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INTRODUCTION 

le v a r i e t y  of e m e r i m e n t a l  urocedures  h a s  been used t o  measure c a t a l y t  
a c t i v i t y  and t o  compare c a t a l y s t s  f o r  carbon monoxide hydrogenation. The comparison 
i s  genera l ly  c a r r i e d  out  i n  f low r e a c t o r s  opera t ing  a t  high conversions.  While such 
condi t ions  are more realist ic and may b e t t e r  d u p l i c a t e  c a t a l y s t  performance i n  
a c t u a l  use, s p e c i f i c  c a t a l y s t  a c t i v i t i e s  o r  s p e c i f i c  r e a c t i o n  r a t e s  are d i f f i c u l t  t o  
e s t i m a t e  from such d a t a .  This  i s  e s p e c i a l l y  t r u e  f o r  h ighly  exothermic r e a c t i o n s  
such as CO hydrogenat ion w h e r e  the  temperature  a s  w e l l  a s  concent ra t ions  change 
a long  the  c a t a l y s t  bed. S u l f u r  t o l e r a n c e  t e s t s  g e n e r a l l y  took t h e  form of 
s u l f i d a t i o n  c a p a c i t y  measurements w i t h  t h e  s u l f u r  b e i n g  q u a n t i t a t i v e l y  taken up by 
t h e  c a t a l y s t  bed. 

The f i r s t  p u b l i c a t i o n s  of t h i s  series presented  d a t a  on i n i t i a l  r e a c t i o n  rates 
(1) on c lean  meta l  s u r f a c e s  and on s t e a d y - s t a t e  rates (2) on s e v e r a l  c a t a l y s t s  both 
i n  s u l f u r - f r e e  and s u l f u r  c o n t a i n i n g  s t reams.  In t h i s  paper a series of N i  
c a t a l y s t s  is compared i n  s e v e r a l  d i f f e r e n t  t e s t s .  I t  w i l l  be  demonstrated t h a t  
conclusions der ived  from s t e a d y - s t a t e  r a t e s  a t  6 7 3  K are markedly d i f f e r e n t  from 
t h o s e  drawn a t  523 K. S i m i l a r  c o n t r a d i c t i o n s  apply t o  tests designed t o  assess the 
a c t i v i t y  i n  t h e  presence  of s u l f u r .  Water vapor i n  t h e  r e a c t a n t  stream is found t o  
have a s i g n i f i c a n t  e f f e c t  on both t h e  h igh  temperature  s t e a d y - s t a t e  a c t i v i t y  and the 
f i n a l  a c t i v i t y  i n  t h e  presence of s u l f u r .  

EXPERIMENTAL 

1. Apparatus 

I n i t i a l  rates w e r e  measured i n  a Pyrex g l a s s  b a t c h  r e c y c l e  system as descr ibed - previous ly  (1). The r e a c t o r  loop  w a s  f i l l e d  w i t h  t h e  r e a c t a n t s  t o  t h e  required 
p r e s s u r e  and mixed by c i r c u l a t i n g  through a bypass. The c a t a l y s t  sample w a s  reduced 
i n  a s t ream of  f lowing hydrogen, cooled t o  t h e  r e a c t i o n  temperature ,  evacuated and 
t h e  r e a c t a n t s  d i v e r t e d  over  t h e  c a t a l y s t .  Samples of  t h e  r e a c t a n t  gas were analyzed 
by i n j e c t i o n  i n t o  a g a s  chromatograph equipped wi th  a flame i o n i z a t i o n  de tec tor .  
Both methane and t o t a l  hydrocarbons were determined, s t e a d y - s t a t e  r a t e s  were 
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measured i n  an atmospheric  p r e s s u r e  s i n g l e  p a s s  f low r e a c t o r ,  a l s o  descr ibed 
previous ly  (2) .  The f low of each r e a c t a n t  w a s  set by c o n t r o l l i n g  t h e  upstream 
p r e s s u r e  on a s t a i n l e s s  steel c a p i l l a r y .  The c a t a l y s t  w a s  contained i n  a Pyrex 
r e a c t o r  supported on a porous g l a s s  d i s c .  The r e a c t o r  e f f l u e n t  was analyzed a s  
descr ibed  above. 

Water was introduced i n t o  t h e  r e a c t a n t  stream through a Pyrex tube  extending 
i n t o  t h e  g l a s s  r e a c t o r  and connected t o  a motor d r i v e n  p o s i t i v e  displacement  s y r i n g e  
pump. The 
i n l e t  p o r t i o n  of  t h e  r e a c t o r ,  i n c l u d i n g  a p l u g  o f  g l a s s  wool, w a s  hea ted  r e s i s t i v e l y  
t o  vapor ize  t h e  water. c o n t r o l l e d  
by t h e  pump speed which was set a t  0.049 cc/min. 

The pump was cons t ruc ted  of  s t a i n l e s s  steel and had a volume of 500 cc. 

The p r e s s u r e  of  water  i n  t h e  r e a c t a n t  s t ream was 

2. M a t e r i a l s  

The c a t a l y s t s  have been descr ibed  i n  d e t a i l  i n  prev ious  p u b l i c a t i o n s  (1,Z). 
The supported c a t a l y s t s  were prepared by impregnat ion of t h e  oxide  suppor t  with 
aqueous Ni(N03)2 s o l u t i o n .  The 5% Ni/Zr02 (I) ( 1 )  and 5% N i / Z r O  (11) (2)  were 
prepared from d i f f e r e n t  ba tches  of Z r O  ob ta ined  from t h e  TAM Divls ion  of  Nat iona l  
Lead Co. T h i s  material was found t o  b e  &i te  impure, conta in ing  a p p r e c i a b l e  amounts 
of C 1 ,  Ca, Mg, Fe and Hf (3) .  These b a t c h  t o  ba tch  v a r i a t i o n s  may, p o s s i b l y  e x p l a i n  
some of t h e  a c t i v i t y  d i f f e r e n c e s  observed i n  t h e  c a t a l y s t s  made with t h e  ZrO 

suppor t .  Raney N i  w a s  prepared by e x t r a c t i o n  o f  a 50:50 N i / A l  a l l o y  wi th  NaOH to2 
d i s s o l v e  60% of the  A l .  Hydrogen a d s o r p t i o n  isotherms were determined on t h e s e  
c a t a l y s t s  (2) and t h e  r e s u l t s  are  c o l l e c t e d  i n  Table  1. 

RESULTS 

A f t e r  reduct ion  of t h e  c a t a l y s t  a t  723 K,  i n i t i a l  r e a c t i o n  r a t e s  were measured 
on t h e  c lean  metal  s u r f a c e  us ing  t h e  ba tch  r e c y c l e  r e a c t o r .  Reactant composition 
was P(H ) 0.5625 atm and P(C0) 0.1875 a t m .  The rate w a s  c a l c u l a t e d  from conversion 
v e r s u s  2t ime d a t a  a t  s h o r t  t i m e s  (1). The system i s  well-behaved as shown by a 
t y p i c a l  set of d a t a  f o r  2% N i / A 1  0 presented  i n  Fig. 1. R e s u l t s  f o r  a number of  N i  
c a t a l y s t s  a r e  c o l l e c t e d  i n  Table22? 

Steady-s ta te  rates were measured i n  t h e  s i n g l e  p a s s  f low r e a c t o r  a t  a tmospheric  
p r e s s u r e  w i t h  a r e a c t a n t  s t ream composi t ion of P(HZ) 0.5938, P(C0) 0.1562, and P(He) 
0.250 a t m ,  corresponding t o  an H /CO r a t i o  of 3.8. A f t e r  t h e  c a t a l y s t  was reduced 
a t  K, t h e  temperature  was jowered t o  523 K and t h e  r e a c t a n t s  d i v e r t e d  over t h e  
sample. Steady-state  w a s  u s u a l l y  a t t a i n e d  a f t e r  6 t o  8 h r s .  bu t  24 h r s .  were 
allowed t o  e l a p s e  b e f o r e  a t  least f o u r  gas  samples are analyzed and averaged t o  
de te rmine  t h e  c a t a l y s t  a c t i v i t y .  Then, 10 ppm H S w a s  in t roduced  i n t o  t h e  r e a c t a n t  
s t ream, and a f t e r  24 h r s . ,  t h e  a c t i v i t y  a g a i n  determined. In a s i m i l a r  manner, t h e  
H S f low was stopped and t h e  a c t i v i t y  recovery,  i f  any, noted.  These r e s u l t s  a r e  
presented  i n  Fig.2. In F ig .3  t h e  c a t a l y s t  a c t i v i t i e s  are compared a t  673 K. The 
procedure  used i n  t h i s  c a s e  was t o  s t a r t  t h e  r e a c t a n t s  over  the  samples a t  520 t o  
550 K then s lowly h e a t  t h e  samples t o  673 K wi thout  exceeding a turnover  number of 
0.2/s. A s  before ,  24 h r s .  e lapsed  a t  each c o n d i t i o n  b e f o r e  a c t i v i t y  d a t a  were 
taken . 

723 

2 

2 

Up t o  t h i s  p o i n t  t h e  a c t i v i t y  measurements have been r u n  without  t h e  a d d i t i o n  
of water .  Although water is  a r e a c t i o n  product ,  t h e  d i f f e r e n t i a l  c o n d i t i o n s  of t h e  
f low r e a c t o r  experiment keep t h e  p a r t i a l  p r e s s u r e  of water  over the  c a t a l y s t  low. 
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I n  Figs.4 and 5 t h e r e  are, r e s p e c t i v e l y ,  c o l l e c t e d  s t e a d y - s t a t e  r e s u l t s  from runs i n  
which water was added t o  t h e  r e a c t a n t  stream f o r  t h e  5% N i / Z r O  (11) and 2% Ni/A1203 

and 5,  were made a r e  given i n  Table  3. Following a procedure similar t o  t h e  
previous measurements, t h e  c a t a l y s t s  were reduced a t  723 K, cooled t o  523 K and t h e  
flow of CO and H2 s t a r t e d .  Water 
was then i n j e c t e d  and 2 4  h r s .  l a t e r  t h e  r e a c t i o n  rate was measured. S imi la r ly ,  
each subsequent d a t a  p o i n t  w a s  taken a f t e r  w a i t i n g  24 h r s .  f o r  s teady-s ta te  
condi t ions  t o  be  e s t a b l i s h e d .  

c a t a l y s t s .  The c o n d i t i o n s  a t  which each of t h e  r a t e  measuremgnts, shown i n  Figs.4 

Data a t  c o n d i t i o n  A were obta ined  a f t e r  24 h r s .  

DISCUSSION 

1. Steady-State  A c t i v i t y  

Comparison of t h e  i n i t i a l  r a t e  d a t a  (Table  2) and t h e  s teady-s ta te  d a t a  a t  523 
K (Fig.2) shows t h a t  a t  t h i s  temperature  t h e  s t e a d y - s t a t e  s u r f a c e  i s  s i m i l a r ,  or a t  
l e a s t  has  comparable c a t a l y t i c  a c t i v i t y  t o  t h e  c l e a n  m e t a l  s u r f a c e s  s t u d i e d  by 
i n i t i a l  r a t e  measurements. The r e l a t i v e  o r d e r i n g  of t h e  a c t i v i t y  of t h e  t h r e e  
c a t a l y s t s  i s  t h e  same from e i t h e r  s e t  of d a t a .  When t h e  c a t a l y s t s  a r e  heated t o  673 
K and again compared (F ig .3) ,  t h e  a c t i v i t y  i s  s i g n i f i c a n t l y  reduced i n  comparison t o  
the  r a t e  expected from e x t r a p o l a t i o n  accord ing  t o  t h e  measured a c t i v a t i o n  energy 
(Table 2). The a c t i v i t y  i s  lower by a f a c t o r  o f  approximately 30, i n d i c a t i n g  a 
sur face  deac t iva ted  by carbonaceous d e p o s i t s  e i t h e r  as a carbon over layer  o r  by the  
formation o f  a carb ide- l ike  s p e c i e s  ( 2 ) .  Although t h e  r e s u l t s  presented h e r e  are a t  
673 K,  i t  should be  noted t h a t  t h e  d e a c t i v a t i o n  was observable  a t  even lower 
temperatures and v a r i e d  i n  i t s  r a t e  of approach t o  s t e a d y - s t a t e  from one c a t a l y s t  t o  
another .  A q u a n t i t a t i v e  i n d i c a t i o n  of t h i s  phenomenon is presented  i n  Fig.6. Af te r  
reduct ion,  t h e  c a t a l y s t  w a s  cooled t o  t h e  temperature  a t  which t h e  i n i t i a l  rate was 
expected t o  be  e i t h e r  0.1 o r  0.01 per  second, and t h e  r e a c t a n t s  w e r e  passed over. 
The temperature  w a s  then  ad jus ted  t o  main ta in  a n e a r l y  cons tan t  turnover  number. 
The Raney N i  a t  a s p e c i f i c  r a t e  of O . O l / s ,  corresponding t o  a temperLture of 483 K, 
shows no apparent  d e t e r i o r a t i o n  i n  a c t i v i t y  a f t e r  5 days. A t  a temperature  of  548 K 
and a n  a c t i v i t y  of 0.11s. t h e  a c t i v i t y  c o n s t a n t l y  decreased.  To maintain a cons tan t  
a c t i v i t y  it w a s  necessary  t o  cont inuously r a i s e  t h e  temperature. The rate of 
d e a c t i v a t i o n  w a s  observed t o  a c c e l e r a t e  as t h e  temperature  w a s  r a i s e d ,  a s  seen by 
t h e  a c c e l e r a t i n g  s l o p e  of  t h e  curve  i n  Fig.6. The rate of a c t i v i t y . d e t e r i o r a t i o n  
appeared a l s o  t o  b e  dependent on t h e  suppor t ,  5% N i / Z r O  d e t e r i o r a t i n g  much more 
r a p i d l y  than  2% N i / A l  0 o r  Raney N i .  The d e t e r i o r i t i o n  is not  assoc ia ted  wi th  
thermal s i n t e r i n g  of  the2N?, s i n c e  i t  was shown e a r l i e r  t h a t  c l e a n i n g  c a t a l y s t  
of carbon could r e s t o r e  t h e  h igher  a c t i v i t y  (2) .  

t h e  

A s  a r e s u l t  of  t h i s  d i f f e r e n t  s u s c e p t i b i l i t y  t o  d e a c t i v a t i o n  by carbon 
over layer  formation at  d i f f e r e n t  temperatures  t h e  r e l a t i v e  s p e c i f i c  a c t i v i t y  of a 
series of c a t a l y s t s  a t  s t e a d y  s ta te  can b e  completely reversed  a t  d i f f e r e n t  t e s t  
temperatures. A t  523 K t h e  r e l a t i v e  a c t i v i t y  is  5% N i / Z r O  ( I I ) >  2% N i / A 1 2 0 3  > 

Raney N i ,  whi le  a t  673 K t h e  order  i s  Raney N i  2 2 %  N i / A 1 2 0 3  23% N i / Z r O Z  (11). 

2.  s u l f u r  Poisoning 

The temperature  chosen f o r  s u l f u r  po isoning  s t u d i e s  is a l s o  extremely 
important. A t  523 K t h e  d e a c t i v a t i o n  i s  a f a c t o r  of 170 i n  t h e  b e s t  case,  Raney 
N i ,  whi le  i t  is only  2.5 f o r  5% N i / Z r 0 2  (11) a t  673 K. This decreased poisoning  a t  
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h i g h e r  The 
o r d e r i n g  of t h e  c a t a l y s t s  i s  s u b s t a n t i a l l y  d i f f e r e n t ,  2% N i / A 1  0 showing t h e  
g r e a t e s t  s u s c e p t i b i l i t y  t o  poisoning  a t  523 K,  whi le  Raney N i  i s  m ~ ~ t ~ s u s c e p t i b l e  a t  
673 K. Such l a r g e  changes i n  t h e  o r d e r i n g  of c a t a l y s t  s e n s i t i v i t y  to  s u l f u r ,  a t  
l e a s t  i n  t h i s  type  of test ,  i m p l i e s  complex behavior .  For example, at low 
temperatures ,  t h e  presence  o f  s u l f u r  l e a d s  t o  t h e  formation of a b u l k  m e t a l  s u l f i d e  
( 4 )  and t h e  e f f e c t  of t h e  suppor t  may b e  t o  i n h i b i t  t h e  formation of such s u l f i d e s .  
A t  h igher  temperatures  o t h e r  compounds may form such a s  s u l f o s p i n e l s  i n  t h e  case  of 
t h e  Raney N i  which c o n t a i n s  e l e m e n t a l  A 1  (2).  

temperatures  i s  c o n s i s t e n t  w i t h  t h e  decreased s t a b i l i t y  of the  s u l f i d e .  

The H S p r e s s u r e  is too  low t o  form a bulk  s u l f i d e  a t  673 K (4) and a s u r f a c e  
s u l f u r  l a 3 e r  may have t o  compete wi th  t h e  carbon conta in ing  l a y e r  t h a t  apparent ly  
forms a t  t h i s  temperature .  This  is i n  apparent  agreement wi th  t h e  observa t ion  t h a t  
t h e  l e a s t  a c t i v e  c a t a l y s t s  i n  s u l f u r - f r e e  environment a t  673 K a r e  t h e  most a c t i v e  
i n  t h e  presence of H S .  

2 

3. E f f e c t  of H 0 
2 

Yet another  measurement procedure t o  compare c a t a l y s t s  f o r  CO hydrogenat ion 
i n c l u d e s  H D i n  t h e  r e a c t a n t  s t ream a t  t h e  c a t a l y s t  i n l e t .  I n c l u s i o n  of a l a r g e  
p a r t i a l  p r e i s u r e  of water  would more c l o s e l y  s imula te  t h e  i n d u s t r i a l  s i n c e  
w a t e r  i s  purposely added t o  reduce carbon formation i n  t h e  r e a c t o r  and t o  genera te  
hydrogen by t h e  water  gas  s h i f t  r e a c t i o n .  The d a t a  of Figs.4 and 5 show t h a t  a t  523 
K water  has  an i n h i b i t i n g  e f f e c t .  A t  673 K ,  however, 5% N i / Z r O  (11) and 2% 
N i / A 1  0 behave q u i t e  d i f f e r e n t l y  i n  t h e  presence  of H 0. The Zr8 supported 
c a t a l j s 2  shows i n h i b i t i o n  by water  (compare arrow - wager f r e e  d a t a  &om Fig.3), 
w h i l e  2% N i / A 1  0 is s u b s t a n t i a l l y  more a c t i v e .  The l a t t e r  behavior  is expected i f  
i t  assume2 ?hat  t h e  h i g h  temperature  d e a c t i v a t i o n  i s  due t o  carbon and t h a t  t h e  
presence  of water  i n h i b i t s  carbon format ion .  The thermodynamic i n h i b i t i o n  of carbon 
format ion  by water  is w e l l  known (5). The behavior  of 5% Ni/Zr02 (11) is d i f f i c u l t  
t o  expla in .  

p rocess  

i s  

When H S is added t o  t h e  r e a c t a n t  s t ream,  t h e  2% N i / A l  0 c a t a l y s t  becomes 
t o t a l l y  i n z c t i v e  (F ig .5) ,  the  convers ion  be ing  below t h e  J e z e c t i o n  l i m i t  of t h e  
a n a l y t i c a l  system. The 5% N i / Z r O  (11) is  only  s l i g h t l y  more a c t i v e .  The 
comparison of  t h e  e f f e c t  of 10  p$m H S i n  a dry  s t ream and i n  a r e a c t a n t  s t ream 
c o n t a i n i n g  13 mol% water  r e v e a l s  t h e  s i g h f i c a n t  impact water  can have on t h e  
measured “ s u l f u r  r e s i s t a n c e ”  of a c a t a l y s t .  Whereas 5% N i / Z r D  (11) appeared t o  
d e t e r i o r a t e  by only a f a c t o r  of two wi th  1 0  ppm H S,  t h e  combinat izn of water  and 10 
ppm H S r e s u l t s  i n  a d e t e r i o r a t i o n  g r e a t e r  than’100-fold. When both  t h e  water  and 
t h e  H 5 were removed from t h e  r e a c t a n t  s t ream,  t h e  a c t i v i t y  recovered b u t  f o r  5% 
N i / Z r d  t h e  h i g h e s t  recovery was o b t a i n e d  i n  a s t ream conta in ing  s u l f u r .  In f a c t ,  
w i t h  t?fe system a t  r e a c t i o n  condi ton  D,  i.e. both  H 0 and H S i n  t h e  r e a c t a n t  
stream, t h e  H-0  b u t  keeping t h e  H,S i n  t h 8  reactant’stream r e s u l t s  i n  an  
i n c r e a s e  i n  c a t a l y s t  a c t i t i t y  by two o r d e r s  of magnitude. This  behavior  was 
completely r e v e r s i b l e ;  t h e  c a t a l y s t  could b e  cycled between c o n d i t i o n s  D,  E and G 
of Table  3 repea ted ly  wi thout  a d v e r s e  e f f e c t s .  

removing 

The behavior  descr ibed  above emphasizes t h e  importance of water  when searching  
f o r  s u l f u r  r e s i s t a n t  c a t a l y s t s .  B u t  even more s i g n i f i c a n t l y  i t  may g i v e  c l u e s  t o  
t h e  p r o p e r t i e s  d e s i r e d  i n  a s u l f u r  r e s i s t a n t  methanat ion c a t a l y s t .  The formation of 
a m a t e r i a l  s t a b l e  toward r e a c t i o n  w i t h  H S is one r o u t e  t o  s u l f u r  r e s i s t a n c e  i f  t h i s  
phase  possesses  some c a t a l y t i c  a c t i v i t y  ?6). The carbon conta in ing  phase may be  
such a m a t e r i a l .  A s i g n i f i c a n t  p a r t i a l  p r e s s u r e  of water  may reduce i t s  s t a b i l i t y ,  
p e r m i t t i n g  t h e  i n a c t i v e  s u l f i d e  phase  t o  form. 
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The measured s p e c i f i c  a c t i v i t y  and t h e  r e l a t i v e  o r d e r i n g  of CO hydrogenat ion 
c a t a l y s t s  can vary  markedly depending on t h e  temperature  and r e a c t a n t  s t ream 
composition chosen f o r  t h e  c a t a l y t i c  test. Low temperature  tests employing e i t h e r  
i n i t i a l  o r  s t e a d y - s t a t e  ra te  measurements, g i v e  a c t i v i t y  d a t a  f o r  a clean metal 
sur face .  R e s u l t s  ob ta ined  a t  673 K a p p a r e n t l y  are r e p r e s e n t a t i v e  of a carbon 
contaminated sur face .  

The choice  of t h e  tes t  temperature  and r e a c t a n t  stream composition is extremely 
important  i n  des igning  a n  experimental  test  f o r  c a t a l y s t  r e s i s t a n c e  t o  s u l f u r  
poisoning.  Water should b e  added t o  t h e  r e a c t a n t  stream s i n c e  it has  a g r e a t  e f f e c t  
on t h e  s u l f u r  t o l e r a n c e  of N i  c a t a l y s t s .  

REFERENCES 

1. R. A. Dalla Betta, A. G. Piken, and M. Shelef  

2. R. A. Dal la  Betta, A. G. Piken, and M. Shelef  

3. M. Bettman, Research S t a f f ,  Ford Motor Co, unpubl ished r e s u l t s .  
4. T. Rosenquist, J. I r o n  and S t e e l  Inst.%,37 (1954). 
5. G. A. White, T. R. Roszkowski, and D. W. S tanbr idge ,  

6. M. Boudart, J. A. Cusumano, and R. B. Levy 

J. Catal. 35, 54 (1974). 

J. Catal. 40, 173 (1975). 

Am. Chem. SOC., Div. Fue l  Chem. P r e p r i n t  19 (3) 57 (1974). 

New C a t a l y t i c  Material f o r  the  Liquefac t ion  Of Coal, 
Report RP-415-1, E l e c t r i c  Power Research I n s t i t u t e ,  October 30,(1975) 

47 



TABLE 1 

Hydrogen Adsorpt ion R e s u l t s  

H2 Adsorpt ion Dispers ion  
C a t a l y s t  umol/g H (ads) /M(tot)  

5% N i / Z r 0 2  (I) (*) 33.7 0.079 
5% Ni/ZrOg (11) (**) 19.2 0.045 
2% Ni/Al203 5.6 0.033 
Raney N i  137 0.031 

(*) Sample used i n  r e f  (1) 
(**) Sample used i n  r e f  (2) 

TABLE 2 

I n i t i a l  Rates  of CO Hydrogenation (*) 

N at  523 K E a  
s-1 x 100 kcal/mol 

Sample HC(tota1)  % HC(tota1) % 
5% Ni/ZrOp (I) 6.3 2.3 20 28 

2% Ni/A1203 5.1 2.0 30 31 
Raney N i  3.2 1.0 26 31 

(*) P(H2) 0.5625 a t m . ,  P(C0) 0.1875 a t m .  

5% Ni/Zr02* (11) 27 9.6 30 33 

TABLE 3 

React ion Condi t ions  a t  Steady-State  
f o r  Runs i n  F igures  4 6 5 

React ions 
Condit ions (*) 

A 
B 
C 
D 
E 
F 
G 

Temp 

523 
523 
673 
673 
673 
673 
673 

m Reactant  
H70  H?S 

0 0 
0.133 0 
0.133 0 
0.133 10-5 
0.133 0 
0 0 
0 10-5 

Compositiom (Atm) 
22-x- H e  

0.5938 0.1562 0.250 
0.515 0.135 0.217 
0.515 0.135 0.217 
0.515 0.135 0.217 
0.515 0.135 0.217 
0.5938 0.1562 0.250 
0.5938 0.5938 0.250 

(*) The c o n d i t i o n s  were maintained f o r  24 h r s  before  
t h e  s t e a d y - s t a t e  r e a c t i o n  r a t e  w a s  determined. 
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