ 2H2, �H = 247 kJ/mol (5)

In Eq. (4), the partial pressure ratio of steam to methane
(H2O/CH4) is equal to 1, however, in practical cases, the re-
action has been carried out under higher H2O/CH4. This is
because carbon deposition occurred on the catalyst surface
under low H2O/CH4 condition. The tendency of carbon de-
position can be expected by the atomic ratio O/C and H/C
in the feed gas. Lower O/C and H/C corresponds to more
carbon deposition[9]. The composition of syngas inEq. (4)
is H2/CO = 3, therefore, the steam reforming is not ap-
propriate for syngas production with H2/CO = 2 or 1. Dry
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reforming of methane can contribute to the production of
CO-rich syngas as shown inEq. (4) because the composi-
tion of syngas inEq. (5)is H2/CO = 1. The combination of
dry reforming with steam reforming can adjust the syngas
composition.

It has been pointed out that the one of the problems is
carbon deposition on the catalyst surface in the production
of syngas with low H2/CO, which results in the catalyst de-
activation, plugging of the reactor, and breakdown of the
catalyst granules[9–11]. It has also been reported that there
are two routes for the formation of deposited carbon. One is
methane decomposition (CH4 → C+ 2H2) and the other is
CO disproportionation (2CO→ C + CO2) [9–11]. Gener-
ally speaking, noble metal catalysts have higher resistance
to carbon deposition in dry reforming of methane than con-
ventional nickel catalysts[12–15]. However, considering the
high cost and limited availability of noble metals, it is more
attractive to develop Ni catalyst with high resistance to car-
bon deposition.

Recently we found a reduced NiO–MgO solid solu-
tion catalyst with low Ni content was a good catalyst
for dry reforming of methane under atmospheric pressure
[16–24]. In addition, characterization results revealed that
the NiO–MgO solid solution catalyst has highly dispersed
Ni metal particles after reduction, which interact with the
support surface.

On the other hand, another problem in the reforming of
methane to produce the synthesis gas is the heat supply be-
cause the reaction is highly endothermic as shown inEqs. (4)
and (5). Internal heat supply by the combination of the re-
forming with the combustion (Eq. (6)) is one of the solu-
tions [25–29]. Some researches on the methane reforming
using oxygen including the partial oxidation in the fixed bed
reactor have been carried out[25,26]

CH4 + 2O2 → CO2 + 2H2O, �H = −861 kJ/mol (6)

It has been stated that methane reforming and water–gas shift
reaction proceeded after methane combustion when oxygen
was added with the reforming agents (H2O and CO2). De
Groote et al. simulated the temperature gradient of catalyst
bed in partial oxidation of methane using the fixed bed reac-
tor [25]. They pointed out that the catalyst bed inlet temper-
ature increased up to 1700 K though the reactor temperature
was controlled at about 1223 K. In addition, the catalyst near
the bed inlet was oxidized and lost the reforming activity. It
has also been reported that the catalyst bed was divided into
three parts in the partial oxidation of methane over Ni/Al2O3
using fixed bed reactor[26]. The first part was composed of
NiAl 2O4, and the second part consisted of NiO/Al2O3. In
this case, oxygen reached these two parts. Thus the catalyst
in these two parts contributed to combustion of methane.
However, in the third part, surface nickel was in the metallic
state and showed high activity in methane reforming. This
caused very large temperature gradient in the catalyst bed
and made the operation difficult.

In contrast, it is known that fluidized bed reactor enhances
heat transfer and decreases the temperature gradient in the
catalyst bed. Therefore, the reforming using the fluidized
bed reactor has also been studied[27–29]. In the results, it
is insisted that the fluidized bed reactor can give high rate
of heat transfer and the stability of the operation, in addition
it can inhibit the formation of hot spots.

In this article, we described the performance of the com-
bination of NiO–MgO solid solution catalysts with fluidized
bed reactor in methane reforming with CO2/H2O and O2
under atmospheric and pressurized conditions[30–33].

2. Experimental

2.1. Preparation of catalysts

NixMg1−xO (x = 0.03, 0.07, 0.10, 0.15) catalysts were
prepared by the coprecipitation method from an aque-
ous solution of Ni(CH3COO)2·4H2O (Kanto Chemical
Co. Inc., >98.0%) and Mg(NO3)2·6H2O (Kanto Chem-
ical Co. Inc., >99.0%) using K2CO3 (Kanto Chemical
Co. Inc., >99.5%) as the precipitant. After being filtered
and washed with hot water, the precipitate was dried at
393 K for 12 h. And then the samples were pre-calcined
in air at 773 K for 3 h. Furthermore, they were pressed
into disks at 600 kg/cm2, and then calcined at 1423 K for
20 h. Pt/Ni0.03Mg0.97O, Pt/MgO, Ni/MgO catalysts were
prepared by impregnating the support with an acetone solu-
tion of Pt(C5H7O2)2·H2O (Soekawa Chemicals, >99%) or
Ni(C5H7O2)2·H2O (Soekawa Chemicals, >99%). In the case
of Pt/MgO, the loading is Pt/(Pt+Mg) = 3, or 0.009 mol%.
In the case of Ni/MgO, the loading is Ni/(Ni + Mg) =
3 mol%. In the case of Pt/Ni0.03Mg0.97O, the loading is
Pt/(Ni + Mg) = 0.009 mol%. The catalysts were dried at
393 K in air for 12 h. MgO support was prepared by the
same precipitation method as NixMg1−xO. Pre-calcination,
pressing and calcination conditions were almost the same
as those of NixMg1−xO. The catalysts were crushed and
sieved to particles with 80–150 and 150–250�m diameter.

2.2. Catalytic reaction

Methane reforming with H2O, CO2 and O2 was carried
out in a fixed and a fluidized bed flow reaction systems un-
der atmospheric and pressurized conditions. The illustration
of the fluidized bed reactors is shown inFig. 1. The fluidized
bed reactor for the activity test under atmospheric pressure
was the quartz tube (Ø15 mm i.d.) with a sintered quartz
mesh as a distributor (Fig. 1(a)). In the fixed bed reactor,
quartz wool was put on the catalyst bed so as to inhibit
moving catalyst particles. Pretreatment of catalysts was H2
reduction at 1173 K for 0.5 h under atmospheric pressure.
Oxygen was introduced to the reactor through the thin quartz
tube, whose outlet was located just before the distributor.
CO2 and CH4 were introduced through the oxygen-feed
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Fig. 1. Illustration of the fluidized bed reactors. (a) Atmospheric pressure condition, (b) pressurized condition.

tube outside. The partial pressure of the reactant gases was
described in each result, and the total pressure was 0.1 MPa.
Reaction temperature was monitored inside (TC1) and out-
side (TC2) the reactor. The reaction temperature was con-
trolled by monitoring the thermocouple at the inside (TC1).

The fluidized bed reactor under pressurized conditions
was the quartz tube (Ø6 mm i.d.) which was placed inside
the stainless steel tube (Ø10 mm i.d.) (Fig. 1(b)). A sintered
quartz mesh was used as a distributor in fluidized bed reac-
tor. In the experiments using fixed bed reactor, quartz wool
was put on the catalyst bed to inhibit moving catalyst parti-
cles. Catalyst pretreatment was H2 reduction at 1173 K for
0.5 h at atmospheric pressure. CH4 was introduced to the re-
actor through the thin quartz tube, whose outlet was located
just before the distributor. CO2, steam and O2 were intro-
duced into the reactor outside the CH4 feeding tube. GHSV
is calculated on the basis of total gas flow rate of the reac-
tants (CH4 + CO2 + H2O + O2) at room temperature and
under atmospheric pressure. A microfeeder was used for the
introduction of H2O to the high-pressure reaction system.
The total pressure was 1.0 and 2.0 MPa. The reaction tem-
perature was monitored inside (TC1) and outside the reactor
(TC2). The reaction temperature was usually controlled by
TC1. The reaction temperature was 673–1173 K, and 0.2 g
catalyst was used for each experiment. A space velocity was
GHSV = 19,000–110,000 cm3/g h.

The effluent gas was analyzed with an FID gas chromato-
graph (GC) (column packing: Gaskuropack 54) equipped

with a methanator for CH4, CO, CO2 and a TCD (column
packing: Molecular Sieve 13X) was used for H2 analysis.
An ice bath was set between the reactor exit and a sam-
pling port for GC analysis in order to remove water in the
effluent gas. CH4 (99.9%), O2 (99%), CO2 (99.9%), and H2
(99%) were purchased from Takachiho Co. Ltd., and they
were used without further purification. In all these reaction
tests, the oxygen conversion reached 100%.

In order to obtain heating and cooling profiles of methane
conversion, the reactant gas was fed to the catalyst bed
without H2 pretreatment on the catalysts other than reduced
Ni0.03Mg0.97O. At first, reactant gas was fed to the reactor
and pressurized up to 1.0 MPa at room temperature. The cat-
alyst was heated to 673 K. Then, the catalyst was heated step-
wise up to 1173 K from 673 by 50 K. Furthermore, the re-
action temperature decreased stepwise from 1173 to 673 K.
At each temperature, the effluent gas was analyzed. In the
case of reduced Ni0.03Mg0.97O, only the cooling profile was
investigated.

2.3. Characterization of catalysts

Chemisorption experiments were carried out using a
high-vacuum system by volumetric methods. Research
grade gases (H2: 99.9995%, O2: 99.99%, Takachiho Trading
Co. Ltd.) were used without further purification. Before H2
and O2 adsorption measurement, the catalysts, which had
been reduced in a fixed-bed flow reactor, were treated again
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in H2 at 1123 K for 30 min. H2 adsorption was performed at
room temperature, and the amount of O2 consumption was
obtained at 873 K. Gas pressure at adsorption equilibrium
was about 26.3 kPa. The sample weight was about 0.5 g.
The dead volume of the apparatus was about 30 cm3. The
BET surface area of catalyst was measured using Gemini
(Micromeritics).

Thermogravimetric analysis (TGA) for the estimation of
carbon amount was carried out by the magnetic suspension
balances (Rubotherm). After the catalytic reaction, a part of
the catalyst (ca. 50 mg) was taken out from the catalyst bed.
During this procedure, the catalyst was exposed to air. TGA
profile was measured under air flowing (20 ml/min) at the
heating rate of 30 K/min. The weight loss was observed in
the temperature range between about 800 and 1000 K, which
can be assigned to the combustion of deposited carbon. It is
possible to estimate the amount of carbon deposition on the
basis of this weight loss.

3. Results and discussion

3.1. Reforming under atmospheric pressure condition

Fig. 2 shows the reaction time dependence of CH4 and
CO2 conversions and H2/CO ratio in the reforming of
methane with CO2 and O2 over Ni0.03Mg0.97O solid solu-
tion catalyst using the fixed and fluidized bed reactors under
atmospheric pressure. In fluidized bed reactor, high CH4
and CO2 conversions were maintained for 1 h. However, the
conversion decreased gradually with time on steam in the
fixed bed reactor. The state of the catalyst in the reactors
was observed after the reaction. In the fixed bed reactor,
the catalyst near the inlet of the bed was green and the cat-
alyst at the upper part was gray. The green color represents
that the catalyst was in the oxidized state and this indicates
that oxygen can reach the green region. In contrast, the
gray color showed that the catalyst was kept in the reduced
state. It has been reported previously that Ni0.03Mg0.97O
in oxidized state exhibited no reforming activity[16]. This

Fig. 2. Comparison of CH4 (�, �) and CO2 (�, �) conversion
and H2/CO (�, �) between fluidized (�, �, �) and fixed bed (�,
�, �) reactors over Ni0.03Mg0.97O. Reaction conditions: reaction tem-
perature 1123 K, total pressure 0.1 MPa, CH4/CO2/O2 = 35/35/30,
GHSV = 19,000 cm3/g h, 0.5 gcat.

Fig. 3. Effect of reaction temperature on CH4 (�), CO2 (�) conversion
and H2/CO ratio (�) over Ni0.03Mg0.97O. Reaction conditions: reaction
temperature 1123 K, total pressure 0.1 MPa, CH4/CO2/O2 = 40/40/20,
GHSV = 19,000 cm3/g h, 0.5 gcat, fluidized bed reactor. Dotted line rep-
resents methane conversion due to the combustion.

suggests that the methane conversion decreased with the
time on stream because the oxidized region became larger
and larger. After the reaction almost all the part of the cat-
alyst in the fluidized bed reactor was gray. This indicates
that Ni0.03Mg0.97O which is oxidized at the inlet of the
catalyst bed can be reduced rapidly by produced hydrogen
and/or CO at the upper part of the catalyst bed. Therefore
the stable activity was available in the case of the fluidized
bed reactor.

Fig. 3shows the reaction temperature dependence of CH4
and CO2 conversions and H2/CO ratio over Ni0.03Mg0.97O
using fluidized bed reactor. The reforming reaction pro-
ceeded at 1123 and 1173 K, and then methane conversion
reached about 100%. However, combustion was the main re-
action at 1073 K. Under these reaction conditions, the rapid
deactivation was observed because of the catalyst oxidation
during the catalyst fluidization. This is contrastive to the re-
sult that the deactivation in the fixed bed is not rapid as
shown inFig. 2. Under the reaction conditions where the
rate of the catalyst oxidation is faster than that of the catalyst
reduction, the catalyst fluidization drastically enhances the
deactivation rate. Especially, the rate of catalyst reduction
becomes lower at lower reaction temperature. In methane
reforming with CO2 and O2, it is interpreted that two dif-
ferent reactions can contribute to methane conversion: one
is the methane combustion and the other is methane reform-
ing. Since oxygen conversion reached 100% under all the
reaction conditions, the part of methane conversion beyond
the combustion level can be assigned to the contribution of
reforming.

Fig. 4 shows the GHSV dependence of methane conver-
sion over Ni0.03Mg0.97O using the fluidized bed reactor in
CH4+CO2+O2 and CH4+CO2 reaction at 1123 K. Under
CH4/CO2/O2 = 50/50/0, 45/45/10, and 40/40/20, methane
conversion reached the equilibrium level and the stable
activity was available. In contrast, under CH4/CO2/O2 =
35/35/30 and GHSV= 27,000 cm3/g h, the catalyst lost
the reforming activity due to the deactivation. This indicates
that the catalyst deactivation becomes significant under
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Fig. 4. Dependence of CH4 conversion on space velocity over
Ni0.03Mg0.97O. CH4/CO2/O2 = 50/50/0 (�), CH4/CO2/O2 = 45/
45/10 (�), CH4/CO2/O2 = 40/40/20 (�), CH4/CO2/O2 = 35/35/30
(�). Reaction conditions: reaction temperature 1123 K, total pressure
0.1 MPa, 0.5 gcat, fluidized bed reactor.

oxidative atmosphere even at high reaction temperature
(1123 K).

Fig. 5 shows the dependence of the conversion, H2/CO
ratio, and temperature difference on space velocity over
Ni0.03Mg0.97O. Methane conversion was high in the space
velocity range of 9000–19,000 cm3/g h. Temperature differ-
ence between the reactor inside (TC1) and outside (TC2)
was almost zero at these space velocities. However, methane
conversion decreased to the combustion level as also shown
in Fig. 4, and the large temperature difference was observed
at GHSV= 27,000 cm3/g h. Under the reaction conditions,
the inside temperature (TC1) was about 30 K higher than the

Fig. 6. Effect of oxygen concentration on CH4 (�), CO2 (�) conversion and H2/CO ratio (�) over Ni0.03Mg0.97O and Ni0.10Mg0.90O using the fixed
bed and fluidized bed reactors. (a) Ni0.03Mg0.97O, fixed bed reactor; (b) Ni0.03Mg0.97O, fluidized bed reactor; (c) Ni0.10Mg0.90O, fixed bed reactor; (d)
Ni0.10Mg0.90O, fluidized bed reactor. Reaction conditions: reaction temperature 1123 K, total pressure 0.1 MPa, CH4/CO2/O2 = (50− x/2)/(50− x/2)/x

(oxygen concentration:x = 0, 10, 20, and 30), GHSV= 19,000 cm3/g h, 0.5 gcat.

Fig. 5. Dependence of CH4 (�), CO2 (�) conversion, H2/CO ratio (�),
and temperature difference (�) on space velocity over Ni0.03Mg0.97O.
Reaction conditions: reaction temperature 1123 K, total pressure 0.1 MPa,
CH4/CO2/O2 = 35/35/30, 0.5 gcat, fluidized bed reactor. Temperature
difference= T(TC2) − T(TC1), and dotted line represents methane con-
version due to the combustion.

outside temperature (TC2). This indicates that the exother-
mic reaction like combustion proceeds mainly.

Fig. 6shows the effect of oxygen concentration in the re-
actant on conversion and H2/CO ratio over Ni0.03Mg0.97O
and Ni0.10Mg0.90O using the fixed and fluidized bed reac-
tors. In the case of Ni0.03Mg0.97O using the fluidized bed re-
actor, methane reforming proceeded almost completely even
under high oxygen concentration. However, in the case of
Ni0.03Mg0.97O using the fixed bed reactor, the contribution
of reforming in methane conversion became very small un-
der high oxygen concentration as also shown inFig. 2. In
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contrast, in both cases of Ni0.10Mg0.90O, methane reform-
ing proceeded almost completely. This indicates that oxygen
was consumed near the inlet of the fixed catalyst bed and
the reduced catalyst was alive over Ni0.10Mg0.90O. This can
be related to higher combustion activity over Ni0.10Mg0.90O
than that over Ni0.03Mg0.97O because of higher Ni content
in the catalyst. However, since hot spots can be formed more
easily on the catalyst with higher combustion activity, these
data do not mean that the stable operation is available. When
the fluidized bed reactor was used, methane conversion was
very high over Ni0.03Mg0.97O and Ni0.10Mg0.90O.

3.2. Reforming under pressurized conditions: performance
of Ni0.15Mg0.85O in the fluidized and fixed bed reactors

In the previous chapters, methane reforming was carried
out at atmospheric pressure. However, in terms of the uti-
lization of the synthesis gas, the compressed syngas is more
convenient because most processes of syngas conversion
(Fischer–Tropsch, methanol and dimethyl ether syntheses)
have been carried out under highly pressurized conditions
[34,35]. If the syngas production is carried out at atmo-
spheric pressure, the additional energy for compressing the
produced syngas is necessary, and the reactor size becomes
too large. Therefore, the reaction under pressurized condi-
tions enables the saving of energy consumption and the re-
actor size. The gas pressure of natural gas field is usually
very high and this also makes the reforming favorable.

Comparison between fluidized and fixed bed reactor in
methane reforming with CO2 and O2 over Ni0.15Mg0.85O
with two kinds of particle size is shown inFig. 7. The activ-
ity was measured for 0.5 h at each GHSV. At low GHSV, the
conversion in both fluidized and fixed bed were almost the
same on catalyst with 150–250�m (Fig. 7b). This suggests

Fig. 7. Dependence of CH4 (�, �), CO2 (�, �) conversion and H2/CO (�, �) on the space velocity of reactant gas in methane reforming with
CO2 and O2 over Ni0.15Mg0.85O catalyst using fluidized (�, �, �) and fixed (�, �, �) bed reactor. (a) Particle size: 80–150�m, (b) particle size:
150–250�m. Reaction conditions: reaction temperature 1073 K, total pressure 1.0 MPa, feed gas CH4/CO2/O2 = 50/20/30, H2 pretreatment 1173 K,
catalyst weight 0.2 g[30].

that catalyst fluidization did not occur under this flowing
condition even in the fluidized reactor. On the other hand,
at higher GHSV, the large difference between the two reac-
tors in CH4 and CO2 conversion was observed. In the fixed
bed reactor, the conversion decreased monotonously with
increasing GHSV simply because the contact time became
shorter. In contrast, in the fluidized bed reactor, the conver-
sion jumped at about GHSV= 60,000 cm3/g h. Equilibrium
conversion of methane was about 82% under the reaction
conditions. On the other hand, in the case of the catalyst
with 80–150�m (Fig. 7a), the fluidized bed reactor also
gave higher CH4 conversion than the fixed bed reactor. On
the catalyst with the smaller particle size (80–150�m), the
conversion gap between two reactors was observed at higher
GHSV than 40,000 cm3/g h. Minimum fluidization velocity,
where different conversion of CH4 and CO2 was observed,
was found to be strongly influenced by the particle size of
the catalyst in fluidized bed reactor. This can be explained
by the behavior that smaller particle can fluidize more eas-
ily. In addition, methane conversion was almost the same
on the catalysts with different particle size in fixed bed flow
reactor. This indicates that the conversion is not influenced
by the granule size of the catalyst. This shows that conver-
sion is not controlled by the gas diffusion inside the catalyst
particles.

Fig. 8 shows methane conversion and H2/CO in methane
reforming with CO2 and O2 as a function of oxygen partial
pressure over Ni0.15Mg0.85O catalyst using the fluidized bed
and fixed bed reactors. Methane conversion increased with
higher oxygen partial pressure both in the fluidized bed and
fixed bed reactors. This space velocity is thought to be high
enough to fluidize the catalyst bed judging from the results
mentioned above. In the case that oxygen partial pressure
was zero, which corresponds to CO2 reforming of methane,
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Fig. 8. Methane conversion (�, �) and H2/CO ratio (�, �) in methane
reforming with CO2 and O2 as a function of oxygen partial pressure
over Ni0.15Mg0.85O catalyst using the fluidized bed (�, �) and fixed
bed reactors (�, �). Reaction conditions: reaction temperature 1073 K,
total pressure 1.0 MPa, CH4/CO2/O2 = 50/50 − x/x (x = 0,10, 20,
30), SV= 75,000 cm3/g h, H2 pretreatment 1173 K, catalyst weight 0.2 g,
particle size 80–150�m. Dotted line in methane conversion can be due
to methane combustion[32].

the methane conversion and H2/CO ratio were almost the
same as that in the fluidized and fixed bed reactor. In contrast,
the fluidization enhanced the methane conversion in the case
of oxygen addition over Ni0.15Mg0.85O.

Table 1shows the conversion and H2/CO ratio in methane
reforming with CO2 and O2 over Ni0.15Mg0.85O catalyst

Table 1
Reaction temperature dependence of CH4 and CO2 conversions and
H2/CO in methane reforming with CO2 and O2 over Ni0.15Mg0.85O in
fluidized bed reactor under pressurized conditions

Temperature
(K)

GHSV
(×103 cm3/g h)

CH4

conversion
(%)

CO2

conversion
(%)

H2/CO

1073 75 78 3 1.4
56 78 6 1.4
37 80 7 1.4
19 82 3 1.5

1023 75 66 −24 1.5
56 67 −23 1.6
37 69 −23 1.6
19 72 −18 1.6

973 75 55 −22 1.2
56 56 −30 1.4
37 58 −33 1.5
19 63 −34 1.7

873 75 46 −51 1.5
56 47 −60 1.9
37 47 −62 2.0
19 45 −68 2.4

Reaction conditions: total pressure 1.0 MPa, CH4/CO2/O2 = 50/20/30,
H2 pretreatment 1173 K, catalyst weight 0.2 g, particle size 80–150�m.
Reaction temperature was monitored with TC1.

using a fluidized bed reactor in the reaction temperature
range of 873–1073 K (TC1). Methane and CO2 conver-
sion increased with the higher reaction temperature. At
1073–973 K, methane conversion decreased with higher SV
and shorter contact time. On the other hand, methane and
CO2 conversion increased slightly with SV at 873 K. In
this case, at higher space velocity, larger amount of oxygen
is supplied together with methane and the reaction heat of
methane combustion is supplied to the reactor. Therefore
the catalyst bed is heated and high conversion is obtained
even at short contact time. In fact, the temperature of TC1
was almost constant, but that of TC2 became a little higher
with higher SV.

The effect of the H2O addition to the reactant gases
(CH4 + CO2 + O2) is listed inTable 2. Methane conversion
was almost constant at various H2O/CO2 ratios at both tem-
peratures. The H2/CO ratio was dependent on the partial
pressure of H2O and was in the range between 1.4 and 2.5.
This indicates that Ni0.15Mg0.85O is an effective catalyst in
CH4 + H2O + O2 and CH4 + H2O + CO2 + O2 as well
as CH4 + CO2 + O2. Syngas with various compositions
is available by using a mixture of CO2 and H2O as the
reforming agents.

Catalytic performance in methane reforming with CO2
and O2 over Ni0.15Mg0.85O using the fluidized bed reaction
under pressurized conditions is listed inTable 3. Further-
more,Fig. 9shows CH4 and CO2 conversion and H2/CO ra-
tio in the product as a function of time-on-stream in methane
reforming with CO2 and O2 over Ni0.15Mg0.85O at 2.0 MPa
at 1023 K. Methane conversion in the fluidized bed reac-
tor was higher than that in the fixed bed reactor at 1.0 MPa
as shown inFig. 8. However, under more pressurized con-
ditions (1.5–2.0 MPa), methane conversion in the fixed bed

Fig. 9. Reaction time dependence of CH4 (�, �) and CO2 (�, �)
conversion and H2/CO (�, �) in methane reforming with CO2 and O2

over Ni0.15Mg0.85O: (�, �, �) fluidized bed reactor, (�, �, �) fixed
bed reactor. Catalyst weight 0.2 g, particle size 80–150�m, tempera-
ture 1023 K, total pressure 2.0 MPa, reactant CH4/CO2/O2 = 50/20/30,
GHSV = 75,000 cm3/g h. Dotted line in methane conversion can be due
to methane combustion[32].
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Table 2
Partial pressure dependence of CO2 and H2O in methane reforming with CO2, H2O and O2 in fluidized bed reactor[32]

Partial pressure (MPa) Temperature (K) CH4 conversiona (%) Formation rate (�mol s−1) H2/CO

CH4 O2 CO2 H2O CO H2

0.5 0.3 0.2 0.0 1073 78 111 156 1.4
0.5 0.3 0.1 0.1 1073 79 93 182 2.0
0.5 0.3 0.0 0.2 1073 76 74 184 2.5

0.5 0.3 0.2 0.0 1123 85 126 179 1.4
0.5 0.3 0.1 0.1 1123 85 107 217 1.9
0.5 0.3 0.0 0.2 1123 82 86 242 2.4

Reaction conditions: Ni0.15Mg0.85O 0.2 g, particle size 80–150�m, total pressure 1.0 MPa, SV= 56,000 cm3/g h, H2 reduction at 1173 K.
a The 30% of methane conversion is assigned to methane combustion.

Table 3
Catalytic performance in methane reforming with CO2 and O2 over Ni0.15Mg0.85O in fluidized and fixed bed reactor under highly pressurized conditions

Total pressure (MPa) Temperature (K) Reactor CH4 conversion (%) CO2 conversion (%) H2/CO

2.0 1073 Fluidized 69 −6 1.3
Fixed 68 −7 1.3

2.0 1023 Fluidized 50 −47 1.6
Fixed 49 −45 1.5

1.5 1023 Fluidized 58 −30 1.4
Fixed 58 −30 1.4

Reaction conditions: CH4/CO2/O2 = 50/20/30, GHSV = 56,000 cm3/g h, H2 pretreatment 1173 K, catalyst weight 0.2 g, particle size 80–150�m.
Reaction temperature was monitored with TC1.

reactor was slightly higher than those in the fluidized bed
reactor. This is probably because the higher total pressure
(1.5 and 2.0 MPa) enhances the contribution of methane ox-
idation in the gas phase, and decrease the contribution of
methane combustion on the catalyst surface. This means that
the amount of the oxidized catalyst becomes smaller under
higher reaction pressure. In the results, some fluctuation of
the conversion was observed; however, rather stable activity
was observed during about 4 h reaction.

The rate of carbon deposition becomes much higher un-
der more pressurized conditions, especially in dry reforming
of methane. Although almost no carbon was deposited on
Ni0.03Mg0.97O solid solution catalyst in dry reforming of
methane under atmospheric pressure, a considerable amount
of carbon deposition was observed at 2.0 MPa[36–38].
NiO–MgO solid solution catalyst has higher resistance to
carbon deposition than MgO supported noble metal catalyst
such as Pt/MgO. Furthermore, we have also investigated
the additive effect of various kinds of metal on the rate of
carbon deposition in pressurized dry reforming of methane.
It was found that the modification of NiO–MgO with Ca
and Sn was effective for the decrease of carbon deposition
rate. However, it is impossible to inhibit the carbon depo-
sition completely. Here we have measured the amount of
carbon deposition after the reaction in both reactors.

Fig. 10shows the TGA results of Ni0.15Mg0.85O catalyst
after the reaction (Fig. 9) in the fluidized and fixed bed re-
actor. No weight loss was observed on the catalyst in flu-
idized bed reactor even under very high pressure (2.0 MPa).
In addition, although the formed carbon can be escaped from

the fluidized catalyst bed because carbon is light, it was not
observed at all in the filter just after the reactor. In con-
trast, the weight loss due to carbon combustion (850–1050 K,
130 mg/gcat carbon) was clearly observed on the catalyst in
the fixed bed reactor. This indicates that the fluidized bed
reactor inhibits the carbon deposition. Our previous charac-
terization work revealed that a lot of whisker carbon was
observed by SEM observation on Ni0.15Mg0.85O after the
reaction in fixed bed reactor, and the energy dispersive X-ray
(EDX) analysis detected the large signal assigned to car-
bon [32]. However, on Ni0.15Mg0.85O after the reaction in
fluidized bed reactor, whisker carbon was not observed and
the EDX signal due to carbon was not detected. According

Fig. 10. Thermogravimetric analysis of Ni0.15Mg0.85O after the reaction
shown in Fig. 9 using fluidized bed (solid line) and fixed bed reactor
(broken line). TGA condition: the heating rate 30 K/min, air flowing,
sample weight 50 mg[32].
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Table 4
Properties of NixMg1−xO solid solution and MgO supported catalysts[32]

Catalyst Ni/(Ni+ Mg)
(%)

Pt/(Ni + Mg)
(%)

BET
(m2 g−1)

H2
a

(�mol g−1)
O2

b (�mol g−1) Dred
c (%) Ddisp

d (%) Particle size (nm)

Adse TEMf

Ni0.15Mg0.85O 15 0 3 1.1 38.4 2.3 2.8 34.6 33± 3
Ni0.07Mg0.93O 7 0 3 0.5 13.7 1.7 3.5 27.7 –
Ni0.03Mg0.97O 3 0 4 0.3 6.1 1.7 4.6 21.1 –
Pt/Ni0.03Mg0.97O 3 0.009 4 0.3 6.5 1.8 4.0 24.3 –
3 mol% Ni/MgO 3 0 4 1.1 118.1 31.7 0.9 107.8 –
3 mol% Pt/MgO 0 3 4 1.7 – 100f 0.2 – –

a Chemisorption experiment: H2 consumption at 298 K.
b Chemisorption experiment: O2 consumption at 873 K.
c Reduction degree: 2× O2 consumption/total Ni, assuming that Ni0 + 1/2O2 → NiO.
d Dispersion of reduced Ni particles: amount ratio of H2 consumption to O2 consumption, assuming H/Nis = 1 and total reduced Ni= 2 ×

O2 consumption.
e Calculated by Ads/nm = 971/(dispersion/%)/10 [35].
f It is assumed that all Pt atoms are reduced.

to the SEM observation, the image of Ni0.15Mg0.85O after
the reaction in fluidized bed reactor was almost the same as
that of Ni0.15Mg0.85O after H2 reduction. These results also
support that fluidized bed reactor inhibited the carbon depo-
sition in methane reforming with CO2 and O2 even under
highly pressurized condition.

In addition, in the TGA profiles, the weight gain assigned
to oxidation of Ni metal was not observed. As listed in
Table 4, on Ni0.15Mg0.85O after H2 pretreatment, 2.3% Ni
was reduced to metal. Therefore, the maximum weight gain
can be estimated to be 1.2 mg/gcat. In fact, a part of catalyst is
oxidized during the reaction and the catalyst can be oxidized
by air during the operation when the catalyst is transferred
from the reactor to the TGA apparatus. This suggests that the
amount of the reduced Ni species is smaller than the above
estimation. Considering from the weight loss (130 mg/gcat),
this can be neglected. This can explain the no weight gain
in the TGA profiles.

TEM observation of Ni0.15Mg0.85O before and after the
reaction was also carried out. The average diameter of Ni
particles on Ni0.15Mg0.85O after H2 reduction was estimated
to be 33± 3 nm. This value agrees with the estimation from
the results of hydrogen chemisorption as listed inTable 4.
On Ni0.15Mg0.85O after the reaction in fluidized bed reactor,
no whisker carbon was observed. However, the size of Ni
particle became larger and the distribution was rather broad
(45–100 nm). The average particle size was estimated to be
68±5 nm. This phenomenon corresponds to the aggregation
of Ni metal particles during the reaction because the catalyst
particles go through the region where methane combustion
proceeds and the temperature is very high[25].

Furthermore, the attrition of catalyst particles can usually
proceed in the fluidized bed reactor. Since the catalyst was
calcined at 1473 K during the catalyst preparation, the phys-
ical strength of the catalyst particles is rather high. However,
in fact, the attrition of the catalyst particles was observed in
the fluidized bed reactor. The catalyst particles using in the
fluidized bed reactor were sieved after 4 h reaction (Fig. 9).

A part of particles (about 5%) had the size smaller than
80�m. Since the amount of attrited particles was small, the
effect can be neglected in the activity test.

3.3. Catalytic behavior of NiO–MgO solid solution
catalyst with various Ni contents

Fig. 11 shows the dependence of methane conversion
on GHSV in methane reforming with CO2 and O2 over
NixMg1−xO (x = 0.03, 0.07 and 0.15) using the fluidized
bed reactor. Catalytic performance in methane reforming
with CO2 and O2 is also listed inTable 5. In each cat-
alyst, methane conversion decreased with increasing SV.
And NiO–MgO catalyst with higher Ni content gave higher
methane conversion. The difference of methane conversion
among NixMg1−xO catalysts was considerably large in the
case of the fluidized bed reactor. Methane conversion in CO2
reforming of methane under pressurized condition is also

Fig. 11. Effect of Ni content in NixMg1−xO catalysts on CH4 conver-
sion in methane reforming with CO2 and O2 using fluidized bed reactor.
Ni0.15Mg0.85O (�), Ni0.07Mg0.93O (�), Ni0.03Mg0.97O (�), dotted line:
CH4 conversion due to combustion. Reaction conditions: reaction temper-
ature 1073 K, total pressure 1.0 MPa, feed gas CH4/CO2/O2 = 50/20/30,
H2 pretreatment 1173 K, catalyst weight 0.2 g, granule size 80–150�m
[30].
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Table 5
Catalytic performance in methane reforming with CO2 and O2 using
fluidized bed reactor[32]

Catalyst Conversion (%) H2/CO

CH4
a CO2

Ni0.15Mg0.85O 78 3 1.4
Ni0.07Mg0.93O 67 −14 1.4
Ni0.03Mg0.97O 59 −20 1.3
Pt/Ni0.03Mg0.97Ob 66 −11 1.4
3 mol% Ni/MgO 64 −19 1.4
3 mol% Pt/MgO 57 −26 1.3
Pt/MgOc 39 −45 0.7
MgO 38 −57 1.1

Reaction conditions: reaction temperature 1073 K, total pressure 1.0 MPa,
CH4/CO2/O2 = 50/20/30, SV = 75,000 cm3/g h, H2 pretreatment
1173 K, catalyst weight 0.2 g, particle size 80–150�m.

a The 30% of methane conversion is assigned to methane combustion.
b The loading of Pt: Pt/(Ni + Mg) = 0.009 mol%.
c The loading of Pt: Pt/Mg = 0.009 mol%.

listed inTable 6. From these results, it is found that the dif-
ference of methane conversion among NixMg1−xO catalysts
was not so large in the fixed bed reactor and in CO2 re-
forming reaction. The difference in the case of fluidized bed
reactor cannot be explained by the difference of reforming
activity on each catalyst. As discussed later, the difference is
related to the catalyst reducibility. It has been reported that
NiO–MgO solid solution with higher Ni content has higher
reducibility [19].

3.4. Effect of Pt modification on NiO–MgO solid solution

Fig. 12 shows dependence of CH4 conversion on SV in
methane reforming with CO2 and O2 using the fluidized bed
reactor over Ni0.03Mg0.97O, 0.009 mol% Pt/Ni0.03Mg0.97O,
MgO and 0.009 mol% Pt/MgO. It is found that MgO and
Pt/MgO exhibited almost the same conversion level. This is
probably because the amount of Pt was so small (molar ratio
Pt/(Ni+Mg) = 0.009 mol%). On the other hand, significant

Table 6
Catalytic performance in CO2 reforming of methane using fixed bed
reactor[32]

Catalyst Conversion (%) H2/CO

CH4 CO2

Ni0.15Mg0.85O 57 75 0.75
Ni0.07Mg0.93O 57 75 0.74
Ni0.03Mg0.97O 51 69 0.69
Pt/Ni0.03Mg0.97Oa 55 65 0.84
3 mol% Ni/MgO 50 62 0.79
3 mol% Pt/MgO 40 50 0.78
Equilibrium 67 83 0.88

Reaction conditions: reaction temperature 1123 K, total pressure 1.0 MPa,
CH4/CO2 = 50/50, SV= 56,000 cm3/g h, H2 pretreatment 1173 K, cat-
alyst weight 0.2 g, particle size 80–150�m.

a The loading of Pt: Pt/(Ni + Mg) = 0.009 mol%.

Fig. 12. Effect of addition of Pt to NiO–MgO catalyst on CH4 conversion
in methane reforming with CO2 and O2 using fluidized bed reactor.
Pt/Ni0.03Mg0.97O (�), Ni0.03Mg0.97O (�), Pt/MgO (�), MgO (�), dotted
line: CH4 conversion due to combustion. Reaction condition: temperature
1073 K, total pressure 1.0 MPa, feed gas CH4/CO2/O2 = 50/20/30, H2

pretreatment 1173 K, catalyst weight 0.2 g, granule size 80–150�m, Pt
loading: Pt/(Ni + Mg) = 0.009 mol%[30].

increase in conversion was observed by the modification
of Ni0.03Mg0.97O with a small amount of Pt. It has been
reported that the addition of the small amount of noble metal
to NiO–MgO solid solution increased the catalytic activity
in CO2 reforming of methane[39,40]. According to these
reports, the addition of noble metal dramatically enhanced
the reducibility of Ni0.03Mg0.97O by the spillover effect of
hydrogen from noble metal to Ni0.03Mg0.97O surface.

3.5. Catalytic performance of supported Ni and
Pt catalysts

Fig. 13 shows the conversions and H2/CO ratio in the
product as a function of GHSV in methane reforming in the
fluidized bed and fixed bed reactors over MgO-supported Ni
and Pt catalysts at 1.0 MPa. Methane conversions on 3 mol%
Ni/MgO and 3 mol% Pt/MgO were almost the same in the
fluidized and fixed bed reactors. The difference between
these two reactors in the conversion on these supported cata-
lysts was much smaller than that on Ni0.15Mg0.85O (Fig. 7a).
Generally speaking, the difference between the fluidized and
the fixed bed reactors can be caused by heat transfer effects.
However, in our case, the reactor size was so small that the
difference of heat transfer was so small in both reactors.
In fact, the conversions were almost in the same level on
3 mol% Ni/MgO and 3 mol% Pt/MgO in both reactors.

Catalytic performances in methane reforming with CO2
and O2 using fluidized bed reactor and that in CO2 reform-
ing of methane using fixed bed reactor are also listed in
Tables 5 and 6, respectively. On MgO-supported Ni and Pt
catalysts, the conversion was lower than Ni0.15Mg0.85O and
Ni0.07Mg0.93O in both reactions. On the other hand, 3 mol%
Ni/MgO catalyst exhibited similar activity in methane re-
forming with CO2 as Ni0.03Mg0.97O, however, the conver-
sion in methane reforming with CO2 and O2 over 3 mol%
Ni/MgO was higher than that over Ni0.03Mg0.97O. In ad-
dition, 3 mol% Pt/MgO catalyst exhibited lower activity in
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Fig. 13. Dependence of CH4 (�, �) and CO2 conversion (�, �), and H2/CO ratio (�, �) on the space velocity in methane reforming with CO2 and
O2 using fluidized bed (�, �, �) and fixed bed (�, �, �) reactor MgO supported Ni and Pt catalysts. (a) 3 mol% Ni/MgO, (b) 3 mol% Pt/MgO.
Reaction conditions: reaction temperature 1073 K, total pressure 1.0 MPa, CH4/CO2/O2 = 50/20/30, H2 pretreatment 1173 K, catalyst weight 0.2 g,
particle size 80–150�m. Dotted line in methane conversion can be due to methane combustion[32].

methane reforming with CO2 than Ni0.03Mg0.97O, however,
the conversion in methane reforming with CO2 and O2
over 3 mol% Pt/MgO was almost the same as that over
Ni0.03Mg0.97O. Performance of the supported catalysts was
located between Ni0.03Mg0.97O and Ni0.15Mg0.85O. These
results totally indicate that Ni0.15Mg0.85O is an effective cat-
alyst for methane reforming with CO2 and O2.

Catalyst properties of NixMg1−xO and MgO-supported
catalysts are listed inTable 4. BET surface area of the
catalysts was almost the same since all the catalysts used
MgO-based supports. The amount of H2 consumption cor-
responds to the amount of surface Ni metal atoms (Nis) on
the assumption of H/Nis = 1. The amount of O2 consump-
tion was measured at 873 K, where Ni metal can be oxidized
to Ni2+, and this corresponds to the amount of Ni reduced
on the basis of O/Ni0 = 1. These data give the reduction
degree and the dispersion of Ni metal particles of the cat-
alysts. NixMg1−xO catalysts with higher Ni content exhib-
ited the higher reduction degree and lower Ni dispersion.
This behavior has also been observed in NixMg1−xO solid
solution with higher BET surface area[24]. Regarding the
reduction degree, supported Ni catalysts had much higher
reduction degree and lower dispersion than NiO–MgO solid
solution.

3.6. Catalytic behavior of methane reforming with CO2
and O2 in the heating and cooling processes

Fig. 14 shows the heating and cooling behavior of the
catalyst performance in methane reforming with CO2 and
O2 using the fluidized bed reactor. On Ni0.15Mg0.85O and
Ni0.03Mg0.97O catalysts, methane combustion started at
823 K and methane reforming started at 1023 K in the heat-
ing process. However, the conversion on Ni0.15Mg0.85O

increased with the reaction temperature more significantly
than that on Ni0.03Mg0.97O. In contrast, Ni0.03Mg0.97O re-
duced with hydrogen at 1173 K obtained the conversion as
high as Ni0.15Mg0.85O (Fig. 14b). As reported previously,
the reducibility of Ni0.03Mg0.97O was rather low, and H2
reduction at high temperature (>1073 K) is necessary for the
activation in steam reforming of methane[16]. Therefore,
low conversion on Ni0.03Mg0.97O must be due to low re-
ducibility. On the other hand, Ni0.15Mg0.85O has higher re-
ducibility than Ni0.03Mg0.97O because of higher Ni content.
From the comparison, the conversion on Ni0.15Mg0.85O in
the heating process was much lower than that in the cooling
process. This is explained by the difference in the reduction
degree of the catalysts. While the catalyst is reduced grad-
ually with methane and/or produced syngas in the heating
process, the catalyst in the cooling process can have higher
reduction degree. The conversion difference between the
heating and cooling processes indicate that the reducibility
of Ni0.15Mg0.85O is not so high.

In the profiles on 3 mol% Ni/MgO, methane combustion
started at 823 K, and this temperature was the same as that
on Ni0.03Mg0.97O and Ni0.15Mg0.85O. However, the reform-
ing started at 973 K, and this temperature was 100 K lower.
Furthermore, the conversion in the heating and cooling pro-
cesses was almost the same. These profiles indicate the high
reducibility of 3 mol% Ni/MgO. In the profiles on 3 mol%
Pt/MgO, methane combustion and reforming has started
even at 673 K. The conversion in the heating and cooling
profiles was almost the same on 3 mol% Pt/MgO. These re-
sults indicate that Pt has much higher activity of combustion
than Ni, and Pt also has higher reducibility.

In addition, we also investigated the additive effect of
Pt to Ni0.03Mg0.97O. The addition of a small amount of Pt
to Ni0.03Mg0.97O drastically changed the profiles. Methane
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Fig. 14. The heating and cooling behavior of methane conversion in methane reforming with CO2 and O2 over various catalysts. (a) Ni0.15Mg0.85O
(�), (b) Ni0.03Mg0.97O (�), Ni0.03Mg0.97O with H2 pretreatment at 1173 K for 30 min (�); (c) 3 mol% Ni/MgO (�), 3 mol% Pt/MgO (�); (d)
Pt/Ni0.03Mg0.97O (Pt/(Ni+Mg) = 0.009 mol%) (�). Reaction conditions: catalyst weight 0.2 g, particle size 80–150�m, 1.0 MPa, GHSV= 56,000 cm3/g h,
CH4/CO2/O2 = 50/20/30, fluidized bed reactor. Catalysts were used without the hydrogen pretreatment, except Ni0.03Mg0.97O with H2 pretreatment at
1173 K. Dotted line in methane conversion can be due to methane combustion[32].

combustion started at 773 K on Pt/Ni0.03Mg0.97O and this
temperature was 50 K lower than that on Ni0.03MgO0.97O,
and the reforming also started at 773 K on Pt/Ni0.03Mg0.97O.
Furthermore, the conversion in the heating and cooling pro-
files was almost the same. This indicated that the catalyst
reducibility was drastically enhanced by the addition of Pt.
This agrees with our previous report[39,40]. This bimetal-
lic Pt–Ni system is the effective catalyst for the methane
reforming with CO2 and O2 as listed inTable 4. It has been
reported that the synergistic effects of Pt and NiO were ob-
served in methane oxidation using fluidized bed reactor un-
der atmospheric pressure[41]. In addition, it has also been
reported that Pt–Ni alloy was formed on Pt/Ni0.03Mg0.97O
[40].

On the basis of a comparison between these profiles and
the fluidization effect, we concluded that the conversion in
methane reforming with CO2 and O2 was not enhanced by
the fluidization on a catalyst which showed similar behavior
in heating and cooling profiles like 3 mol% Pt/MgO and
3 mol% Ni/MgO. In contrast, the conversion was enhanced
by the fluidization on the catalyst which showed the higher
conversion in the cooling profile than that in the heating one.
This indicates that the fluidization effect is closely related
to the catalyst reducibility.

3.7. Promoting mechanism of catalyst fluidization

It has been reported that the fixed bed consists of two
different regions in the partial oxidation of methane[28].
In one region, where oxygen is present, the catalyst is in
the oxidized state. While in the other oxygen-free region,
the catalyst is in the reduced state. Under more pressur-
ized conditions, the carbon deposition becomes more sig-
nificant. Therefore, it is thought that the catalyst particles
in the oxygen-free region can have the carbon deposition.
In addition, the reforming ability is related to the catalyst
amount in the reduced state. In the case that methane con-
version in the fluidized bed and fixed bed reactors is in al-
most the same level, the amount of catalyst in each zone is
also the same in both reactors.

The results as shown above indicate that the conversion
was almost the same in fixed bed and fluidized bed reactor
on 3 mol% Ni/MgO and 3 mol% Pt/MgO. These catalysts
exhibited much higher reducibility than NiO–MgO solid
solution catalysts as shown in the profiles of methane
reforming in the heating and cooling process (Fig. 14).
When the catalyst has high reducibility, the catalyst even
in oxygen-containing zone can be present in the reduced
state to some extent, especially under pressurized reaction
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conditions. It is known that Pt metal is very stable under
oxygen atmosphere[42], and this can explain that the level
of methane conversion was almost the same in both reactors.
Furthermore, since the reduction degree of catalyst is con-
siderably high on Ni/MgO, it is suggested that the catalyst
in oxygen-containing zone can be in the reduced state like
Pt/MgO. Recently, we have studied the temperature profile
of the fixed catalyst bed in methane reforming of CO2 and
O2 [43–46]. Temperature profile of Pt catalyst was flatter
than that of Ni catalyst. This strongly suggests that Pt exists
in a metallic state and reforming reaction can proceed even
under the presence of oxygen. Flat temperature profile can
be interpreted by the simultaneous procedure of exothermic
methane combustion and endothermic methane reforming.
This also supports that the catalyst in oxygen-containing
zone can be in the reduced state in the case of Pt/MgO.

In contrast, on the catalysts with lower reducibility, the
amount of oxidized catalyst becomes larger on NiO–MgO
solid solution catalysts since the reducibility of NiO–MgO
solid solutions is lower than that of supported catalysts.
This is also supported by the result that the NiO–MgO
deactivated rapidly under more oxidizing condition under
the atmospheric reaction conditions. On the other hand, the
fluidization causes the reduction of oxidized catalyst and
regenerates the active site for the methane reforming. This
is because the circulation of the catalyst particles makes it
possible to carry the oxidized catalyst to the reduction zone
(upper part of the bed). A model of fluidized bed reactor
is depicted inFig. 15. In fixed bed reactor, the oxidized
catalyst can not be re-reduced. This effect can decrease
the amount of the oxidized catalyst and this promotes the
methane conversion in the fluidized bed reactor.

NiO–MgO catalyst showed different colors in the different
chemical state. The color of oxidized catalyst is green, and
that of reduced catalyst is gray. It is impossible to observe
the color during the reaction since the reactor is covered
with a stainless tube. However, the catalyst particles taken

Fig. 15. A model of fluidized bed reactor in methane reforming with CO2

and O2 [32].

out from the reactor after the reaction had these two colors,
and this supports the presence of oxidizing and reducing
atmosphere in the fluidized bed.

Furthermore, the temperature gradient in the catalyst bed
can be measured in the experiment under atmospheric pres-
sure. In fact, the temperature gradient was very small in the
fluidized bed reactor. However, in the case of the experi-
ments under pressurized condition, it is difficult to obtain
the temperature gradient in the catalyst bed.

In terms of carbon deposition, the effect of catalyst flu-
idization is significant. Fluidization inhibited the carbon
deposition in methane reforming as shown inFig. 10. The
deposited carbon is formed on the catalyst in oxygen-free
reforming zone, and it moves to oxygen-containing zone
by catalyst fluidization. The deposited carbon also reacts
with oxygen and is gasified. The TGA results show that the
carbon can react with oxygen at the reaction temperature
easily. When the rate of carbon deposition is higher than the
rate of carbon removal, carbon is accumulated even in this
reactor. However, the carbon deposition rate on NiO–MgO
was rather low as reported previously even under pressur-
ized conditions[38], and then it is thought that the rate of
carbon deposition is lower than the rate of carbon removal.
It is implied that no carbon was accumulated in the fluidized
bed reactor.

At present, the effect of the reactor size (diameter) is not
investigated, and it should be noted that the phenomenon
observed here may not be reproduced in the case of a much
larger bed because the same fluidization characteristics may
not be available. In addition, the investigation on the physical
strength is not enough although this is an important factor in
the case of the fluidized bed reactor. Furthermore, the obser-
vation of carbon deposition behavior after the much longer
test is also important since carbon may be accumulated on
the catalyst when the reaction time becomes longer. Further
investigation in terms of the practical view is necessary in
the future.

4. Conclusions

Higher methane conversion was available in methane re-
forming with CO2, H2O and O2 on NiO–MgO solid solution
catalysts in the fluidized bed reactor than that in the fixed
bed reactor. The effect of catalyst fluidization is found to be
dependent on the catalyst reducibility from the comparison
with supported catalysts. The enhancement of conversion is
caused by the re-reduction of the oxidized catalyst during the
fluidization, and this effect is more significant when the re-
ducibility of catalyst is at a suitable level. Furthermore, it is
found that the carbon deposition can be inhibited by the cat-
alyst fluidization even under pressurized conditions where
the carbon deposition is more severe. This is because the
catalyst particles are circulated between the oxidizing and
the reducing zone and the carbon gasification proceeds in
the oxidizing zone. When the carbon deposition rate on the
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catalyst is low enough, carbon-free operation was possible
for 4 h under pressurized condition (2.0 MPa) in the fluidized
bed reactor using Ni0.15Mg0.85O solid solution catalyst.
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