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. . EXW-NCZD GASLTICATIOX OF TI'OOD I N  TFZ' ?RESZ!2CE OF P1ITE.D CATALYSTS 

. S. L. Weber, L. R .  Nudge, L. J .  See lock ,  J r . ,  
R.  J- Rober tus ,  znd D.  H. N i t c h e l l  

Expe r imen ta l  r e s u l t s  o b t e i n e d  i n  l a b o r a t o r y  i n v e s t i g a t i o n s  .of  stezm g a s i f i c a t i o n  
o f  wood. i n .  t h e  p r e s e n c e  of  mixed c a t a l y s t s  a r e  p r e s e n t e d  i n  t h i s  p a p e r .  These 
s t u i i e s  a r e  d e s i g n e d ' t o  test t h e  t e c h n i c 2 1  f e z s i b i l i t y  of p roduc ing  s p e c i f i c  
gaseous  p r o d u c t s  f rom wood by enhancing i t s  r e a c t i v i i p  and p r o d c c t  s p e c i f i c i t y  
thr.ough t h e  u s e  of combined c a t a l y s t s .  The d e s i r e d  p r o d u c t s  i n c l u d e  s u b s r i t u t e  
n a t u r z l  g z s ,  hydrocarbon s y n t h e s i s  gas  and zmmonia s p t h e s i s  g a s .  The 
g a s i f i c z t i o n  r e z c t i o n s  2re c o n t r o l l e d  through t h e  u s e  of s p e c i f i c  c a t a l y s t  
c o n b i n a t i o n s  znd  o p e r a t i n g  par 'zmeters .  

A prim2r.y. a l k a l i  ' c z r b o n a t e  g a s i f  i c a t i o n  c a t z l y s t  i z p r e g n a t e d  i n z o  t h e  wood 
combined v i t h  s p e c i f i c  conimercially a v ~ i l a b l e  secondary  c e z ~ l y s t s  produced t h e  
d e s i r e d  p r o d u c t s .  A y i e l d  of 50 v o l  % methane was o b t ~ i n ~ G  u i z h  a  rzadonly  
mixed combine t ion  of 2 commercizl n i c k e l  meznznat ion c a t ~ l y s t  2nd s i l i c z -  
z l u n i n a  c r a c k i n g  c a t a l y s t  a t  a  weighc r a t i o  of 3 : l  r e s p e c t i v e l y .  

S t = =  g z s i f i c a t i o n  of  wood i n  t h e  p re sence  of  e commerci2l Si-A1 c r a c k i n g  . 

c ~ t z l g s t  proouced t h e  d e s i r e d  hydrocarbon s y n t h e s i s  gas .  Egdrogen-to-czrbon 
monoxide r z t i o s  needed f o r  ~ i s c h e r - ~ r o ~ s c >  sy-nthesis  of  hydrocsrbons  were 
o b t a i n e d  = i t h  t h i s  c z t a l p s t  system. 

X hydrogen- to-n i t rogen  r a t i o  of  3 : l  f o r  ammonia s y n t h e s i s  g a s  w2s achieved  L-izh 
s t e m - a i r  g z s i f i c a t i o n  of wood i n  t h e  p re sence  of c z t z l y s r s .  The nos: e f f e c t i v e  
secon2z ry  c a t z l y s t  sys t em employed t o  proauce  t h e  z m o n i a  s ~ r ; l t h e s i s  gas  i nc luded  
two c o m e r c i e l l y  p repa red  c a t z l y s t s  f o r m d a t e d  L O  promote t h e  wster -gas  s h i f i  
r e a c t i o n .  

Tine d a t a  g e n e r e t e d  f r o m  r h e s e  s t u d i e s  g i v e . s i g n i f i c e n z  suppor r  f o r  , c a r a l y s r  
- . .  

syszems and o p e r z t i n g p a r a a e t e r s  needed t o  produce  s p e c i f i c  g2s p r o d u c t s .  
- .  .. - ... . -  . . . . -  - 

IhTRODUCTI ON 
< 

The d i m i n i s h i n g  s u p p l i e s  of low-cost f o s s i l  f u e l s  h a s  'u rged  energy  p l a n n e r s  t o  
i n i t i z t e  developments  w i r h  renewable energy s o u r c e s  such  2s bioinzss . Biomass 
i s  che term coined  f o r  t h e s e  reneweble energy s o u r c e s  and i n c l u d e s  m s t e r i a i s  
such  as vood,  wood r e s i d u e ,  a g r i c u l t u r a l  r e s i d u e s  ( s t a l k s ,  s tems,  shelt,) c o b s ,  i 
husks )  , a l g a e ,  k e l p ,  animal w a s t e s ,  mun ic ipa l  sewage and energy  c r o p s .  ! 
Wood r e s i d u e s  from t h e  l o g  i n g  i n d u s t r y  a r e  c u r r e n t l y  e s t i m e t e d  t o  t o t s 1  120  ! 

n i l l i o n  d r y  cons  a n n u d l y . F 2 )  The npprox imi t e  h e a t i n g  v a l u e  of t h i s  r e s i d u e  . [ 
i s  1 7  m i l l i o n  BTU p e r  d ry  t o n .  

( l ) ~ ~ . i p e r i ~ r  numbers r e f e t  t o  s imilar ly-nuinbered r e f e r e n c e s  a t  t h e  end of 
c h i s  p a p e r .  



One of s e v e r ~ l  methods f o r  u t i l i z a t i o n  of b i o n z s s  c u r r e n r l y  untier development i s  
g a s i f i c s t i o n  i n  t h e  p r e s e n c e  of mixed ~ 2 C a l y s i s  and s t e a z .  LTnen wood c o n t e i n i z g  
v o l a t i l e  z z t t e r  i s  i n i t i z l l y  s u b j e c t e d  t o  stem a t  an e l e v a i e d  t empere iu re ,  2 

s e r i e s  of complex p h y s i c z l  End chemics l  chznges occur  i n  t h e  wood's  s t r u c t u r e  
which r e s u l t  i n  d e v o l a t i l i z z c i o n  of t h e  wood. f o l l o u i n g  d e v o l z t i l i z a t i o n ,  
steam g z s i f  i c a t i o n  o f  t h e  carbonaceous r e s idue '  o c c u r s  a= a  s low r a t e  r e l a t i v e  
c o  t h e  i n i c i z l  d e v o l a t i l i z s t i o n .  

. . 

I n  a  program fvnded by DOE, Ba t t e l l e -Nor thwes t  (BhX) i s  i n v e s t i g a t i n g  t h e  
t e c h n ' i c a l  and economic f e a s i b i l i t y  of c z t z l y z e d  b ' i o m s s  g a s i f i c a t i o n  t o  produce  
v s l u i ~ b l e  g z s e o u s  p r o d u c t s .  The:s rudy  i s  b e i n g  conducted a t  c h e  l a b o r s t o r y  ' 

Lnd p r o c e s s  development s c a l e .  ' I n  t h i s  p a p e r ,  we p r e s e n t  r e s u l t s  of l z b o r a t o r y  
s t u d i e s  on  t h e  p r o d u c t i o n  of methane,  hydrocs rbon  s y n t h e s i s  g a s ,  znd m o n i e  
s y n t h e s i s  g2s .  

EESRIrnTTAL SYSTEM 

The e q e r i m e n t z l  r e a c t o r  employed f o r  t h i s  s t u d y  i s  s h o ~ ~  i n  F i g u r e  1. The -- k i n  p o r t i o n  of t h e  con t inuous  wood f e e d  r e a c t o r  i s  c o n s t r u c t e d  of q u 2 r t z .  The 

r e a c t o r  sys tem i s  des igned  f o r  a tmosphe r i c  p r e s s u r e  o p e r ~ t i o n  and i s  q u i r e  
' f l e x i b l e  ~ 7 1 t h  r e s p e c t  i o  c o n t r o l  of e x p e r i ~ e n r a l  v a r i a b l e s  i n c l u d i n g :  1 )  wood 
f e e d  r z t e s ,  2) . s t eam f low r a t e s ,  3) t e m p e r a t u r e s  up t o  850°c, end 4) a u x i l i e r y  
g a s  a d d i t i o n .  

Vied samples  a r e  p repz red  by s o l u t i o n  impregns i ion  of a l k z l i  c ~ r b o n z t e  c a z ~ l y s r  
on p r e d r i e d  wood samples . .  A c ~ n c e n t r s t i o n  of 17  w t  % R2C03 ( 3  x 10-3 g mole 
of  K p e r  grEm of wood) was c o n s i s t e n t l y  employed f o r  t h e  s t u d i e s  t o  be 
p r e s e n t e d ,  The a l k z l i  c a r b o n z t e ' h a s  been  r e p o r t e d  t o  czCzlyze s team g a s i f i c a -  
t i o n  of  c o a l  c h a r s .  ( 3 : 4 : 5 , 6 , 7 , 8 , 3 )  

E . x p e r i ~ e n z s  a r e  conducted by p l a c i n g  2 weighed amount ( u s u a l l y  30-40 g) of  
i n p r e p a t e d  wood i n t o '  t h e  wood f e e d  hopper ,  which i s  purged v i t h  n i t r o g e n  t o  
remove orygen .  The r e a c t o r  i s  m z i n t e i n e d  a t  e  p r e d e t e n ~ i n e 6  t e z p e r s t u r e  end 
purged  w i t h  n i t r o g e n  b e f o r e  t h e  d e s i r e d  s s e m  f low i s  e s t a b l i s h e d .  A f t e r  stem 
f iow i s  e s t i b l i s h e d ,  t h e  wood f e e d  sys t em i s  s t a r t e d  t o  i n i t i e t e  t h e  ex-periment. 
T o t a l  g a s  volume g e n e r e r e d  znd g2.s composi i ion  a r e  deteridned d u r i n g  t h e  
e x ~ e r i m e n t  . . 

Exper imen t s  . a r e  b e t u e e n  1 and 1 112 h o u r s  i n  d u r 3 t i o n .  A t  r h e  end of i h e  
e x ~ e r i m e n t ,  t h e  c h a r  r e s i d u e  i s  burned w i t h  oxygen and t h e  evolved  g a s e s  . s r e  
measured and a n a l y z e d  t o  de t e rmine  t h e  we igh t  of c ~ r b o n  r e n z i n i n g .  

Eje t .hae  G e n e r a t i o n  S t u d i e s  

Exper iments  were  conducted  t o  s c r e e n  p o t e n t i z l  me thana t ion  c a t z l y s t s  u i c h  
e q h a s i s  bein'g p l a c e d  on development of 2 c o n s i s r e n t  meih02 f o r  c a t a l y s t  
z c t i v z t i o n  ~ n d  on f i n d i n g  c e t a l y s t s  t h a t  20 n o t  r e q u i r e  p r e s c i i v a t i o n .  Lzb- 
o r s t o r y  r e s u l t s  o b t a i n e d  from t h e s e  s t u d i e s  have produced up t o  5OX mernzne by 
volume i n  t h e  p r o d u c t  g a s .  



- 
ConZizions mu'st b e  ' c a r e f u l l y  c o n t r o l l e d  t o  e f f e c t  m e r h z n ~ r i c n .  Thernocoupies  
l o c a t e d  i n  t h e  c a t a l y s t  bed i n d i c z t e d  t h a t  che  r e a c r i o n s  i n  r h e  bed gave e  
t e n p e r s i u r e  g r a c i e n t  as h i g h  a s  350°c betrjeen t h e  i n l e r  ( 6 5 0 " ~ )  an2  t h e  o u c l e r  
(300°C). T h i s  b road  t empere tu re  g r a d i e n t  gave  f a v o r a k l e  2 ~ i e 1 6 s  of methane. 
The conbined  c s t a l y s t  s t u d i e s  have shown t h a r  n i c k e l ,  2 w e l l  knoim hydro- 
g e n a t i o n  and m e t h a n a t i o n  c a t a l y s t ,  c o m b i n e d - w i t h . . s i l i . c a - z l d n a ,  a  h i g h l y  a c i d i c  
c r a c k i n g  c a t a l y s t ,  i s  an  e f f e c t i v e  combina t ion  f o r  methane p r o d u c t i o n  under i h e  
p rope r  r e a c t o r  c o n d i t i o n s . .  It i s  p o s t u l a t e d  tb t  .a s e q u e n i i a l  o r  p r o p e g ~ t b g  
rype  r e a c t i o n  mechanism i s ,  o c c u r r i n g .  T h i s  mechanism mighz c o n s i s t  of a  s t e p  
w i s e  h y d r o g e n a t i o n  a n d  c r a c k i n g  of t h e  py ro lyxed  wood p r o d u c t s  fo l lowed by 
me thans t ion .  Mechans t ion  would be  . the  t e r m i n a l  s t e p  w i t h  no f u r t h e r  c r a c k i n g .  

3 e c e u s e  of t h e  l z r g e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  c a t ~ l p s t  bed ,  t h e  e f f e c t  of 
t e m p e r a t u r e  on gas  composizion was s c u d i e d  w i r h  t h e  d i f f e r e n r  secondary  c a ~ z l y s t  
s y s t e m .  Each seconda ry  c a t a l y s t  sys t em was r e s t e d  a t  t e s p e r a t u r e s  r a n g i n g  from 
250°C t o  650°C. Poor  merhane y i e l d s  were  ach ieved  a t  both  ex t remes .  The 
o p t i n &  m e t h a n s t i o n  t empera tu re  f o r  most of t h e  commercial c a t a l y s t s  e v a l u ~ z e d  
Gas abou; 350°C. ? l e t h a e  c o n c e n t r a t i o n s  a t  ; h i s  t emperz tu re  were abou t  L O  v o l  2 .  

E . x p e r i ~ e n t s 1  r e s u l t s  i n d i c a t e  t h a t  t h e  a t i d i t i c n  of c r a c k i n g  c ~ ~ a l y s t s ,  which 
u e r e  employed s u c c e s s f u l l y  .*;hen t h e  c a t a l y s t  bed t e m p e r a t u r e  g r a d i e n t  ranged  

. from 650-300°C, d id  n o t  improve merhane y i e l d s  when t h e  c e r ~ l y s t  be2 t enpe r -  
a z u r e  r e m i n e d  i s o t h e r m a l  a t  5 5 0 ' ~ .  For  i socherma1 o p e r ~ r i o n  st 550Cc  2 
~ a ; s h a v  Ri-3210 and Bar.shaw Ni-3266 produce6  r n e  h i g h e s t  =ethae c o n c e n r r a c i o r  
of t h e  c a t a l y s t s  s c u d i e d ;  however, t h e  c o n c e n r r a t i o n s  were on iy  202.. 

A s u n n a r y , o f  t h e  major  f i n d i n g s  of t h e  m e t h ~ n e  s t u d i e s  i s  p r e s e n t e d  below: 

Oprbum m e t h e n a t i o n  re iapere ture  f o r  most N i  c a t a l y s t s  c e s r e d  i s  
300-400 PC. 

* P o o r  y i e l d s  of methane a r e  ach ieved  x i z h  a c a t a l y s t  bed t e n p e r a t u r e  
b ~ l o w  300 O C  and above 550°C. , 

A combined seconda ry  c a t a l y s t  sys t em of Earshew Ri-1404 ~ n d  Strem Si-s.l 
~t a  we igh t '  r a t i o  of 3 : l  r e s p e c t i v e l y  pro2uced r h e  E > ; ~ I L Z I  methane 
y i e l d s .  

- A  c a r a l g s r  bed r empera tu re  r a n g i n g  be rveen  i00O and 3 0 0 ' ~  f r o =  
i n l e t .  t o  outlet w 2 s  t h e  oprjmnrn system e v z l u a t e d  f o r  mechane p r o d u c t i o n  

Sream rates greater t h a n  25 ~ ? t  % nf t h e  i n p u t  wood f eed  d e c r e a s e  m e t h ~ n e  
c o n c e n t r z t i o n s  s i g n i f i c a n t l y .  

E ~ r s h a w  Mi-1404, Mi-3266, a d  Ni-3210 were t h e  o n l y  C E ~ Z ~ > ~ S ~ S  t'mt denon- 
s t r a t e d  m e t h a a t i o n  a c t i v i t y  .above ,500 =c. 

k b o r a t o r y  ~esults show t h e t  f o r  i s o t h e r r z 3  o p e r z f l o n  E rj~>:?lnm n e z h ~ e  
c o n c e n t r a t i o n  o f  a b o u t  25% i s  o b t a i n e d  z r  a  c a t a l y s t  bed r empere tu re  of 
 bout 550°c  o p e r a z i n g  EK a tmosphe r i c  p r e s s u r e .  



-. - 
B>7drocerbon S y n t h e s i s  G2s S t u d i e s  

A n m b e r  of  c a t a l y s t  . s y s t e m  hzve  been  e v a l u a t e d  f o r  t h e  ~ r o d u c t i o n  of hy2rc- 
ca rbon  s y n t h e s i s  g a s .  Most experiments were .  conducted a t  t e m p e r a t u r e s  between - - 
/ 2 O  OC .and 85OCc w i t h  r e c y c l e  of t h e  p r o d u c t .  g a s  a t  a  r e r e  of 0 .2  l l n i n .  p roduc t  
g a s  wa.s g e n e r a t e d  a t  '0.5 t o  0.7 l / m i n .  Under ' t h e s e ,  c o n d i t i o n s ,  t h e  wood 2nd 

. steam f e e d  r a t e s  were o p t i n i z e d  t.0 p roduce  .a izs having  'a E / C O  r a t i o  of 2 t o  1, 
s u i t a b l e  f o r  F ischer -Tropsch  syn thes i s :  . 

2 

Steam g a s i f i c a t i o n  of wood i n  t h e  p r e s e n c e  of a  commercial Si-A1 c r a c k i n g  
c a t a l y s t  p roduced  a  synthesis g a s  w i t h  a  hydrogen:carbon monoxide r a t i o  of  2 : l  
a t  b o t h  7 5 0 ' ~  a n d  8 5 0 ' ~ .  

H a j o r  r e s u l t s  of t h e  hydrocarbon s y n t h e s i s  g a s  s t u d i e s  a r e :  

A r e a c t i o n  t empera tu re  of 8 5 0 ' ~  was r h e  u s i m u m  t empera tu re  e r p l o y e d  
and was n o r e  e f f e c s L v e  t h z n  7 5 0 ' ~  from b o t h  a  g a s  c o m p o s i ~ i o n  2nd pro2uc- 
t i s n  s t z n d p o i n t .  

The c o n c e n r r a t i o n  of CO i n  t h e  f i n a l  p r 0 2 ~ c i  gas  i n c r e a s e d  more r a p i d l y  
t h n  che  c o n c e n t r a t i o n  of H2 w i t h  i n c r e a s e d  reinpera' ture.  

.The  anoun t  of s team r e q u i r e d  t o  produce  t h e  d e s i r e d  2 : 1 , B 2  t o  CO r a t i o  z i  

. . a  r e a c t o r  t empera tu re  of 7 5 0 ' ~  u a s  a p p r o x i n z t e l y  75 wt % of t h e  woo6 f ~ e C .  

A t  ' 8 5 0 ' ~  t h e  wood f e e d  to' s tem r a t i o  r e q u i r e d  t o  i aa in t a in  r h e  2 : l  E2 t o  
CO c o n c e a t r a t i o n ' w a s  1 t o  1. 

The zmouat of C02 i n  t h e  p r o d u c t  g a s  decreased  s i g n i f i c a n i l y  a s  i h e  
t e m p e r a t u r e  incr,eased..  

. * A  Srlrem Si-A1 c r a c k i n g  c a t a l y s t  n i x e d  v i t h  approxim2te iy  10% x i  c a ~ ~ l y s t  
p roved  t o  be  a  p r o p e r  c a t a l y s t  s p s t e n  f o r  t h e  p roduc i ion  of 2 2 : l  H 2  ;o 
CO hydrocarbon s y n t h e s i s  g a s .  . 

P m o a i z  S y n t h e s i s  Gas S t u d i e s  

, . The ma jo r  o b j e c t i v e  of t h e s e  s t u d i e s  was t o  produce a  p roduc t  gas hav ing  a 
H2:Nz r a t i o  of  3 to. 1 which would make t h e  g a s  s u i t a b l e  as. f e e d s t o c k  f o r  an 
ammonia p l a n t .  ,This  was accomplished by r e a c t i n g  a i r / s t e a m  and wood i n  t h e  
p r e s e n c e  of c a ~ i l y s t s .  Pazameters i n v e s t i g a t e d  were s team r a t e ,  air/stezm 
m i x ; u ~ e s , . t e m p e r a t u r e s ,  2nd seconda ry  c a t a l j s t  c o m p o s i ~ i o n s  m d  c o n c e n ~ r t c i o n a .  

The most  e f f e c t i v e  c a t a l y s t  sys t em e v a l u z t e d  f o r  m o n i a  s y n t h e s i s  g a s  prc- 
d u c t i o n  c o n s i s t e d  of 17  wt  % K2C03 i m p r e p a t e d ' i n  :he wood and  g a s i f i e d  i n  t h e  
p r e s e n c e  o f  G i r d l e r  G-33 cobal t -molybdate  c a t r l y s t  fo rmula t ed  t o  F r o n o t e  t h e  
CO s h i f t  r e a c i i o n  o r  G i r d l e r  G-3'chromium promoted i r o n  ox ide  c a t a l y s t  c o z o z L g  
used f o r  t h e  w a t e r  gas  s h i f t  r e a c t i o n  2nd a  s i l i c a - a l m i n a  c r z c k i n g  c e r ~ l g s t .  
Both s e c o n d a r y  c a t a l y s t  sys tems produced siniler r e s u l t s .  

From t h e  CO c o n c e n t r a t i o n s  o b t a i n e d  i n  these s t u 2 i e s ,  i n c r e z s i n g  t h e  ste.==. 
r a t e  d e c r e a s e s  t h e  CO . c o n c e n t r a t i o n  .. -. v i a  t h e . w a c e r  gas  s h i f t  r e s c t i o n :  
CO + H 2 0  + C02 + R 2  2nd t h a t  a  g z s  c o n s i s t i n g  i l m o s t  e n t i r e l y  of B2, S 2 ;  



- 
a d  C02 u.zs pro2uced .  C ~ r b o n  monoxide y i e l d s  r a g i n g  be rueen  2  t o  3% u e r e  
o b c ~ i n e d  by i n c r e ~ s i n g  s te rn  r z t e s .  i h e  i n c r e a s e d  steam r a r e  a e g n F f i e d  t h e  
v z t e r  g a s  s h i f . ~  r e & c i i c 2  t h u s  producing  more E2 znd C02, zn6 l e s s  CO. These 
cl.zrz e s t z b l i s h e d  t h a t  t h e  p r o d u c t i o n  of m o n i a  s p i h e s i s  g a s  i n  t h e  p re sence  of 
c m b i n e d  c a t e l y s t s  i s  t e c n n i c s l l y  f e a s i b l e .  X2jor c o n c l u s i o n s  of t h e  z m o n i z  
s y n i h e s i s  g e s  s c u d i e s  Ere s m e r i z e d  below. 

G i r a l e r  G-3 chromim-promoted i r o n  ox ide  o r  2 G i r d l e r  G-33 c o b z l t - m o l y b d ~ t e  
CO s h i f  t c ~ t ~ l y s t  combined ~ 6 t h  2 25% a d d i t i o n .  of s i l i c a - z l u m i n z  c rack ing  
c a t a l y s t  produced E2:N2 r a c i o  of 3 : l .  These c ~ t a l y s t s  z l s o  produced t h e  
h i g h e s t  o v e r a l l  c o a v e r s i o n s  (651) t o  t h e  gsseous  phase  a t  650°C w h i l e  msin- 
r a i n i n g  t h e  d e s i r e d  p r o d u c t  y i e l d s .  

A maimum steam r a t e  of 4 rimes t h e  uood f eed  r z t e  con3ined an zir  
r a t e  of 40% of che wood f e e d  produced the i e s i r e d  H2:N2 r z t i o  of 3 : l  w i t h  
a  CO c , o n c e n t r a t i o n  a s  low a s  3%. 

* C h a r - s t e m  r e a c t i o n  r a t e s  z t  5 5 0 ' ~  a r e  t o o  low t o  m a i n t z i n  2 d e s i r e d '  'fi2:K2 
of 3 : l  E L  a s i g n i i i c z n r  gas  p r o d u c t i o n  r z t e .  Cons tan t  wood f e e d  r z t e s  E r e  

c r i t i c z l  i n  rnzinc2inin.g e 3 : l  B2:M2 p roduc t  r e t i o .  

-h i n c r e ~ s e  of t e a p e r z t u r e  enhsnced t h e  overa1.l conve r s ion  t o  gaseous  
p r o d u c t s .  
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