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Low-Temperature Methanation and Fischer-Tropsch Activity over 
Supported Ruthenium, Nickel, ,and Cobalt Catalysts 

'It has been shown previously that surface 
carbon derived from the dissociation of CO 
on supported ruthenium, nickel, and cobalt 
catalysts at temperatures in excess of 423 K 
can be hydrogenated to methane at room 
temperature~O'-3). However, methanation 
activity for CO adsorbed at ambient tem- 
peratures on these catalysts has not been 
observed-(1,2, ,¢~-7~. Here we report metl~ 
ane formation.from CO adsorbed under H'_," 
and hydrogenated at ambient temperature 
(298-307. K) on supported ruthenium, 
nickel, and cobalt catalysts~ Hydrocarbon _ 
chain growth on rf.i~henium, at a slightly 
higher temperature (324 K) is also reported. .  
A sensitive stopped-flow gas chromato-. 
graphic reactor technique ' (8,"-9) was em- 
ployed to measure the small rates of reac- 
tion at these temperatures, 

The flow system for our investigations 
featured a short catalyst bed (0.4 to 0.8 g 
catalyst) connected directly in series with. 
an analytical chromatographic column 
(Chromosorb 102) across an eight-port 
chromatographic valve (Valco Instr.). A 
hot-wire thermal conductivity detector and 
a flame ionization detector were employed 
in series at the outlet of this system. Rota- 
tion of the eight-port valve allowed the hy- 
drogen carrier gas flow to be stopped over 
the catalyst bed by sealing both ends of the 
reactor/analytical column loop, while hy- 
drogen flow continued through a balancing 
bypass restrictor and through the detectors. 
Stopped-flow experiments were initiated by 
introduction of one or more 1.1-ml pulses of 
CO via a six-port valve, with the catalyst 
bed maintained isottiermally between 298 
and 498 K. Carbon monoxide was irrevers- 
ibly adsorbed on the catalyst surface and 
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reacted slowly at room temperature. Fol- 
lowing initiation, the flow of hydrogen was 
stopped over the catalyst .bed for 1 min 
every 5 rain, generating sharp, stopped- 
flow product peaks (Fig. 1), These peaks 
were swept into the analytical column upon 
resumption of flow, for resolution into Ct 
through C4 hydrocarbon products. Rates of 
methanation and higher hydrocarbon, syn- 
thesis were determined from stopped-flow 
peak areas (flame ionization detector re- 
sponse) as the layer of adsorbed CO was 
depleted via reaction'. 
.' The 5% Ru/AI203, 8.6% Ni/AI203, and 
25% Co/kieselguhr catalysts used here were 
9btained from Strem Chemicals. Catalyst 
charges were reduced for 4 h under H2 at 
673 K before use. Metal dispersions were 
determined by pulse injections of CO under 
helium at 373 K (dynamic pulse method 
(/0))with an assumption or one CO mole- 
cule per exposed metal surface atom. 

Rates of methane formation measured by 
the stopped-flow technique are plotted 
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FIG. I. Stopped.flow reaction chro'matogram. Injec- 
tion of CO pulse under hydrogen-generated reaction 
profile (P). Stopped-flow produced FID baseline dis- 
ruption (SF), followed by superimposed stopped-floW 
product peaks for methane (M) and ethane (E), Areas 
under the sharp stopped-flow peaks represent product 
formation during l-rain stopped-flow interval, SF. 
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FIG. 2. Methanation rates measured by stopped- 
flow. Rates were measured via l-rain stopped-flow in- 
tervals following injection of CO at time = O. Catalyst 
dispersions reported in Table !. Ru--298 K, Co--307 
K, Ni--305 K, NcH~mturnover frequency for methane 
formation. 

against time in Fig. 2. These experiments 
were initiated by injection of a single 1. l-ml 
pulse of CO under hydrogen between 298 
and 307 K. The amount of CO initially ad- 
sorbed ranged from 1.0 to 1.2 monolayers, 
with a monolayer defined as the amount of 
CO irreversibly adsorbed under helium in 
dynamic pulse experiments. The total 
amount of methane formed during a 4-h 
stopped-flow experiment over ruthenium 
corresponded to conversion of 0.03 mono- 
layers of initially adsorbed CO. Four-hour 
experiments over cobalt and nickel cata- 
lysts gave total conversions of approxi- 
mately 0.01 monolayers. These values are 
two orders of magnitude greater than that 
which could have resulted from trace hy- 
drocarbon ~mpurities in the injected pulse. 
Stopped-flow blanks were effected immedi- 
ately before the injection of CO to insure 
that observed activities were not con- 
founded by hydrocarbon impurities accu- 
mulated on the surface during pretreatment 
and stabilization under H2. These tests es- 
tablished that the methane formation re- 
ported in Fig. 2 did indeed result from car- 
bon monoxide conversion. 

The low-temperature experiments of Fig. 
2 indicate a relative ordering of methana-. 
tion activity Ru > Cu > Ni somewhat dif- 
ferent from the trend in "intrinsic" activi- 
ties for these metals under steady-state 
reaction conditions at 548 K reported by, 
Vannice (11), who found nickel more active 

than cobalt. The enhanced activity of our 
cobalt catalyst may have resulted from use 
of the kieselguhr supportc0ntaining traces 
of iron, and the very low dispersion (1%) of 
this catalyst. For direct comparison with 
the relative activities of our catalysts at 
higher t~mperatures, supplemental pulse 
microreactor experiments were conducted. 
A series of pulse microreactor experiments 
at 494 K involving measurement of the frac- 
tional conversion of l . l-cm 3 CO pulses 
over the ruthenium, nickel, and cobalt cata- 
lysts indicated the same order of activity as 
that observed for stopped-flow experiments 
at 298-307 K (Table 1). 

Higher hydrocarbon formation was also 
observed at low temperatures using the 
stopped-flow technique. C2 formation was 
evident at 298 K for experiments over the 
Ru/AI203 catalyst. At 324 K, C~ through C4 
hydrocarbons were formed in  measurable 
quantities over this catalyst. As the number 
of CO pulses injected to initiate a stopped- 
flow experiment was increased from 1 to 10 
and then 30, the selectivity to higher hydro- 
carbon formation increased with a chain- 
growth probability shown in Table 2. Rates 
of formation of hydrocarbons for a stopped 
flow experiment initiated with 30 pulses of 
CO at 324 K are shown in Fig. 3. The CO 
adsorbed following injection of the first 
pulse exceeded one monolayer; evolution 
of hydrocarbon products was negligible 
during the CO pulsing. This reflects sup- 
pression of hydrogenation reactions by the 
high coverage of adsorbed CO and related 
species in the presence of excess gaseous 

TABLE 1 

Pulse Microreactor Experiments at 494 K 

Catalyst Dispersion NCH, a 
(see-9 

5% R~AIzO3 0.20 1.27 
2.5% Co/kieselguhr 0.01 0.78 
8.6% Ni/AIzO) 0.04 0.14 

* Turnover frequency estimated from conversion of 
single CO pulse in a hydrogen carder gas. 
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TABLE 2 

Probability of Chain Growth for Stopped-Flow 
Experiments over Ru/AI,.O~ at 324 K 

Number of Chain-growth " Products 
CO pulses injected probability*, observed 

for initiation 

1 0.04 C,-C3 
10 0.09 Ct-C~ 
30 0.24 " Ci-C( 

"Chain-growth probability here is the Slope of a plot 
of ln(Nc~) versus carbon number (n) extrapolated to 
beginning of stopped-flow experiment, where Nc, is 
the turnover frequency for formation of products con- 
raining n carbons. 

CO.. Thus, chitin gi'owth continued during 
repeated pulsing of CO at low tempera- 
tures, during which time the total moles of 
adsorbed carbon (including CO and species 
derived from CO) exceeded one mono- 
layer. 

The significance of tlie low-temperature 
activities reported here lies in possible im- 
plications concerning adsorption and sur- 
face reaction phenomena.. Recent correla- 
tions between dissociative adsorption of 
CO and methanation/Fischer-Tropsch ac- 
tivity have supported arguments for the 
participation of carbidic or CH, intermedi- 
ates in these reactions (1-7). However, 
surface spectroscopy has indicated that CO 
is molecularly (nondissociatively) adsorbed 
on Ru, Ni, and Co at room temperature in 
some instances.up to or above 376 K.(12- 
16). In temperature-programmed desorp- 
tion and pulse microreactor experiments, 
CO disproportionation (for which CO dis- 
sociation may be a rate-limiting step) has 
not been observed over these catalysts be- 
low approximately 423 K (1, 2, 4, 7, 17). 
Thus, the present observation of methana- 
tion and chain-growth activity at tempera~ 
tures below those for which CO dissocia- 
tion has been previously established 
suggests the possibility of the direct partici- 
pation of molecularly adsorbed CO in these 
reactions (1'8-21). 

However, our results also are consistent 

with the premise that a single reaction path 
is operative at both high and low tempera- 
tures (298-494 K) and that CO dissociation 
does occur over these catalysts at low tem- 
peratures, albeit at levels difficult to detect: 

• Group VIII metal surfaces with a high con- 
centration of coordinately unsaturated kink 
or step. atoms have demonstrated unusual 
activity for the dissociation of CO (22, 23). 
These sites (representing a fraction of the 
total surface of our supported metal cata- 
lysts) could produce carbidic or CH, inter- 
mediates from adsorbed CO to account for 
the observed levels of methanation and 
chain-growth activity at room temperature 
via reaction pathways currently favored for 
higher-temperature operating conditions 
(24-26). The following observations sup- 
port the hypothesis that similar mecha- 
nisms are responsible for the room-temper- 
ature activities reported here: 

(l) The relative ordering of methanation 
activities for our nickel, ruthenium, and co- 
balt catalysts at room temperature is in 
agreement with that at higher temperature 
(49.4 K). 

(2) The methanation activation energies 
estimated from our stopped-flow and pulse 
microreactor experiments are in the range 
20 to 26 k.cai/g mole (over about 195 K) in 
broad agreement with other values of ap- 
parent activation energies determined by 
using power-law models for higher-temper- 
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Flo. 3. Hydrocarbon formation in stopped-flow Fi- 
scher-Tropsch experiment o~'er Ru/Ab.O~ catalyst (0.4 
g) at 324 K. Experiment inititated at 324 K with thirty 
I.l-ml pulse CO injections in 25 ml/min carrier gas. 
Rates were measured using I-rain stopped-'flow inter- 
vals. 
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a ture  steady-state experimental data (11, 13. Textor, M., Gay, t. D., and Mason. R., Proe. R. 
27, 28). Soc. London, Sel. A 356, 37 (1977}. 

The low-temperature methanation activ- 14. Eastman, D. E., Demuth, J. E., and Baker. J. M., 
J. Vac. Sci. Technol. 8, 49 (19711. 

ity reported here illustrates additional cata- 15. Bonzel, M. L., and Fischer, T. F., Surf. Sci. Sl, 
lytic ~ipplications of the sensitive stopped- 213 (1975). 
flow chromatographic reactor (9). Reaction 16. Borden, G., Rhodin, T. N., and Brucker, C., Surf. 
products are concentrated during stopped- 
flow intervals before being swept directly to 
on-line detectors for analysis. Thus, sam- 
pling for analysis in a separate system is not 
necessary, and very low rates of reaction 
can be measured. 
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