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Catalyzed coa l  g a s i f i c a t i o n  can l ead  t o  reduced g a s i f i e r  s i z e  and lower gas- 
i f i c a t i o n  tempera tures  which g ive  g r e a t e r  thermal  e f f i c i e n c i e s .  Therefore ,  an  in- 
v e s t i g a t i o n  of t h e  steam g a s i f i c a t i o n  of a bituminous c o a l  under moderately h igh  
P res su res  was conducted. The primary o b j e c t i v e  of t h e  s tudy  w a s  t o  de te rmine  the  
in f luence  of an a l k a l i  metal carbonate  c a t a l y s t  on t h e  k i n e t i c  parameters of t h e  
g a s i f i c a t i o n  r e a c t i o n .  

The coa l  chosen f o r  t h e  s tudy  was an I l l i n o i s  No. 6 coa l  and t h i s  m a t e r i a l  
was g a s i f i e d  both w i t h  and without t h e  a d d i t i o n  of po tass ium ca rbona te .  
ments were c a r r i e d  o u t  a t  t empera tures  between 700 and 900°C and a t  a p re s su re  of 
2 . 1 7  MPa (21.4 atm).  The p a r t i a l  p r e s s u r e s  of steam, carbon d i o x i d e  and hydr0g.c:. 
were a l s o  va r i ed  dur ing  t h e  i n v e s t i g a t i o n .  
modeled us ing  an unreac ted ,  shr inking-core  model and k i n e t i c  c o n s t a n t s  and a c t i v a -  
t i o n  ene rg ie s  were determined. 

Experi-  

The carbon g a s i f i c a t i o n  r a t e  was 

Experiment a 1 Met hods 

The appara tus  used t o  g a s i f y  t h e  c o a l  was a h igh-pressure ,  t u b u l a r ,  f i x e d  
bed r e a c t o r  wi th  an e x t e r n a l  hea t  supply .  One of t h e  unique f e a t u r e s  of t h i s  
appara tus  w a s  i t s  charg ing  system. A 10 g s a m p l e  of c o a l  was he ld  a t  a tempera- 
t u r e  near  ambient i n  a p re s su r i zed  v e s s e l  l oca t ed  above t h e  r e a c t o r .  Actua t ioq  
of a b a l l  va lve  allowed t h e  sample t o  f a l l  i n t o  t h e  r e a c t o r ,  commencing t h e  ex- 
per imenta l  run .  

The appara tus  w a s  a b l e  t o  g a s i f y  a sample of c o a l  wi th  steam, o r  mixtures  of 
Carbon g a s i f i c a t i o n  rates were determined from t h e  pro- steam and H 2 , N 2 ,  o r  C02. 

duct gas  f lowra te  and composition. The e s s e n t i a l  f e a t u r e s  of t h e  appa ra tus  a r e  
shown i n  F ig .  1. 

The r e a c t o r  and coa l  charging v e s s e l  were cons t ruc t ed  from type  316 s t a i n l e s s  
s t e e l .  The r e a c t o r  body was a 21-inch (53 .3  cm) long, 3/4-inch schedule  150 tube  
w i t h  an  o u t s i d e  d iameter  of  1.050 i n .  (26 .7  mm) and an i n s i d e  d iameter  of 0.514 
i n .  (15.6 mm). A 0.125-in. (3 .2  mm) t h i c k  porous  s t a i n l e s s  s t e e l  d i s c  w a s  l oca t ed  
i n s i d e  the  tube ,  6 . 5  i n .  (16.5 cm) from t h e  bottom. T h i s  d i s c  supported t h e  bed 
of c o a l  i n s i d e  t h e  r e a c t o r .  

The coa l  charging v e s s e l ,  a c y l i n d r i c a l  funnel-shaped con ta ine r  wi th  a volume 
of approximately 50 cm3, was connected t o  t h e  top  of t h e  r e a c t o r  by a v e r t i c a l  
3/4-inch schedule  160 tube  wi th  an  i n s i d e  d iameter  of 0.464 i n .  (11 .8  mm).  A t  
t h e  bottom of t h i s  v e s s e l  was a b a l l  va lve .  Charging the  r e a c t o r  w a s  accomplished 
by opening t h e  va lve  by means of a pneumatic a c t u a t o r .  
t ance  of 11 i n .  (27.9 cm) i n t o  t h e  r e a c t o r .  

The c o a l  then  f e l l  a d i s -  

The hea t  necessa ry  t o  gene ra t e  steam and g a s i f y  t h e  c o a l  was suppl ied  ex te rna l -  
l y  through e l e c t r i c  r e s i s t a n c e  h e a t e r s .  
ing c i r c u i t s .  These supp l i ed  t h e  gas  p r e h e a t e r  and steam v a p o r i z e r ,  t h e  r e a c t o r  
furnace ,  and t h e  bottom f l a n g e  h e a t e r .  

There were t h r e e  s e p a r a t e  e l e c t r i c a l  heat-  

Water f o r  steam genera t ion  was d e l i v e r e d  t o  t h e  system by a h igh-prec is ion  
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t o  condense e x c e s s  steam, t h e  p r e s s u r e  of t h e  cooled gases  was reduced t o  atmos- 
p h e r i c ,  and they  were then  ana lyzed .  A quadrapole  mass spec t rometer  w a s  used t o  
determine t h e  product  g a s  composi t ions .  The f l o w r a t e  of  product g a s  w a s  determined 

An exper imenta l  run w a s  c a r r i e d  o u t  i n  t h e  fo l lowing  manner. Appropr ia te  condi- 
t i o n s  of  r e a c t i o n  tempera ture  and r e a c t a n t  gas  p a r t i a l  p re s su re  were s e l e c t e d .  The 
f lowra te s  of  n i t r o g e n  and carbon d iox ide  o r  hydrogen were ad jus t ed  t o  meet these  
s p e c i f i c a t i o n s  as measured by timed r e a d i n g s  of  t h e  w e t  t es t  meter.  Steam flow was 
commenced by a d j u s t i n g  t h e  water meter ing pump. 
and t h e  coal en te red  t h e  r e a c t i o n  zone. 

F i n a l l y  t h e  b a l l  v a l v e  was opened 

During t h e  f i r s t  f i v e  minu tes  of t h e  run ,  t h e  flow of p roduc t s  was r ap id  due 

Table  1. Analyses of I l l i n o i s  No. 6 c o a l .  

Moisture  f r e e  Moisture  an(l 
c o a l  a s h  f r e e  coal 

Proximate a n a l y s i s  (wt. %) 

V o l a t i l e  matter 
Fixed carbon 
Ash 

U l t i m a t e  a n a l y s i s  (wt.%) 

Hydrogen 
Carbon 
Nitrogen 
Sul f  u r  
Oxygen 
Ash 

Heating Value 

40.5 
46.5 
13.0 

4 .7  
67.7 
1.1 
3 . 8  
9 .8  

1 3 . 0  

12307 B tu / lb  
(28619 kJ/kg)  

46.5 
53.5 - -  

5.4 
77.8 

1 .3  
4 .3  
1 1 . 2  
- -  

14148 B t u / l l l  
(32900 kJ/l..P) 

F ree  swel l ing  index  3.5 3 .5  
. . . ---- 
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t o  t h e  d e v o l a t i l i z a t i o n  of  t h e  c o a l  and t h e  t i m e  a t  eve ry  one-quarter  r evo lu t ion  o f  
t he  w e t  t e s t  meter (0.0125 cu f t ,  354 cm3) w a s  recorded .  A f t e r  f i v e  minutes ,  t h e  
volume reading  of t h e  w e t  t es t  meter w a s  recorded  a t  3-minute i n t e r v a l s .  D i s c r e t e  
va lues  of t h e  concen t r a t ion  of each  gas  were a l s o  read  from a d i g i t a l  d i s p l a y  and 
recorded by the  ope ra to r  a t  i n t e r v a l s  of 2.5 minutes ,  beginning  a t  5 minutes .  

The l e n g t h  of  time of each  experiment v a r i e d .  I n  t h e  experiments  conducted 
a t  800°C and 900°C, t h e  1 0  g c o a l  sample w a s  u s u a l l y  allowed t o  r e a c t  u n t i l  80- 
90% conversion of  carbon had been achieved .  A t  7OO0C, t h e  experiments  were termi- 
na t ed  a f t e r  approximately two hours .  

A t  t h e  end of  t h e  exper iment ,  f low of water t o  t h e  steam vapor i ze r  and flow 
of gases  were te rmina ted .  
opened. When t h e  appa ra tus  w a s  coo l ,  t h e  r e a c t o r  w a s  dep res su r i zed  and opened. 
The char and a sh  were withdrawn and weighed. 
t r a p  and t h e  volume of water recorded .  The t a r  f i l t e r  was removed and weighed im-  
media te ly .  

A l l  h e a t e r s  were s h u t  down, and t h e  r e a c t o r  fu rnace  w a s  

A l l  condensa te  w a s  d ra ined  from t h e  

R e s u l t s  

I n  t h i s  s tudy ,  t h e  i n f l u e n c e  of t h e  fo l lowing  pa rame te r s  on t h e  steam g a s i f i c a -  
t h e  p re sence  of K2CO3 a s  a ca t a -  t i o n  r a t e  of I l l i n o i s  No. 6 c o a l  w a s  i n v e s t i g a t e d :  

l y s t ;  t h e  p a r t i a l  p r e s s u r e s  of steam, CO The 2 t o t a l  p re s su re  of  t h e  system w a s  he ld  a t  a cons t an t  v a l u e  o f  2.17 MPa (21.4 a t m )  
throughout t h e  s tudy .  The t o t a l  f l o w r a t e  of g a s e s  i n t o  t h e  r e a c t i o n  zone was a l s o  
kept  f ixed  i n  each  experiment a t  some va lue  between 980 and 1020 sccm. V a r i a t i o n  
of t he  r e a c t a n t  g a s  composition w a s  accomplished by i n c r e a s i n g  t h e  mass f l o w r a t e  
of steam, C02 o r  H 2  and s imul taneous ly  dec reas ing  t h e  mass f l o w r a t e  of t h e  i n e r t  
c a r r i e r  gas ,  n i t rogen .  Nitrogen was bo th  a d i l u e n t  and a carrier g a s  f o r  product  
removal. 

and H 2 ;  and r e a c t i o n  tempera ture .  

Runs were made a t  700, 800 and 9OO0C w i t h  t h e  p r e t r e a t e d  c o a l  and c o a l  imp--*mated 
wi th  10 w t . %  K2CO3. 
K2C03-impregnated c o a l  w a s  s t u d i e d  a t  a cons t an t  steam p a r t i a l  p r e s s u r e  i n  a series 
of 6 runs .  
cons t an t  composition t o  e v a l u a t e  t h e  magnitude of hydrogen i n h i b i t i o n  of t h e  steam 
g a s i f i c a t i o n  r a t e s .  Runs were made a t  each  of  t h e  t h r e e  tempera tures ,  700, 800 and 
9OO0C, wi th  both t h e  p r e t r e a t e d  c o a l  and c o a l  impregnated wi th  1 0  w t . %  K2CO3. 

The e f f e c t  o f  C 0 2  concen t r a t ion  on t h e  g a s i f i c a t i o n  ra te  of 

An a d d i t i o n a l  6 runs  were made w i t h  a mixture  of s team,  N 2 ,  and H2 of 

Using t h e  d a t a  of each  exper iment ,  a number of  c a l c u l a t i o n s  were performed. 
The g a s i f i c a t i o n  r a t e  and carbon convers ion  were c a l c u l a t e d  from a ba lance  of 
carbon-containing r e a c t i o n  products .  The e x t e n t  of  r e a c t i o n  of t h e  steam was 
determined from a ba l ance  of hydrogen-containing o r  oxygen-containing products .  
Reactant and product g a s  p a r t i a l  p r e s s u r e s  were computed a t  t h e  r e a c t o r  i n l e t  
and o u t l e t .  From t h e s e  p a r t i a l  p r e s s u r e s ,  t h e  apparent  equ i l ib r ium c o n s t a n t s  of 
t he  water-gas s h i f t ,  carbon-steam, and carbon-HZ r e a c t i o n s  were c a l c u l a t e d .  F inn l lv .  
product gas  sums and o v e r a l l  m a t e r i a l  ba l ances  were determined f o r  each  experiment.  

Gas i f i ca t ion  r a t e  

The carbon g a s i f i c a t i o n  rate was g e n e r a l l y  h igh  i n i t i a l l y ,  decreased  r a p i d l y  
and then slowly decreased  throughout t h e  remainder of  t h e  run .  Fig.  2 shows 
t y p i c a l  r e s u l t s  ob ta ined  a t  70OoC wi th  a ca t a lyzed  c o a l  sample. The i n i t i a l  peal: 
i n  t h e  curve seemed t o  be caused by d e v o l a t i l i z a t i o n  of t h e  c o a l ,  which w a s  €01.- 
lowed by g a s i f i c a t i o n  of t h e  base  carbon i n  t h e  sample. 

TO o b t a i n  a q u a n t i t a t i v e  measure of t h e  r e a c t i o n  rate,  t h e  sh r ink ing ,  unreacted- 
core  model f o r  t h e  c a s e  of complete g a s i f i c a t i o n  of a s p h e r i c a l ,  s o l i d  p a r t i c l e  
under cond i t ions  of  chemical r e a c t i o n  rate c o n t r o l  w a s  used t o  desc r ibe  t h e  carbon 
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conversion-time da ta .*  The i n t e g r a t e d  form of t h e  equat ion  based on t h i s  model i s  

where Xc = carbon convers ion  
k = r e a c t i o n  r a t e  cons t an t  
Cs = concen t r a t ion  of gaseous r e a c t a n t  a t  p a r t i c l e  su r face  
n = r e a c t i o n  o rde r  
p p  = molar d e n s i t y  of p a r t i c l e  
R = i n i t i a l  r a d i u s  of p a r t i c l e  
t = t i m e  

In  gene ra l ,  the  model d i d  no t  f i t  t h e  i n i t i a l  d a t a  where d e v o l a t i l i z a t i o n  was 
occur r ing ,  bu t  a good f i t  was ob ta ined  over t h e  range  of carbon convers ions  from 
0 .3  t o  0.8. Applying t h e  model t o  d a t a  from a l l  t h e  runs  over t h e  range  of con- 
v e r s i o n s  from 0 .3  t o  0 . 7  us ing  l i n e a r  r e g r e s s i o n  a n a l y s i s  gave c o r r e l a t i o n  c o e f f i -  
c i e n t s  of 0.98 o r  l a r g e r  excep t  f o r  two runs  where the  c o e f f i c i e n t s  were 0.95 and 
0.91. 

To determine t h e  r e a c t i o n  o rde r  w i th  r e s p e c t  t o  steam concen t r a t ion ,  n ,  a m u l t i -  
p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  was performed on t h e  d a t a  from t h e  g a s i f i c a t i o n  ex- 
per iments  where only steam and n i t r o g e n  were used. Within the  s t anda rd  e r r o r  of the 
e s t i m a t e ,  the o v e r a l l  r e a c t i o n  o rde r  was one f o r  bo th  K2C03-catalyzed and uncatalyzed 
steam g a s i f i c a t i o n .  

Assuming f i r s t  o r d e r  k i n e t i c s  and us ing  t h e  Arrhenius  expres s ion ,  t h e  frequency 
f a c t o r  and a c t i v a t i o n  energy were c a l c u l a t e d  f o r  bo th  ca t a lyzed  and unca ta lyzed  
steam g a s i f i c a t i o n  of I l l i n o i s  No. 6 c o a l .  The de r ived  r e a c t i o n  r a t e  parameters  
a r e  summarized i n  Table 2 .  A s  expec ted ,  t h e  o v e r a l l  a c t i v a t i o n  energy was some- 
what lower f o r  ca t a lyzed  g a s i f i c a t i o n .  

Apparent Equilibrium Constant s 

The value of t he  apparent  water-gas s h i f t  equ i l ib r ium cons tan t ,  KS = (pC02) 
(pE2)/(pH20)(pCO), tended t o  dec rease  from t h e  time of peak g a s i f i c a t i o n  r a t e  u n t i l  
d e v o l a t i l i z a t i o n  was complete. From t h e  t i m e  d e v o l a t i l i z a t i o n  was complete u n t i l  
t h e  carbon had completely g a s i f i e d ,  t h e  va lue  observed was approximately cons t an t .  
The va lue  of KS f o r  each exper iment ,over  t h e  time f o r  which i t  was approximately con- 
s t a n t ,  i s  compared i n  F ig .  3 wi th  a l i t e r a t u r e  va lue  of KS over t h e  range  of 
tempera tures  from 7OO0C t o  900°C. 

Table 2 .  P.rrhenius parameters  f o r  steam g a s i f i c a t i o n  of I l l i n o i s  No. 6 coa l .  

Ma te r i a l  Standard e r r o r  Cor re l a t ion  
Gas i f i ed  Parameter Es t imate  of e s t i m a t e  Coef f i c i en t  

10% K2CO3- Ac t iva t ion  133 .7  kJ/mol 13.8 kJ/mol 0.931 
impregnated coa l  energy (31.7 kcal/mol) (3 .3  kcal/mol) 

Frequency 1 . 3 2  x l o 8  4.5 
f a c t o r ,  min-l 

Oxygen-pretreated Ac t iva t ion  151.5 kJ/mol 6 .3  kJ/mol 0.986 
coa l  (unca ta lyzed)  energy  (36.2 kcal/mol) (1.5 kcal/mol) 

2 .94  x lo8  2 . 1  -1 Frequency 
f a c t o r ,  min 

*For a d e r i v a t i o n  of t h e  model, s e e  Levensp ie l ,  0.  1972. Chemical Reaction Engineering. 
2nd ed. Wiley, New York. 
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The va lues  of KS f a l l  bo th  above and below t h e  t h e o r e t i c a l  curve.  Some devia- 
t i o n  is due t o  t h e  s e n s i t i v i t y  of KS t o  e r r o r s  i n  c a l c u l a t i o n  of product  g a s  p a r t i a l  
p re s su res .  A t  700°C, the  g a s i f i c a t i o n  rate w a s  slow and steam conversion was s l i g h t .  
Therefore ,  equi l ibr ium of the  water-gas s h i f t  r e a c t i o n  may not  have been reached. 
A t  800°C and 9OOOC apparent v a l u e s  o f  KS f o r  bo th  ca t a lyzed  and unca ta lyzed  g a s i f i c a -  
t i o n  a r e  c l o s e r  t o  t h e  t h e o r e t i c a l  curve  than  were t h e  va lues  a t  7OO0C. I f  a 20% 
margin of unce r t a in ty  i s  assumed, t h e  KS v a l u e s  of most experiments a t  9oo°C i n d i -  
c a t e  t h e  a t ta inment  of water-gas s h i f t  equ i l ib r ium.  

In  c o n t r a s t ,  t he  carbon-steam and carbon-H2 r e a c t i o n s  d i d  no t  appear t o  be i n  
thermodynamic equi l ibr ium.  
a t  any time during t h e  burnoff of t h e  carbon and both  va lues  were a t  least an o r d e r  
of magnitude smal le r  than t h e i r  t h e o r e t i c a l  va lue  dur ing  t h e  char g a s i f i c a t i o n  
per iod .  

Inf luence  of C02 on t h e  g a s i f i c a t i o n  rate 

Ne i the r  equ i l ib r ium cons tan t s  reached a c o n s i s t e n t  v a l u e  

To determine the  e f f e c t  of Cog p a r t i a l  p r e s s u r e ,  a series of 5 runs  w a s  made 
a t  cons t an t  steam f lowra te  whi le  va ry ing  t h e  C02 concen t r a t ion .  
c a r r i e d  ou t  wi th  10 w t . %  K2C03-impregnated coa l  a t  800°C and t h e  C02 p a r t i a l  p res -  
sure  was  v a r i e d  from 97 kF’a (0.96 a m )  t o  576 kPa (5.68 atm) us ing  a cons t an t  steam 
p res su re  of 1.35 MPa (13.3 atm).  

These runs  were 

The ca l cu la t ed  k i n e t i c  c o n s t a n t s  f o r  t hese  runs  were g e n e r a l l y  somewhat lower 
than t h e  va lue  determined wi th  pure  steam. However, t h e  d e v i a t i o n  was wi th in  t h e  
expected range  introduced by exper imenta l  e r r o r s .  Therefore ,  t h e  only  conclus ion  
t h a t  may be drawn from t h i s  set of exper iments  i s  t h a t  C02 concen t r a t ion ,  over  t h e  
range used, exer ted  a r e l a t i v e l y  small e f f e c t  on t h e  steam g a s i f i c a t i o n  r a t e  of  
KzCOg-impregnated c o a l  when compared wi th  t h e  e f f e c t s  of steam concen t r a t ion  and 
temperature.  

In f luence  of H2 on t h e  r e a c t i o n  r a t e  

Runs were made a t  700, 800 and 900°C wi th  bo th  10 w t . %  K2COg-impregnated coa l  
and un t r ea t ed  coa l .  A l l  6 runs  were done w i t h  t h e  same hydrogen and steam p a r t i a l  
p re s su res ,  namely 428  kPa (4.22 atm) and 1.69 MPa (16.7 atm),  r e s p e c t i v e l y .  

Hydrogen i n h i b i t e d  t h e  steam g a s i f i c a t i o n  r a t e  of bo th  coa l  samples.  The re -  
s u l t s  of t he  experiments wi th  t h e  K2COj-impregnated c o a l  showed t h a t  t h e  magnitude 
of t h i s  i n h i b i t i o n  decreased  w i t h  i n c r e a s i n g  tempera ture  f o r  t h e  ca t a lyzed  r e a c t i o n .  
Comparison of t h e  k va lues  ob ta ined  w i t h  and wi thout  H2 p re sen t  show t h a t  t h e  r a t i o  
of $ 2 0 1 H 2 / ~ 2 0  inc reased  from 0.13 a t  7OO0C t o  0.38 a t  900°C. 

va lues  was h igher  f o r  unca ta lyzed  c o a l  and d i d  not  change sys t ema t i ca l ly .  Th i s  r a t i o  
was 0.51 at 7OO0C, 0.27 a t  8OOOC and 0.47 at  90OoC. A t  atmospheric p r e s s u r e ,  t h e  
i n h i b i t i o n  of t h e  carbon-steam r e a c t i o n  by hydrogen i s  expected t o  dec rease  wi th  i n -  
c r eas ing  temperature because of t h e  r e l a t i v e  magnitudes of t h e  e lementary  a c t i v a t i o n  
ene rg ie s .  A t  h igher  p r e s s u r e s ,  t h e  t r end  i s  probably  more complicated,  s i n c e  t h e  
r e a c t i o n  s t e p s  lead ing  t o  CH4 product ion  a r e  s i g n i f i c a n t .  CHq gene ra t ion  r a t e s  were 
approximately t h e  same i n  t h e  char g a s i f i c a t i o n  p e r i o d s  f o r  r e a c t i o n s  both  i n  pure  
steam and i n  t h e  s t e a m / H 2  mixture .  
product gas  i n  t h e  experiments w i t h  t h e  steam/H2 mixture  than  i n  those  wi th  pure steam. 

The r a t i o  of t h e  k 

CH4 r ep resen ted  a g r e a t e r  percentage  of t h e  t o t a l  

Conclusions 

The o v e r a l l  g a s i f i c a t i o n  r e a c t i o n  was found t o  be  f i r s t  o rde r  w i th  r e spec t  t o  
steam concen t r a t ion ,  w i th  t h e  r a t e  being una f fec t ed  by C02 and i n h i b i t e d  by hydrogen. 
The v a r i a t i o n  o f  g a s i f i c a t i o n  rate wi th  carbon convers ion  was descr ibed  by t h e  un- 
r eac t ed ,  shrinking-core model, w i t h  t h e  rate cons tan t s  f o r  runs ca t a lyzed  by K2C03 
be ing  about fou r  t i m e s  t hose  f o r  unca ta lyzed  runs. The a c t i v a t i o n  ene rg ie s  f o r  the  



ca ta lyzed  and unca ta lyzed  r u n s  w e r e  134 and 152 W/mol,  r e s p e c t i v e l y .  
p roducts  of bo th  ca t a lyzed  and unca ta lyzed  steam g a s i f i c a t i o n  were H2 and Cog. The 
water-gas s h i f t  r e a c t i o n  reached equ i l ib r ium f o r  most experiments a t  900°C and some 
at 8OO0C, w i t h  t h e  presence  of K2CO3 having l i t t l e  e f f e c t  on t h e  approach t o  equ i l i -  
brium. 
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