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Abstract 

The h,ydrogenatton of CO and CO2 oyer po1ycrystallfne iron foils has been 

investigated under highly controlled conditions (6 atm., 3:1 H2:CO, 300o C). 

The surface composition of the foil Before and after high pressure reaction was 

determined 5y Auger electron spectroscopy. The H2/CO rea.ction produced C1-C5 

hydrocarbons in detectable quanti'es. In this reaction the initially clean iron 

surface was rapidly covered oy a monolayer of carbonrc2ous material that 

appeared to De the active surface. The specific methanation rate on this 
- -1 -1 - .. surface was 1.9 molecules slte sec wlth an actlvatlon energy of 27±2 kcal 

mo1e- 1. The H2/C0 2 reaction produced almost exclusively methane (97 mole %) 

and at a higher rate (10.9 "molecules site-1 sec-1) then the H2/CO reaction. 

The initially clean iron foil was oxidized during the H2/C02 reaction. In both 

the H2/CO and the H2/C02 reactions the active surfaces were eventually poisoned 

by excessive deposition of carDon. The carbon poisoned surfaces produced only 

methane but at much slower rates than the active surfaces. 
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10 Introduct; on 

In the synthesis of hydrocarbons from CO, CO2 and H2,;ron plays an 

important role as a cata1yst.(l) In the SASOL process, potassiwn promoted 

iron ;s utilized commercially to catalyze the Fischer-Tropsch react;on~2) 
In spite of the long history of application of this material many fundamental 

questions that may provide the key to its catalytic activity are unanswered. 

These questions concern the surface composition of the active catalyst and 

the atomic surface structure that provides desired activity, reactivity and 

long term stabilityo We should also know the oxidation states of atoms on 

the surface and should attempt to identify the role of promoters that effect 

activity and product distribution. 

The surface reactions of CO and H2 may be viewed as composed of two 

parts: 1) the hydrogenation of dissociated or molecular carbon monoxide and 

2) the subsequent insertion of CO that results in the production of hydrocarbon 

chains. Only the first part of this process takes place during methanation 

or during the production of methanol. There are several transition metals 

that carry out this reaction o-ut do not exhibit insertion activity. Others, 

like iron, can catalyze both reactions to yield a broad distribution of 

products with a wide range of molecular weights. 

To understand the mechanism of this important catalytic reaction, 

we have developed an apparatus that permits determination of the surface 

composition and structure of the working catalyst by Auger electron spectro

scopy and low-energy electron diffraction, in situ, before and after carrying 

out the Fischer-Tropsch and methanation reactions at high pressures (1-20 

atm). The apparatus consists of an isolation cell in an ultrahigh vacuum 

system, that can be pressOrized or evacuated o The catalyst is of small 
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surface area (~l cm2) but the sensitivity of the gas chromatograph detector 

is sufficient to determine rates and product distribution under industrially 

suitable conditionso This apparatus, that is shown in Fig. 1, has already 

been employed to study the methanation reaction on rhodium polycrystalline 

foils. (3) 

In this paper we report on studies of the H2/CO and H2/C02 reactions 

on polycrystalline iron foils that were carried out at 6 atm, in the temper

ature range of 2S0-400°C using a 3:1 reactant ratio. The initially clean iron 

surface was rapidly covered by a monolayer of carbonaceous material that a 

appeared to be the active surface for the Fischer-Tropsch reaction yielding 

Cl to Cs hydrocarbonso Thfs surface proved to be unstable under our reaction 

conditions and after several hours was covered by a multilayer carbon deposit. 

This deposit produces only methane and at a slower rate than the carbon 

monolayer. 

The turnover numbers and activation energies for methanation have 

been determined for both the H/CO and H2/C02 reactions. The H2/C02 reactant 

mixture produces mostly methane but at a higher rate than H2/COand the 

composition of the active surface appears to be different (oxide) than the 

surface composition during the H2/CO reaction o 

II. Experimental 

The apparatus, used in the pres.ent study has 

been described in detail elsewhereo (3) It basically consists of a diffusion 

pumped ultranigh vacuum bell jar (lxlO-9 torr) equipped with a retarding 

grid Auger electron spectroscopy (AES) system, a quadrupole gas analyzer and 

a 2keV ion sputter gun. The unique feature of the apparatus is an internal 

.. 
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isolation cell which operates as a micro batch reactor (100 cc internal volume) 

in the .1.".20 atm pressure range while maintaining UHV in the bell jar around 

the isolation chamber. An external gas recirculation loop is attached to 

the cell through which the reactant gas mixture is admitted. The loop also 

contains a high pressure bellows pump, for gas circulation and a sampling valve 

which diverts a 0.1 ml sample to a gas chromatograph. 

The iron specimen was a 1 cm2 polycrystallfne foil 

(99.99% pure) which was pretreated in a hydrogen furnace (1 atm h2) at 

BOOoe for 4 days prior to mounting in the vacuum system. This hydrogen 

treatment was necessary to remove bulk carbon and sulfur which otherwise 

diffuse to the surface during the UHV cleaning procedures. The iron foil 

was mounted such that it could be resistively heated and the temperature 

was monitored with a chrome1-a1umel thermocouple spot welded to the foil 

edge. 

The hydrogen and carbon monoxide used to prepare the synthesis gas 

mi xtures were of hi gh puri ty research gradeo Th_e mi xtures were prepared 

in the circulation loop then expanded into the isolation cell. Analysis 

of the synthesis gas by gas chromatography and mass spectrometry indicated 

that H20 in very small amounts was the only reactant-impurity, 

A clean iron surface was prepared in ultrahigh vacuum by ion sputtering 

the foil (Ar+, 2 keV, 100~A) at BOQoe for 15 minutes. then annealing at 7000 e 

for 2 minutes. This procedure generally produces a surface which was free 

from sulfur and oxygen. The only detectable surface impurity after this 

treatment was carbon (10-15% of a mono1ayer)o Once a clean surface was pre

pared the isolation cell was closed and the synthesis gas (3:1, H2:CO) was 

expanded into the cell at a total pressure of 6 atmo The sample temperature 
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was then raised to 300°C and gas chromatographic sampling of the reaction 

products was commenced o At any point in the reaction the cell and circu

lation lines could be evacuated and the cell opened to UHV to allow AES 

analysis of the surface. The pump down procedure from 6 atm to 5xlO-8 torr 

took approximately 1 minute. 

I II. Resul ts 

Ao H2/CO Reaction on the Initially Clean Iron Surface 

The H2/CO reaction was investigated at a total reactant pressure 

of 6 atm and a 3:19 H2/CO ratio. Prior to the reaction 9 the iron surface 

was cleaned by ion sputtering and the surface purity was varified by AES. 

The foil was then isolated in the high pressure cell, the reactant gas mix

ture admitted and the foil heated to 300°C. The accumulation of hydro

carbons in the batch reactor was then measured as a function of time. 

Under these reaction conditions the dominant product was methane (85 mole 

. %) but hydrocarbons up to C5 were produced in detectable quantities. The 

chain products were predominantly primary olefins: ethylene, propylene, 1-

butene and l-pentene. The corresponding saturated straight chair hydro

carbons were also detected but no branched products were observed. The ole

fin to paraffin ratio was approximately 4:1. A very small amount of methanol 

(less than 0.1 mole) was also detected. 

The activity of the foil decreased with time as can be seen from the 

accumulated methane versus time curve in Fig. 2. Chain growth stops after 

approximately 2 hours but methanation continues at a slow rate. 

The speci fi c reacti on-rate or turnover number for methanati on was 

determined in the following manner. Since a short induction period 
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(approximately 5 minutes) of low reactivity was generally observed, the 

first 10 minutes of methane accumulation were ignored. The accumulation of 

methane was assumed to be approximately a linear function of time over the 

next 15 minute interval (10-25 minutes). The slope of the accumulated 

methane versus time curve which is the reaction rate was then evaluated 

over this time period by linear regression o The slope of the curve was 

tbendivided by the concentration of iron atoms in the metal surface 

(lxlO-5cm-2) to determine the specific reaction rate. The turnover number 

for the foil at 300° thus determined was 1.9. This procedure probably re-

sults in a conservative estimate of the turnover number since it assumes 

that all of the iron atoms in the surface are active. It will be seen from 

later discussion that the iron surface undergoes chemical changes during 

the reaction which results in a much lower concentration of iron sites 

present on the surface. 

Figure 3 displays the influence of foil temperature on the initial 

methanation rate over the temperature range 250-390°C. The methane reaction 

rate increases rapidly with temperature from a turnover number of 0.33 

at 250°C to 32.8 at 390°C. However, at the higher temperature the formation 

of chain products is severely curtailed and above 400°C only methane is 

produced. An Arrhenius plot of the temperature dependence of the reaction 

rate is shown in Fig. 30 This plot yields an activation energy of 23±2 

kcal mole-1 which agrees favorably with the 21.3 kcal mole-1 activation 

energy determined for alumina supported iron by Vannice. (4) 

A series of experiments were ~erformed in which the reaction was 

interrupted at various times to permit surface analysis by AES. The results 

of these experiments are summarized in Fig. 4. It is seen that the clean 
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iron surface is unstable under the reaction conditions and is rapidly covered 

with carbono Carbon deposition continues during the reaction with the eventual 

formation of a multilayer carbon deposit. This carbonaceous layer is suf-

ficiently thick to completely obscure the iron Auger signal (703eV) 
° which has an escape depth of at least 20 A. The formation of this multi-

layer carbon mass occurs within the same time regime in which chain growth 

is terminated and the methanation rate at 300°C falls to a turnover number 

of 0.38 from its initial value of 1.9. Repeated experiments verified that 

the presence of iron in the surface is a necessary condition for chain 

growth and for a high methanation rate. It should be noted that under no 

circumstance was any oxygen containing species observed on the surface while 

using reactant mixtures in the range of 1:1 to 11:1, H2:COo 

To further investigate the methanation reaction which occurs when 

only carbon is present on the surface, the activation energy for the re

action was evaluated after 4 hours of reaction o The results of these measure

ments indicated the activation energy was 12±2 kcal mole-'. This lower 

activation energy that nevertheless accompanies a markedly lower rate of 

methanation on the carbonaceous layer suggests that the mechanism of 

methanation on the carbon layer is different from that initially observed 

at short reaction times. Additional information concerning the methanation 

mechanism on this thick carbon deposit was obtained from the following 

experiment. A usual reaction (6 atm, 3:1 H2:CO, 300°C) was run for 4 hours 

until the carbon deposit was well established o The reaction was then 

terminated and the presence of the thick carbon layer verified by AES. 

The carbon covered foil was then sealed in the cell and a 3:1 H2:Ar mixture 

was admitted. Upon heating the foil to 300°C methane was produced as 

• 
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shown in Fig o 5. In addition, the initial rate of methanation was identical 

to that seen just prior to the termination of the H2/CO reaction. AES 

measurements revealed that surface carbon was removed by the hydrogen treat-

mente However, carDon remained on the fron surface even after 

24 hours of hydrogen treatment suggesting the carbon on the iron surface 

cannot be totally removed by nydrogen at this temperature. It was also found that 

the removal of the thick carbonaceous deposit by hydrogen treatment re-

activated the iron foil and chain growth was observed when a H2/CO mixture 

was re-introduced o 

B. H2/C02 Reaction on the Initially Clean Iron Surface 

The H2/C02 reaction was studied employing conditions identical to 

that used for the H2/CO reactions: 6 atm,.3:1 H2:C02, 300°C. The results, 

however, were dramatically different from the H2/CO reaction. The H2/C02 
reaction produces almost exclusively methane (97% by mole). The only other 

detectable product was ethane with little or no ethylene. In addition 

to the change in product distribution there is a marked increase in the 

methanation rate when compared with the rate obtained for the CO/H2 reaction 

as shown in Fig. 2. The initial specific rate was 10.9 which is about a 

factor of five greater than for the H2/CO reaction. 

The activity of the foil decreases as a function of time in the 

H2/C02 reaction and the methanation rate drops to a level comparable to that 

in the H2/CO reaction after approximately 4 hours. It is interesting to 

note that the deactivation of the iron foil occurs at about the same 

rate in the CO2 reaction as in the CO reaction. 

AES measurements as a function of reaction time reveal that both 
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carbon and oxygen accumulate on the surface initially during the H2/C02 
reaction. A typical Auger spectra taken after a 1 hour reaction period is 

shown in Fig. 6. The appearance of a split t12•3 M4,5 r~4,5 iron Auger 

line in Fig. 6 is of particular importance. The M2,3 M4,5 M4,5 iron Auger 

transition involves the iron d orbitals and is often sensitive to the 

chemi ca 1 envi ronment of the i ron atom. A sp 1 i tti n9 of the type shown in 

Fig. 6 ;s characteristic of iron oxide. (5) This split iron peak and the 

intense oxygen Auger signal are therefore taken as evidence for the presence 

of surface oxide. -

Auger spectra taken after 2 hours of reaction indicate that carbon 

deposition occurs on the oxide surface. Eventually a carbonaceous multi

layer deposit similar to that encountered in the H2/co reaction is built 

upon the surface. Once again it appears that the loss of catalytic activity 

can be associated with deposition of excess surface carbono 

The variation of the H2/C02 methanation rate with temperature is 

shown in Fig. 7. The corresponding Arrhenius plot yields an activation 

energy of 17±2 kcal mOle: l • 

C. H2/CO Reaction on the Preoxidized Surface 

• 

• 

Iron Fischer-Tropsch catalysts are known to contain both iron carbides ~ 

and oxides in addition to ~-iron.(6) To investigate the influence of oxide 

surfaces on the H2/CO reaction, a series of experiments were performed on 

preoxidized iron foils. The oxidation was carried out by heating the foil 

to 300°C ;:n 4 atm of dry oxygen for 20 mins. This treatment resulted in 

a relatively homogeneous surface oxide as judged by AES and the uniform 

discoloration of the foil. Reactions were performed on this oxide under 
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the usual conditions: 6 atm, H2:CO 3:1, 300°C. 

The major product of the iron oxide catalyzed reaction was again 

methane (76%) with a slight shift in the product distribution towards the 

higher molecular weight products as shown in Table I. The accumulation 

of methane as a function of time is compared to that of the H2/CO and 

H2/C02 reactions starting with the clean surface in Fig. 2. The most 

striking feature of the methanation kinetics on the preoxidized foil is a 

lO-fo1d increase in the initial rate. In forming other products, the pre

oxidized foil behaves in a manner similar to the clean iron foil. The activity 

of the surface oxide decreases with time and chain growth ceases after 

approximately 2 hours. The methanation rate after 2 hours becomes comparable 

to the rates obtained from the untreated foil after a similar reaction time. 

Auger spectra recorded at various stages of the reaction supply im

portant insights into the reaction on the preoxidized foilo These Auger 

measurements show that the surface oxide is unstable under the reaction 

conditions and is rapidly reduced. This fact is evident from the spectra 

displayed in Fig. 5. The oxygen Auger signal is attenuated during the re-

action until it is no longer detectable after 25 minutes. Simulataneously 

carbon is deposited on the surface such that the Auger spectra generated after 

25 minutes are identical to those obtained from the initially clean surface 

after short reaction times. In depth profiling by ion sputtering indicated 

that the oxide is truely reduced and not simply covered by a multilayer deposit 

of carbon. 

The poisoning of chain growth at long reaction times was. again 

correlated with a build up of excess surface carbon. The response of the 

preoxidized surface is, therefore, directly analogous to that of the clean 
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foil except for the enhanced methanation activity over the first 25 minutes. 

This enhanced activity is apparently linked to the reduction of the surface 

oxide. It is possible that the reduction process produces metallic iron 

clusters which are initially very active. Further reduction produces a 

carbon covered surface which displays activity similar to that observed in 

the clean foil experiments. 

IV. Discussion 

The hydrogenation of CO and CO2 over iron foils has been investigated 

under highly controlled conditions (3:1~ H2:CO, 300°C, 6 atm). The product 

distribution, the rates, activation energies for methanation, as well as the 

surface composition at various stages of the reaction have been measured. 

These data have revealed several important features of these surface reactions. 

It appears that the metallic iron surface is not stable under our reaction 

conditions. In the H2/CO and H2/C02 reactions the iron surface is covered 

with a carbonaceous monolayer or an oxide-carbon layer respectively. These 

surfaces which display considerable catalytic activity are also unstable 

under the present reaction conditions and are eventually poisoned by the de-

position of multi layers of carbon. 

The CO/H2 methanation reaction proceeds through at least two mechanisms. 

One mechanism predominates at short reaction times and occuts concurrent with 

chain growth. This reaction is characterized by high activity (turnover 

) -1 number 1.9 and an activation energy of 23±2 kcal mole •• 

Auger spectra show that this reaction occurs on a carbonaceous deposit 

of approximately monolayer coverageo The second mechanism which proceeds at 

a slower rate (turnover number 0.38) and lower activation energy (12 kcal 

-. 
• 
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mole- l ) dominates after 2 hours of reaction. This second mechanism is 
. deposit. 

apparently the di rect hydrogenati on of the multi 1 a.ver carboni The evi dence 

for the hydrogenation mechanism is fairly conclusive. Auger spectra reveal 

that only carbon is present on the surface at this stage of the reaction and 

that surface carbon can be removed as methane by a H2/Ar mixture at the 

same rate as in the H2/CO mixture after 4 hours of reactiono An important 

observation concerning the hydrogenation of this carbon deposit is that no 

chain products were observed (100 mole % CH4), i.e., there is no CO in

sertion activity. This fact suggests that the direct hydrogenation of 

surface carbon does not contribute to the formation of chain products in 

the H2/CO reaction. 

CO is known to dissociate on iron as indicated by chemisorption 

studies using single crystal surfaces. (7) Thus, we are justified to write 

the reaction 

(1) 

which must take place initially on the clean iron foil. This reaction, 

of course, does not exclude the simultaneous presence of molecular CO on 

the iron surface as evidenced by chemisorption studies. Since no surface 

oxygen is detected in the H2/CO reaction oxygen must be removed by one or 

both of the following reactions: 

Fe(S)-O + CO + CO2 + Fe(S) 

Fe(S)-O + H2 + H20 + Fe(S) 

(2) 

( 3) 

Rapid methanation and chain growth occur when both Fe(S) and Fe(S)-C 

sites are present on the surface. If only the Fe(S) site.participates in 

the insertion of CO and the subsequent hydrogenation, it must be an exceedingly 
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active site since the surface is covered with carbon in near monolayer 

quantity. If the Fe(S)-C site is active for insertion and hydrogenation 

this activity competes with the catalyzed reduction of CO on these sites 

"'1hich eventually poisons the reaction by the formation of a multilayer 

carbon deposit. the poisoning reaction may be written as 

( 4) 

or 

(5) 

In these circumstances increased partial pressures of CO2 or H20 in the 

reactant stream should slow dOIr/n or inhibit the poisoning reaction. 

The H2/C02 reaction results initially in the formation of a surface 

oxi de on the ca ta lys t. Thi s oxi de is uns tab 1 e with respect to the fonna

tion on an active carbon monolayer which is unstable and finally a mult;-

layer carbon deposit forms. This finding ;s not 

surprising since CO2 is expected to be a mild oxidant and reaction of the 

type 

3Fe + 4C02 ~ Fe304 + 2CO (6) 

are thermodynamically feasible at 300°C. The reduction of the oxide by 

hydrogen 

Fe304 + 4H2 ~ 4H20 + 3Fe (7) 

is on the other hand known to be kinetically limited at 300°C. It should 

be noted tha t with; n our exper; menta 1 sens i ti vity no change ; n the product 

distribution can be observed as the surface composition changes from an oxide 

to an active carbon monolayer. 

The H2/CO reaction was very selective toward methane (97% 'by mole) 

with the only other detectable product being ethane •. This product distri-

-. 
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bution is what one would -expect from a hydrogen rich H2/CO reaction. A 

high hydrogen partial pressure in the 112/CO reaction shifts the product 

distribution towards methane and results in saturated chain products. The 

similarity between the H2/C02 and a hydrogen rich H2/CO reaction suggests 

the following mechanism for the H2/C02 reaction. Fil4 st a water/gas shift 

reaction is catalyzed by the surface oxide 
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(8) 

The carbon monoxide is then hydrogenated to methane in a very hydrogen rich 

environment. 

(9 ) 

Vannice found that the rate of methanation from H2/CO mixtures varies 

directly with the hydrogen partial pressure, whereas it has an inverse re-

lationship to the CO partial pressure. The rapid initial rate of methanation 
-

observed in the present H2/C02 reaction is. therefore, consistent with the 

water/gas shift mechanism which proposes a large hydrogen to carbon monoxide 

ratio. 

Experiments that utilized preoxidized iron surfaces as a catalyst 

for H2/CO reaction have demonstrated that under the present reaction 

conditions the oxide surface is unstable and is rapidly reduced. During 

the early stage in the reaction while the oxide is being reduced, high 

methanation and Fischer-Tropsch activities were observed o This enhancement 

of the surface reaction rates may be due to the formation of highly active 

iron atoms or clusters on the surface during the reduction process. If 

this explanation is correct then it suggests that the iron sites are the 

active centers for the Fischer-Tropsch reaction. The carbonaceous layer 

observed during the H2/CO reaction on the initi~lly clean surface may in 

fact be inactive with respect to the Fischer-Tropsch reaction. A small 

concentration of highly active clean iron sites could be responsible for the 

observed chain growth on the carbonaceous monolayer. 
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Table I 
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Foi 1 C d't- C I I on 1 ,on 1 t C2 ' C3 ! C4 ' C5 

Initia;~y c1e~~-185% ,-l~l~%-l~:~~-L 00'5% 
i I 

I I ! 
I ~ I 

97% I I Initially clean 3% - - -
I 

1 

I 
I 

I 
I I I Thick Carbonaceous ! I 1 

Layer ~OO% I i - - I - -
i 

I 

I 
I 

Initi ally Oxi- I i 
! 

I , 

I 

I Methanation Rate 

J ... _--

! 1.9 molecules -1 
!. 

site 

sec -1 

--

10.9 molecules site -1 

-1 sec 
--_. __ . 

0.38 molecules site -1 

-1 sec 

118.7 molecules site -1 

1. 75% I I -1 dized 76% I 17% 1 4. 5% 
\ 0.75% I I sec 

I 1 I 
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Figure Captions 

Fig. 1 Schematic of uhv surface analysis system equipped with sample iso= 

lation cell for high pressure (1-20 atm) catalyUc studieso 

Fig. 2 Accumulation of methane in the isolation cell as a function of 

time. All reactions are carried out at 6 atm, 3:1 H2:CO, 300°C. 

Fig. 3 The influence of temperature on the methanation rate and the 

corresponding Arrhenius plot. 

Figo 4 Auger spectra of the iron foil before, after 30 minutes and 

after 4 hours of reaction (6 atm, 3:1 H2:CQ, 300°C). 

Fig. 5 Methane produced by direct hydrogenation of the carbon multilayer 

deposit. 

Fig o 6 Auger spectra of iron foil after 1 hour at 6 atm, 3:1 H2:C02, 

300°C. a) Low-energy iron Auger peak showing characteristic oxide 

doublet. ' b) Standard Auger scan showing carbon and oxygen pre-

sent on the surface. 

Fig o 7 The influence of temperature on the methanation rate for the 

H2/C02 reaction. The corresponding Arrhenius plot is also showno 

Fig. 8 I Auger spectra demonstrating the reduction of the preoxidized 

surface under high pressure reaction conditions (6 atm, 3:1 H2: 

CO, 300°C). 
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