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L I Q U I O  PHASE METHANATION/SHIFT, MARSHALL E. FRANK, Chem Systems I n c . ,  747 T h i r d  Ave. 
New York, N . Y .  10017 - David B. Blum, Chem Systems 1nc.-Research Center, 275 Hudson 
S t ree t ,  Hackensack N.J. 

C h e m  Systems' L i q u i d  Phase Me thana t ion /Sh i f t  (LPM/S) process economical ly  conver ts  h i g h  
concen t ra t i on  CO syn thes i s  gas t o  h igh  B tu  Gas. 
sponsorshi has been under way s ince  1973. Recent ly  the  process concept has been ex- 
tended t o  i a n d l e  syn thes i s  gas feeds wherein the  hydrogen t o  carbon monoxide molar r a t i o  
i s  l e s s  than  3 / 1 .  
gas s h i f t  r e a c t i o n  proceed s imul taneously .  The hydroqen produced by t h e  s h l f t  r e a c t i o n  
i s  u t i l i z e d  immediately f o r  t h e  methanation r e a c t i o n .  Wi th  s n t h e s i s  gas feeds c o n t a i n -  
i n g  l e s s  than a 2/1 hydrogen t o  carbon monoxide r a t i o ,  a smaly amount o f  a d d i t i o n a l  
water ( s u a l l y  i n  t h  f m o f  steam) mu t be ded t o  t h  system Q r o v i d e  the neces-. 
sary  hy j rogen f o r  bu?k 8 convers ion.  ?he e f f f u e n t  gas Prom the  t i q e i d  phase r e a c t o r  i s  
sent  t o  a smal l ,  f i x e d  bed, o l i s h i n g  r e a c t o r  f o r  complete convers ion o f  the carbon 
monoxide. This  paper desc r iges  recen t  experimental work i n  a bench sca le  u n i t  and i n  a 
l a r  e r  process deve!opment u n i t  (PDU). Resul ts  have been c o r r e l l a t e d  us ing  an e m p i r i -  
ca l?y  de r i ved  k i n e t i c  model. The e f f e c t  o f  water  a d d i t i o n  r a t e  on carbon monoxide con- 
ve rs ion  and e f f l u e n t  as corn o s i t i o n  has been determined f o r  syn thes i s  gas feeds w i t h  
H2/CO r a t i o s  rang ing  ?,om l / y  t o  2/1. L i f e  t e s t s  have been performed on c a t a l y s t s  under 
va r ious  p o l i s h i n g  r e a c t o r  c o n d i t i o n s .  Based on t h e  bench s c a l e  and PDU resul , ts , , the 
economics o f , t h e  l i q u i d  phase m e t h a n a t i o n i s h i f t  process as  i t  would be app l i ed  i n  a 
commercial s i z e  coal  g a s i f i c a t i o n  p l a n t  have been determined. 

A development program w i t h  ERDA/AGA 

I n  t h e  l i q u i d  phase system, t h e  methanat ion r e a c t i o n  and.the water-  
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P i l o t  P lan t  Operat ion of a Nonadiabat ic  Methanation Reactor 

R. R. Schehl, H.  W. Pennl ine ,  J.  P. S t rakey  and W. P. Haynes 

Energy Research and Development Adminis t ra t ion  
P i t t s b u r g h  Energy Research Center  

4800 Forbes Avenue 
P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

The development of e f f i c i e n t  c a t a l y t i c  methanation r e a c t o r s  is e s s e n t i a l  t o  t h e  
commercial izat ion of p l a n t s  f o r  conver t ing  c o a l  t o  s u b s t i t u t e  n a t u r a l  gas. One 
of t h e  most important  problems f a c i n g  r e s e a r c h e r s  i n  t h i s  area i s  t h a t  of e f f e c t i v e  
removal of t h e  heat  of r e a c t i o n  from t h e  c a t a l y s t  bed. The Energy Research and 
Development Adminis t ra t ion,  P i t t s b u r g h  Energy Research Center ,  is conduct ing 
bench-scale and p i l o t - p l a n t  s c a l e  s t u d i e s  of a v a r i e t y  of types  of c a t a l y t i c  
methanation r e a c t o r s .  Some of t h e  e a r l i e r  i n v e s t i g a t i o n s  (1, 2) included f ixed-  
bed and f luidized-bed experiments  us ing  a n  assortment  of supported c a t a l y s t s  and 
promoters. L a t e r  s t u d i e s  (3, 5, 1, 5) concent ra ted  on Raney n i c k e l  c a t a l y s t  
thermally deposi ted onto  s t a i n l e s s  steel  s u b s t r a t e s  and operated i n  r e a c t o r s  of 
varying geometr ical  c o n f i g u r a t i o n s  and d i f f e r i n g  modes of opera t ion .  

Two d i s t i n c t l y  d i f f e r e n t  types  of methanat ion r e a c t o r s  u t i l i z i n g  thermal ly  sprayed 
Raney n i c k e l  c a t a l y s t  had h e r e t o f o r e  been i n v e s t i g a t e d ;  one,  a n  i so thermal  r e a c t o r  
i n  which the  Raney n i c k e l  w a s  thermal ly  sprayed onto  e i t h e r  t h e  i n t e r n a l  o r  
e x t e r n a l  s u r f a c e  of a tube  wi th  t h e  h e a t  of r e a c t i o n  be ing  removed by c i r c u l a t i n g  
Dowtherm, t h e  o t h e r ,  a n  a d i a b a t i c  r e a c t o r  wi th  t h e  c a t a l y s t  bed c o n s i s t i n g  of 
p a r a l l e l  p l a t e  g r i d  assemblies .  The p l a t e s  were cons t ruc ted  of s t a i n l e s s  steel 
and coated on both  s i d e s  with Raney n i c k e l .  
a d i a b a t i c  r e a c t o r  is c o n t r o l l e d  by d i l u t i n g  t h e  r e a c t a n t s  i n  t h e  f e e d  s t r e a m  t o  
t h e  r e a c t o r  w i t h  recyc led  product  gas. 
bo th  r e a c t o r  schemes and t h e  p r e s e n t  work is a n  e f f o r t  t o  encorpora te  d e s i r a b l e  
f e a t u r e s  of each methanation scheme i n t o  a more e f f i c i e n t  r e a c t o r  system. 

The hybrid r e a c t o r ,  as we have c h r i s t e n e d  i t ,  employs a Dowtherm j a c k e t  t o  remove 
a n  apprec iab le  amount of  t h e  h e a t  of r e a c t i o n ,  whi le  a t  t h e  same time, some 
product  gas i s  recyc led  through t h e  r e a c t o r  t o  c o n t r o l  t h e  r e a c t i o n  r a t e .  
c a t a l y s t  bed i s  i n  t h e  form of an x-shaped s t a i n l e s s  s tee l  i n s e r t ,  thermally 
sprayed with Raney n i c k e l .  
becomes deac t iva ted .  

The c a t a l y s t  temperature  i n  t h e  

There are advantages and d isadvantages  t o  

The 

This  i n s e r t  may be e a s i l y  rep laced  when t h e  c a t a l y s t  

REACTOR DESCRIPTION 

The hybrid r e a c t o r  experiments, HYB-17, 1 8 ,  1 9  and 20,  were performed i n  a p i l o t  
p l a n t  s c a l e  r e a c t o r  cons t ruc ted  of t y p e  304 s t a i n l e s s  s tee l  2 inch  schedule  40 
pipe.  
conta in ing  b o i l i n g  Dowtherm i n  t h e  annular  space t o  remove a p o r t i o n  of t h e  h e a t  
of r e a c t i o n .  
of t h e  coolan t  i s  regula ted  by c o n t r o l l i n g  t h e  p r e s s u r e  i n  t h e  c o o l i n g  system. 
Nucleate  b o i l i n g  i s  assumed t o  take  p l a c e  on t h e  o u t e r  s u r f a c e  of t h e  reactor 
tube thereby providing a n a t u r a l  convec t ive  c i r c u l a t i o n  of t h e  Dowtherm. Dowtherm 
vapor i s  condensed v i a  cool ing  water  and r e t u r n e d  t o  t h e  r e s e r v o i r .  

The c a t a l y s t  bed cons is ted  of a n  x-shaped i n s e r t  coa ted  wi th  Raney n i c k e l  c a t a l y s t .  
The c r o s s  member i n s e r t  was two s t a i n l e s s  steel 1 x 1 x 1/8 inch  a n g l e s  welded 
t o g e t h e r ,  14 f t  long. The c a t a l y t i c  s u r f a c e  of t h e  i n s e r t  was prepared by sand- 
b l a s t i n g  the  s t a i n l e s s  steel s u r f a c e  wi th  an i ron- f ree  g r i t  and then  depos i t ing  a 

2 

Surrounding t h e  two inch  r e a c t o r  tube  was a f o u r  inch  d iameter  p ipe  j a c k e t  

The Dowtherm cool ing  system is d e p i c t e d  i n  f i g u r e  1. The temperature  
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Figure 1. - Hybrid methanation reactor with Dowtherm cool ing  system. 
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l i g h t  c o a t  of bonding m a t e r i a l  c o n s i s t i n g  of 80% N i  and 20% A 1  t o  a th ickness  of 
about  .007 inches.  Subsequent t o  t h e  bond c o a t ,  Raney n i c k e l  a l l o y  powder (80- 
200 mesh) was thermal ly  depos i ted  onto  t h e  bond s u r f a c e  u n t i l  t h e  d e s i r e d  th ickness  
w a s  achieved (.023 inches) .  Two d i f f e r e n t  methods were employed f o r  t h e  thermal 
d e p o s i t i o n  of Raney n i c k e l  on to  t h e  s u b s t r a t e .  In runs  1 7  and 18 t h e  c a t a l y s t  
w a s  f lame sprayed onto  t h e  s u r f a c e  with an oxy-hydrogen flame. A plasma arc w i t h  
n i t r o g e n  as t h e  carrier gas  w a s  used t o  d e p o s i t  t h e  c a t a l y s t  f o r  r u n s  1 9  and 2 0 .  
P r i o r  bench-scale s t u d i e s  i n d i c a t e d  t h a t  plasma sprayed c a t a l y s t  exhib i ted  longer  
s t a b i l i t y ,  hence, t h e  method of c a t a l y s t  d e p o s i t i o n  w a s  one of t h e  more important  
parameters  s t u d i e d  i n  t h i s  sequence of runs .  

The c a t a l y s t  i n s e r t  w a s  placed i n  t h e  r e a c t o r  and then  a c t i v a t e d  by pass ing  a 2 
w t .  percent  s o l u t i o n  of NaOH through t h e  r e a c t o r  u n t i l  approximately 70 percent  
of t h e  aluminum i n  t h e  Raney a l l o y  was r e a c t e d .  The ex ten t  of r e a c t i o n  w a s  determined 
by measuring t h e  q u a n t i t y  of hydrogen which evolves  according t o  3 moles of H 
f o r  every  2 moles of A 1  reac ted .  A f t e r  a c t i v a t i o n ,  t h e  c a t a l y s t  w a s  washed with 
d i s t i l l e d  water u n t i l  t h e  pH of t h e  e f f l u e n t  w a t e r  w a s  w i t h i n  one o r  two t e n t h s  
t h a t  of  t h e  d i s t i l l e d  water .  
temperature  and p r e s s u r e  of t h e  system was  brought  t o  s y n t h e s i s  c o n d i t i o n s .  
Synthes is  feed gas  was then in t roduced  g r a d u a l l y  t o  t h e  system t o  i n i t i a t e  t h e  
run. 

F igure  2 i l l u s t r a t e s  a s i m p l i f i e d  f lowsheet  of t h e  hybrid methanat ion p i l o t  
p l a n t .  Synthes is  gas  c o n s i s t i n g  of approximately 3 p a r t s  hydrogen and one p a r t  
carbon monoxide i s  blended wi th  recyc led  product  gas .  Product w a t e r  vapor is 
condensed from t h e  r e c y c l e  stream b e f o r e  t h e  r e c y c l e  i s  mixed wi th  t h e  f r e s h  feed  
gas .  
exposure v e l o c i t y ,  f o r  a f r e s h  c a t a l y s t  bed. The r e c y c l e  r a t i o  requi red  t o  
main ta in  some prese lec ted  maximum c a t a l y s t  temperature  then tended t o  i n c r e a s e  a s  
t h e  c a t a l y s t  a c t i v i t y  dec l ined  wi th  age. 
t h e  d e s i r e d  temperature  before  be ing  in t roduced  t o  t h e  r e a c t o r .  T h i s  temperature  
w a s  genera l ly  t h e  same temperature  a s  t h a t  of t h e  Dowtherm coolant .  

A second s t a g e  clean-up methanator ,  n o t  shown i n  f i g u r e  2 ,  w a s  used only dur ing  
t h e  l a t te r  per iods  of t h e  runs  when convers ion  i n  t h e  primary r e a c t o r  was d e c l i n i n g .  
The clean-up r e a c t o r ,  an a d i a b a t i c  r e a c t o r  charged wi th  a supported commercial 
n i c k e l  c a t a l y s t ,  w a s  u t i l i z e d  t o  upgrade t h e  q u a l i t y  of t h e  product  gas  from t h e  
primary r e a c t o r .  

2 

The r e a c t o r  was maintained under hydrogen u n t i l  t h e  

The r a t i o  of recyc led  gas  t o  f r e s h  gas  was from 5 t o  8,  depending upon t h e  

The mixed gas  stream w a s  preheated t o  

OPERATING PROCEDURES AND RESULTS 

The system p r e s s u r e  f o r  a l l  f o u r  hybr id  r e a c t o r  runs  w a s  300 ps ig .  The Dowtherm 
temperature  i n  t h e  cool ing  j a c k e t  as w e l l  as t h e  i n l e t  gas temperature  w a s  maintained 
a t  300" C throughout a l l  of t h e  runs  except  f o r  t h e  las t  few hundred hours  of Run 
20,  when these  temperatures  were r a i s e d  t o  325" C. 
temperature  w a s  held a t  400" C by a d j u s t i n g  t h e  r a t e  of recyc led  product  gas .  
The maximum c a t a l y s t  temperature  w a s  allowed t o  i n c r e a s e  t o  425' C dur ing  t h e  
l a t te r  por t ion  of Run 20. 

C a t a l y s t  temperature  and gas  temperature  were measured a t  3 inch  i n t e r v a l s  throughout 
t h e  r e a c t o r  on a d a i l y  b a s i s .  
thermocouples in thermowells pos i t ioned  as shown i n  f i g u r e  3 .  The thermocouple 
measuring the  gas  stream temperature  was pos i t ioned  i n  t h e  geometr ica l  c e n t e r  of 
one of t h e  quandrants  def ined by t h e  x-shaped i n s e r t  and he ld  i n  p l a c e  by ceramic 
spacers .  The thermowell designed t o  measure t h e  c a t a l y s t  temperature  w a s  f i r s t  
f a s t e n e d  i n t o  t h e  "vee" formed by two f i n s .  
then sprayed over  t h e  thermowell a t  t h e  same t i m e  t h a t  t h e  f i n s  were coated.  A 
conf igura t ion  of t h i s  type,  wi th  t h e  c a t a l y s t  e s s e n t i a l l y  surrounding the  thermowell, 

S i m i l a r l y ,  t h e  maximum c a t a l y s t  

This  w a s  accomplished through t h e  u s e  of movable 

The bond and c a t a l y s t  c o a t i n g s  were 
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Figure 2. - F l o w  scheme of HYBRID reoecor s ~ s t e m .  
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should y i e l d  a n  e x c e l l e n t  measurement of maximum tempera ture  t h a t  t h e  c a t a l y s t  
experiences.  The g a s  stream composi t ion w a s  also measured a s  a f u n c t i o n  of d i s t a n z e  
through t h e  c a t a l y s t  bed. Gas samples  were taken every one-eighth of t h e  r e a c t o r  
l e n g t h  with a movable probe which was guided by a s l i t  tube.  The gas  composi t ion 
p r o f i l e  was measured only when o p e r a t i n g  c o n d i t i o n s  were changed r a t h e r  than on a 
d a i l y  bas i s .  

Run HYB-17: Seven two f t .  i n s e r t s  coated w i t h  f lame sprayed Raney n i c k e l  were 
used i n  Run HYg-17.  
and 40 s c f h l f t  . Exposure v e l o c i t y  is c a l c u l a t e d  a s  the  r a t i o  of s c f h  of s y n t h e s i s  
gas (3  p a r t s  H2 t o  1 p a r t  CO) t? t h e  s u p e r f i c i a l  c a t a l y s t  s u r f a c e  area. 
exposure v e l o c i t y  of  3 0  s c f h / f t  cor responds  t o  a space  v e l o c i t y  of 806 h r  . 
Once again ,  t h e  space  v e l o c i t y  i s  based on a 25 percent  CO f r e s h  feed  g a s  f low 
rate. This  f i r s t  hybrid r e a c t o r  experiment  l a s t e d  only  671 hours .  The run was 
terminated when CO convers ion  decreased t o  96.6 and t h e  c o n c e n t r a t i o n  of CO i n  
t h e  product  gas  reached 3 percent .  O v e r a l l  performance of t h i s  c a t a l y s t  bed w a s  
n o t  ou ts tanding  w i t h  a product ion of on ly  15.0 mscf of CH per  pound of c a t a l y s t  
( b e f o r e  leaching) .  Opera t ing  parameters  and product  gas c h a r a c t e r i s t i c s  a r e  
presented  i n  f i g u r e  4 .  C a t a l y s t  bed d a t a  f o r  Run HYB-17 as w e l l  as t h e  t h r e e  
s u c c e s s j v e  runs are l i s t e d  i n  Table  1. 

The r e a c t o r  w a s  opera ted  a t  exposure v e l o c i t i e s  of 20, 3 0 ,  

h1 

4 

Table 1. - Catalyst Bed Data 

Catalyst Type 

U t  Pet Nlckel 

Pc t Ac t iva  red 

Reactor Dlameter X Length, in .  

Reactor Volume. f t 3  

Weight of Unactlvated Catalyst, l b  

Superficial  rea of Catalyst. f t 2  

Pin Thickness, in .  

Avg. Bond Coat Thickness. in. 

Avg. Catalyst Thicknnesa, i n .  

IIYR-17 INB-18 

Flame-Sprayed Raney 

62%' 42%' 

11. $1 70.6- 

2 x 168 2 x 168 

0.326 0.326 

2.78 2.24 

8.15 8.75 

0.124 0.122 

0.008 0.007 

0.03 0.023 

b l  

tNU-19 1IY 11-20 

Plasma Sprayed Raney 

42=' 42%' 

7 0 . 8  70. &' 
2 x 168 2 x 168 

0.326 0.326 

2.43 1.70 

7.58 8.46 

0.125 0.129 

0.007 0.006 

0.023 0.013 

IIYU-:: 

Cast hiney 

42d  

1 o o . d  

2 x :70 

0.333 

1O.G 

1 l . X  

0.15J 

- 
0.05J 

E'before leaching 

k'theorecical (based on H2 evolution) 

Z'lOOZ theoretical leaching of 0.05 inchea 

Run HYB-18: Flame sprayed Raney n i c k e l  w a s  a g a i n  used i n  Run HYB-18. Opera t ing  
c o n d i t i o n s  were comparable t o  those  of HYB-17 w i  h t h e  except 'on  t h a t  t h e  ca ta lys :  
was exposed t o  a h igher  space v e l o c i t y  ( 1 3 4 4  hr-i, 50 s c f h / f t  ) dur ing  a l a r g e  
p o r t i o n  of t h e  run. This  experiment l a s t e d  almost  3 t i m e s  longer  than  t h e  prev iocs  
run. The run  was v o l u n t a r i l y  te rmina ted  a f t e r  2073 hours  on s t ream when t h e  CO 
conversion reached 95.6 percent  and t h e  CO c o n c e n t r a t i o n  i n  t h e  product  gas was 
n e a r l y  4 percent .  
temperature  from 300" C t o  275' C a t  about  1950 hours  on s t ream w a s  r e s p o n s i b l e  
f o r  a l a r g e  decrease  i n  conversion.  

9 

It should be  noted i n  f i g u r e  5 t h a t  decreas ing  t h e  Dowtherm 

CO convers ion  j u s t  p r i o r  t o  t h i s  time was 
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s t i l l  r a t h e r  a c c e p t a b l e  a t  98 percent .  
product ion was much h igher  f o r  Run HYB-18 w i t h  a t o t a l  of  75.2 mscf per  pound of 
c a t a l y s t .  Data p e r t i n e n t  t o  Run HYB-18 are i l l u s t r a t e d  i n  f i g u r e  5. 

Typica l  s t ream f l o w r a t e s  and composi t ions are l i s t e d  i n  t a b l e  2 f o r  experiment 
HYB-18. 
opera t ing  c o n d i t i  ns dur ing  each of t h e  exposure v e l o c i t i e s  i n v e s t i g a t e d  (20, 30 ,  
40 and 50 s c f h / f t  ). 
Dowtherm temperature  of 275' C. It should be noted t h a t ,  a t  t h i s  temperature ,  CO 
conversion decreased s i g n i f i c a n t l y ,  and as a d i r e c t  r e s u l t ,  t h e  hea t ing  va lue  of 
t h e  product gas  decreased t o  898.1 Btu /scf .  

Run WB-19: 
us ing  plasma sprayed Raney n i c k e l  c a t a l y s t  i n d i c a t e d  t h a t  c a t a l y s t  coa t ings  
prepared i n  t h i s  manner demonstrated a longer  l i f e .  In a n  e f f o r t  t o  t e s t  these  
f i n d i n g s  i n  a l a r g e r  s c a l e  r e a c t o r ,  a n  x-shaped s u b s t r a t e ,  i d e n t i c a l  t o  t h a t  used 
i n  runs  HYB-17 and HYB-18 was plasma sprayed wi th  c a t a l y s t  and opera ted  under 
condi t ions  s i m i l a r  t o  t h o s e  used i n  t h e  prev ious  two runs .  
c a t a l y s t  w a s  r a t h e r  r a p i d ,  wi th  t h e  experiment l a s t i n g  only  1100 hours .  
conversion dec l ined  t o  97.3 percent  wi th  2.35 percent  CO i n  t h e  product  gas .  
Methane product ion f o r  t h i s  r u n  was 36.6  mscf p e r  pound of c a t a l y s t .  Operating 
condi t ions  f o r  t h i s  r u n  are shown i n  f i g u r e  6. 
r e l a t i v e l y  poor performance of t h e  c a t a l y s t  i n  t h i s  experiment might l i e  i n  t h e  
leaching  procedure. The a c t i v a t i o n  t i m e  r e q u i r e d  f o r  70% aluminum leaching  w a s  
much s h o r t e r ,  4.6  hours  compared t o  18 hours  i n  Run HYB-18. 
t h a t  t h e  NaOH s o l u t i o n  w a s  inadequate ly  mixed r e s u l t i n g  i n  a n  i n i t i a l  c a u s t i c  
concent ra t ion  h igher  than  t h e  u s u a l  2 percent .  

Run HYB-20: This  experiment w a s ,  e s s e n t i a l l y ,  a d u p l i c a t i o n  of Run HYB-19. 
Operating parameters  and product  gas  c h a r a c t e r i s t i c s  are given i n  f i g u r e  7. 
Methane product ion  f o r  t h i s  plasma sprayed c a t a l y s t  w a s  s i g n i f i c a n t l y  b e t t e r  
than  HYB-19 wi th  a t o t a l  of 7 5  mscf per  pound of c a t a l y s t .  
s tood  a t  97 percent  wi th  2.55 percent  CO i n  t h e  product  gas. The r e a c t o r  was on 
s t ream f o r  a t o t a l  of 2081 hours .  A s  i n d i c a t e d  i n  f i g u r e  7 ,  t h e  Dowtherm temperature 
w a s  increased t o  325' C dur ing  t h e  las t  p o r t i o n  of t h i s  run.  Correspondingly,  
t h e  maximum c a t a l y s t  temperature  w a s  allowed t o  i n c r e a s e  t o  425O C .  The i n c r e a s e  
i n  c a t a l y s t  temperature  w a s  accompanied by a decrease  i n  t h e  q u a n t i t y  of recyc led  
product  gas  requi red .  Contrary t o  what might be expected,  however, a n  i n c r e a s e  
i n  c a t a l y s t  temperature  d i d  n o t  s i g n i f i c a n t l y  improve CO conversion.  
remained about  t h e  same, at 97.7 percent .  

HYB-21: A f i f t h  hybr id  test has  j u s t  been i n i t i a t e d .  
t h i s  run  are g iven  i n  f i g u r e  8. 
previous f o u r  in t h a t  c a s t  Raney n i c k e l  i n s e r t s  w e r e  used r a t h e r  than  a thermally 
spray  coated s t a i n l e s s  steel i n s e r t .  The c a s t i n g s  w e r e  made of 42-58 percent  N i -  
fl a l l o y ;  each being s ix  inches  long and having 8 f i n s .  The c a s t i n g s  were formed 
w i t h  a hole  a long t h e  a x i s  t o  accomodate a thermocouple w e l l  t o  measure c a t a l y s t  
temperature. 
operated under condi t ions  similar t o  those  f o r  Run HYB-20. The d a t a  shown i n  
f i g u r e  8 f o r  t h e  f i r s t  384 hours  on stream i n d i c a t e  g r e a t e r  i n i t i a l  CO conversion 
and no d e t e c t a b l e  c a t a l y s t  d e a c t i v a t i o n .  

A t  t h e  te rmina t ion  of each run ,  samples of spent  Raney n i c k e l  c a t a l y s t  were 
removed from t h e  c a t a l y s t  i n s e r t  and subjec ted  t o  w e t  chemical  a n a l y s i s ,  x-ray 
d i f f r a c t i o n ,  BET s u r f a c e  and pore  s i z e  d i s t r i b u t i o n  a n a l y s i s .  Two c a t a l y s t s ,  one 
f lame sprayed Raney n i c k e l  and one plasma sprayed Raney n i c k e l ,  w e r e  measured f o r  
n i c k e l  s u r f a c e  a r e a .  
x-ray d i f f r a c t i o n  of t h e  samples taken  from t h e  f o u r  runs .  An a p p r e c i a b l e  carbon 

Due t o  g r e a t e r  c a t a l y s t  s t a b i l i t y ,  methane 

These are d a t a  averaged over a 24 hour per iod  and r e p r e s e n t a t i v e  of t h e  

!! The l a s t  per iod r e p r e s e n t s  t h e  r e a c t o r  o p e r a t i o n  wi th  a 

Recent experiments  performed on bench-scale methanat ion r e a c t o r s  

Deac t iva t ion  of t h e  
F i n a l  CO 

One p l a u s i b l e  explana t ion  f o r  t h e  

It was discovered 

F i n a l  CO conversion 

The conversion 

Pre l iminary  r e s u l t s  of 
The c a t a l y s t  bed i n  t h i s  r u n  d i f f e r s  from t h e  

The c a t a l y s t  s u r f a c e  w a s  a c t i v a t e d  t o  a depth  of .05 inches  and 

Table 3 summarizes t h e  r e s u l t s  from chemical a n a l y s i s  and 
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Table 2. - Experiment HYB-18, Se lec ted  Test Data 

T i m e  on Stream.... . . . . . . . . . .hr 335 

Tempera t u r e s  
Dowtherm .................. O C  300 
Gas Inlet................."C 300. 
Maximum C a t a l y s t  .......... O C  400. 

P r e s s u r e  .................... p s i g  300. 

Feed G a s  
R a t e . . .  ................... s c f h  
H ........................ v o l  p c t .  
c6.. ........................ 

cit-:: ....................... 
F2 ......................... 
H2fi..  2 

..................... 

....................... 
Exposure Veloci ty  ....... s c f h i f t  
Space Veloci ty  ........... h r  

175. 
75.5 
23.8 

. 3  

. 2  

. 2  

.o 
20. 

673. 

Mixed Feed Gas 
R a t e  ..................... s c f h  1112.2 
H ....................... vol p c t  17.9 
c6 ....................... 1' 
COZ" ...................... 
cit ........................ N ......................... 
H2b ........................ 
I n l e t  Veloci ty  ........... f t f s e c  

2 I n l e t  Reynold's No.. . . . . .  
Exposure Veloc i ty  ...... s c f h / f t  
Space Veloc i ty  ........... hr  

Volume RecyclefVolume Fresh  Gas 

Product  Gas 

.. 

Rate.... ............... s c f h  
H ..................... v o l  p c t  
c6 ....................... 

cit ...................... 
n fi.. .................. 1' 

i o  ...................... ..................... 
2 

Conversion .................... co. PC t 
H 2 . . . . . . . . . . . . . . . . . . . . .  PCt 

Heat ing Value ............ Btu/scf  
Carbon Recovery PCt 
Hydrogen Recovery ........ PCt 

.......... 
Oxygen Recovery .......... p c t  

3.9 
0.2 
0.7 

77.2 
.1 

1.4 

127 .1  
3357. 

4278. 

5 .4  

40.9 
6.8 

.2 

.1 

.8 
87.9 

4.2 

99.7 
97.7 

953.7 
91.6 
92.2 
98.9 

10 

527 695 1640 2000 

300. 300. 300. 275. 
300. 300. 300. 276. 
400. 400. 400. 401. 

300. 300. 300. 300. 

269.5 354.1 
76.1 74.6 
3.0 23.6 

.3  .1 

.4  1 .5  

.2  .2 

.o .o 
30.8 40.5 
1036.5 1361.9 

1912.4 2748.4 
16.0 16.1 

3.7 3 . 7  
.2 .2 
.8 . 7  

79.2 79.2 
.1 .1 

2.5 3.6 

218.6 314.1 
5885. 8465. 

7355. 10571. 

433.6 
75.9 
23.7 

.2 

.1 

.1 

.o 
49.6 

1667.7 

433.7 
75.9 
23.4 

. 2  

.4  

.1 

.o 
49.6 

1668.1  

3870.1 3779.1 
14.5 19.4 
4.0 5 . 1  

. 7  .5 
1 .2  .3  

79.5 74.0 
.1 .1 

5.0 4.7 

442.3 431.9 
12042. 11548. 

14885. 14535. 

6 . 1  6.8 7.9 7.7 

64.4 88.4 105.9 112.1 
6.0 7.2 6.6 11.6 

. 5  r7 1 .5  3.3 

.2 .2 .7 .6 

.9 .6 1 .2  . 3  
89.2 87.9 87.1 81.3 

3.2 3.4 2.9 2.9 

99.5 99.2 98.4 96.2 
98.0 97.4 97.8 95.9 

955.6 948.4 935.1 898.1 
98 .3  98.8 93.5 95.6 
89 .1  97.2 90.0 90.7 
89 .1  103.3 99.1 100.4 

. . . . . 
R .' . . . 
m 

m . 
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Table 3. - Annlyais of Spent Catelyeta 

A I  C S Fe Ni 

HYE-17 

Inlet 68.1 
Center 74.6 
Outlet 72.3 

EYE-18 

Inlet 64.1 
Center 68.0 
Outlec 69.0 

EYE-19 

Inlet 75.7 
Center 77.1 
Outlet 75.7 

EYE-20 

Inlet 76.5 
Center 80.3 
Outlet 79.4 

8.6 4.68 - 0.27 
8.8 1.71 - 0.24 
9.0 0.20 - 0.25 

10.4 2.0 0.3 0.5 
11.7 0.7 0.2 0.4 
11.6 0.5 0.3 0.7 

8.6 3.0 0.2 0.5 
7.3 1.6 0.3 0.5 
6.6 1.1 0.2 0.4 

8.8 3.4 0.1 0.3 
8.3 1.0 0.4 0.4 
8.4 0.3 2.2 0.4 

Na 

0.08 
0.08 
0.08 

4.5 
4.9 
6.5 

0.08 
0.03 
0.03 

<o . 01 
eo.01 
so. 01 

Species 

N i .  C 
N i . 2 ,  N i  
Ni 

Ni3C 

A i  

Ni. NijC 
N i  
N i  

N i  C 
Ni3 
Ni 

p r o f i l e  a long  w i t h  n i c k e l  c a r b i d e  i s  found i n  every  case .  
s u c h  a s  S,  Fe, and Na a r e  not  p r e s e n t  i n  amounts s i g n i f i c a n t l y  g r e a t e r  than  t h o s e  
found i n  unac t iva ted  c a t a l y s t  except  f o r  h i g h  sodium c o n c e n t r a t i o n s  on Run HYB-18 
c a t a l y s t .  This probably is i n d i c a t i v e  of i n s u f f i c i e n t  r i n s i n g  of t h e  c a t a l y s t  
subsequent  to t h e  a c t i v a t i o n  s t e p .  The h i g h  s u l f u r  c o n c e n t r a t i o n  measured a t  t h e  
e x i t  of HYB-20 i s  unexplained.  P o s s i b l y  sampling and/or  a n a l y s i s  e r r o r s  a r e  
involved.  Analysis  of t h i s  sample i s  be ing  repea ted .  Iron contaminat ion had been 
a problem i n  experiments  p r i o r  to t h e  h y b r i d  r e a c t o r  tests. I r o n  carbonyl  can 
form by r e a c t i o n  of CO a t  h igh  p r e s s u r e  and low tempera ture  (100" - 200' C) w i t h  
carbon s t e e l  p ip ing .  The carbonyl  is c a r r i e d  i n t o  t h e  h o t  r e a c t o r  where i t  
thermal ly  decomposes accord ing  t o  t h e  r e a c t i o n :  

Other  contaminants  

2Fe (CO)5 + 5C + 2Fe + 5C02 

and d e p o s i t s  on t h e  n i c k e l  c a t a l y s t  c r e a t i n g  an  i r o n  c a t a l y s t .  A t  methanat ion 
tempera tures ,  carbon d e p o s i t i o n  occurs  on t h e  i r o n  and f u r t h e r  f o u l s  t h e  c a t a l y s t .  
I r o n  concent ra t ions  as  h igh  a s  22 p e r c e n t  i n  t h e  c a t a l y s t  at t h e  r e a c t o r  i n l e t  
had been d e t e c t e d  i n  prev ious  runs .  
Before i n i t i a t i n g  t h e  hybr id  r e a c t o r  exper iments ,  a l l  carbon s t e e l  p i p i n g  i n  t h e  
p i l o t  p l a n t  was rep laced  w i t h  s t a i n l e s s  s t e e l .  
found on t h e  spent  c a t a l y s t  samples from t h e  hybr id  r u n s  i n  t a b l e  3 i n d i c a t e s  
t h a t  t h i s  was s u c c e s s f u l  i n  a l l e v i a t i n g  t h e  i r o n  contaminat ion problem. The BET 
s u r f a c e  a r e a s ,  pore volumes and p o r e  r a d i i  a r e  shown i n  t a b l e  4 .  Measured BET 
s u r f a c e  a r e a  f o r  HYB-17 and HYB-20 appear  t o  be  somewhat smaller than t h o s e  f o r  
t h e  o t h e r  runs. 
t a b l e  4 a r e  t h e  n i c k e l  meta l  s u r f a c e  a r e a  measurements a s  determined by hydrogen 
chemisorpt ion.  
c a t a l y s t ,  Run HYB-18, and a plasma sprayed  c a t a l y s t ,  Run HYB-20. I n  both  i n s t a n c e s ,  
m e t a l  s u r f a c e  a r e a  is lower  a t  t h e  r e a c t o r  e x i t  than  a t  t h e  i n l e t  whi le  i n  g e n e r a l ,  
be ing  lower f o r  HYB-20 than  f o r  HYB-18. 
t h e s e  t r e n d s  i n  t h e  da ta .  Nic5el  m e t a l  s u r f a c e  a r e a  f o r  f r e s h l y  a c t i v a t e d  c a t a l y s t  
i s  in t h e  neighborhood of 12 m /gm. The t e n t a t i v e  conclus ion  regard ing  t h e  cause  
f o r  c a t a l y s t  d e a c t i v a t i o n  f o r  t h i s  s e r i e s  of experiments ,  i n  view of t h e  l i m i t e d  
amount of d a t a  a v a i l a b l e ,  i s  t h e  format ion  of n i c k e l  c a r b i d e  and p o s s i b l y  a d d i t i o n a l  
carbon formation on t h e  c a t a l y s t  s u r f a c e .  
f r e e  carbon from c a r b i d i c  carbon. 

This  was accompanied by h i g h  carbon c o n t e n t .  

Examination of t h e  i r o n  concent ra t ions  

No o t h e r  t r e n d s  i n  t h e  d a t a  were c l e a r l y  e v i d e n t .  Also shown on 

Metal s u r f a c e  a r e a  meisurements were performed on a flame-sprayed 

There i s  no immediate explana t ion  f o r  

T t  was not  p o s s i b l e  t o  d i s t i n g u i s h  
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Table 4. - Surface Areas Of Spent Catalyets 

HYB-11 

Inlet  
Outlet 

HYB-18 

Inlet  
Outlet 

WB-19 

Inlet  
Outlet 

BYE!-20 

Inlet  
Outlet 

S u r f y e  Area Pore Volume Avg. Pore Radius Nlckel Surface Area 
m /am cm3/gm h m2/Bm 

30.5 
23.1 

.076 . 055 
50.07 
46.01 

53.4 .OS3 
50.2 .060 

45.05 
53.51 

44.3 .095 
32.8 . 11 

62.8 
66.7 

32.17 .067 
23.73 .0?8 

I 

60.6 
65.1 

6.0 
4.5 

2.5 
a . 0  

MATHEMATICAL MODELING 

Severa l  recent  p u b l i c a t i o n s  (2, 8, 2, g, 11) have d i s c u s s e d  a one-dimensional 
mathematical model a long  w i t h  s e v e r a l  a p p l i c a t i o n s  of t h e  model t o  tube-wall and 
p a r a l l e l - p l a t e ,  a d i a b a t i c  (hot-gas-recycle) methanat ion r e a c t o r s .  Incorpora ted  
In t h e  model was a p o s t u l a t e d  poisoning mechanism which obeyed a n  i r r e v e r s i b l e  
Langmuir-Hinschelwood t y p e  of r a t e  equat ion .  
a p p r o p r i a t e l y  modified t o  d e s c r i b e  t h e  c h e n i c a l  and p h y s i c a l  p rocesses  o c c u r r i n g  
In t h e  hybrid methanat ion r e a c t o r .  

The k i n e t i c  rate express ion  for t h e  convers ion  of carbon monoxide t o  methane 
according t o  t h e  r e a c t i o n  

This  one-dimensional model has  been 

CO + 3H2 + CH4 + H20, 

I s  t aken  t o  be t h a t  proposed by A. L. Lee (12. IJ) which provides  a reasonable  
fit t o  d a t a  repor ted  by IGT. 
supported commercial n i c k e l  c a t a l y s t s  i s  of t h e  form, 

Lee's rate express ion ,  developed from d a t a  f o r  

S i n c e  t h e  c a t a l y s t  is depos i ted  i n  a very  t h i n  l a y e r ,  t h e  c a t a l y s t  t h i c k n e s s  is 
neglec ted  i n  t h e  model and is considered t o  be  only  a n  a c t i v e  s u p e r f i c i a l  s u r f a c e .  
The k i n e t i c  r a t e  i s  expressed a s  t h e  number of moles of CO convertEd p e r  u n i t  
t i m e  per  u n i t  s u p e r f i c i a l  s u r f a c e  a r e a  of c a t a l y s t .  
t h e s e  a r e  concent ra t ions  a t  t h e  s u r f a c e  of t h e  c a t a l y s t  as opposed t o  concent ra t ions  
In t h e  bulk stream. It should be noted t h a t  t h e  c o n c e n t r a t i o n  of methane a t  t h e  
c a t a l y s t  s u r f a c e  i s  assumed t o  be t h e  same a s  t h e  b u l k  methane c o n c e n t r a t i o n .  
Due t o  the  r e l a t i v e l y  l a r g e  q u a n t i t y  of product  gas t h a t  i s  recyc led  through t h e  
c a t a l y s t  bed, methane i s  t h e  major c o n s t i t u e n t  i n  t h e  gas  a t  every p o i n t  i n  The 
r e a c t o r .  The assumption i s  made t h a t  n e g l i g i b l e  e r r o r  i s  in t roduced  by ignor ing  
t h e  methane c o n c e n t r a t i o n  g r a d i e n t  between t h e  b u l k  gas  and t h e  c a t a l y s t  s u r f a c e .  

The symbols, C ,  s i g n i f y  t h a t  

15 



The cons t ruc t  envis ioned  f o r  t h e  d e s c r i p t i o n  of t he  processes  occur r ing  i n  t h e  
hybr id  r e a c t o r  is  the  fol lowing.  The r e a c t i n g  gas ,  f lowing through a condui t  i n  
t u r b u l e n t  flow, is  considered t o  be thoroughly  mixed i n  t h e  r a d i a l  d i r e c t i o n ,  
i . e . ,  t h e r e  a r e  no thermal o r  concen t r a t ion  g r a d i e n t s  ac ross  t h e  tu rbu len t  co re  
( s e e  f i g u r e  9 ) .  The r e a c t a n t s  (CO and H ) are t r anspor t ed  a c r o s s  t h e  laminar 
sub laye r ,  adsorbed, r e a c t  t o  form methane and wa te r ,  and t h e  products  d i f f u s e  
back  i n t o  the  t u r b u l e n t  core .  
a c r o s s  t h e  laminar f i lm ,  t h e  magnitudes of which depend upon t h e  e x t e n t  of d i f f u s i o n  
c o n t r o l .  
by convec t ive  h e a t  t r a n s f e r  t o  the c o o l e r  bu lk  gas  and thence  t o  t h e  coo l ing  
j a c k e t  and by r a d i a t i o n  from t h e  c a t a l y s t  t o  t h e  cool ing  j a c k e t .  
t h e  h e a t  of r eac t ion  i s  a l s o  removed as s e n s i b l e  hea t  t o  t h e  gas .  

A t  s t e a d y  s t a t e  cond i t ions  t h e r e  i s  no n e t  change i n  r e a c t a n t  concen t r a t ions  a t  
t h e  c a t a l y s t  su r f ace ,  t hus ,  t h e  rate of r e a c t i o n  must equa l  t h e  r a t e  a t  which CO 
and H d i f f u s e  t o  the su r face .  The mass t r a n s f e r  rates are g iven  by, 

2 

There w i l l  b e  thermal and concen t r a t ion  g rad ien t s  

Energy r e l eased  i n  t h e  methanation r e a c t i o n  is removed from t h e  c a t a l y s t  

A por t ion  of 

2 

2-a) 

-r = -3rC0 = k l  (C, - 2 ) = j 2-b) 
,2 2 "2 ,2 

where k 
The mass t r a n s f e r  c o e f f i c i e n t s  are  c a l c u l a t e d ,  f o r  a g iven  Reynold's number, from 
t h e  s tandard  j - f ac to r  c o r r e l a t i o n  (3, 15). 
The fo l lowing  equat ions  are taken  t o  d e s c r i b e  t h e  h e a t  t r a n s f e r  i n  t h e  system. 

and k' are t h e  f i l m  mass t r a n s f e r  c o e f f i c i e n t s  f o r  CO and H2 r e s p e c t i v e l y .  C 

q = rCOK rate of h e a t  genera ted  by r e a c t i o n  

q l =  h(T 

3-a) 

- TG) hea t  f l u x  between c a t a l y s t  and C 
t u rbu len t  co re  3-b) 

4 q2 = k s  (TC4 - Tw ) r a d i a t i o n  h e a t  f l u x  between 

c a t a l y s t  and cool ing  j a c k e t  3-C) 

q3 = h' (T 

q4 = h (TG - Tw) 

- Tw) hea t  f l u x  by conduct ion  through C 
d i r e c t  con tac t  of i n s e r t  w i th  cool ing  w a l l  3-d) 

heat  f l u x  between t u r b u l e n t  co re  

and cool ing  w a l l  3-e) 

aTG 
aa 

6a = q 6a - q 6a '  rate change of CpM __ 1 4 

s e n s i b l e  h e a t  of t h e  gas  3-f)  

In a d d i t i o n ,  w e  have t h e  equat ion  f o r  t h e  conserva t ion  of energy, 

9 = q1 + q2 + q3. 3%) 
In orde r  t o  c a l c u l a t e  t h e  g loba l  r a t e  of r e a c t i o n  a t  any po in t  i n  t h e  r e a c t o r ,  
equa t ions  l), 2 ) ,  and 3) must be so lved  s imul taneous ly .  The method of f i n i t e  
d i f f e r e n c e s  is u t i l i z e d  t o  c a l c u l a t e  l o c a l  bu lk  concen t r a t ions  and tempera tures  
throughout the l eng th  of t h e  r e a c t o r .  The model used t o  d e s c r i b e  c a t a l y s t  deac t iva t ion  
i n  prev ious  experiments has  been r epor t ed  elsewhere (1, c) and w i l l  not be  r e i t e r a t e d .  
Th i s  d e a c t i v a t i o n  mechanism w a s  found t o  inadequate ly  p r e d i c t  d e a c t i v a t i o n  r a t e s  
f o r  t h e  hybrid methanation r e a c t o r .  It i s  p o s s i b l e  t h a t ,  due t o  system plumbing 
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Figure 9. - C r o s s - ~ ~ c t i m  view OF a quadrant of the reactor. 
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Figure lo. - Carbon monoxide mole fraction prof i l e9  for Run WE-21. 
solld l i n e s  indicate model predictions. 
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modif ica t ions ,  i . e .  t h e  s u b s t i t u t i o n  of  carbon steel w i t h  s t a i n l e s s  s t e e l  p i p e s ,  
c a t a l y s t  a c t i v a t i o n  procedures ,  o r  t h e  i n t r i n s i c  d i f f e r e n c e  i n  mode of  r e a c t o r  
opera t ion ,  t h e  p r i n c i p a l  agent  r e s p o n s i b l e  f o r  c a t a l y s t  d e a c t i v a t i o n  d i f f e r s  
between t h e  hybrid r e a c t o r  and r e a c t o r s  p r e v i o u s l y  opera ted .  Nevertheless ,  t h e  
model i s  capable  of s a t i s f a c t o r i l y  p r e d i c t i n g  i n i t i a l  r e a c t o r  performance. 
example, f i g u r e s  10 and 11 i l l u s t r a t e  t h e  f i t  of t h e  model t o  experimental  composition 
and temperature  p r o f i l e  d a t a  from Run HYB-21. Figure  10 is a p l o t  of  CO mole 
f r a c t i o n  a s  a func t ion  of d i s t a n c e  through t h e  r e a c t o r .  Gas stream composi t ions 
were measured a t  2 1  inch  i n t e r v a l s  through t h e  r e a c t o r .  Tpe d a t a  r e p r e s e n t e  
o p e r a t i o n  at  exposure v e l o c i t i e s  of 10, 20 and 40 s c f h / f t  c a t a l y s t  and wer 
taken e a r l y  in the  run  before  any d e a c t i v a t i o n  of t h e  c a t a l y s t  w a s  e v i d e n t .  The 
p o i n t s  i n d i c a t e  exper imenta l ly  measured v a l u e s  whereas t h e  s o l i d  l i n e s  r e p r e s e n t  
t h e  p r o f i l e s  c a l c u l a t e d  from t h e  model. Agreement between model and experiment 
i s  s e e n  t o  be q u i t e  good. 

2 Temperature p r o f i l e s  f o r  bo th  c a t a l y s t  and gas  phase are i l l u s t r a t e d  i n  F igure  
11. The t h r e e  p l o t s ,  once aga in ,  r e p r e s e n t  o p e r a t i o n  a t  10, 20 and 40 s c f h / f t  
c a t a l y s t .  The open c i r c l e s  a r e  measured c a t a l y s t  temperature  whi le  t h e  A ' s  are 
gas  phase temperatures. The tempera tures  p r e d i c t e d  by t h e  model ( s o l i d  l i n e s )  
a r e  i n  good agreement w i t h  measured v a l u e s .  A t  t h e  h igher  exposure v e l o c i t i e s ,  
t h e  d i f f e r e n c e s  between model and measured v a l u e s  are, a t  most, 10-15' C. The 
percentages  of the  t o t a l  h e a t  l i b e r a t e d  by t h e  r e a c t i o n  which is t r a n s f e r r e d  t o  
t h e  Dowthey coolant  are 86 ,  73 and 61% f o r  t h e  exposure v e l o c i t i e s  10 ,  20, and 
40 s c f h / f t  c a t a l y s t ,  r e s p e c t i v e l y .  

As  a n  

SUMMARY 

Four experiments were completed using t h e  hybrid methanat ion r e a c t o r .  
experiment u t i l i z i n g  cast Raney n i c k e l  i n s e r t s  has  been i n i t i a t e d  and pre l iminary  
r e s u l t s  a r e  encouraging. Each of t h e  f i r s t  f o u r  r u n s  w a s  terminated v o l u n t a r i l y  
w i t h  f i n a l  CO conversions no less t h a n  95-97 pqrcent .  
opera ted  a t  a n  exposure v e l o c i t y  of 50 s c f h / f t  , comparable t o  those  a t t a i n a b l e  
i n  t h e  tube-wall r e a c t o r ,  y e t ,  as a r e s u l t  of t h e  bed des ign ,  t h e  c a t a l y s t  can  be  
e a s i l y  replaced.  The r e c y c l e  ra t io  in a hot-gas-recycle  methanator r e q u i r e d  t o  
m a i n t a i n  a 100" C gas  temperature  d i f f e r e n c e  a c r o s s  t h e  c a t a l y s t  bed i s  about  
10/1. 
c a t a l y s t  temperature  below 400" C i n  t h e  h y b r i d  r e a c t o r  is as l i t t l e  a s , 5 / 1  - 
6/1. 

Although t h e  hybrid reactor had a h igher  average  p r o d u c t i v i t y  of methane p e r  
pound of  c a t a l y s t  than  previous  TWR and HGR experiments ,  it i s  p o s s i b l e  t h a t  t h i s  
is t h e  r e s u l t  of decreas ing  t h e  amount of i r o n  carbonyl  i n  t h e  system r a t h e r  than 
t h e  n a t u r e  of t h e  r e a c t o r .  Data, r e s u l t i n g  from t h e  f o u r  completed r u n s ,  do not  
i n d i c a t e  t h a t  plasma sprayed Raney n i c k e l  c a t a l y s t  demonstrates  a g r e a t e r  l i f e  a t  
t h e  p i l o t  p l a n t  s c a l e  than  flame sprayed Raney n i c k e l .  Data from t h e  test  us ing  
cast Raney n i c k e l  i n s e r t s  are, of course,  incomplete  a t  t h e  p r e s e n t  t i m e .  C a t a l y s t  
s t a b i l i t y  cont inues t o  be of prime concern i n  t h e  r e s e a r c h  e f f o r t s  a t  P i t t s b u r g h  
Energy Research Center. 

A f i f t h  

TPe r e a c t o r  w a s  s a t i s f a c t o r i l y  

A t  comparable exposure v e l o c i t i e s ,  t h e  r e c y c l e  r a t i o  requi red  t o  hold  t h e  
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Figure 11. - C a t a l y s t  (0) and Gas (A) temperature p r o f i l e s  f o r  
Run HYB-21. S o l i d  l i n e s  i n d i c a t e  model p r e d i c t i o n s .  
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NOMENCLATURE 

A= preexponent ia l  f a c t o r  

C= concent ra t ion  i n  bulk gas ( l b  mol / f t  ) 

C= concent ra t ion  at  c a t a l y s t  s u r f a c e  ( l b  mol . / f t  ) 

C = s p e c i f i c  hea t  of gas  (Btu/lb.mol. - OF) 

E= a c t i v a t i o n  energy (Btu / lb  mol) 

3 

3 

P 

R= heat  of r e a c t i o n  (Btu/lb m o l )  

h= h e a t  of t r a n s f e r  c o e f f i c i e n t  (Btu /hr - f tZ  - O F )  

j= mass f l u x  ( lb .  mol . /hr - f tL)  

k= cons tan t  (Btu /hr - f t  - "R ) 

k = mass t r a n s f e r  c o e f f i c i e n t  ( lb .mol . /hr - f t  -concent ra t ion  d i f f e r e n c e )  

k ,k = equi l ibr ium c o n s t a n t ' s  

M= gas  molar f l o w r a t e  ( lb .mol . /hr)  

q= rate of h e a t  genera ted  (Btu /hr - f t  ) 

q = heat  f l u x  from c a t a l y s t  t o  gas  (Btu /hr - f t  ) 

q = r a d i a t i o n  h e a t  f l u x  between c a t a l y s t  and cool ing  j a c k e t  (Btu/hr-f t  ) 

2 4  

2 
C 

1 2  

2 

2 
1 

2 
2 

q , =  h e a t  f l u x  y conduct ion through d i r e c t  c o n t a c t  of i n s e r t  wi th  cool ing  w a l l  9 ' (Btu/hr-f t  ) 

4 
2 q = heat  f l u x  from gas  t o  c o o l i n g  w a l l  (Btu /hr - f t  ) 

R= gas  cons tan t  (Btu/lb.mol. - O R )  

2 r= r a t e  of r e a c t a n t  conversion ( lb .mol . /hr - f t  c a t a l y s t )  

T= temperature  (OR) 

E= emiss iv i ty  (dimensionless)  

2 6a= incremental  c a t a l y s t  s u r f a c e  a r e a  ( f t  ) 

&a'=  incremental  cool ing  w a l l  s u r f a c e  a r e a  ( f t  ) 
2 
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A HIGH-TEMPERATURE MEFHANATION CATALYST FOR SNG APPLICATIONS 

COLIN WOODWARD 

Imperial Chemical Indus t r ies  Limited, Agricultural  Division, Billingham, 
Cleveland, TS23 ILD, England. 

INTRDDUCTION 

The p o l i t i c a l  and economic background t o  the  development of coal-based 
Substi tute Natural G a s  processes w i l l  be familiar t o  readers a n d ,  therefore,  
need not be de ta i led  herein.  
as having two pa r t s ,  namely t h e  gas i f i ca t ion  of coa l  followed by conversion of 
the product gas in to  SNG. Proven commercial processes, eg  Koppers-Totzek, 
Lurgi, etc e x i s t  fo r  coal gas i f ica t ion  and severa l  second generation processes 
a re  i n  various stages of development i n  the  United S ta t e s  and elsewhere. 
compositions of gases produced by these processes d i f f e r  depending upon operat- 
ing conditions i e  pressure,  temperature, steam addition, etc. In general ,  
however, dry gas compositions are typ ica l ly  i n  the  range: 

The t echnica l  problem can be regarded very simply 

The 

c02 0 - 30% 

co I O  - 6% 

H2 2.5 - 75% 

m 4  0 - 2096 

Alternative methods of upgrading such a gas t o  pipeline qua l i t y  e x i s t ,  t he  major 
problem being t o  combine the  degree o f ,  highly exothermic, methanation required 
with a low f i n a l  e x i t  temperature compatible with favourable thermodynamic 
equilibrium fo r  methane formation. 
of product gas back through t h e  methanator has been described (1) as a means of 
moderating the  temperature r i s e  i n  the  methanator. A more elegant and economic 
so lu t ion ,  however, is a s t r a igh t - though  process using a s e r i e s  of methanators 
operating at successively lower  e x i t  temperatures (2 ,3 ) .  The v i a b i l i t y  of such 
a scheme depends upon the  a v a i l a b i l i t y  of a methanation ca ta lys t ,  o r  ca t a lys t s ,  
capable of operating under the  design conditions f o r  commercially acceptable 
periods. The purpose of the  work described i n  t h i s  paper w a s  t o  develop and 
demonstrate such a ca ta lys t .  
ment between I C 1  and Krupp-Koppers GmbH t o  develop processes for  the  production 
of SNG from coal  based upon t h e  Koppers-Totzek coal gas i f ica t ion  process. 

A process incorporating a high recycle r a t i o  

This work comprised par t  of a collaborative agree- 

EXPERIMENTAL 

Process Design 

The basic philosophy during this programme w a s  t o  take a "typical" gas composit- 
ion, t o  subject it t o  the type of methanation process necessary t o  produce SNG 
and t o  evaluate the performance of various ca t a lys t s ,  commercially proven and 
experimental, i n  t he  du t i e s  invalved. The gas composition se lec ted  appears in 
Table 1 (column 1 )  and w i l l  be  seen t o  have H 2  + CO = 74% (dry basis) .  m i l e  
not re fer r ing  spec i f i ca l ly  t o  a pa r t i cu la r  gasif<cation.process,  t h i s  is 
representative of t he  composition of gas t o  be  methanated. In f ac t ,  t he  v i r t u a l  
absence of methane from the  o r ig ina l  gas increases the  demand on the  methanation 
section in  comparison with processes i n  which the incoming gas already contains 
a s igni f icant  proportion of methane. 
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- Table 1 G a s  Compositions and Temperatures i n  Methanation Process 

Position 

CD 

c02 
H2 

CS4 
N2 t Ar 

H2O 
T°C 

1 2 

31.14 14.47 
24.66 40.15 
42.91 35 -50 
0.08 8.52 
1.21 1.36 

100.00 100.00 

67-3 72-3 
398 729 

3 4 5 

14.47 4.29 4.29 
40-15 53-93 53.93 
35.50 20.26 20.26 

1.36 1.68 I -68 
8.52 19.84 19.84 

100.00 100.00 100.00 

72-3 94.4 94.4 
325 590 300 

The process design studied is i l l u s t r a t e d  i n  Figure 1, the gas composition and 
temperature at each s tage  appearing i n  Table 1. 
steam (67.3 vols  : 100 vols dry gas) and preheated t o  approximately 400% a t  the  
i n l e t  t o  the  f i r s t  methanator. Operating pressure is 30 a t a s  (425 psig).  The 
gas 1eaves.t'ne methanator a t  an ad iaba t ic  equilibrium temperature of approximat- 
e ly  730°C, is cooled t o  325OC by r a i s i n g  high pressure steam i n  a bo i l e r  and 
passes t o  the  second methanator. 
at the  adiabatic equilibrium temperature of 59OoC. 
r a i s ing  steam, t o  3OO0C and passes t o  the  f i n a l  "wet" methanator where it a t t a i n s  
an adiabatic equilibrium temperature of about 43OoC. 
has a methane content (dry bas i s )  of approximately 29% (78% a f t e r  C02 removal). 
Subsequent processing stages would include water removal, f i n a l  "dry" methanation 
and C02 removal t o  produce the  f i n a l  SNG. Design cons t ra in ts  were incorporated 
on nickel carbonyl formation i n  the  reac tors ,  which defined the  minimum i n l e t  
temperatures possible t o  the f i r s t  two methanators, and on the  amount of steam 
added which was used t o  cont ro l  t he  maximum temperature i n  the  f i r s t  methanator 
below 750OC. 
a r b i t r a r i l y  s e t  a t  3OO0C, has been rigorously optimised s o  some f l e x i b i l i t y  i n  
these values ex is t s .  

Catalyst Evaluation 

Our previous experience i n  development and use of ca ta lys t s  fo r  naphtha- and 
methane-steam reforming as well  a s  f o r  methanation processes meant t ha t ,  a t  t he  
outset  of t h i s  work, we had llon the  she l f"  a number of ca ta lys t s  expected t o  
have ac t iv i ty  fo r  the  reac t ions  o f  i n t e re s t .  
therefore s e t  up, operating at atmospheric pressure,  by which the  i n i t i a l  
a c t i v i t y  of these ca ta lys t s  could be evaluated rap id ly  under appropriate condit- 
ions of temperature and gas composition. 
fo r  further t e s t i n g  i n  semi-technical reac tors  operating under simulated process 
conditions. Previous experience suggested tha t  provision of a ca ta lys t  su i tab le  
for  the th i rd  methanator would present no d i f f i c u l t y  s o  a t t en t ion  w a s  concentra- 
ted  on the preceding two. 
lose  the i r  low temperature a c t i v i t y  r e l a t i v e l y  rap id ly  while commercial meth- 
anation ca ta lys t s  were unstable a t  high temperatures ( 760OOC). 
experimental preparations it w a s  soon found tha t  low temperature a c t i v i t y  w a s  no 
problem. 
conditions, with the  expectation t h a t  comparative r e s u l t s  would a l s o  be va l id  
under second methanator conditions. Numerous ca ta lys t  l i f e t e s t s ,  of durations 
varying between one and seventy days, were car r ied  out under these conditions. 

Incoming gas is mixed with 

Further methanation occurs and the  gas leaves 
It is again cooled, by 

A t  t h i s  s tage ,  t he  gas 

Neither the  l a t t e r ,  nor the  i n l e t  t o  the th i rd  methanator which was 

A laboratory screening t e s t  w a s  

This permitted se lec t ion  of ca t a lys t s  

In general ,  steam reforming ca ta lys t s  were found t o  

However, with 

This allowed evaluations t o  be performed under f i r s t  methanator 
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In sumary, t h e  outcome of the  f i r s t  phase of the ca t a lys t  evaluation and 
development programme was the production of a new high-nickel, co-precipitated 
formulation (NiO approx 60% l o s s  f r ee )  which appeared t o  have the necessary 
ac t iv i ty ,  s t a b i l i t y  and physical s t rength  f d r  the appl ica t ions  envisaged. 
When a preferred ca t a lys t  formulation had been se lec ted ,  its preparation was 
scaled up from the laboratory t o  a p i l o t  p lan t  located a t  our ca t a lys t  manufact- 
uring s i t e  i n  Clitheroe,  Iancashire. 'l'his un i t  is a reduced-scale simulation 
of a commercial production uni t  and its use is an e s sen t i a l  stage i n  the  
development of a procedure for  manufacture of a commercial ca ta lys t .  
batch s i ze  is  15-20 kg and the  ca ta lys t  manufactured there in  was used fo r  a l l  
subsequent testing. To demonstrate i ts  proper t ies ,  th ree  semi-technical 
reac tors  were l inked i n  s e r i e s  t o  permit a long l i f e t e s t  with the ca ta lys t  
operating under the conditions of the th ree  methanators. 

In common with other nickel-based ca t a lys t s ,  t h i s  formulation is susceptible t o  
poisoning by sulphur compounds i n  the  process gas stream. IL'he extent of t h i s  
was therefore minimised by incorporation of a vessel of desulphurisation ca ta lys t  
(z iac  oxide, I C 1  ca ta lys t  32-4), upstream of the  point of steam addi t ion ,  running 
with maximm temperature 250-3OO0C. 
process gas w a s  reduced below 0.1 mg S/Nm3 (dry bas i s ) ,  see below. 

The semi-technical reac tors  used were fabricated from 18/8 T i  s t a in l e s s  s t e e l  
tube,  nominal 1 inch i d ,  overa l l  length 30 ins .  'l'he ca t a lys t  bed, 12 i n s  deep, 
w a s  arranged cent ra l ly  i n  the  reac tor  which w a s  a l so  f i t t e d  with an in t e rna l  
thermocouple sheath containing s i x  equally-spaced thermocouples posit ioned 
throughout t h e  ca ta lys t  bed. 
e l e c t r i c a l  hea te rs ,  the f i r s t  t o  permit attainment of t he  se lec ted  bed i n l e t  
temperature and the  second ad iaba t ica l ly  controlled t o  compensate fo r  heat 
losses.  The whole-assembly w a s  then surrounded by severa l  inches of i n e r t  
insulation material .  Figure 2 is a simplified i l l u s t r a t i o n  of o l e  reac tor  
assembly. 

For the performance t e s t s ,  each reac tor  w a s  loaded v i th  an undiluted bed, volume 
13.5 m l ,  of ca t a lys t  i n  the  form of p e l l e t s  diameter 5 ,4  mm, height 3.6 mm. 
'l'his was reduced t o  the ac t ive  form by passage of pure, dry hydrogen for several  
hours at 450-5OO0C and space velocity about 25,000 hr-l. 
conditions were eas i ly  obtained i n  our  equipment, no spec i f i c  study w a s  made of 
the reducib i l i ty  o f  t h i s  ca t a lys t  although it has been shown tha t  e f fec t ive ly  
complete reduction is obtained by passage of hydrogen fo r  two hours a t  300OC. 
After t he  reduction period, the  i n l e t  temperature of each reac tor  was adjusted 
t o  the design se t t i ng  a n d  the  appropriate r a t e  of water fed t o  the  vaporiser 
upstream of the  f i r s t  methanator. After a few minutes, the hydrogen was replaced 
by pre-mixed process gas a t  a flow-rate corresponding t o  a dry gas space ve loc i ty  
of 10,000 hr-l r e l a t ive  t o  the  ca ta lys t  volume i n  the f i r s t  methanator. 
Reduction i n  dry gas volume through the methanators made the  e f f ec t ive  (dry) 
space ve loc i ty  through the second and t h i r d  reac tors  8865 hr-I  and 7160 hr-1 
respectively. Methanatinn began immediately and steady s t a t e  conditions i n  a l l  
th ree  reac tors  were reached within a few hours. The t e s t s  were then allowed t o  
run under constant conditions fo r  a prolonged.period, ca ta lys t  performance being 
monitored by regular measurement of the  temperature p ro f i l e  i n  each ca t a lys t  bed. 
Outlet gas compositions, which corresponded t o  the  equilibrium composition at 
each outlet  temperature, were monitored by an on-line gas chromatograph. 

Figures 3 ,  4 a n d  5 show the  temperature p ro f i l e s  i n  each bed at the  s t a r t  of 
these tests and a f t e r  continuous operation f o r  the  periods indicated. 
ran without s ign i f icant  disturbance fo r  1500 hrs at which time a plant f a i lu re  
caused an interruption t o  t he  water supply and consequently massive carbon 
deposition i n  a l l  th ree  reactors.  
r e s t a r t  the second and th i rd  methanators so these were discharged and the  
ca ta lys t  submitted t o  post-mortem examination. 
ed although the  temperature p r o f i l e  was found t o  be displaced subs tan t ia l ly  down 
the  catalyst  bed. Within a few days, however, it recovered t o  a lmos t  its 
or ig ina l  posit ion (see Figure 3 )  and then remained s ta t ionary  u n t i l  2200 h r s  a t  

Its normal 

By t h i s  means, t h e  sulphur l eve l  i n  the 

Ilhe r eac to r s  were f i t t e d  with two ex terna l  

Because these reduction 

'L'he t e s t  

After t h i s  upset, i t  proved impossible t o  

'l'he f i r s t  methanator was r e s t a r t -  
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which time the  t e s t  was terminated. 

Post-mortem examination of the  ca t a lys t  discharged from several  l eve l s  i n  each 
bed revealed t h a t  it had mean n icke l  c r y s t a l l i t e  s i zes  i n  the ranges 750-10008, 
270-4008 and 160-1902 f o r  the f i r s t ,  second and t h i r d  methanators respectively.  
Considering the  duration and operating conditions of these t e s t s ,  t h i s  c rys ta l -  
l i t e  growth, from an or ig ina l  s i z e  of about 1008, demonstrated the  inherent sta- 
b i l i t y  towards s in t e r ing  of t h i s  ca t a lys t  formulation. 
performance during the l i f e t e s t s  showed tha t  t h i s  degree of s in t e r ing  had had no 
detrimental e f fec t  on ca t a lys t  a c t i v i t y  under the  relevant operating conditions. 
The inference t o  be drawn is tha t ,  with a ca ta lys t  of high ac t ive  metal content 
operating i n  a r e l a t ive ly  high temperature range, some c r y s t a l l i t e  growth can be 
tolerated.  The small amount of growth of the  ca ta lys t  i n  the  second methanator 
which had run up t o  59OoC was pa r t i cu la r ly  noteworthy. 
were obtained before a f u l l  ca ta lys t  composition optimisation w a s  carried out. 
Therefore, although it is  not required fo r  these dut ies ,  we would expect t o  
be ab le  t o  design a ca ta lys t  with grea te r  res i s tance  t o  s in t e r ing  i f  necessary. 

Discharged ca ta lys t  from the  f i r s t  two methanators was found t o  contain sulphur 
corresponding t o  an absorption of about 0.015 mg S/Nm3 of gas passed i n  the f i r s t  
reactor followed by about 0.065 mg S/Nm3 i n  the  second, i e  a t o t a l  concentration 
of 0.08 mg/Nm3 i n  the process gas i n l e t  t o  the  f i r s t  reactor.  This 
concentration caused no s ign i f i can t  deactivation of the ca ta lys t  i n  the  f i r s t  
bed and a deactivation r a t e  of 1.0-1.5 inches per 1000 krs i n  the  second which, 
it is reasonable t o  postulate,  would have been lower at a lower i n l e t  sulphur 
level.  
operating conditions but, i n  view of t h e  length of t e s t  which would have been 
required t o  demonstrate an improvement over t he  performance already observed, 
t h i s  w a s  notfi?lt t o  be a worthwhile exercise. It w i l l  be seen tha t  t he  d i s t r ibu t -  
ion of sulphur between the two beds was as would be expected f o r  t h e i r  i n l e t  
and outlet  temperatures and the  known fac t  t ha t  formation of n icke l  sulphide 
is thermodynamically favoured at low temperatures. 

Further, the  excellent 

The r e s u l t s  reported 

This could have been obtained by optimising the desulphurisation ca ta lys t  

DISCUSSION 

The catalyst  l i f e t e s t s  described above have demonstrated tha t  afbrmulation has  
been developed with the  a c t i v i t y  and s t a b i l i t y  needed t o  methanate a var ie ty  of 
process gases at temperatures up t o  75OoC. 
simulated process conditions i n  t e s t s  of 2-3 months duration we have been ab le  
t o  show tha t  its r a t e  of deactivation is  low enough t o  be commercially acceptable. 
Further, by t e s t ing  under "typical" c o d  gas methanation conditions, we have 
acquired the confidence t o  predict  t h a t  t h i s  ca ta lys t  w i l l  a l s o  perform sa t i s f ac -  
t o r i l y  under the  var ie ty  of conditions encountered i n  d i f fe ren t  proposed coal 
gas methanation processes. The high temperature capabi l i ty  of t h i s  ca ta lys t  has 
the  par t icu lar  advantage of permitt ing the use of a straight-through methanation 
system without t he  need fo r  recycle of product gas f o r  temperature control. 

The appl icabi l i ty  of t h i s  ca ta lys t  t o  processes other than coal gas methanation 
should also be noted. For example, high temperature methanation s t eps  msy be  
used as sources of heat fo r  steam generation. In such a system, methanatable 
gas i s  produced i n  an endothermic methane-steam reforming s tage ,  piped t o  the  
s i t e  where the steam is t o  be generated, methanated, cooled i n  bo i l e r s  and feed 
water heaters,  then piped back t o  the steam reforming stage (4). To use such a 
process optimally, i t  is c l ea r ly  necessary fo r  the  methanation ca ta lys t  t o  
function over a s  la rge  a temperature range a s  possible. 

By proving the  ca ta lys t  under 
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FIGURE 1. METHANATION PROCESS 
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FIGURE 3. FIRST METHANATOR TEMPERATURE PROFILE 
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FIGURE 4 .  SECOND METHANATOR TEMPERATURE PROFILE 
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FIGURE 5 .  THIRD METHANATOR TEMPERATURE PROFILE 
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METHANATION ACTIVITY OF SUPPORTED NICKEL ALLOYS 
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INTRODUCTION 

Natural gas i s  a highly des i rab le  fuel because of i t s  high heating value and 
nonpolluting combustion products. 
t ion  of domestic supplies of clean f u e l s ,  economical production of synthe t ic  natural 
gas (SNG) from coal ranks high on the  l i s t  of national p r i o r i t i e s .  

Presently there a re  several gas i f ica t ion  processes under development directed 
toward the production of methane or SNG. Although ca t a ly t i c  methanation of coal 
synthesis gas is  a n  important cos t  item i n  the  process, basic technological and 
design pr inc ip les  fo r  this  s t ep  a re  not well advanced. Extensive research and dev- 
elopment a re  needed before the process can r ea l i ze  economical, r e l i ab le  operation. 
Specifically,  there appears t o  be important economic advantages i n  t he  development 
of more e f f i c i e n t ,  s t ab le  ca ta lys t s .  

a ly s t s  and k ine t ics  have been provided by Greyson (1 )  and Mills and Steffgen (2) .  
However, only recently,  were k ine t ic  s tud ies  of selected Group VI11 metals (Fe, Ni, 
Co, Ru, Rh, P t ,  Pd ,  I r )  reported by Vannice (3,4) and of nickel and ruthenium cat-  
a l y s t s  by Dalla Betta e t  a l .  (5,6) f o r  which the k ine t i c  data were c l ea r ly  de te r -  
mined under conditions f r ee  of heat and mass t r ans fe r  (d i f fus iona l )  influences and 
f o r  which spec i f ic  r a t e s  were based upon ac t ive  ca t a ly t i c  surface a reas .  

There i s  very l i t t l e  mention i n  previous l i t e r a t u r e  i n  regard t o  a l loy  cata- 
l y s t s  for  methanation, and no previous k ine t i c  data have been reported for  a l loy  
systems. 
mined for  alumina-supported a l loys  of nickel w i t h  ruthenium, rhodium, molybdenum 
oxide, iron, cobalt ,  platinum, palladium and copper. These data were determined 
under conditions such t h a t  e f f ec t s  o f  heat and mass t ransfer  were minimized and 
spec i f ic  rates a re  reported a t  1 atm and 225 and 250°C, based upon ac t ive  c a t a l y t i c  
surface areas.  

EXPFRIMENTAL 

In view of the expanding demand f o r  and deple- 

Extensive general reviews of per t inent  l i t e r a t u r e  dealing w i t h  methanation ca t -  

This paper discusses recent ly  determined methanation a c t i v i t y  data deter-  

Materi a1 s 

Analytically pure metal s a l t s  (e.g. Baker Analyzed Ni(N03)2*6H 0)  and Kaiser 
SAS 5x8 mesh alumina (301 m2/g) were used in preparation of the  suppgrted nickel 
alloy ca t a lys t s .  Samples were prepared by simple co-impregnation t o  inc ip ien t  wet- 
ness o f  the support w i t h  aqueous metal s a l t  so lu t ions  followed by oven drying a t  
80-100°C fo r  24 hours. The impregnated, dried samples were reduced in flowing 
hydrogen a t  1000-2000 GHSV while heating a t  l e s s  than 5"C/min t o  450-500°C with a 
one hour temperature hold a t  230°C and 10-16 hours a t  450-500°C. Samples reduced 
in a separate reduction system were ca re fu l ly  passivated w i t h  1% a i r  i n  nitrogen 
before t ransfer r ing  t o  the reac tor .  

Hydrogen and nitrogen gases (99.99%) were purified by simultaneously passing 
both through a palladium Deoxo pur i f i e r  (Engelhard) and dehydrated molecular s ieve  
or l iqu id  nitrogen t r ap .  
further purification. 

Carbon monoxide (Matheson Pur i ty ,  99.99%) was used without 
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Apparatus and Procedure 

Metal surface areas were determined by means of hydrogen chemisorption a t  
25°C (Ni-Pd a t  130OC) using a conventional volumetric apparatus capable of 10-6 
Torr. 
the  isotherm was extrapolated t o  obtain the adsorption a t  zero pressure. 
assumed tha t  exactly one hydrogen atom adsorbed on each surface metal atom, and s i t e  
dens i t ies  were calculated based on the three  lowest index planes of each metal (ex- 
cept i n  the case of Ni-Moo3 where hydrogen was found t o  adsorb only on the nickel 
S i t e s ) .  The surface composition of each a l loy  was assumed t o  be the same as  the 
nominal metal composition. Compositions and metal surface areas fo r  ca t a lys t s  pre- 
pared and tested in t h i s  study are  l i s t e d  i n  Table 1 .  

en t i a l  flow reactor equipped with Matheson flow meters and pressure regula tors ,  a 
Hewl ett-Packard 71 32 temperature recorder, and a Hewl ett-Packard 5830 gas chromato- 
graph. 
reac tor  contained a ca t a lys t  chamber of 35cm3 with ad jus tab le  thermocouples ins ta l led  
a t  each end of the  chamber. 

2-4 grams of previously reduced (and passivated) ca t a lys t  i n  the reac tor  ( the  remain- 
der of the bed was f i l l e d  with pure A1203 pe l l e t s )  i n  order t o  minimize the inf lu-  
ence of heat and mass t r ans fe r .  
500 cm3/min) t o  450°C and held for  two hours a t  t h a t  temperature, t f en  allowed to  
cool i n  flowing H2 t o  about 225°C. Reactant gases (1% C O ,  4% H2 and 95% N ) were 
next allowed to  flow through the reactor a t  a space velocity of 30,000 o r  g0,OOO 
hr-1 fo r  30 minutes during which time the  reac tor  temperature was s tab i l ized  a t  
225, 250, o r  275°C. Reactor pressure was usually about 5-8 psig. Three chromato- 
graphic samples of the product gas were obtained a f t e r  which three  additional 
chromatographic samples were taken t o  determi ne unconverted reac tan t  gas concentra- 
t i ons .  All important experimental conditions such a s  temperature and pressure were 
recorded a t  the time each chromatographic sample was taken. 

Hydrogen adsorption uptakes were determined a s  a function of pressure and 
I t  was 

Methanation a c t i v i t i e s  were measured using a laboratory,  single-pass d i f f e r -  

A schematic of the  reactor system i s  shown i n  Figure 1 .  The s t a in l e s s  steel 

Differential  ac t iv i ty  measurements were car r ied  out a t  low conversions w i t h  

The sample was heated in  flowing H (approximately 

RESULTS AND DISCUSSION 

Methanation a c t i v i t y  data i n  the  form of percent CO conversion, CH4 produc- 
t i on ,  and spec i f i c  ra tes  a re  l i s t e d  f o r  nickel and nickel a l loy  ca ta ly  t s  in Tables 

spec i f ic  ra tes  a re  shown schematically in Figures 2 and 3 f o r  250°C and GHSV = 
30,000 hr-1. For cg ta lys t s  w i t h  low metal loadinqs, low conversions were obtained. 
For example, a t  250 C (Table 4 )  conversions f o r  the 3 w t . %  ca t a lys t s  (Ni-A-112, 
Ni -Ru ,  Ni-Rh, and Vi-MoOg) range from 4 to  14% depending upon the space velocity,  
whereas conversions f o r  the 15 t o  20 w t . %  ca t a lys t s  ( a l l  o ther  ca t a lys t s )  range from 
11 t o  43%. A t  225°C the conversion ranges a re  4 t o  7% and 6 t o  35% f o r  low and 
h i g h  metal loadings respectively.  T h u s ,  t r u ly  d i f f e ren t i a l  (low conversion) condi- 
t i o n s  can be approached a t  225°C f o r  the  3% ca ta lys t s  b u t  not f o r  the 15-20 w t . %  
ca ta lys t s .  Apparently then, f o r  our reactor system and f o r  typical methanation 
ca t a lys t s ,  t r u l y  chemically-limited r a t e  data can only be obtained f o r  ca t a lys t s  
with a low metal loading (3-5 wt.%). 
very accurate k ine t ic  r a t e  data t o  prepare a l l  of the ca t a lys t s  with metal loadings 
i n  t he  3-5% range. 
moderate conversions a re  adequate f o r  comparative purposes.and s a t i s i f y  the objec- 
tives of this study. 

and k~ ) shown i n  Tables 2-4 and Figure 3 indi-  
ca te  approximately the same o@er of magnitude a c t i v i t y  f o r  N i ,  Ni-Hu, and Ni-Rh 
ca ta lys t s .  O u r  turnover numbers agree well w i t h  the i n i t i a l  r a t e s  reported by Dalla 
Betta e t  a l .  (5)  and Vannice (3) f o r  0.5% Ru/A1203 and 5% Ni/A1203. 

2-4 !225OC, GHSV = 30,000 and 60,000 hr-1 and 25OoC, GHSV = 60,000 hr- 7 ) and the 

Accordingly i t  would be des i rab le  in obtaining 

Nevertheless, f o r  purposes of screening, the data obtained a t  

The turnover numbers ( N  

I t  
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appears t h a t  a small unce r ta in t y  (1-5%) i n  our  r e s u l t s  may be a t t r i b u t e d  t o  
small va r ia t i ons  i n  gas concentrat ions,  pressure and f l o w  r a t e s  over t h e  t e s t  
pe r iod  of a g iven  c a t a l y s t .  The measurement o f  bo th  a c t i v i t y  and s e l e c t i v i t y  a l s o  
inc ludes  unce r ta in t i es  o f  1-5% i n  c a l i b r a t i o n  and measurement o f  gas concentrat ions.  
Thus, i t  may be poss ib le  t h a t  s e l e c t i v i t i e s  f o r  CH4 a r e  s l i g h t l y  h igher  than i n d i -  
cated, al though the re  i s  undoubtedly s i g n i f i c a n t  hydrocarbon and C02 produc t ion  (3, 
5) .  

Da l l a  Bet ta  e t  a l .  (6 )  have i n d i c a t e d  t h a t  t h e i r  s teady-state r a t e s  f o r  meth- 
anat ion  ( a f t e r  a 24-hour exposure t o  a r e a c t i o n  m ix tu re )  are 25 t imes lower than 
t h e i r  i n i t i a l  r a t e s  (5 ) .  Thus, exposure t o  a r e a c t i o n  m ix tu re  over a pe r iod  o f  
hours o r  even minutes may s i g n i f i c a n t l y  reduce the  a c t i v i t y  o f  t h e  c a t a l y s t .  
may exp la in  why t h e  tu rnover  numbers repo r ted  i n  t h i s  study which were measured 
a f t e r  exposure f o r  1 /2  t o  4 hours under r e a c t i o n  cond i t ions  a r e  s i g n i f i c a n t l y  lower 
than i n i t i a l  r a t e s  repo r ted  i n  the  l i t e r a t u r e  f o r  5% Ni/Zr02 (5) and 5% Ru/A1203 
(3).  The discrepancy between i n i t i a l  r a t e s  measured by Da l l a  Be t ta  (5 )  and Vannice 
(3) f o r  n i cke l  and ruthenium c a t a l y s t s  m igh t  be s i m i l a r l y  explained by d i f f e rences  
i n  t h e i r  pretreatment o f  t he  c a t a l y s t .  A lso,  Vannice based h i s  turnover  numbers on 
CO adsorpt ion data,  which i n  f a c t  may e x p l a i n  d i f f e rences  o f  100-400% between h i s  
da ta  and ours o r  those o f  D a l l a  Bet ta .  

Th is  

Vannice (3) has repo r ted  s e l e c t i v i t i e s  f o r  the  methanation r e a c t i o n  over the  
group VI11 metals t o  be i n  the  f o l l o w i n g  decreasing order :  
Th is  order co r re la tes  w e l l  w i th  measured s e l e c t i v i t i e s  f o r  a l l o y s  o f  these same 
metals w i t h  n i c k e l  as shown i n  Tables 2-4. O f  spec ia l  i n t e r e s t  i s  Ni-Pt-A-100 
which shows the  h ighes t  s e l e c t i v i t y ,  99% a t  250°C and h igher  temperatures. 
i n  space v e l o c i t y  and temperature have apprec iab le e f f e c t s  on the  s e l e c t i v i t y  as 
can be seen f o r  example i n  the  data f o r  Ni-A-112, Ni-Pd-A-100 and Ni-Ru-A-105. 
Genera l ly  the  s e l e c t i v i t y  increases w i t h  i nc reas ing  temperature f o r  a g iven space 
v e l o c i t y  and w i t h  inc reas ing  space v e l o c i t y  f o r  a g iven temperature. 

Pd>Pt>Ir>Ni>Rh>Co>Fe>Ru. 

Changes 

Figures 2 and 3 i l l u s t r a t e  the  magnitude o f  the r a t e s  per  gram o f  c a t a l y s t ,  
t he  turnover numbers, and s e l e c t i v i t i e s  a t  250°C and a space v e l o c i t y  o f  30,000 hr-’ 
Nominal compositions and hydrogen uptakes used t o  c a l c u l a t e  turnover  numbers a re  
l i s t e d  i n  Table 1. It should be observed t h a t  t he  a c t i v e  metal load ings  which vary 
s i g n i f i c a n t l y  between c a t a l y s t s  have an obv ious l y  marked e f f e c t  on t h e  a c t i v i t y  o f  
t he  c a t a l y s t  pe r  u n i t  c a t a l y s t  weight as can be seen i n  F igure  2 where the  l i s t e d  
o rde r  corresponds t o  the  order  o f  w t . %  a c t i v e  metal .  A comparison o f  these r a t e s  
w i t h  the  hydrogen uptake data shows t h a t  t he  r a t e  i s  s t r o n g l y  i n f l uenced  by t h e  
a v a i l a b l e  surface area. 
(per u n i t  mass) than 6-87 (32 w t . %  n i ,cke l )  main ly  because the  sur face  area o f  t he  
former c a t a l y s t  i s  l a r g e r .  

For example, Ni-A-116 (14 w t . %  N i c k e l )  i s  more a c t i v e  

Turnover numbers f o r  250°C and a space v e l o c i t y  of 30,000 hr-’ a r e  shown i n  
decreasing order  o f  a c t i v i t y  i n  F igure  3. 
Ni-Co-A-100 are  the  most a c t i v e  and 6-87 the  l e a s t  a c t i v e .  The d e t a i l s  o f  these 
r e s u l t s  are discussed below f o r  each c a t a l y s t ,  

Ni-Mo03-A-101, Ni-A-112 (3% n i c k e l )  and 

Ni-Mo03-A-101 has a r e l a t i v e l y  low a c t i v e  sur face  area. Thus, i t s  r a t e  per 
u n i t  weight i s  among t h e  lowest tes ted .  However, i t s  tu rnover  number i s  t he  high- 
e s t  o f  any c a t a l y s t  tes ted .  Assuming a method t o  inc rease the  a c t i v e  sur face  area 
can be found, t h i s  c a t a l y s t  i s  a most promis ing candidate f o r  f u r t h e r  study. 

Ni-Ru-A-105 and Ni-Rh-A-100 behave t y p i c a l l y  as n i c k e l  c a t a l y s t s  showing com- 
p a r a t i v e l y  l i t t l e  e f f e c t s  o f  a l l o y i n g  a l though bo th  a r e  s l i g h t l y  l e s s  a c t i v e  than 
Ni-A-112, a n i cke l  c a t a l y s t  o f  comparable weight loading. The Rh does cause some 
increased s e l e c t i v i t y  t o  methane bu t  n o t  as pronounced as f o r  plat inum. The da ta  
determined a t  225°C (Table 2) show an unexpectedly low s e l e c t i v i t y  t o  methane fo r  
Ni-Rh. Thus, some o f  t h i s  work w i l l  be repeated. 
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Ni-Co-A-100 contains a high loading of metal with equal weight percents of 
nickel and cobalt .  
and the turnover number a re  high. The s e l ec t iv i ty  of t h i s  ca t a lys t  for the metha- 
nation reaction (78% a t  250°C and GHSV = 30,000) i s  t he  lowest of any nickel ca t a -  
l y s t  tested.  Vannice (3)  has reported cobalt  t o  have a se l ec t iv i ty  of 78% under 
similar reaction conditions and the s e l e c t i v i t y  f o r  nickel t o  be 90% a l so  i n  good 
agreement with our da ta .  T h u s ,  cobalt  has a strong e f f e c t  on the se l ec t iv i ty  of 
the Ni-Co ca ta lys t .  
93.5% se l ec t iv i ty  a t  225°C and GHSV = 30,000 hr-1. 
lower a t  225 than a t  250"C, these data m u s t  be repeated. 

Ni-Fe-A-100 was found t o  completely deactivate within two hours under normal 
reactor operating conditions. When the ca t a lys t  was removed from the reactor some 
of the beads showed a brown (rust) co lor  as  compared t o  the normal black. The ob- 
servations suggest t h a t  the  iron may scavange the  oxygen from the CO t o  form various 
iron oxides and t h u s  e f f ec t ive ly  poison the  ca t a lys t .  I t  i s  a l so  possible t h a t  the 
Ni-Fe ca ta lys t s  was not completely reduced a t  t he  beginning of the t e s t .  Additional 
reactor t e s t s  a r e  planned to  inves t iga te  these poss ib i l i t i e s .  

a turnover number about the same as  6-87. 
a r e  not outstandingly d i f f e ren t  from the  other ca ta lys t s .  The  s e l ec t iv i ty ,  however, 
i s  s ign i f icant ly  improved over nickel. 
the most se lec t ive  ca t a lys t s  fo r  methane--namely about 98% to  CH4. As an a l loy  w i t h  
nickel i n  the amount of only one atomic percent platinum e f fec t s  a 99% se l ec t iv i ty  
t o  methane. 

Ni-A-116 is a high loading (15 wt.%) nickel ca t a lys t  used t o  compare against  
other ca ta lys t s  containing 15-20 w t . %  a l loy .  
weight but has a turnover number the  same as Ni-Pt-A-100 and somewhat lower than 
the cobalt  a l loy .  

6-87 is a commercial nickel ca t a lys t  manufactured by Girdler Catalyst  Corp. 
and i s  included as  a comparison against  other nickel ca ta lys t s .  
ever, from the o ther  ca t a lys t s  tes ted  because i t  contains a d i f f e ren t  support of 
unknown composition which may influence the diffusional and mass t r ans fe r  character- 
i s t i c s  of the ca t a lys t .  Because of i t s  high nickel loading (32 w t . % )  i t  i s  expected 
t h a t  i t s  r a t e  per u n i t  weight should be high. 
of the lowest measured. T h i s  may be due in par t  t o  t he  e f f ec t s  of pore diffusion 
res i s tance  a t  a r e l a t ive ly  high conversion of CO.  

this t o  be the  l e a s t  ac t ive  ca t a lys t  t es ted  t h u s  f a r  w i t h  r e l a t ive ly  low se l ec t iv i ty .  
No fur ther  work i s  expected t o  be done w i t h  th is  ca t a lys t  because of i t s  low 
ac t iv i ty .  

l i s t e d  in Table 5 .  
A-100, the ca t a lys t s  appear t o  have ac t iva t ion  energies of 12-18 kcal/mole f o r  
both CO conversion and methane formation. Ni-Co-A-100 and Ni-Rh-A-100 have 
s l igh t ly  higher values of 22.2 and 19.2 respectively.  f.li-MoO -A-101 has a s iqn i f i -  
cantly higher value of 26 kcal/mole which i s  c lose  t o  the valde of 25 kcal/mole for  
nickel reported by Vannice (3) .  The f a r  r i gh t  column l i s t s  the ac t iva t ion  energies 
for various metals a s  reported by Vannice and measured under k ine t ic  l imited (low 
conversion) conditions.  
pared t o  those of e i t h e r  a l loy  component very l i ke ly  r e s u l t  a t  l e a s t  in par t  from 
mass t ransfer  (or  d i f fus iona l )  l imi ta t ions .  In addition, the var ia t ions  a re  par t ly  
the r e su l t  of a l loy  formation, the  a l loy  having ca t a ly t i c  properties d i f f e ren t  from 
e i the r  of the pure metals . 

I t  i s  of special  i n t e r e s t  i n  t h a t  both the r a t e  per u n i t  weight 

Nevertheless, a recent test showed the same ca t a lys t  t o  have a 
Since the se l ec t iv i ty  should be 

Ni-Pd-A-100 was found t o  be l e s s  ac t ive  than most of a l loys  tes ted  thus f a r  with 
Ni-Pt-A-100 has r a t e  cha rac t e r i s t i c s  which 

Vannice (3)  has shown platinum t o  be one of 

I t  has the  highest r a t e  per un i t  

I t  i s  unique, how- 

However, i t s  turnover number i s  one 

Data on Ni-Cu-A-100 obtained a t  250°C and a space velocity of 30,000 hr-' show 

Apparent ac t iva t ion  energies f o r  some of the nickel-alloy ca t a lys t s  a re  
W i t h  the exceptions of Ni-F?o03-A-101, Ni-Co-A-100, and Ni-Rh- 

Considerably lower ac t iva t ion  energies fo r  alloys com- 
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CONCLUSIONS 

1. 
composit ion o f  1% CO, 4% H2, 95% N2) range from 3-43% f o r  alumina-supported n i c k e l  
a1 l o y  ca ta l ys ts .  
numbers a re  not s i g n i f i c a n t l y  d i f f e r e n t  w i t h i n  experimental e r r o r  f o r  Ni-Rh, Ni-Ru, 
and N i  c a t a l y s t s  and compare favo rab ly  w i t h  i n i t i a l  ra tes  repor ted f o r  5% Ni/A1203 
and 0.5% Ru/A1203. 

2. Steady-state conversion m asured a t  225 and 25OoC, 1 atm and f o r  space v e l o c i -  
t i e s  o f  30,000 and 60,000 hr-7 i n d i c a t e  t h a t  very  nea r l y  d i f f e r e n t i a l  ( low conver- 
s ion )  cond i t i ons  ob ta in  o n l y  f o r  low (3-6 wt.%) metal l oad ing  c a t a l y s t s .  
data f o r  15-20 wt.% metal/A1203 c a t a l y s t s  a r e  i n f l uenced  by mass t r a n s f e r  o r  d i f -  
f us iona l  l i m i t a t i o n s .  

3 .  Ni-MoOj/Al 03 i s  the most a c t i v e  c a t a l y s t  on a per sur face area bas is .  N i - P t /  
A1 0 has the Kighest s e l e c t i v i t y  f o r  methane production--namely 99% (25OoC, 30,000 
hr2-3) .  A 14 w t . %  Ni/A1203 i s  the  most a c t i v e  c a t a l y s t  on a per  mass basis--even 
more a c t i v e  than a comnercial 32 w t . %  Ni/A1203 s imply  because the  14% c a t a l y s t  has 
a h igh  n i c k e l  sur face area. 

Steady-state conversions o f  carbon monoxide a t  225 and 250°C, 1 atm. ( i n l e t  

Turnover Percent s e l e c t i v i t i e s  t o  methane range f r o m  67-99%. 

Screening 
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HETEROGENEOUS METHANATION: 

EFFECTS OF CARBON, SULFUR AND WATER 

ON ACTIVITY MEASUREMENTS AT VARIOUS TEMPERATURES 

R. A. Dalla Bet ta (*)  and M. She lef  
RESEARCH STAFF 

FORD MOTOR COMPANY 
P. 0. BOX 2053, DEARBORN, M I  48121 

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 

(*) Current Address: C a t a l y t i c a  Assoc ia tes ,  2 Pa lo  Alto Square, Palo Alto,  
C a l i f o r n i a  94304 
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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 .  
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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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FORMATION OF SURFACE CARBON AND METHANATION 
CATALYSIS ON ALUMINA SUPPORTED NICKEL 

by 

P. R. Wentrcek, J .  G. McCarty, B. J .  Wood and H. Wise 
Sol id  S t a t e  C a t a l y s i s  Labora tory ,  S tanford  Research I n s t i t u t e  

333 Ravenswood Avenue, Menlo Park ,  C a l i f o r n i a  94025 

The mechanism of c a t a l y t i c  methanat ion on a n  alumina-supported n i c k e l  
c a t a l y s t  (25  w t $  Ni) has been e x m i n e d  by means of  (1) k i n e t i c  s t u d i e s  
w i t h  a pulsc  m i c r o r e a c t o r ,  (2) s u r f a c e  s t u d i e s  wi th  Auger e l e c t r o n  spec- 
t roscopy (AES) ,  and (3) t empera ture  programmed s u r f a c e  r e a c t i o n  k i n e t i c s  
(TPSR) a t  t h c  g a s / s o l i d  i n t e r f a c e .  During exposure of  the  c a t a l y s t  t o  
pulses  of CO ( d i l u t e d  w i t h  H e )  a t  e l e v a t e d  temperatures  (> 450 K) ,  we 
observed f i r s t - o r d e r  format ion  of  s u r f a c e  carbon. The s u r f a c e  carbon s o  
foimed exhib i ted  h igh  r e a c t i v i t y  towards hydrogen wi th  q u a n t i t a t i v e  con- 
vers ion  t o  methane. The Auger e l e c t r o n  s p e c t r a  i n d i c a t e d  t h a t  t h e  sur face  
carbon was bonded t o  t h e  N i  as a carb id ic - type  s u r f a c e  s p e c i e s  which con- 
ver ted t o  g r a p h i t i c  carbon o€ very  low r e a c t i v i t y  towards hydrogen a t  
temperatures  above 675 K .  The k i n e t i c s  of  methane formation from s u r f a c e  
carbon and gaseous H 2  were determined by means of TPSR. The formation of  
CH4 is observed a t  t empera tures  as low as 375 K .  The rates of methane 
formation Sollow f i r s t - o r d e r  k i n e t i c s  w i t h  r e s p e c t  t o  s u r f a c e  carbon.  
The a c t i v a t i o n  energy f o r  t h i s  process  i s  17.6 kcal/mol. The experimental  
da ta  a r e  analyzed i n  terms of a c a t a l y t i c  methanat ion mechanism i n  which 
d i s s o c i a t i v e  adsorp t ion  of carbon monoxide and hydrogen i s  fol lowed by 
r e a c t i o n  of s u r f a c e  carbon and s u r f a c e  oxygen w i t h  hydrogen adatoms t o  
y ie ld  methane and water .  

INTRODUCTION 

I n  s p i t e  of considci 'able  e i f o r t  t h e  methanat ion mechanism on  n i c k e l  
c a t a l y s t s  i s  not  e s t a b l i s h e d  unequivocal ly .  A t  room temperature  non- 
d i s s o c i a t i v e  CO a d s o r p t i o n  has  been repor ted  wi th  t h e  formation of s e v e r a l  
molecular bonding s t a t e s  on t h c  s u r f a c e  of  nickel .1-5 However a t  e l e v a t e d  

~ ~~ 

* 
This research  was supported by the  American Gas Assoc ia t ion .  
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temperatures  (> 350 K )  on an alumina-supported N i  c a t a l y s t 6  and on N i  f i l m s 7  
t h e  formation of C02 was observed and t h e  r e a c t i o n  i n t e r p r e t e d  i n  terms 
o f  d ispropor t iona t ion .  l o r e  r e c e n t l y  d i s s o c i a t i v e  c h e m i s ~ r p t i o n ~ ~ ~  has  been 
SWgeSted i n  accordance with:  

C O W  + O ( S )  - C02(g) (3)  

However t h e  s u r f a c e  carbon so  formed was cons idered  t o  have n e g l i g i b l e  
r e a c t i v i t y  i n  methanat ion  and t o  d e a c t i v a t e  t h e  c a t a l y s t  wi th  t h e  formation 
Of bulk Ni3C or g r a p h i t i c  carbon s t r u c t u r e s . ”  

The o b j e c t i v e s  of our research  were (1) t h e  k i n e t i c s  of i n t e r a c t i o n  
o f  CO wi th  a Ni/A1203 ca t a lys t ,  (2) t h e  r e a c t i v i t y  of t h e  s u r f a c e  carbon 
spec ies  toward hydrogen,  and (3) t h e  phys ica l  n a t u r e  of t h e  s u r f a c e  
carbon and i t s  bonding t o  N i  by Auger e l e c t r o n  spectroscopy.  

EXPERIMENTAL DETAILS 

For measurement of t h e  r e a c t i o n  o f  CO w i t h  t h e  Ni/A1203 c a t a l y s t  a 
pulse-microreactor  s y s t e m  was used o p e r a t i n g  a t  50 ps ig .  Constant-volume 
pulses  (1.3 cm3) of CO, Hp ,  or CO/H2 mixtures  (CO + Ha) i n  a helium 
c a r r i e r  stream passed through t h e  c a t a l y s t  bed and e n t e r e d  a g a s  chroma- 
tograph (CC) f o r  q u a n t i t a t i v e  a n a l y s i s  (CO, COz, and CH4). The c a t a l y s t  
bed cons is ted  of 13.7 x g of  hydrogen-reduced G i r d l e r  G - 6 5  methanation 
c a t a l y s t  (25 w t %  N i  supported on Al2O3) crushed t o  f i n e r  than  ZOO-mesh 
p a r t i c l e  s i z e .  The c a t a l y s t  was reduced f o r  1 5  hours  a t  725 K i n  a s t e a d y  
s t ream of pure  Hp a t  1 a t m ,  then  purged f o r  an hour i n  f lowing H e  before  
t h e  temperature  was lowered t o  t h e  d e s i r e d  o p e r a t i n g  l e v e l .  

The r a t e s  o f  removal of  t h e  s u r f a c e  carbon s p e c i e s  by hydrogen were 
determined by the technique of  temperature  programmed s u r f a c e  r e a c t i o n  
(TPSR). T h i s  method r c p r e s c n t s  a m o d i f i c a t i o n  of t h e  temperature  programmed 
desorp t ion  technique  (TPD) and is p a r t i c u l a r l y  w e l l  s u i t e d  t o  the s tudy  
of i r r e v e r s i b l e  s u r f a c e  gas r e a c t i o n s ,  such  a s  t h e  i n t e r a c t i o n  of hydrogen 
wi th  s u r f a c e  carbon on n i c k e l . l l  
i n  tcrms of k i n e t i c  parameters  i s  based on t h e  same t h e o r e t i c a l  a n a l y s i s  
a s  employed i n  TPD.12 

I n t e r p r e t a t i o n  of t h e  experimental  d a t a  

* ( s )  r e f e r s  t o  a s u r f a c e  s p e c i e s  and (6)  t o  a gaseous spec ies .  

53 



A f t e r  d e p o s i t i n g  s u r f a c e  carbon on t h e  c a t a l y s t  ( i n  t h e  range from 
3 x 1014 t o  9 x lOI4 atoms/cm’ by exposure t o  a s e r i e s  of CO/He p u l s e s  
a t  450 - 550 K t h e  sample w a s  cooled t o  room temperature  and t h e  c a r r i e r  
gas changed t o  hydrogen. Subsequent ly  t h e  c a t a l y s t  t empera ture  was r a i s e d  
a t  a l i n e a r  h e a t i n g  r a t e  and t h e  formation of  methane r e s u l t i n g  from t h e  
r e a c t i o n  of s u r f a c e  carbon w i t h  hydrogen was monitored as a f u n c t i o n  of  
t i m e  and temperature .  

EXPERIMENTAL RESULTS 

1. Pulse  Microreac tor  Experiments 

To e s t a b l i s h  t h e  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  CO f o r  sur face-carbon 
formation t h e  EO c o n c e n t r a t i o n  i n  t h e  p u l s e  c o n t a c t i n g  t h e  c a t a l y s t  sample 
i n  t h e  microreactor  was var ied  from 1.0 t o  10.0 vol% CO ( i n  He) a t  553 K. 
From the  amount of CO2 formed t h e  m a s s  o f  carbon depos i ted  on t h e  c a t a l y s t  
s u r f a c e  could be c a l c u l a t e d  (Equat ions 2 and 3). From t h e  d i f f e r e n c e  
between the  CO consumed ( e q u i v a l e n t  t o  twice  t h e  amount of COz formed) 
and t h e  t o t a l  CO l o s t  from t h e  pulse  t h e  amount of non-d issoc ia ted  CO l e f t  
o n  t h e  c a t a l y s t  could be determined.  The r e s u l t s  of a s e r i e s  of such  
experiments a r e  shown i n  F igure  1. The d a t a  d e p i c t e d  by curve (a) dem- 
o n s t r a t e  t h a t  t h e  f r a c t i o n a l  convers ion  of CO t o  s u r f a c e  carbon is pro-  
p o r t i o n a l  t o  t h e  amount of CO i n  t h e  p u l s e ,  i n d i c a t i v e  of a f i r s t  o r d e r  
s u r f a c e  r e a c t i o n .  Thus, r a t h e r  t h a n  d i s p r o p o r t i o n a t i o n  t h e  mechanism 
involves  rap id  CO a d s o r p t i o n  and r a t e - l i m i t e d  d i s s o c i a t i o n  of t h e  CO 
admolecule ( r e a c t i o n  21, fol lowed by r a p i d  removal of t h e  oxygen adatoms 
by f u r t h e r  r e a c t i o n  w i t h  M) [ r e a c t i o n  ( 3 ) l .  

Of i n t e r e s t  i s  t h e  q u a n t i t a t i v e  convers ion  of t h e  s u r f a c e  carbon t o  
methane on exposure t o  a hydrogen p u l s e  a t  553 K (curve  b ,  F igure  1). 
except  a t  very high s u r f a c e  d e n s i t i e s  of  carbon (an  es t imated  s u r f a c e  
coverage of more t h a n  50 percent  r e l a t i v e  t o  N i  s u r f a c e  a toms)a t  which 
t h e  amount of  the  carbon converted t o  methane is somewhat less t h a n  t h a t  
depos i ted .  Under t h e s e  c o n d i t i o n s  t h e  tempera ture- lab i le  c h a r a c t e r i s t i c s  
of  t h e  sur face  carbon become a p p a r e n t ,  as d i s c u s s e d  i n  f u r t h e r  d e t a i l  i n  
t h e  fol lowing s e c t i o n .  

For a f i r s t - o r d e r  r e a c t i o n ,  such as t h e  d i s s o c i a t i v e  chemisorpt ion 
of CO on N1/Al203, a pulse- reac tor  experiment  can be employed f o r  k i n e t i c  
s t u d i e s .  Thus, irom measurement of t h e  amount of s u r f a c e  carbon formed 
o v e r  a range of tempera tures ,  t h e  a c t i v a t i o n  energy for t h i s  heterogeneous 
r e a c t i o n  can be e ~ a 1 u a t e d . l ~  Over a temperatura  range from 553 K t o  613 K 
we c a l c u l i t e ,  an a c t i v a t i o n  energy of  39 kcal/mole f o r  r e a c t i o n  (3) on t h e  
b a s i s  o f  a h e a t  of a d s o r p t i o n  of CO on nickel’ of -35.0 k c a l h o l e .  
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2 .  TPSR S t u d i e s  

The r a t e  of Zoimation of CH4 by i n t e r a c t i o n  of  s u r f a c e  carbon wi th  
hydrogen, as s t u d i e d  by t h e  TPSR technique ,  e x h i b i t s  two d i s t i n c t  maxima 
(Figure 2 ) .  One methane peak i s  c e n t e r e d  a t  430 2 20 K (CY s t a t e ) ,  and 
t h e  o t h e r  a t  630 2 20 K (p s t a t e ) .  The r a t i o  of carbon coverages between 
t h e  two s t a t e s  was found t o  be N Q / N ~  = 2.5 f o r  exposure t o  CO a t  523 K ,  
and NCY/Np = 1.0 f o r  exposure a t  575 K. The shape  of t h e  TPSR curve and 
t h e  maximum r e a c t i o n  tempera tures  were n o t  i n f l u e n c e d  s i g n i f i c a n t l y  by t h e  
temperature  of surface-carbon d e p o s i t i o n  (from 510 t o  570 K). In a d d i t i o n ,  
the  l a c k  of dependence of these  parameters  on i n i t i a l  carbon coverage 
provides  s t r o n g  evidence t h a t  t h e  r e a c t i o n  under  s tudy  is of f i r s t  o r d e r  
i n  surface-carbon coverage.  

The apparent  a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e a c t i o n  of  hydrogen wi th  
both t h e  CY and 3 s t a t e s  of adsorbed carbon were determined by varying t h e  
hca t ing  r a t e  i n  a s e r i e s  of TPSR experiments.l '  Based on t h e  t h e o r e t i c a l  
a n a l y s i s  of a f i r s t - o r d e r  s u r f a c e  r e a c t i o n  t h e  apparent  a c t i v a t i o n  e n e r g i e s  
f o r  t h c  r e a c t i o n  of hydrogen w i t h  t h e  CY- and p- s t a t e s  o f  s u r f a c e  carbon 
were c a l c u l a t e d :  

7 
k = 1.3 x 10 exp(-17700/RT) sec-' ( 4) 

(5) 
9 -1 

k = 3.0 x 10 exp(-33000/RT) s e c  
B 

DISCUSS I O N  

The exper imenta l  r e s u l t s  s t r o n g l y  sugges t  t h e  s u r f a c e  carbon formed 
by d i s s o c i a t i v e  chemisorp t ion  o f  CO a s  an  i n t e r m e d i a t e  i n  t h e  methanat ion 
r e a c t i o n  c a t a l y z e d  by n i c k e l .  T h i s  mechanism is r e i n f o r c e d  by exper i -  
mental s t u d i e s  i n  which t h e  s u r f a c e  carbon d e p o s i t e d  t o  var ious  degrees  
of  s u r f a c e  coverage was exposed t o  p u l s e s  c o n t a i n i n g  e i t h e r  hydrogen or 
mixtures  of H2 and CO (H2/CO = 9/1) .  A s  summarized i n  Table  1 t h e  s u r f a c e  
carbon r e s u l t i n g  from t h e  exposure of t h e  Ni/A1203 c a t a l y s t  t o  s i x  con- 
s e c u t i v e  CO pulses  can be converted r a p i d l y  and q u a n t i t a t i v e l y  t o  methane 
o n  exposure t o  a pulse  of hydrogen. The r e s u l t i n g  carbon m a s s  ba lance  between 
methane and s u r f a c e  carbon i s  e x c e l l e n t .  On c o n t a c t i n g  a c a t a l y s t  con- 
t a i n i n g  s u r f a c e  carbon wi th  a p u l s e  of Hz/CO(9/1) t h e  t o t a l  amount of  
methane produced is g r e a t l y  augmented over  t h a t  measured on a c l e a n  n i c k e l  
s u r f a c e  wi th  t h e  same gas  mixture .  A s  a m a t t e r  of f a c t  t h e  t o t a l  number 
of  CH4 molecules formed approaches t h e  sum of t h e  number of carbon atoms 
deposi ted on t h e  c a t a l y s t  s u r f a c e  and t h e  number of CO molecules  conver ted  
i n  passing a CO/Hz p u l s e  gas  mixture  over  t h e  c l e a n  c a t a l y s t  (Table 1). 
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Furthermore i t  should be noted t h a t  i n  pu l s ing  w i t h  CO some non- 

d i s s o c i a t e d  carbon monoxide is r e t a i n &  by t h e  c a t a l y s t  (Table  1). 
However these  CO admolecules d o  n o t  seem t o  c o n t r i b u t e  t o  methane formation 
on subsequent exposure t o  a p u l s e  o f  HZ a t  553 K.  T h i s  l a c k  of p a r t i c i -  
pa t ion  of adsorbed CO molecules  i n  methanat ion i s  s u b s t a n t i a t e d  by a 
c a l c u l a t i o n  of t h e  s i t e  occupancy o f  carbon and carbon monoxide adspec ie s  
on the c a t a l y s t  s u r f a c e  r e s u l t i n g  from exposure t o  p u l s e s  of d i f f e r e n t  CO 
concen t r a t ions .  I n  t h i s  a n a l y s i s  t h e  assumption has  been made t h a t  a 
bridge-bonded c o n f i g u r a t i o n  [CO(B)] i s  p a r t i c u l a r l y  f avorab le  f o r  d i s -  
s o c i a t i v e  adso rp t ion  o f  CO, i.e., two ne ighbor ing  n i c k e l  sites on to  which 
CO i s  bound. The remaining s i tes  are t aken  t o  be occupied by l i n e a r l y  
bound CO admolecules [CO(L)l, i .e . ,  t hose  bonded by sp-hybridized carbon 
t o  a s i n g l e  N i  atom. I t  w i l l  be no ted  from t h e  d a t a  i n  F igu re  1 (curve 
c )  t h a t  du r ing  p u l s i n g  w i t h  p r o g r e s s i v e l y  l a r g e r  closes of C O ,  t h e  f i n i t e  
number of N i  s i t e s  a v a i l a b l e  i s  q u i c k l y  preempted by CO(B)so t h a t  t h e  
adso rp t ion  of CO(L) goes through a maximum value.  From a comparison o f  
curves b and c i n  F igu re  2 i t  is a p p a r e n t  t h a t  methane formation runs  
p a r a l l e l  to  t h e  s u r f a c e  d e n s i t y  o f  C-atoms and n o t  CO admolecules. 

m 

m 

The chemical s ta te  of t he  carbon adatoms on t h e  s u r f a c e  o f  t h e  Ni/Al$g 
c a t a l y s t  h a s  been determined by means o f  Auger e l e c t r o n  s p e c t r o s c o p i c  
s t u d i e s .  A c a t a l y s t  sample exposed t o  s e v e r a l  CO p u l s e s  (10 vol% i n  He) 
a t  553 K and cooled to  room tempera tu re  e x h i b i t e d  the spectrum shown in 
Figure  3. The Auger e l e c t r o n s  w i t h  e n e r g i e s  n e a r  250 eV and 260 e V  ex- 

i s t i c  o f  a ca rb id i c - type  carbon s t r u c t u r e . l 4 9 l 5  
n e a r  270 eV is common carbon i n  b o t h  t h e  g r a p h i t i c  and t h e  c a r b i d i c  
chemical states. 

. h i b i t e d  by the Ni/A1@3 sample and t h e  ca rbur i zed  N i  f o i l  are cha rac t e r -  
The KLL Auger t r a n s i t i o n  

Since i n  t h e  energy range of i n t e r e s t  t h e  Auger e l e c t r o n s  emanate 
from a shal low depth n e a r  t h e  s u r f a c e  o f  t he  s o l i d  (< 3 atomic layer) 
w c  may conclude t h a t  t h e  d i s s o c i a t i v e  chemisorpt ion of CO on N i  r e s u l t s  
i n  t h e  formation of a c a r b i d i c  Ni-C s u r f a c e  bond. From t h e  d i s s o c i a t i o n  
energy of CO ( 2 5 6  kcal/mole) and t h e  Ni-O bond s t r e n g t h  (89 kcal/mole) 
w e  e s t i m a t e  a va lue  o f  167 kcal /mole as t h e  lower l i m i t  of t h e  Ni-C b ind ing  
energy r equ i r ed  t o  make d i s s o c i a t i v e  chemisorpt ion of CO on N i  thermo- 
dynamical ly  feasible. A bend s t r e n g t h  of t h i s  magnitude for t h e  Xi-C bond 
h a s  been reported.16 

rn F u r t h e r  evidence f o r  d i s s o c i a t i v e  a d s o r p t i o n  o f  CO on N i  is provided 
by e l e c t r o n  spectroscopy.  
CO adsorbed on a p o l y c r y s t a l l i n e  n i c k e l  f i l m  a t  300 K ,  a dens i ty -o f - s t a t e s  
d i s t r i b u t i o n  €or t he  oxygen valencc e l e c t r o n s  was observed which could 
be a t t r i b u t e d  t o  M admolecules. 
s t a t e s  d i s t r i b u t i o n  changed t o  t h a t  c h a r a c t e r i s t i c  o f  0-adatoms r e s u l t i n g  

In a study17 o f  t h e  pho toe lec t ron  s p e c t r a  of 

m However a t  T > 400 K ,  t h e  dens i ty -o f -  
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from CO d i s s o c i a t i o n .  Also,  f o r  CO a d s o r p t i o n  on a d i s o r d e r e d  N i ( l l 1 )  sur -  
f a c e ,  Eastman and coworkers18 repor ted  r u p t u r e  o f  t h e  C 4  bond. 

The l a b i l e  c h a r a c t e r i s t i c s  of t h e  c a r b i d i c  s u r f a c e  carbon s p e c i e s  
on n icke l  becomes apparent  dur ing  prolonged exposure Of t h e  c a t a l y s t  sur -  
f a c e  to t h e  e l e c t r o n  beam of t h e  Auger e l e c t r o n  s p e c t r o m e t e r  or t o  e l e v a t e d  
temperatures. Under t h e s e  c o n d i t i o n s  t h e  Auger spectrum i n d i c a t e s  a 
gradual  t ransformat ion  of  t h e  c a r b i d i c  carbon to  t h e  g r a p h i t i c  form, i . e .  
disappearance of t h e  s p e c t r a l  f i n e  s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  250 and 
260 eV Auger "peaks" and growth of t h e  s i g n a l  i n t e n s i t y  of the- 270 eV "peak." 
T h i s  form of s u r f a c e  carbon i s  r e l a t i v e l y  u n r e a c t i v e  toward hydrogen. 
P o s s i b l y  i t  has  t h e  p r o p e r t i e s  of t h e  C ( p ) - s t a t e  (F igure  2) observed i n  
t h e  TPSR experiments .  From t h e  r a t e  c o n s t a n t s  measured we would expect  
t h e  r e a c t i v i t y  of t h e  g r a p h i t i c  carbon towards hydrogen t o  be 1/10,000 
t h a t  o f  t h e  c a r b i d i c  s p e c i e s  a t  553 K .  

O u r  experimental  work s t r o n g l y  s u g g e s t s  t h e  c a r b i d i c  carbon s u r f a c e  
s p e c i e s  as  an i n t e r m e d i a t e  i n  the  Ni-catalyzed methanat ion r e a c t i o n .  This  
s u r f a c e  carbon s p e c i e s ,  h i g h l y  r e a c t i v e  towards hydrogenat ion and methane 
formation,  should be d i s t i n g u i s h e d  from bulk  n i c k e l  c a r b i d e ,  ( N i ~ c ) ,  whose 
a c t i v i t y  i n  methanat ion c a t a l y s i s  has  been examined and found t o  be r e l a -  
t i v e l y  10w.19-21 The r a t e  de te rmining  s t e p  i s  t o  be found i n  t h e  d i s -  
s o c i a t i v e  chemisorp t ion  of  CO. The a c t i v a t i o n  energy  for t h i s  process  
i s  est imated t o  be 39 2 2 kcal /mole,  a v a l u e  of t h e  same magnitude found 
i n  our appara tus  f o r  s t e a d y  s t a t e  c a t a l y t i c  methanat ion a t  W/H2 = 1/9 ,  
a s  shown by t h e  d a t a  i n  F i g u r e  4 ,  
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Table 1 

INTERACTION OF H2 A M )  H2/CO W I T H  SURFACE CARBON 
ON Ni/A1203 CATALYSTa AT 553 K 

Experiment Pu l seb  Surface S p e c i e s  
Composition T o t a l  Deposited 

( VOl%) Number (moles x lo6)  
*2 a co C 

1 0 10 1.56 2 .01  

l 1 0 0  0 I 1 I 0 0 

2 0 10 2 0 . 8 3  2.12 

0 

3 1 . 6 5  3 . 4 0  

0 

aNi/A1203 c a t a l y s t  (Girdler G-65, 25  w t %  N i ) .  

bCO p u l s e  = 5.73  x mole; H2 p u l s e  = 5.73 x lom5 mole. 

59 

CH4 Formed 

(mole x 106) 

- 
1.96 

- 

2.10 

- 
3.39 

5 .25  

- 
8.01 
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FIGURE 1 SURFACE CARBON INTERMEDIATE IN  CATALYTIC 
METHANATION (Ni/AI2O3, 25 wt %) 
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FIGURE 2 TEMPERATURE PROGRAMMED SURFACE REACTION BETWEEN SURFACE 
CARBON AND GASEOUS HYDROGEN CATALYZED BY Ni/AI2O3 (25 wt %I 
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FIGURE 4 STEADY STATE METHANATION ACTIVITY OF Ni/A1203 
125 wt %I 
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