
STEAM GASIFICATION OF CARBONACEOUS SOLIDS CATALYZED BY A 
MIXTURE OF POTASSIUM AND NICKEL OXIDES BELOW 1000 K 

J .  Carrazza, G.  A .  Somorjai and H. Heinemann 

M a t e r i a l s  and Molecu la r  Research D i v i s i o n  
Lawrence Berkeley Labora tory  

U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley,  C A  94720 

I n t r o d u c t i o n  ~ - -  
The g a s i f i c a t i o n  o f  carbon w i t h  water vapor i s  an i m p o r t a n t  r e a c t i o n  i n  

t h e  i n d u s t r i a l  p r o d u c t i o n  o f  H2. CHI, CO and C02. The use o f  c a t a l y s t s  i s  
necessary i f  t h e  process  i s  c a r r i e d  o u t  a t  temperatures below 1400 K .  Two 
recent  rev iews d i s c u s s  t h e  p r o p e r t i e s  o f  t h e  v a r i o u s  c a t a l y s t s  used f o r  t h i s  
purpose.( l  .2)  A l k a l i n e  and aka l ine-ear th  hydrox ides  and carbonates are  t h e  
c a t a l y s t s  most commonly s tud ied .  These compounds o n l y  show c a t a l y t i c  a c t i v i t y  
a t  temperatures above 1000 K.  Previous work i n  o u r  l a b o r a t o r y  shows t h a t  
below t h i s  tempera ture  KOH r e a c t s  s t o c h i o m e t r i c a l l y  w i t h  g r a p h i t e  and water  
vapor t o  p roduce H Z  and a s t a b l e  sur face  compound.(3) T r a n s i t i o n  metals,  i n  
p a r t i c u l a r  n i c k e l  and i r o n ,  a re  a b l e  t o  c a t a l y s e  t h i s  process a t  temperatures 
as low as 750 K,  b u t  t h e y  d e a c t i v a t e  much f a s t e r  t h a n  t h e  a l k a l i n e  and 
a l k a l i n e - e a r t h  s a l t s .  Several  au thors  have r e p o r t e d  t h a t  n i c k e l  and i r o n  are  
o n l y  a c t i v e  as c a t a l y s t s  f o r  t h i s  process i f  t h e  r e a c t i o n  c o n d i t i o n s  f a v o r s  
t h e i r  presence i n  t h e  m e t a l l i c  s ta te . (4 ,5 )  

We have r e c e n t l y  r e p o r t e d  t h a t  severa l  m i x t u r e s  o f  a t r a n s i t i o n  metal  
ox ide  w i t h  po tass ium hydrox ide  are  e x c e l l e n t  c a t a l y s t s  f o r  t h e  g a s i f i c a t i o n  of 
g r a p h i t e  w i t h  steam.(6) These c a t a l y s t s  a r e  a c t i v e  a t  temperatures much lower  
than t h e  a l k a l i n e  and a l k a l i n e - e a r t h  s a l t s  and t h e y  d e a c t i v a t e  more s l o w l y  
than n i c k e l  and i r o n .  I n  t h i s  p rev ious  p u b l i c a t i o n  i t  was shown t h a t  t h e r e  i s  
a s y n e r g i s t i c  e f f e c t  between t h e  t r a n s i t i o n  meta l  and potassium. 

This  communicat ion summarizes recent  r e s u l t s  i n  t h e  s t u d y  o f  t h i s  t y p e  of  
c a t a l y s t .  We have focused on t h e  use o f  m i x t u r e s  o f  potassium hydrox ide  and 
n i c k e l  o x i d e ,  s i n c e  t h e y  showed the  h i g h e s t  a c t i v i t y  o f  a l l  t h e  systems 
p r e v i o u s l y  s t u d i e d . ( 6 )  A k i n e t i c  study o f  t h e  g a s i f i c a t i o n  o f  s e v e r a l  chars 
and the  dependence o f  t h e  r a t i o  o f  potassium t o  n i c k e l  on t h e  r a t e  o f  g r a p h i t e  
g a s i f i c a t i o n  a r e  presented .  Also t h e  i n t e r a c t i o n  between n i c k e l  and potassium 
i s  studied u s i n g  X-ray Photoe lec t ron  Spectroscopy (XPS). 

Exper imenta l  

The g a s i f i c a t i o n  r a t e s  o f  g r a p h i t e  and f i v e  d i f f e r e n t  chars have been 
obtained. The chars  p re t rea tment ,  e lemental  composi t ion and ASTM rank a r e  
summarized i n  Tab le  1 .  N i c k e l  and potassium were loaded on t h e  carbon 
subs t ra te  b y  i n c i p i e n t  wetness us ing  s o l u t i o n s  o f  Ni(NO3)l  and KOH. A 
d e t a i l e d  e x p l a n a t i o n  o f  t h e  sample t rea tment  a f t e r  c a t a l y s t  l o a d i n g  i s  g i v e n  
i n  a p rev ious  p u b l i c a t i o n . ( 6 )  

A d e t a i l e d  e x p l a n a t i o n  o f  t h e  equipment used i n  these s t u d i e s  i s  g i v e n  
elsewhere.(6,7) The k i n e t i c  s t u d i e s  were done i n  a f i x e d  bed f l o w  r e a c t o r  
w i th  an o n l i n e  gas chromatograph used f o r  p roduc t  a n a l y s i s .  The t o t a l  gas 
produc t ion  as a f u n c t i o n  o f  t ime was determined u s i n g  a gas b u r e t t e  a f t e r  t h e  
Steam was condensed. The XPS s tudy  was done i n  an U l t r a  High Vacuum (UHV) 
chamber coup led  t o  a h i g h  pressure  c e l l .  Th is  apparatus a l l c w e d  us t o  t r e a t  
the  sample under r e a c t i o n  c o n d i t i o n s  and t o  f u r t h e r  t r a n s f e r  i t  t o  UHV f o r  
surface c h a r a c t e r i z a t i o n  w i t h o u t  exposure t o  a i r .  
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A l l  t h e  k i n e t i c  r e s u l t s  were ob ta ined i n  i so thermal  exper iments .  The 
steam f l o w  th rough t h e  sample was e q u i v a l e n t  t o  1 m l  o f  l i q u i d  w a t e r  p e r  
minute.  The r e a c t o r  d iameter  was 0.6 cm. The r e a c t i o n  tempera ture  was 
measured u s i n g  a chromel-alumel thermocouple i n  c o n t a c t  w i t h  t h e  e x t e r n a l  
w a l l  o f  t h e  r e a c t o r .  A t  t h e  beg inn ing  o f  each exper iment,  a s t a b i l i z a t i o n  
p e r i o d  o f  15 min  was a l lowed be fore  da ta  was c o l l e c t e d .  The p r i n c i p a l  
r e a c t i o n  produc ts  were H2 and C02.  The g a s i f i c a t i o n  r a t e s  were determined 
measuring t h e  H Z  p r o d u c t i o n  because i t s  s o l u b i l i t y  i n  w a t e r  i s  much s m a l l e r  
than t h a t  o f  C02. The carbon conversions were determined b y  d i v i d i n g  t h e  
number o f  H a  moles produced by two t imes t h e  i n i t i a l  number o f  carbon moles. 

The XPS exper iments were c a r r i e d  o u t  u s i n g  a Mg-anode source ( h v  = 1253.6 
eV). The da ta  was c o l l e c t e d  u s i n g  a d e t e c t o r  pass energy equa l  t o  40 eV. The 
p o s i t i o n  o f  t h e  peaks was c a l i b r a t e d  w i t h  respec t  t o  t h e  p o s i t i o n  o f  t h e  C ls  
peak o f  g r a p h i t e  ( b i n d i n g  energy = 284.6 eV). 

Resul ts 

The r a t e  o f  g r a p h i t e  g a s i f i c a t i o n  as a f u n c t i o n  o f  t i m e  has been s t u d i e d  
a t  893 K f o r  severa l  m i x t u r e s  o f  n i c k e l  and potassium ox ides  and f o r  t h e  
components depos i ted  a lone.  Some o f  t h e  r e s u l t s  a r e  shown i n  F i g u r e  1 .  The 
a c t i v i t y  cor respond ing  t o  n i c k e l  depos i ted  alone i s  g iven  by Curve A. A v e r y  
f a s t  i n i t i a l  a c t i v i t y  i s  observed, b u t  t h e  sample d e a c t i v a t e s  a lmost  
Completely a f t e r  two hours,  g i v i n g  a t o t a l  carbon convers ion  o f  20%. When 
potassium i s  depos i ted  a lone f rom a KOH s o l u t i o n ,  no steady s t a t e  g a s i f i c a t i o n  
r a t e  i s  observed a f t e r  15 min of  i n i t i a t i n g  t h e  exper iment.  Curve 8 shows t h e  
r a t e  when n i c k e l  and potassium ox ides  a r e  codeposi ted on g r a p h i t e  w i t h  a Ni/C 

molar r a t i o  equal  t o  1.0 x and a N I / K  mo lar  r a t i o  equal  t o  0.1. 
I n i t i a l l y ,  t h e  steady s t a t e  r a t e  i s  two orders  o f  magnitude l o w e r  t h a n  t h a t  of 
n i c k e l  depos i ted  a lone (Curve A ) ,  b u t  a f t e r  6.0 hours t h e  Ni-K m i x t u r e  has 
kept  i t s  i n i t i a l  a c t i v i t y  w h i l e  N i  a lone has d e a c t i v a t e d  comple te ly .  The 
carbon convers ion  f o r  t h i s  c a t a l y s t  a f t e r  6.0 hours i s  2.5%. t e n  t imes lower  
than t h a t  o f  n i c k e l  a lone. 8 u t  when t h e  exper iment represented  b y  Curve 8 was 
fo l lowed 400 hours,  a t o t a l  carbon convers ion  o f  20% was o b t a i n e d  and t h e  
c a t a l y s t  was s t i l l  a c t i v e .  When a m i x t u r e  o f  n i c k e l  and po tass ium ox ides  i s  
deposi ted on g r a p h i t e  w i t h  a Ni/K molar r a t i o  equal  t o  10.0 and a N i / C  mo lar  

r a t i o  equal t o  1.0 x an i n i t i a l  r a t e  s i m i l a r  t o  t h a t  o f  n i c k e l  depos i ted  
alone i s  ob ta ined (Curve C). b u t  ins tead o f  d e a c t i v a t i n g  c o m p l e t e l y  a f t e r  two 
hours, t h e  r a t e  l e v e l s  o u t  a t  the  same r a t e  ob ta ined w i t h  t h e  1 : l O  Ni:K 
m i x t u r e  (Curve 6 ) .  These r e s u l t s  i n d i c a t e  t h a t  f o r  t h e  1 O : l  Ni :K m i x t u r e  o n l y  
a f r a c t i o n  o f  t h e  t o t a l  n i c k e l  l o a d i n g  i n t e r a c t s  w i t h  potassium. The 
remaining f r a c t i o n  behaves l i k e  N i  metal  and i t  i s  comple te ly  i n a c t i v e  a f t e r  
one hour .  The r e a c t i o n  r a t e  decreases f a s t e r  than i n  Curve A because t h e r e  i s  
less  f r e e  n i c k e l  on t h e  sur face .  

The r a t e  o f  g a s i f i c a t i o n  o f  severa l  chars w i t h  steam was s t u d i e d  as a 
f u n c t i o n  o f  t i m e  i n  t h e  presence o f  a 1:l m i x t u r e  o f  n i c k e l  and potassium 
oxides. A d e s c r i p t i o n  o f  t h e  f i v e  chars s t u d i e d  i s  g i v e n  i n  T a b l e  1 .  F o r  a l l  
of them, t h e  steady s t a t e  r a t e  a f t e r  1.0 hour i s  a t  l e a s t  one o r d e r  o f  
magnitude h i g h e r  t h a n  t h a t  o f  g r a p h i t e  (see F i g u r e  2a) .  T h i s  i s  r e f l e c t e d  i n  
a much h i g h e r  carbon convers ion  a f t e r  6.0 hours (see F i g u r e  2b). even though 
by then t h e  char  steam g a s i f i c a t i o n  r a t e s  have decreased t o  v a l u e s  s i m i l a r  t o  
those o f  g r a p h i t e .  

A comparison o f  t h e  g a s i f i c a t i o n  r a t e s  f o r  a 1 : l  m i x t u r e  o f  po tass ium and 
n i c k e l  oxides w i t h  t h a t  o f  t h e  components depos i ted  a lone i s  g i v e n  i n  F igures  
3a and 3b f o r  two o f  t h e  chars s t u d i e d  ( I l l i n o i s  No. b High Temp. Trea t .  and 
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Montana). I n  t h e  case o f  I l l i n o i s  No. b char, i t  i s  c l e a r  t h a t  t he  m i x t u r e  i s  
more a c t i v e  t h a n  t h e  sum o f  t h e  r a t e s  o f  t h e  components depos i ted  alone. 
(Compare .Curves A and D i n  F igu re  3a.) I n  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  
w i t h  g r a p h i t e ,  t h e  m i x t u r e  i n  t h i s  case i s  more than  two t imes  as a c t i v e  as 
n i c k e l  depos i ted  a lone .  F o r  Montana subi tuminous cha r  the  r a t e  of 
g a s i f i c a t i o n  o f  t h e  m i x t u r e  i s  s i m i l a r  t o  t h a t  o f  n i c k e l  a lone  and h i g h e r  
than  t h a t  o f  po tass ium (see F i g u r e  3b). 

A s u r f a c e  sc ience  s tudy o f  t h e  i n t e r a c t i o n  o f  potassium, n i c k e l  and carbon 
i n  the presence o f  w a t e r  i s  c u r r e n t l y  be ing  done and some p r e l i m i n a r y  r e s u l t s  
a r e  i nc luded  i n  t h i s  comnunication. XPS o f  t h e  N i t p d 2  s i g n a l  o f  two systems, 
a 1 : l  N i : K  m i x t u r e  codeposi ted on g r a p h i t e  and n i c k e l  depos i ted  a lone  have 
been ob ta ined  a f t e r  exposing them t o  24 t o r r s  o f  w a t e r  vapor a t  950 K.  The 
k i n e t i c  r e s u l t s  show t h a t  a t  t h i s  temperature bo th  systems a r e  c a t a l y t i c a l l y  
a c t i v e .  F i g u r e  4 Curve A shows the  spectrum corresponding t o  n i c k e l  deposi ted 
a lone.  There i s  a peak a t  854 .2  eV with a s m a l l  s a t e l l i t e  peak a t  862.7 eV. 
This  i s  c h a r a c t e r i s t i c  o f  n i c k e l  i n  t h e  m e t a l l i c  s t a t e  and agrees w i t h  r e s u l t s  
obta ined by us f o r  n i c k e l  f o i l .  The shoulder  a t  857.5 eV i s  due t o  smal l  
amounts o f  N i O  i n  t h e  sample. When n i c k e l  and potass ium a re  codeposi ted on 
g r a p h i t e  (Curve B i n  F i g u r e  4 )  t he  b i n d i n g  energy o f  t h e  Ni1p3/1 XPS peak i s  
a t  n56.4 aV. T h i s  i n d i c a t e s  t h a t  n i c k e l  i s  p resen t  i n  i t s  +2 o x i d a t i o n  
s t a t e .  The much l a r g e r  s a t e l l i t e  peak a t  864 .6  eV a l s o  shows t h a t  n i c k e l  
forms an ox ide  a t  t h i s  temperature i n  t h e  presence o f  potassium. The lower 
b ind ing  energy o f  t h e  N i 2 p d 1  peak i n  t h e  n i cke l -po tass ium m i x t u r e  compared t o  
NiO shows t h a t  t h e r e  i s  an e l e c t r o n i c  i n t e r a c t i o n  between n i c k e l  and potassium. 

Discuss ion 

The k i n e t l c  r e s u l t s  presented i n  t h i s  paper  i n d i c a t e  t h a t  m i x t u r e s  o f  
potassium and n i c k e l  ox ides a r e  good c a t a l y s t s  f o r  t h e  g a s i f i c a t i o n  o f  
carbonaceous s o l i d s  w i t h  steam. The h i g h  r e a c t i o n  r a t e s  and carbon 
conversions ob ta ined  w i t h  t h e  severa l  chars s t u d i e d  (F igu res  2 and 3) and t h e  
g r a p h i t e  g a s i f i c a t i o n  a c t i v i t y  a f t e r  400 hours suppor t  t h i s  conc lus ion.  

I n  a p rev ious  p u b l i c a t i o n  we concluded t h a t  t h e r e  i s  a coopera t i ve  e f f e c t  
between potass ium and n i c k e l  i n  t h i s  c a t a l y s t . ( b )  The r e s u l t s  i n  t h i s  paper 
present  t h e  c l e a r e s t  evidence obta ined so f a r  For  t h i s  e f f e c t .  I n  F i g u r e  3a 
t h e  g a s i f i c a t i o n  r a t e  o f  I l l i n o i s  N-6 cha r  i n  t h e  presence o f  t h e  mixed 
c a t a l y s t  i s  h i g h e r  than  t h a t  o f  t h e  mathematical sum o f  t h e  r a t e s  o f  t he  
components depos i ted  a lone.  The XPS r e s u l t s  i n  F i g u r e  4 show t h a t  n i c k e l  
deposi ted a lone  i s  a c t i v e  as a g a s i f i c a t i o n  c a t a l y s t  when i t  i s  p resen t  i n  the 
m e t a l l i c  s t a t e ,  w h i l e  i n  t h e  n i cke l -po tass ium mix tu re ,  t h e  n i c k e l  i s  
c a t a l y t i c a l l y  a c t i v e  being i n  the  +2 o x i d a t i o n  s t a t e .  Also, t h e  s h i f t  t o  
lower  b i n d i n g  energ ies  f o r  t h e  N i ~ p d ~  peak i n  t h e  potass ium-nickel  c a t a l y s t  
when compared t o  t h e  p o s i t i o n  o f  t he  NiO peak i s  evidence f o r  chemical 
i n t e r a c t i o n  between n i c k e l  and potassium. We propose t h a t  t h i s  s y n e r g i s t i c  
e f f e c t  i s  due t o  t h e  f o r m a t i o n  of  a mixed ox ide  (KxNiyO) t h a t  i s  n o t  r e a d i l y  
reduced by carbon under  o u r  r e a c t i o n  c o n d i t i o n s  (c  1000K). There i s  evidence 
i n  the l i t e r a t u r e  f o r  t h e  presence o f  seve ra l  n i cke l -po tass ium mixed 
oxides,(8) b u t  we do  n o t  have enough i n f o r m a t i o n  t o  dec ide which one o f  them 
i s  present  i n  o u r  system. 

The r e s u l t s  p resen ted  i n  F igu re  1 show t h a t  t h e r e  i s  no i n t e r a c t i o n  
between t h e  n i c k e l  m e t a l  c a t a l y s t  and t h i s  potass ium-nickel  mixed ox ide .  When 
t h e  r a t i o  o f  n i c k e l  t o  potassium i s  h i g h  enough t o  a l l o w  t h e  coexis tence o f  
these two c a t a l y s t s  on t h e  g r a p h i t e  sur face,  t h e  c a t a l y t i c  behav io r  observed 
can be exp la ined  by j u s t  adding the  r a t e s  o f  t h e  two c a t a l y s t s ;  1.e. a ve ry  
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high initial rate due to nickel metal that decays to a lower value and then 
remains constant for a long period of time due to the catalytic activity of 
the nickel-potassium mixed oxide. 

Mixtu-res of transition metals and alkaline metals as catalysts for steam 
gasification of various carbon sources have been reported previously. Wigmams 
and Moulijn(9) reported that there was no interaction between nickel and KzCOo 
for the steam gasification of chars at 1023 K. Similar results were obtained 
in our laboratory when the gasification of graphite was studied above 1000 K. 
Also, XPS data obtained in our laboratory show that at 1000 K the nickel i s  
present in the metallic state, even in the presence of potassium. We suggest 
that these results are due to the decomposition to this mixed oxide and 
reduction of the nickel by carbon. In contrast with the results reported by 
Muolijn and Wigmams. a cooperative effect between a transition metal and an 
alkaline metal has been reported by other authors. Adler and .Huttinger(lO) 
found that mixtures of FeS04 and KzSO4 deposited on PVC coke were better 
catalysts than the salts deposited alone. Also, Suzuky et. al.(11) reported 
that Na(HFe(C0)a) i s  a good catalyst for the gasification of various coals 
with steam. They suggest that this high activity is due to the interaction 
between iron and sodium. 

Further work is currently being done to obtain more direct evidence of the 
existence of these mixed oxides and to characterize and understand their 
catalytic behavior toward carbon gasification. 
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T = 8 9 3 K  

NDHL 16LT 16HT MS WK Graphite 
Carbon Source 

ae ._; e s 20. 
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NDHL 16LT 16HT MS WK Graphite 

Carbon Source 

Figure 2a (Top). 
carbonaceous s o l i d s  a f t e r  1.0 hours when a mixture of nickel and 
potassium oxides i s  used a s  a c a t a l y s t .  
Figure 2b (Bottom). 
6.0 hours when the  same c a t a l y s t  i s  used. 

Steady s t a t e  steam g a s i f i c a t i o n  rates of several  

Percentage of carbon conversion obtained a f t e r  

T =  893 K 
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Binding Energy (eV) 
Figure 4. N i  
(Curve 6)  dep&%d on g r a p h i t e .  The spectra was taken  a f t e r  
exposing t h e  samples t o  24 t o r r  o f  water a t  923 K f o r  15 min. 

XPS of n i c k e l  (Curve A )  and a 1;l Ni:K mixture  
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