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Abstract

The reduction of carbon dioxide with water has been investigated for the direct synthesis of methane in the presence of
Raney alloy. The reduction of CO, using Raney Fe in an agueous alkali solution gave selectively an alkali formate 32.9%
based on the alkali employed. The similar reaction using Raney Ni gave methane (25.7%) in high selectivity together with a
small amount of an alkali formate (4.2%). The mixed catalyst of Raney Fe and a supported ruthenium catalyst on activated
carbon (Raney Fe—Ru/C) exhibited a high catalytic activity for the reduction of CO, and gave exclusively methane in
moderate yield (45.3%). The reaction products were also controlled by the reaction temperatures, i.e., the yield and
selectivity of methane increased with an increase in the reaction temperatures by suppressing the formation of an akali
formate. The apparent activation energy for the formation of methane was estimated to be 17 kcal /mol for the Raney
Fe—Ru/C mixed catalyst in aqueous NaOH solution. The mechanism for the unique methanation of CO, involving formate
intermediate is discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction duced CO, as a fatal by-product. Therefore,
these studies are inconsistent with the purpose
of the promising approaches to CO, fixation.
The direct utilization of water for the reduction
of CO, is one ultimate goal of chemists, since
water is the vast natural resource of hydrogen
sufficient to reduce the large quantity of CO, at
a time. Furthermore, the reduction of CO, in
agueous solution is a particularly attractive ap-
proach to the utilization of CO,, as water is the
common solvent for the recovery of CO, from
process flue gases.

We previously reported that the reduction of
CO, to potassum formate is effectively pro-

* Corresponding author ceeded by palladium chloride catalysis in ague-

The utilization of CO, has recently received
much attention since the global warming mainly
due to CO, was recognized as one of the most
serious problems in the world. Although, cat-
alytic hydrogenation of CO, into valuable
chemicals and fuels, such as methane and
methanol [1-6], has been recently recognized as
one of demanding recycling technologies, most
of these previous studies have been limited to
the use of hydrogen gas (H,) which is mainly
prepared by water gas shift reaction that pro-
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ous potassium hydroxide [7]. We have now
widened the scope of the previous study with
particular attention to search for the possibility
of the reduction of CO, with water as hydrogen
source and convert them into useful chemical
materials.

We now report the unique methanation of
CO, using water—Raney alloy system as molec-
ular hydrogen provider in place of H, (Egs.
(D—(3)), where Al-cited equations is an alu-
minum metal originating from Raney alloy).
This methanation cannot be carried out catalyti-
caly with respect to the Raney alloy, but
methane was obtained selectively in acceptable
yield. No such thermochemical reduction of CO,
with water instead of H, have been reported so
far.

2/3Alc) + 2H,0() = Ha(@) + 2/3AI(OH)3(c)
AH°= -285 kJ/mol , AGe= -396 kJ/mol (1)

COx(aq) + 4Ha(@) = CHy(g) + 2H00)
AHe= 232 kJ/mol , AG°= -139 kJ/mol  (2)

COg@q) + 6H0() + 8/3Al) = CHylg) + 8/3AI(OH)3(c)
AH°= 1370 kJ/mol , AG®= ~1722 kJ/mol (&)

2. Experimental
2.1. Materials

Raney aloy, 5% carbon-supported ruthenium
(Ru/C), and other metal catalysts were pur-
chased from Nacalai Tesgue and used without
further purification. Carbon dioxide was com-
mercially supplied by Kyoto Teisan, and used
without further purification.

2.2. Measurements
The GC analysis was performed on a Hitachi

GC-023 using a column packed with active
carbon for gaseous products. The peak areas

were determined by using a Shimadzu chro-
matopac C-R6A integrator. The HPLC analysis
for alkaline metal formate was carried out on a
Shimadzu LC-10A using a column packed with
SCR-101H (25 cm X 6 mm) eluted with aque-
ous perchloric acid (pH 2.1) solution. The con-
tents of akali and alkaline-earth metal carbon-
ate and hydrogencarbonates in the agueous solu-
tion were determined by the classical titration
method with 0.1 M HCI using phenolphthalein
and methyl orange as an indicator.

2.3. General procedure

The reaction was carried out using batch
reactor in a large excess of water. A typical
procedure is as follows. Sodium hydroxide (10
mmol), Raney Fe (0.2 g), 5% carbon-supported
ruthenium (Ru/C) (0.05 g), and water (8 ml)
were charged into a shaking-type autoclave
(made of stainless-steel; ca. 30 ml) containing
severa stainless-steel stir balls. After the con-
tained air was carefully replaced by argon, the
autoclave was pressurized with CO, (50 atm) at
room temperature, and then the autoclave was
heated and shaken constantly at 380°C for 2 h,
the total pressure then reached to 320 atm. After
the autoclave had been rapidly cooled by air-
blowing, the reaction gas was collected in a
gas-burette, and then determined by GC. The
remaining reaction mixture was taken into wa-
ter, and then the solid materials were filtered
off. The filtrate was subjected to the titration of
alkali compounds and the HPLC analysis of
alkaline metal formate.

2.4. Determined of initial rate

Kinetic measurement was carried out at the
reaction temperature ranging from 240 to 340°C.
First, a mixture of Raney Fe (0.2 g), Ru/C (0.2
@, and CO, (50 atm) was charged into the
autoclave as described above. After the auto-
clave had been heated at a required temperature
(ca. 30 min), aqueous 1.25 mol /I NaOH solu-
tion (8 ml) was introduced into the autoclave by
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pump, and immediately the shaking was started.
After a required reaction time, the autoclave
was allowed to cool to room temperature rapidly.
The work-up and analysis were carried out as
above. The initial rate v, was determined from
the experimental equation: y =t/(at + b),
where y=vyiedd of methane (mmol), t=
reaction time (min), and a and b = constants.
Further, the initia rate, v,=(dy/dt),=1/b
(mmol /min).

3. Results and discussion

3.1. Activity and selectivity of catalysts in the
reduction of CO,

Table 1 presents the typical results of the
activities of Raney alloy catalysts and the cat-
alytic activities of an additive catalysts to pro-
mote CO, reduction with water at 380°C using
the batch system operating. For example, when
a mixture of CsOH (10 mmol) and 1:1 Raney

Table 1
Catalytic activity for the reduction of CO, with water?
Run Catalyst Products (%)°

CH, Formate CO H,
1 none 0 8.3 21 43.9
2 Raney Fe° 0 329 40 1238
3 Raney Co° 50 209 24 75.2
4 Raney Ni°® 257 42 trace 152
5 Raney Cu® 0 23.8 2.7 90.8
6 Raney Fe—Ru,/C¢ 453 12 0 30.0
7€ Raney Fe—Ru/CﬁI 257 14 0.3 75
8 Raney Ni—Ru,/C¢ 320 16 0 6.1
9 Raney Fe—Rh/Cf 56 35 35 115.2
10 Raney Fe-Pd/C9 0 308 43 1434
11 Raney Fe—Ru/Al,O4 h 237 131 2.6 67.8

#The reaction were carried out in a stainless-steel autoclave (30
ml). Conditions: Raney alloy (0.2 g), additive catalyst (0.05 g,
CsOH (10 mmol), H,0O (8 ml), CO, (50 atm at room temperature),
380°C, and 2 h.

PDetermined by HPLC and GLC, and based on base employed.
1:1 Ranley aloy powder.

95% Carbon-supported Ru powder.

®NaOH (10 mmol) used in place of CSOH.

5% Carbon-supported Rh powder.

95% Carbon-supported Pd powder.

"506 Alumina-supported Ru.

Fe (0.2 g), and 5% carbon-supported ruthenium
(Ru/C) (0.05 @) in water (8 ml) was heated
under the pressure of CO, (50 atm at room
temperature) at 380°C for 2 h, then the total
pressure increased to 320 atm, and methane was
obtained as a main product (45.3% yield or 90.8
mol /Ru atom) along with a very small amount
of cesium formate (1.2%), and a liberation of
H, (30%) as show in run 4 in Table 1. Where
the yield is defined as a product molar percent
relative to employed akali metal hydroxide
(CsOH). First, we examined the catalytic activi-
ties of typica Raney aloy catalysts, such as
Raney Fe, Raney Ni, Raney Co, and Raney Cu,
for the CO, reduction under the conditions de-
scribed above. As shown in Table 1, these
Raney dloy cataysts exhibited the different
activities for the reaction, i.e., Raney Fe, Raney
Co, and Cu dloy gave cesum formate as a
main product, while Raney Ni dloy gave
methane in high selective. Interestingly, the ad-
dition of Ru/C catalyst to the Raney Fe system
exhibited more activity to promote the forma-
tion of methane than that of Raney Ni and
Raney Ni—Ru/C mixed catalyst (runs 4 and 8
vs. 6 in Table 1). Other mixed catalysts (runs
9-11 in Table 1) were inferior to that of the
Raney Fe—Ru,/C mixed catalyst in yield and in
selectivity of the methanation. It should be noted
that the formation of CO [8-10] and C,-C,
hydrocarbons [11,12] obtained by others in
CO,—H, systems was not observed at all in the
present reactions. This efficient methanation for
Ru catalyst had been reported in previous stud-
ies on the reduction of CO, with H,, [8,13-15],
which were conducted at higher partial pressure
of H, than that of CO, (H,/CO, =3-4). It is
noteworthy that the present methanation gave
similar results to that of the high ratio H,/CO,
system in H,—CO, methanation, because a rela-
tive ratio of a liberated H, to CO, during the
present methanation is usually very small
(H,/CO,=0.1-0.12). The higher selectivity
observed for methane formation may be due in
part to catalytic cracking of higher molecular
weight hydrocarbon products. This was tested
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by injecting ethane (2.5 mmol) into the reaction
medium (Raney Fe—Ru/C) under similar condi-
tions to run 6 in Table 1 without CO,. Methane
was obtained in a yield of 1.95 mmol and a
sight ethane (0.15 mmol) were detected by GC.
Hence, the cracking of higher hydrocarbons af-
forded during CO, methanation cannot be over-
looked.

The difference in the cataytic feature be-
tween Raney Ni and Raney Fe for the methana-
tion is due to the differing oxidation-reduction
potential of both metals. It is well known that at
high temperature, iron metal has a higher ten-
dency toward the oxidation by water than nickel
metal (H,0 + Fe= FeO + H,) [16]. Therefore,
Raney Fe—Ru/C mixed catalytst is more effec-
tive promoter for H, liberation than Raney Ni
system and a more selective catalyst for the
methanation.

Also, we have found a significant effect of
alkali metal ion added, especialy cesium ion,
i.e., the yidld of methane in an agqueous CsOH
solution was about double of that in an aqueous
NaOH solution (compare runs 6 and 7 in Table
1). The high effectiveness of cesium ion has
been observed in our previous study [17] and in
other reported for water—gas shift reaction [18].
The difference in reactivity among the akali
metal ions is ascribed to those differing size.
The cesium ion, which has the largest ionic
radius, is considered to be only weakly paired
with the CO, as a carbonate. This would pre-

O%C/ONa
i Ha
(') NaOH
—M-0-M-0— @
M: Al or Fe

H, Ha

2 H
CHy<—=— [ RunC*] 4——2—[

4

sumably facilitate the activation of the CO, by
interaction with the surface of the catalyst as
will be described later (Scheme 1).

In the absence of a catalyst (run 1 in Table
1), the reaction afforded a small amount of
cesium formate (8.1%) and CO (2.1%) with the
liberation of H, (43.9%). This may explain that
the metals dissolved from the reactor can be-
come incorporated in the reaction mixture due
to corrosion and act catalyst.

3.2. Effects of the reaction variable

To obtain a deeper insight into the feature of
the methanation, we investigated the reduction
of CO, using Raney Fe—Ru,/C mixed catalyst
and an agueous NaOH solution in place of
CsOH one as follows, because the NaOH solu-
tion is more convenient medium than other
alkali solution for CO, recovery. In search for
the optimum reaction conditions, the effect of
the reaction temperature on the yields and prod-
ucts distribution was examined in an agueous
NaOH solution to give the results shown in Fig.
1. The reaction temperature has a marked effect
on product distribution. At low temperatures
(< 240°C), the total yield of sodium formate
and methane was less than 14 mol%, and the
formate formed in high selectivity. The forma
tion of methane increased at the expense of the
formation of sodium formate as the temperature
is increased; the highest yield (26%) and selec-

\ /
—Ru—-Ru—Ru—

3

H C|>O H}

Scheme 1.
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Fig. 1. Effect of reaction temperature on the reduction of CO,
with water in the presence of Raney Fe—Ru on carbon mixed
catalyst. Conditions. Raney Fe (0.2 g), 0.5% Ru on carbon (0.05
@, NaOH (10 mmol), H,O (8 ml), CO, (50 atm at room
temperature), 2 h. @, HCO,Na, m, CH,; O, H,. *Based on
NaOH employed.

tivity (95% based on the sum of methane and
formate formed) of methane were achieved at
about 380°C. Since the critical point of water is
374.2°C, the change in the physical property of
the reaction medium could be the cause for such
variation of the reactivity. At the temperature
below the critical point of water, the reaction
proceeds mostly in liquid phase, while at super-
critical region, the water is expected to be suffi-
ciently gas-like phase.

Table 2 shows the effects of the concentra-
tion of NaOH and the partial pressure of CO,
on the yields of products for the CO, reduction
at 280°C. The dependence of the formate forma
tion on the concentration of NaOH was more
significant than that of the formation of methane.
The formation of methane proceeded even with-
out base (run 1 in Table 2). The yield of sodium
formate increased continuously with increasing
concentration of NaOH, whereas both yields of
methane and H, increased with an increase in
the concentration of NaOH up to 1.25 mol /I
and then levels off in the same tendency as H,
liberation.

The effect of the partial pressure of CO, on
the yields of methane and sodium formate was
sharp at low pressure (<2 atm), and ap-

proached to zero-order dependence at a high
pressure (> 5 atm). A control experiment con-
ducted in the absence of CO, gave neither
methane nor sodium formate but only resulted
in H, liberation. This result implies that the
carbon of methane and metal formate originates
from the CO, carbon employed.

The time-yield profile of the products in the
reduction of CO,, under various amount of Ru/C
catalyst is shown in Fig. 2a and b, respectively.
When only Raney Fe was used as catalydt,
sodium formate (marked O in Fig. 2b) is a
main product over the reaction times. As shown
in Fig. 2, an addition of Ru/C catalyst to the
Raney Fe system caused the formation of
methane, and the rate of methane formation
increased with increasing amount of Ru/C
added (Fig. 2a). One characteristic behavior in
the reaction is a rapid formation of sodium
formate in an early stage (Fig. 2b), i.e., the yield
of sodium formate reached to its maximum
vaue in the early stages (ca. 0.5 h), and the
maximum value decreased with increasing
amount of Ru/C accompanying an enhance-
ment of the rate of methanation. The most
important feature of this reaction is that the
yield of methane increased at the expense of the
formate formation as the reaction proceeds.

Table 2
Effect of the amount of NaOH and pressure of CO, on the yield
of products at 280°C?

NaOH CO, Products yield (mmol)®©

(mol™  @m" ST hco,Na H,

0 50 0.623 0 0.146
0.25 50 0.765 0.021 0.213
0.625 50 0.812 0.089 0.363
1.25 50 1.045 0.466 1.100
2.50 50 1.095 0.902 1.010
1.25 0 0 0 6.376
1.25 2 0.810 0.355 3.102
1.25 5 0.920 0.477 1.607
1.25 20 0.954 0.454 1.269

#The reactions were carried out in a stainless-steel autoclave (30
ml). Conditions: Raney Fe (0.2 g, unpretreatment), 5% Ru—carbon
(0.05 g), H,0 (8 ml), 280°C, 2 h.

®At room temperature.

“Determined by HPLC and GLC.
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Fig. 2. Effect of the amount of Ru,/C on the product yields. Condition: CO, (50 atm at room temperature), NaOH (10 mmol), Raney Fe (0.2
@), H,0 (8 ml); 280°C. Based on NaOH employed. O, Ru/C=0; O, Ru/C=0.01g; ®, Ru/C=0.03 g; m, Ru/C=0.05g.

These findings indicate that the Ru catalyst
plays an essential role in conversion of the
formate into methane, and the formate is an
intermediate in the methanation. The overal
reaction is supposed to proceed in two steps,
i.e, first reduction of CO, to sodium formate
(Eg. (4) followed by the sower Ru-catalyzed
hydrogenation to give methane (Eq. (5)). Thisis
also supported by the observation that the reac-
tion of sodium formate (10 mmol) in place of
CO, under the similar condition to run 6 in
Table 1, at 320°C instead of 380°C, gave
methane in 18% yield.

NaOH

CO, + Hy ——» HCONa + H,0 (4)

HCO,Na + 3H, — CH; + NaOH + H,0 (5)

3.3. Kinetic study

Direct comparison of the activation energy
obtained in the present work with previous
works is difficult, since previous studies were
carried out in different reactor systems under
different conditions, but some features may be
discussed for reference. We examined the varia
tion of the reaction rate with temperature in the
range from 240 to 340°C and estimated an

apparent activation energy (E,). The results are
shown in Fig. 3 and Table 3. The initia rates
(v,) were determined from the data at early
period (< 2 h) to avoid possible complications
due to the factors such as change in catalytic
activity. The initia rates interpolated to 253°C
and apparent activation energy for the methana-
tion of CO, are summarized in Table 3 and
compared with data in those references where a
continuous flow system has been used. The
initial rate of the present methanation is some
smaller than that of CO,—H, methanation, but
is about seven times that of CO-H, methana-
tion [8]. The apparent activation energy for the
present methanation was estimated to be ap-
proximately 71 kJ/mol from the Arrhenius plot
in the range of 240-280°C. This value (71
kJ/mol) is close to the values of CO,—H,
methanation using Ru/C (82 kJ/moal) [8],
Ru/Al,O, (67 kJ/moal) [13], and Ru/SiO, (72
kJ/mol) [10]. Also, the methanation of CO-H,
reported proceeds with much higher activation
energy of 109 kJ/mol [8], in which the hydro-
genation step of a surface carbon to methane
has been proposed as the determining step [19].

The Arrhenius plot for the methanation is not
linear as shown in Fig. 3b. A tendency of
decrease in activation energy for the methana-
tion at higher temperature is usually observed in
a catalytic reaction. Although no direct evidence
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Fig. 3. Effect of reaction temperature on the formation of methane and Arrhenius plot. Reaction conditions: CO, (50 atm at room
temperature), Raney Fe (0.2 g), 5% Ru/C (0.05 g), NaOH (10 mmol), H,O (8 ml). *Based on NaOH employed. W, 240°C; a, 260°C; O,

280°C; @, 310°C; O, 340°C.

was obtained to prove this behavior, this behav-
ior is mainly ascribed to the following two
reason. One is the difference of reaction phase
of water, i.e., noncritical and supercritical con-
ditions. Under the supercritical conditions, the
reaction most likely follows a gas—solid hetero-
geneous reaction, wherein the density of water
is significantly low [20] and a solution and
dissociation of the formate intermediate be-
comes unfavorable. Another reason is that the
deposition of carbonaceous materials on the sur-
face of ruthenium catalyst is occurring to deacti-
vate the catalyst, especially at high tempera
tures. Such a tendency was aso reported by
other systems[9,10,19].

As concerns the mechanisms of methane syn-
thesis in the CO,—H , reaction, two main routes
can be considered: (1) the removal of O from
CO, occurs in a stepwise manner, and the sur-
face carbon formed is hydrogenated into
methane, and (2) through the formation of a
surface complex which is subsequently into
methane. Some studies provide evidence that
the first of these proposed mechanisms may be
correct and that CO, methanation on a wide
variety of catalysts involves, firstly, the CO,
dissociation to CO followed by further dissocia
tion of CO to a carbon intermediate which is
hydrogenated to methane [8-10,13-15,21,22].
It has been also shown [8] that the concentration

Table 3

Comparison of kinetic data with those from previous studies

Catalyst system (precursor) Reaction Initial rate (253°C) x 108 E.2 (kJ/mol)
(mol /min/g cat)

5% Ru,/C—Raney Fe” CO,/H,0 71.1° 71 (240-280°C)

4.3% Ru,/C* CO,/H, (1/4) 116.4 82 (205-300°C)

Ru/Al, 0% CO,/H, (1/3) 67 (203-283°C)

Ru/SiO} CO,/H, (1/4) 72 (230-290°C)

1.4% Ru/CY CO/H, (1/3) 10.2 109 (~ 250°C)

@A pparent activation energy.

®This study.

This value as estimated by interpolation.
9Data from Ref. [8].

®Data from Ref. [13].

"Data from Ref. [10].
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of the surface species CO and carbon on the Ru
particles is much lower during the CO,—H,
reaction than during the CO—H, one. Therefore,
the surface active carbon formed would be ex-
clusively hydrogenated to methane. The near
agreement of the activation energy of the pre-
sent methanation with that of the previous
CO,—H, methanation supports to this mecha-
nism. However, as described above, the facts
that the formate formed rapidly at an early
stage, the production of CO was not observed
even if without base, and the methanation did
not proceed in the absence of Ru catayst, are
suggesting that a mechanism involving a for-
mate intermediate and its methanation on Ru
catalyst. It is possible to presume that the pre-
sent methanation proceeds via the formate inter-
mediate (abbr. surface formate) 2 as shows in
Scheme 1, i.e., the CO, is first adsorbed as a
metal carbonate 1, and is then reduced to the
surface formate 2, which is in equilibrium with
the formation of akali formate. The surface
formate 2 decomposes on the Ru catalyst, yield-
ing adsorbed CO 3 which may rapidly decom-
pose to a surface active carbon 4 rather than
desorb into the gas phase as CO molecules, and
is then in turn hydrogenated to methane in the
same manner as CO methanation [8,23]. Here
the primary role of the Ru is to activate the
nascent hydrogen molecule, which interacts with
formate 2 to cause the methanation. The pres-
ence of such intermediate formate species has
been proposed for the conversion of CO, to CO
[13-15,18,24].

4. Conclusion

Methane or alkali formate was easily pro-
duced from CO,—H,O system by Raney Fe—
Ru/C mixed catalysis, with a selectivity which
depends on the reaction temperature. The fact
that the mixed catalyst not only represent poten-
tial catalyst for the liberation of H, from water,
but aso as effective CO, methanation in an
aqueous alkali system, renders the system inter-

esting with respect to the use of CO, for the
production of substitute natural gas.
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