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ABSTRACT 

The k ine t i c s  o f  methane s y n t h e s i s  from H2/CO mixtures has 

been s tudied over Ni, Co, and Fe f o i l s .  The gas composition 

of a flowing reac t ion  c e l l  was analyzed using a d i f f e r e n t i a l l y  

pumped, modulated mass-spectrometer. Ni and Co f o i l s  tha t  have 

been previous ly  oxidized, and then reduced in H 2 at  525-600°K 

show a su rp r i s i ng ly  high and spec i f i c  c a t a l y t i c  a c t i v i t y  for  

methane %ormation. No unusual a c t i v i t y  was observed over i ron 

for  any of  the surface treatments t r i e d  here.  Evidence is  also 

presented to support a mechanism for  t h i s  h igh!y  spec i f i c  r eac t ion  

involving a l a b i l e  surface Carbon atom intermediate .  

INTRODUCTION 

Renewed interest in the industrial Scale synthesis of methane and other 

hydrocarbons has s t imulated a number of  recent  s tudies  of  the c a t a l y t i c  con- 

vers ion of CO/H 2 mixtures (1-6). The app l i ca t ion  of several  new experimental 

methods to t h i s  problem promises t o ' g r e a t l y  expand our knowledge of  methana~ion 

ca t a ly s i s  and, hopefu l ly ,  lead to the development of c a t a l y s t  mater ia l s  with 

improved s e l e c t i v i t y  and poison r e s i s t ance .  We have r e l i e d  p r imar i ly  on 
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molecular beam techniques to inves t iga t e  ,th.e mechanisms and k ine t i c s  o£ simple 

c a t a l y t i c  reac t ions  (7-9) and have recen t ly  turned our a t t e n t i o n  to the 

reac t ion  of  CO with H 2 over the group VIII me~als. 

Using a d i f f e r e n t i a l l y  pumped ~l ine-of-s ight  modulated mass-spectrometer 

system, we have inves t iga ted  the condi t ions  for maximum c a t a l y t i c  methanation 

a c t i v i t y  over the group VIII metals .  .This paper desuribes the su rp r i s ing ly  

high a c t i v i t i e s  observed on spec i a l l y  .treated high pu r i t y  (MRC Marz g r a d e )  

cobalt  and n icke l  f o i l s  whereas i ron  and other  of the group VIII metals 

d i sp lay  much lower a c t i v i t i e s ,  in  the range usua l ly  reported fo r  supported 

c a t a l y s t s .  

z 

EXPERIMP~rAL~THODS 

In order to more r ead i ly  survey the a c t i v i t y  o f  various c a t a l y t i c  mater ia l s  

and operat ing regimes, the usual molecular beam vacuum apparatus was s l i g h t l y  

modified as shown in Fig. 1. In t h i s  arrangement, a c a t a l y t i c  r eac t ion  c e l l  

replaces the usual beam source and the mass-spectrometer de tec to r  i s  pos i t ioned  

d i r e c t l y  in  the l i n e - o f - s i g h t  pa th  defined by the molecular beam aper tures .  

Thus, we very r e a d i l y  achieve a d i f f e r e n t i a l l y  pumped l i n e - o f - s i g h t  modulated 

massspect rometer  system tha t  can be used to sample the composition of the gas 

which flows through a small o r i f i c e  (.010"-.020" dia) in the wall of the r eac to r  

c e l l .  Indeed, accurate k i n e t i c  data  can be obtained by th i s  arrangement i f  the 

condi t ions within the c e l l  are such tha t  the  r eac t ion  i s  k i n e t i c a l l y  l imi ted 

and the gas composition i s  r e l a t i v e l y  uniform. These requirements are e a s i l y  

s a t i s f i e d  at  low t o t a l  Conversions and for  pressures within  the c e l l  in  the 

1.0 Torr range or below. 



The data  reported here were obtained using a reac t ion  c e l l  constructed 

as Shown in exploded view' in Fig. i. The catalyst foil with dimensions 

0.5 x 4.5 x .005 in is formed into a closed spiral and inserted tightly into 

a 1-S/8 in long inert metal (tantalum) heating tube as indicated in Pig. i. 

Tantalum wafers are positioned against: the open ends of the catalyst foil 

s p i r a l  and, f i n a l l y ,  machined s t a i n l e s s  s t e e l  caps are inse r t ed  over the ends 

of the tantalum tube. These end caps f i t  in to  water cooled s t a i n l e s s  s t e e l  

rods t ha t  are pa r t  of the normal beam source apparatus.  The reac t ion  c e l l  i s  

r e s i s t i v e l y  heated by passing current  through the c e l l  v ia  the end caps which 

remain r e l a t i v e l y  cool by v i r t ue  of the water cooled support rods.  

In operat ion,  various gases and gas mixtures can be c i r cu la t ed  through 

the c e l l  v ia  one of the end caps, t h rough  a small hole in  the cen te r  of the 

tantalum wafer and in to  the c a t a l y s t  f 0 i l  region.  Af ter  c i r c u l a t i n g  around 

the f o i l  s p i r a l ,  the gas flows out a small hole (0.010"-0.020" dia)  d r i l l e d  

through the outer  tantalum tube and the outer  wall  of the c a t a l y s t  f o i l .  

The other  end cap leads to a capacitance type manometer (Validyne Model DP7) 

and normally no gas flows in t h i s  s e c t i o n  of the l i ne .  The temperature of 

the ce l l  i s  monitored by means of a therm0couple at tached to  the outside wall  

of the c e l l  and, above 1000°K, with an op t i ca l  pyrometer by looking in to  the 

c e l l  v ia  the l i n e - o f - s i g h t  path through the mass-spectrometer.  The temperature 

uni formi ty  of the c e l l  appears to be adequate for  the present  experiments,  

although some degree of temperature v a r i a t i o n  undoubtedly ex i s t s  wi thin  the 

c e l l .  However, the thermocouple and pyrometer temperatures were with 20°K 

at  1000°K for  various pos i t ions  of the thermocouple and the temperature 

uniformity  was undoubtedly enhanced by the h i g h  thermal conduct iv i ty  of 

the hydrogen ins ide  the c e l l  during the methanation s tud ies .  ! 



'The surfaces  of the ' ca ta lys t  fells were cleaned i ~ n s i t u b y  a l t e r n a t e  

oxygen and hydrogen exposures at  e levated temperatures .  Reduction at  

temperatures as high as 1400°K was used torremove a l l  sur face  oxygen. 

Various temperature and exposure cycles were t r i e d  with reproducible r e s u l t s  

ind ica t ing  tha t  surface contamination, e i t h e r  from the gas phase or from 

the bulkj was not a problem. Research grade gases flowing through baked-out 

s t a i n l e s s  s t ee l  l ines  contained less  than ppm levels  of impuri t ies  as 

determined d i r e c t l y  by mass-spectrometric  measurement. Thus, the system is  

qui te  clean compared with typ ica l ' f l owing  c a t a l y t i c  reac to r  systems while 

poss ibly  s t i l l  being r e l a t i v e l y  contaminated when compared with surfaces  

prepared under UHV conditions.• This is  an advantage from one point  of  view 

since th i s  system provides condit ions~intermediate between typ ica l  high 

pressure  (one atmosphere and above) c a t a l y t i c  r eac to rs  and UHV single  c ry s t a l  

studies. 

RESULTS AND DISCUSSION 

Using th i s  experimental arrangement, methane production was observed 

Over the high temperature reduced surfaces of Ni, Co and Fe in the expected 

temperature  range of  525-600eK. The H2/CO mixture r a t i o  was t y p i c a l l y  

kept a t  about 40:1 H 2 to CO to maintain a carbon f ree  surface .  High H 2 to 

C0 r a t i o s  are also r e q u i r e d  to maintain approximately equal surface  con- 

cent ra t ions  of  these gases, because of  t h e h i g h e r  heats  of adsorption of CO 

on these surfaces. In the course of this work it was observed that a greatly 

enhanced methanation activity could be obtained over Ni and Co if these surfaces 

were reduced, a f t e r  oxygen exposure, a t  methauation temperatures C525-6000K) 
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rather than at high temperaturos (above800°K) .  'Noprocedure  could be found  

' + l  which r e s u l t e d  in any extraordinary a c t i v i t y , i n  t h e , c a s e  of  Pe, however, , 

F o r  the condi t ions  reported here ,  oxygsn pre treated  Co i s  more t h a n a n  

order o f  magnitude more ac t ive  than s i m i l a r l y  prepared Ni f o i l .  The a c t i v i t i e s  

in Figs .  2 and 3 are expressed as turnover numbers, 

N = product molecules  : 
metal s i t e . s e c  

whichwere  ca l cu la ted  on the bas i s  of  1015 metal s i t e s / c m  '2 and the g e o m e t r i c a l  

area of  the c a t a l y s t  f o i l .  However, exposure of  the f o i l  to  oxygen i n c r e a s e s  

the surface  area somewhat and t h i s  fac tor  coupled with other u n c e r t a i n t i e s  in  

t h e  c a l c u l a t i o n  make the absolute  values  o f  the turnover number s i m i l a r l y  

u n c e r t a i n .  Thus, we have l i k e l y  overest imated the  turnover numbers in  both 

F igs .  2 and 3 by about a fac tor  of  2. However, these  turnover numbers a r e  

for  a t o t a l  pressure  of  2 Torr, whereas m e t h a n a t i o n r a t e  data are u s u a l l y  

reported for  pressures  of  one atmosphere. 

In addition to CH4, which was detected as CH~, H20 wasalso observed mass- 

s p e c t r o m e t r i c a l l y  during methanation in  q u a n t i t i e s  comparable with methane. 

Small amounts of  CO 2 could a lso  be detected  as a r e a c t i o n  product but i t s  

rate  was very s l i g h t  in  excess  hydrogen Where high methanation rates  were 

observed. Other higher  hydrocarbon products such as e thy lene ,  ethane,  e t c . ,  

as we l l  as a l c o h o l s w e r e  looked for  but not observed.  On a c t i v a t e d  Ni and Co 

f o i l s  under reac t ion  condi t ions  where high methanation rates  were observed, 

hydrocarbons other than methane, i f  any, must c o n s t i t u t e  s u b s t a n t i a l l y  l e s s  

than 1% of  the reac t ion  product.  

Temperature Dependence 

Data for  the temperature dependence of  the c a t a l y t i c  a c t i v i t i e s  o f  Ni and 

Co f o i l s  reduced at 525-600°K a f t e r  oxygen exposure at 800°K are g iven in 

Fig.  2. For these  measurements the H2/COratio  was maintained at 40:1 at 
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a t o t a l  ~ressure ins ide  the ce l l  of 2 Torr. With a 0.020 in  o r i f i c e  in  the 

ce l l  the flow ra te  i s  such tha t  the gas mixture spends, on the average, 

m s) 3 x lO'2sec within the catalyst cell volume (2.3 c . 

The temperature dependence data were r eve r s ib l e  for  temperatures below 

600°K. At higher temperatures t h e  d a t a p o i n t  s represent  i n i t i a l  r a t e s w h i c h  

slowly decayed to much lower s t eady-s t a t e  values.  This decay was i r r e v e r s i b l e  

wit h temperature ,  but the i n i t i a l  a c t i v i t i e s  of  both Ni and Co f o i l s  could 

be res tored b y e x p o s u r e t o  oxygen followed by reduct ion at  525-600°K. A t  

temperatures above 600°K graphi te  formation becomes rapid on these surfaces 

and i t  i s  bel ieved tha t  the sur face  becomes deact ivated at  these temperatures 

as the r e s u l t  of  the formation of a s t a b l e  graphi te  overlayer .  The slope of 

t he t empera tu re  dependence data of Fig. 2 ind ica tes  an ac t i va t i on  energy of 

17+1 kcal/mole fo r  the ra te  l imi t ing  step on both f o i l s .  

H2/CO Dependence 

Figure 3 presents methanation rate dataat 550°K over Co foil, prepared 

as in Fig. 2~ as a function of the H2/CO ratio. The rate is seen to be 

approximately first order in CO concentration up to 0.6% CO, then approximately 

zero order to 4% CO. .The data below 4% were stable and reversible. Above 

4% CO concentra t ion there  was a rapid i r r e v e r s i b l e d e c r e a s e  in the r a t e .  

The data points in Fig. 3 from 4% to 20% CO are steady-state rather than 

initial values and represent apparently steady-state values obtained after 

operating for about one hour at each point. When all of the CO was removed 

• from the gas flow after the last data point at 20% CO was taken, a slow but 

detectable rate of CH 4 formation still persisted with only H 2 gas flowing 

through the cell. Replacement of the H2/CO mixture with 02 gas in the cell 

at550°K produced strong CO and CO 2 signals at the mass-spectrometer that 

persisted for a long period. These results suggest that the catalyst 
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f o i l  had absorbed a large, amount of carbon i n t o  the bulk during operat ion 

at CO concentra t ions  grea te r  than 4%. The f u l l  c a t a l y t i c  a c t i v i t y  of the Co 

f o i l  could be res tored by r epea ted  oxida t ion-reduct ion  (02-H2) cycles  at 

h igher  temperatures to remove a l l  carbon with the f i n a l  reduct ion cycle  

ca r r i ed  out at  525-600°K. 

Surface Conditions 

Our i n a b i l i t y ,  in  t h i s  experiment, to d i r e c t l y  i n v e s t i g a t e  the c a t a l y s t  

surface composition and s t ruc tu re  in  s i t u ,  e . g . ,  v i a  LEED, AES and photo,  

e lec t ron  spectroscopy, leaves us with only i n d i r e c t  inferences  regarding 

the c a t a l y s t  surface condi t ions  during t h i s  experiment. The data of Figs.  2 

and 3 may or may not be represen ta t ive  of  methanation a c t i v i t i e s  over clean 

p o l y c r y s t a l l i n e  Co and Ni. Ce r t a in ly  oxygen exposure at  e levated temperatures 

should have removed most of  the near-surface  carbon, the most probable impuri ty 

in  t h i s  work. Also, ox ida t ion- reduct ion  Cycles increase  the surface areas 

somewhat through roughening, as evidenced by the matte f i n i s h  the shiny f o i l s  

acquire during t h i s  procedure. Thus, a somewhat h igher  a c t i v i t y  a f t e r  oxidat ion-  

reduct ion cycles  i s  not su rp r i s ing .  However, the Fe f o i l  was not p a r t i c u l a r l y  

a f f ec t ed  by t h i s  t reatment and i t s  a c t i v i t y  for  methanation was down by more 

than  an order of magnitude from. Ni  and two orders less  than Co. Thus, the 

a c t i v i t y  of i ron  i s  in  t h e  range r e p o r t e d  by Vannice at  one atmosphere (N < 0.1) 

(1), whereas the a c t i v i t i e s  o f  Ni and e s p e c i a l l y  Co appear to be anomalously 

high.  Reduction by exposure to hydrogen at  h igher  temperatures,  above 800°K, 

d r a s t i c a l l y  lowers the a c t i v i t i e s  of Co and Ni down to l e v e l s  comparable to Fe. 

This observat ion suggests t ha t  oxygen may be p laying a ro le  other  than j u s t  to 

simply remove surface contaminants. Auger ana lys i s  o f  the h i g h l y  ac t ive  f o i l  

surfaces was ca r r ied  out in a separate  ultra-high-vacuum f a c i l i t y  and revealed 

about 2% oxygen, even after removal of the first few surface layers by ion 



sputtering. Although low levels of oxygen are not su~rising, even without 

deliberate oxygen exposure, its presence is further suggestive of its possible 

role in enhancing the catalytic activities o£ Ni and Co. Carbon was the only 

other detectable surface impurity by Auger analysis. 

Adsorpt~on Kinet ics 

From the data of Fig. S i t  is  obvious that  at H2/CO ra t ios  approaching 

.sto ichiometr ic ,  the ca ta l y t i c  a c t i v i t y  of  Co (and Ni) ~al ls  o f f  d ras t i ca l l y  

due both to poisoning from excess surface carbon at CO levels above 4~ as 

wel l  as k i n e t i c a l l y  unfavorable concentrations o£ H 2 and CO on the surface. 

Using typ ica l  values fo r  heats o f  adsorption on Ni of  18 kcal/mole fo r  

hydrogen .and 28 kcal/mole for  CO. (10), at 550°K the r a t i o  o f  surface con- 

centrations of H 2 to CO, at equal adsorption rates, is about 1:104. At .  

our t yp ica l  H2/CO r a t i o  o f  40:1, .the suz~ace concentrations would then be 

• about 1:250 H2/CO. For the overal l  react ion 

5H 2 + CO ~.CH 4 + H20 

we need a sur£ace concentration, o f  H 2 three £old greater than CO. This suggests 

t h a t ,  from a k i n e t i c s  po in t  of  view, the  proper  H2/CO r a t i o  in  the  gas phase fo r  

maximum methanat ion r a t e  should be roughly  3 x 104:1 H 2 to  CO. The observa t ion  

here  t h a t  the  k i n e t i c s  are optimized a t  s u b s t a n t i a l l y  lower H2/CO r a t i o s  

imp l i e s  t h a t ,  once on the  s u r f a c e ,  CO i s  p r o p o r t i o n a t e l y  l e s s  r e a c t i v e  than 

H 2 (which i s  presumably chemisorbed as h i g h l y  r e a c t i v e  atoms]. In the fo r e -  

going arguments we have neg lec ted  the  probable  e f f e c t  of d i f f e r e n t  adsorp t ion  

( s t i c k i n g )  p r o b a b i l i t i e s  fo r  H 2 and CO. Usua l ly ,  the  s t i c k i n g  p r o b a b i l i t y  o f  

H 2 i s  found to  be g r e a t e r  than 0.1 on these  su r faces  (11-13). However, f o r  , 

su r faces  p a r t i a l l y  covered wi th  CO and o the r  adsorbates  and i m p u r i t i e s  such as 

carbon, the  adsorp t ion  r a t e  o f  H 2 very  l i k e l y  decreases  to s i g n i f i c a n t l y  below 

t h a t  of CO (14,15).  This f a c t o r  ac t s  tO decrease  the equ i l ib r ium sur face  con- 

c e n t r a t i o n  o f  H 2 r e l a t i v e  to  CO even f u r t h e r .  Thus, under k i n e t i c a l l y  i d e a l  



conditions, it appears probable that the reactivity of surface CO is rate 

limiting, as has often been suggested (16). The most sensitive parameters 

in this argument are the relative heats of adsorption of H 2 and CO although 

the chemisorption of H 2 may also be quite sensitive to CO coverage as well 

(14]. Since methanation is usually carried out with nearly stoichiometric 

H2/CO gas mixtures, the surface in this regime is so overwhelmingly dominated 

by adsorbed CO that H 2 adsorption is limiting in this case as indicated by 

the build-up of excess surface carbon. Again, these arguments are tentative 

i n  the  absence o f  accura te  hea t  of  adsorp t ion  da ta  fo r  the  p r e c i s e  sur faces  

and adsorbate  coverages encountered under methanat ion cond i t i ons .  

React ion Mechanism 

The s imples t  mechanism to  cons ide r  fo r  the  sur face  process  lead ing  to  

methane formation i s  the  fo l lowing :  

H2(g ) + 2H(s) (1). 

CO(g) ÷ c(s) + O(s) (2) 

2H(s) + O(s) ÷ H20(g) (3) 

c (s ) , ,  4H(s) ÷ CH4(g) (4) 

al though o the r  mechanisms invo lv ing  var ious i n t e rmed ia t e s  such as HCO have 

been suggested (4,15) .  Steps (5) and (4) are assumed to  occur in  a s tep-wise  
t 

m.anner in  which H atoms are added s e q u e n t i a l l y  s ince  t h i s  i s  k i n e t i c a l l y  much 

more l i k e l y .  Step (2) i s  perhaps  the most suspect  but i t s  r a t e  can be es t imated  

by means o f  the  d i s p r o p o r t i o n a t i 0 n  r e a c t i o n  

2CO(g) + C(s) * CO2(g) (5) 

which can easily be measured with our apparatus. We observe that the initial 

rate of (5) in the absence of hydrogen is comparable with the peak methanation 

r a t e  a t  the same temperature ,  so i t  appears t h a t  s tep  (2) proceeds at  

9 



p . ° 

approximately the correct ,  r a t e  to be considered as the  pr imary r e a c t i o n  path  

fo r  methanat ion.  Thus, we p r e s e n t ! y  favor  the v i e w t h a t  methanat ion proceeds 

v i a  a l a b i l e  carbon in t e rmed ia t e j  whereas a t  temperatures  above 500°K~ g raph i t e  

format ion d e a c t i v a t e s  t h i s  carbon and poisons the  c a t a l y s t  su r face .  F u r t h e r  

d i r e c t  su r face  s t u d i e s  w i l l ,  of  course ,  be necessa ry  in  order  to  confirm t h i s  

sugges t ion .  

P~LATHD STUDIES 

Numerous s t u d i e s  r e l a t i v e  to H 2 and CO chemisorpt ion on the  g r o u p V I I I  and 

o the r  metal su r faces  have appeared in  the l i t e r a t u r e  s ince  the  work of S a b a t i e r  

a t  the  tu rn  of  the  cen tury .  Because of  the widely  d ive r se  r e s u l t s  inc luded in  

t h i s w o r k ,  a s i m i l a r l y  d ive r se  range of  po in t s  of  view can be supported by 

Judic ious  choice of r e f e r e n c e  l i t e r a t u r e .  However, i t  i s  tempting to  c i t e  

some f a i r l y  r ecen t  su r face  s t ud i e s  i nvo lv ing  H 2 and CO t h a t  bear  on the p re sen t  

work. 

One of  the  few publ i shed  s t ud i e s  of  methanat ion a t  h igh  H2/CO r a t i o s  i s  

• the  recen t  work of  Fonta ine  ( 4 ) .  He s tud ied  Ni supported on SiO 2 f o r  

H2/CO = 50/1 in  the  temperature  range 485-598°K. Although h i s  tu rnover  r a t e  

was appa ren t ly  q u i t e  low he observed an a c t i v a t i o n  energy of  18+__.5 kcal /mole  

fo r  the methanat ion r e a c t i o n ,  in  c lose  agreement wi th  the r e s u l t s  repor ted  

h e r e .  

Regarding activation of Ni and Co foils it is interesting to note that 

Selwood has observed very rapid ortho-para conversion of hydrogen over Ni oxide 

supported on alumina when reduced in hydrogen in the range 575-75S°K (17). 

But when the same catalyst is reduced at 875°K the catalytic activity is 

reduced by more than two orders. This is the temperature range where a 

10 
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s i m i l a r  loss  o f  a c t i v i t y  was observed in  the p re sen t  s tudy and suggests  t h a t  
t 

s i t e s  wi th  h igh  a c t i v i t y '  f o r  n o n - d i s s o c i a t i v e  o r tho -pa ra  convers ion are a l so  

v e r y  ac t i ve  fo r  methanat ion c a t a l y s i s .  

There is apparently some controversy about the rate of CO dissociation on 

Ni and Co surfaces. On single crystal surfaces at room temperature the rate is 

evidently too slow to be detected for exposures typically used in adsorption 

studies' However, Madden and Hrtl have studied the adsorption of CO on Ni(llO) 

and found that when this surface is heated in CO the CO dissociates into in- 

dividually bound carbon and oxygen atoms (18]. The oxygen atoms are then 

rapidly removed by reaction with CO to form CO 2. Tottrup, in a separate study 

of the Boudouard [disproportionation) reaction over alumina supported Ni found 

t h a t  both H 2 and H20 have a small  r e t a r d i n g  • e f f e c t  on the r e a c t i o n  {19). These 

r e s u l t s  are c o n s i s t e n t  wi th  the  view t h a t  methanat ion proceeds v i a  a l a b i l e  

su r face  carbon i n t e rmed ia t e  and t h a t  su r face  hydrogen does no t  enhance the  

s c i s s i o n  of CO molecules on the  su r face  through the  a c t i o n  of  a hydrogen 

c o n t a i n i n g  i n t e r m e d i a t e  such as HCO. 

SUMMARY 

The exper imenta l  method used in  t h i s  work al lows r ap id  and accura te  mea- 

surements of  r e a c t i o n  products  over a wide range o f  exper imenta l  c o n d i t i o n s ,  

and i n  a p r e s s u r e  r eg ime  i n t e r m e d i a t e  between high vacuum " c l e a n "  sur face  

s t u d i e s  and t y p i c a l  ~flowing r e a c t o r  systems.  By ope ra t ing  under k i n e t i c a l l y  

i d e a l  c o n d i t i o n s ,  we have been able  to  s tudy the c a t a l y t i c  methanat ion  a c t i v i t y  

of  s e v e r a l  group VIII  metal  f o i l s  wh ich  were prepared by v a r i o u s  procedures .  
/ 

The r e s u l t s  i n d i c a t e  t h a t  very  s u b s t a n t i a l  changes in  c a t a l y t i c  a c t i v i t y  • can 

be achieved over  su r faces  prepared under  s l i g h t l y  d i f f e r e n t  c o n d i t i o n s .  The 

a p p l i c a t i o n  of  the  h i g h l y  a c t i v e  c a t a l y s t  su r faces  produced in  t h i s  work to  

11 



practical large-scale methanation is still questionable at this point. 

However, a more thorough understanding of the important parameters in this 

reaction may suggest ways o£ improving the process. 

Further s tudies  are sugges tedby the p.resent r e s u l t s ,  including de t a i l ed  

surface s tudies  to  determine features  associa ted with the high c a t a l y t i c  

a c t i v i t i e s  seen here.  Also, ~ re la ted  s tudies  should be carr ied  out at  h igher  

pressures to determine c a t a l y t i c  behavior in  the usual methanation regime~ 
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FIGURES 
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Schemati c of differentially pumped modulated mass-spectrometer 

and explode d view of reaction ceil construction. 

Arrhenius plots of mass-spectrometer (CH I) data over activated 

N i  and Co foi ls  at H2/C0 ratio bf 40i l  and total  pressure of 

2 Tort .  Turnover numbers based on geometrical foi l  area. 

Methanation rate versus CO/H 2 ratio over activated Co £oii at 

550°K and total pressure of 5' Tort. Turnover numbers based 

on geometrical foil area. 
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