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The methanation of carbon monoxide over Ni/AlO; has been studied at atmospheric pressure
and in the temperature range of 180-240°C using a once-through flow reactor at small conversions.
When the steady-state reaction in CO/H, was switched to H, alone, a large peak of methane and a
smaller peak of higher hydrocarbons were obtained. Considerable H,O was also obtained indicating
the presence of substantial chemisorbed CO. The methane response is composed of two parts: a
sharp reactive peak followed by a long tailing part. Separate transient experiments, involving CO/
H,, CO/He, and C,H/He, indicate that the tailing part of the response is associated with chemi-
sorbed CO and the sharp, reactive peak is associated with free carbon.

INTRODUCTION

Although the details of the sequence of
steps in the methanation reaction have been
the subject of controversy since the discov-
ery of the reaction by Sabatier (/), there is
considerable recent evidence that the reac-
tion proceeds via an active surface carbon
intermediate formed by the dissociation of
CO. The results of a variety of studies have
perpetuated this viewpoint as recently re-
viewed by Ponec (2) and Bell (3).

Numerous recent studies have demon-
strated the reactivity to H, of surface car-
bon formed by the disproportionation of
CO on Ni:

2CO(g) — C* + COs(g)

Wise and co-workers (4, 5), using the tech-
nique of temperature-programmed surface
reaction, have observed the formation of
basically two types of surface carbon
(called a- and B-carbon by the authors) by
CO disproportionation at temperatures of
225-325°C on a Ni/Al,O; catalyst. It was
postulated that the reactivity of the dis-
persed a-state indicates that it is a feasible
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intermediate in methanation. Araki and
Ponec (6) have also shown the reactivity of
surface carbon to hydrogen on Ni and Ni-
Cu films. They have implicated surface car-
bon formed from the disproportionation of
CO as a viable reaction intermediate by pre-
depositing '*C and then admitting 2CO/H,
and subsequently measuring the initial pro-
duction of BCH, as much greater than that
of 2CH,. This was also observed by Biloen
et al. (7) on Ni, Co, and Ru.

Rabo et al. (8) have demonstrated the re-
activity of surface carbon by observing that
carbon deposited by CO at high tempera-
ture on Ni, Co, and Ru is reactive to form
methane even at room temperature, but ad-
sorbed CO is practically inert to hydrogen
at room temperature. This is evidence that
the more probable route to methanation is
via the dissociation of CO and subsequent
hydrogenation of surface carbon rather
than the direct hydrogenation of adsorbed
CO. Goodman et al. (9) have shown that
the rate of carbon formation by CO dispro-
portionation and the hydrogenation rate of
carbon thus produced are comparable with
the rate of methanation at 175°C indicating
that not only is this a probable mechanism,
but also that there is a possible balance in
the carbon formation and carbon removal
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steps during methanation such that one is
not solely rate-determining.

As can be seen numerous studies have
demonstrated the reactivity of surface car-
bon; however, few have been concerned
with determining the nature and composi-
tion of the active Ni surface under working
methanation conditions. The transient re-
sponse method is a technique appropriate
for furnishing such information and that is
the subject of this paper.

In earlier work on Fe catalysts (/0) the
technique has proven quite powerful. Van
Ho and Harriott (//) have done some tran-
sient methanation experiments on Ni/SiO,
catalysts and have interpreted their results
in terms of the formation of active carbon
by the aid of H,. Happel et al. (12—14) have
used transient isotope tracing in an attempt
to determine the composition of the surface
species present during reaction. Although
the results are possibly complicated by a
variety of exchange reactions, they have
proposed that the most abundant surface
species are C* and CH* (/4) in agreement
with Amenomiya et al. (15) for similar ex-
periments.

For a Ru catalyst, Cant and Bell (/6)
have shown that after steady-state metha-
nation, by switching the feed to the reactor
to pure hydrogen, a large peak of methane
is observed indicating a hydrogen deficient
surface covered mostly by C-containing
species, in this case CO*.

The bulk of the experiments in this work
concerns the hydrogenation of the surface
species present during reaction in CO/H, by
switching the reactor feed to pure hydrogen
and observing the subsequent product re-
sponse. Also a number of transient experi-
ments were performed in an attempt to
identify the surface species responsible for
the observed hydrogenation product re-
sponse.

In these experiments a once-through,
quasi-differential reactor was used with a
high fluid velocity and a very small resi-
dence time so that the surface phase quanti-
ties in the reactor relative to those in the
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gas phase are large. In this way, product
responses observed during the transient ex-
periments are largely a result of surface ki-
netic phenomena, not appreciably compli-
cated by the reactor dynamics of the gas
phase.

EXPERIMENTAL

Catalyst preparation. A 10 wt% Ni/y-
AlLO; catalyst was prepared by impregnat-
ing Alon-C (DeGussa) to incipient wetness
with an aqueous solution of Ni(NQO;), -
6H,0. The powder was pressed, crushed,
and screened and then dried and reduced in
situ in flowing hydrogen using a procedure
similar to that recommended by Bartholo-
mew (17). Prior to use in all cases the cata-
lyst was reduced for at least 2 h at 450°C in
flowing hydrogen before cooling in hydro-
gen {o reaction temperature. For most of
the experiments, where short reaction
times were employed, it was found that
flowing hydrogen for 15 min at reaction
temperature was sufficient to regenerate a
surface with reproducible activity.

Catalyst characterization. The BET sur-
face area of the catalyst was measured in a
flow sorption apparatus (Quantasorb Model
QS-7) and was found to be 117 m%g.

The active metal surface was measured
by H, chemisorption utilizing a flow tech-
nique similar to that used by Amelse ez al.
(18) for an Fe catalyst. The H, uptake of
the catalyst was found to be 154 pmol/g of
catalyst yielding a value of 308 wmol Ni sur-
face atoms/g of catalyst. The metal parti-
cles were assumed to be cubes exposed on
5 sides. An average Ni atom area of 6.5 A?
(17) yielded a particle 44 A on a side, in
good agreement with a value of 47 A as
determined by X-ray diffraction line broad-
ening analysis on the same sample.

Apparatus. A once-through flow reactor
was employed with a typical catalyst
charge of 8-25 mg. The 3.81-mm stainless-
steel reactor and the catalyst support were
found to have negligible catalytic activity.
The reactor was typically operated with
steady-state conversions of CO <5% and
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FiG. 1. He —» CO/H, — H, transient, 220°C.

the flow rates of all gas streams were al-
ways 30 ml/min. Step changes in concentra-
tion were introduced to the reactor by two
four-way switching valves (Carle Model
2011) that selected one of three streams
of pure gases or premixed gases. Choke
valves on the two streams not selected for
the reactor feed were adjusted so as to
maintain a constant pressure drop and to
ensure minimal disruption of the flow rate
upon switching. Gas concentration analysis
was made by a sector-type mass spectrom-
eter (Nuclide Mode! 3-60-G) equipped with
a fast-response continuous inlet system.
Mass/charge ratios of 15, 18, 27, 28, 29, 43,
and 44 were used for the analysis of CO,
CO,, H,0, and C,—C, paraffins. Since the
fragmenting patterns for these components
overlap considerably, some experiments
were necessarily repeated for each mass/
charge to obtain a complete quantitative so-
lution of the system of linear algebraic
equations. In many cases it was possible to
use the intensity of the mass/charge = 15
signal directly as a measure of the CH, con-
centration.

The hydrogen, carbon monoxide, ethyl-
ene, and helium (Matheson) were all stan-
dard grade and used with purification by
passage through molecular sieves. Carbon-
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yls in the CO were decomposed in the reac-
tor preheater coil.

RESULTS AND DISCUSSION

CO/H, experiments. In Fig. 1 is repre-
sented a typical transient experiment at
220°C. In this case the reactor feed was
switched from pure H, to pure He for 1 min
to desorb the surface hydrogen. Then at
time zero in Fig. 1 the feed was switched to
10% CO/H, and a steady methane forma-
tion rate was achieved within approxi-
mately 1 min. The activity was observed by
longer experiments to decline only very
slowly from that point on. The steady-state
rate of production of CH, in 10% CO/H,
was found to be 118 umol/min-g at 220°C
corresponding to a turnover frequency of
6.4E-3 s~!. Using the kinetic parameters of
Vannice (26) a turnover frequency of 8.1E-
3 s lis obtained at 220°C and H,/CO = 9 for
a 8.8% Ni/Al,O; catalyst, in good agree-
ment with our results. An activation energy
of 26 kcal/mol calculated from our data isin
excellent agreement with Vannice (26) who
reports the same value. At 2 min the feed
was changed to pure hydrogen and the re-
sulting product response was observed. As
can be seen a large peak of CH, is obtained
indicating that the surface is in fact hydro-
gen deficient during steady-state reaction as
observed by Cant and Bell (16) for Ru/SiO,
and Van Ho and Harriott (/1) for Ni/SiO,.

The switch to pure H, has the effect of
hydrogenating all of the carbon-containing
surface species to mostly CH, and a small
amount of higher hydrocarbons, for if the
temperature is then raised to 450°C in flow-
ing H, no additional detectable CH, produc-
tion is observed indicating that the carbon-
containing  species are  essentially
quantitatively hydrogenated at reaction
temperature. There is probably no forma-
tion of carbonaceous residues associated
with the metal that may be inactive to H,
even at 450°C, for the initial activity is re-
producible. Also only a very small quantity
(<10 umol/g) of adsorbed CO desorbs dur-
ing the switch to H,. Thus the sum of the
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areas under the CH, and C,* curves ap-
proximately represents the amount of car-
bon-containing intermediates on the sur-
face during steady-state reaction. This
quantity, 292 umol/g, is consistent with the
number of available surface Ni atoms, 308
pmol/g, as determined by H, chemisorp-
tion, and this result also supports the earlier
contention that the surface is covered
mostly by C-containing intermediates.

It should be mentioned here that the
other major product during reaction is, of
course, H,O. The mass spectrometer used
has a slow response to H,O so that little
useful kinetic information is obtained from
the rate vs time response. However, a rea-
sonably accurate measure of the cumula-
tive amount of H,O formed after the switch
to H, can be made. This quantity reflects
the amount of oxygen-containing species
present during steady-state reaction which
can be hydrogenated. Approximately 180
umol/g of H,O was formed indicating the
presence of considerably less oxygen than
carbon on the surface.

The sum of the oxygen hydrogenated to
H,0 and the carbon hydrogenated to CH,
and higher HC’s (282 + 180 = 472 pumol/g)
compared with the total number of surface
Ni atoms available for reaction (308 wmol/
g) indicates that a considerable amount of
carbon and oxygen are present undissoci-
ated. This hypothesis is supported by
results which will be discussed later.

CO, is also formed at steady-state at a
rate (1.2 umol/min-g) considerably less
than that of CH, (118 wmol/min-g) and upon
switching to H, the CO, production imme-
diately stops.

The CH, product response curve in Fig. 1
after the switch to H, at 2 min appears to be
formed by two types of surface species: one
sharp reactive peak which is produced first
and a second tailing peak. It is expected
that the various carbon-containing surface
species of different reactivities or of vari-
ous stages in the mechanistic pathway
would contribute to the hydrogenation
product response. The more reactive spe-
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cies or the species further along in the
mechanistic pathway are removed faster
and therefore result in an earlier response.
The less-reactive species would contribute
to the tailing effect. However, the observed
response is not entirely consistent with this
simple analysis as will be discussed later.

In an attempt to observe the evolution of
the steady-state surface species through
changes in the CH, response during hydro-
genation, switches to H, were made after
various times on stream of CO/H,. The
results are presented in Fig. 2. After 5 min
on stream the product response is essen-
tially constant in shape and size. It is clear
that the tail part of the CH, response is
formed immediately and that the attainment
of steady-state surface conditions is mostly
controlled by the evolution of the sharper
reactive peak, and this result is expected if
the species responsible are in fact active
intermediates in the reaction. This also sug-
gests that the species responsible for the
reactive peak are further along the mecha-
nistic pathway from adsorbed CO.

Similar results are observed at 240, 200,
and 180°C (/9). Across this range of tem-
peratures there appears to be a change in
the relative population of the reactive peak
and the tail. At 180°C, the amount of CH,
formed in the reactive peak appears to be a
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larger portion of the total CH, than at
240°C.

In an effort to see if there are any C-
containing surface species present during
reaction at 220°C that can be readily de-
sorbed, the steady-state reactor feed was
switched to He for 1 min before switching
to H,. The results are presented in Fig. 3
where it is seen that the He purge has the
effect of rapidly quenching the methanation
reaction. The desorption of less than 2
wmol/g of CH, is observed, and the immedi-
ate desorption of 60 umol/g of CO is also
measured. Upon switching to Hj, the area
under the methane peak is found to be 181
pmol/g, considerably less than the amount
formed after directly switching to H,. The
amount of H,O formed corresponding to
the CH, in Fig. 3 is 60 umol/g reflecting the
fact that adsorbed CO has desorbed. The
desorption of CO stops after approximately
30 s but for longer He purges the amount of
CH, formed after switching to H, is less.
The results for various He purge times are
depicted in Fig. 4 and similar results are
observed at 200 and 240°C (/9).
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These results may be explained by the
continued production of CO, when the
switch to He is made as shown in Fig. 5 for
240°C, at which temperature the effect is
most accentuated. The same phenomenon
is observed at all temperatures studied. It is
seen here that upon switching to He the
CO; production drops below its steady-
state value then begins to rise and goes
through a maximum that is, in fact, higher
than the steady-state rate. The CO, produc-
tion then gradually tapers off. The amount
of carbon lost by CO, during the He purge
is consistent with the amount of carbon lost
as reflected in the CH, production in Fig. 4
indicating that there is little or no deactiva-
tion in He of the C-containing intermedi-
ates.
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The initial dip and the maximum in the
CO, production can be explained in the fol-
lowing way if it is assumed that there is less
free chemisorbed oxygen than CO* on the
surface during steady-state methanation.
The CO, production is most likely the result
of the combination of undissociated ad-
sorbed CO and adsorbed O atoms, since the
continued production of CO, results in a
substantial decrease in the tail part of the
CH, hydrogenation response which has
been associated with chemisorbed CO. So a
simple rate expression is

rCO,) = K(CO*)(0*)

When the reaction in CO/H, is switched to
He, CO immediately desorbs resulting in
the immediate drop in the rate of CO, pro-
duction in Fig. 5. If the rate of CO dissocia-
tion is faster than the rate of CO, produc-
tion, and if O* is initially present in a
smaller quantity, the rate of CO, produc-
tion will increase. Eventually the CO* will
be used-up resulting in a decrease in the
rate thereby creating the maximum.

The continued production of CO, in He
could also conceivably result from the re-
combination of C* and 20* but this mecha-
nism would most likely not result in the rate
going through a maximum. Araki and
Ponec (6) have observed that the recombi-
nation of C* and O* is very slow on Ni
relative to reaction (). Biloen et al. (7)
have observed that the recombination of C*
and O* is very slow by isotope-exchange
experiments.

The reactive peak of the CH, hydrogena-
tion response is higher and sharper in the 1-
min He case (Fig. 3) than in the direct to H,
case (Fig. 1), similar to the results of Cant
and Bell (16) for Ru/SiO,. It appears that the
He purge has opened up additional surface
sites via the desorption of CO and reaction
to form CQ, so that the rate of CH, produc-
tion starts off from a higher value since
there would then be a more favorable sur-
face stoichiometry. In fact the reactive
peak reaches a maximum at a time which is
as fast as the response time of the detection
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system. The amount of CH, formed during
the reactive peak, however, appears to re-
main essentially constant indicating that it
is not associated with the CO that has de-
sorbed with the He treatment and is not
appreciably changed by the 1-min He treat-
ment.

CO/He experiments. The interaction of
CO with the catalyst in the absence of H,
was also studied, mostly at 220°C. If 10%
CO/He flows over the catalyst, CO, is
formed via the disproportionation reaction
at a rate considerably lower than that of
CH, during reaction with CO/H, but ini-
tially much higher than that of CO, during
reaction with CO/H,. The results are shown
in Fig. 6. Here the catalyst was reduced in
H; then switched to He for 1 min to remove
the surface hydrogen. Then the feed was
switched to 10% CO/He and then back to
H;. As can be seen the CH, product re-
sponse is similar to that obtained after reac-
tion with CO/H,. In an attempt to observe
the evolution of the surface species, experi-
ments were done for different times on
stream of CO/He and the results are shown
in Fig. 7. The development of the reactive
peak is associated with the amount of time
on stream of CO/He and therefore with the
amount of C deposited by the dispropor-
tionation reaction. However, a much longer
time on stream is required for the develop-
ment of the reactive peak with CO/He than
with CO/H,. It appears from these experi-
ments that C* formed by the disproportion-
ation of CO is capable of forming a reactive
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peak similar to the one observed after reac-
tion with CO/H,. This is evidence that at
least some of the reactive peak in Fig. 1 is
associated with reactive surface C.

In Fig. 2 the attainment of steady-state
reaction correlates with the development of
the sharp, reactive peak in the CH, product
response. For a very short time on stream
of CO/He or CO/H, the reactive peak is ap-
parently not observed at all, but for longer
times its appearance indicates the time-de-
pendent and apparently kinetically signifi-
cant transformation of CO* into a more re-
active form, probably the dissociated form.
Since it takes longer for the development of
the reactive response peak for CO reaction
in the absence of H,, this suggests that the
deposition of reactive surface carbon is eas-
ier in the presence of H,, in agreement with
what was found by Bell er al. (16, 20) for
Ru. This is probably a result of the effect of
the removal of the reactive O* adatoms by
the H,. Mori et al. (21) have shown that O,
is much more reactive to H, than CO. Also
contributing to the reactive peak in the CO/
H, case would be the partially hydrogen-
ated carbon fragments.

C,H,/He experiments. In Fig. 8 is shown
the response to H, of carbon deposited by
the decomposition of ethylene. After a flow
of 0.5% C,H,/He for 10 s the feed was
switched to He for 1 min and then back to
H,. During the C;H4/He considerable CH,
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was formed indicating that carbon was de-
posited by the self-hydrogenation of ethyl-
ene:

C,Hy(g) — C* + CHy(g)

Upon switching to H, a peak very similar in
shape and reactivity to the initial reactive
peak formed by CO/H, is observed. In Fig.
8 both responses are plotted for compari-
son.

It should be mentioned here that both the
CO/He experiments and the C,H,/He ex-
periments are transient-state experiments,
that is, experiments that do not, of course,
represent a steady-state or working sur-
face. However, useful information is ob-
tained from the response peak shapes con-
cerning the reactivity to H, of various
carbonaceous surface species.

Ethylene hydrogenation. Hydrogenation
of ethylene was carried out at 220°C on the
same catalyst with a 10% C,H,/H, mixture.
Complete conversion of ethylene to C,H,
with a small CH4 and C;Hg production rate
was observed. Upon switching to He for 1
min the rate quenches rapidly and then,
when a switch to H, is made, only a very
small peak of CH, was observed even
though the rate of production of CH, was
somewhat higher than that during CO/H,
reaction. This indicates the presence of
very little strongly held C (as in the reactive
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peak) on the surface during ethylene hydro-
genation. No higher hydrocarbons were ob-
served upon switching to Hj.

Oxygenation of the surface. An experi-
ment was done in an attempt to find out
how much hydrogen is contained in the sur-
face species during reaction with CO/H,.
The catalyst was brought to steady state in
10% CO/H,, then switched to He for 1 min
similar to the experiment in Fig. 3. A switch
to 1% O,/He was made and a trace quantity
of H,O (<2 umol/g) appeared in the prod-
uct response suggesting that there is very
little hydrogen in the reactive surface spe-
cies. Also appearing in the product re-
sponse was CO, (82 umol/g) and CO (7
pmol/g). Switching back to H, and heating
to 450°C resulted in the evolution of 91
pmol/g of additional C as CH,. Thus the
total carbon (180 wmol/g) removed by O,
and then H, agrees with the amount from
Fig. 3 for the hydrogenation experiment
(181 wmol/g).

Comparison of the CH, response ob-
tained with CO/H,, CO/He, and C,H/He
suggests that the tail portion of the re-
sponse is associated with chemisorbed CO
since C,H4/He does not give the same dis-
tinctive tail. It is expected that the C,H,
would decompose on the surface to yield
mostly surface carbon. McCarty and Madix
(22) studied ethylene interaction with
Ni(110) by flash desorption and found that
all of the hydrogen is removed as H, before
225°C, and the resulting carbon is carbidic
in nature. So a peak similar in shape and
reactivity to the initial sharp hydrogenation
peak after reaction with CO/H, is obtained
from C deposited in the absence of CO
thereby lending support to the contention
that the reactive peak is associated with
free carbon.

As stated earlier the amount of carbon
lost by CO, production during the He flush is
consistent with the amount lost as reflected
in the CH,4 production upon switching to
H,. However, a mass balance on the oxy-
gen is not consistent, that is, the oxygen
lost as CO,; is greater than the amount as
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determined by the H,O response upon
switching to H,, particularly for long times
in He. Galuszka et al. (15) have observed
the reaction of oxygen, possibly from the
support with C*, to give a second high-tem-
perature peak of CO in TPD. Also, al-
though the level of oxygen impurities in the
He is low (too low to account for the ob-
served rate of CO, production), for long pe-
riods of He flush such as 15-30 min, this
trace oxygen could have a significant cumu-
lative effect. However, the exact source of
the oxygen is at this point unknown.

The O,/He experiment resulted in the
evolution of a trace amount of H,0. Al-
though the carbonaceous surface species
were not completely titrated by the O,, this
experiment suggests that there is not a large
portion of CH} groups on the surface during
steady state. This is in contrast to results
obtained on a Fe/Al,O; catalyst where con-
siderable H,O is observed upon switching
to O, (10a). However, in the present work,
since not all of the surface carbon species
were oxygenated the results are limited
quantitatively.

The C,H,H,; experiment supports this
contention and suggests that the catalyst is
not capable of retaining a large amount of
CH} groups in the presence of 90% gas
phase H, due to the high reactivity of such
groups. Certainly the complete conversion
of ethylene by the same size sample as the
methanation experiments attests to the high
hydrogenation activity of Ni. However, the
surface conditions, particularly the surface
concentration of H*, are certainly different
in the two experiments, but these results
suggest that the surface is not mostly CH}
groups supporting the other results which
indicate that there is a substantial amount
of relatively unreactive chemisorbed CO.

CONCLUSIONS

The experimental results can be ex-
plained in terms of the following simplified
mechanism:

H,(g) + 2* = 2H* M
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CO(g) + * = CO* ®
CO* + *— C* + O* 3)
C* + H* — CH* + * )

CH* + H* — CHf + * 5)

CH} + H* — CH} + * ()

CHf+ H*>CH,+2* ()
O*+2H*=2H0+3* (8§

CO* + 0*=2CO, +2*  (9)

Various studies have attempted to iden-
tify the slow step in this reaction scheme,
whether it be the scission of the CO bond
(11, 23, 24), the hydrogenation of carbona-
ceous species (7, 13, 14), or a balance be-
tween the two steps (9, 25).

In summary, a number of important in-
sights have been gained concerning the na-
ture of the working methanation surface. It
is evident that the surface is very much defi-
cient in hydrogen during reaction because a
very large peak of methane is observed
upon switching the steady-state reaction to
H,. Also considerable H,O is obtained indi-
cating the presence of a substantial quantity
of chemisorbed CO.

The shape of the CH, response curve
upon switching the steady-state reaction to
H, suggests surface heterogeneity since the
response consists of a sharp, reactive peak
followed by a long tail. The transient exper-
iments involving CO/He and C,H,/He indi-
cate that the tailing effect is caused by a
kinetic process involving chemisorbed CO,
but the exact nature of this process and the
heterogeneity involved is still speculative.
Also it appears from the other results that
there is very little CH¥ present during reac-
tion so that the surface is largely covered
by chemisorbed CO and reactive surface
carbon.

Both C* and CO* cover important parts
of the surface, and it appears that the rates
of both CO dissociation and carbon hydro-
genation are important in determining the
global rate. There is no unequivocal rate-
determining step.
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