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INTRODUCTION 

The a l k a l i  m e t a l  o r  a l k a l i n e  e a r t h  ox ides ,  hydrox ides ,  and ca rhona te s  

have long been known as e x c e l l e n t  promotors of t h e  steam and hydrogen 

g a s i f i c a t i o n  r e a c t i o n s ,  a l though  t h e  c a t a l y t i c  mechanism i s  n o t  unders tood .  

(Reference 1 c o n t a i n s  a good rev iew of g a s i f i c a t i o n  technology up t o  1963.) 

Recent work on c a t a l y s i s  is focus ing  on s u b s t a n t i a t i o n  and unders tanding  

of much of t h i s  p a s t  work. , Some of t h e  most r e c e n t  f i n d i n g s  are: 

1. 

2. 

3 .  

4.  

A l k a l i  meta l  compounds a r e  t h e  most a c t i v e  i n  promoting 
i n c r e a s e d  g a s i f i c a t i o n  rates [2 .3 ,4 ,5 ,6 ,7 ] .  A few me ta l s ,  
e . g . ,  C a ,  may be as c a t a l y t i c a l l y  a c t i v e  a s  t h e  a l k a l i  
metals [ 2 , 3 ] .  

C a t a l y s t  c o n t a c t i n g  by impregnat ion  appea r s  t o  b e  t h e  
most e f f e c t i v e  [ 1 , 7 , 8 , 9 ] .  Very l i t t l e  is known about  
d u a l  c a t a l y s t  sys tems [10 ,11] .  

S t u d i e s  of c a t a l y s i s  of v a r i o u s  carbon sys tems by Walker 
e t  a1 [12]  have  po in ted  ou t  t h a t :  a )  t h e  chemica l  s t a t e  
of t he  c a t a l y s t  is c r i t i c a l l y  impor tan t ,  b )  f o r  pure  
carbon, s u b s t a n t i a l  c a t a l y t i c  e f f e c t s  a r e  observed wi th  
c a t a l y s t  c o n c e n t r a t i o n s  i n  the  p a r t s  pe r  m i l l i o n  range, 
c )  a n i o n s  p l a y  an  impor t an t  r o l e ,  d)  even fo r  pu re  carbons  
t h e  mechanism of a c t i o n  of t h e  c a t a l y s t s  is n o t  unders tood .  

A k i n e t i c  model has been proposed hascd on the  carbon 
s t r u c t u r e  becoming more g r a p h i t i c  wi th  inc rcns in f i  c x t c n t  
of r e a c t i o n  [ 3 , 4 ] .  O the r s  have noted changes i n  tile carbon 
s t r u c t u r e  and a c t i v a t i o n  energy upon g a s i f i c a t i o n  [7 ,9 ,13 ,141 .  

The p r e s e n t  work looks  a t  t h e  e f f e c t  on r e a c t i v i t y  of d u a l  c a t a l y s t  

sys tems,  va ry ing  c a t a l y s t  c o n c e n t r a t i o n s ,  c a t a l y s t  annea l ing ,  and c a t a l y s t  

p repa ra t ion .  

EXPERIEIENTAL 

The c h a r ,  ob ta ined  from FElC Corpora t ion ,  was der ived  from an I l l i n o i s  No. 6 

c o a l  pyrolyzed a t  1550°F ( f o r  complete a n a l y s i s  see Reference 3 ) .  The c o a l s ,  

ob ta ined  frcnn Pennsylvania  S t a t e  Un ive r s i ty ,were  PSOC 4 ,  a h igh  v o l a t i l e  A 

) . i t . ~ ~ i c o u s  coal Frms the Elkhorn # 3  seam i n  Drane, Kentucky, and PSOC iO6, 
a h i g h  v o l a t i l e  B b i tuminous  c o a l  from t h e  Indiana  I1 Block J e f f e r s o n  Twp., 
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Indiana ( f o r  complete a n a l y s i s ,  see Reference 15).  A l l  c a t a l y s t s  were 

d e p o s i t e d  by impregnation from wate r  s o l u t i o n s  [ 4 ]  excep t  where no ted ,  and a l l  

c a t a l y s t  percentages a r e  expres sed  a s  weight  of  t h e  me ta l .  

A l l  experiments were c a r r i e d  o u t  i n  t h e  h i g h  t empera tu re ,  high p r e s s u r e  

thermobalance desc r ibed  e a r l i e r  (3 .41.  Procedures  were i d e n t i c a l  t o  those  

i n  t h e  e a r l i e r  work. 

RESULTS 

G a s i f i c a t i o n  of t h e  FMC cha r  i n  steam showed t h a t  potassium and sodium 

b i c a r b o n a t e s  e x h i b i t e d  t h e  g r e a t e s t  c a t a l y t i c  a c t i v i t y .  

experiments  v i t h  t h i s  char i n  hydrogen gave t h e  same r e s u l t s  [3). 
e f f e c t i v e n e s s  of t h e  c a t a l y s t s  can be judged by comparing the  t i m e  t o  90% 

conver s ion ,  XA = .90, given i n  Table  1.) 

showed t h a t  potassium c o n c e n t r a t i o n s  on t h e  o r d e r  of 1 w t .  X had l i t t l e  o r  

n o  e f f e c t .  

p r e s e n t  i n  t h e  cha r  a s  ash.  I n c r e a s i n g  t h e  c a t a l y s t  concen t r a t ion  t o  5 w t .  % 

and 10 w t .  X gave s i g n i f i c a n t l y  g r e a t e r  r a t e s  of carbon g a s i f i c a t i o n  [16]. 

Simi la r  e a r l i e r  

(The 

Other  work wi th  t h i s  cha r  a l s o  

This might be expec ted  cons ide r ing  t h e  q u a n t i t y  of m e t a l  a l r e a d y  

G a s i f i c a t i o n  r a t e s  w i t h  caking h igh  v o l a t i l e  bituminous c o a l s  a t  85OoC 

and 500 p s i  steam v a r i e d  approximately w i t h  t h e  appa ren t  geometr ic  

s u r f a c e  a rea  of t he  sample. A l l  experiments  c a r r i e d  ou t  w i t h  these  r o n l s  wrrc 

performed under i d e n t i c a l  c o n d i t i o n s  so t h a t  t h e  comparison of r e l a t i v e  c a t a l y s t  

e f f e c t i v e n e s s  would be v a l i d .  Dual c a t a l y s t  expe r imen t s  with t h e  PSOC c o a l s  

showed t h a t  5 w t .  % K2CO3 was more a c t i v e  than  mix tu res  of 5 w t .  % potassium 

p l u s  5 w t .  X of o t h e r  me ta l s  ( s e e  Table  1). 

produced methane y i e l d s  c l o s e  t o  t h e  b e s t  potassium-cracking c a t a l y s t  combina- 

t i o n  K2CO34 (Al203) (Si02) 31 and potassium-methanation c a t a l y s t  combination, 

Potassium ca rbona te  by i t s e l f  

K ~ C O ~ - C O C O ~ - M O O ~ .  

Annealing these  c o a l s  i n  hel ium a t  t h e  r e a c t i o n  temperature  f o r  400 

seconds with c a t a l y s t  p r e s e n t  gave inc reased  r a t e s .  

which has  a very low ash  con ten t .  showed no change upon annea l ing .  'Ttw wm- 

c a t a l y z e d  PSOC 106, which has  a ve ry  high a s h  c o n t e n t ,  e x h i b i t e d  s i g n l l i c a n t  

r a t e  i n c r e a s e s  upon annea l ing .  Also,  annea l ing  t h e  K2C03-Zn.O dua l  c a t a l y s t  

on psoc 4 p a r t i c u l a r l y  enhanced t h e  r a t e .  

methane were observed f o r  annealed samples.  

The non-catalyzed PSOC 4 

Moderate t o  s u b s t a n t i a l  y i e l d s  i n  

I n  gene ra l ,  impregnation of t h e  c a t a l y s t  from w a t e r  s o l u t i o n  on t h e  sample 

was more e f f e c t i v e  than  d ry  mixing. An excep t ion  w a s  t ungs t en  d i s u l f i d e  which 
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mixed and adhered  e x c e p t i o n a l l y  w e l l  w i th  t h e  c o a l  i n  the  d ry  s t a t e .  T h i s  

c a t a l y s t  gave b e t t e r  a c t i v i t y  mixed d r y  than  i t  d i d  upon impregnat ion .  

c a t a l y s t  expe r imen t s  w i th  sodium s u l f i d e  also showed a g r e a t e r  a b i l i t y  t o  

adhe re  to  t h e  c o a l  t h a n  sodium s u l f a t e ,  s u l f i t e ,  phosphate ,  and ca rbona te s .  

The a d d i t i o n  of 30 % CO t o  t h e  i n l e t  H20 decreased  t h e  c a t a l y t i c  a c t i v i t y  

f o r  t h e  t h r e e  d u a l  c a t a l y s t s  t e s t e d .  

Dry 

R e a c t i v i t y  of t h e  ca t a lyzed  and non-catalyzed PSOC c o a l s  was a l s o  

measured a t  650°C and s imilar  c a t a l y t i c  a c t i v i t i e s  were noted  f o r  t h e  

potassium combinations.  Lowering the  tempera ture  dec reased  t h e  v o l a t i l e  

y i e l d  as expec ted .  

y i e l d  a t  65OoC O K  850°C. 

The r e a c t i v i t y  w i t h  a c a t a l y s t  p r e s e n t  i nc reased  modcs t ly  wt th  nnnca l tnf , ;  

however, t he  t o t a l  methane y i e l d  dropped, i n s t e a d  o f  i n c r e a s i n g ,  a s  a t  850OC. 

I n  gene ra l ,  t h e  c a t a l y s t s  rqduced t o t a l  methane p roduc t ion  compared t o  t h e  

non-catalyzed c o a l  a t  650°C. However, t o t a l  methane y i e l d s  from the  c a t a l y s t s  

a t  650°C were t h e  same O K  g r e a t e r  than  t h e  non-ca ta lyzed  c o a l  a t  850°C. 

Add i t ion  of c a t a l y s t s  had l i t t l e  OK no  e f f e c t  on v o l a t i l e  

The e f f e c t  of annea l ing  w a s  a l s o  decreased  a t  650°C. 

DISCUSSION 

Two s imple  semi-empir ica l  models were used h e r e  t o  f i t  the  d a t a .  I h e  

f i r s t  model is  t h a t  d i s c u s s e d  ear l ie r  by two of t he  p r e s e n t  a u t h o r s  [ 4 ] ,  and 

t h e  second is a g e n e r a l i z e d  form of a model proposed by Johnson [17]. 

Model 1: dx = K1 e-bx(l-x) where x = f r a c t i o n a l  convers ion  of c o a l ,  and d t  i 

Model 2 :  - dx = K2 (1-x)" n .  b ,  K 1 ,  K2 = c o n s t a n t  
d t  

Each model w i l l  f i t  t h e  d a t a  w i t h  e q u a l  accuracy  and t h e r e  i s  l i t t l e  

ev idence  t o  i n d i c a t e  one  i s  more v a l i d  than  t h e  o t h e r .  However, some 

i n t e r e s t i n g  r e s u l t s  have  been observed. For the  non-catalyzed FHC cha r  a t  

950°C and t h e  non-ca ta lyzed  PSOC c o a l s  a t  650"C, the  r e a c t i o n  o rde r  appears  t o  

be 1st order  (n= l )  w i t h  r e s p e c t  t o  t h e  mass of carbon p resen t .  T h i s  i s  most 

e a s i l y  expla ined  by t h e  r e a c t i o n  t ak ing  p l a c e  throughout  t h e  e n t i r e  mass of 

t h e  sample and h a s  been r epor t ed  by o t h e r  i n v e s t i g a t o r s  f o r  v a r i o u s  gas-carbon 

r e a c t i o n s  [13,14,18]. G a s i f i c a t i o n  r a t e s  of the  non-catalyzed PSOC coa l s  a t  

85OOC v a r i e d  wi th  a p p a r e n t  sample geometr ic  a r e a .  

n e g a t i v e  b v a l u e s  by model 1, and a s h i f t  of n t o  approximate ly  2 / 3  i n  model 2 .  

Negative va lues  of b i n d i c a t e  t h a t  t h e  a c t i v a t i o n  e n t h a l p y  is decrcnsinl:  i ~ s  con- 

ve r s ion  proceeds  and that  t h e  cha r  i s  becoming easier t o  g a s i f y .  The r e s u l t s  

These c o a l s  showed very  

b 

L 

t 
I 
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I 

i n d i c a t e  a s u r f a c e  r e a c t i o n  o r  c a t a l y s t  d i f f u s i o n  c o n t r o l l i n g  model. 

Surface r e a c t i o n  c o n t r o l  has  been observed by o t h e r s  f o r  steam and oxygen 

g a s i f i c a t i o n  of carbon [14,17,19]. 

Inc reas ing ly  more n e g a t i v e  v a l u e s  of b were observed i n  model 1 as 

the  g a s i f i c a t i o n  r a t e  of t h e  ca t a lyzed  FMC cha r  inc reased .  There was no 

obvious t r end  i n  t h e  v a l u e s  of b i n  model 1 f o r  t h e  c a t a l y z e d  PSOC c o a l s .  

Model 2 showed d e c r e a s e s  i n  the  va lue  of n t o  around n=2 /3  f o r  t h e  ca t a lyzed  

FMC char .  

p o s s i b l y  i n d i c a t i n g  a s h i f t  t o  f i l m  d i f f u s i o n  c o n t r o l  i n  t h e  Stokes Regime 

where n = 1/3 [20] .  

Values of n i n  model 2 f o r  t he  ca t a lyzed  PSOC c o a l s  were very low, 

Ac t iva t ion  e n t h a l p i e s  c a l c u l a t e d  f o r  t h e  c o a l s  from t h e  650'C and 

950°C da ta  were r a t h e r  low, aga in  i n d i c a t i n g  t l int  t h e  Ras tF tcn t ton  r r n c t l o n  

was no t  t ak ing  p l ace  under  pure chemical r e a c t i o n  r a t e  c o n t r o l  ( f o r  PSOC 4. 
AI11 = 16.4 kcal /gmole and AlJ,  = 11.3 kcal/gmole; f o r  PSOC 106, A111 = 1 3 . 7  

kcal lgmole and AH2 = 16.6 kcal /gmole.  

The PSOC c o a l s  were examined by scanning e l e c t r o n  mtcroscopy and e l e c t r o n  

microprobe a n a l y s i s  f o r  such f e a t u r e s  as p a r t i c l e  s t r u c t u r e ,  c a t a l y s t  d i s -  

t r i b u t i o n ,  and s t r u c t u r a l  changes a t  the c a t a l y s t  s i t e s  a s  a r e s u l t  of  

g a s i f i c a t i o n .  

The p a r t i c l e s  of t h e  PSOC 4 c o a l  expanded cons ide rab ly  upon i n i t i a l  

g a s i f i c a t i o n .  PSOC 106 changed b u t  t o  a much l e s s e r  degree.  Th i s  metamorphosis 

produced a h igh ly  porous s t r u c t u r e  i n  the PSOC 4 c o a l  and a l e s s e r  evolved 

i n t e r i o r  i n  the  PSOC 106. Addit ion of c a t a l y s t s  had no macroscopic e f f e c t  on 

t h i s  process  and remained on the  s u r f a c e  of t h e  c o a l  p a r t i c l e .  

The u s e  of c a t a l y s t s  t o  enhance g a s i f i c a t i o n  r a t e s  could be a s i g n i f i c a n t  

c o n t r i b u t i o n  t o  p r e s e n t  technology. However, economic v i a b i l i t y  is of para- 

mount importance.  Savings from dec reases  i n  endothermic h e a t  requirements  

hope fu l ly  cou ld  o f f s e t  c a t a l y s t  c o s t s .  Equi l ibr ium c a l c u l a t i o n s  of a 1 to  1 

steam t o  carbon r a t i o  a t  500 p s i  show t h a t  the h e a t  of r e a c t i o n  t o  form the 

e q u i l i b r i u m  composition is reduced from approximately 22 .O kcal /gmole a t  

900°C t o  7.0 kcal /gmole at 650°C. I f  a l l  of t he  h e a t  f o r  t h i s  r e a c t i o n  wcre 

supp l i ed  by a 13,000 BTU/lb coa l  a t  $tO/ton f o r  a 12,000 Lon/clny o r  

250 FIM SCP/day g a s i f i c a t i o n  p l a n t ,  t h a t  would amount t o  o p e r a t i o n a l  s av ings  of 

approximately $33,00O/day. 

50 W t .  % potassium depos i t ed  a t  10 w t .  % potassium on t he  c o a l  would have t o  be 

approximately $15 / ton ,  assuming no c a t a l y s t  recovery.  

To break even, t he  c o s t  of a c a t a l y s t  con ta in ing  

Much more 

4 
I 
I 



56 

r e sea rch  w i l l  be necessa ry  t o  suppor t  c a t a l y s t  u t i l i t y .  

methane y i e l d s  from c a t a l y s t s  a t  65OoC w i l l  be necessa ry .  

r a t i o s  i n  OUK p re sen t  appa ra tus  a r e  too high (1O:l) t o  be s p e c i f i c  about  

methane product ion  at  p r a c t i c a l  p rocess  cond i t ions .  

S u b s t a n t i a l  

Steam t o  carbon 

SUMMARY 
Potassium salts  were found t o  b e  c a t a l y t i c a l l y  more a c t i v e  when used 

s i n g l y  than i n  combination wi th  c rack ing  OK methanation c a t a l y s t s .  The 
g a s i f i c a t i o n  r a t e s  of t h e  PSOC c o a l s  a t  8 5 0 O C  w e r e  n o t  s o l e l y  c o n t r o l l e d  by 

chemical r e a c t i o n  rates. I n c r e a s e  i n  rates upon annea l ing  i n d i c a t e  t h a t  

c a t a l y s t  d i f f u s i o n  and r e a c t i o n  w i t h  the c o a l  (and cha r )  may be l i m i t i n g  

the r a t e s  i n  some cases .  

.--.. ... 
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