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The Role of Hydrogen in the Reaction of Water with Surface Carbon
to Form Methane

In the synthesis of methane from carbon
monoxide and hydrogen the importance of
an active form of surface carbon on such
metals as Ni and Ru has been known for
some time (). Recently, however, Rabo et
al. (2) have reported that this active carbon
also reacts readily with water to form
equimolar amounts of CO, and CH, accord-
ing to reaction 1.

300°C
2C + 2H,0 —— CH; + CO,. (1)
Ni,Co,Ru

Since H, was not reported as an intermedi-
ate, the implication of this work is that
there may be a direct reaction between wa-
ter and surface carbon to form methane.
The possibility of such a direct reaction be-
comes more attractive when one considers
the observation by Cabrera et al. (3) that
graphite which contains potassium as a cat-
alyst reacts with water at ca. 250°C to pro-
duce methane, but no methane was ob-
served when water was replaced by
hydrogen.

On supported nickel the reaction of H,
with the active form of surface carbon is
known to be rapid at 300°C. Thus, if H,
were formed as an intermediate, the results
of Rabo et al. (2) could be explained
without invoking a direct reaction between
carbon and water to form methane. The
purpose of this study was to determine
whether the reaction of water with surface
carbon indeed produced H,, which is an in-
termediate in the formation of methane.

Reaction conditions closely approximat-
ing those of Rabo et al. (2) were adopted for
this investigation. A recirculating batch
reactor system constructed of Pyrex was
used at moderate pressures and a stainless-

steel reactor was employed at higher pres-
sures. Analysis of the reactants and prod-
ucts was achieved by on-line gas chroma-
tography using He as a carrier gas. In order
to improve sensitivity H, was converted to
H,0 over CuO before the gases entered the
thermal conductivity detector.

A nickel-zirconia catalyst (88% Ni) was
prepared by co-precipitation of the hydrox-
ides from a basic solution of the nitrate salts
(2). After filtration and drying the catalyst
was oxidized in air for 2 h at 200°C, fol-
lowed by 2 h at 400°C. The oxidized cata-
lyst was then reduced under 700 Torr hy-
drogen at 450°C for 15 h. Other catalysts,
except for the Engelhard 0.5% Ru/Al,O;,
were prepared by impregnation from aque-
ous solutions of either the chloride or ni-
trate salts. Metal loadings are reported as
weight percentage.

The number of surface metal atoms was
determined by hydrogen chemisorption at
25°C, making the usual assumption that one
hydrogen atom is chemisorbed per surface
metal atom. The amount of H, adsorbed
was plotted as a function of pressure over
the range 50-250 Torr, and the linear por-
tion of the plot was extrapolated to zero
pressure. The extrapolated amount of ad-
sorbed hydrogen at zero pressure, which is
taken as the chemisorbed amount, is given
in Table 1 for several of the catalysts used
in these experiments.

In a typical experiment at moderate pres-
sures the carbon layer was formed at 250°C
by recirculating a 15% CO in He mixture
(700 Torr) over the catalyst (0.25-8 g,
20—-40 mesh) for 4 min. After evacuation of
the gas phase to a residual pressure of 5 X
10~° Torr a mixture of H,O (25 Torr) and
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NOTES

TABLE 1

Activity of Surface Carbon

Catalyst Carbon H, chemisorption Initial rate of product CH, turnover
(pnmole C/g metal) (pmole Hy/g metal) formation® frequency
(wmole/g catalyst - min) (min™!)
CH, CO, co H,
Nickel-zirconia 91 15.7 6.2 15.4 0.16 11.6 4.0 x 107!
K*-impregnated 44 72.7 0.003 1.46 090 19.6 4.1 x 1073
nickel-zirconia
10% Ni on SiO, 570 550 3.6 13.4 0.6 32 6.5 X 1072
10% Ni on 1280 — 1.0 0.4 10.4 2.2 —_
Harshaw Zr-304
10% Co on SiO, 300 87 0.05 0.46 1.56 0.28 5.7 x 103
0.5% Ru on AlLO, 256 22600 0.013 0.32 1.04 0.8 1.2 x 1074
(Engelhard)

@ 370 pmole H,O/g catalyst.
b Value supplied by Engethard.

He (675 Torr) was introduced to the cata-
lyst which was at 300°C.

The amount of surface carbon was esti-
mated from the amount of gas-phase CO,
which was produced by the Boudouard
reaction (2CO —» C + CO,). Good agree-
ment was found between the amount of car-
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bon determined in this manner and the
amount of CO, produced by extended reac-
tion of the carbided nickel-zirconia cata-
lyst with O,. The rate of carbon formation
was initially fast (>40 wmole g~! min~!) but
decreased after 0.5 min. After 5 min about
66 pmole of carbon/g of catalyst was

M MOLE/G CATALYST

Time (minutes)

Fi1G. 1. Product distribution from carbon—water reaction on Ni-Zr catalyst: O, H,0; A, CO,; B, H,;

®, CH,; A, CO.



NOTES

formed, which corresponds to an equiva-
lent coverage of two monolayers. Surpris-
ingly, only 30% of the surface nickel was
deactivated for hydrogen chemisorption.
This suggests that either the carbon forms
multilayer structures on part of the surface
or that it penetrates below the surface. At
the temperatures used in these experiments
we favor the latter alternative; however, we
will continue to refer to this material as
*‘surface carbon.”

Upon exposing the carbided catalyst to
the H,O/He mixture at 300°C the results
shown in Fig. 1 were obtained. Initially
there was a very rapid uptake of H,O which
corresponds to 55% of the original amount
of water in the gas phase. Experiments with
pure nickel-zirconia (no carbon) indicate
that this rapid uptake is due to adsorption.
It is important to note that early in the reac-
tion with surface carbon H, was formed
more rapidly than CH,. In addition, the
concentration of H, soon went through a
maximum, suggesting that it is an interme-
diate in the formation of CH,. These results
are more graphically demonstrated in Fig.
2a where the amount of product, H, or
CH,, is plotted as a function of the percen-
tage of H,0 consumed. Greater amounts of
hydrogen than methane were observed un-
til more than 85% of the initial water had
reacted. In a blank experiment it was dem-
onstrated that when water vapor was
passed over a clean nickel-zirconia cata-
lyst, neither hydrogen nor methane was
formed. The amount of CH,, CO, and CO,
formed in Fig. 1 corresponds to 87% of the
surface carbon, and ultimately 96% of the
carbon reacted upon further addition of wa-
ter.

The order of the reaction with respect to
H,0 was determined by adding different
amounts of water to individual samples of
equal mass which contained essentially the
same amount of carbon. When up to 84
pmole H,O/g catalyst was added no CHy
was formed, but thereafter the initial rate of
CH, formation exhibited a first-order de-
pendence upon initial water concentration.
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Fic. 2. Methane and hydrogen formation from car-
bon and water: (a) M, H,; @, CH,. (b) A, 10% Ni on
Si0,; B, 10% Co on Si0,; C, 10% Ni on Harshaw Zr-
304; D, 0.5% Ru on ALO,.

On the basis of catalyst mass nickel-zir-
conia was clearly the most active material
for the initial production of CH; and H; as
indicated in Table 1. This phenomenon is
even more pronounced when one compares
the turnover frequencies for the formation
of CH, over the several catalysts. The con-
version to CH,, depicted in Fig. 2,
generally follows the trend in initial activ-
ity. The inactivity of supported ruthenium
is not surprising in view of the sensitivity of
this metal to poisoning by surface carbon
).

The small amount of CO formed early in
the reaction (Fig. 1 and Table 1), except for
the 10% Ni on Harshaw Zr-304 catalyst, in-
dicates that the water gas shift reaction (CO
+ H,0 = H, + COy) is not the primary
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source of H,; however, this reaction may
result in the formation of H, later in the
reaction. The oxidation of Ni by water (Ni
+ H,0 = NiO + H,) cannot be a significant
source of H, if one considers that the equi-
librium partial pressure of H; is only 0.01
Torr when the partial pressure of H,0 is 2
Torr (5). The value of 2 Torr H,0 is equiva-
lent to 30 pmole/g catalyst in Fig. 1; at the
corresponding time the H, partial pressure
was 1.2 Torr. The small equilibrium amount
of H, from the oxidation of Ni is consistent
with the observation that no H, was de-
tected when water vapor was passed over a
clean nickel-zirconia catalyst. One must
conclude, therefore, that most of the H, is
formed by the direct reaction of H,O with
the surface carbon.

In order to determine the effect of potas-
sium on the reaction a nickel-zirconia cata-
lyst was impregnated with 2% by weight K
as KNO,, calcined in air at 420°C, and re-
duced under H, at the same temperature.
This catalyst exhibited a 2.2-fold increase
in hydrogen chemisorption, but had a dras-
tic decrease in activity for methane forma-
tion as listed in Table 1. The origin of this
decrease in activity is uncertain, but the re-
sults establish that unlike the case with
graphite, potassium does not promote the
formation of CH, from the reaction of car-
bon with H,O on a nickel surface.

Finally, water at high pressures was
reacted with surface carbon on nickel-zir-
conia in the stainless-steel batch reactor,
without recirculation, and the products
were expanded and analyzed after a prede-
termined time. The results are given in
Table 2 for different amounts of water, but
the same amount of surface carbon. Again,
H, was formed in amounts comparable to or
greater than the amount of methane after 10
min of reaction.

The results of this study confirm the con-
clusions of Rabo et al. (2) that surface car-
bon can be converted to methane using wa-
ter as a source of hydrogen. Moreover,
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TABLE 2

Reactions of Carbon? and Water on Nickel-Zirconia
Catalysts

Product
(pmole/g catalyst)

Amount of water
(mmole H,0O/g catalyst)

CH, CO, CO H,
440 221 496 27 227
11 82 113 4 139

« The catalysts contained about 190 pumole surface
carbon/g catalyst.
b This value corresponds to 8000 Torr of H,O vapor.

nickel-zirconia has superior activity for
this reaction. The present work, however,
provides evidence for sequential reactions
in which H, is first formed and the methane
is produced mainly by the usual hydrogena-
tion of surface carbon, rather than by the
direct reaction of water with carbon.
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