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INTRODUCTION 

The c a t a l y t i c  e f f e c t  o f  a l k a l i  metals on  t h e  g a s i f i c a t i o n  r a t e  Of  
carbonaceous m a t e r i a l s  has  been t h e  s u b j e c t  of a number o f  s t u d i e s  i n  r e c e n t  
y e a r s  (1-16).  Desp i t e  t h e s e  e f f o r t s ,  t h e  a c t i v e  form of t h e  c a t a l y s t  d u r i n g  
g a s i f i c a t i o n  a n d  t h e  e f f e c t s  o f  c a t a l y s t  l o s s  r e m a i n  u n c l e a r .  T h e  
understanding of t h e  r e d u c t i o n  o f  a l k a l i  m e t a l  c a t a l y s t s  f r o m  i t s  i n i t i a l  
o x i d i z e d  fo rm and t h e  i d e n t i f i c a t i o n  o f  t h e  r e d u c e d  fo rm a r e  n e c e s s a r y  
r e q u i s i t e s  f o r  determining t h e  r e a c t i o n  mechanism. Experimental  o b s e r v a t i o n s  
from t h i s  l a b o r a t o r y  c l e a r l y  . i nd ica t e  t h a t  cata!.yst loss occur s  s imul t aneous ly  
with t h e  r educ t ion  ( 1 2 ) .  I n  a d d i t i o n ,  t h e  r a t e  of c a t a l y s t  l o s s  from t h e  
s u r f a c e  i s  d i r e c t l y  i n f l u e n c e d  by t h e  r e d u c e d  fo rm i t  t a k e s .  The p r e s e n t  
s t u d y  p r o v i d e s  i n s i g h t  i n t o  t h i s  s u b j e c t  by e x a m i n i n g  t h e  r e d u c t i o n  of  
p o t a s s i u m  c a r b o n a t e  on  t h e  s u r f a c e  of a p u r e  c a r b o n  s u b s t r a t e  a n d  t h e  
accompanying phenomenon of c a t a l y s t  loss. 

EXPERIMENTAL 

An uncoated g r a p h i t i z e d  carbon from Supelco2 6 0 / 8 0  Carbopack  B (180-250 
p), with a s u r f a c e  a r e a  of approximately 100 m /g was u s e d  a s  t h e  s u b s t r a t e  
i n  t h i s  s tudy .  The samples were impregnated w i t h  p o t a s s i u m  by a n  i n c i p i e n t  
we t t ing  t echn ique ,  t hen  d r i e d  a t  room temperature  and s t o r e d  under vacuum. 

The d a t a  i n  t h i s  s t u d y  was gene ra t ed  i n  a thermogravimetr ic  r e a c t o r  system 
u t i l i z i n g  a n  e l e c t r o n i c  m i c r o b a l a n c e  and  a q u a r t z  downtube r e a c t o r  wh ich  
enclosed t h e  p l a t i n u m  s a m p l e  t r a y  a s  shown i n  F i g u r e  1 .  The o t h e r  m a j o r  
components were a movable e l e c t r i c  f u r n a c e ,  a t e m p e r a t u r e  c o n t r o l l e r  a n d  a n  
a u x i l i a r y  type  K thermocouple.  The s y s t e m  a l s o  i n c l u d e d  a g a s  p r e p a r a t i o n  
s e c t i o n  f o r  mixing and meter ing t h e  f e e d  gas  a t  t h e  d e s i r e d  c o m p o s i t i o n s  a n d  
flow r a t e s .  The r e a c t a n t  gas  was a mix tu re  of 15% C 0 2  and 85% N2. Ultra h i g h  
p u r i t y  ( U H P )  N 2  was used a s  t h e  purge gas .  The product  gases  were ana lyzed  by 
an  on - l ine  gas  chromatograph and nond i spe r s ive  i n f r a r e d  CO and C02 ana lyze r s .  

To p repa re  a run ,  20-30 mg'Of- Sample were  l o e d e d  o n t o  t h e  m i c r o b a l a n c e  
t r a y  and t h e  r e a c t o r  was placed i n  p o s i t i o n .  The system was p u r g e d  w i t h  UHP 
N t o  remove t h e  oxygen and t h e  f u r n a c e  was r a i s e d  t o  e n c l o s e  t h e  r e a c t o r .  
~ $ 0  heat-up procedures  were u s e d :  a l i n e a r  5OC/min r a t e  and a r a p i d  o n e  s t e p  
process  where t h e  f u r n a c e  was preheated t o  8OO0C and then  r a i s e d  t o  e n c l o s e  t o  
r e a c t o r .  
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RESULTS AND DISCUSSION 

To examine t h e  i n t e r a c t i o n  of t h e  p o t a s s i u m  c a t a l y s t  w i t h  t h e  c a r b o n  
s u r f a c e ,  a s e r i e s  of t e m p e r a t u r e  programmed r e a c t i o n  e x p e r i m e n t s  w e r e  
conducted where t h e  sample mass and t h e  r e a c t i o n  p r o d u c t s  were c o n t i n u a l l y  
monitored. F i g u r e  2 shows t y p i c a l  temporal  p r o f i l e s  f o r  t h e  CO and C 0 2  p e a k s  
when t h e  sample is h e a t e d  t o  800°C i n  a r educ ing  atmosphere a t  a moderate r a t e  
(5'C/min). For c l a r i t y  i n  d e s c r i b i n g  t h e  v a r i o u s  p rocesses  which occur  du r ing  
t h e  t r a n s i e n t  h e a t - u p  p e r i o d ,  t h e  r e s u l t s  a r e  d i v i d e d  i n t o  f i v e  s e p a r a t e  
s t ages .  

s t a g e  I occur s  below 25OoC and r e p r e s e n t s  t h e  phys ica l  deso rp t ion  of gases  
such as CO S tage  I1 (250-7OO0C)  corresponds t o  t h e  
evo lu t ion  8f very2small  amounts of C 0 2  due t o  t h e  p a r t i a l  decomposition of t h e  
c a t a l y s t  and p o s s i b l y  r e a c t i o n s  with chemisorbed oxygen. T h i s  is f o l l o w e d  by 
Stage I11 ( 7 0 0 - 8 O O 0 C )  where t h e  c a t a l y s t  is reduced t h r o u g h  i n t e r a c t i o n  w i t h  
t h e  carbon s u r f a c e  and l a r g e  amounts of CO a r e  gene ra t ed .  S t age  I V  r e p r e s e n t s  
an  i so the rma l  h e a t  t r e a t m e n t  per iod where t h e  sample i s  exposed  t o  UHP N a t  
800°C. Although no measurable  amounts of CO o r  C 0 2  a r e  o b s e r v e d  d u r i n g  $ h i s  
s t a g e ,  a s t e a d y  w e i g h t  l o s s  o c c u r s .  F i n a l l y ,  S t a g e  V r e p r e s e n t s  t h e  
g a s i f i c a t i o n  of t h e  carbon sample a t  800°C.  

When a f r e s h l y  impregnated sample is hea ted  t o  2 5 0 ° C  ( S t a g e  I ) ,  b o t h  C 0 2  
and H 0 a r e  desorbed.  The amount of CO gene ra t ed ,  normalized wi th  r e s p e c t  t o  
t h e  i g i t i a l  amount of ca rbon  p r e s e n t ,  is g iven  i n  F i g u r e  3 a s  a f u n c t i o n  of 
t h e  i n i t i a l  potassium l e v e l ,  ( K / C )  . A l i n e a r  response is observed where one  
mole o f  CO T h i s  
l i n e a r i t y  c s e a r l y  i n d i c a t e s  t h a t  t h e  potassium s t r o n g l y  in f luences  t h e  amount 
Of CO adsorbed and t h e  s t o i c h i o m e t r y  s u g g e s t s  t h a t  e a c h  mole of  p o t a s s i u m  
carbogate  i n t e r a c t s  w i t h  o n e  mole  o f  CO d e s o r b e d  was 
independent of t h e  ra te  a t  which t h e  sampl'e was heated t o  250 6. The s c a t t e r  
i n  t h e  d a t a  i m p l i e s  t h a t  o t h e r  f a c t o r s  may i n f l u e n c e  t h e  amoun t  o f  C02 
adsorbed. 

A S  t h e  sample t empera tu re  approaches  7 O O 0 C ,  CO b e g i n s  t o  e v o l v e  a s  t h e  
Ca ta lys t  is reduced on t h e  carbon s u r f a c e  ( S t a g e  111). The t o t a l  amount of CO 
gene ra t ion  i s  shown i n  F igu re  4 where t h e  CO/C r a t i o  is given as a f u n c t i o n  of 
t h e  i n i t i a l  K/C r a t i o .  For each sample,  t h r e e  moles of CO were g e n e r a t e d  f o r  
e a c h  mole of p o t a s s i u m  c a r b o n a t e  o r i g i n a l l y  p r e s e n t  i n d i c a t i n g  c o m p l e t e  
r educ t ion  of t h e  ca rbona te :  

and H 0 from t h e  s u r f a c e .  

is d e s o r b e d  f o r  eve?y two m o l e s  o f  p o t a s s i u m  p r e s e n t .  

The amount  of C g  

K2C03 + 2 C = 2 'KC'  + 3CO 1 )  

where 'KC' r e p r e s e n t s  t h e  reduced.form. The n a t u r e  o f  t h i s  r e d u c e d  form is  
not c l e a r l y  known b u t  one  p o s s i b i l i t y  is a complex invo lv ing  K ,  C and poss ib ly  
0. This  unknown complex r e a d i l y  decomposes i n  t h e  700-8OO0C temperature  range 
under r educ ing  c o n d i t i o n s  and r e l e a s e s  a l k a l i  m e t a l  vapor  t o  t h e  g a s  p h a s e .  
The t o t a l  amount of CO gene ra t ed  du r ing  t h i s  s t a g e  was t h e  same w h e t h e r  t h e  
Sample was hea ted  a t  a moderate r a t e  o r  i n  one r a p i d  s t e p  d i r e c t l y  from room 
temperature  to  80oOc. For t h e  samples wi th  an i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n  
high enough t o  s a t u r a t e  t h e  s u r f a c e ,  t h e  r a t e  of CO g e n e r a t i o n  r e a c h e d  a 
maximum independent  of t h e  i n i t i a l  l o a d i n g  and r e m a i n e d  c o n s t a n t  u n t i l  t h e  
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r educ t ion  was n e a r l y  complete a t  which t ime a normal f i rs t  o r d e r  decay p r o f i l e  
was observed. I n  o t h e r  words, by doubl ing t h e  i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n ,  
t h e  time f o r  c o m p l e t e  c a t a l y s t  r e d u c t i o n  would a l s o  b e  d o u b l e d .  T h i s  
phenomenon s u g g e s t s  t h a t  t h e  r a t e  is l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  

To ana lyze  t h e  k i n e t i c s  of c a t a l y s t  l o s s  by v a p o r i z a t i o n ,  t h e  c h a n g e  i n  
t h e  p o t a s s i u m  c o n t e n t  o f  s e v e r a l  s a m p l e s  u n d e r g o i n g  h e a t  t r e a t m e n t  was 
determined b o t h  by d i r e c t  a n a l y s i s  of t h e  s a m p l e s  a f t e r  q u e n c h i n g  a n d  by 
i n d i r e c t  d e t e r m i n a t i o n  by w e i g h t  l o s s  m e a s u r e m e n t s .  A t y p i c a l  o v e r a l l  
temporal p r o f i l e  o f  c a t a l y s t  l o s s  when a s a m p l e  i m p r e g n a t e d  w i t h  p o t a s s i u m  
ca rbona te  is g r a d u a l l y  hea ted  t o  8OO0C i n  a r e d u c i n g  a t m o s p h e r e  i s  shown i n  
F igu re  5. For comparison, a sample impregnated w i t h  p o t a s s i u m  h y d r o x i d e  is  
a l s o  given.  The r e s u l t s  i n d i c a t e  t h a t  a l a r g e  f r a c t i o n  o f  t h e  c a t a l y s t  is  
l o s t  i n  a narrow t e m p e r a t u r e  r a n g e  a r o u n d  8OO0C, d e n o t e d  by S t a g e  I11 i n  
F igu re  2. 

Many i n v e s t i g a t o r s  have sugges t ed  t h a t  a l k a l i  me ta l  c a t a l y z e d  g a s i f i c a t i o n  
i n v o l v e s  a p r o c e s s  w h e r e  t h e  c a t a l y s t  c o n t i n u a l l y  u n d e r g o e s  a n  
ox ida t ion / r educ t ion  c y c l e  (7,13). The c a t a l y s t ,  a f t e r  f i r s t  b e i n g  r e d u c e d  
du r ing  t h e  t r a n s i e n t  s t a r t - u p  p e r i o d ,  is ox id ized  upon t h e  i n t r o d u c t i o n  o f  CO 
and produces a CO p r o f i l e  c h a r a c t e r i z e d  by a n  o v e r s h o o t .  The o x i d i z e d  fort? 
t hen  i n t e r a c t s  with t h e  carbon s u r f a c e  t o  l i b e r a t e  a n o t h e r  CO t h u s  r e t u r n i n g  
t o  t h e  reduced form complet ing t h e  cyc le .  Moulijn e t  a l .  (1 ,5 )  have d e s c r i b e d  
t h i s  p rocess  wi th  a s imple  two s t e p  r e a c t i o n  sequence: 

'KC' + C02 = 'KCO' + CO 
'KCO' + C = 'KC' + CO 

2 )  
3) 

where 'KC' r e p r e s e n t s  t h e  r e d u c e d  form a n d  'KCO' t h e  o x i d i z e d  f o r m .  A 
suppor t ing  obse rva t ion  f o r  t h i s  t y p e  of mechanism i s  a s l i g h t  w e i g h t  g a i n  
which accompanies t h e  CO overshoot  a t  t h e  o n s e t  o f  g a s i f i c a t i o n  due  t o  t h e  
o x i d a t i o n  of t h e  reduced form of t h e  c a t a l y s t .  

Regardless  of t h e  exac t  chemical form of t h e  c a t a l y s t  f o l l o w i n g  S tage  111, 
i t  seems t h a t  t h e  fo rma t ion  of t h e  reduced c a t a l y s t  is a p r e r e q u i s i t e  f o r  t h e  
observed r a p i d  w e i g h t  l o s s  of c a t a l y s t  a r o u n d  80OoC. I n  f a c t ,  t h e  r a p i d  
weight l o s s  does no t  seem t o  be d i r e c t l y  r e l a t e d  t o  t h e  me l t ing  p o i n t  of K CO 
(891OC). Rathe r ,  i t  is due t o  t h e  f a c t  t h a t  a t  t h i s  t empera tu re  t h e  c a t a ? y s 2  
is r a p i d l y  converted t o  i ts reduced fo rm which  is r e a d i l y  v a p o r i z e d .  T h i s  
s p e c u l a t i o n  is suppor t ed  by t h e  r e s u l t s  ob ta ined  from samples impregnated with 
KOH. A s  shown i n  F i g u r e  5 ,  t h e  KOH s a m p l e  shows t h e  same r a p i d  l o s s  o f  
c a t a l y s t  around 8OO0C even though KOH has a me l t ing  po in t  of o n l y  38OoC. 

I n  c o n c l u s i o n ,  t h e  p r o c e s s  of c a t a l y s t  r e d u c t i o n  a p p e a r s  t o  b e  a n  
a c t i v a t e d  one which r e q u i r e s  i n t i m a t e  c o n t a c t  w i t h  a c t i v e  s i t e s  S O  t h a t  f o r  
samples which a r e  i n i t i a l l y  s a t u r a t e d  with c a t a l y s t ,  t h e  r a t e  of r e d u c t i o n  i s  
l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  The amount of CO gene ra t ed  du r ing  t h i s  
process  i n d i c a t e s  t h a t  t h e  c a t a l y s t  i s  c o m p l e t e l y  r e d u c e d .  F u r t h e r m o r e ,  
c a t a l y s t  l o s s  k i n e t i c s  sugges t  t h a t  t h e  f o r m a t i o n  o f  a r e d u c e d  f o r m  of t h e  
c a t a l y s t  is a p r e r e q u i s i t e  f o r  r a p i d  v a p o r i z a t i o n  and escape t o  t h e  g a s - p h a s e .  
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Figure  1 .  Schematic diagram-of t h e  Cahn microbalance  system. 
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Figure  2. C h a r a c t e r i s t i c  s t a g e s  during a t y p i c a l  TPR-experiment. 
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Figure 5 .  C a t a l y s t  loss p r o f i l e s  during a t y p i c a l  TPR experiment. 
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