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The hydrogenation of C, CO, and CO2 has been studied on polycrystaUine cobalt foils using 
a combination of UHV studies and atmospheric pressure reactions in temperature range from 
475 to 575 K at 101 kPa total pressure. The reactions produce mainly methane but with selec- 
tivities of 98, 80, and 99 wt% at 525 K for C, CO, and CO2, respectively. In the C and CO2 
hydrogenation the rest is ethane, whereas in CO hydrogenation hydrocarbons up to C4 were 
detected. The activation energies of methane formation are 57, 86, and 158 kJ/mol from C, 
CO, and CO2, respectively. The partial pressure dependencies of the CO and CO2 hydrogena- 
tion indicate roughly first order dependence on hydrogen pressure (1.5 and 0.9), negative first 
order on CO (-0.75) and zero order on CO2 (-0.05). Post reaction spectroscopy revealed car- 
bon deposition from CO and oxygen deposition from CO2 on the surface above 540 K. The 
reduction of cobalt oxide formed after dissociation of C-O bonds on the surface is proposed to 
be the rate limiting step in CO and CO2 hydrogenation. 
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1. I n t r o d u c t i o n  

Cobal t  has been used as an important  catalyst f rom the early days of  carbon 
monoxide  hydrogenat ion studies [1,2]. However,  its use in model  catalytic studies 
to explore the elementary reaction steps f rom the surface science viewpoint  have 
not  been explored when compared  to studies of  this type on iron [3,4], nickel [5,6], 
and rhodium [7,8]. In these investigations the dissociation of  CO to carbon and oxy- 
gen was found to be a dominant  reaction step followed by  the hydrogenat ion of  car- 
bon  to methane and other reaction products  [4,6,8,9]. 

In order to explore the differences between cobal t  chemistry and the surface 
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chemistry of the other transition metals, we have studied the hydrogenation of car- 
bon, CO, and CO2 over cobalt foils in the temperature range from 475 to 575 K at 
101 kPa (760 Torr). The reactions yield predominantly methane and the rates 
show roughly first order dependence on hydrogen pressure (1.5 and 0.9), negative 
order dependence on CO (-0.75), and zero order dependence on CO2 concentra- 
tion (-0.05). The activation energies for the three hydrogenation processes 
increase steeply with oxygen content of the carbon species; it is 57 kJ/mol for C, 
86 kJ/mol for CO, and 158 kJ/mol for CO2 hydrogenation. 

The hydrogenation of CO on cobalt proceeds via dissociation of CO and subse- 
quent hydrogenation of carbon to methane [10-13]. Several reaction mechanisms 
for the CO2 hydrogenation have been proposed including direct hydrogenation of 
CO2 [14], dissociation to CO and O [14], or to C and 20 [5,15] prior to the methane 
formation. On Ni surfaces the reaction is reported to proceed via dissociation to 
C and 20 and subsequent hydrogenation of surface carbon to methane [5,15]. Our 
results support this reaction path also on cobalt foils. 

The increase in the activation energy with increasing oxygen content can be 
explained if we consider the facile formation of cobalt oxide during CO and CO2 
dissociation. Because of the strong Co-O bond the reactions CO + Co--~ C + CoO 
and CO2 +2Co---~C+2CoO are exothermic ( A H = - 1 2 9  and -85.5 kJ/mol, 
respectively). The hydrogenation of carbon can only occur, it appears, if Co-O is 
reduced also during the process. Thus the large activation energy for CO2 hydroge- 
nation to methane includes the activation energies for the reduction of two Co-O 
species. The activation energy for CO hydrogenation to methane includes the 
reduction of one Co-O species. These proposals are in agreement with the recent 
findings of Iglesia et al. where they find that addition of Ru on supported cobalt 
catalysts enhances the activity of the catalysts mainly by affecting the reducibility 
of cobalt [16]. 

2. Experimental 

The research was carried out in a combined ultrahigh vacuum (UHV) atmos- 
pheric pressure chamber pumped with a diffusion pump and equipped with a 
double-pass cylindrical mirror analyzer, a 3 keV sputter ion gun and a quadrupole 
mass spectrometer. For catalytic reaction rate studies the sample was enclosed in 
a special isolation cell that constitutes part of a microbatch reactor operating at 
atmospheric pressures. Products generated during the reaction experiments were 
separated with a gas chromatograph. The system is described in more details else- 
where [12,17]. 

The reactants were introduced via a gas handling manifold where the pressure 
was measured with a differential pressure gauge. The purities of the gases used in 
the experiments were 99.5% (CO), 99.95% (CO2), and 99.99% (H2 and Ar) and the 
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gases were cleaned prior to use by passing them through liquid nitrogen cooled 
molecular sieve traps as described earlier [12]. 

The cobalt samples were 125 ~tm thick high purity foil with surface areas 
< 1 cm 2 spotwelded on 0.9 mm Au wires connected to copper supports. The sam- 
ple temperature was measured via a chromel-alumel thermocouple spotwelded on 
the backside of the sample and maintained using a proportional temperature con- 
troller within 4-3 K. 

Prior to experiments both faces of the samples were cleaned by Ar + sputtering 
followed by H2 exposure at 101 kPa for several hours to react with the carbon seg- 
regating to the surface. When the samples were annealed after sputtering small 
amounts of carbon segregated to the surface. After the reaction rate measurements 
the surface was cleaned by sputtering followed by annealing at 770 K. 

3. Results 

3.1. HYDROGENATION OF CARBON DIFFUSED FROM COBALT BULK ONTO THE 

SURFACE 

Hydrogenation of carbon diffused from cobalt bulk onto the surface was investi- 
gated in the temperature range from 450 to 560 K on cobalt foils. The rate of 
methane formation at 525 K was 0.022 methane molecules produced per cobalt site 
per second. The geometrical surface area of the sample with 1015 atoms/cm z was 
used to estimate the initial turnover number from the accumulated methane versus 
time data. 

The turnover rate is plotted in fig. 1 as a function of the inverse temperature. 
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Fig. 1. The initial rate of methane formation from carbon as a function of inverse temperature on 
cobalt foil. TheH2 pressurewas 101 kPa. The solidlineis drawn for an activation energyof57 kJ / mol. 
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The data points in the figure fall relatively well on the solid line representing an acti- 
vation energy of 57 • 3 kJ/mol except at temperatures exceeding 530 K where the 
activity starts to level off. 

The product distribution from the carbon hydrogenation showed 98 wt% 
methane and 2 wt% ethane above 500 K, and only methane at temperatures lower 
than 500 K. The product distribution at 525 K is shown in fig. 2. 

The sample surface was characterized with AES immediately after termination 
of the reaction and opening of the cell. The Auger spectra revealed few at% carbon 
on the surface but the small peak heights prevented us to distinguish the chemical 
state of the surface carbon after the reaction. In general the amount of carbon 
decreased during the hydrogenation and these reactions were also used to clean the 
sample bulk. 

3.2. HYDROGENATION OF CARBON MONOXIDE OVER COBALT FOILS 

The catalytic hydrogenation of carbon monoxide was investigated in the tem- 
perature range from 475 to 570 K. The initial rates of methane formation at 525 K, 
when the Hz/CO ratio was 3 and the total pressure 101 kPa (760 Torr), was 0.33 
methane molecules produced per cobalt site per second. 

The activation energy for methane formation was 86 + 7 kJ/mol when deter- 
mined from the initial rate of methane formation versus inverse temperature. The 
product distribution shown in fig. 2 indicated 80 wt% methane, 10.5 wt% Cz, 
6 wt% C3, and 2.3 wt% o f  Ca species. 

The dependence of the rate of methane formation on the partial pressures of 
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Fig. 2. The product distributions from hydrogenation of C, CO and CO2 at 525 K. The hydrogen pres- 
sure was 76 kPa for CO and CO2 hydrogenation and 101 kPa for C hydrogenation, and the CO or 
CO2 pressure 25 kPa. The black columns represent alkanes whereas the alkenr fractions are denoted 

by white area. 
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the reactants at 525 K were determined by varying the partial pressure of both reac- 
tant gases independently while maintaining the total pressure at 101 kPa using 
argon as a fill-up gas. The data is shown in fig. 3. For CO pressure dependence 
measurements the H2 pressure was held at 56 kPa (420 Torr) and for the H2 pres- 
sure dependence measurements the CO pressure was held at 25 kPa (190 Torr). 
The measured data was fitted to equation 

rcth = kp~I2P~co (1) 

to determine the coefficients a and fi for H2 and CO pressure dependencies. Values 
o fa  = 1.5 for H2 pressures between 12 and 76 kPa and fi --- -0.75 for CO pressure 
from 3.5 to 45 kPa were obtained. 

The surface compositions of the samples were characterized by AES immedi- 
ately after opening the reaction cell without any further heating of the sample. The 
spectra showed variable amounts of oxygen and carbon deposited on the surface. 
In fig. 4 the C/Co and O/Co AES peak height ratios are plotted with solid circles 
as a function of reaction temperature. The data indicate that the amount of oxygen 
slightly decreases as the temperature increases whereas the deposition of carbon 
starts to increase above 540 K with simultaneous onset of graphite formation. A 
more detailed analysis of the CO hydrogenation data has been given elsewhere 
[12,18,19]. 

3.3. H Y D R O G E N A T I O N  OF CARBON DIOXIDE OVER COBALT FOILS 

The catalytic hydrogenation of carbon dioxide was investigated in the tempera- 
ture range from 475 to 575 K. The initial rates of methane formation at 525 and 
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Fig. 3. Hydrogen (A) and carbon monoxide (B) partial pressure dependence on the rate of methane 
formation on cobalt foil. The reaction temperature was 525 K and the total pressure 101 kPa. The 

solid lines were drawn using eq. (1) with exponent values a = 1.5 and/~ = -0.75.  
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Fig. 4. Carbon to cobalt and oxygen to cobalt Auger peak height ratios after the reaction experiments 
as a function of reaction temperature. The black circles are measured after CO hydrogenation and 
the open circles after CO2 hydrogenation. The gas composition featured H2/CO ratio of 1.24 and 

H2/CO2 ratio of 3 at 101 kPa. The solid lines are drawn to guide the eye. 

575 K when the Hz/CO2 ratio was 3 and the total pressure 101 kPa (760 Torr) 
were 0.064 and 1.55 methane molecules produced per cobalt site per second, 
respectively. 

The Arrhenius plots for the CO2 hydrogenation are plotted in fig. 5. The data 
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Fig. 5. The initial rate of methane formation (A) and the accumulated amount of methane and ethane 
after 1 h reaction (B) as a function of inverse temperature on cobalt foil during COz hydrogenation. 
The H2/CO2 ratio was 3 and the total pressure 101 kPa. The solid line in (A) is drawn for an activa- 
tion energy of 158 k J/tool, whereas the solid lines in (B) are obtained with values of 155 k J/tool for 

methane and 90 kJ/mol for ethane. 
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have been obtained by varying the sample temperature while holding the total pres- 
sure and reactant gas composition constant (PH2 = 76 kPa, Pco2 = 25 kPa). The 
solid line in the initial methane formation rate data in fig. 5A represents an activa- 
tion energy of 158 • 6 kJ/mol. In fig. 5B is plotted the concentration of methane 
and ethane after 1 h reaction time. The activation energies for methane and ethane 
formation when determined from the data taken after 1 h reaction time are 
155 • 5 and 90 • 5 kJ/mol, respectively. No other hydrocarbons could be detected 
during the reaction. 

The product distributions after 1 h reaction time at various temperatures are 
given in table 1. It can be seen that the selectivity towards methane increases from 
95 to 99% when the reaction temperature increases from 500 to 560 K. The rest of 
the products are ethane. In table 1 is also shown the product distributions at 525 K 
when the H2/CO2 ratio was changed from 2 to 4. In this case the selectivity to 
methane increases from 96 to 98% and the rest was ethane. Fig. 2 gives the product 
distribution at 525 K with H2 / CO2 ratio of 3. 

The dependence of the rate of methane formation on the partial pressures of 
the reactants was determined by varying the partial pressure of both reactant gases 
independently while maintaining the total pressure at 101 kPa using argon as a 
fill-up gas. The results from these experiments performed at 525 K are shown in 
fig. 6. For CO2 pressure dependence measurements the H2 pressure was held at 
34 kPa (256 Torr) and for the H2 pressure dependence measurements the CO2 pres- 
sure was held at 25 kPa ( 190 Torr). The measured data was fitted to eq. (1) to deter- 
mine the coefficients a and fl for H2 and CO2 pressure dependencies. The solid 
lines in figs. 6A and 6B have been drawn using values of a = 0.9 for H2 pressures 
between 4 and 40 kPa and fl = -0.05 for CO2 pressure from 2.7 to 67 kPa. The 
dashed line between 40 and 76 kPa of H2 pressure has been obtained with a value of 
t~ = -0.85. 

The surface composition of the cobalt foils was characterized by AES immedi- 
ately after opening the reaction cell without any further heating of the sample. The 
carbon to cobalt and oxygen to cobalt AES peak height ratios after the reaction 
experiments are plotted in fig. 4 as a function of reaction temperature. The C/Co 
ratio drawn with open circles stays constant in the whole temperature range 
whereas the O / Co ratio starts to increase when temperature exceeds 540 K. 

Ta~el 
Selectivi~ofCO2hydrogenationundervariousconditionsoncobalt~il 

T (K) H2 / CO2 ratio CH4 C2H6 

500 3 95 5 
525 2 96 4 
525 3 97 3 
525 4 98 2 
560 3 99 1 
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Fig. 6. Hydrogen (A) and carbon dioxide (B) partial pressure dependence on the rate of methane for- 
mation on cobalt foil. The reaction temperature was 525 K and the total pressure 101 kPa. The solid 

lines were drawn using eq. (1) with exponent values oft~ = 0.9 and fl = -0.05. 

4. Discussion 

4.1. SURFACE CARBON 

Reactions of carbon layers with hydrogen have been studied on Fe [3,20], Ni 
[21-23] and Rh [7] surfaces. These carbon layers have been prepared using different 
methods like by running the CO + H2 reaction several hours to obtain thick car- 
bon layer on Fe [3,20], by exposing the surface either to CzHz at 106 kPa and at 
575 K (Rh) [7] or to CO at 3 kPa (Ni) [21]. Monolayer coverage of carbon on Ni 
has been achieved using only 20 L of CO [22] or by using segregation of carbon to 
the surface at 550 K in UHV [23]. Our method resembles the last idea though the 
carbon segregation in cobalt took place during the hydrogenation reaction in 
101 kPa of H2 at 450-560 K. 

The rate of methane formation from carbon diffused onto the surface at 
101 kPa H2 and at 525 K was 0.022 methane molecules produced per cobalt site per 
second. On Fe foils Dwyer and Somorjai [3] report significantly higher rates at 
575 K, and indicate that the rate of methane formation from carbon at the begin- 
ning equals the rate of CO hydrogenation. In our studies the rate difference 
between carbon and CO hydrogenation is about an order of magnitude. On 
Ni(100) the rate equals 0.008 methane molecules per second per site when calcu- 
lated at 525 K [21]. On rhodium foil rates close to those on Ni have been observed 
exhibiting a value of 0.005 (site s) -1 at 525 K [7]. The values observed on Ni and 
Rh surfaces are a factor of two smaller than what has been measured in CO hydro- 
genation. The difference in the rates of methane formation from C and CO in our 
measurements, can be explained, at least partially, by the limited segregation of C 



J. Lahtinen et al./ Hydrogenation on cobalt 249 

onto the cobalt surface. The comparison of carbon hydrogenation data on Fe, Co, 
Ni, and Rh is displayed in table 2. 

The activation energy of carbon hydrogenation on cobalt is 57 • 3 kJ/mol 
between 450 and 530 K. This activation energy is smaller than what has been 
observed on Ni or Rh surfaces, about 88 kJ/mol [21,22,7], in the temperature 
range from 343 to 388 K for Ni and from 575 to 680 K for Rh. 

At temperatures higher than 530 K the Arrhenius behavior of fig. 1 breaks off 
and also the carbon concentration observed in the post-reaction Auger spectra 
increases slightly. On Fe surfaces two regimes have been observed in the carbon 
hydrogenation, one, fast, corresponding to carbide hydrogenation and second, 
slow, corresponding to graphite hydrogenation [20]. Thus the decrease in the slope 
in fig. 1 can be explained by conversion of carbon segregating to the surface to gra- 
phite above 530 K resulting in slower hydrogenation rate. In CO hydrogenation 
the amount of carbon on the surface starts to increase when temperature exceeded 
540 K with simultaneous onset of graphite formation. 

The product distribution from the carbon hydrogenation showed 98 wt% 
methane and 2 wt% ethane above 500 K and only methane at temperatures lower 

Table 2 
Comparison of hydrogenation reactions on transition metals. The reaction temperature is 525 K 
and the total pressure 101 kPa if other values are not given. An asterisk (*) denotes extrapolated va- 
lues 

Sample Fe(foil) Co(foil) Rh(foil) Ni(100), (111) 

Fact (kJ/mol) 
C - 57-t-3 884-13 874-6 
CO 96 4- 8 86 4- 10 100 4- 13 103 
CO2 71 4- 8 155 4- 5 67 4- 8 89 

partial pressure dependence 
H2/CO - 1 . 5 / -  0.75 1 . 0 / -  1.0181 
H 2 / C O 2  - 0 . 9 / -  0.05 0.5/0.2 [8] 

selectivity to methane (wt%) 
C 98.556~ [20] 98525K 100575K 
CO 55 s6~ [4] 80525K 84525K 

CO2 at 575 K 97 99 100 

rate ( C H  4 molecules~site s) 
C 0.4600 kPa [3] 0.02 *0.005 
CO 0.4 0.33 l[! 0.015 
CO2 at 575 K 10.9 1.55 0.36 

93503K 

,0.00813 kVa 
0.01216 kPa 
0.06 

main references 
C this work [7] [21,22] 
CO [3,4] [12] [7] [6,28] 
CO2 [3] thiswork [7] [5] 
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than 500 K. On Fe foil similar selectivity has been observed [20] but on Rh foil 
only methane is produced [7]. 

4.2. COMPARISON OF CO2 HYDROGENATION ON COBALT, IRON, AND RHODIUM 

The initial rates of methane formation in C O  2 hydrogenation at 525 and 
575 K, when the H2/CO2 ratio was 3 and the total pressure 101 kPa (760 Torr), 
were 0.064 and 1.55 methane molecules produced per cobalt site per second, respec- 
tively. These results contradict the findings of Jnioui et al. [24] where turnover 
rates lower than 0.06 1/s for CO2 hydrogenation on clean Co foil have been 
observed up to 770 K. After variable oxygen exposures prior to the CO2 + H2 reac- 
tion, they were able to observe turnover rates between 0.03 and 166 1/s at 525 K, 
the former corresponding to 3600 L of 02 at room temperature and the latter to 
101 kPa of 02 at 770 K for 1 h. According to Jnioui et al. the reason behind the 
increased turnover rates is the subsurface oxygen that creates surface defects. We 
exclude the possibility of oxygen contamination on our cobalt foils by measuring 
the Auger-spectra before the reaction experiment. The O/Co peak height ratio 
before reaction experiments was 0.02 + 0.02 corresponding to 1 4- 1 at% concentra- 
tion [25] which is smaller than the O/Co peak height ratio of at least 0.05 reported 
for "clean" cobalt by Jnioui et al. [24]. The O/Co and C/Co peak height ratios 
after the reaction experiment were shown in fig. 4. 

Turnover rates and activation energies for CO2 hydrogenation on Co, Fe,Ni, 
and Rh can be compared using the collection of the data in table 2. Highest turn- 
over rates for methane formation have been observed on Fe foils where the rate is 
almost seven times higher than that on cobalt at 575 K. The difference in the total 
pressure was six times higher in the Fe-experiment which can partly explain the dif- 
ference. Rhodium catalysts show a factor of five lower turnover rates than cobalt 
under the same conditions and Ni surfaces are the slowest in this group of four. 

The activation energy for methane formation in CO2 hydrogenation on Co foil 
is 155 4- 5 kJ /mol  and that for ethene formation 90 4- 5 kJ/mol. On cobalt cata- 
lysts precipitated from cobalt carbonate an activation energy of 88 kJ/mol  for 
methane formation has been measured [26]. 

The activation energies in CO2 hydrogenation can also be seen in table 2. The 
activation energy on cobalt, 155 kJ/mol, is significantly higher than that for Fe 
(71 kJ/mol) [3], Rh (67-71 kJ/mol) [7] or Ni (89 kJ/mol) [5] indicating a totally 
different rate limiting step for CO2 hydrogenation on cobalt. 

The selectivity towards methane, if CO is excluded, on cobalt at 570 K is about 
99%. On iron at 570 K a value of 97% has been reported [3]. On rhodium foil the 
selectivity is 100% [7] which is slightly higher than on Co or Fe. In CO2 hydrogena- 
tion almost only ethane has been seen as longer chain hydrocarbons. 

The partial pressure dependence on small area catalysts has earlier been studied 
only on clean and TiOx covered Rh surfaces [8]. On clean Rh foil the value of the 
H2 exponent was 0.5 which is lower than that on Co (0.9) and the COz exponent was 
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0.2 which is higher than that of cobalt (-0.05). According to the analysis of the par- 
tial pressure data, the CO2 hydrogenation on Rh was reported to proceed via CO 
and H2CO intermediates and the rate limiting step was the adding of the last hydro- 
gen atom. 

4.3. COMPARISON OF C, CO AND CO2 HYDROGENATION 

New insight in the reaction mechanism and rate limiting elementary reaction 
step in the hydrogenation reactions on cobalt can be gained by comparing the reac- 
tions of surface carbon, CO and CO2. In fig. 7 is shown the comparison of the 
Arrhenius plots from these reactions. The activation energies are 57, 86 and 
158 kJ/mol, for C, CO and CO2 hydrogenation, respectively, indicating that the 
removing of oxygen from the C-O bond consumes energy. 

The reaction mechanism for methane formation from CO and hydrogen on 
cobalt is reported to proceed via dissociation of CO on the surface [10,12,13]. Sev- 
eral reaction mechanisms for the CO2 hydrogenation have been reported including 
direct hydrogenation of CO2 [14], dissociation to CO and O [14], or to C and 20 
[5,15] prior to the methane formation. In fig. 8 are shown the proposed reaction 
mechanisms for C, CO, and CO2 hydrogenation based on our results. The common 
part in all the reaction mechanisms is the stepwise hydrogenation of carbon to 
methane. In the CO and CO2 hydrogenation the common element is the formation 
of cobalt oxide on the surface and its reduction by hydrogen to form water. Based 
on the increase in the activation energy as the oxygen content of the reactants 
increases and the heats of formation shown in fig. 9, we propose that the rate limit- 
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C HYDROGENATION CO HYDROGENATION CO 2 HYDROGENATION 

H 2 § 2* <-> 2H* 

C* + H* ,,--> CH* + * 

CH* + H**-~ CH2* + * 

CH2* + H* ~ CH3* + * 

CH3* + H* ~ CH 4 + 2* 

CO + * ~ CO* 

H a + 2* ~ 2H* 

CO* + Co ~ C* + CoO 

C* + H*~-~ CH* + * 

CH* + H * ~  CH2* + *  

CH2* + H* ~ CH3* + * 

CH3* + H* ,,-> CH 4 + 2* 

CoO + H* --, OH* + Co 

OH* + H * ~  HaO+2*  

coa+*~ co2" 
H a + 2* *-~ 2H* 

C02" + Co ~ CO* + C o O  

CO* + Co ~ C* + CoO 

C* + H* ~ CH* + * 

CH* + H* ~ CH2* + * 

CH2* + H* ,,-> CH3* + * 

CH3* + H* <-~ CH 4 + 2* 

CoO + H* --> OH* + Co 

OH* + H* ~ H20 + 2* 

or 

CO* + H* ~ COH* + * ] 

COH* + H* ~ HaCO* + * 

HaCO* + Co~-, CH2* + CoO 

Fig. 8. The reaction mechanisms proposed for C, CO and CO2 hydrogenation. In the case of  CO2 
hydrogenation two alternative reaction paths are given. The rate limiting step is shown with a one- 

way arrow (--+). 

ing step in CO and CO2 hydrogenation is the reduction of CoO that is formed dur- 
ing the cleavage of the C-O bond. 

The energy changes shown in fig. 9 can be understood in the following way: 
The dissociation of C-O bond requires energy that is compensated by the forma- 
tion of CoO of the surface. Methane formation from C and H releases 75 k J/tool. 
The reduction of CoO by hydrogen to form water and Co releases only 2.5 kJ/mol 
and has a considerable energy barrier (240 kJ/mol per CoO) supporting strongly 
the idea of the reduction of CoO as the rate limiting step on these hydrogenation 
reactions. 

In the c a s e  of CO2 hydrogenation an alternate reaction path from CO to CH2 is 
also given in fig. 8 that does not involve direct CO dissociation to show that the 
reduction of CoO can be the rate limiting step also within other reaction models. 

Recently Iglesia et al. [16] have reported that addition of small amounts of Ru 
in the Co/TiO2 catalysts increases the catalyst activity with no changes in the acti- 
vation energy or reaction kinetics. Their explanations that Ru increases the reduci- 
bility of cobalt and enhances the removal of surface oxygen during the CO 
hydrogenation support the idea of CoO being the rate limiter on cobalt catalysts. 

The formation on CoO and its slow reduction can also be the reason behind the 
low hydrogenation rates on Co/W(110) and Co/W(100) surfaces. Because these 
surfaces exhibit strained structures giving rise to high rate of CO dissociation, large 
amounts of C and O have been detected on the surface after the reaction in accor- 
dance with CoO formation [27]. 
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Fig. 9. The energy diagram of CO and CO2 hydrogenation on cobalt calculated using the heats of 
formation. The dissociation of C-O bond requires energy that is compensated by the formation 
of CoO of the surface, releasing 129 and 85.5 kJ/mol for CO and CO2, respectively. Methane forma- 
tion from C and H releases 75 kJ/mol and the reduction of CoO 2.5 kJ/mol. The reduction of CoO 
has a considerable energy barrier and it is proposed to be the rate limiting step in the CO and CO2 

hydrogenation 

Our previous data on Co/Au surfaces indicate positive partial pressure depen- 
dence of the rate of methane formation on both H2 and CO [12]. The change in the 
sign of the reaction order in CO can be due to change in surface composition that 
enables quick CO dissociation on Co-sites and easy reduction of CoO due to the 
noble metal neighbors of the Co atom. 

The product distributions at 525 K show that from C and CO2 we get 98 and 
97% methane and from CO only 80%. From C and CO2 we obtain alkanes but from 
CO mainly alkenes as C2-C4 hydrocarbons. The product distributions for these 
three reactions on cobalt foils were shown in fig. 2. This trend of high rate of 
methane formation from C and CO2 and longer chain hydrocarbon formation 
from CO is similar on all transition metals as can be seen from table 2, and thus the 
initiation of chain growth seems to be independent of the rate limiting step in the 
methane formation. 

It should be noted that cobalt produces high molecular weight hydrocarbons at 
high conversions and under conditions used in the technology (higher reactant pres- 
sures and in the presence of promoters). Our experimental conditions are clearly 
inadequate to produce chain growth as a result of secondary polymerization reac- 
tions. We shall explore how high molecular weight products form from C, CO, CO2 
and hydrogen in future studies. 
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5. Conclusions 

The following conclusions can be drawn from the results and evaluation of the 
present investigation: 

(1) Activation energies for methane formation from surface carbon, carbon 
monoxide, and carbon dioxide on cobalt foils are 57 -4- 3 kJ/mol, 86 4- 10 kJ/mol, 
and 155 -4- 5 kJ/mol, respectively. 

(2) The rate of methane formation on cobalt foil shows zero order partial pres- 
sure dependence on CO2 and first order partial pressure dependence on H2. 

(3) Carbon and CO2 hydrogenation produce mainly methane (>95%) with 
small amounts of ethane. 

(4) The reaction proceeds via dissociation of C-O bonds and formation of CoO 
on the surface. The reduction of CoO is the rate limiting step in the CO and CO2 
hydrogenation reactions. 
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