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Introduction

In recent years, catalytic partial oxidation of methane
(POM) has widely been investigated as a potential alternative
process to steam reforming since the instantaneous reaction
is mildly exothermic and can lead to the formation of synthe-
sis gas with hydrogen to carbon monoxide ratio suitable for
Fischer-Tropsch, methanol synthesis, and so forth.'™® Up to
now, most laboratory studies on POM have been conducted
in fixed-bed microreactors. In these processes, hot-spot for-
mation can lead to severe catalyst deactivation. Schmidt and
coworkers studied a novel monolithic reactor.*> Using this
kind of reactor, the reaction can be operated at high gas
hourly space velocity (GHSV) and autothermally with no
external furnace being required. The results showed that the
monoliths coated with Pt, Rh, and Ir were very active and
selective for POM reaction. Ni coated monolith showed simi-
lar conversion and selectivities to Rh, but rapid deactivation
occurred due to carbon deposition and/or metal loss at high
temperature.”

Supported Ni catalysts, such as Ni/AlLO;’ and Ni/TiO,,}
have high catalytic activity at high GHSV in the fixed-bed
reactor. However, deactivation occurs quickly. Recently, it
has been reported that the incorporation of zirconia into ceria
as the support for Pt and Ni catalysts not only significantly
improved the stability of the catalyst, but also increased the
methane oxidation rate due to its redox proper‘[ies.g’10

We studied the methane partial oxidation over metallic Ni
monolith prepared with nickel spheres at high GHSV.!'':!?
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The results showed that the metallic Ni monolith catalysts
can avoid suffering from the disadvantages of supported
nickel or nickel coated monolithic catalysts, but the catalytic
activity and selectivity were low and far away from thermo-
dynamic equilibrium values.

In the present work, we prepared a metallic Ni monolith
with nickel sponge, followed by acid treatment to increase
the specific surface area, and further promoted it with ceria
and zirconia. The purpose of the present work is to obtain
catalysts that are stable and, at the same time, have high con-
version of methane and high selectivities to hydrogen and
carbon monoxide, with the values being near to those of ther-
modynamic equilibrium.

Experimental
Catalyst preparation

The Ni monolith was prepared as follows: Ni metallic
sponge (80% porosity, Changsha Liyuan Material Co., Ltd.)
was cut into 40-60 mesh and packed in an i.d. 10 mm quartz
tube with a-Al,O5 foams at the front and back. In the presence
of hydrogen, the temperature was increased at 1 K/min from
ambient temperature to 1473 K, kept at the final temperature
for 6 h, and then cooled down to ambient temperature. The
monolith obtained was treated with a mixture of 500 cm’
0.01 wt. % HCI and 500 cm® 0.2 wt. % H,SO, for 24 h, then
thoroughly washed with distilled water and dried. The physical
properties of the Ni monolith are listed in Tablel.

For the ceria and zirconia promoted Ni monolith, the Ni
monolith prepared as above was impregnated with appropri-
ate amounts of Ce(NOj); and Zr(NO;);. The catalyst was
dried overnight in an oven at 398 K and calcined in a muffle
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Table 1. Summary of Physical Properties of Catalysts

Weight
BET Surface Area Packing Density Pore Size Loading® (wt.%)
Catalysts (m?/g) (g/cm3) (um) Ce Zr
Ni monolith 0.20 1.10 40-100 0 0
Ce-Zt/Ni monolith 4.27 1.00 4-100 0.9 1.8

*Analyzed by ICP.

furnace at 873 K for 5 h. This catalyst is referred to as Ce-
Zr/Ni monolith. The physical properties of the Ce-Zr/Ni
monolith are also listed in Table 1.

Experimental procedures

The partial oxidation reaction was conducted at atmos-
pheric pressure in a quartz reactor inside an electric furnace,
which could be moved to different positions. The monolith,
with diameter of 10 mm and length of 7 mm together with
two extruded ceramic monoliths with straight channels at the
front and back, was sealed in the reactor by silica alumina
cloth. A chromel-alumel thermocouple in a thermocouple
well was introduced through the front ceramic monolith to
the front edge of the monolith to measure the inlet tempera-
ture. When the reactant gases of CHy (99.8%) and O,
(99.9%), controlled by mass flow controllers, were passed
through the reactor, the reaction was lighted off with the
electric furnace. Then the furnace was moved to the front of
the reactor to control the inlet temperature of the gas stream,
and the outside of the monolithic catalyst was wrapped with
temperature insulation materials to prevent heat loss.

Reaction products were analyzed by a 3420 Gas Chroma-
tograph with two columns, one for the separation of H,, O,,
CH,, and CO, another for the separation of CO,, and a TCD
detector. Quantification of the species in the effluent was per-
formed by injection of a gas mixture with known composi-
tion for calibration.

Results and Discussion

Changes of CH, conversions and H, and CO selectivities
on the Ni monolith and Ce-Zr/Ni monolith with the CH4/O,
ratios, GHSV, and inlet temperatures are shown in Figures 1,
2, and 3, respectively. Methane conversion decreased while
selectivities to hydrogen and carbon monoxide increased
slightly with the increase of the CH4/O, ratio on both the Ni
monolith and the Ce-Zr/Ni monolith, as shown in Figure 1.
It is generally accepted that the partial oxidation of methane
on nickel catalysts proceeds through an indirect reaction
mechanism, that is, total oxidation of a portion of methane
followed by steam and CO, reforming of the remaining
methane.'®'*'* The decrease of the oxygen content in the
feed leads to the combustion of less methane, but leaves rela-
tively more methane for the reforming reactions. Therefore,
the conversion of methane drops, but the selectivities to syn-
gas rise with the increase of the CH4/O, ratio. Methane con-
version and selectivities to syngas, especially the selectivity
to H,, on the Ce-Zr/Ni monolith are much higher than those
on the Ni monolith under the same reaction conditions. For
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example, on the Ce-Zr/Ni monolith, at inlet temperature
1123 K, GHSV 1.0 x 10° h™', and CH,/O, ratio 2.0, the
conversion of methane and the selectivities to hydrogen and
carbon monoxide are 94%, 98%, and 96%, respectively,
much higher than those on the Ni monolith catalyst, which
are 84%, 92%, and 94%, respectively.

Methane conversion and selectivities to syngas did not
change appreciably with the increase of GHSV on both the
Ni monolith and the Ce-Zr/Ni monolith, as shown in Figure
2. With the increase of GHSV, the reactants increased in the
feed. However, the methane conversion would not decrease
because all the oxygen was consumed, that is, no oxygen
breakthrough was found in the range of the GHSV studied.
At the same time, the total oxidation of more methane at
high GHSV released more heat and could cause more
reformings of the remaining methane. That might be why the
methane conversion and the selectivities to syngas did not
change appreciably with the increase of GHSV. On the Ce-
Zr/Ni monolith catalyst, the methane conversion and the
selectivities to H, and CO are higher than those on the Ni
monolith, as shown in Figure 2. This will be explained
below.
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Figure 1. Comparison of CH, conversions and H, and
CO selectivities between Ni monolith and Ce-
Zr/Ni monolith at different CH,/O; ratios.

(O) methane conversion; (A) H, selectivity; (¢) CO selec-
tivity; (solid lines) the Ni monolith and (dashed lines) Ce-
Zr/Ni monolith. Reaction conditions: Temperature =
1123K, GHSV = 1.0 x 10°h™",
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Figure 2. Comparison of CH, conversions and H, and
CO selectivities between Ni monolith and Ce-
Zr/Ni monolith at different GHSV.

(0) methane conversion; (A) H, selectivity; (¢) CO selectiv-
ity; (solid lines) the Ni monolith and (dashed lines) Ce-Zr/Ni
monolith. Reaction conditions: Temperature = 1123K, CH,/
0, =2.0.

Methane conversion as well as selectivities to syngas
increased with the increase of temperature over both the Ni
monolith and the Ce-Zr/Ni monolith (Figure 3). The increase
of the reaction temperature promoted both the methane com-
bustion and the methane reforming reactions. However, it
has more effect on the latter endothermic reactions. Hence,
the methane conversion and the selectivities to syngas
increased with the increase of the temperature. The tendency
of the increases in conversion and selectivities was more pro-
nounced on the Ni monolith than on the Ce-Zr/Ni monolith
(Figure 3). For example, when the temperature rose from
973 K to 1173 K, methane conversion increased from 76%
to 88% on the Ni monolith, while it increased from 90% to
95% on the Ce-Zr/Ni monolith.

In the studies of supported Ni or Ni coated monolithic
catalysts, porous materials with high surface area, such as
Al,O3, were used as supports to increase the specific surface
area of the caltalysts.ls’16 In this work, nickel sponge was
used to prepare the Ni monolith, followed by acid treatment
to increase the surface area of the Ni monolith. This is why
the catalyst is more active and selective than the nickel
monolithic catalyst prepared with nickel spheres.'? Although
the specific surface area of the monolith is still much lower
than oxide supported nickel catalysts, it is high enough to
achieve the high conversion and selectivities because this
reaction is a very fast one, which does not need very high
specific surface area.

In the studies of supported nickel catalysts, Pengpanich
et al.'” and Takeguchi et al.'® found that addition of CeO,-
Zr0O, solid solution increased both the conversion of methane
and the selectivities to H, and CO. Takeguchi et al."* also
found that the catalytic activities for POM increased with an
increase in the oxygen storage capacity of the support and,
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therefore, inferred that the reaction proceeded through a re-
dox mechanism. Kundakovic and Flytzani-Stephanopoulos'’
also found that the solid solution of ceria and zirconia could
promote the total oxidation of methane through this mecha-
nism. However, the effect of the solid solution of ceria and
zirconia on the increase of the selectivities has not been fur-
ther elucidated in the literature. In the present work, the addi-
tion of CeO,-ZrO, on the Ni monolith also promoted both
the conversion of methane and the selectivities to H, and
CO. We infer that the reaction might proceed through the re-
dox mechanism, that is, the storage of oxygen on the catalyst
promoted the combustion of methane. At the same time, we
also infer that the total oxidation of more methane in the first
step releases more heat, resulting in more reformings of the
remaining methane. Therefore, methane conversion and the
selectivities to syngas on the Ce-Zr/Ni monolith are higher
than those on the Ni monolith.

On the Ce-Zr/Ni monolith, the conversion and the selectiv-
ities are very high, that is, 94%, 98%, and 96%, respectively,
at the inlet temperature 1123 K, CH4/O, ratio 2.0, and
GHSV 1.0 x 10° h™'. These values approach those on the
supported nickel catalysts, for example, 15% Ni/Ceg s
719250, and 13.6 wt. % NiO-5.1 wt.% MgOysilica-alu-
mina' under similar conditions, and are near to the thermo-
dynamic equilibrium values, which are 95%, 98%, and 98%,
respectively.

Figure 4 shows the results of a long duration test of 30 h
on the Ce-Zr/Ni monolith at inlet temperature 1123 K,
GHSV 1.0 x 10° h™!, and CH,/O, ratio 2.0. Methane con-
version and selectivities to H, and CO remained almost
unchanged during 30 h of reaction. The reaction on the Ni
monolith also showed similar stability (not shown). In con-
trast, the nickel coated alumina monolith lost all the activity
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Figure 3. Comparison of CH, conversions and H, and
CO selectivities between Ni monolith and Ce-
Zr/Ni monolith at different temperatures.

(O) methane conversion; (A) H, selectivity; (¢) CO selec-
tivity; (solid lines) the Ni monolith and (dashed lines) Ce-
Zr/Ni monolith. Reaction conditions: GHSV = 1.0 x
10°h™!, CH,/O, = 2.0.
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Figure 4. CH,; conversion and CO and H, selectivities
as a function of time on stream over Ce-Zr/
Ni monolith.

Temperature = 1123 K, GHSV = 1.0 x 10° h™!, CH,/O, =
2.0.

in a few hours.” In the supported nickel catalysts or nickel
coated alumina monolith, the fine nickel particles tend to ag-
gregate at high temperature and lose the activity. Metal
oxides were added in catalysts to create metal-oxide interac-
tion, which may stabilize the activity and prevent carbon
deposition to some extent."'? In this work, the nickel acts as
both active component and the support, so it would not ag-
gregate further. That might be why the Ni monolith and the
Ce-Zr/Ni monolith show very high stability.

Conclusions

The metallic Ni monolith, prepared with nickel sponge,
followed by acid treatment, and the Ni monolith promoted
with solid solution of ceria and zirconia, Ce-Zr/Ni monolith,
showed very high conversion of methane and high selectiv-
ities to hydrogen and carbon monoxide in the partial oxida-
tion of methane. For example, at inlet temperature 1123 K,
GHSV 1.0 x 10’ h™', and CH4/O, ratio 2.0, methane con-
version and selectivities to hydrogen and carbon monoxide
are 94%, 98%, and 96%, respectively, on the Ce-Zr/Ni
monolith. These values approach those on supported nickel
catalysts and are near to the thermodynamic equilibrium
ones.

The metallic Ni monolith, either in the absence or pres-
ence of solid solution of ceria and zirconia, showed very
high stability. After 30 h testing, the methane conversion and
the selectivities to H, and CO remained almost unchanged.
This catalyst system is promising for the conversion of natu-
ral gas to syngas or the production of hydrogen.
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