
INFLUENCE OF METAL IONS AND PYROLYSIS CONDITIONS ON 
CARBON DIOXIDE GASIFICATION OF WOOD CHARS 

W i l l i a m  F. DeGroot and G.N. Richards 

Wood Chemistry Laboratory, U n i v e r s i t y  o f  Montana, Missoula. MT 59812 

INTRODUCTION 

The r a t e  o f  biomass g a s i f i c a t i o n  i s  l i m i t e d  by t h e  reaction r a t e  o f  t he  
the rma l l y  s t a b l e  cha r  which forms as a r e s u l t  o f  t he  i n i t i a l  p y r o l y t i c  degradation. 
This cha r  a l so  represents  a l a r g e  p ropor t i on  o f  t he  energy content o f  t he  o r i g i n a l  
biomass (1). and e f f i c i e n t  conversion o f  t he  biomass should recover t h e  energy value 
o f  t h i s  f r a c t j o x .  This  can be achieved by r e a c t i o n  wi th oxygen, steam, o r  carbon 
d iox ide,  and t h e  i n t e n t  o f  t h i s  research was t o  i n v e s t i g a t e  the e f f e c t s  o f  r e a c t i o n  
cond i t i ons  and i n o r g a n i c  c a t a l y s t s  on t h e  g a s i f i c a t i o n  o f  wood chars. These chars 
a l s o  p rov ide  an e x c e l l e n t  model f o r  s tudy ing the  g a s i f i c a t i o n  reac t i ons  o f  coal, 
s ince  sample p re t rea tmen t  and p y r o l y s i s  cond i t i ons  can be va r ied  t o  p rov ide  a wide 
range o f  chemical f u n c t i o n a l i t y  i n  the  r e s u l t i n g  chars. 
s t r u c t u r e  and r e a c t i v i t y  o f  these chars can prov ide important i n s i g h t  i n t o  p a r a l l e l  
reac t i ons  i n  coa l  and o t h e r  carbonaceous mater ia ls .  

Studying t h e  chemical 

Previous work i n  ou r  l a b o r a t o r y  on t h e  g a s i f i c a t i o n  o f  biomass chars i nd i ca ted  
t h a t  the i no rgan ic  species n a t u r a l l y  present  i n  wood were e f f e c t i v e  g a s i f i c a t i o n  
c a t a l y s t s  (2). and t h a t  some o f  t h e  na tu ra l  i no rgan ic  species were exchangeable w i t h  
ca t i ons  o f  s a l t s  added t o  t h e  wood i n  so lu t i on .  We have s tud ied t h i s  i o n  exchange 
process f u r t h e r  and have found t h a t  t he  wood sample used i n  these s tud ies  conta ins 
approximately 8 meq/100 g o f  ca rboxy l i c  a c i d  groups, p r i m a r i l y  as 4-Q-methyl- 
g lucu ron ic  a c i d  groups associated w i t h  t h e  hemicel lu lose f r a c t i o n  o f  t he  wood (3). 
I n  t h i s  s tudy we have added c a t a l y s t s  t o  p rev ious l y  acid-washed wood through i o n  
exchange i n  o rde r  t o  i nco rpo ra te  a s i n g l e  c a t a l y t i c  species i n  a h i g h l y  dispersed 
form and a t  a r e p r o d u c i b l e  l eve l .  
exchange i a p a c i t y  i n  o rde r  t o  d i s t i n g u i s h  the  e f f e c t s  o f  exchanged ca t i ons  as 
opposed t o  adsorbed sa l t s .  

EXPERIMENTAL 

Selected samples were a l so  t r e a t e d  beyond t h e  i o n  

The wood sample used i n  t h i s  study was b lack cottonwood (Populus t r ichocarpa) .  
a low-grade western hardwood. 
sapwood was t h e  p r i m a r y  sample studied. 
t h e  20/3D mesh f r a c t i o n  was re ta ined  f o r  analys is .  

column pe rco la t i on .  The wood was degassed i n  a small  q u a n t i t y  o f  t h e  s o l u t i o n  used 
for  ion-exchange and t r a n s f e r r e d  t o  a g lass  chromatography column. 
t i o n  of t he  ace ta te  s a l t  o f  t h e  c a t i o n  t o  be exchanged ( a t  l e a s t  a ten - fo ld  excess) 
was then washed s l o w l y  through the  column. 
d i s t i l l e d .  de ion i zed  water  t o  remove any o f  t h e  s a l t  which was n o t  bound by i o n  
exchange. 
wood. t h e  wood was soaked i n  a 0.01 M s o l u t i o n  o f  t h e  acetate s a l t  and then 
a i r -d r i ed .  
i n  o rde r  t h a t  t h e  t r e a t e d  samples con ta in  o n l y  a s i n g l e  c a t a l y t i c  species. 

coupled argon plasma (ICP) emission spectroscopy, except f o r  n i c k e l  which was 
analyzed by atomic abso rp t i on  (AA) spectroscopy. 
t h e m g r a v i m e t r y  (TG) a t  550°C i n  a i r .  

The heartwood and sapwood were separated and the  
The wood was ground i n  a Wi ley m i l l ,  and 

Acid-washi ng (H+-exchange) and i o n  exchange t reatments were c a r r i e d  ou t  by 

A 0.01 M solu- 

The column was washed thoroughly  wi th 

I n  o rde r  t o  add c a t a l y t i c  species beyond the  exchange capac i t y  o f  t h e  

A l l  o f  t h e  c a t a l y s t  t reatments were c a r r i e d  out us ing acid-washed wood 

The ino rgan ic  c o n s t i t u e n t s  o f  t h e  wood samples were analyzed b y  i n d u c t i v e l y  

Ash contents were determined by 



Chars were prepared i n  a tube furnace purged wi th f l ow ing  n i t rogen.  The wood 
sample was he ld  i n  a po rce la in  boat  which was p u l l e d  i n t o  the  preheated furnace. 
A f te r  hea t ing  f o r  a p resc r ibed  t ime  t h e  sample was p u l l e d  i n t o  a water condenser a t  
t he  downstream end o f  t h e  furnace tube, where i t  was cooled t o  approximately loot 
before being exposed t o  the  a i r .  
containers. 

spectrometry (CP/MAS 9% n.m.r.) o f  t he  chars was c a r r i e d  out  a t  t h e  Colorado State 
U n i v e r s i t y  Regional N.M.R. Center. 

Samples were s to red  i n  n i t rogen-  o r  argon-purged 

Cross p o l a r i z a t i  /magic angle sp inn ing 1% nuclear  magnetic resonance 

G a s i f i c a t i o n  was c a r r i e d  ou t  i n  t h e  g a s i f i c a t i o n  reac to r /de tec to r  system 
The reac to r  cons is ted o f  a 1/8" I.D. alumina tube (99.8% depic ted i n  F igu re  1. 

alumina) heated by an ex te rna l  nichrome w i r e  c o i l .  
conf ined w i t h i n  a 1.0 cm sec t i on  o f  t he  tube by 1/8" O.D. &hole ceramic i nsu la to rs .  
which a l so  c a r r i e d  gas flows i n t o  and out  o f  t h e  reactor .  The lower i n s u l a t o r  
contained a chromel-alumel thermocouple t h a t  extended 3-4 nun i n t o  t h e  r e a c t o r  and 
prov ided a r e l i a b l e  measure o f  t he  sample temperature throughout t h e  react ion.  
reac to r  was purged w i t h  a 30 cc/min f l o w  o f  N2 f o r  i n e r t  cond i t i ons  and an equiva- 
l e n t  f l ow  r a t e  o f  C02 f o r  g a s i f i c a t i o n .  
temperature were under c o n t r o l  o f  a data a c q u i s i t i o n / c o n t r o l  system. 

The sample (3-10 mg) was 

The 

Switching o f  gas f lows and r e a c t o r  

E f f l uen t  gases from the  r e a c t o r  were mixed w i t h  a 10 cc/min a i r  f low, causing 
the oxygen l e v e l  o f  t he  a i r  f l o w  t o  be reduced by the  s to i ch iomet r i c  q u a n t i t y  o f  
oxygen requi red f o r  combustion o f  any combustible gases formed by p y r o l y s i s  o r  
g a s i f i c a t i o n  o f  t h e  sample. The oxygen concentrat ion o f  t he  combined gas streams 
was monitored by a 1/4" O.D. z i rconium ox ide oxygen sensor tube maintained a t  

output  p ropor t i ona l  t o  t h e  d i f f e r e n t i a l  pressure o f  oxygen across i t s  i n n e r  sur face 
( f l o w i n g  a i r  re ference gas) and ou te r  sur face (combined reac to r  and combustion a i r  
f lows). 
du r ing  data a c q u i s i t i o n  according t o  the  Nernst equation: 

I 

I 900-950°K. This  sensor was enclosed i n  a 1/2" 0.0. quar t z  tube and produced an 

The output  o f  t h e  oxygen sensor was converted t o  oxygen concen t ra t i on  

where R and F have t h e i r  usual meanings, T i s  t h e  de tec to r  temperature (OK) and P 
and Pref are the  p a r t i a l  pressures o f  oxygen i n  the  sample and reference gases. 
respect ive ly .  

For the  purposes o f  t h i s  s tudy i t  was assumed t h a t  a l l  o f  t he  combustible gases 
produced were CO. and t h e  removal o f  one molar equ iva len t  o f  02 f r o m  t h e  gas stream 

o f  g a s i f i c a t i o n  determined i n  t h i s  manner was c o n s i s t e n t l y  w i t h i n  10% o f  t h e  
measured change i n  char weight. 

I was the re fo re  due t o  the  g a s i f i c a t i o n  o f  one molar equiva lent  o f  carbon. The ex ten t  

I 
! 

The r a t e  o f  g a s i f i c a t i o n  o f  a char (HTT 80OOC) prepared from cottonwood i s  
shown i n  F igure 2. 
g i v e  t h e  t o t a l  e x t e n t  o f  gas i f i ca t i on .  o r  i t  can be i n teg ra ted  above t h e  base l i ne  
de f i ned  by the r a t e  o f  p y r o l y t i c  g a s i f i c a t i o n  t o  g i v e  the  ex ten t  o f  g a s i f i c a t i o n  due 

The de tec to r  ou tpu t  can be i n t e g r a t e d  over t h e  e n t i r e  r u n  t o  

/ t o  r e a c t i o n  w i th  C02. 
I 

RESULTS AND DISCUSSION 

The ash contents  and composit ion o f  t h e  i no rgan ic  f r a c t i o n  o f  t h e  samples used 
i n  t h i s  study a re  shown i n  Table 1. The heartwood o f  t he  cottonwood has a ve ry  h igh  
ash content, approximately four  t imes  h ighe r  than t h e  sapwood taken f rom t h e  same 
t ree.  The main components of t h e  n a t u r a l  i no rgan ic  f r a c t i o n  are calcium, potassium. 
and magnesium: i n  a d d i t i o n  t o  these elements t h e  l i g n i t e  sample has a h igh  concentra- 
t i o n  of iron. A l l  o f  these elements are p o t e n t i a l l y  a c t i v e  g a s i f i c a t i o n  ca ta l ys ts .  
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Table 1. Composition of cottonwood, treated cottonwood and l i gn i t e  samples. 

Sample 

COTTONWOOD 
Untreated 

Heartwood 
Sapwood 

Ion-exchanged 
Sapwood 

Acid-washed 
Kt-exchanged 
Mgt2-exchang ed 
Cat2-exchanged 
Cot2-exchanged 
Nit2-exchanged 
Cut2-exchanged 

Acetate Salt-treated 
Sapwood (0.01 M) I 

KAc 
Ca(Ac)2 
Co(Ac)p 

LIGNITE' (PSOC-837) 

Composition o f  Ash (I, dry weight) 
X Ash K Mg Ca Fe Co N i  Cu - 

2.01 0.32 
0.51 0.10 

__ 0.02 
0.41 0.28 
0.17 __ 
0.34 -- 
0.34 __ 
0.33 -- 
0.42 __ 

0.91 0.38 
0.83 __ 
0.89 __ 

11.88 0.04 

__ _- 0.08 0.50 - -- 
0.02 0.12 -- -- __ __ 

_ _  0.0: __ -- n.d.b -- 
0.02 -- -- n.d. -- 

0.09 0.01 -- -- n.d. -- 
0.14 - -- n.d. -- 
0.01 -- 0.23 n.d. -- 

0.21 -- 

_- 

_ _  
-- 

__ -_ __ -- 
__ -- n.d. 0.32 -- -- 

0.02 - -- n.d. -- 
0.36 -- -- n.d. -- 

-- 0.01 -- 0.40 n.d. - 
0.64 1.81 0.39 -- __ _- 

-- 
__ 

aIon-exchanged samples were acid washed (H+-exchanged) prior t o  treatment. 
bn.d. = "not determined"; no value (--) = <50 ppm. 
CLignite sample and analysis provided by the Penn Sta te  Coal Data Base. 

Table 2. Conversion due t o  pyrolysis (P) and gasification (G) o f  chars prepared 
fro3 cottonwood and l i g n i t e  a t  various heat treatment temperatures (HTT) 
and pyrolysis times. 
90.9 kPa CO2. 

Chars were gasified fo r  30 minutes a t  800°C i n  

HTT Time 
Sample ( "C ) (m in )  

COTTONWOOD 800 10 
(Sapwood) 900 10 

1000 10 

800 5 
800 30 
800 60 

LIGNITE 800 10 
900 10 

1000 10 

Char Yield 
( X )  

13.1 
11.5 
10.4 

13.2 
12.6 
12.3 

61.5 
59.0 
58.0 

X Conversion a t  800°C 
P G Total 

1.6 32.5 34.1 
1.7 30.9 32.6 
1.2 15.9 17.1 

3.2 32.9 36.1 
1.7 31.9 33.6 
1.2 34.0 35.2 

3.6 66.5 70.1 
1.9 51.8 53.7 
1.6 34.7 36.3 
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Acid-washing o f  t h e  cottonwood sapwood removed most o f  t h e  i no rgan ic  f r a c t i o n ,  
w i th  the  except ion o f  a small  q u a n t i t y  of res idua l  calcium. When the acid-washed 
wood was t rea ted  by i o n  exchange w i t h  d i l u t e  s a l t  so lu t ions.  t h e  r e s u l t i n g  samples 
contained 7-8 m i l l i equ iva len ts / lOOg w i t h  the  exception o f  t h e  Cd2-exchanged sample. 
which was t r e a t e d  a t  t h e  10 meq/100 g l e v e l .  Th is  i s  i n  agreement wi th the  carboxyl 
content of 8 meq/lOO g found p rev ious l y  f o r  t h i s  sample, and ind i ca tes  t h a t  i o n  
exchange prov ides a h igh  l e v e l  o f  c o n t r o l  f o r  a d d i t i o n  o f  inorganic  ca t i ons  t o  wood. 
The o v e r a l l  ash contents  o f  t h e  t rea ted  samples were a l l  lower than t h a t  o f  t h e  
unt reated sapwood. 
wi thout  removing t h e  f r e e  s a l t s ,  t h e  l e v e l  o f  c a t i o n  a d d i t i o n  was 1.5-2.5 t imes  
h igher  than i n  the ion-exchanged samples. 

When the  s a l t  s o l u t i o n  was d r i e d  onto t h e  acid-washed wood 

Table 2 shows t h e  e f f e c t s  o f  heat treatment temperature (HTT) and p y r o l y s i s  
t ime on the char y i e l d s  and r e a c t i v i t i e s  o f  t h e  r e s u l t i n g  chars toward CO2 
g a s i f i c a t i o n  a t  800°C. 
s i g n i f i c a n t l y  w i t h i n  t h e  temperature range and p y r o l y s i s  t imes studied. 
i s  impor tant  t o  n o t i c e  the  d i f f e r e n c e s  i n  char y i e l d s  between the  wood and l i g n i t e  
samples, e s p e c i a l l y  w i t h  respect  t o  t h e  concentrat ion o f  inorganic  species i n  the  
chars. The char y i e l d s  from w w d  suggest t h a t  t he  ash i s  concentrated by a f a c t o r  
o f  7-10. r e s u l t i n g  i n  an ash content  o f  4-5% i n  the  char. S i m i l a r l y ,  t he  ash 
content o f  l i g n i t e  char  would be concentrated t o  nea r l y  20% o f  t he  weight  o f  t h e  
char. 

The char y i e l d s  o f  t he  wood and l i g n i t e  do n o t  vary  
However, i t  

R e a c t i v i t i e s  o f  both the  wood and l i g n i t e  chars decreased by a f a c t o r  o f  
approximately two as the  HTT was increased from 800°C t o  1000°C. The c o n t r i b u t i o n  
o f  p y r o l y s i s  t o  t h e  gas y i e l d s  i n  both samples was r e l a t i v e l y  small and i t  d i d  no t  
vary s i g n i f i c a n t l y  under the  cond i t i ons  shown. 
approximately l i n e a r l y  between 800" and 1000°C. 
sharp ly  above 900°C i n  the  wood sample. Th is  may i n d i c a t e  t h a t  one o f  t he  na tu ra l  
c a t a l y t i c  species i n  wood undergoes a s p e c i f i c  t ransformat ion above 900°C. render ing 
it inac t i ve ,  and t h a t  t he  r e a c t i v i t y  o f  wood char i s  o therwise l e s s  dependent on HTT 
than i s  t h a t  o f  coa l  char. 
t i m e  o f  p y r o l y s i s  between 5 and 60 minutes. 
found i n  t h i s  study i s  somewhat l e s s  than t h a t  repo r ted  by Hippo et s. f o r  a raw 
l i g n i t e  g a s i f i e d  i n  steam (4). 
r e a c t i v i t y  i n  steam a t  750°C as t h e  HTT i s  reduced from 900" t o  800°C. 

L i g n i t e  char r e a c t i v i t y  decreased 
The r e a c t i v i t y  dec l ined more 

The ex ten t  o f  wood char g a s i f i c a t i o n  i s  independent o f  
The dependence o f  r e a c t i o n  r a t e  on HTT 

These workers r e p o r t  n e a r l y  a th ree - fo ld  increase i n  

The r a t e s  shown i n  Table 2 f o r  t h e  l i g n i t e  char g a s i f i c a t i o n  a re  s i m i l a r  t o  
data repor ted p r e v i o u s l y  by o t h e r  workers f o r  CO2 g a s i f i c a t i o n  o f  l i g n i t e  chars 
prepared under s i m i l a r  cond i t i ons  (5.6). 
s u b s t a n t i a l l y  h ighe r  r e a c t i v i t y  than repo r ted  p rev ious l y  f o r  another 
l i gnoce l l u lose -de r i ved  char g a s i f i e d  i n  CO2 a t  900°C (7). 
n e a r l y  tw ice  as r e a c t i v e  as t h e  wood char  over t h e  temperature range studied, which 
i s  no doubt due i n  p a r t  t o  i t s  h ighe r  ash content. 
char i s  a l s o  expla ined i n  p a r t  by t h e  CP/MAS 13C n.m.r. spectrum o f  t h e  char  
prepared by 10 minutes p y r o l y s i s  a t  600°C. shown i n  F igu re  3. Th is  spectrum 
conta ins a s i n g l e  peak centered a t  130 ppm. corresponding t o  aromatic carbon. 
spectrum i s  nea r l y  i d e n t i c a l  t o  t h a t  o f  an a n t h r a c i t e  coa l  (8). and a n t h r a c i t e  c o a l s  
have been shown t o  be  more than ten  t imes l e s s  r e a c t i v e  than l i g n i t e  under 
g a s i f i c a t i o n  by CO2 (5). 
i n s u f f i c i e n t  hydrogen t o  p rov ide  f o r  t r a n s f e r  o f  sp in  p o l a r i z a t i o n  t o  carbon, as 
requ i red  i n  the  c ross -po la r i za t i on  n.m.r. technique. and they  d i d  n o t  g i v e  
wel l - resolved spectra. However, it i s  c l e a r  t h a t  chars prepared above 600°C are 
h i g h l y  aromatic and t h e i r  g a s i f i c a t i o n  w i l l  r equ i re  e f f e c t i v e  c a t a l y s i s  i f  i t  i s  t o  
be c a r r i e d  o u t  a t  lower  temperatures. These n.m.r. da ta  are somewhat s u r p r i s i n g  i n  
view o f  e a r l i e r  work on the  n.m.r. spectroscopy o f  wood chars which showed a 
s i g n i f i c a n t  a l i p h a t i c  component i n  chars prepared a t  temperatures up t o  400°C (9). 

Rates o f  wood char  g a s i f i c a t i o n  i n d i c a t e  a 

The l i g n i t e  char  was 

The lower r e a c t i v i t y  o f  t he  wood 

The 

Wood chars prepared a t  h ighe r  temperatures conta ined 
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The char yields and reactivities of chars (HTT 800°C) prepared from untreated 
cottonwood and catalyst-treated samples are shown in Table 3. 
added by ion exchange to the acid-washed sapwood as described earlier. Acid washing 
had a dramatic effect on the char yield, reducing it by a factor of more than two. 
Addition of transition metal and alkaline earth metal catalysts had little effect on 
the char yield, but the alkali metal catalysts restored the char yield to near the 
level found for the untreated wood. Acid-washing also resulted in complete loss o f  
the cellular structure of the wood during pyrolysis. All of these effects parallel 
those reported previously for the effects of inorganic species on the carbonization 
of the cottonwood (10). 

Table 3. 

The catalysts were 

Ash content and char yields (HTJ 800°C) of untreated and ion-exchanged 
cottonwood samples and extents of conversicr! due t3 pyrolysis (Pj and 
gasification (G) of cottonwood chars gasified for 30 minutes at 800°C 
in 90.9 kPa C02. 

Ash Content Char Yield Percent Conversion 
Sample (%. d.a.f.1 (%,. d.a.f.) P G Total 

Cottonwood Heartwood 
Untreated 2.01 16.8 (100% in c20 min) 

Cottonwood Sapwood 
Untreated 
Aci d-washed 
Na+-exchanged 
K+-exchanged 
Mg+z-exchanged 
Ca+Z-exchanged 
Co+Z-exchanged 
Ni+z-exchanged 
Cu+z-exchanged 

0.51 14.8 
<o .02 7.1 
0.31 14.0 
0.40 13.9 
0.17 9.4 
0.34 9.7 
0.33 9.5 
0.32 8.0 
0.40 7.3 

2 40 42 
2 c1 2 
4 16 20 
2 13 15 
3 15 18 
5 102 107a 
9 73 82 
3 34 37 
1 3 4  

apercent of conversion determined by integration of combustible gas detector 
signal was consistently 100-110% of weight of samples which gasified completely. 

The most reactive sample was found to be the untreated cottonwood heartwood. 
The reactivity of this char reflects its higher ash content. and further illustrates 
the catalytic properties found previously for the natural inorganic fraction (2). 
The most effective ion-exchanged catalysts were found to be calcium and cobalt, 
which gave reactivities intermediate between the untreated sapwood and heartwood 
samples. Chars containing alkali metal catalysts were supprisingly unreactive in 
view of the excellent catalytic properties of these catalysts for lignite chars 
gasified in steam (4) and in air (11). Alkali metals are known to be lost during 
pyrolysis and gasification at these temperatures (12). but the char from 
potassium-treated wood contained 2.3% of ash by TG. suggesting that a large 
proportion of the catalyst was retained, at least during char formation. 

closely parallel effects reported in the C02 gasification of coal char (5). 
high catalytic activity of calcium suggests that it is the dominant factor 
controlling the reactivity of the untreated cottonwood sapwood and heartwood samples 
(see metals analysis in Table 1). 

although they are often deactivated by oxidation during reaction f13). We have 
previously found this to be the case in the COz gasification of wood chars (HTT 
1000") as well (2). 
gasification of wood chars catalyzed by transition metals could, therefore, 

The catalytic activities of the alkaline earth metals i n  wood gasification more 
The 

The transition metals are known to be active catalysts of CO gasification, 

The wide range of reactivities shown in Table 3 for the 
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represent the inherent ac t iv i ty  of the ca t a lys t  or the ac t iv i ty  of the ca ta lys t  
under these spec i f ic  conditions of pyrolysis and gasification. 
ca t a ly t i c  ac t iv i ty  of the cobalt  indicates the potential  u t i l i t y  of these catalysts.  
and we a r e  continuing t o  investigate the e f f ec t s  of pyrolysis and gasification 
conditions on ca ta lys i s  of wood char gas i f ica t ion  by cobalt. 

reaction r a t e  prof i les  shown i n  Figures 4-6. 
gas i f ica t ion  of char prepared from K+-exchanged wood. 
throughout the reaction, suggesting tha t  the  reaction i s  zero order w i t h  respect t o  
the mass of the char. The reaction does not appear t o  undergo the i n i t i a l  induction 
period which i s  often observed i n  gas i f ica t ion  reactions. 
shows t h a t  the gas i f ica t ion  of the char containing calcium does exhibit  an induction 
period. and the r a t e  decays i n  a more nearly f i r s t  order manner following the 
induction period. The char was completely gasified i n  t h i s  case. 
behavior i s  exhibited i n  ca ta lys i s  by cobalt ,  as shown in Figure 6. 
the reaction i s  very rapid a t  the outset  and decays more rapidly than would be 
expected for  a reaction which is  f i r s t  order w i t h  respect t o  the char. 
approaches zero well before the  char i s  depleted, indicating t h a t  the ca ta lys t  i s  
being deactivated during reaction, and t h a t  a very h i g h  level of ca ta lys i s  could be 
attained i f  t h i s  deactivation could be avoided. 

However, the high 

The e f f ec t s  of d i f f e ren t  ca ta lys t  treatments a re  further i l lus t ra ted  by the 
Figure 4 shows the r a t e  of CO2 

The ra te  is nearly constant 

By contrast, Figure 5 

A th i rd  type of 
In t h i s  case 

The ra te  

We have also determined the ra tes  of gas i f ica t ion  of chars prepared from wood 
treated beyond the exchange capacity w i t h  t he  acetate sal ts  of potassium, cobalt and 
calcium. 
ion-exchanged wood i n  Figure 7. In a l l  three treatments the reac t iv i ty  increased a t  
l e a s t  l inear ly  with the quantity of added ca ta lys t .  
dispersion afforded by ion exchange i s  l o s t  during carbonization, or t h a t  the 
ca t a lys t  added as the  aqueous s a l t  solution was equally well dispersed, presumably 
on the  hydrophilic carbohydrate portions of the  wood ce l l  wall. 

demonstrated in calcium-exchanged coals heated a t  1000°C (14). A l t h o u g h  the  
temperatures employed i n  the  current study were somewhat lower, it i s  possible the  
same processes occur, and the  potential advantage o f  the ion-exchanged ca ta lys t  i s  
l o s t  due t o  ca ta lys t  agglomeration. If  t h i s  is the case. the re la t ive  effectiveness 
of t he  ion-exchanged ca ta lys t  should be enhanced by reducing the carbonization 
temperatures. and studies now underway should provide additional information on the  
nature of these processes. 

Gasification ra tes  of these chars a re  compared t o  those of the chars from 

T h i s  implies t h a t  t h e  ca ta lys t  

Loss.of dispersion of ion-exchanged ca t a lys t s  has been conclusively 

The most surprising feature of Figure 7 i s  t h e  dramatic increase i n  r eac t iv i ty  
of chars prepared from wood treated beyond the  ion exchange capacity with cobalt 
acetate.  

therefore gasified a t  600°C w i t h  s imi la r  resu l t s ,  as  indicated by the dotted l i ne  in 
Figure 7. I t  i s  d i f f i c u l t  t o  envision a mechanism whereby t h e  acetate s a l t  would be 
a more e f fec t ive  ca ta lys t  than ion-exchanged carboxylate s a l t s .  I t  i s  possible t h a t  
the two forms o f  the  ca ta lys t  decompose t o  d i f f e ren t  products, which could have 

forms might be. In any case. the ca t a ly t i c  efficiency of the higher level of cobalt  
treatment i s  very promising. The r eac t iv i ty  a t  600°C i s  much higher than tha t  found 
previously f o r  CO2 gas i f ica t ion  a t  650°C of wood chars treated w i t h  even higher 
leve ls  of iron and nickel s a l t s  (2). and it appears t o  be less  subject t o  
deactivation during gasification. 
t o  i t s  e f fec ts  on COP gas i f ica t ion  of graphite (13) and a highly carbonized 
ce l lu lose  char (HTT 1000°C) (15). 
effectiveness t o  nickel and iron ca ta lys t s .  
unique ca ta ly t ic  capacity f o r  cobalt, which may a l so  indicate unique properties of 
wood chars formed i n  the  temperature range employed i n  t h i s  study. 

T h i s  sample was so reactive tha t  the  reaction rate a t  800°C could not be 
I accurately measured i n  our system. The two cobalt-treated chars (HTT 800°C) were 
, 

I d i f f e ren t  ca ta ly t ic  ac t iv i t i e s .  although it  i s  not c lear  a t  t h i s  time what these 
L: 
) 

5 
Cobalt has previously been studied w i t h  respect 

In each case i t  was found t o  be s imi la r  i n  

1 
The results reported here indicate a 
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Figure 1'. Schematic diagram of gasification reactor and combustible gas detector 
.system. 
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Figure 3. CP/MAS 1.3C n.m.r. spectrum of char prepared f r o m  untreated cellulose 
(HlT 600'C). 
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Figure 4. Reaction rate profile for the COP gasification of char (HTT 8OO0C) 
prepared f r o m  K+-exchanged cottonwood. 
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I 

Figure 5 .  Reaction ra te  pro f i le  for  the C02 gasif ication o f  char ( H l l  80OOC) 
prepared from Ca+*-exchanged cottonwood. 
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I Figure 6. Reaction ra te  prof i le  for the CO gasification o f  char ( H l l  800OC) 
I prepared from C&-exchanged coteonwood. 
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Figui-e 7. Average r a t e  o f  CO2 g a s i f i c a t i o n  a t  800°C o f  chars prepared f r o m  
cottonwood t r e a t e d  w i t h  inorganic c a t a l y s t s  a t  t h e  ion  exchange 
c a p a c i t y  (open symbols) and beyond t h e  i o n  exchange capacity 
( s o l i d  symbols): potassium (D,.); coba l t  (A+); calcium ( 0 , O ) .  
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