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The catalytic performance of nickel-magnesia catalysts in CO;
reforming of methane and the factors influencing carbon deposi-
tion during the reaction were investigated by a comparative study
of reduced NixMg;_xO solid solution and magnesia-supported Ni
metal (Ni/MgO) catalysts. Reduced NixMg;_xO solid solution cata-
lysts generally showed higher resistance to carbon formation than
Ni/MgO. From the combination of catalytic properties with the char-
acterization results of XRD, TEM, FTIR, and dispersion measure-
ments, it was found that the excellent anticoking performance of
reduced solid solution catalyst with low Ni content is attributable to
high dispersion of reduced Ni species, basicity of support surface,
and nickel-support interaction.  © 1999 Academic Press

Key Words: CO; reforming of methane; anticoking performance;
nickel-magnesia catalysts; nickel-support interaction.

INTRODUCTION

Considerable attention has been paid to the catalytic re-
forming of CH,4 with CO, to synthesis gas (CH;+ CO, —
2CO + 2Hy) in recent years (1-10). This reaction has very
important environmental implications since both CH4 and
CO;, contribute to the greenhouse effect. They are also two
of the most abundant carbon-containing materials. There-
fore, converting these two gases into a valuable synthesis gas
may not only reduce atmospheric emissions of CO,and CH,
butalso satisfy the requirement of many synthesis processes
in the chemical industry. In addition, since the synthesis gas
produced by this reaction has a high CO content, it is more
suitable for the synthesis of valuable oxygenated chemicals
than that produced by conventional steam reforming.

Great efforts have been focused on the development of
catalysts which show high activity and stability. It is recog-
nized that most of the group VIII metals are more or less
effective for CH4/CO; reaction in terms of CH, conversion
and selectivity to synthesis gas (4, 11-19). However, there
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are some factors of deactivation. They are generally solid
reaction of the active metal with the support, carbon de-
position, and the sintering of active metals. Among them,
carbon deposition is the most serious problem and appears
unavoidable, especially for nickel-based catalysts. Gadalla
and Sommer have established the conditions for carbon-
free operation using thermodynamic calculations (1). To
prevent carbon formation, a high CO,/CH, ratio and a
high reaction temperature are required, but the tempera-
ture must be lower than an upper-temperature limit where
nickel carbide forms. It is also known that catalysts based
on noble metals are less sensitive to coking than nickel cata-
lysts, probably due to the lower solubility of carbon in noble
metals (4, 7, 11, 15, 18). But the high cost and limited avail-
ability of noble metals restrict their applications. It has been
reported that sulfur passivation of nickel catalysts can sup-
press carbon deposition effectively, and based on this find-
ing, SPARG (sulfur-passivated reforming) is already run-
ning on a larger scale (18). However, in this case, catalytic
activity is sacrificed to a large extent, although the rate of
carbon formation decreases more than the reforming rate.
The effect of the nature of the support has also been noted in
recent years. Osaki et al. have determined the composition
of the intermediate hydrocarbon species using pulse surface
reaction rate analysis (20). They found that the number of
hydrogen atoms involved in the surface CHy species had
a correlation with the anticoking performance of these Ni
catalysts. Zhang et al. have investigated Ni/La,O3 catalysts.
These catalysts had high stability under diluted CH4 + CO5,
but a small decline of activity with time on stream was ob-
served on the catalyst under undiluted CH, 4+ CO, feed (21—
23). Another catalyst system noteworthy for its excellent
anticoking performance is nickel-containing spinel or solid
solution. Chen and Ren have convincingly shown that car-
bon deposition can be markedly suppressed when NiAlL,O4
is formed during the pretreatment procedure (24). It was
found that a Nip03Mgo.970 solid solution catalyst, which was
reduced with H; at 1123 K, can realize carbon-free opera-
tion at 1123 K over 3000 h in the reforming of CH, with CO,
and studies related to this catalyst have been carried out
(25-35). Furthermore, this catalyst was found to have high
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resistance to carbon formation in CO, reforming and steam
reforming of methane under low H,O/CH,4 = 1/1 conditions
(27). It has been reported that reduced NiO/MgO with 9.2—
28.6 wt% NiO has shown excellent stability for 120 h, while
reduced NiO/CaO, NiO/SrO, and NiO/BaO exhibited lower
activity and stability. Furthermore, the catalytic properties
of NiO/MgO have been investigated (36-40).

In this paper we investigated the relation between cata-
lyst structure and catalytic properties, especially activity
and carbon deposition behavior, on NiO-MgO solid solu-
tion (NixMg;_xO) and supported (Ni/MgO) catalysts. It is
expected that these catalysts will have different Ni particle
sizes and different strengths of interaction between active
nickel species and support surfaces. The effect of catalyst
structure on catalytic activity and coke formation is dis-
cussed in this paper.

EXPERIMENTAL

Catalyst Preparation

NixMg;_xO solid solution catalysts were prepared by
coprecipitating nickel acetate (>98.0%, Kanto) and mag-
nesium nitrate (>99.2%, Kanto) aqueous solutions with
potassium carbonate (>99.5%, Kanto). The details of
catalyst preparation are described in previous papers (27,
30). After being filtered and washed with hot water, the
precipitate was dried at 393 K overnight and then calcined
at 1223 K for 10 h. The Ni content ranged from x = Ni/(Ni +
Mg) =0.03 to 0.15. We used these catalysts after H, reduc-
tion at 1123 K before the reaction. Therefore, in the strict
sense, the structure of the working catalyst was not a solid
solution. But in this paper, NixMg;_xO after reduction and
during the catalytic reaction is also denoted as NixMg; _xO
solid solution catalyst. MgO-supported Ni metal catalysts
(Ni/MgO) were prepared by impregnating homemade
MgO with the acetone solution of nickel acetylacetonate
complex (>99%, Soekawa Chemicals), followed by drying
at 393 K overnight. The preparation method of MgO sup-
port was the same as that for NiyMg; _xO. Ni loading of sup-
ported catalysts ranged from the atomic ratio of Ni/(Ni+
Mg) =0.3 to 3%. Ni/MgO catalysts were not calcined at
high temperatures in order to make smaller amounts of
solid solution. Before use, all these catalysts were pressed
into tablets and crushed to 20- to 40-mesh particles.

Activity Test

Activity measurements were carried out in a fixed-bed
continuous-flow reactor made of a 6-mm-i.d. quartz tube.
Catalyst weight was about 0.05 g. After the catalysts were
reduced in flowing H; (99.9995%, Takachiho) at 1123 K
for 0.5 h, a reactant gas feed consisting of a mixture of
CHy (99.99%, Takachiho) and CO; (99.99%, Takachiho)
was introduced into the reactor under 0.1 MPa and W/F =
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0.1-1.2 g h/mol. The reaction temperature varied from 773
to 973 K. The effluent gas was analyzed with an on-line
TCD gas chromatograph using 2 m of active carbon as the
separating column. An ice bath was set between the reactor
exit and the GC sampling valve in order to remove water
from the effluent gas.

Catalyst Characterization

Catalyst surface area was measured by the BET method
and nitrogen sorption at 77 K with Gemini (Micromeritics).
Bulk phase analysis of catalysts was performed onan RINT
2400 (Rigaku) X-ray diffractometer with CuKa radiation.

The consumption measurements of H, and O, were
carried out in a static volumetric glass high-vacuum sys-
tem. Research grade gases (Hz, 99.9995%; O,, 99.99%,
Takachiho) were used without further purification. Before
consumption of H; and O,, the prereduced catalysts were
treated in H; at 1123 K for 0.5 h, followed by evacuation.
The amount of consumption was measured at room tem-
perature for H, and at 873 K for O,. The pressure of the gas
phase at the equilibrium state was about 26.3 kPa in each
case.

The morphology of the catalysts was observed by means
of a JEM-2010F microscope operated at 200 kV. After re-
duction with H, or catalytic reaction at 773 K, the samples
were stored under vacuum until the measurements were
made. Samples were dispersed in tetrachloromethane by
supersonic waves and put on Cu grids for the TEM obser-
vation under atmosphere.

FTIR measurements for the adsorption of CO and CO,
on various catalysts at room temperature were carried out
in an in situ IR cell combined with a closed circulating sys-
tem. About 0.15 g of catalyst was pressed into 20 mm ¢ thin
self-supporting wafers for the use of IR measurements. IR
spectra were recorded by MAGNA-IR 550 (Nicolet) using
the transmission method and a MCT detector with 2 cm™?
resolution. After the catalysts were reduced at 1123 K for
0.5 h and after subsequent evacuation, the sample temper-
ature was cooled to room temperature. FTIR spectra of
CO and CO; adsorption were obtained after the introduc-
tion and evacuation of CO (99.95%, Takachiho) and CO,
(99.99%, Takachiho) at some pressure.

The accumulation of carbonaceous species on the catalyst
surface during the reforming of CH, with CO; as a function
of time on stream (2, 30, and 60 min, respectively) and their
reactivity toward hydrogenation were characterized by the
temperature-programmed hydrogenation (TPH) method.
The catalyst (0.05 g) was reduced in H; flow at 1123 K
for 0.5 h prior to the introduction of the reactant gas
(CH4/CO,=1/1, W/IF=0.1 gh/mol, 773 K). After the re-
duced catalyst was exposed to the reaction conditions for 2,
30, or 60 min, the feed gas was switched to Ar for 10 min, and
then the reactor was quickly cooled to room temperature,
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FIG. 1. The influence of contact time on the catalytic activity (O, A)
and CO/H; ratio of the product gas (@, A) in CO, reforming of methane
over Nig3Mgo7O solid solution (O, @) and 3 mol% Ni/MgO (A, A)
catalysts at 773 K. Reaction conditions: CH,/CO,=1/1, 0.1 MPa; catalyst
weight, 0.05 g.

followed by TPH characterization. In TPH experiments,
pure H (99.9995%, Takachiho) was used. The catalyst tem-
perature was raised from room temperature to 1123 K at a
heating rate of 20 K/min. CH4 and CO, were detected, and
asmall amount of CO, was desorbed below 773 K. This may
be due to the decomposition of the product which is formed
by the reaction between CO, and catalyst or CO, adsorbed
on stronger basic sites. The signal of CH, was recorded con-
tinuously by FID equipped with no separating column. No
products than other methane were observed in the analysis
of the frequent sampling gas by another GC with the sep-
arating column and FID. Two peaks of methane formation
were observed in TPH profiles. One appeared between 550
and 700 K and is designated as «-carbon; the other appeared
above 873 K and is named B-carbon. In our previous paper
(29), it was found that g-carbon was mainly due to the hy-
drogenation of adsorbed CO, on support and g-carbon was
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responsible for carbon deposition. Therefore, in this paper,
only the data on B-carbon are discussed.

RESULTS AND DISCUSSION

Comparison between Solid Solution and Supported
Catalysts in Catalytic Performance

The influence of contact time on catalytic activity in the
reforming of CH, with CO; over Nig3Mgp.970 solid solu-
tion and 3 mol% Ni/MgO catalysts at 773 K is shown in
Fig. 1. A 3 mol% Ni/MgO was more active in the CH,~CO,
reaction than Nigg3Mgoe70. The equilibrium conversion
was achieved at 3 mol% Ni/MgO at W/F > 0.4 g h/mol, while
WI/F higher than 1.2 g h/mol was required for Nig03Mgo.97O
to approach the equilibrium level. The CO/Hj; ratio in the
product gas was always higher than unity, which is the sto-
ichiometry of this reaction. This was due to the reverse
water-gas shift reaction (H, + CO, — H,O + CO) (41, 42).
At W/F=0.1 gh/mol, both catalysts showed conversions
far from the equilibrium level; therefore we chose this re-
action condition in the comparison of the catalytic activity.
Equilibrium conversion is also shown in Fig. 1. Under this
reaction condition, equilibrium methane conversion can be
calculated to be about 15% (32). Experimental methane
conversion at the reaction equilibrium was a little lower
than that by thermodynamic calculation. This may be due
to error in product analysis and temperature measurement.

Figure 2 shows the CO formation rate as a function
of time on stream over Nip3Mgo 97O solid solution and
3 mol% Ni/MgO catalysts at various reaction temperatures.
On the basis of thermodynamic calculations, the CO forma-
tion rate at the reaction equilibrium corresponds to about
2200, 1300, and 500 umol/gs at 973, 873, and 773 K. Un-
der the reaction condition of Fig. 2, methane conversion on
these two catalysts was far from the equilibrium level. With
increasing reaction temperatures, the catalytic activities in-
crease significantly. The apparent activation energies are
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FIG. 2. COformation rate in CO, reforming of methane as a function of time on stream over Nig ¢3Mgg 97O solid solution (a) and 3 mol% Ni/MgO (b)
catalysts at 773 K (<), 873 K (), and 973 K (A). Reaction conditions: CH4/CO, =1/1, 0.1 MPa, W/F =0.1 g h/mol; catalyst weight, 0.05 g.
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FIG. 3. Effects of H, addition to CH, + CO; on the activity and sta-

bility of Nig3Mgo97;O solid solution (@, O) and 3 mol% Ni/MgO (A,
A) catalysts. CH,/CO, (@, A), CH4/CO2/H; (O, A). Reaction conditions:
CH4/CO,/N, =50/25/25, CH4/CO,/H,/N,="50/25/5/20, 0.1 MPa, W/F =
0.5 g h/mol for Nig ¢3Mgo ¢7O and 0.2 g h/mol for 3 mol% Ni/MgO; reaction
temperature, 1023 K; catalyst weight, 0.05 g.

18 kcal/mol for Nigo3Mgo 970 and 21 kcal/mol for 3 mol%
Ni/MgO, respectively. For Nigg3Mgo.¢70, the catalyst deac-
tivation was observed at each temperature, and it was more
significant at higher reaction temperatures. In our previous
paper, it was proven that the deactivation of Nigg3Mgo 70
catalysts cannot be ascribed to the carbon deposition, since
when the activity reached zero, the amount of carbon on
the catalyst was almost zero (28). From the observation
that the color of the catalyst was gray before reaction and
green after reaction, it is suggested that the deactivation of
Nig 03Mgo97O may be caused by the oxidation of reduced
Ni by CO; and H,O during the reaction. A considerable
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amount of carbon was deposited on 3 mol% Ni/MgO dur-
ing the reaction, as shown later. But significant deactivation
was not observed. This implies that a large part of the car-
bon does not poison the active site, and its morphology
seems to be filamentous (24, 43-45). However, it has been
reported that the accumulation of filamentous carbon will
finally result in an increased pressure drop of the reactor
and a physical breakdown of the catalyst (44).
Furthermore, we examined the catalyst stability at 1023 K
under CH4/CO2/N, =50/25/25 and CH4/CO2/H2/N, =50/
25/5/20. It can be seen from Fig. 3 that a Nig g3Mgg 970 solid
solution catalyst lost most of its activity after 43 h on a
CH4/CO,/N; stream, the relative activity decreasing from 1
to 0.09. Especially, the initial deactivation was significant.
In contrast, the relative activity decreased from 1 to 0.37
for a 3 mol% Ni/MgO catalyst under the same conditions.
On the other hand, when 5% H, was introduced into the
reactant gas feed, the deactivation on Nig¢3Mgo.¢70 disap-
peared completely. This result indicated that the addition
of H; inhibited the deactivation by the oxidation of reduced
Ni on Nig03Mgo.970. Although hydrogen also exists in the
products, the effect of hydrogen addition was significant.
This suggested that the catalyst oxidation proceeds at the
inlet of the catalyst bed because the partial pressure of hy-
drogen is very low, especially in the experiment without the
addition of H,. But the deactivation of 3 mol% Ni/MgO was
still observed under the Hy-added condition, and the rela-
tive activity after a 43-h reaction increased to 0.51. Figure 4
shows the XRD patterns of these two catalysts after reduc-
tion and after 43 h on a CH4#/COy/H2/N; stream at 1023 K.
No peaks of carbon were detectable on a Nig g3Mgp ¢70 solid
solution catalyst. But the peak at 26 = 26.5°, which can be
assigned to graphite was observed on 3 mol% Ni/MgO. On
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FIG. 4. XRD patterns for Nigo3Mgo.970 solid solution (a, b) and 3.0 mol% Ni/MgO (c, d) catalysts after H, reduction at 1123 K for 0.5 h (a, ¢) and
after reaction under CH4/CO,/H,/N, at 1023 K for 43 h. Reaction conditions: CH,/CO,/H,/N, = 50/25/5/20, 0.1 MPa, W/F = 0.5 g h/mol for Nig 03Mgo.970
and 0.2 g h/mol for 3 mol% Ni/MgO, 1023 K; catalyst weight, 0.05 g. Assignment: (®) Ni-Mg-O solid solution or MgO, (l) Ni metal, (A) graphite.
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the other hand, it is noted that the intensity of the peaks
at 260 =44.5,51.8, and 76.4° on 3 mol% Ni/MgO after reac-
tion was apparently enhanced compared with that in the re-
duced catalyst. This indicates that the sintering of Ni metal
particles probably occurred during the reaction, which may
also cause the deactivation of 3 mol% Ni/MgO. However,
it seems that aggregation of Ni metal particles was not ob-
served on Nig 03Mdgo.970, which is suggested by the fact that
no change is observed in the XRD pattern between the re-
duced catalyst and that after the reaction. In the case of
3 mol% Ni/MgO, the aggregation of nickel and the forma-
tion of carbon may cause the deactivation.

Figure 5 shows profiles of temperature-programmed hy-
drogenation of the sample after CH,~CO; reaction. The
amount of g-carbon is listed in Table 1. The peak due
to g-carbon could not be distinguished above 700 K on
Nig.03Mgo.970 solid solution catalysts (Fig. 5a). A slight shift
of baseline observed in the TPH profile apparently caused
about 30-40 umol-Cg~t of g-carbon on NigMgge7O
solid solution catalysts after 2-, 30-, and 60-min reactions,
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but the amount was not increased with reaction time on
Nig.03Mgo.970 solid solution catalysts. In contrast, a clear
peak due to g-carbon was observed on three other cata-
lysts and the peak intensities increased proportionally with
the reaction time. These data were obtained at W/F=0.1
g h/mol, where methane conversion on Nigo3Mgg.970 solid
solution catalysts was far from the equilibrium. At W/F =
1.2 gh/mol, where methane was close to the equilibrium
as shown in Fig. 1, carbon deposition was not observed on
the catalyst. On Nip.10Mdo.90O solid solution catalysts, de-
posited carbon was observed as shown in Fig. 5b. This in-
dicated that nickel magnesia solid solution catalysts with
a high Ni content did not exhibite as high a resistance to
carbon deposition as Nig g3Mgo.¢70 solid solution catalysts.
In addition, as shown in Fig. 5¢, the peak of g-carbon was
also observed on Nig03Mgo 97O calcined at 773 K, which was
prepared by calcining the precipiate at 773 K for 10 h af-
ter drying. High-temperature calcination and solid solution
formation during catalyst preparation seem to be neces-
sary for the inhibition of carbon deposition. On 3 mol%
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Profiles of temperature-programmed hydrogenation on the samples after the reaction for 2, 30, and 60 min. (a) Nig 03Mgo.970 solid solution,

(b) Nig10Mgog0O solid solution, (c) Nigo3Mgo.97O calcined at 773 K, (d) 3 mol% Ni/MgO. Reaction conditions: CH,/CO,=1/1, 0.1 MPa, W/F =
0.1 g h/mol; catalyst weight, 0.05 g; reaction temperature, 773 K. The calcination temperature of (a) and (b) was 1223 K.
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TABLE 1

Properties of Nickel-Magnesia Solid Solution and Magnesia-Supported Nickel Catalysts for CO, Reforming of Methane

Deposited carbon CO formation

Ni/ H  OF Amountf CH, Rate' Carbon
Preparation (Ni+Mg) T& BET (umol (umol Dyeg® Daip® (umol-  TOF9  Conv' (umolg™ TOF selectivity
Catalyst method (%) K (Mg gbH ogbhH ) @) CghH @0 3shH (%) s ™ (107%%)
Nio.0sMgos7O Coprecipitation 3 1223 19 31 105 29 30 0 0.0 2 40 6.5 0.0
Nip03Mgo970O Coprecipitation 3 973 42 124 146.7 404 9 111 13 8 158 6.4 2.0
Nig03Mgo.97O Coprecipitation 3 773 53 18.6 2122 585 9 182 14 11 240 6.5 2.2
Nig0sMgo9sO Coprecipitation 5 1223 29 4.2 555 93 8 84 2.9 5 97 115 25
Nig.10Mgo.90O Coprecipitation 10 1223 30 149 1304 114 11 129 1.2 8 155 5.2 2.3
Nig15MgogsO Coprecipitation 15 1223 29 4.8 390 25 12 85 2.6 6 123 12.8 2.0
0.3 mol% Impregnation 0.3 — 18 2.4 218 586 11 62 3.7 5 87 18.1 2.0
Ni/MgO
1.0 mol% Impregnation 1 — 18 4.1 84.9 69.0 5 185 6.5 6 127 155 4.3
Ni/MgO
3.0 mol% Impregnation 3 — 16 3.9 2265 624 2 485 17.8 8 138 17.7 10.1
Ni/MgO

2 Calcination temperature.
b H, consumption at 298 K.
¢ O, consumption at 873 K.

4 Reduction degree: 2x(O; consumption)/(total Ni), assuming that Ni° + 1/20, — NiO.
¢ Dispersion of reduced Ni particles: amount ratio of H, consumption to O, consumption, assuming H/Nis=1 and total reduced Ni=2x(O,

consumption).

f The difference of B-carbon amount: (8-carbon after reaction for 60 min)-(8-carbon after reaction for 2 min), the amount of g-carbon deposited
on each catalysts was estimated by the TPH method. Reaction conditions were as follows: 773 K, 0.1 MPa, CH,/CO, = 1/1, W/F = 0.1 g h/mol, 60 min,

0.05 g-cat.

9 TOF was estimated on the basis of H, consumption assuming H/Nis= 1.
f‘ CH, conversion under the reaction conditions: 773 K, 0.1 MPa, CH,/CO, = 1/1, W/F = 0.1 g h/mol, 60 min, 0.05 g-cat.
' CO formation rate under reaction conditions: 773 K, 0.1 MPa, CH,/CO; = 1/1, W/F = 0.1 g h/mol, 60 min, 0.05 g-cat.

I TOF was calculated on the basis of H, consumption results.

k Carbon selectivity: (TOF of carbon formation)/(TOF of carbon formation + CO formation).

Ni/MgO, a large amount of deposited carbon was observed
in Fig. 5d.

Characterization of Catalyst

The results of the characterization of the catalysts are
summarized in Table 1. It is thought that the amount of O,
consumption at 873 K corresponds to the total amount of re-
duced Ni in the catalysts on the basis of Ni° + 1/20, — NiO.
The amount of H, consumption at room temperature is
thought to give the number of surface Ni atoms on the ba-
sis of H/Nil = 1. From Table 1, it can be seen that there is
a large difference in the degree of reduction (the ratio of
reduced Ni to total Ni). Ni/MgO catalysts exhibited high
reducibility, their reduction degree was around 60%, and
the reducibility did not seem to be influenced by Ni loading.
This indicates that the majority of Ni?* in reduced Ni/MgO
catalysts is in the metallic state. Unreduced Ni may form
solid solution catalysts. In contrast, the degree of reduction
of Ni was below 10% on solid solution catalysts. These were
increased with the nickel content in solid solutions, consis-
tent with the report about the reducibility of NiO-MgO
solid solutions (46). In addition, Nipg3Mgo¢70 calcined at
773 and 973 K showed a higher BET surface area and a

higher reduction degree than calcined at 1223 K. This is
probably because the crystal size was smaller and a solid
solution was not formed completely at lower temperatures.
If the H, and O, consumption in Table 1 be corresponds
to the number of surface Ni atoms and the number of re-
duced Ni atoms, respectively, the dispersion of nickel metal
particles is estimated by the ratio of H, consumption to O,
consumption as shown in Table 1.

XRD patterns of catalysts after reduction in H; flow at
1123 K for 30 min are shown in Fig. 6. The diffraction peaks
at36.9,42.9, 62.3, and 78.6° can be ascribed to a nickel mag-
nesia solid solution or MgO. Table 2 shows the diffraction

TABLE 2
Diffraction Angle of Nickel-Magnesia Solid Solution Catalysts

Catalyst Diffraction angle 268/°
Nio,ogMgo.97o 42.93
Ni0_05Mgo_95O 42.93
Nio,loMgo.ggo 42.96
Ni0_15Mgo_35O 42.98
3 mol% Ni/MgO 42.90, 43.02

2 CuKa.
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FIG. 6. XRD patterns of the solid solution and supported catalysts after H, reduction. (a) Nig03Mgo.97O solid solution, (b) Nig.0sMgo.9sO solid
solution, (c) Nip.10Mgo.90O, (d) 0.3 mol% Ni/MgO, (e) 1.0 mol% Ni/MgO, (f) 3.0 mol% Ni/MgO. Assignment: (®) Ni-Mg-O solid solution or MgO,

(M) Ni metal.

100 nm

FIG.7. TEM images of catalysts after H, reduction at 1123 K. (a) Nig03M0.070, (b) Nio.10Mgo.900, (¢) 0.3 mol% Ni/MgO, (d) 3.0 mol% Ni/MgO.
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100 nm

FIG. 8. TEM images of catalysts after CO, reforming of CH4. (a) Nig.03Mgo.970, (b) 3 mol% Ni/MgO. Reaction conditions: CH4/CO, =1/1, W/F =

0.1 gh/mol, total pressure 0.1 MPa, 773 K, 1 h.

angle of the maximum peak. The small shift in the diffrac-
tion angle is due to the effect of Ni?* ions incorporated in
NiO-MgO solid solutions as reported (47). The diffraction
peaks at 44.5, 51.8, and 76.4° can be attributed to metal-

lic Ni. On 3 mol% Ni/MgO, the sharp peaks due to Ni
metal were observed. This indicated that 3 mol% Ni/MgO
had very large nickel particles. This corresponded to very
low H,/O, in Table 1. In addition, a strong peak at 42.90°
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with a shoulder peak at 43.02° was observed on 3 mol%
Ni/MgO. The strong peak can be assigned to MgO. The
shoulder peak can be assigned to a NiO-MgO solid solution
with Ni/(Ni+ Mg) = 0.3, which is estimated on the basis of
Ref. (47). This indicated that 3 mol% Ni/MgO contained
three phases: nickel metal, MgO, and solid solution with
high nickel content. This agrees with the result that the re-
duction degree did not reach 100%o as listed in Table 1. Since
no calcination was performed during the pretreatment of
Ni/MgO catalysts, a major part of Ni?* would be reduced
before its diffusion into MgO lattices to form solid solutions.
Unlike Ni/MgO catalysts, NixMg;_xO solid solution cata-
lysts experienced high temperature calcination, and Ni%*
ions were diffused into MgO bulk to form solid solutions.

TEM images of catalysts reduced at 1123 K are shown in
Fig. 7. Only a few Ni particles (about 3-4 nm) are observed
on the plane of cubic support (unreduced solid solution)
for Nig03Mgoo70, and nickel particles were not observed
on most support cubes as shown in Fig. 7a. This is in agree-
ment with the high dispersion and low reduction degree.
In Fig. 7b, we observed that many more Ni particles with
diameters mainly ranging between 4 and 8 nm appeared
on Nig10Mgo.g0O catalysts. Obviously, the increase of Ni
content resulted in the aggregation of metal particles. The
0.3 mol% Ni/MgO had Ni particles with size distribution
from 3 to 10 nm (Fig. 7c). The 3.0 mol% Ni/MgO has a
considerably broader particle size distribution relative to
the others (Fig. 7d). We can calculate the average parti-
cle size according to the equation ds = >"n;d/>_nid?on the
basis of counting the diameter of numerous particles. The
average particle sizes of Nigg3Mgo.970, Nip.10Mg0.900, 0.3
mol% Ni/MgO, and 3.0 mol% Ni/MgO were 3.9, 6.3, 5.0,
and 6.4 nm, respectively. From these results, the dispersion
can be calculated to be 0.25, 0.15, 0.19, and 0.15 on the
basis of (49). There is a large difference between these val-
ues and the H,/O, ratios in Table 1, especially on 3 mol%
Ni/MgO. Judging from the XRD results, this dispersion of
3 mol% Ni/MgO from TEM must be too high. The size of
the image field of TEM may be so limited that very large
Ni particles failed to be observed. In addition, many more
nickel particles seem to be present on Nig3Mgoe7O than
those observed by TEM. This was discussed in the previous
paper (30).

Figure 8 shows the TEM images of Nigg3Mgpe7O and
3.0 mol% Ni/MgO catalysts after the reforming reaction
at 773 K for 1 h. The image of Nig3Mgoe7O catalysts did
not change before and after reaction, indicating that no car-
bon was formed on this catalyst surface during the reaction.
This agrees with TPH results. However, the TEM image of
3.0 mol% Ni/MgO shows the presence of tubular filamen-
tous carbon with large Ni particle at the end. The diameter
of this whisker carbon is very close to the Ni crystal size
and the Ni crystal is pear shaped as reported by Baker et al.
(48). It is worth moting that whisker carbon was formed
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FIG.9. FTIR spectraof CO adsorption on catalysts. (a) Nig03Mg 670,

(b) Nio0sMgogsO, (€) Nio7Mgog3O, (d) Nio10MgoeO, (€) 1.0 mol%
Ni/MgO, (f) 3.0 mol% Ni/MgO. Reduction pretreatment, H, reduction
at 1123 K; FTIR measurement, room temperature, Pco = 13.3 kPa, 2cm™
resolution.

only on the particles with diameters larger than 30 nm as
shown in Fig. 8b. The carbon deposition was not observed
on smaller nickel particles. This means that the formation
of a carbon whisker is disfavored on small Ni particles even
on 3.0 mol% Ni/MgO catalysts.

Figure 9 shows FTIR spectra of CO adsorption on the
catalysts after H, reduction. The assignment of the IR
peaks, listed in Table 3, was from previous literature (49, 50).
On Nig03Mgo.970 and Nig0sMgo.050, a few kinds of nickel
carbonyl species that interacted with the support surface
were observed. But physisorbed Ni(CO), and linear and
bridge CO were observed on nickel magnesia solid solu-
tion catalysts with nickel content higher than 0.07. In con-
trast, on 1.0 and 3.0 mol% Ni/MgO catalysts, a few kinds of
nickel carbonyl species, which interacted with the support
surface as well as with linear and bridge CO and Ni(CO),,
were observed. The result that so many kinds of CO species
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TABLE 3

Assignment of FTIR of CO Adsorption on Nickel-Magnesia Solid
Solution and Supported Catalysts

Wavenumber/cm™? Species
/O.,_ CO
2083, 2020, 1985 Mg~ /'C—Ni —CO
0 co
o.. CO
M "C— NiZ-
"o % (0[0)
2070, 2002, 1950 CcO
O...
Mg” c—Nite
&"‘O 2 \CO
CcO
2057 Ni(CO),4
2100-2030 Linear CO on Ni metal surface
2000-1900 Bridge CO on Ni metal surface

were observed on supported catalyst seems to correspond
to the wide distribution of nickel particle size. On the other
hand, it seems that solid solution catalysts with high nickel
content are homogeneous. These trends are consistent with
TEM results.

Figure 10 shows FTIR spectra of CO, adsorption on cata-
lysts after H;, reduction. The assignment of adsorbed CO,
was from previous reports (51-55). Two kinds of bidentate
carbonate (1670/1305 and 1625/1272 cm™1) and a kind of bi-
carbonate (1652/1405 cm~1) were observed. CO, adsorbed
on solid solutions with low Ni content was very similar to
that on MgO, on which bidentate carbonate was mainly
observed. But on solid solutions with higher Ni contents,
bicarbonate was increased and bidentate carbonate was
decreased. The adsorbed species of CO, seems to be deter-
mined by the surface composition of nickel and magnesium
ions. On the other hand, FTIR spectra of CO, adsorbed on
1.0and 3.0 mol% Ni/MgO catalysts were not similar to those
of MgO but to those of NiO-MgO solid solutions with high
Ni content. This indicated that the support surface changed
from MgO to the solid solution on supported catalysts. This
is supported by the result that the solid solution phase with
high Ni content was found by XRD analysis. It is found
that the solid solution is formed on supported catalysts at
near-surface.

Structural images of solid solution catalysts with low and
high nickel contents, supported catalysts, which are sug-
gested from the catalyst characterization results, are de-
picted in Fig. 11. Solid solution catalysts with low Ni content
have nickel particles with high dispersion and MgO-like
support surfaces (Fig. 11a). Solid solution catalysts with
high nickel contents have nickel particles with low disper-
sion and the support surface is similar to a solid solution
(Fig. 11b). Ni/MgO-supported catalysts have nickel parti-

cles with wide size distributions, and the support surface is
similar to asolid solution with high nickel content (Fig. 11c).

Correlation between Catalyst Structure and Catalytic
Performance in CO, Reforming of CH,

Figure 12 shows the dependence of TOF of carbon de-
position and its selectivity on the dispersion of reduced Ni
metal on the basis of Table 1. The number of surface Ni
atoms can be estimated by the consumption of hydrogen at
room temperature assuming H/Nis= 1. From Fig. 12, TOF
and selectivity of carbon deposition were very dependent
on the dispersion of reduced Ni metal. At lower disper-
sion, TOF and selectivity of carbon deposition were higher.
This indicated that small nickel particles inhibit carbon
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FIG.10. FTIR spectra of CO; adsorption on catalysts. (a) MgO,
(b) Nig.03Mgo.70, (€) NigsMgo.s50, (d) Nio.c7Mgo.930, (€) Nig.15Mgo.e50,
(f) 1.0 mol% Ni/MgO, (g) 3.0 mol% Ni/MgO. Reduction pretreatment, H,
reduction at 1123 K; FTIR measurement, room temperature, evacuation
after CO; introduction at Pco, = 1.3 kPa, 2 cm™? resolution.
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a £ = N

NizMg; O solid solution (x'<x) with low Ni content

"N N N N

NigMg; O solid solution (x<x) with high Ni content

cm/\/_\ -
—
|

NiO-M gO solid solution with very high content

FIG. 11. Structural image of solid solution catalysts with low and high
nickel content, supported catalysts, (a) nickel magnesia solid solution cata-
lysts with low nickel content, (b) nickel magnesia solid solution catalysts
with high nickel content, (c) supported Ni/MgO catalysts.

deposition in CO; reforming of methane. On the other
hand, a clear dependence of TOF on CO formation on the
dispersion of reduced Ni metal was not found. The struc-
ture sensitivity of this reaction has been discussed on Rh-
and Ir-supported catalysts (12), and it has been shown that
this reaction is classified as structure insensitve. But in our
case, this reaction is structure sensitive.
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FIG. 12. Dependence of TOF () on carbon formation and its selec-
tivity (O) on the ratio of consumption H3% K/0O87 K. TOF, selectivity, and
ratio of consumption are based on Table 1.
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It has been reported that the properties of support, es-
pecially basicity, are very important in CO; reforming of
methane (57, 58). It was found that a large amount of car-
bon was deposited during CO, reforming of methane on
NiO-Al,O3 catalysts with extremely small nickel particles
(58). In addition, nickel particles interacting with support
on 3 mol% Ni/MgO seemed to have high resistance to car-
bon deposition. In terms of support basicity, NiO-MgO
solid solutions with low nickel content may be similar to
MgO. It is suggested that a synergistic effect of high disper-
sion of nickel metal particle and basicity of support surface
produces high resistance to carbon deposition in CO; re-
forming of methane. This can help the design of excellent
catalysts for CO, reforming of methane.

CONCLUSION

(1) Reduced NixMg;_xO (x=0.03-0.10) solid solution
catalysts showed higher resistance to carbon formation than
Ni/MgO-supported catalysts.

(2) The increase in Ni content brought about a negative
effect on the anticoking performance in CO; reforming of
methane on reduced solid solution catalysts.

(3) Deposited carbon was formed on the larger Ni par-
ticles during the reforming reaction on 3 mol% Ni/MgO.

(4) A synergistic effect between high Ni dispersion and
basicity of support surface is suggested to produce very
high resistance to carbon formation in CO; reforming of
methane on reduced Nig ¢3Mgo 970 solid solution catalysts.
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