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INTRODUCTION 

Methanat ion o f  s y n t h e s i s  g a s  m i x t u r e s  i s  an  e s s e n t i a l  s t e p  i n  t h e  
manufac ture  o f  s u b s t i t u t e  n a t u r a l  g a s  (SNG): 

CO + 2 H 2  = CH4 + H20 (-AHo298 = 206 kJ/mol) 
C 0 2  + 4 H 2  = CH4 + 2 H 2 0   AH^^^^ = 1 6 5  kJ/mol) 

The r e a c t i o n s  a re  c a t a l y z e d  by v a r i o u s  metals  of which s u p p o r t e d  
n i c k e l  i s  p r e f e r r e d .  

Methanat ion f o r  SNG p r o d u c t i o n  i s  complex because  t h e  h i g h  con- 
c e n t r a t i o n s  of CO and C02 involved  r e s u l t  i n  l a r g e  p o t e n t i a l  t e m -  
p e r a t u r e  i n c r e a s e s .  T h i s  may c a u s e  s i n t e r i n g  of t h e  c a t a l y s t  or 
f o r  some cases a p o t e n t i a l  f o r  carbon format ion .  

One s o l u t i o n  i s  t o  i n c l u d e  a r e c y c l e  s t r e a m  of p r o d u c t  g a s  a s  a 
d i l u e n t .  I t  i s  e v i d e n t  t h a t  t h i s  s o l u t i o n  i n v o l v e s  a loss of energy 
i n  t h e  r e c y c l e  o p e r a t i o n ,  and t h a t  a n  economic p r o c e s s  s h o u l d  al low 
minimum r e c y c l e .  For  a n  a d i a b a t i c  p r o c e s s ,  however, t h i s  is equiva-  
l e n t  t o  a l a r g e  t e m p r a t u r e  i n c r e a s e .  

Another s o l u t i o n  i s  t o  c a r r y  o u t  the methanat ion  i n  a c o o l e d  r e a c -  
t o r  i n  which t h e  h e a t  o f  r e a c t i o n  i s  t r a n s f e r r e d  from t h e  r e a c t i o n  
zone i n t o  a c o o l i n g  m e d i u m ,  e .g .  b o i l i n g  water.  For  a c o o l e d  reac- 
t o r ,  it a p p e a r s  advantageous t o  d e s i g n  f o r  h i g h  " h o t  zone" tempera- 
t u r e s ,  because t h i s  g i v e s  a b e t t e r  h e a t  t r a n s f e r .  

When d e c r e a s i n g  t h e  o p e r a t i n g  t e m p e r a t u r e ,  the need f o r  h i g h e r  ca- 
t a l y s t  a c t i v i t y  i n c r e a s e s .  Below a c e r t a i n  t e m p e r a t u r e  t h e  r e a c t i o n  
w i l l  n o t  " i g n i t e " .  T h i s  problem may be aggrava ted  because  t h e  c a t a -  
l y s t  having been exposed t o  t h e  h i g h  tempera ture ,  may have t o  oper -  
a t e  a t  t h e  l o w  t e m p e r a t u r e  a f t e r  age ing  or  p o i s o n i n g  of  t h e  c a t a l y s t  
a t  t h e  r e a c t o r  i n l e t .  

Moreover, t h e  s t e e p  tempera ture  p r o f i l e  means t h a t o t h e  o p e r a t i o n  
t e m p e r a t u r e  of a c a t a l y s t  p e l l e t  may change 50-100 C w i t h i n  seconds 
i n  c a s e  of v a r i a t i o n s  i n  l o a d ,  r e c y c l e  r a t i o  and p r e h e a t  ternpera- 
t u r e .  T h i s  r e q u i r e s  h i g h  mechanical  s t a b i l i t y  of t h e  c a t a l y s t .  

Thus fo r  a d i a b a t i c  and f o r  cooled  r e a c t o r s  a s  w e l l ,  i n  o r d e r  t o  meet 
t h e s e  p r o c e s s  r e q u i r e m e n t s ,  t h e  c a t a l y s t  should b e  a c t i v e  and s t a b l e  
b o t h  a t  h i g h  and l o w  t e m p e r a t u r e s .  T h i s  i s  a key problem t o  b e  so lved  
when o p t i m i z i n g  t h e  methanat ion  p r o c e s s  f o r  coa l -based  S N G .  

The paper  summarizes c a t a l y s t  s t u d i e s  o f  impor tan t  phenomena t o  be 
c o n t r o l l e d  i n  t h e  development and u s e  o f  a n  i n d u s t r i a l  c a t a l y s t  
meet ing t h e s e  r e q u i r e m e n t s .  
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EXPERIMENTAL 

The c a t a l y s t s  were s t u d i e d  i n  v a r i o u s  t e s t  u n i t s .  S i n t e r i n g  s t u d i e s  
were performed i n  a t u b u l a r  r e a c t o r  (Di=32 mm) i n  which v a r i o u s  ca- 
t a l y s t  samples  were exposed s i m u l t a n e o u s l y  t o  s i n t e r i n g  a t  g i v e n  
t e m p e r a t u r e ,  p r e s s u r e  and atmosphere.  Low t e m p e r a t u r e  d e a c t i v a t i o n  
phenomena were s t u d i e d  i n  d i f f e r e n t i a l  f low r e a c t o r s  (Di=0.8 mm) . 
The c a t a l y s t  was u s e d  as 0 . 3  - 0 . 5  mm par t ic les  d i l u t e d  w i t h  i n e r t  
m a t e r i a l .  S t a n d a r d  a c t i v i t y  tests,  and d e t e r m i n a t i o n  o f  n i c k e l  s u r -  
face areas were d e s c r i b e d  e a r l i e r  (1). The main p a r t  o f  the  devel -  
opment work took p l a c e  i n  a p i l o t  p l a n t  w i t h  a 5 l i t r e  a d i a b a t i c  
reactor. The reactor had a f u l l  bed l e n g t h  ( u p  t o  2m) and o p e r a t e d  
a t  i n d u s t r i a l  mass ve loc i t ies ,  l e a v i n g  t h e  reactor d i a m e t e r  as t h e  
o n l y  sca le -up  parameter .  C a t a l y s t  samples  from p i l o t  tests were 
used  f o r  p h y s i c a l  and c a t a l y t i c a l  examinat ion .  

RESULTS 

S i n t e r  i n q  

The methanat ion  r e a c t i o n  on n i c k e l  r e q u i r e s  a l a r g e  ensemble of  
n i c k e l  atoms ( 2 ) ,  a n d  t h e  s p e c i f i c  a c t i v i t y  i s  i n f l u e n c e d  by n i c k e l  
c r y s t a l l i t e  s i z e  ( 3 ) ,  by the  composi t ion o f  t h e  s u p p o r t  (4,5,6), 
and by n o n - l i n e a r  p o i s o n i n g  e f f e c t s  (1). T h e r e f o r e ,  t h e  r e a c t i o n  
a p p e a r s  s e n s i t i v e  t o  t h e  s t r u c t u r e  of  t h e  c a t a l y s t  and t o  i t s  h i s -  
t o r y  of o p e r a t i o n .  

S i n t e r i n g  of  t h e  n i c k e l  c r y s t a l s  r e s u l t s  i n  loss of  s u r f a c e  area, 
and i n  p r i n c i p l e  r e c r y s t a l l i z a t i o n  may change the  n i c k e l  ensembles 
a v a i l a b l e ,  and hence  c a u s e  a d e c r e a s e  o f  t h e  s p e c i f i c  a c t i v i t y .  We 
showed p r e v i o u s l y  ( 4 , 7 )  t h a t  h e a t  t r e a t m e n t  o f  n i c k e l  c r y s t a l s  ono 
a s t a b l e  l o w  area ceramic s u p p o r t  r e s u l t e d  i n  no s i n t e r i n g  a t  550 C 
o v e r  a p e r i o d  of 1 0 0 0  h o u r s ,  whereas the n i c k e l  s u r f a c e  a r e a  dropped 
t o  around 40 t o  25% o v e r  t h e  same p e r i o d  a t  7OO0C and 85OoC r e s p e c t -  
i v e l y ,  t h i s  r e s u l t  cor responds  t o  t h e  r u l e  of  Tammann, accord ing  t o  
which s i n t e r i n g  i s  e x p e c t e d  above 0 . 5  t i m e s  t h e  m e l t i n g  p o i n t  ( K) 
( 8 )  o f  t h e  m e t a l .  The growth mechanism of  suppor ted  metal  c r y s t a l s  
a p p e a r s  v e r y  complex (9,101. The growth r a t e  might b e  i n f l u e n c e d  
by t h e  w e t t i n g  p r o p e r t i e s  of  t h e  metal t o  t h e  s u p p o r t ,  and by t h e  
micropores  of  t h e  s u p p o r t  m a t e r i a l .  I t  w a s  i l l u s t r a t e d  t h a t  t h e  
d i f f u s i o n  o f  a m e t a l  c r y s t a l l i t e  i s  impeded, when t h e  s i z e  of  t h e  
m e t a l  c r y s t a l l i t e  i s  of  t h e  o r d e r  magni tude o f  t h e  d i a m e t e r  o f  t h e  
p o r e  ( 1 1 , 1 2 ) .  I n  g e n e r a l ,  t h e  m e t a l  p a r t i c l e s  may h a r d l y  grow t o  
a s i z e  l a r g e r  t h a n  t h e  pore d i a m e t e r  o f  t h e  s u p p o r t .  T h i s  means 
t h a t  a s t a b i l i z e d  micropore  sys tem o f  t h e  s u p p o r t  e f f e c t i v e l y  pre-  
v e n t s  s i n t e r i n g  o f  t h e  n i c k e l  c rys ta l s .  

N i c k e l  c a t a l y s t s  d e s i g n e d  f o r  low t e m p e r a t u r e  o p e r a t i o n  a re  normally 
based  on h i g h  a r e a  s u p p o r t s  such a s  gamma a lumina ,  s i l i c a ,  chromia,  
etc.  These s u p p o r t s  s u f f e r  from s i g n i f i c a n t  s i n t e r i n g ,  which ma 
accompanied by weakening when exposed t o  t e m p e r a t u r e s  above 5 0 0  C 
(4 ,131.  The s i n t e r i n g  may b e  a c c e l e r a t e d  by h i g h  steam p a r t i a l  p r e s -  
s u r e  ( 1 4 ) .  F i g u r e  1 shows r e s u l t s  from s i n t e r i n g  tests a t  c o n d i t i o n s  
f o r  a c c e l e r a t e d  s i n t e r i n g  ( i . e .  H O/H2=10, 30 a t m ) .  Three c a t a l y s t s  
are compared: a l o w  area steam rezorming c a t a l y s t ,  a h i g h  a r e a  low 

8 be 

90 



t empera ture  methanat ion  c a t a l y s t  (Ni/y A 1  0 ) ,  and t h e  Topsge 
methanat ion  c a t a l y s t  MCR-type. The MCR c a z a j y s t  m a i n t a i n s  a h i g h  
t o t a l  s u r f a c e  area and mechanica l  s t r e n g t h ,  whereas t h e  y A l Z 0 3  
based c a t a l y s t  d e t e r i o r a t e s .  ~ l l  c a t a l y s t s  show s i g n i f i c a n t  loss 
i n  n i c k e l  s u r f a c e  a r e a  a t  800°C. 

Carbon Formation 

Thermodynamics p r e d i c t  carbon f o r m a t i o n  f o r  methanat ion  above a 
c e r t a i n  tempera ture ,  depending on f e e d  composi t ion and p r e s s u r e .  
T h i s  may i n f l u e n c e  t h e  minimum r e c y c l e  r a t i o  a l lowed,  a s  i l l u s -  
t r a t e d  i n  F igure  2 .  However, t h e  thermodynamic d a t a  a r e  i n f l u -  
enced by t h e  c a t a l y s t ,  because  it m o d i f i e s  t h e  s t r u c t u r e  o f  t h e  
carbon.  This  a l l o w s  o p e r a t i o n  a t  c o n d i t i o n s  more c r i t i c a l  t h a n  
t h o s e ,  which correspond t o  t h e  l i m i t  p r e d i c t e d  on t h e  b a s i s  of  
i d e a l  g r a p h i t e .  W e  have shown p r e v i o u s l y  (4,151 t h a t  t h i s  e f f e c t  
i s  f a v o r e d  by s m a l l  n i c k e l  c r y s t a l s  i n  t h e  c a t a l y s t .  

I n  p r a c t i c e ,  t h i s  means t h a t  t h e  s o - c a l l e d  p r i n c i p l e  o f  e q u i l i b r a t e d  
g a s  (1,4), ( i . e .  carbon f o r m a t i o n  when t h e  g a s  shows a f f i n i t y  for  
carbon,  a f t e r  t h e  e s t a b l i s h m e n t  o f  t h e  methanat ion  and s h i f t  equi -  
l i b r i a )  p r e d i c t s  no carbon f o r m a t i o n  f o r  methanat ion .  The v a l i d i t y  
o f  t h i s  p r i n c i p l e  i s  i n d i c a t e d  by t h e  r e s u l t s  i n  Table  1, o b t a i n e d  
from thermogravimet r ic  s t u d i e s  (1). The c o n c l u s i o n  h a s  been  f u r t h e r  
confirmed by t h e  e x p e r i e n c e  i n  the p i l o t  tests.  

Low Temperature Problems 

Low o p e r a t i n g  t e m p e r a t u r e s  f a v o r  the  a d s o r p t i o n  of p o i s o n s ,  e .g . 
s u l f u r  on t h e  c a t a l y s t .  W e  have shown t h a t  t h e  e f f e c t  o f  s u l f u r  
i s  s t r o n g l y  non- l inear  (1) r e f l e c t i n g  t h a t  t h e  methanat ion  reac- 
t i o n  i s  s t r u c t u r e  s e n s i t i v e .  T h i s ,  and o t h e r  s t u d i e s  (16 ,171 ,  show 
t h a t  a s u l f u r  c o n t e n t  i n  t h e  f e e d  stream o f  less t h a n  1 0  ppb  i s  
r e q u i r e d  t o  o b t a i n  a r e a s o n a b l e  methanat ion  a c t i v i t y  a f t e r  e q u i l i -  
b r a t i o n  o f  t h e  s u l f u r  a d s o r p t i o n .  T h e r e f o r e ,  t h e  e f f e c t  o f  s u l f u r  
po isoning  should ra ther  b e  a n a l y s e d  i n  t e r m s  o f  a dynamic model 
f o r  f i x e d  bed a d s o r p t i o n  (18 ) .  

The o p e r a t i o n  a t  a l o w  r e c y c l e  r a t i o  or t h e  s t r a i g h t - t h r o u g h  
o p e r a t i o n  i n  a c o o l e d  r e a c t o r ,  i m p l i e s  h i g h  p a r t i a l  p r e s s u r e s  
of  carbon monoxide a t  the  r e a c t o r  i n l e t .  T h i s  r e s u l t s  i n  t w o  
problems. 

A t  t empera tures  below 23OoC, t h e r e  i s  a s u b s t a n t i a l  r i s k  t h a t  car- 
bon monoxide reacts  w i t h  n i c k e l ,  forming n i c k e l  carbonyl .  O p e r a t i o n  
i n  t h i s  tempera ture  r a n g e ,  w i t h  a p a r t i a l  p r e s s u r e  o f  carbon monox- 
i d e  of  2.5 atm r e s u l t e d  i n  t r a n s p o r t  o f  n i c k e l  i n  t h e  c a t a l y s t  bed. 
Moreover, t h e  f o r m a t i o n  o f  n i c k e l  c a r b o n y l  r e s u l t e d  i n  a d r a s t i c  
growth o f  t h e  n i c k e l  c r y s t a l s ,  u p  t o  p a r t i c l e s  of  2 0 , 0 0 O f t ,  t h u s  
exceeding,  by l a r g e ,  t h e  p o r e  s i z e  o f  t h e  c a t a l y s t  s u p p o r t .  T h i s  
growth r e s u l t e d  i n  break-down of t h e  c a t a l y s t .  The f o r c e s  involved  
appear much s t r o n g e r  t h a n  observed  i n  thermal  s i n t e r i n g  o f  t h e  
n i c k e l  c r y s t a l s ,  as d e s c r i b e d  above. 

Another r e s u l t  from o p e r a t i n g  w i t h  h i g h  p a r t i a l  p r e s s u r e  o f  carbon 
monoxide, appears  t o  be a d e a c t i v a t i o n  phenomenon, c a l l e d  B-deactiv- 
v a t i o n  developing  s lowly  i n  some p i l o t  t es t s ,  and b e i n g  r e f l e c t e d  by 
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t h e  appearance o f  an i n f l e c t i o n  p o i n t  i n  t h e  a x i a l  t empera tu re  pro- 
f i l e .  F i g u r e  3 i l l u s t r a t e s  t h e  movement of t h e  t empera tu re  p r o f i l e ,  
and t h a t  t h e  8 - d e a c t i v a t i o n  d i s a p p e a r s  above a c e r t a i n  i n l e t  t e m -  
p e r a t u r e .  The a c t i v i t y  cou ld  be r e s t o r e d  by t r e a t m e n t  i n  hydrogen, 
as exp la ined  below. 

The low t empera tu re  d e a c t i v a t i o n  phenomena were f u r t h e r  demonst ra ted  
b y  l a b o r a t o r y  tests on a N i / q  A 1  O3 c a t a l y s t  i n  a d i f f e r e n t i a l  re- 
a c t o r .  A s  shown i n  F i g u r e  4 ,  no 3 e a c t i v a t i o n  was observed  i f  CO was 
r e p l a c e d  by C02. The d e a c t i v a t i o n  r a t e  i n c r e a s e s  s i g n i f i c a n t l y  wi th  
t h e  CO/H2 r a t i o  and by t h e  p re sence  of s u l f u r .  The r o l e  of  s u l f u r  on 
o t h e r  d e a c t i v a t i o n  phenomena w a s  i n d i c a t e d  i n  o u r  e a r l i e r  s t u d i e s  
(1) - 
The MCR-2X c a t a l y s t  shows much less d e a c t i v a t i o n  than  t h e  N i / n  A 1  O3 
c a t a l y s t .  
of n i c k e l  c r y s t a l s  showed t h a t  t h e  N i / q  A 1  O3 c a t a l y s t  had also been 
exposed to  ca rbony l  fo rma t ion  i n  c o n t r a s t  $0 t h e  MCR-2X c a t a l y s t .  
The l a r g e  i n f l u e n c e  of c a t a l y s t  composi t ion  on d e a c t i v a t i o n  r a t e  
and ca rbony l  fo rma t ion  w a s  a l s o  r e p o r t e d  by Vannice and Gar t en  ( 6 ) .  

The 8 -deac t iva t ion  i s  probably  due t o  t h e  fo rma t ion  of a l e s s  r e -  
a c t i v e  carbon s ta te  on t h e  n i c k e l  s u r f a c e ,  which might be t h e  
6 - s t a t e  i d e n t i f i e d  by W i s e  e t . a l .  ( 1 9 , 2 0 ) .  

The s i t u a t i o n  co r re sponds  t o  t h e  d e a c t i v a t i o n  observed i n  steam 
naphtha  re forming  a t  low t empera tu res  ( 2 1 ) ,  and t o  a g e n e r a l  model 
f o r  carbon fo rma t ion  on  n i c k e l  ( 2 2 ) .  The adsorbed i n t e r m e d i a t e  
(a '-carbon)may e i t h e r  be g a s i f i e d  t o  methane (2,19) o r  be d i s -  
so lved  i n  n i c k e l  a s  carbon and form carbon whiskers  (l), o r  be 
t r a n s f e r r e d  i n t o  e n c a p s u l a t i n g  carbon (6 -ca rbon) .  For t h e  p r e s e n t  
c a s e ,  a p p a r e n t l y  t h e  conve r s ion  of  a' i n t o  is  too  s l o w  a t  ve ry  
low t empera tu res ,  e . g .  25OoC,  whereas a t  h i g h  t empera tu res  t h e  r a t e  
o f  hydrogenat ion  of 6-carbon exceeds  t h e  t r a n s f o r m a t i o n  ra te  of  a' 
i n t o  8-carbon ( 2 0 ) .  These e f f e c t s  a r e  ove r l apped  by t h e  i n f l u e n c e  
o f  t h e  s u r f a c e  c o n c e n t r a t i o n  of a ' - ca rbon  such  as t h e  hydrogenat ion  
r a t e  of a ' - ca rbon  and  t h e  pa rame te r s  govern ing  t h e  chemisorp t ion  of 
carbon monoxide. The CO chemiso rp t ion  depends on t h e  p a r t i a l  p re s -  
s u r e  of CO and t h e  t empera tu re  a t  a g iven  p o s i t i o n  i n  t h e  r e a c t o r ,  
and it i s  a l s o  a f f e c t e d  by t h e  composi t ion  of t h e  c a t a l y s t  (5). . 

Analys i s  of t h e  s p e n t  c a t a l y s t s  i n d i c a t e d  by t h e  g rowt i  

MCR-2X C a t a l y s t  

The development program f o r  methanat ion  c a t a l y s t s  a t  Tops0e ' s  l abo ra -  
t o r i e s  aimed s p e c i f i c a l l y  a t  s o l v i n g  t h e  problem of o p e r a t i n g  over 
a wide tempera ture  r ange .  The work r e s u l t e d  i n  t h e  MCR-2X c a t a l y s t .  
The suppor t  has  a s t a b i l i z e d  micropore  sys tem t h a t  e f f e c t i v e l y  pre- 
v e n t s  s i n t e r i n g  of  t h e  n i c k e l  c r y s t a l s .  The r e s u l t i n g  h igh  n i c k e l  
s u r f a c e  a r e a  and t h e  absence  of a l k a l i  (sometimes added t o  p reven t  
carbon format ion)  l e d  t o  t h e  d e s i r e d  h igh  methanat ion  a c t i v i t y .  The 
c a t a l y s t  i s  mechan ica l ly  stable a t  h igh  as w e l l  a s  low tempera tures .  
The s t a b i l i t y  was proven  i n  p i l o t  tests w i t h  a t o t a l  run-time arnount- 
i n g  t o  1 5 , 0 0 0  hours .  T h i s  i nc luded  8 , 0 0 0  hours  o g e r a t i o n  a t  t h e  same 
c a t a l y s t  f i l l i n g  a t  a maximum tempera tu re  of 600  C. Data i n  Tab le  2 
demons t r a t e s  t h e  t h e r m o - s t a b i l i t y  of  MCR-2X r e f l e c t e d  by an a lmost  
unchanged mechanica l  s t r e n g t h  and t o t a l  s u r f a c e  a r e a .  The a c t i v i t y  
s t a b i l i z e d  a f t e r  1,000-2,000 hours .  
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The mechanical and chemical p r o p e r t i e s  of MCR-2X a l s o  o f f e r  f l e x i -  
b i l i t y  i n  p rov id ing  t h e  c a p a b i l i t y  f o r  r e g e n e r a t i o n  of s p e n t  c a t a -  
l y s t s .  Tab le  3 shows r e s u l t s  from r e g e n e r a t i o n  tests performed on  
samples t aken  a f t e r  4700 hours  o p e r a t i o n  i n  t h e  p i l o t  p l a n t .  The 
carbonaceous f i l m  r e s p o n s i b l e  f o r  t h e  8 - d e a c t i v a t i o n  can  be removed 
simply by t r e a t m e n t  i n  hydrogen, whereas s u l f u r  i s  more d i f f i c u l t  
t o  remove. However, t h e  c a t a l y s t  e a s i l y  w i t h s t a n d s  a h igh  tempera- 
t u r e  o x i d a t i o n  and r e - r educ t ion ,  which w i l l  n o t  o n l y  remove s u l f u r ,  
b u t  a l s o  r e s u l t  i n  r e d i s t r i b u t i o n  of any s i n t e r e d  n i c k e l  c r y s t a l s .  
AS shown i n  Table 3 ,  more than  50% o f  t h e  o r i g i n a l  a c t i v i t y  of a 
new c a t a l y s t  can  be  rega ined  by t h i s  method. 

The p r o p e r t i e s  of MCR-2X can  be u t i l i z e d  i n  d i f f e r e n t  p r o c e s s  
schemes opt imized  f o r  t h e  feedgas  i n  q u e s t i o n .  The c r i t i c a l  s t e p  
i s  t h e  f i r s t  methanat ion  s t a g e ,  where t h e  f u l l  p o t e n t i a l  o f  MCR-2X 
i s  u t i l i z e d ,  MCR-2X a l lowing  maximum p r a c t i c a b l e  t empera tu re  in -  
c r e a s e  from c a .  3OO0C t o  70OoC. 

The mechanica l  s i n , t e r i n g  problem could  be so lved  by u s i n g  steam r e -  
forming c a t a l y s t s ,  which w i l l ,  o f  c o u r s e ,  be a c t i v e  a l s o  f o r  metha- 
n a t i o n .  However, t h e  n i c k e l  s u r f a c e  a r e a s  i n  most steam reforming  
c a t a l y s t s  a r e  t o o  s m a l l  t o  p rov ide  adequa te  low t empera tu re  a c t i v i -  
t y ,  t h u s  d i c t a t i n g  o p e r a t i n g  a t  h i g h e r  r e a c t o r  i n l e t  t empera tu res .  
Th i s  w i l l  n o t  n e c e s s a r i l y  i n f l u e n c e  t h e  o v e r a l l  conve r s ion  i n  t h e  
r e a c t o r ,  which i s  f i x e d  by t h e  e x i t  t empera tu re .  However, f o r  a d i a -  
b a t i c  o p e r a t i o n ,  t h e  reduced t empera tu re  r ise  means a h i g h e r  r e c y c l e  
energy consumption. I n  p r i n c i p l e  t h i s  can  be overcomed by i n c r e a s i n g  
a l s o  t h e  e x i t  t empera tu re ,  b u t  t h i s  means a g r e a t e r  number of r eac -  
t o r s  because  of t h e  s m a l l e r  conve r s ion  pe r  reactor. Th i s  s i t u a t i o n  
i s  i l l u s t r a t e d  i n  F i g u r e  5 ,  i n  which t h e  o p e r a t i o n ,  based on MCR-ZX, 
i s  shown ( s o l i d  l i n e )  i n  a s i m p l i f i e d  example invo lv ing  t h r e e  a d i a -  
b a t i c  r e a c t o r s ,  cor responding  t o  an  o v e r a l l  conve r s ion  o f  95%. 

The p r o c e s s  p a t h ,  TREMP (Tops0e Recycle Methanation P rocess )  is 
compared wi th  a l t e r n a t i v e  r o u t e s  of h igh  t empera tu re  methanat ion  
(dashed l i n e s )  based  on a re forming  t y p e  c a t a l y s t .  A t empera tu re  
of 45OoC is  assumed a s  t h e  minimum i n l e t  t empera tu re  f o r  t h e  re- 
forming type  c a t a l y s t .  To ach ieve  t h e  same conve r s ion  of t h e  f i r s t  
r e a c t o r  a s  ob ta ined  i n  TREMP, a r e c y c l e  r a t i o  2 t i m e s  h i g h e r  a s  i n  
TREMP i s  r e q u i r e d .  T h i s  means h ighe r  energy  consumption. I f  r e c y c l e  
i s  exc luded ,  f o u r  r e a c t o r  s t a g e s  a r e  necessa ry  w i t h  re forming  c a t a -  
l y s t s  t o  o b t a i n  a conve r s ion  e q u i v a l e n t  t o  t h a t  o f  t h e  f i r s t  TREMP 
r e a c t o r ,  Moreover, t h i s  s o l u t i o n  i s  d o u b t f u l  because  of  t h e  excess-  
i v e l y  h igh  e x i t  t empera tu re  of t h e  f i r s t  r e a c t o r .  

By t h e  u s e  of a combined bed of a non-n icke l  g a t a l y s t  w i t h  MRC-2X, 
t h e  i n l e t  t empera tu re  can bg dec reased  t o  200 C ,  t h u s  a l lowing  a 
t empera tu re  i n c r e a s e  of 500 C a t  a reduced r e c y c l e  r a t e .  The wide 
o p e r a t i n g  range  of  MCR-2X may be u t i l i z e d  i n  t h e  d e s i g n  o f  b o i l i n g  
water  r e a c t o r s  f o r  z e t h a n a t i o n .  With MCR-ZX, d e s i g n  f o r  " h o t  zone" 
t empera tu res  of 7 0 0  C i s  r e a l i s t i c ,  s i n c e  t h i s  l e a v e s  a good s a f e t y  
margin.  An e x p l o r a t i v e  tes t  w a s  made i n  t h e  p i l o t  p l a n t  i n  which 
M c R - ~ X  was exposed t o  78OoC i n  t h e  " h o t  zone".  For  s i m p l i c i t y  t h e  
t e s t  was made i n  an a i r - coo led  r e a c t o r .  The i n l e t  t empera tu re  was 

93 



3OO0C and a f t e r  t h e  h o t  zone, t h e  r e a c t i o n  tempera ture  w a s  decreased  
t o  about  25OoC. The t u b e  w a l l  t empera tu re  i n  t h e  h o t  zone w a s  be- 
tween 300 and 4OO0C, which i s  c l o s e  t o  t h e  expec ted  v a l u e  i n  an 
i n d u s t r i a l  b o i l i n g  water r e a c t o r .  Measured and c a l c u l a t e d  tempera- 
t u r e  p r o f i l e s  a r e  shown i n  F i g u r e  6 .  N o  s i g n i f i c a n t  d e a c t i v a t i o n  of 
t h e  c a t a l y s t  was observed  a t  t h e  tes t ,  which suppor t s  t h e  p o s s i b i l i -  
t y  f o r  des ign ing  f o r  h igh  h o t  s p o t  t empera tu res ,  be ing  impor t an t  f o r  
optimum r e a c t i o n  and h e a t  t r a n s f e r  c o n d i t i o n s .  

A s p e c i a l  a p p l i c a t i o n  o f  methanat ion  i s  r e l a t e d  t o  t h e  Long Dis tance  
Energy Transpor t  System NFE or ADAM/EVA system, which i s  be ing  de- 
ve loped  a t  t h e  German Nuc lea r  Research Cen te r  KFA-Jclich, i n  cooper- 
a t i o n  wi th  Rhe in i sche  Braunkohlenwerke AG i n  Cologne. I n  t h i s  system 
( 2 3 , 2 4 ) ,  nuc lea r  ene rgy  released i n  a helium-cooled h igh  tempera ture  
r e a c t o r  i s  t r a n s f e r r e d  t o  steam re fo rmer  (EVA) w i th  a h o t  he l ium as 
h e a t i n g  medium. The p r o d u c t  i s  t r a n s p o r t e d  by p i p e l i n e  t o  power 
p l a n t s  i n  which t h e  h e a t  i s  r ecove red  i n  a methanat ion  p l a n t  (ADAM). 
The h igh  e x i t  t empera tu re  which can  be accep ted  of MCR-2X makes it 
p o s s i b l e  t o  raise s u p e r h e a t e d  h igh  p r e s s u r e  steam a t  t h e  d e s t i n a t i o n  
f o r  e l e c t r i c i t y  p r o d u c t i o n  a s  r e q u i r e d  i n  t h e  NFE system. TopsQe has  
s u p p l i e d  t h e  semi-commercial demons t r a t ion  p l a n t  ADAM-1 t o  KFA - 
J i i l i c h .  The p l a n t  i s  based  on  t h r e e  a d i a b a t i c  methanat ion  s t e p 3 ,  and 
i t  i s  p rocess ing  s y n t h e s i s  g a s  manufactured from up t o  200 Nm pe r  
hour  of  n a t u r a l  gas ( 2 3 ) .  F i g u r e  7 shows t empera tu re  p r o f i l e s  from 
a n  ADAM I run  which was made by KFA i n  coope ra t ion  wi th  Tops@e ( 2 5 ) .  
MCR-2X was i n s t a l l e d  i n  t h e  f i r s t  two methanat ion  s t e p s ,  whereas t h e  
t h i r d  methanator o p e r a t e d  on MCR-4 which i s  a h i g h l y  a c t i v e  l o w  t e m -  
p e r a t u r e  c a t a l y s t .  

CONCLUSIONS 

The u s e  of a n i c k e l  c a t a l y s t  f o r  methanat ion  i s  l i m i t e d  t o  a minimum 
o p e r a t i n g  t empera tu re  because  of t h e  r i s k  of carbonyl  fo rma t ion  and 
d e a c t i v a t i o n ,  and t o  a maximum o p e r a t i n g  t empera tu re  because  of s i n -  
t e r i n g  and i n  c e r t a i n  c a s e s  t h e  r i s k  of carbon format ion .  B e t w e e n  
t h e s e  t empera tu re  limits, t h e  a c t i v i t y  and s t a b i l i t y  of t h e  c a t a l y s t  
de t e rmines  t h e  optimum l a y o u t  of  t h e  methanat ion  p rocess .  The TopsQe 
MCR-2X c a t a l y s t  a l l o w s  o p e r a t i o n  i n  t h e  t empera tu re  range  25OoC t o  
w e l l  above 70OoC.  By combina t ion  w i t h  a non-nickel c a t a l y s t ,  t h e  
o p e r a t i o n  r ange  can ,  f o r  c e r t a i n  c a s e s ,  be ex tended  t o  200 t o  70OoC. 
T h i s  c a p a b i l i t y  o f  h i g h  t empera tu re  methanat ion  o f f e r s  t h e  p o s s i b i -  
l i t y  of  d e s i g n  f o r  l o w  r e c y c l e ,  o r  f o r  optimum b o i l i n g  wa te r  r e a c t o r s .  
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T a b l e  - 1 
Carbon F o r m a t i o n ,  T h e r m o g r a v i m e t r i c  T e s t s  

E x p e r i m e n t a l  c o n d i t i o n s  re ref (1) 
C a t a l y s t ,  1 3 w t %  N i ,  DNi= 300 - 3500 8, 

C a r b o n  l i m i t s  c a l c u l a t e d  f r o m  " p r i n c i p l e  o f  e q u i l i b r a t e d  g a s "  

1 2 

PCO atm 

Temp. OC 

C a l c .  c a r b o n  l i m i t s  
C a r b o n  f o r  (Temp.OC) : 

G r a p h i t e  
C a t a l y s t  (DNi=3 500A 

0 , 3 3  

o r 2  0 , 3 3  

4 00- 47 0 400 

415 c: T 4 8 0 0  T 4 1069 

6 0 0 4  T 4 3 5 0  T c  684 

1 C a r b o n  F o r m a t i o n  I NO Y e s  

T a b l e  - 2 

High T e m p e r a t u r e  S t a b i l i t y  o f  MCR2X 
R e s u l t s  f rom P i l o t  T e s t s  

O p e r a t i o n  
Time a t  Temp. 

h OC 

D N i  BET Area n2  Area  

m 2 / s  A 

New MCR2X 

8127 600 

1895 600 
f o l l o w e d  by  
8 6 0  7 0 0  

52 7 220 

30 3 295 

35 3 345 

52 7 220 

30 3 295 

35 3 345 
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O p e r a t i n g  
t i m e  a t  temp. 
h OC 

R e g e n e r a t i o n  A c t i v a t i o n  
C o n d i t i o n s  C o n d i t i o n s  

H2,15h,5000C - 
H2,4h,7000C - 
H 2 0 ,  16h, 7OO0C 80O-85O0C, Zh 
H20,16h,7000C 800-850°C,2h 

4800 290-385 

4800 290-385 

3900 280-300 
3900 600 

I n t r i n s i c  A c t i v i t y  
r e l a t i v e  to  u n u s e d  

ca t .  
B e f o r e  A f t e r  

0 .006  0 .05  

0 . 0 0 6  0.15 

0 .025  0 .42  
0 . 1 1  0.50 

T a b l e  - 3 

R e g e n e r a t i o n  of MCR2X C a t a l y s t  

Samples f r o m  HTAS-run 5 
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1 

Figure 1 

Sintering of catalysts 

30 kg/an 2 q, H20/H2=10, 140-170 hours 
2 m-type. BET-area = 33 m /q 

Ni/yA1203. BET-area = 101 m /q 
Ni/Ceramic. BET-area = 1.2 in /q 

2 
2 

UIO I 
0 I 1 I 1 5 6 R l C I C L l  RATIO 

11 il IO I I CARBON MOUOXlOt 
A1 1W11 
HOL'I. I W l l l  

Figure 2 

Carton L i m i t s  

Recycle ra t io  and out le t  
temperature of adiabatic 
equilibration of gas. The 
example refers to a feed- 
gas containing 12 vol% 
CH . Correction for car- 
bA-structure on catalyst  
moves carton l i m i t s  to 
950-lO5O0C. 
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0 0  
0 

0 

cg 
0 

Figure 3 

B-deactivation i n  Pi lot  Test 

McR-type catalyst .  

O/C = l., H/C = 6., P = 30 kg/an2g, 
PCO = 2 kg/an2g. 

Zg7 = axial  distance f m  top of 

catalyst  bed for  97% conversion 
of max. adiabatic A T obtained. 

Figure 4 

Low Temperature Deactivation 

Laboratory Tests 

3OO0C, 21.2 kg/an2g, MW=106h-’ 

Fedgas (~01%) : 

H2Q (35) 

co (0-11) 

H2 (rest) 
co2 ( 5 )  
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\ 
High Temperature Methanation 

Sinplified Fxample 

Canparison of TREMP reaction steps 
(solid l ine)  w i t h  reaction routes 
based on a reforming type catalyst  
(dashed l ines)  . 

Figure 6 

Explorative P i lo t  T e s t  
w i t h  Air-cooled Reactor 

Measured and calculated 
temperature profiles. 
The calculation nxxlel 
did not consider axial  
radiation i n  the bed, 
which explains the dif- 
ference of the two pro- 
f i l e s  . 

Figure 7 

ADAM-1 T e s t  Unit 

Temperature Profiles 
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