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Catalytic combustion of natural gas as the role of on-site heat
supply in rapid catalytic CO,—H,O reforming of methane
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Abstract

Development in highly active catalysts for the reforming of methane with H,O, CO,, and H,O + CO,, and partial oxidation of
methane was conducted to produce hydrogen with high reaction rates. A Ni-based three-component catalyst such as Ni-La,O5—
Ru or Ni~Ce,0;-Pt supported on alumina wash-coated ceramic fiber in a plate shape was very suitable for both reactions. The
catalyst composition was set at 10 wt.-% Ni, 5.6 wt.-% La,0,, and 0.57 wt.-% Ru for example, or molar ratios of these
components were 1:0.2:0.03. Even with such a low concentration, the precious metal enhanced the reaction rate markedly, and
this synergistic effect was ascribed to the hydrogen spillover effect through the part of precious metal and it resulted in a more
reduced surface of the main catalyst component. In particular, a marked enhancement in the reaction rate of CO,-reforming of
methane was observed by the modification of a low concentration Rh to the Ni~Ce,O;—Pt catalyst. Very high space~time yields
of H, (i.e., 8300 mol/1 h in partial oxidation of methane at 600°C with a methane conversion of 37.5%, and 3585 mol/1 h in
CO, reforming of methane at 600°C with a methane conversion of 58%) were realized in those reactions. By combining the
catalytic combustion reaction, methane conversion to syngas was markedly enhanced, and even with a very short contact time
(10 ms) the conversion of methane increased more than that at 50 ms. The space-time yield of hydrogen amounted to 2,780
mol/1 h with a methane conversion of 90% at 700°C. Furthermore, in a reaction of CH,~C0O,~H,0-0, on the four components
catalyst, an extraordinarily high space—time yield of hydrogen, 12 190 mol/1 h, could be realized under the conditions of very
high space velocity (5 ms).
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1. Introduction around 900°C; in order to supply the large endo-

thermic reaction heat and to maintain that high

Catalytic hydrogenation of CO, is now consid-
ered as one of the possible ways to moderate the
anxiety on global warming. If CO, could be rap-
idly converted into valuable compounds such as
methane, light olefins, and high quality gasoline
[1,2], the value of those products would compen-
sate for the cost of expensive hydrogen as the
reducing reagent. Hydrogen is now produced on
an industrial scale by steam reforming of saturated
hydrocarbons, but at a high temperature range
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temperature, additional CO, is evolved by fossil
fuel combustion. If a highly active catalyst for
methane reforming, which could work at a
medium temperature range of around 500-600°C,
could be developed, there is a possibility of util-
izing the exhaust heat from large scale industries
to accelerate the reforming reactions. Another req-
uisite for hydrogen production is that the rate of
its production should be comparable to the CO,
emission from large flues in heavy industries.
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Since methane reforming reactions are highly
endothermic, expressed as the following Egs. (1)
and (2) or (3) at 500°C,

CH,+H,02C0O+3H, +221.77 kJ/mol

(D)

+258.86 kJ/mol
(2)

CH,+CO,22C0O+2H,

2CH, + H,0+CO, 2 3CO

+5H, +480.64 kJ/mol

(3)

heat supply to the catalyst bed through the reactor
wall cannot follow especially under higher reac-
tion rates. Therefore, in this study, on-site heat
supply by combustion of methane using molecular
oxygen as in Eq. (4) was tried:

CH,+20,2C0,+2H,0 —800.00 kJ/mol.
(4)

In order to develop novel high active catalysts
for the reforming of methane or natural gas not
only by H,O but also CO, and/or CO, + H,0, the
ultra-high active catalyst for oxidation of hydro-
gen [3] was applied to the standard catalyst for
methane reforming reactions. Moreover, modifi-
cation with a small concentration of Rh was con-
ducted with the expectation of a marked
enhancement of the reaction rate through the spil-
lover effect [4].

Much research on CO,-reforming has been
done recently by many researchers, and reviewed
by Nakamura and Uchijima [5] for example.
However, many of them [6-11] were concerned
with the comparison in catalytic properties of var-
ious single component supported metal or metal
oxide catalysts and the effect of the sort of support
materials upon the performance of catalytic reac-
tion, and the focus was not on the rapid catalytic
reaction. As for the rapid catalytic reaction,
Schmidt et al. [12] addressed the importance of
the experiment and analysis in ms order catalytic
partial oxidation of methane and light paraffins.

In the present study, the synergistic effect of
composite catalysts and the combined reactions to
compensate the large amount of endothermic heat

for the rapid synthesis of hydrogen through meth-
ane reforming were investigated.

2. Experimental
2.1. Catalyst

In order to reduce the resistance to high flow
rates of reaction gases, Fiberfrax (FF), produced
by Toshiba Monofiax Co. Ltd., was adopted as the
catalysts support. This support is formed in a plate
shape of 1 mm thickness with ceramic fibers of 5—
10 pm in diameter, and has a void space of 88%.
Before impregnation of the catalyst components,
Fiberfrax was coated with an alumina layer by 17
wt.-% to increase the surface area as the catalyst
support. It was conducted by applying the uni-
form-gelation method [13], in which a water-
methanol solution of A1{NO;); was loaded on the
support, dried and then transformed into gel by
treating it with NH;-H,O vapor. Nickel-based
four-component catalyst Ni-Ce,0,~Pt—-Rh [14]
was prepared by the stepwise supporting method
[15]. Although the standard composition of the
catalyst was set at 10.0 wt.-% Ni, 1/5 atom of Ce,
and 1/30 atom of precious metals [16], here, a
set of composition 6.6 wt.-% Ni-3.9 wt.-% CeO,—
2.2 wt.-% Pt-0.20 wt.-% Rh was adopted. On the
alumina-coated FF, precious metal, Rh was sup-
ported by the incipient impregnation method, fol-
lowed by reduction with hydrogen to its metallic
state, and then Pt was supported in the same way.
It was impregnated with a mixed solution of Ni
nitrate and Ce nitrate, dried, then thermally
decomposed, followed by hydrogen reduction up
to 400°C continuing at that temperature for 30
min. In the cases of the other Ni-based three-com-
ponent catalysts [ 17] composed of Ni-La,O; and
platinum group metals, these were prepared by the
same composition method.

2.2. Reaction method

Reactions were carried out under atmospheric
pressure by using an ordinary flow type reactor.
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Table 1

297

Effect of Ru combination with Ni-La,O, on catalytic performance in steam reforming of CH, and partial oxidation of CH,

Kind of reaction  Catalyst component CH, conversion” (%)

Product selectivity (mol.-%)

Space-time yield of H; * (mol/1h)

H, CO CO,
Steam Ni-La,05 55 61.6 0 384 13.0
reforming Ru 5.0 75.2 1.3 235 14.5
of CH, Ni-La,0;-Ru 87.3 79.9 13.5 6.61 269
Partial Ni-La,0, 29.8 0 0 29.8 0
oxidation Ru 16.5 0 0 16.5 0
of CH, Ni-La,O,-Ru 59.2 52.0 40.0 19.1 452

The composition for each catalyst component was as follows: Ni 10.0 wt.-%, La,0; 5.6 wt.-%, Ru 0.57 wt.-%. Feed gas composition: for steam
reforming 7.4% CH,—15.0% H,0-77.5% Ny; for partial oxidation 28.6% CH,~14.3% 0,-57.9% N,. Reaction temperature 600°C, space velocity

115000 h~!, or contact time 31 ms.

* Equilibrium conversion 87%. * * Moles of hydrogen produced per hour and per liter of the catalyst volume eliminating its super—rriacro channel

space.

The catalyst was punched out in a circular shape
of 10 mm diameter, and 1-10 pieces of the catalyst
were densely and horizontally packed in a quartz
tubular reactor of 10 mm inner diameter. Water
vapor as the reaction gas was supplied through a
saturator with regulated temperature. Products
were analyzed by two sets of gas chromatographs
GC-8As and an infrared CO, analyzer.

3. Results and discussion

3.1. Effect of precious metal combination with
Ni-La,0; on CH, reforming reactions

The effect of Ru combination with Ni-La,0,
on the steam reforming of methane (Eq. (1)) and
partial oxidation of methane (Eq. (5) at 500°C)
was

2CH,+0,24H,+2CO —48.80 kJ/mol

(5
observed at the same reaction temperature, 600°C
with a very high space velocity 115000 h™' or
contact time 31 ms. The results are summarized
in Table 1 [18]. As the size dimension of the
channels in the catalyst belong to a super-macro
channel range like ceramic honeycomb matrixes,
the inner void of the catalyst was eliminated in the

calculation of space velocity (SV) and space—
time yield (STY).

As can be clearly seen in Table 1, the activity
of the Ni-La,0; catalyst was noticeably low. It
was reported that a Ru catalyst supported on Al,O,
was highly active in the steam reforming of meth-
ane [19], but the quantity of Ru catalyst per unit
catalyst volume in this study was very small, and
reflecting this, the apparent activity was similar to
the Ni-La,O,. Furthermore, in the cases of low
activity, CO once formed in the steam reforming
of methane, successively reacted with water by
shift reaction (Eq. (6) at 500°C) producing H,
and CO,:

CO+H,02H,+C0O, —37.09k}/mol. (6)

On the other hand, methane conversion on the
three-component catalyst markedly increased and
reached the equilibrium in this reaction gas com-
position. Furthermore, selectivity to CO increased
and that to CO, decreased compared with the Ni—
La,O; catalyst and the Ru single component cat-
alyst. The space—time yield of H, increased
sharply to 269 mol/1 h. The reason for this marked
difference can be attributed to the state of the
catalyst surface, i.e., the surface of Ni-La,0; and
Ru was oxidized and resulted in low activity {3].
The Ru parts, which are located in the vicinity but
independent of the Ni-La,O; parts, rapidly adsorb
hydrogen formed by the reaction. The adsorbed
hydrogen is immediately spilt over towards the
main catalyst component Ni part, resulting in a
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more reduced surface and higher catalytic activity
[14].

In the partial oxidation of methane the same
effects were seen. On the oxidative surface of Ni—
La,O; or Ru, methane could only occasionally
burnt catalytically, however, with the combina-
tion of Ru, the surface could be maintained in a
more reduced state as mentioned above, and the
partial oxidation of methane to produce H, and
CO could predominantly proceed. As a result,
STY of H, increased suddenly to 452 mol/l h.
Part of the CO, production could come from CO
combustion and/or shift reaction between CO and
H,O. It is also considered that the marked
enhancement in the partial oxidation on the three
component catalyst attributed to the contribution
of the steam reforming by the steam come from
the combustion of methane.

The effect of other precious metals on the steam
reforming of methane was very similar to the case
of Ru [20], and the order of magnitude in enhanc-
ing the reaction was as follows:

Rh=Pd=Ru=Ir>Pt.

3.2. Estimation of oxidative-reductive state of
catalyst surface during the reaction

In order to evaluate the dynamic state of oxi-
dation-reduction of the catalyst surface during the
reaction, partial oxidation of methane was inves-
tigated by means of the Forced-oscillating reac-
tion method [21], in which the reaction
temperature was increased at a constant heating
rate as far as 650°C, and the catalyst then cooled
down to 400°C at the same rate.

When the reaction temperature was elevated
starting from room temperature, only complete
combustion products, CO, and H,O were
observed as far as 600°C, and suddenly H, and
CO were produced above that temperature. When
the temperature was decreased, H, and CO were
produced as far as 400°C. On the other hand, when
the feed gas was introduced to the reactor at
300°C, formation of H, and CO increased
smoothly as far as 650°C, and during the descend-

ing process almost coincided with the ascending
process. These results indicate that only the
reduced catalyst surface can allow the partial oxi-
dation of CH, to form H, and CO selectively, and
the oxidative surface has little activity and com-
plete oxidation of CH, into CO, and H,O occurs.
The precious metal assists the reduction of the
catalyst surface as the porthole for hydrogen spil-
lover.

3.3. Hydrogen production with extraordinarily
high rate through the application of spillover
effect in CH, partial oxidation

For the rapid conversion of CH, to H, and CO
by partial oxidation on Ni-La,O;—Ru catalyst was
conducted at a reductive catalytic condition with
the maximum space velocity of 575 000 h~ . The
feed gas consisted of 86.3% CH, and 13.7% O,
was fed. Space-time yield of H, and CO increased
approximately in proportion to the space velocity
in the range from 57 500 to 575 000 h~! (or 62.6
ms to 6.26 ms). At 600°C, a surprisingly high
space-time yield of H,, 8300 mol/l h, was
obtained.

3.4. Reforming of methane with CO, and (H,O
+ CO,)

A reaction gas mixture of 10% CH,+10%
CO,+80% N, was introduced to the catalyst of
Ni—Ce,05—Pt at a space velocity 73 000 h ™! while
elevating the reaction temperature from 350°C to
650°C. As shown in Fig. 1, H, and CO were
formed equally. Both conversions of CH, and CO,
almost coincided with that drawn from the equi-
librium, indicating that the reaction progressed
stoichiometrically.

In the case of the reaction of CH, with CO, and
H,O0, the result is shown in Fig. 2. The apparent
unconverted ratio for CO, clearly increased with
an increase in the temperature up to ca. 450°C;
then decreased sharply above that temperature,
and approached the same level as CH, at 650°C.
The apparent unconverted ratio for methane
almost coincided with that drawn from the equi-
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Fig. 1. Effect of temperature on CH,~CO, reaction. Catalyst, Ni—
Ce,05-Pt; (10% CH4~10% CO,)/N,; SV=73000h~". *Conver-
sion was calculated according to the stoichiometry of the reaction:

CH,+CO, 2 2H,+2CO +258.86 kJ/mol. Dotted line: calculated
line from the reaction equilibrium.
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Fig. 2. Effect of temperature on CH,~CO,~H,0 reaction. Catalyst,
Ni—Ce,0,-Pt; (10% CH,~5% CO,-7% H,0) /N,; SV=73 000h~".
“Conversion was calculated according to the stoichiometry of the
reaction: 2CH, + CO, + H,O & 5H, +3CO +480.64 kJ/mol. Dot-

ted line: calculated line from the reaction equilibrium for the above
equation.
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Fig. 3. Effect of Rh modification of the Ni~Ce,O5~Pt catalyst on CO,

reforming of methane. Feed gas: 10% CH,-10% CO,-80% N,
SV=730000h"".

librium of the reaction. Compared with the stoi-
chiometry, the H, produced was higher and the
CO produced was lower. When the amount of H,O
fed in was 1.4 times as much as CO,, the following
reaction occurred:

4CH, +2CO,+3H,02 11H, + 5CO + CO..

This means that by varying the composition of
the feed gas in the CH,~CO,~-H,0 system, the
ratio of H, to CO in the produced syngas could be
controlled appropriately. It is noteworthy that this
kind of control was initially made possible by
using a highly active catalyst as presented in this
study for both reactions CH,+CO, and
CH,+H,0.

3.5. Marked enhancement of methane reforming
reaction by Rh-modification of the catalyst

A prominent enhancement in the methane
reforming reaction with CO, and H,O has been
observed by modifying the Ni-CeO,—Pt catalyst
with a small amount (0.2 wt.-%) of Rh [14]. As
shown in Fig. 3, under a very high space velocity
condition, i.e., SV 730 000 h~! (CT 4.93 ms), an
normal decrease in the conversion of reactants
occurred on the Ni-Ce,0,-Pt catalyst. The con-
version of reactants on this catalyst at 600°C, for
example, decreased from 65 to 20%, correspond-
ing to the space velocity 73 000 and 730 000 h ™',
respectively. On the other hand, the Rh-modified
Ni-Ce,O;—Pt catalyst exhibited a very high activ-
ity, which approached the reaction equilibrium
even at such a high space velocity, 730 000 h™".
An extraordinary high space time yield of H,,
3585 mol/l h, was achieved at 600°C at a methane
conversion of 58%.

3.6. Reaction characteristic of reforming via
combustion and direct reaction with H,0 and
COo,

In Fig. 4, the effect of temperature on the CH,
conversion of each product is shown for the reac-
tion of methane and oxygen on the Ni-Ce,O,—Pt—
Rh catalyst with a SV of 73 000 h ', Combustion
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Fig. 4. Effect of temperature on conversion of methane to CO,, H,,
and CO in CH,—O, feed. Catalyst, supported Ni-Ce,O;-Pt-Rh; reac-
tion gas, 10% CH4~5% 0,-85% N,; SV=73000h""' (or CT 49.3
ms).
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Fig. 5. Effect of temperature on conversion of feed components in
H,0-CO, co-reforming of CH,. Reaction gas, 10% CH,~5% H,0-
5% 0,-80% N,. Catalyst and SV were the same those as shown in
Fig. 4.
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Fig. 6. Comparison of CH, conversion under different gas compo-
sition and flow rate. Open symbols: SV=73000 h~' (49.3 ms).
Closed symbols: SV =358 000 h~' (10.1 ms). Square: 10% CH,~
5% 0,-85% N,. Circular: 10% CH,~5% H,0-5% CO,-80% N,;
Catalyst: Ni-Ce,05-Pt-Rh. Dotted line: equilibrium conversion of
CH, in reaction equation; 2CH,+H,0+CO, & 3CO+5H,
+480.64 kJ/mol.

of methane clearly progressed above 300°C and
attained a total conversion of O, at around 370°C.
Above that temperature the water produced

reacted with methane preferentially and then a
methane—CO, reaction followed. The feed gas
composition is the stoichiometric one for partial
oxidation of methane to form syngas having a H,/
CO ratio 2 expressed as Eq. (at 500°C) (5) with
a small release of heat.

The equilibrium conversion for the reaction of
Eq. (5) is 100% across all temperature ranges, but
experimental results clearly indicate that the reac-
tion did not obey that equation but both reforming
the reaction expressed as Eqgs. (1) and (2) via
combustion reaction (Eq. (4)). The hydrogen
formed was larger than that expected from Eq.
(5) reflecting that steam reforming reaction (Eq.
(1)) occurs more easily than CO, reforming (Eq.
(2)), and the shift reaction expressed as Eq. (6)
occurs between the CO formed and the H,O
formed.

On the other hand, as shown in Fig. 5, H,O~
CO, co-reforming of methane without O, feed
showed a different temperature dependence from
that of CH,~O, feed. Steam reforming of CH,
(Eq. (1)) occurred preferentially, followed by a
shift reaction (Eq. (6)) between the CO and H,O
that were formed, and then CO, reforming of CH,
occurred at a higher temperature range. As aresult,
the formation of hydrogen in the CH,-O, reaction
was considerably higher than that in the CH,—
H,0-CO, reaction across the whole temperature
range above ca. 400°C.

3.7. Rapid hydrogen synthesis by combining
catalytic combustion of methane

Furthermore, in order to supply the large endo-
thermic heat of the reforming reactions directly to
the vicinity of the active sites, the catalytic com-
bustion of methane on the same catalyst was meas-
ured. Fig. 6 shows the comparison of methane
conversion in both CH,~O, and CH,~CO,-H,0O
reactions under different flow conditions. Con-
version of methane in H,0-CO, co-reforming
under a flow condition of SV 73 000 h™! coin-
cided with that expected by the reaction equilib-
rium. However, at the higher flow rate (SV
358 000 h™ ') the methane conversion was some-



T. Inui et al. / Catalysis Today 26 (1995) 295-302 301

Table 2

Effect of space velocity on methane reforming reactions with and without O,

Composition of ~ Space velocity Contact time Conversion (%)

Percentage of reaction Space-time

Space—time yield

reaction gas (SV) (h™" (CT) (ms) progress” (%) conversion (STC) (STY) (mol/1h)
(mol/1h)

CH, CO, H,0 H, CcO CH, H, cO
10% CH, + 10% 73 000 49.3 874 865 847778 273 530 520
CO,
+80% N, 354 000 10.2 87.1 873 853806 1360 2660 2,690
(Reaction (2)) 730 000 4.93 645 69.1 588576 1940 3540 3,710
60% CH, + 10% 73 000 493 712 —-31.1 =71.0 576 64.2 1240 2,180 1350
CO,
+10% 328 000 11.0 478 —49.8 —91.1 352 325 4226 6,750 3420
H,0 +20% O,
(Reaction (7)) 730 000 493 417 —79.8 —93.8 29.3 225 7820 12,190 4880

Reaction: 700°C, catalyst: Ni-Ce,04~Pt—Rh/wash-coated Fiberfrax.

" Percentage of the reaction, which progresses obeying each reaction stoichiometry.

what reduced. On the other hand, in CH,~Q, reac-
tion even under the higher flow rate the methane
conversion increased, indicating that with on-site
heat supply by methane combustion, the endo-
thermic reaction of methane reforming was mark-
edly enhanced. The space-time yield of hydrogen
under the flow rate of 358 000 h™! (or contact
time of 10 ms) at 700°C achieved a very high
level (2780 mol/1 h) and a marked enhancement
of methane conversion (87%) to syngas was
observed even under a very short contact time of
ms order [22].

In order to investigate the upper limit of the
space-time yield of hydrogen, concentrations of
reactants were increased, anticipating that the cat-
alytic combustion and reforming reactions would
occur simultaneously. As shown in Table 2 [23],
in the case of CO,-reforming (reaction Eq. (2)),
methane conversion was maintained its equilib-
rium (87%) even with a very short contact time
(10 ms). However, when the contact time was
halved, the methane conversion decreased 1/1.35,
indicating that the mass and heat transfer of the
reactants on the catalyst surface in this catalytic
reaction environment reached the upper limit. The
reaction progressed selectively obeying the reac-
tion stoichiometry of Eq. (2), and hydrogen and
carbon monoxide were formed equally. The
space—time yield of hydrogen reached 3,540 mol/
1h.

In the case of O, addition to H,0-CO, co-
reforming with molar ratios of CH,, CO,, H,0,
and O, are 6, 1, 1, and 2, respectively. If the syngas
formation progresses selectively, the equation can
be written as Eq. (7). Under

6CH, + CO, + H,0 + 20,13H, + 7CO
+383.04 kJ/mol  (7)

conditions of the highest space velocity, 730 000
h™!, an extraordinarily high space-time yield of
hydrogen, 12 190 mol/l h was realized. In this
case, however, the concentrations of H,O and CO,
formed increased more than those of the feed con-
centrations indicating that H,O and CO, formed
by the methane combustion reaction, which
occurred in preference to the reforming reactions,
remained. However, the space-time yield of
hydrogen under the highest space velocity in the
reaction expressed as Eq. (7) clearly exceeded
well beyond that of the CO,-reforming mentioned
above, and consequently, the acceleration effect
of combining the catalytic combustion with the
hydrogen formation is evident. Furthermore, it can
be pointed out that the reason for this selective
formation of hydrogen is due to the retarding
effect of CO, and H,O in the feed gas on the
successive reaction of syngas such as methana-
tion.
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4. Conclusion

The essential feature of the spillover effect must
be exhibited under the reaction condition, which
is progressing very rapidly. Precious metals such
as Ru, Pt, Pd, Ir, and Rh function as a porthole for
hydrogen spillover towards the main component
catalyst, and keep the catalyst surface a reductive
one. This principle was realized in the effective
methane reforming reactions on Ni-based com-
posite catalysts to produce hydrogen with very
high rates. The combination of methane combus-
tion allows an extraordinarily high formation rate
of hydrogen even under high flow rate conditions.
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