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The kinetics and mechanism of carbon gasification reaction 
catalyzed by alkali metals have been the subject of numerous studies 
and comprehensive reviews are available (1-4). Although the 
mechanism of catalyst action is not completely understood, there is a 
general agreement that the reaction follows a redox mechanism (5-6). 
In this mechanism, the alkali catalyst cycles between an oxidized and 
a reduced form. During this cycle the catalyst transfers oxygen from 
the gaseous reactant to the carbon surface; the net effect is 
production of CO. 
the stoichiometry of the catalytic intermediate compounds. The 
purpose of this study is to characterize the mechanism and the 
kinetics of the processes in which sodium and potassium carbonates 
are reduced from their initial forms to the catalytic intermediate 
forms. 

EXPERIMENTAL METHOD 

Presently, the disagreement is on the nature and 

Carbopack B (by Supelco) was used as the high purity carbon 
substrate. 
carbonate was applied by the incipient wetting technique. 
catalyst/carbon ratio was controlled by varying the alkali 
concentration in the impregnation solution. 
spectroscopy was used to analyze the samples for alkali content. The 
catalyst type and concentration of the samples used in this study are 
given in Table 1. 

The 
first utilized a small differential reactor for quick response times 
while the second used an electronic microbalance for direct 
measurement of sample weight. Both systems included a movable 
furnace which allowed rapid heating and cooling or programmed 
temperature change in the reactor. The details of experimental 
set-up are given elsewhere (7.10). 

the reactor. 
nitrogen to remove the oxygen before heating the sample. 
experiments were conducted under Temperature and Concentration 
Programmed Reaction (TCPR) conditions. Three schedules of programmed 
conditions were used. In Schedule 1 (Fig. 1). the samples were 
rapidly heated to 800°C under nitrogen. 
H20, CO2 and CO, the samples were cooled rapidly and removed for 
analysis. Schedule 2 (Fig. 2 )  was similar except the samples were 

Catalyst in the initial form of sodium or potassium 
The 

Atomic emission 

Two reactor systems were used in the course of this study. 

For each run, 25-30 mg of the impregnated carbon was loaded into 
The reactor was then purged with Ultra high purity 

The 

After complete evolution of 
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quenched before complete ca ta lys t  reduction t o  determine the 
relationship between CO evolution and ca ta lys t  loss. In Schedule 3, 
(Fig. 3) the p a r t i a l  reduction under nitrogen w a s  followed by 
gas i f ica t ion  under a mixture of 15% C 0 2  i n  nitrogen. After a short  
gas i f ica t ion  stage t o  measure the gas i f ica t ion  r a t e ,  the samples were 
quenched and removed for  analysis.  

RESULTS AND DISCUSSION 

In  an e a r l i e r  study ( l l ) ,  a mechanism was suggested f o r  the 
in te rac t ion  between carbon and potassium carbonate under ine r t  
conditions above 7 0 0 ' C .  This mechanism, which i s  expected t o  hold 
f o r  both sodium and potassium carbonates, can be writ ten i n  the 
following general form: 

C 
M 2 3  CO .- (-COM) + ( -C02M) 

(C02M) + C + (-COM) + CO ( 2 )  

(-COM) + C - (-CM) + CO ( 3 )  

( 4 )  (-CM) ---zM(g) 

This mechanism allows for  the sequential reduction of the ca ta lys t  
followed by ca t a lys t  vaporization and loss. 

In the ear ly  stage of the sample heat up, a small COP peak is 
observed. This peak is due t o  the decomposition of bicarbonate t o  
carbonate ( 1 0 , l l ) .  During the r e s t  of the reduction stage,  carbon 
monoxide is the only s igni f icant  gaseous product. Therefore, the 
time p ro f i l e  of CO is a d i rec t  measure of the overa l l  reduction 
k ine t ics .  
i n i t i a l  ca t a lys t  loadings above saturation. 
exhibits a plateau with almost constant CO gasification r a t e .  As the 
i n i t i a l  loading is decreased, the width of the CO plateau decreases 
while the r a t e  of CO production does not change s igni f icant ly .  For 
very low concentrations the prof i le  does not exhibit  a plateau. 
These r e su l t s  ind ica te  tha t  a t  ca ta lys t  loadings greater than what is 
required f o r  surface saturation, ca ta lys t  i s  the excess reactant and 
carbon surface is the l imiting reactant.  Under these conditions, the 
reduction r a t e  i s  determined by the carbon substrate area which is 
independent of ca ta lys t  loading. The very small increase i n  CO 
across the plateau is due t o  the increase i n  carbon surface area 
caused by conversion. 
saturation ( i n i t i a l  metal t o  carbon atomic r a t i o  of about 0 .01  fo r  
potassium and 0.04 fo r  sodium) the ra te  of reduction varies with both 
loading and time and no plateau i s  observed. 

The r i s e  and f a l l  of the CO peak are primarily due to  the e f f ec t  
of reaction k ine t ics  and not simply an a r t i f a c t  of the reactor 
residence time response. 
would have been much sharper. 
reactor is r e l a t ive ly  negligible.  

The CO p ro f i l e  shown in  Figure 1 is a typical p ro f i l e  fo r  
The CO concentration 

A t  i n i t i a l  concentrations lower than 

Without these e f f ec t s  the r i s e  and f a l l  
This is because dispersion i n  the 

The r i s e  is due t o  the increase in  
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the concentrations of (-C02M) and (-COM) supplied by reaction 1. 
fall is due to the depletion of the carbonate. 

is shown in Figure 4 .  Total reduction time is a linear function Of 
the initial catalyst loading. This indicates that the average rate 
is independent of loading as long as the carbon substrate is 
saturated. The rate will vary with loading for unsaturated samples 
as indicated by the curvature of the lines at low catalyst loadings. 
As expected, the shape of the curve indicates that the turnover 
number (measure of rate per catalyst atom) for an unsaturated surface 
is higher than that for a saturated surface. 

prior to loss by vaporization. 
catalyst reduction and vaporization, a series of runs were conducted 
where the samples were removed after various levels of catalyst 
reduction and analyzed for catalyst content (Schedule 2 ) .  The 
results are shown in Figure 5 and indicate that the catalyst 
vaporizes rapidly upon complete reduction. This can occur only if 
reaction 4 is substantially faster than reaction 3 .  

An important observation is that the rate of catalyst loss is 
dramatically decreased after all the catalyst is reduced. In other 
words, the residual catalyst left on the surface at the end of the 
reduction process is relatively stable. This means that reaction 4 
is somehow enhanced by the presence of carbonate. 
explanation is that the strong attraction of carbonate to carbon 
sites causes the decomposition of (-CM) and the release of carbon 
sites which interact with carbonate. 

The 

The dependence of the average catalyst reduction rate on loading 

The reduction mechanism suggests that the catalyst is reduced 
To measure the relative rates of 

A possible 

CONCLUSION 

The reduction of potassium and sodium carbonates is a 
prerequisite for the formation of surface catalytic sites, and 
further reduction of these surface sites is an integral part of the 
mechanism suggested for catalytic gasification. In addition, the 
alkali catalyst is lost from a site only after it has been completely 
reduced. 

impregnated carbon sample subjected to heat under an inert atmosphere 
will generate a CO concentration/time profile with a distinct plateau 
region. 
surface area is the limiting reactant. 
catalyst is the limiting reactant and no plateau is observed. 
reduction rate is independent of loading for high loading samples 
while for low loading samples the rate is a function of both loading 
and time. 

substrates. 
potassium on molar basis. In general, the surface saturation limit 
is independent of the initial loading but depends on the total 
surface area of the substrate. 

For a sufficiently high loading, a sodium or potassium 

In this region, catalyst is the excess reactant and carbon 
For low loading samples, 

The 

There is a saturation limit for the alkali catalyst on carbon 
This limit appears to be the same for both sodium and 
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Table 1. Catalyst Soecifications in the Studied Samoles 

Samole Catalyst IM/C), atomic ratio 

A K 0.00089 
B K 0.0027 
C K 0.0054 
D K 0.013 
E K 0.021 
F K 0.025 
G K 0.027 
H Na 0.011 
I Na 0.029 
J Na 0.049 
K Na 0.067 
L Na 0.091 
M Na 0.131 

t I 

NO CO, gasification 

0' I 
Time 

Figure 1. Temperature-proprmed rex t ion;  Schedule 1 
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INTRODUCTION 

The hyd rogen  g a s i f i c a t i o n  of ca rbon  i n  t h e  p resence  of a l k a l i  m e t a l  
s a l t s  has been r e p o r t e d  i n  o n l y  a few s t u d i e s  t1 -31 ,  and l i t t l e  i n f o r m a t i o n  
about  r e a c t i o n  k i n e t i c s  o r  c a t a l y t i c  enhancement i s  a v a i l a b l e .  The 
u n c a t a l y z e d  r e a c t i o n .  i n  c o n t r a s t ,  has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  14,51. 
Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  r e s u l t s  o f  Can and Back t 6 1  and B lacknood  171, 
*ho r e p o r t e d  t h e  e f f e c t s  o f  oxygen on t h e  methane p r o d u c t i o n  r a t e .  

i t  i s  a d i r e c t  r o u t e  t o  methane p r o d u c t i o n  and because i t  o f f e r s  a u n i q u e  
env i ronmen t  i n  w h i c h  t o  s t u d y  g a s i f i c a t i o n  c a t a l y s t  b e h a v i o r .  Hydrogen 
g a s i f i c a t i o n  i n v o l v e s  an e l e m e n t a l  f e e d  gas (H.) and a s i n g l e  p r o d u c t  (CH.), 
t h u s  f a c i l i t a t i n g  a c c o u n t i n g  o f  c a r b o n  and oxygen f r o m  b o t h  r e a c t a n t  and 
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 .  The n o r k  p r e s e n t e d  i n  t h i s  paper  f o c u s e s  on 
t h e  i m p o r t a n c e  o f  oxygen i n  hyd rogen  g a s i f i c a t i o n ,  and d i s c u s s e s  r e s u l t s  o f  
exper imen ts  i n v o l v i n g  b o t h  a l k a l i - m e t a l  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
T h i s  s t u d y  i s  a c o n t i n u a t i o n  o f  e a r l i e r  work t B 1 .  

Hydrogen g a s i f i c a t i o n  i s  under  i n v e s t i g a t i o n  i n  our l a b o r a t o r y  because 

EXPERIMENTS 

The ca rbon  u s e d  i n  t h i s  s t u d y  i s  a g r a p h i t i c  ca rbon  l a o p b l a c k  ( F i s h e r  
S c i e n t i f i c )  w i t h  a n  i n i t i a l  BET s u r f a c e  a r e a  o f  20 square  me te rs  p e r  gram and 
an i m p u r i t y  c o n t e n t  o f  l e s s  t h a n  0.1 p e r  c e n t .  The c a t a l y s t s  (KaCO=, NaaCO=, 
K C I )  were d e p o s i t e d  on t h e  ca rbon  by  wet i m p r e g n a t i o n  i n  m e t a l  t o  ca rbon  
molar  r a t i o s  o f  a p p r o x i m a t e l y  0.01 and 0.02. U n c a t a l y z e d  ca rbon  samples n e r e  
a l s o  p u t  t h r o u g h  t h e  same i m p r e g n a t i o n  p r o c e d u r e  b u t  w i t h o u t  a d d i t i o n  o f  
c a t a l y s t .  A c t u a l  U / C  r a t i o s ,  measured by n e u t r o n  a c t i v a t i o n  a n a l y s i s ,  a r e  
K/C = 0.0093 and 0.0192 f o r  KaCO., Na/C = 0.0111 and 0.0221 f o r  NaaC03, and 
K / C  = 0.019 f o r  K C I .  T y p i c a l  sample s i z e s  g a s i f i e d  were 60-70 m i l l i g r a m s .  

The g a s i f i c a t i o n  a p p a r a t u s  c o n s i s t s  o f  a f i x e d  bed d i f f e r e n t i a l  r e a c t o r  
equipped w i t h  a gas  c o l l e c t i o n  system and gas ch romatog raph  ' f o r  r a t e  
measurement and p r o d u c t  gas a n a l y s i s .  The p r e s s u r e  v e s s e l  i s  a Haynes A l l o y  
t u b e  (0 .875"  I D  and  2.0" OD) des igned  f o r  s i m u l t a n e o u s  o p e r a t i o n  a t  1000DC 
and 1000 p s i .  R a t e  i s  measured a s  r a t e  o f  methane e v o l u t i o n  v i a  t i m e d  
c o l l e c t i o n  o f  p r o d u c t  gas; e v o l u t i o n  r a t e s  as  l ow  as  0.005 n l l m i n  can be 
a c c u r a t e l y  measured. F u r t h e r  d e t a i l s  a r e  g i v e n  e l s e w h e r e  181. 

811 g a s i f i c a t i o n  e x p e r i m e n t s  n e r e  c a r r i e d  o u t  i n  p u r e  hyd rogen  ( A i r c o ,  
99.999%) a t  500 p s i  p r e s s u r e  and a f l o w  r a t e  o f  3 -5  l i t e r s ( S T P ) / m i n u t e l g r a r  
i n i t i a l  ca rbon .  In a l l  r e a c t i o n s  t h e  a p p a r a t u s  was evacua ted  t h r e e  t i n e s  and 
t h e n  purged i n  h e l i u m  d u r i n g  i n i t i a l  h e a t i n g .  Hydrogen nas t h e n  added t o  t h e  
r e a c t o r  a t  500'C in most  e x p e r i m e n t s .  I n  some e x p e r i m e n t s  u n c a t a l y z e d  
Samples mere degassed by h e a t i n g  t o  1000°C i n  vacuum f o r  t n e l v e  h o u r s  b e f o r e  
g a s i f i c a t i o n ,  and i n  o t h e r s  hyd rogen  was added a t  room t e m p e r a t u r e .  

I 

I 
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RESULTS 

A11 g a s i f i c a t i o n  exper iments  ne re  conducted i n  a l a r g e  e x c e s s  of 
hydrogen, s o  t h a t  t h e  methane format ion  r e a c t i o n  was f a r  f ron  equ i l ib r ium.  
I n  a d d i t i o n ,  r epea ted  exper iments  i n  which s a n p l e  s i z e  and f l o n  r a t e  mere 
changed and in which sample t empera tu re  was measured a l low u s  t o  conclude  
t h a t  the  r e s u l t s  r e p r e s e n t  i n t r i n s i c  and r e p r o d u c i b l e  k i n e t i c  r a t e  
measurements f o r  t h e  hydrogen g a s i f i c a t i o n .  

Cata lvzed  G a s i f i c a t i o n :  The exper imenta l  d a t a  a r e  r ep resen ted  as  r a t e  of 
methane evo lu t ion  ve r sus  t ime dur ing  g a s i f i c a t i o n .  The s t a r t  of r e a c t i o n  
(t .0) i s  taken as t he  t ime nhere  hydrogen i s  added t o  the r e a c t i o n  v e s s e l  
(500°C); s t eady  s t a t e  tempera ture  is  reached  a f t e r  about 55 minutes. I n  t he  
F igu res ,  t h e  symbols r e p r e s e n t  i nd iv idua l  c o l l e c t i o n  p o i n t s ;  t h e  cu rve  
r e p r e s e n t s  t h e  bes t  f i t  of t h e  r a t e  d a t a .  Methane e v o l u t i o n  r a t e  i s  
normalized t o  i n i t i a l  carbon weight;  i n t e g r a t i o n  of t h e  r a t e  cu rve  g i v e s  a 
carbon convers ion  c l o s e  t o  t h a t  ob ta ined  by ne ighing  t h e  sample r e s i d u e .  

Methane e v o l u t i o n  r a t e  f o r  g a s i f i c a t i o n  in  t h e  p re sence  o f  NanCO. and 
KaCO. c a t a l y s t s  a t  865OC a r e  given in  F igu re  I f o r  M/C = 0.02 and in F igu re  2 
f o r  H/C = 0.01. The r a t e  cu rve  f o r  sodium i s  s ca l ed  t o  t h e  same M l C  r a t i o  a s  
potassium. T h e  r e s u l t s  shon t h a t  both c a t a l y s t s  enhance t h e  r a t e  of hydrogen 
g a s i f i c a t i o n ,  bu t  shon d i f f e r e n t  c a t a l y t i c  e f f e c t s  as  carbon i s  consumed. 
For NaaCOJ, r a t e  i s  a maximum near  t h e  t ime where s t eady  s t a t e  t empera tu re  i s  
f i r s t  reached ,  whereas f o r  KaCOs t h e  r a t e  i n c r e a s e s  a s  g a s i f i c a t i o n  proceeds .  
The r e s u l t s  f o r  g a s i f i c a t i o n  i n  t h e  p re sence  o f  KCl a r e  a l s o  g iven  i n  F igu re  
1 ,  and shon t h a t  KC1 has  l i t t l e  c a t a l y t i c  e f f e c t  i n  hydrogen g a s i f i c a t i o n .  

over t h e  tempera ture  range  o f  7B0-9OO0C f o r  the  unca ta lyzed  r e a c t i o n  and i n  
t h e  presence  o f  t h e  ca rbona te  c a t a l y s t s .  The Arrhenius  p l o t s  a r e  given  i n  
F igu re  3 a t  20% carbon convers ion  f o r  a l l  t h r e e  samples;  a l s o  shonn ( b y  
do t t ed  l i n e )  i s  t h e  p l o t  a t  30% conver s ion  f o r  t h e  NaoCOl sample. The 
c a l c u l a t e d  a c t i v a t i o n  energy a t  20% conver s ion  i s  220 kJlmole f o r  KaCO., 251 
kJ/mole f o r  Na.CO., and 2.54 kd lno le  f o r  t h e  unca ta lyzed  r e a c t i o n .  The loner  
va lue  f o r  t he  potass ium c a b a l y s t  r e s u l t s  from s c a t t e r  i n  t h e  d a t a ,  as 
potass ium c a t a l y s t  gave t h e  h i g h e s t  r e a c t i o n  r a t e  and t h u s  the f e n e s t  nunber 
o f  c o l l e c t i o n  p o i n t s .  Therefore ,  t h e  a c t i v a t i o n  energy i s  t h e  same w i t h i n  
exper imenta l  u n c e r t a i n t y  f o r  both ca t a lyzed  and unca ta lyzed  r e a c t i o n s  and 
approximate ly  equal  t o  250 kdlmole. 

T h e  d i f f e r e n t  g a s i f i c a t i o n  r a t e  cu rves  f o r  sodium and potass ium 
ca ta lyzed  reac t i 'ons  l e d  t o  i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  be tneen  c a t a l y s t  
and carbon and e v o l u t i o n  o f  oxygen s p e c i e s  du r ing  hea tup .  In t h e s e  
exper iments ,  t h e  r e a c t o r  was purged as  u s u a l ,  b u t  the sample nas  hea ted  i n  
hydrogen and gas  e v o l u t i o n  was monitored du r ing  hea tup .  The r e s u l t s  of t h e s e  
exper iments  a r e  g iven  in  Table  1. T h e  pr imary  gas  evolved  from K.CO. i s  CO., 
which appea r s  i n  t h e  tempera ture  r ange  of 300-500°C, n h i l e  NaaCOI r e l e a s e s  
p r i m a r i l y  C O  a t  400-700OC. T h e  unca ta lyzed  r e a c t i o n  r e l e a s e s  very  sma l l  
q u a n t i t i e s  of each gas  a t  s i m i l a r  t empera tu res ,  p robably  from neakly bound 
oxygen s p e c i e s  on the carbon s u r f a c e .  

Ac t iva t ion  energy  of t h e  hydrogen g a s i f i c a t i o n  r e a c t i o n  nas measured 
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TABLE 1 
Gas E v o l u t i o n  d u r i n g  Sample Heatup 

cn/c = 0.02) 

C a t a l y s t  C O  COa T o t a l  F r a c t i o n  o f  Oxygen 
(mg) (mg) Oxygen i n  C a t a l y s t  E v o l v e d  

(mg) as CO a s  Con 

KaCOs 0.50 1.05 1.04 0.12 0.31 
NazCO. 1.05 0.29 0.81 0.22 0.05 
none 0.031 0.102 0 . 0 9 3  

U n c a t a l y r e d  G a s i f i c a t i o n :  The e f f e c t s  of i n d i g e n o u s  oxygen,  p r e s e n t  on t h e  
s u r f a c e  or  i n  t h e  b u l k  o f  t h e  un impregna ted  ca rbon ,  was i n v e s t i g a t e d  b y  
c o n d u c t i n g  s e v e r a l  e x p e r i m e n t s  i n  w h i c h  t h e  c a r b o n  nas  e i t h e r  degassed o r  
p a r t i a l l y  r e a c t e d  i n  oxygen. Carbon was degassed b y  h e a t i n g  t o  1000°C i n  
vacuum t o  remove a d s o r b e d  oxygen. Oxygen was r e p l e n i s h e d  on t h e  c a r b o n  
s u r f a c e  by p a r t i a l  combus t ion  i n  a i r  a t  400OC. The p a r t i a l  combus t ion  was 
c o n t r o l l e d  by a d m i t t i n g  a f i n i t e  amount o f  oxygen i n t o  t h e  p r e s s u r e  v e s s e l  
and t h e n  a l l o n i n q  t h e  r e a c t i o n  t o  go  t o  c o m p l e t i o n .  

R e s u l t s  o f  t h e  e x p e r i m e n t s  a r e  g i v e n  i n  F i g u r e  4 as methane f o r m a t i o n  
r a t e  v e r s u s  ca rbon  c o n v e r s i o n .  The s o l i d  c i r c l e s  r e p r e s e n t  r a t e  f o r  an 
u n t r e a t e d  sample.  The open squares  r e p r e s e n t  a sample i n i t i a l l y  degassed, 
g a s i f i e d  i n  h y d r o g e n  ( t o  20% c o n v e r s i o n ) ,  p a r t i a l l y  combusted i n  oxygen ( t o  
35% c o n v e r s i o n ) ,  and  t h e n  f u r t h e r  g a s i f i e d  i n  hyd rogen .  The open t r i a n g l e s  
r e p r e s e n t  a sample i n i t i a l l y  g a s i f i e d  i n  hyd rogen  ( t o  25% c o n v e r s i o n ) ,  
p a r t i a l l y  combusted i n  oxygen ( t o  35% c o n v e r s i o n ) ,  and then  f u r t h e r  g a s i f i e d  
i n  hydrogen.  The r e s u l t s  show t h a t  degass ing  r e d u c e s  g a s i f i c a t i o n  r a t e ,  and 
t h a t  p a r t i a l  c o m b u s t i o n  i n  oxygen r e c o v e r s  some r e a c t i v i t y  t oward  hyd rogen .  
I t  was necessa ry  t o  p a r t i a l l y  combust t h e  c a r b o n  t o  r e c o v e r  r e a c t i v i t y ;  an 
exper imen t  i n  wh ich  t h e  ca rbon  Was exposed t o  oxygen a t  room t e m p e r a t u r e  
showed no subsequen t  i n c r e a s e  i n  r e a c t i v i t y  t o w a r d  hydrogen,  t h u s  i n d i c a t i n g  
l i t t l e  r e a c t i o n  bet*een oxygen and ca rbon .  

D I S C U S S I O N  

F i g u r e s  1 and 2 i l l u s t r a t e  t h a t  b o t h  sod ium and  p o t a s s i u m  c a r b o n a t e  a r e  
e f f e c t i v e  hyd rogen  g a s i f i c a t i o n  c a t a l y s t s .  The c u r v e s  a l s o  show t h a t  t h e  
g a s i f i c a t i o n  r a t e  changes  s i g n i f i c a n t l y  as c a r b o n  i s  consueed, and i n  a 
d i f f e r e n t  manner f o r  each c a t a l y s t .  

Tno q u a n t i t i e s  p e r t a i n i n g  t o  g a s i f i c a t i o n  o f  t h i s  carbon, measured i n  an 
e a r l i e r  work [El, must b e  ment ioned.  F i r s t ,  s p e c i f i c  BET s u r f a c e  a r e a  of t h e  
ca rbon  b l a c k  i n c r e a s e s  d r a m a t i c a l l y  d u r i n g  g a s i f i c a t i o n  [ E l ,  i n c r e a s i n g  
a p p r o x i m a t e l y  l i n e a r l y  u i t h  c o n v e r s i o n  f r o m  20 ma/g i n i t i a l l y  t o  400 m'lg a t  
s i x t y  p e r  c e n t  c o n v e r s i o n  f o r  b o t h  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
A b s o l u t e  ca rbon  s u r f a c e  a r e a  t h e r e f o r e  i n c r e a s e s  abou t  s i x - f o l d  up t o  60% 
c o n v e r s i o n .  S p e c i f i c  r e a c t i o n  r a t e  based on  t h i s  a r e a  i s  n e a r l y  c o n s t a n t  f o r  
t h e  KzCOs-cata lyzed samples o v e r  t h e  c o u r s e  o f  g a s i f i c a t i o n ,  b u t  dec reases  
s t r o n g l y  f o r  o t h e r  samples. T h i s  i n d i c a t e s  t h a t ,  a t  l e a s t  f o r  t h e  
u n c a t a l y z e d  case,  r a t e  i s  n o t  r e l a t e d  t o  t o t a l  s u r f a c e  area. Second ly ,  
s i g n i f i c a n t  c a t a l y s t  i 5  l o s t  f r o m  t h e  sample d u r i n g  g a s i f i c a t i o n  C87; t h e  
amount o f  c a t a l y s t  a f t e r  g a s i f i c a t i o n ,  d e t e r m i n e d  b y  n e u t r o n  a c t i v a t i o n  
a n a l y s i s ,  dec reases  l i n e a r l y  u i t h  c o n v e r s i o n  t o  a p p r o x i m a t e l y  o n e - t h i r d  o f  
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t h e  i n i t i a l  v a l u e  a t  801 f o r  b o t h  Na.COs and K.COs. T o t a l  s u r f a c e  a r e a  
development  and c a t a l y s t  l o s s  do n o t  e x p l a i n  t h e  i n c r e a s e  i n  r a t e  w i t h  
c o n v e r s i o n ,  however, and o t h e r  f a c t o r s  must t h e r e f o r e  accoun t  f o r  t h e  
observed b e h a v i o r .  

n e a r l y  t h e  same b o t h  f o r  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s  and a t  d i f f e r e n t  
c o n v e r s i o n s .  T h i s  i s  i n  acco rdance  w i t h  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  [ 9 -  
101 f o r  steam and ca rbon  d i o x i d e  g a s i f i c a t i o n ,  and s u g g e s t s  t h a t  t h e  r o l e  o f  
t h e  c a t a l y s t  i s  t o  i n c r e a s e  t h e  number o f  a c t i v e  s i t e s  w i t h o u t  c h a n g i n g  t h e  
r e a c t i o n  mechanism. T h i s  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e s  i n  b o t h  c a t a l y z e d  
and u n c a t a l y z e d  g a s i f i c a t i o n  must p e r f o r m  a s i m i l a r  f u n c t i o n ,  and t h a t  
d i f f e r e n t  shapes o f  t h e  r a t e  c u r v e s  i n  F i g u r e s  I and 2 f o r  sodium and 
po tass ium c a t a l y s t s  must b e  a t t r i b u t e d  n o t  t o  d i f f e r e n t  r e a c t i o n  mechanisms 
b u t  t o  d i f f e r e n c e s  i n  a c t i v e  s i t e  p o p u l a t i o n  as g a s i f i c a t i o n  p r o g r e s s e s .  The 
v a l u e  o f  apparen t  a c t i v a t i o n  energy (250 k J / m o l e )  i s  somewhat h i g h e r  t h a n  
v a l u e s  r e p o r t e d  (150-210 k J I m o l e )  C4,5,111 f o r  u n c a t a l y z e d  methane f o r m a t i o n .  
The o n l y  s t u d y  f o r  which a h i g h e r  a c t i v a t i o n  energy  (300 k J / m o l e )  was found  
was f o r  t h e  r e a c t i o n  w i t h  g r a p h i t e  a t  1200-16OO0C C121. T h i s  i s  f u r t h e r  
ev idence  t h a t  t h e  r a t e  measurements r e p r e s e n t s  i n t r i n s i c  r e a c t i o n  k i n e t i c s ,  
and sugges ts  t h a t  v a l u e s  o f  a c t i v a t i o n  energy  measured f o r  po rous  c a r b o n s  and 
c h a r s  may i n c l u d e  e f f e c t s  of d i f f u s i o n  r e s i s t a n c e s  and m i n e r a l  m a t t e r .  

g i v e n  i n  F i g u r e  4, show t h a t  t h e  p r e s e n c e  o f  oxygen on t h e  ca rbon  s u r f a c e  
s t r o n g l y  enhances g a s i f i c a t i o n  r a t e .  T h i s  i s  i n  agreement  w i t h  t h e  r e s u l t s  
o f  Cao and Back [61 ,  who r e p o r t  an o r d e r  o f  magn i tude  i n c r e a s e  i n  methane 
f o r m a t i o n  r a t e  when 0.1% oxygen i s  added t o  t h e  hyd rogen  f e e d  s t ream,  and 
w i t h  t h e  r e s u l t s  o f  B lackwood [71 ,  who obse rved  t h a t  methane f o r m a t i o n  r a t e  
was p r o p o r t i o n a l  t o  oxygen c o n t e n t  o f  coconu t  cha r .  I f  oxygen i s  t h e  key 
e n t i t y  which enhances g a s i f i c a t i o n  r a t e ,  t h e n  t h e  obse rved  dec rease  i n  r a t e  
H i t h  t i m e  f o r  u n c a t a l y z e d  and u n t r e a t e d  c a r b o n  ( s o l i d  c i r c l e s  i n  F i g u r e  4 )  i s  
c o n s i s t e n t  w i t h  t h e  concep t  t h a t  s u r f a c e  oxygen i s  s l o w l y  s t r i p p e d  f r o m  t h e  
ca rbon  d u r i n g  r e a c t i o n  a t  SbS0C. T h i s  concep t  i s  s u p p o r t e d  by t h e  s l o w e r  o r  
n e a r l y  n o n e x i s t e n t  dec rease  i n  r a t e  w i t h  t i m e  f o r  t h e  u n c a t a l y z e d  r e a c t i o n  a t  
l o w e r  t e m p e r a t u r e s ,  i n  which oxygen i s  n o t  removed f r o m  t h e  s u r f a c e .  

l ow  l e v e l  ( 0 . 8  m l  CH./min/gram C) wh ich  i s  e s s e n t i a l l y  i n v a r i a n t  w i t h  t i m e .  
The f i n i t e  r a t e  a f t e r  degass ing  r e s u l t s  e i t h e r  f r o m  t h e  i n t r i n s i c  c a r b o n -  
hydrogen r e a c t i v i t y  o r  f r o m  t h e  p resence  of low l e v e l s  o f  oxygen i m p u r i t i e s  
i n  t h e  carbon o r  r e a c t a n t  gas. When t h e  degassed sample i s  combusted i n  
oxygen a t  4 O O 0 C ,  g a s i f i c a t i o n  r a t e  i n c r e a s e s  by a p p r o x i m a t e l y  2.0 m 1  
CH./min/gram C. S i m i l a r l y ,  when a sample n o t  i n i t i a l l y  degassed ( t r i a n g l e s  
i n  F i g u r e  4) i s  combusted i n  oxygen a t  4 O O 0 C  t h e  r a t e  a l s o  i n c r e a s e s  by  
a p p r o x i m a t e l y  2.0 m l  CH./min/gram C ,  s u g g e s t i n g  t h a t  p a r t i a l  co rnbus t i on  
r e s u l t s  i n  f o r m a t i o n  o f  a s i m i l a r  number o f  new a c t i v e  s i t e s  i n  b o t h  cases.  
F u r t h e r ,  t hese  r e s u l t s  i n d i c a t e  t h a t  nebd a c t i v e  s i t e s  a r e  formed i n  a d d i t i o n  
t o  those  a l r e a d y  e x i s t i n g  on t h e  s u r f a c e .  The t o t a l  methane e v o l u t i o n  r a t e  
i s  t h e r e f o r e  t h e  sum o f  t h e  r a t e s  f r o m  t h e  o r i g i n a l  oxygen-bear ing  s i t e s  
which a r e  s t i l l  a c t i v e  and f rom t h e  s i t e s  c r e a t e d  by  p a r t i a l  combust ion.  

The d i f f e r e n t  r a t e  c u r v e s  f o r  sodium and p o t a s s i u m  c a r b o n a t e  c a t a l y s t s  
and t h e  e v o l u t i o n  u f  d i f f e r e n t  gases d u r i n g  hea,tup shows t h a t  t h e  c a t a l y s t -  
ca rbon  i n t e r a c t i o n s  a r e  s u b s t a n t i a l l y  d i f f e r e n t  f o r  t h e  two  cases.  Fo r  K a C O x  
(R/C=0.02) ,  t h e  e v o l u t i o n  o f  o n e - t h i r d  of t h e  oxygen i n  t h e  c a t a l y s t  as  CO, 
i s  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Rims and Pabs t  (131  and Uood and 
S a n c i e r  [ I 4 1  f o r  f o r m a t i o n  o f  a s u r f a c e  o x i d e .  I t  i s  n o t  known a t  t h i s  t i m e  

The A r r h e n i u s  p l o t  i n  F i g u r e  3 shows t h a t  a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  

R e s u l t s  f r o m  degass ing  and p a r t i a l  combus t ion  o f  u n c a t a l y z e d  ca rbon ,  

Degassing t h e  ca rbon  (open squares  i n  F i g u r e  4 )  dec reases  t h e  r a t e  t o  a 
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if a K-0-C  t y p e  complex i s  formed i n  t h e  p r e s e n c e  o f  hydrogen;  honever ,  based 
on t h e  f a c t  t h a t  a b s o l u t e  r a t e  i n c r e a s e s  and s p e c i f i c  r a t e  i s  m a i n t a i n e d ,  i t  
can  be  c o n c l u d e d  t h a t  t h e  p o t a s s i u m  c a t a l y s t  d i s p e r s e s  i n  a S t a b l e  s t a t e  on 
t h e  ca rbon  s u r f a c e  and f o r m s  nen a c t i v e  s i t e s  a s  g a s i f i c a t i o n  p r o g r e s s e s .  
These o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  f o r  a s u r f a c e  o x i d e  
complex; howe\,er no  c o n c l u s i o n s  can be made. 

p y r o p h o r i c  n a t u r e  o f  p o t a s s i u m - c o n t a i n i n g  sample r e s i d u e s  f r o m  1011 
t e m p e r a t u r e  g a s i f i c a t i o n  make i t  i m p o s s i b l e  t o  r u l e  o u t  i n t e r c a l a t i o n  o f  
po tass ium a s  an i n t e r m e d i a t e  s t e p  i n  g a s i f i c a t i o n .  T h i s  phenomena has been 
d i s m i s s e d  f o r  c a r b o n  o x i d a t i o n  r e a c t i o n s  b u t  h a s  n o t  been i n v e s t i g a t e d  f o r  
t h e  r e d u c i n g  h y d r o g e n  g a s i f i c a t i o n  env i ronmen t ,  and i t  i s  p o s s i b l e  t h a t  b o t h  
i n t e r c a l a t i o n  and s u r f a c e  o x i d e  f o r m a t i o n  t a k e  p l a c e .  I n t e r c a l a t i o n  i s  
r e p o r t e d  t o  be a s i n k  f o r  p o t a s s i u m  [151 ,  t h u s  e x p l a i n i n g  t h e  l o n  i n i t i a l  
a c t i v i t y  f o r  K/C=O.OI samples.  Sodium does n o t  i n t e r c a l a t e ;  t h i s  may p r o v i d e  
an e x p l a n a t i a n  o t  o b s e r v e d  g a s i f i c a t i o n  b e h a v i o r .  

temper?, tures d ~ ! r i n g  h e a t u p  sugges ts  t h a t  t h e  c a r b o t h e r m i c  r e a c t i o n  i s  t a k i n g  
p l a c e .  I t  has been r e p o r t e d  t h a t  sod ium m e t a l  i n t e r a c t s  w i t h  s u r f a c e  oxygen 
[ I 6 1  t o  f o r m  an o x i d e  complex s i m i l a r  t o  t h a t  f o r  po tass ium;  i t  i s  p o s s i b l e  
t h a t  such  a complex is r e s p o n s i b l e  f o r  t h e  c a t a l y t i c  a c t i v i t y .  

Two o b s e r v a t i o n s  suages t  t h a t  t h e  i n t e r a c t i o n  o f  t h e  sodium c a t a l y s t  
w i t h  c a r b o n  i s  n o t  a s  s t r o n g  a s  t h a t  o f  po tass ium.  F i r s t ,  a f t e r  g a s i f i c a t i o n  
i n  hydrogen t h e  c a r b o n  r e s i d u e s  c o n t a i n e d  v i s i b l e  p a r t i c l e s  of sodium 
c a r b o n a t e ,  i n d i c a t i n g  t h a t  s i g n i f i c a n t  a g g l o m e r a t i o n  o f  c a t a l y s t  occu red .  
A l so ,  t h e  t o t a l  amount o f  oxygen e v o l v e d  d u r i n g  hea tup  f o r  t h e  HlC-0.02 
samples ( T a b l e  1) was l e s s  f o r  sodium t h a n  f o r  po tass ium.  These o b s e r v a t i o n s  
i n d i c a t e  t h a t  t h e  o v e r a l l  i n t e r a c t i o n  o f  sodium c a r b o n a t e  n i t h  ca rbon  i s  n o t  
as s t r o n g  as  t h e  i n t e r a c t i o n  o f  p o t a s s i u m  c a r b o n a t e  w i t h  ca rbon ,  and i t  i s  
l i k e l y  t h a t  sodium f o r m s  few new a c t i v e  s i t e s  a s  g a s i f i c a t i o n  proceeds.  The 
obse rved  r a t e  i s  t h e r e f o r e  seen t o  dec rease  w i t h  c o n v e r s i o n .  

u n c d t a l y z e d  sample o r  an PI-0- complex f o r  t h e  c a t a l y z e d  r e a c t i o n s )  p romote  
hydrogen g a s i f i c a t i o n  h a s  n o t  been s t u d i e d .  Honever ,  t h e r e  i s  some ev idence  
which a l l o w s  t h e  r o l e  o f  t h e s e  s p e c i e s  t o  b e  p o s t u l a t e d .  Yang and Duan [171  
havs r e c e n t l y  r e p o r t e d  u s i n g  e t c h  p i t  a n a l y s i s  t h a t  t h e  a rm-cha i r  (11211  f a c e  
o f  g r a p h i t e  1 5  more r e a c t i v e  t h a n  t h e  z i g - z a g  (10111 f a c e ,  and t h a t  hyd rogen  
i n h i b i t s  g a s i f i c a t i o n  i n  C O a  and H a O  by p r e f e r e n t i a l l y  a d s o r b i n g  on and t h u s  
s t a b i l i z i n g  t h e  z i g - z a g  face .  The p resence  of  hyd rogen  r e s u l t s  i n  t h e  
f o r m a t i o n  o f  hexagona l  ( z i g - z a g )  e t c h  p i t s  o f  low r e a c t i v i t y .  (Llong w i t h  
t h i s ,  chemiso rbed  h y d r o g e n  i s  known t o  s t r o n g l y  b i n d  t o  carbon and r e d u c e  
oxygen a d s o r p t i o n  c a p a c i t y  [181 .  I n  c o n t r a s t ,  g a s i f i c a t i o n  i n  C O n  a l o n e  
r e s u l t s  i n  r o u n d  p i t s  w i t h  a rm-cha i r  edges. F o r  hyd rogen  g a s i f i c a t i o n ,  
Z i e l k e  and G o r i n  1111 p o s t u l a t e d  t h a t  r e a c t i o n  i s  s t e r i c a l l y  a o r e  s u i t e d  t o  
t h e  a rm-cha i r  f a c e .  Thus i t  i s  l i k e l y  t h a t  t h e  f u n c t i o n  o f  t h e  oxygen- 
b e a r i n g  s u r f a c e  s p e c i e s  i s  t o  m a i n t a i n  and p r o p a g a t e  a r m - c h a i r  r e a c t i o n  s i t e s  
on the  c a r b o n  d u r i n g  g a s i f i c a t i o n .  Removal o f  oxygen spec ies ,  e i t h e r  b y  
d e s o r p t i o n  o r  r e d u c t i o n ,  r e s u l t s  i n  consumpt ion  o f  a rm-cha i r  s i t e s ,  l e a v i n g  
o n l y  r e s i d u a l  and u n r e a c t i v e  z i g - z a g  f a c e s  t o  n h i c h  hyd rogen  s t r o n g l y  b i n d s .  
Combust ion i n  oxygen  r e s u l t s  i n  f o r m a t i o n  o f  nen  a rm-cha i r  f a c e s ,  r e s u l t i n g  
i n  enhancement o f  h y d r o g e n  g a s i f i c a t i o n  r a t e .  S i m i l a r l y ,  t h e  a d d i t i o n  o f  
c a t a l y s t  r e s u l t s  i n  t h e  p resence  o f  a l a r g e r  q u a n t i t y  and p o s s i b l y  more 
s t a b l e  O x y g e n - c o n t a i n i n g  s p e c i e s  n h i c h  p r o p o g a t e  t h e  a r m - c h a i r  f aces ,  t h u s  
c a t a l y z i n g  t h e  r e a c t i o n .  

The l o w  i n i t i a l  c a t a l y t i c  a c t i v i t y  f o r  KlC=O.Ol samples and t h e  obse rved  

F o r  t h e  NalC03 c a t a l y s t ,  e v o l u t i o n  o f  p r i m a r i l y  C O  a t  h i g h e r  

The mechanism b y  n h i i h  t h e  oxygen-bear ing  s p e c i e s  ( n h e t h e r  oxygen i n  t h e  
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T h i s  i d e a  i s  a l s o  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Baker  e t  a l .  1191 
and Tomi ta and Tamai 1201 f o r  ba r ium and t r a n s i t i o n  m e t a l  c a t a l y z e d  hyd rogen  
g a s i f i c a t i o n ,  i n  n h i c h  r e a c t i o n  o c c u r s  v i a  c h a n n e l i n g  o f  c a t a l y s t  p a r t i c l e s  
i n  t h e  <1120) c r y s t a l l o g r a p h i c  d i r e c t i o n .  The r e s i d u a l  z i g - z a g  f a c e s  l e f t  b y  
t h e  channe l  show no r e a c t i v i t y .  These c a t a l y s t s  t h e r e f o r e  p r o p a g a t e  t h e  arm 
c h a i r  f a c e  a t  t h e  head o f  t h e  channe l ,  r e s u l t i n g  i n  c o n t i n u e d  g a s i f i c a t i o n .  

CONCLUSIONS 

The s i m i l a r  a p p a r e n t  a c t i v a t i o n  energy  and s u r f a c e  a r e a  development  f o r  
u n c a t a l y z e d  and c a t a l z y e d  hyd rogen  g a s i f i c a t i o n  r e a c t i o n s  s u g g e s t s  t h a t  
c a t a l y s t s  i n c r e a s e  t h e  number of a v a i l a b l e  r e a c t i o n  s i t e s  w i t h o u t  c h a n g i n g  
t h e  r e a c t i o n  mechanism. S u r f a c e  oxygen enhances t h e  r a t e  o f  g a s i f i c a t i o n ;  
t h i s  a l o n g  w i t h  e v o l u t i o n  o f  C O a  f r o m  p o t a s s i u m  c a r b o n a t e  d u r i n g  h e a t u p  makes 
possible t h e  i d e a  t h a t  a s u r f a c e  oxygen complex i s  t h e  c a t a l y t i c  agen t .  
Eased on e v i d e n c e  i n  t h e  l i t e r a t u r e ,  t h e  r o l e  o f  s u r f a c e  oxygen i s  p o s t u l a t e d  
t o  be  p r o p o g a t i a n  o f  t h e  a r m - c h a i r  c o n f i g u r a t i o n  o f  edge s i t e s  d u r i n g  
g a s i f i c a t i o n .  These a r m - c h a i r  s i t e s  a r e  b e l i e v e d  t o  be t h e  s i t e s  a t  which 
hydrogen g a s i f i c a t i o n  o c c u r s .  
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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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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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Abstract  

Advance coal g a s i f i c a t i o n  technologies using low-rank coal i s  a p ran is ing  
a l t e r n a t i v e  f o r  meeting' f u t u r e  demand f o r  hydrogen. Steam g a s i f i c a t i o n  t e s t s  
conducted a t  temperatures between 700' and 800'C and atmospheric pressure resu l ted  
i n  product gas composit ions matchi ng those p red ic ted  by thermodynamic equi l i b r i  um 
ca lcu la t i ons ,  63-65 mol% hydrogen and l e s s  than 1 mol% methane. Steam g a s i f i c a t i o n  
t e s t s  w i t h  f o u r  low-rank coals and a s i n g l e  bituminous coal were performed i n  a 
l abo ra to ry -sca le  thermogravimetri  c analyzer (TGA) a t  temperatures of 700', 750'. 
and 8OOOC t o  evaluate process k i n e t i c s  w i t h  and wi thout  c a t a l y s t  addi t ion.  
Ca ta l ys ts  screened i n c l u d e d  K CO3, Na2C03, t rona,  nahcoli  te ,  sunflower h u l l  ash, and 
recyc led l i g n i t e  ash. N o r t i  Dakota and Texas l i g n i t e  chars were s l i g h t l y  more 
r e a c t i v e  than a Wyomi ng subbi tumi n w s  coal char and e i g h t  t o  t e n  times more reac t i ve  
than  an I1 l i n o i s  bituminous coal  char. Pure and mineral ( t rona  and nahcoli t e )  
a l k a l i  carbonates and recyc led  ash from K2C03-catalyzed steam g a s i f i c a t i o n  t e s t s  
subs tan t i  a l l y  improved low-rank coal  steam g a s i f i c a t i o n  ra tes .  The r e a c t i v i t i e s  
obta ined us ing t r o n a  and n a h c o l i t e  t o  cata lyze t h e  steam g a s i f i c a t i o n  were t h e  
h ighes t ,  a t  nea r l y  3.5 t imes those wi thout  cata lysts .  

I n t r o d u c t i o n  

Hydrogen i s  a key canponent i n  petroleum r e f i n i n g ,  petrochemical processing, t h e  
product ion of coa l -de r i ved  synfuels, and can a l so  be used d i r e c t l y  as a f u e l .  Over 
t h e  next 45 years, t h e  demand f o r  hydrogen has been pro jected t o  increase by a 
f a c t o r  o f  15 t o  20 (1) .  Most of t h e  hydrogen c u r r e n t l y  used i n  chemical 
a p p l i c a t i o n s  i s  produced through steam reforming of na tu ra l  gas; and i n  r e f i n i n g  
a p p l i c a t i o n s  p a r t i a l  o x i d a t i o n  of petroleum i s  a l so  used. Advanced coa l  
g a s i f i c a t i o n  technologies appear t o  be t h e  most probable a l t e r n a t i v e  f o r  meeting t h e  
f u t u r e  demand f o r  l a r g e  q u a n t i t i e s  of hydrogen. Low-rank coa ls  ( l i g n i t e s  and 
subbituminous coals)  a r e  candidate feedstocks f o r  such app l i ca t i ons  because o f  t h e i r  
1 ow mini ng c m t  and h i g h e r  r e a c t i  vi t y  r e l a t i v e  t o  h ighe r  rank coals. 

The two m s t  impor tant  cons iderat ions i n  t h e  design of a process f o r  producing 
hydrogen from coal are t o  mainta in  operat ing condi t ions t h a t  thermodynamically f a v o r  
t h e  product ion of hydrogen ard carbon d iox ide  over carbon monoxide and methane, and 
t o  ob ta in  r e a c t i o n  r a t e s  t h a t  r e s u l t  i n  reasonable g a s i f i e r  throughput. 
Op t im iza t i on  of t h e  hydrogen content of t h e  product gas requi res steam g a s i f i c a t i o n  
a t  r e l a t i v e l y  m i l d  temperatures i n  t h e  range o f  700' t o  800'C and a t  a tmmpher ic  
pressure. I n  t e s t s  a t  t h e  U n i v e r s i t y  of North Dakota Energy Research Center 
(UNDERC), a dry  synthes is  gas con ta in ing  63 mol% hydrogen was produced by steam 
g a s i f i c a t i o n  of low-rank coal ( 2 ) ,  which i s  p red ic ted  by equ i l i b r i um 
thermodynamics. These m i l d  cond i t i ons  do not ,  however, promote h igh  reac t i on  
rates.  As a r e s u l t ,  ach iev ing t h e  maximum coal r e a c t i v i t y  by t h e  use of ca ta l ys ts  
i s  perhaps t h e  most c r i t i c a l  f a c t o r  i n  producing hydrogen from coal. 

The phys i ca l  and chemical na tu re  of low-rank coals (LRCs) o f f e r  several 
advantages f o r  a g a s i f i c a t i o n  process producing hydrogen. One o f  these i s  t h e i r  
enhanced r e a c t i v i t y  compared t o  coals of h igher  rank. This increase i n  r e a c t i v i t y  
i s  Ciwsed by h ighe r  concentrat ions of a c t i v e  s i t es ,  h ighe r  poros i ty ,  ard a m r e  
uniform d i spe rs ion  of a l k a l i  i m p u r i t i e s  t h a t  act as inherent  ca ta l ys ts  (3,4,5). 
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The h igh v o l a t i l e  ma t te r  content of l i g n i t e s  cou ld  a lso support t h e i r  use i n  
steam g a s i f i c a t i o n  t o  produce hydrogen. If in t roduced i n t o  t h e  ho t  zone of a 
g a s i f i e r ,  d e v o l a t i l i z a t i o n  products may be cracked t o  form a d d  t i o n a l  hydrogen 
(6). Under s u i t a b l e  r e a c t i o n  condi t ions raw product gas from such a system would 
then  con ta in  e s s e n t i a l l y  on l y  hydrogen, carbon d iox ide,  carbon monoxide. and only  
smal l  quan t i t i es  o f  methane and s u l f u r  gases. In  add i t i on  t o  producing hydrogen and 
s i m p l i f y i n g  downstream gas clean-up, crack ing of t a r s  and o i l s  i n  t h e  g a s i f i e r  would 
a l so  reduce contaminant concentrat ions i n  t h e  process condensate. 

Even w i t h  t h e  h ighe r  r e a c t i v i t i e s  of LRCs, i t  w i l l  be necessary t o  enhance 
reac t i on  k i n e t i c s  through t h e  use of ca ta l ys ts  t o  o b t a i n  economic r e a c t o r  
throughput. There i s  a weal th  of da ta  r e l a t i n g  t o  t h e  use of a v a r i e t y  of ca ta l ys ts  
t o  enhance t h e  steam g a s i f i c a t i o n  k i n e t i c s  ( 7  - 16). A l k a l i  metals are genera l ly  
accepted as the premier steam g a s i f i c a t i o n  c a t a l y s t  (12,13,16) and thus t h e i r  
i n t e r a c t i o n s  w i th  ash cons t i t uen ts  and subsequent recovery are impor tan t  f ac to rs  i n  
t h e  process econanics. Ca ta l ys t  recovery problems associated w i t h  t h e  format ion of 
i n s o l u b l e  potassium a luminos i l i ca tes  were i d e n t i f i e d  dur ing recovery of t h e  K CO 
c a t a l y s t  i n  the  Exxon C a t a l y t i c  Coal G a s i f i c a t i o n  (CCG) process (6). For  some i i g z  
sodium LRCs, a problem of sodium d i l u t i o n  of t h e  recovered potassium c a t a l y s t  could 
be s i g n i f i c a n t .  However, i f  sodium carbonates a r e  a lso e f f e c t i v e  ca ta l ys ts ,  t h e  
problem o f  a l k a l i  recovery w i l l  be mi t igated,  espec ia l l y  w i t h  h igh  sodium LRCs. 

The o v e r a l l  o b j e c t i v e  of the program a t  UNDERC i s  t o  e s t a b l i s h  the  f e a s i b i l i t y  
of us ing low-rank coal g a s i f i c a t i o n  t o  produce hydrogen. This paper summarizes t h e  
f ind ings of a thetmogravimetric analys is  (TGA) s tudy of steam-char g a s i f i c a t i o n  
k i n e t i c s .  This work focused on low-rank coals, w i t h  l i m i t e d  t e s t i n g  us ing a 
bituminous coal f o r  canparison purposes, and t h e  a d d i t i o n  of var ious c a t a l y s t s  t o  
enhance low-rank coal r e a c t i  v i  ty. 

Experimental 

The reac t i on  between low-rank coal chars and steam was s tud ied  us ing  a DuPont 
951 Thermogavimetric Analyzer (TGA) i n t e r f a c e d  w i t h  a DuPont 1090 Thermal 
Analyzer. The TGA r e a c t i o n  chmber  was an open quar tz  tube, secured t o  t h e  balance 
by means of a threaded nut as shown a t  p o i n t  (A) i n  F igure 1. The opposi te  end o f  
t h e  quartz tube (poi n t  (B)  i n  F igu re  1)  was connected by rubber tuh i  ng t o  a 
vent i  l a t i o n  hood. The canmerci a1 l y  avai 1 ab le  TGA system was modi f i  ed f o r  char/stean 
experiments by adding t h e  steam sidearm shown as p o i n t  ( C )  i n  F igu re  1. This p o r t  
was sealed w i t h  a high-temperature gas chromatography septum. The steam i n l e t  l i n e  
(1/8-inch s ta in less  s t e e l )  was passed through t h i s  septum and i n t o  t h e  r e a c t i o n  
chamber ( p o i n t  ( D )  i n  F igu re  1) .  Steam was prepared us ing a "Hot Shot" FlB-3L 
e l e c t r i c  steam b o i l e r .  The leng th  of steam l i n e  fran t h e  e x i t  of t h e  b o i l e r  t o  t h e  
reac t i on  chamber sidearm was heated con t i  nuously a t  200'C usi ng e l e c t r i c a l  heat 
tape. The reac t i on  chanber was heated i n  a program-control led tube furnace. 

Approximately 20 mg, weighed t o  t h e  nearest  0.01 mg, of as-received coal  ground 
t o  p a r t i c l e  sizes of -100 x +140 mesh, was evenly d i s t r i b u t e d  on a t a r e d  11-mm 
diameter p la t inum pan supported a t  t h e  end of t h e  TGA's qua r t z  balance beam. Coal 
samples were d e v o l a t i l i z e d  i n  argon p r i o r  t o  the  i n t r o d u c t i o n  of steam i n t o  t h e  
reac t i on  chamber. Argon f l o w  was maintained a t  approximately 160 cc/min whi le  t h e  
coal sample was heated fran roan temperature t o  t h e  t a r g e t  r e a c t i o n  temperature 
(700' t o  80OoC) a t  a r a t e  o f  10O0C/min. The average t ime  f o r  d e v o l a t i l i z a t i o n  o f  
these samples was about 15 minutes. 

Char samples produced by t h e  d e v o l a t i l i z a t i o n  procedure were weighed i n  the  TGA 
reac t i on  chamber wi thout  cool ing.  Argon f l o w  was reduced fran 160 t o  60 cc/min, and 
steam t o  t h e  reactor  was then s t a r t e d  a t  ra tes of 1-5 mg/nin. Steam f l o w  ra tes  were 
determined p r i o r  t o  experiments by c o l l e c t i n g  steam from t h e  gas o u t l e t  ( p o i n t  (R) 
i n  F igu re  1) i n  a cold, t a r e d  vessel f o r  approximately 15 minutes. 
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Weight, t ime, and temperature were recorded by t h e  OuPont 1090 Thermal Analyzer 
as t h e  char-steam r e a c t i o n  proceeded. Experiments were terminated when t h e  sample's 
we igh t  l oss  approached zero, o r  i n  t h e  case of very  s lowly  reac t i ng  ma te r ia l s  a f t e r  
150 minutes of r e a c t i o n  t ime. The 1090 Thermal Analyzer was then  used t o  p l o t  
sample weight l o s s  versus t ime and t o  p r i n t  sample weight, t m p e r a t u r e ,  and reac t i on  
t i m e  data. Product gases f rom t h e  system were no t  analyzed. 

Both aqueous impregnat ion and dry  c a t a l y s t  mix ing were evaluated i n  the TGA 
steam g a s i f i c a t i o n  t e s t .  P re l im ina ry  TGA t e s t s  showed t h a t  r e a c t i v i t y  was no t  
dependent on c a t a l y s t  a d d i t i o n  technique; therefore, on ly  dry-mix systems were used 
i n  t h e  remainder o f  t h e  TGA t e s t  program. 

Results 

The m a t r i x  of char-steam g a s i f i c a t i o n  t e s t s  conducted by l abo ra to ry  TGA inc luded 
e x p e r i m n t s  f o r  eva lua t i on  o f  coals, ca ta l ys ts ,  temperature, and c a t a l y s t  loading. 
I n d i a n  Head and Velva l i g n i t e s  f ran  Nor th Dakota. M a r t i n  Lake l i g n i t e  f r a n  Texas, 
Wyodak subbituminous coal  from Wyoming and River  King bituminous coal f rom I 1  l i n o i  s 
were evaluated. Proximate and u l t i m a t e  analyses of these coals a re  g iven i n  Table 
1. The coal  analyses i n  Table 1 show an u n c h a r a c t e r i s t i c a l l y  l o w  mois ture content 
f o r  Ind ian Head l i g n i t e .  The low mois ture content of t h i s  sample, 12.6 w t X ,  r e s u l t -  
ed f rom storage i n  a l a r g e  n i t rogen  purged bunker i n  which a d e f i n i t e  mois ture grad- 
i e n t  was observed f r a n  t o p  t o  bottom, bu t  d i d  not e f fec t  t h e  r e a c t i v i t y  o f  t h e  char. 

Table 1. Coal Proximate and U l t ima te  Analysis 

I;$ an Hied M a r t i n  R ive r  
Lake Uyodak King - - - -  

Test Coal Analyses: 
Moisture, X 12.6 29.5 33.7 25.1 27.5 11.5 
Ash, wt%, mf 17.7 9.0 10.4 22.1 9.6 12.1 
V o l a t i l e  Mat ter ,  w t X ,  m f  38.4 41.2 42.8 39.5 42.3 42.5 
F ixed Carbon, wt%, mf 43.9 49.8 46.8 38.4 48.1 45.3 

Heat i  ng Value, B t u / l  b, 8,383 7,721 6,755 7,258 8,043 11,000 
as-rec'd 

U l t i m a t e  Analys is  of 
Raw Coals, a%, mf: 

Ash 
Carbon 
Hydrogen 
Nitrogen 
Sul f u r  
Oxygen ( b y  d i f f )  

17.7 9.0 10.4 22.1 9.6 12.2 
58.9 65.0 62.4 56.7 65.7 68.3 

3.3 4.2 3.8 3.8 4.3 5.1 
1.6 1.9 1.4 1.2 1.2 1.3 
1.0 0.8 0.5 1.9 0.5 4.0 

17.5 19.1 21.5 14.3 18.7 9.1 

:Low-moisture Ind ian  Head coal  used f o r  m a j o r i t y  o f  TGA work. 
I n d i a n  Head sample used t o  v e r i f y  i n i t i a l  TGA resu l t s .  
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Various a l k a l i  sources were tes ted  as c a t a l y s t s  t o  promote t h e  steam-carbon 
react ion.  These were K2COv Na2C03, trona, nahcol i te ,  sunflower h u l l  ash (a 
n a t u r a l l y  h igh  potassium con a im ng ash), and recyc led l i g n i t e  g a s i f i c a t i o n  ash. 
These substances were se lected as prospey;tive c a t a l y s t s  based on t h e i r  h igh  a l k a l i  
content. Cata lys is  w i t h  inexpensive o r  disposable" c a t a l y s t s  would s u b s t a n t i a l l y  
improve t h e  economics of a hydrogen-from-coal process. L i  kewi se, t rona and 
nahcoli  t e ,  n a t u r a l l y  occu r r i ng  a l k a l i  carbonate mater ia ls ,  a r e  inexpensive r e l a t i v e  
t o  pure carbonates ( 0.04/lb f o r  t rona compared t o  0.34/lb f o r  K C03 and 0.20/lb 
f o r  Na2C03). This cos t  d i f f e r e n t i a l  suggests t h e i r  use as disposab3e ca ta l ys ts .  

R e a c t i v i t y  of Coals f o r  Steam G a s i f i c a t i o n  

Tests were performed t o  es tab l i sh  t h e  uncatalyzed r e a c t i v i t i e s  of t h e  f i v e  test 
coal chars and p l o t t e d  i n  F igure 2. It shows t h e  h igher  r e a c t i v i t y  of low-rank 
coals  compared t o  t h a t  of R i v e r  King bituminous coal. The h ighe r  r e a c t i v i t y  o f  low- 
rank coal chars, documented b y  m n y  research groups (3,4,5), i s  be l ieved t o  be a 
r e s u l t  of t he  h ighe r  mineral content, h igher  concentrat ions of a c t i v e  s i t e s  and 
increased p o r o s i t y  of t h e  low-rank coals. F igure 2 a l so  i l l u s t r a t e s  t h e  l i n e a r i t y  
of conversion over the  0 t o  50 % carbon conversion range. 

Over t h e  i n i t i a l  l i n e a r  p 6 r t i o n  of t h e  curves i n  F igure 2, t h e  carbon Conversion 
ra tes  f o r  t h e  t h r e e  l i g n i t e s  were near ly  i d e n t i c a l ,  w i t h  I n d i a n  Head being only  
s l i g h t l y  less reac t i ve  than t h e  Velva and M a r t i n  Lake l i g n i t e s .  However, a d e f i n i t e  
h ierarchy of r e a c t i v i t y  developed as t h e  a v a i l a b l e  carbon supply was depleted. 
During reac t i on  of t h e  f i n a l  40% of t h e  carbon, M a r t i n  Lake l i g n i t e  showed t h e  most 
r a p i d  conversion, fo l lowed by Velva and I n d i a n  Head. 

Steam g a s i f i c a t i o n  k i n e t i c  data was c o l l e c t e d  over t h e  range o f  700" t o  800°C 
f o r  assessing temperature ef fects .  The increase i n  r e a c t i v i t y  of each LRC w i t h  
i nc reas ing  temperature i s  shown i n  F igu re  3. Increas ing t h e  g a s i f i c a t i o n  
temperature from 700' t o  8OOOC was found t o  increase r e a c t i v i t i e s  f r a n  2.5 t imes f o r  
M a r t i n  Lake l i g n i t e  t o  3.8 t imes f o r  Wyodak subbituminous coal .  Equ i l i b r i um gas 
composit ion modeling and actual  product gases fran a 1 - l b  f ixed-bed systen showed 
t h a t  t h e  hydrogen content of the  gas i s  v i r t u a l l y  unaf fected by t h i s  temperature 
increase (17). Apparent energies o f  a c t i v a t i o n  were a lso ca l cu la ted  f r a n  t h i s  data 
and have been repor ted p rev ious l y  (18). 

S t e m  G a s i f i c a t i o n  of Catalyzed Coals 

F igure 4 shows the  rates o f  carbon conversion a t  750°C f o r  each t e s t  coal with a 
10 w t %  K C03 loading. Comparison of t h e  data i n  F igu re  2 t o  t h a t  i n  F igu re  4 shows 
t h a t  K2C8 a d d i t i o n  s i g n i f i c a n t l y  enhanced the  r e a c t i v i t y  of each coal. As was t h e  
case f o r  t h e  uncatalyzed coals, t h e  r e a c t i v i t y  of t h e  cata lyzed low-rank coals  was 
f a r  super io r  t o  t h a t  o f  t h e  KzC03-catalyzed bituminous coal. However, t h e  
r e a c t i v i t y  ranking of t h e  f o u r  low-rank coals  was not  t h e  same as t h a t  observed 
wi thout  c a t a l y s t  addi t ion.  I n  F igu re  2 M a r t i n  Lake l i g n i t e  was shown t o  have t h e  
most r a p i d  uncatalyzed conversion ra te ;  however, i n  F igu re  4, M a r t i n  Lake was shown 
t o  have t h e  poorest  r e a c t i v i t y  o f  t h e  f o u r  s i m i l a r l y  cata lyzed low-rank coals. 
Conversely, Wyodak subbituminous coa l  was t h e  l e a s t  r e a c t i v e  uncatalyzed low-rank 
coal ,  b u t  showed exce l l en t  carbon conversion rates i n  t e s t s  using K2CO3. 

The ef fect  of temperature on t h e  r e a c t i v i t y  of each of t h e  f o u r  KzC03-catalyzed 
l w - r a n k  coals  i s  i l l u s t r a t e d  i n  t h e  b a r  graph of F igu re  5. The t rend  i n  r e a c t i v i t y  
of t h e  K2CO3-cata1yzed coals  w i t h  a temperature increase from 700" t o  800°C was very 
s i m i l a r  t o  t h a t  shown f o r  t he  uncatalyzed coals  i n  F igu re  3, with r e a c t i v i t y  
i nc reas ing  by a f a c t o r  o f  two over the  temperature range. For t h e  uncatalyzed 
coals, t he  average r e a c t i v i t y  increased by a f a c t o r  of th ree  over t h i s  temperature 
range. It has p rev ious l y  been repor ted t h a t  t h e  add i t i on  o f  K2CO3 decreased t h e  
apparent energies of a c t i v a t i o n  by as much as 60% compared t o  t h e  uncatalyzed coals 
(18). 
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Several TGA steam g a s i f i c a t i o n  t e s t s  were performed t o  evaluate the  e f f e c t  of 
K CO concentrat ion on l i g n i t e  r e a c t i v i t y .  Velva l i g n i t e  was used f o r  these t e s t s  2 ?t resu l ted  i n  t h e  h ighes t  r e a c t i v i t y  of t h e  f o u r  LRCs tested. Tests were 
conducted a t  750'C us ing  c a t a l y s t  loadings from 2 t o  20 wt%. Data c o l l e c t e d  from 
these experiments were used b o t h  t o  evaluate t h e  e f f e c t  of c a t a l y s t  loading f o r  each 
of t h e  two carbonates, and t o  compare the  two carbonates c a t a l y t i c  e f fect  over a 
range o f  loadings. Table 2 presents t h e  average r e a c t i v i t i e s  a t  50% carbon 
conversion f o r  t he  range of loadings evaluated w i t h  bo th  K C03 a.nd Na2C03, which 
i nd i ca tes  a l esse r  dependence o f  r e a c t i o n  k i n e t i c s  on c a t a l y s t  loading us ing  Na2C0 . 
Nei ther  c a t a l y s t  produced a s i g n i f i c a n t  r a t e  increase a t  loadings over 10 wtj; 
however, t he  r e a c t i v i t y  increase w i t h  i nc reas ing  c a t a l y s t  loading upto 10 wt% was 
more pronounced f o r  K C03 ca ta l ys i s .  Over t h e  2 t o  10 w t %  l oad ing  range, r e a c t i v i t y  
values f o r  K2C03-cata?yzed Velva l i g n i t e  increased fran 3.3 t o  5.5 (g/hr)/g, whi le  
the correspond1 ng inc rease  f o r  t h e  Na2C03-catalyzed l i g n i t e  was f rom 4.8 t o  5.5 
(g/hr)/g. 

Table 2. E f f e c t  o f  Va r iab le  Ca ta l ys t  Loadings on Velva L i g n i t e  Char R e a c t i v i t y  
i n  Steam a t  75OoC 

Cata lyst  Loading w t %  
of As-received Coal 

0 
2 
5 

10 
15 
20 

2 .o 
3.3 
4.1 
5.5 
5.7 
5.7 

2.0 
4.8 
4.9 
5.5 
5.9 
6.1 

Comparison of C a t a l y s t  Effectiveness 

Data p l o t t e d  i n  F i g u r e  6, compares carbon conversion rates f o r  uncatalyzed Velva 
l i g n i t e  and f o r  Velva cata lyzed w i t h  each of t h e  s i x  add i t i ves  found t o  g i ve  
p o s i t i v e  c a t a l y t i c  e f f e c t s .  The near l y  i d e n t i c a l  r e a c t i v i t i e s  observed f o r  K2CO3 
and Na CO3 c a t a l y s i s  a re  i l l u s t r a t e d ,  as t h e  two conversion curves are super- 
imposab?e throughout t h e  g a s i f i c a t i o n  phase. F igure 6 a l so  i l l u s t r a t e s  the  
c a t a l y t i c  e f f e c t s  o f  sunf lower  h u l l  ash and t h e  mineral addi t ives.  Twenty percent 
sunflower h u l l  ash (23 wt% potassium) was l e s s  e f f e c t i v e  than  10% loadings of the  
carbonates; however, r e a c t i v i t y  was much improved over t h e  uncatalyzed coa l ,  with 
canplete conversion occu r r i ng  i n  l ess  than 20 minutes. The r e a c t i v i t y  f o r  t h e  20% 
sunflower h u l l  ash/Velva l i g n i t e  system a t  75OoC was 4.3 (g /hr ) /g  as compared t o  
on l y  2.0 (g /h r ) /g  wi t h o u t  addi ti ves. 

Perhaps the  most s i g n i f i c a n t  r e s u l t s  i l l u s t r a t e d  i n  F igu re  6 were t h e  rap id 
carbon conversions obta ined us ing t rona and nahcoli  t e  as g a s i f i c a t i o n  cata lysts .  
Both t rona and nahcoli  t e  produced more rap id  conversion of Velva l i g n i t e  than  d id  
add i t i on  of t h e  pure carbonates. Approximately 90% carbon conversion was achieved 
i n  8 minutes using e i t h e r  10 w t %  t r o n a  (29% sodium) o r  nahco l i t e  (15% sodium), 
whereas when us ing t h e  same wt% p*e KzCO3 (47% potassium) o r  Na C03 (37% sodium) 
about 10 minutes was requ i red  t o  achieve 90% conversion. For f rona  ca ta l ys i s  a 
r e a c t i v i t y  of 6.9 ( g / h r ) / g  was obtained compared t o  5.5 (g /h r ) /g  using an i d e n t i c a l  
l oad ing  of e i t h e r  K2C03 o r  Na2C03 a t  t h e  same g a s i f i c a t i o n  condi t ions.  A t  these 
condi t ions,  n a h c o l i t e  c a t a l y s i s  resu l ted  i n  a r e a c t i v i t y  s l i g h t l y  lower than t h a t  
obtained us i  ng t r o n a  (6.2 (g /hr ) /g) .  

170 



The ef fect iveness of these n a t u r a l l y  occu r r i ng  mi neral c a t a l y s t s  i s  impor tant  t o  
t h e  development o f  a commerci a1 hydrogen-produci ng steam coal g a s i f i c a t i o n  
Process. Based on t h e  r e l a t i v e  costs  of t h e  feedstock, use of these ma te r ia l s  would 
be more favorable t o  process economics than would pure a l k a l i  carbonates. An 
add i t i ona l  cons iderat ion i s  t h a t  cost  and a v a i l a b i l i t y  of these ma te r ia l s  may be 
such t h a t  ca ta l ys t  recovery would be unnecessary. 

Conclusiom 

Uncatalyzed l i g n i t e s  and a subbi tumi nom coal were found t o  be e i g h t  t o  ten  
t imes more r e a c t i v e  with steam a t  70O0-8OO0C than  an I1 li noi s bi tumi nous coal. This 
r e l a t i o m h i p ,  w i t h i n  t h i s  narrow temperature range, i s  impor tant  as t h i s  i s  t he  
range t h a t  thermodynamically favors t h e  product ion of hydrogen fran steam 
g a s i f i c a t i o n  a t  atmospheric pressure. The r e a c t i v i t y  of t he  uncatalyzed coals 
increased 3 t o  4 t imes w i t h  an increase i n  steam g a s i f i c a t i o n  temperature from 700' 
t o  800OC. 

For  t h e  catalyzed coals dur i  ng s t e m  g a s i f i c a t i o n :  

R e a c t i v i t y  increased approximately 2 t imes over t h e  700° - 800°C temperature 
range f o r  low-rank coals  catalyzed w i t h  potassium carbonate. 

Sodium carbonate was found t o  be as e f f e c t i v e  a c a t a l y s t  as potassium carbonate 
f o r  t h e  s t e m  g a s i f i c a t i o n  of low-rank coal chars on a mass l oad ing  basis. 

A l ka l i  carbonate loadings equal t o  10 wt% of t h e  as-received coal mass r e s u l t e d  
i n  low-rank coal r e a c t i v i t i e s  2.5 t o  3.5 times h ighe r  than those measured f o r  
t h e  uncatalyzed 1 ow-rank coals. 

Na tu ra l l y  occurr ing mi neral sources of sodium carbonates/bicarbonates, t r o n a  and 
nahcoli  te ,  are as e f f e c t i v e  i n  ca ta l yz ing  low-rank coal steam g a s i f i c a t i o n  as 
t h e  pure carbonates. 

Use of these na tu ra l l y -occu r r i  ng carbonates sources should be a primary focus 
of continued research. The low  cost  of t rona o r  nahco l i t e  r e l a t i v e  t o  t h e  pure 
carbonates suggests t h a t  a p o t e n t i a l  f o r  t h e i r  use as disposable ca ta l ys ts  
e x i s t s  which would enhance o p e r a b i l i t y  and process economics i n  a hydrogen- 
from-coal g a s i f i c a t i o n  process. 
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THERMOGRAVIMETRIC ANALYZER 

F igure  1. Thermogravimetri c analyzer.  
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Figure 2. Rate of carbon conversion a t  75OoC - v a r i a t i o n  with coal rank. 
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Figure 3. React iv i ty  of uncatalyzed low-rank coal chars as a function of steam 
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Figure 4. Carbon conversion of KZC03-catalyzed coal chars a t  75OOC. 
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Figure 5.  Effect of steam gasification temperature on the reactivity of KzCO3- 

catalyzed low-rank coal chars. 
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Figure 6 .  Rate of carbon conversion a t  750T for Velva lignite char catalyzed w i t h  
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COAL GASIFICATION WITH INTERNAL RECIRCULATION CATALYSTS 
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One of the primary economic p e n a l t i e s  of many c a t a l y t i c  c o a l  g a s i f i c a t i o n  
processes is recovery of t h e  added c a t a l y s t s  from the spent  char. For exam- 
ple ,  the  EXXON c a t a l y t i c  coa l  g a s i f i c a t i o n  process  a s  present ly  conceived, 
requires  s e v e r a l  s t a g e s  of digest ion with calcium hydroxide t o  recover potas- 
sium from t h e  converted char  and then t h e  d i g e s t i o n  only recovers  between 65 
and 85% of the  potassium.' 

complex and c o s t l y  s i t u a t i o n .  I n  the IGT process  concept, a c o a l  g a s i f i c a t i o n  
process with an inherent  thermal grad ien t  (e.g., Lurgi, s taged fluidized-bed 
processes, e tc . )  and a c a t a l y s t  t h a t  is semivola t i le  under g a s i f i c a t i o n  condi- 
tions a r e  used. The semivola t i le  c a t a l y s t  is s u f f i c i e n t l y  v o l a t i l e  a t  t h e  
highest  temperature encountered in the  lower s e c t i o n  of t h e  g a s i f i e r ,  t h a t  i t  
is completely vaporized from the  char  before  t h e  char is discharged. l%e 
c a t a l y s t ,  however, is nonvola t i le  a t  the  lowest temperature encountered in the 
upper s e c t i o n  of  t h e  g a s i f i e r  so t h a t  it p r e c i p i t a t e s  on t h e  co ld ,  feed 
coal. The c a t a l y s t ,  therefore ,  is automat ica l ly  recycled from t h e  product 
char t o  t h e  f r e s h  c o a l  and the need f o r  c a t a l y s t  recovery is el iminated.  

v o l a t i l e  c a t a l y s t s .  
t h e i r  vapor pressures  and the  following process  assumptions. It was assumed 
t h a t  a c a t a l y s t  loading  of approximately 5 wt % is s u f f i c i e n t  f o r  ca ta lyz ing  
the  g a s i f i c a t i o n  r e a c t i o n s ,  t h a t  the  temperatures in t h e  g a s i f i e r  vary from 
600" t o  16OO0F, t h a t  t h e  g a s i f i e r  opera tes  a t  1000 ps ig  with a product gas/  
coal feed r a t i o  of 1 5  SCF/lb, and t h a t  a rate of l o s s  of c a t a l y s t  in t h e  
product gas  of less than 1% of t h e  c i r c u l a t i o n  r a t e  of t h e  c a t a l y s t  in t h e  
g a s i f i e r  is acceptable .  With these assumptions, the  r e q u i s i t e  vapor pressure 
of  the  "semivola t i le"  c a t a l y s t  in the  h o t t e s t  s e c t i o n  and the  co ldes t  sec t ion  
of the g a s i f i e r  was ca lcu la ted  t o  be g r e a t e r  than  1.0 atmosphere a t  1600'F 
(870°C) but l e s s  than  10 mm Hg a t  600°F (315OC). 

i n  Table 1. 
condi t ions.  
a r s e n i c  p a r t i a l  p ressures  and moderate temperatures, more than 99% of the gas 
phase a r s e n i c  is expected t o  be present  as As Although l e s s  is 
k n m  about the  behavior  of cadmium, s t u d i e s  i a v e  shown t h a t  f i n e s  generated 
i n  coal  g a s i f i c a t i o n  a r e  highly enriched in cadmium, i n d i c a t i n g  "semivolat i le"  

Recently, IGT has  been exploring a process  concept t h a t  might avoid t h i s  

Three d i f f e r e n t  mater ia l s  have been undergoing t e s t i n g  by IGT a s  semi- 
These mater ia l s  were s e l e c t e d  based on an examination of 

The materials i d e n t i f i e d  to have t h e  proper physical  p roper t ies  a r e  shown 
Arsenic  in its elemental form is r e l a t i v e l y  s t a b l e  under reducing 
Some a r s i n e ,  AsH3, formation is expected; but a t  high t o t a l  

and As4-  
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Table 1. MATERIALS WITH VAPOR PRESSURES I N  THE DESIRED RANGE FOR A 
"SEMIVOLATILE" CATALYTIC COAL GASIFICATION PROCESS 

Temperature (OF) f o r  a 
Vapor Pressure of :  

1 atm 
Arsenic  819 1130 

- Element 10 mm HG 

Cadmium 903 
Cesium Hydroxide 1160 

1403 
1790 

behavior i n  t h e  g a s i f i e r .  Cesium hydroxide, on t h e  o ther  hand, is known t o  
enhance the  r e a c t i v i t y  of carbon towards steam.:! 
evidence f o r  t h e  v o l a t i l i t y  of cesium hydroxide under g a s i f i c a t i o n   condition^.^ 

This paper summarizes t h e  r e s u l t s  of 1) laboratory-scale  batch reac tor  
screening t e s t s  conducted t o  evaluate  the performance of a rsen ic ,  cadmium and 
cesium hydroxide as c a t a l y s t s  f o r  coa l  g a s i f i c a t i o n  and 2)  continuous bench- 
sca le  tests with cesium hydroxide, the most e f f e c t i v e  c a t a l y s t  t e s t e d  i n  the  
i n i t i a l  screening tests, t o  determine the  v o l a t i l i t y  of cesium hydroxide, 
1.e.. i t s  re lease  from t h e  char  before  discharge,  under continuous gas i f ica-  
t i o n  condi t ions.  

S tudies  have a l s o  presented 

EXPERIMENTAL 

of the pro jec t .  49 char  n a s i f i c a t i o n  tests were conducted in the  laboratory-  
Laboratory-Scale Screening Tes ts .  During t h e  c a t a l y s t  screening por t ion  

s c a l e  batch r e a c t o r  c a t a i y s t  t e s t i n g  u n i t  p ic tured  i n  Figure 1. 
is constructed of Rene 41 s t e e l  and i s  12-inches high with a 0.05-inch L.D., a 
2-inch O.D., and a 28-cm3 capaci ty .  The high temperature valve (Figure 1) has 
an extended s t u f f i n g  box which al lows the  body of the  valve t o  be located in 
t h e  furnace with t h e  reac tor .  This is necessary t o  avoid condensation of both 
t h e  steam and semivola t i le  c a t a l y s t  during the test. Tes ts  were conducted 
with devola t i l i zed  North Dakota l i g n i t e  and I l l i n o i s  No. 6 bituminous coa l  
chars .  The chars  were prepared in a separa te  1-inch-diameter f luidized-bed 
reac tor  with n i t rogen  a s  t h e  f l u i d i z i n g  gas. Analyses of the  chars  used i n  
the  study a r e  presented in Table 2. 

The batch r e a c t o r  char  g a s i f i c a t i o n  tests were conducted under t h e  
following condi t ions:  

Temperature: 1200", 1300", 1400'F 
I n i t i a l  Pressure:  -160 ps ig  
Gasifying Medium: Steam, Hydrogen 

4 Char P a r t i c l e  Size: -200 Mesh 
Char Residence Time:  3, 6 h 

Char Sample Weight: -200 mg 

The reac tbr  

Catalyst  Loading: 10 ut x 

The experimental procedure was as follows. With a r s e n i c  o r  cadmium, the char  
and the appropr ia te  amount of powdered metal were thoroughly mixed i n  a high- 
speed pulver iz ing shaker. 
weighed out and placed i n  a small  quar tz  test tube. A s u f f i c i e n t  amount of 
water ( -240~1)  was then added t o  t h e  mixture with a volumetric syr inge  such 
t h a t  t h e  r e s u l t a n t  water-to-carbon molar r a t i o  was 1. In t e s t s  with cesium 
hydroxide, a 50 w t  % s o l u t i o n  of cesium hydroxide in water was added t o  t h e  
char  in the  t e s t  tube. Addit ional  water was then added t o  give the  required 
waterlcarbon molar r a t i o  of 1. 

About 220 milligrams of the  mixture was then  
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Table 2. ANALYSIS OF THE CHARS USED I N  THE LABORATORY-SCALE 
BATCH REACTOR GASIFICATION TESTS 

North Dakota I l l i n o i s  No. 6 
L i g n i t e  Bituminous -------------- Wt X dry--------------- Elemental Analysis* 

Carbon 75.88 80.90 
Hydrogen 
Nitrogen 
Ash 

T o t a l  

0.58 
1.21 

0.65 
0.86 

20.86 14.16 
98.25 96.85 

* Carbon, hydrogen and n i t rogen  determined by ERBA analyzer  (Automated 
Elemental Analyzer) which was used t o  analyze residues of a l l  batch 
reactor  tests. 

The test tube conta in ing  t h e  char /ca ta lys t /water  mixture was placed into 
t h e  reac tor ,  the  r e a c t o r  was reconnected t o  the system, and the  system and 
reac tor  were then evacuated. To prevent los ing  the added water during evacua- 
tion, t h e  reaccor  was placed i n  a dry-icc bath t o  f reeze  the  water in t h e  test 
tube. After evacuat ing t h e  reac tor ,  the  dry-ice bath was removed, and t h e  
reac tor  was allowed t o  come t o  ambient temperature. The reac tor  was then  
placed into the  furnace  and was charged with s u f f i c i e n t  hydrogen (-160 psig)  
such t h a t  t h e  r e s u l t a n t  hydrogen-to-carbon molar r a t i o  is 1. 
reac tor  was charged w i t h  hydrogen, t h e  high-temperature valve was closed. the  
remainder of the  system was evacuated, and the furnace was allowed t o  heat  up 
t o  the  des i red  o p e r a t i n g  temperature. When the des i red  time had elapsed,  the  
furnace was turned of f  and opened, allowing t h e  reac tor  t o  cool t o  ambient 
temperature. 

The r e a c t o r  va lve  was then opened and the  t o t a l  system pressure was 
measured. This allowed the  t o t a l  moles of non-condensible gas i n  the  system 
a t  the end of t h e  test  t o  be calculated.  A sample of the  product gas  was then 
taken f o r  a n a l y s i s ,  and reac tor  was depressurized and opened. The test tube 
containing the  mixture  was removed from the  reac tor ,  and the  residue was 
submitted f o r  chemical  ana lys i s .  

Cesium hydroxide catalyzed and uncatalyzed char  
g a s i f i c a t i o n  tests were conducted i n  a 2-inch I . D .  bench-scale u n i t  (BSU). 
Nine t e s t s  were conducted in t h e  BSU wi th  North Dakota l i g n i t e  and I l l i n o i s  
No. 6 bituminous chars .  The chars  used i n  the BSU g a s i f i c a t i o n  tests were 
prepared in an IGT &inch I.D. fluidized-bed reac tor .  
used i n  t h e  g a s i f i c a t i o n  t e s t s  a r e  given i n  Table 3. The cesium hydroxide 
c a t a l y s t  (Alfa ProductsB) 
85 w t  .% cesium hydroxide. 
s o l u t i o n  under vacuum a t  105OC. 

It c o n s i s t s  of a reac tor  (2-inch I . D . ,  
39.125-inches long) and assoc ia ted  equipment f o r  feeding and measuring t h e  
flow r a t e s  of char ,  steam, referencelpurge gas (argon); f o r  c o l l e c t i n g  and/or 
measuring t h e  f low r a t e s  of res idue  char ,  l i q u i d  product, and product gas; and 
f o r  c o l l e c t i n g  r e p r e s e n t a t i v e  samples of t h e  product gas. 

feeder  from a pressur ized  feed hopper. while  t h e  res idue  char  i s  discharged 
from t h e  bottom of t h e  r e a c t o r  into a pressurized res idue  rece iver  by a 
discharge screw. 
reservoi r  into a steam generator  t h a t  provides steam f o r  the  reac tor .  

After  t h e  

Bench-Scale T e s t s .  

Analyses of t h e  chars  

was obtained a s  a hydrated s o l i d  conta in ing  about 
It w a s  deposi ted on t h e  char  by evaporation from 

The BSU is shown i n  Figure 2. 

In t h i s  u n i t  char  is fed  t o  t h e  top of the  reac tor  by a c a l i b r a t e d  screw 

A piston-type metering pump i s  used t o  pump water from a 
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Table 3. ANALYSES OF CHARS USED I N  THE BSU GASIFICATION TESTS 

Char 5 p e  
Proximate Analysis, w t  X; 

Moisture 
Vola t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysis, w t  % 
Ash 
Carbon 
Hydrogen 
Sulfur  
Nitrogen 
Oxygen 

North Dakota 
Ligni te  

6.06 
14.38 
64.69 
14.87 
100.00 

15.83 
71.25 

1.87 
1.54 
0.79 
8.72 

100.00 

I l l i n o i s  No. 6 
B i  t m i n o u s  

0.00 
2.34 

81.59 
16.07 

100.00 

16.07 
77.63 
0.91 
2.58 
1.11 
1.70 

100.00 

The reac tor  steam e n t e r s  the  bottom of the  reac tor  above t h e  discharge screw 
through a d i p  tube. Metered and preheated argon is added a s  an i n t e r n a l  
reference and c a r r i e r  gas and e n t e r s  the bottom of the  r e a c t o r  between dis-  
charge screw and the  e x i t  of the  steam d i p  tube. 

Eff luent  gases from the top of the r e a c t o r  pass through two water-cooled 
condensers in s e r i e s .  
and weighed. 
ana lys i s  by feeding a por t ion  of i t  i n t o  a water-sealed gas holder  during 
se lec ted  periods of each t e s t .  
t h e  t e s t  period for componential ana lys i s .  

In  a t y p i c a l  run, t h e  reac tor  was i n i t i a l l y  f i l l e d  with char  and/or a 
char /ca ta lys t  mixture. 
argon. The temperatures of the  reac tor ,  steam pre-heater, super-heater and 
l i n e  h e a t e r s  were then brought t o  operat ing temperatures in 1 t o  2 hours and 
(except f o r  Test 9) were maintained a t  these  values  f o r  the dura t ion  of t h e  
t e s t .  

furnace h e a t e r s  were turned on and continued t o  be c o l l e c t e d  f o r  3 hours a f t e r  
t h e  in t roduct ion  of the  steam t o  the  reac tor  (fixed-bed operat ing per iod) .  
Steam was  fed a f t e r  the  lower zones of the  r e a c t o r  reached 1400"F. 

Gas i f ica t ion  d a t a  were a l s o  co l lec ted  f o r  an a d d i t i o n a l  5 hours a f t e r  the 
3-hour fixed-bed operat ing period under moving-bed condi t ions.  
condi t ions were a t t a i n e d  during the  l a s t  two hours of t h e  movingbed operat ing 
period of Tes ts  2 and 3. "Steady-state" is defined as a condi t ion  wherein t h e  
reac tor  pressure is s t a b l e ,  t h e  temperature p r o f i l e  in the  bed, char  feed r a t e  
and bed height  a r e  e s s e n t i a l l y  constant .  

I n  t h i s  study product gas  compositions were determined by gas  chroma- 
tography. Feed and res idue  char  compositions and the  carbon content  of t h e  
condensate samples were determined by s tandard ASTM methods. Ihe cesium 
content of the  catalyzed feed and residue chars ,  steam condensate and t h e  
water used t o  r i n s e  t h e  r e a c t o r  and product gas e x i t  l i n e s  were determined by 
atomic absorpt ion spectroscopy. 

Af te r  each test was completed, t h e  weight of t h e  char  fed  w a s  determined 
by weighing the  char  i n i t i a l l y  charged t o  the  feed hopper and t h e  char  
remaining in t h e  feed hopper a t  t h e  end of the  test. 'Ihe res idue  char  was 

Ihe condensed l i q u i d s  a r e  drained into separa te  vesse ls  
An "al iquot"  sample of the product gas is taken f o r  componential 

"Spot" gas samples a r e  a l s o  taken throughout 

After  charging t h e  reac tor  the  system was f lushed v i t h  

Gas i f ica t ion  da ta  were c o l l e c t e d  beginning immediately a f t e r  t h e  reac tor  

Steady-state 
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a l s o  weighed a f t e r  t h e  t e s t .  
d ividing these  weights by t h e  measured char feeding t i m e .  

Results and Discussion.  
a rsen ic ,  cadmium and cesium hydroxide on t h e  r a t e  of g a s i f i c a t i o n  of l i g n i t e  
and bituminous c h a r  in t h e  laboratory-scale  batch reac tor  char g a s i f i c a t i o n  
tests. 
chars  a r e  expressed in Figures  3 and 4 a s  r e a c t i v i t y  r a t i o s ,  i .e.,  the  r a t i o  
of carbon conversions (X,) obtained in t h e  ca ta lyzed  tests and t h e  average of 
a l l  the  carbon conversions (Xc) in t h e  uncatalyzed t e s t s  a t  each tempera- 
tu re .  A r e a c t i v i t y  r a t i o  value of one (shown by t h e  hor izonta l  l i n e  i n  each 
f igure)  i n d i c a t e s  no e f f e c t  of the  c a t a l y s t  on t h e  char r e a c t i v i t y  by the 
c a t a l y s t .  

and 4,  i t  is apparent  t h a t  c e s i w  hydroxide is more e f f e c t i v e  than a r s e n i c  o r  
cadmium f o r  char  g a s i f i c a t i o n .  
increases  t h e  c a t a l y t i c  e f f e c t  of cesium hydroxide on t h e  bituminous char 
r e a c t i v i t y ,  but has  l i t t l e  e f f e c t  on t h e  l i g n i t e  char  r e a c t i v i t y .  

opera t iona l  problems prevented a l l  but Tests  2 and 3 from being conducted 
under continuous moving-bed condi t ions.  I n  Tes ts  4 and 5 (in which t h e  
c a t a l y s t  was placed i n  r e a c t o r  Zones 2 and 3 only) ,  the formation of a 
c l inker - l ike  mass blocked the  downward movement of the bed and, t h e r e f o r e ,  
prevented residue discharge.  I n  Tests 6 ,  7 and 9 ,  moving-bed condi t ions could 
not be a t t a i n e d  because t h e  ca ta lyzed  char  adhered t o  t h e  reac tor  w a l l s  and 
prevented residue discharge.  

The dry gas product ion r a t e s  f o r  t h e  t e s t s  with uncatalyzed and catalyzed 
bituminous char during the  reac tor  heat-up and t h e  fixed-bed operat ing per iods 
a r e  shown in Figure 5. The a d d i t i o n  of c a t a l y s t  t o  the  b i t m i n o u s  char  
increased the  gas production r a t e  by a s  much a s  72%. 

production r a t e s  than the  tests without c a t a l y s t .  In T e s t s  4 and 5,  t h e  
c a t a l y s t  was placed in t h e  h o t t e s t  zone of the  reac tor .  
o i t h  t h i s  d i s t r i b u t i o n  of c a t a l y s t  quickly increased t o  very high values  but 
then  decreased r a p i d l y  as  g a s i f i c a t i o n  proceeded, t o  t h e  r a t e s  obtained with 
t h e  uncatalyzed char .  
reactor ,  as was done in Tests 6 and 7 ,  r e s u l t e d  in g a s i f i c a t i o n  rates t h a t  
were i n i t i a l l y  s l i g h t l y  higher  than in the  t e s t s  with t h e  uncatalyzed chars  
b u t  t h e  r a t e  of g a s i f i c a t i o n  tended to  decrease less rap id ly  with t i m e .  
Although t h e  l i g n i t e  char  showed higher  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 v i t y ,  the  
c a t a l y s t  is 33% more e f f e c t i v e  i n  ca ta lyz ing  t h e  g a s i f i c a t i o n  of the  less 
reac t ive  bituminous a s  compared t o  the  l i g n i t e  char .  

fixed-bed opera t ing  per iods f o r  t h e  uncatalyzed and catalyzed bituminous char  
a r e  shown in Figure 6. 
increases  in the  ca ta lyzed  dry gas production rates in both the bituminous and 
l i g n i t e  char  g a s i f i c a t i o n  t e s t s .  I n  t h e  two l i g n i t e  g a s i f i c a t i o n  t e s t a ,  where 
t h e  c a t a l y s t  was concentrated i n  t h e  two h o t t e s t  zones of the  r e a c t o r  (Tests 4 
and 5). a small i n c r e a s e  in t h e  production r a t e  of carbon monoxide and methane 
r e l a t i v e  t o  the  hydrogen was observed. 

time f o r  both char  types during the  fixed-bed opera t ing  period. A s i g n i f i c a n t  
increase  in the  t o t a l  amount of carbon g a s i f i e d  is shown in the  catalyzed char 
tests. 
char was i n i t i a l l y  placed in t h e  reac tor  before  heat ing.  

Feed and residue char  r a t e s  were ca lcu la ted  by 

Figures  3 and 4 compare t h e  measured e f f e c t s  of 

The r e l a t i v e  r a t e  of g a s i f i c a t i o n  of t h e  uncatalyzed and catalyzed 

Although a g r e a t  d e a l  of s c a t t e r  remains i n  t h e  d a t a  shown in Figures  3 

Increasing the r e a c t i o n  temperature s t rongly 

A summary of t h e  BSU g a s i f i c a t i o n  t e s t s  is given in Table 4. A number of 

The t e s t s  wi th  catalyzed l i g n i t e  char  a l s o  showed cons is ten t ly  higher  gas 

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

D i s t r i b u t i n g  the  c a t a l y s t  evenly throughout the  

The dry gas c o n s t i t u e n t  production rates during t h e  reac tor  heat-up and 

Hydrogen and carbon dioxide account f o r  most of the  

Figures  7 and 8 compare t h e  cumulative carbon g a s i f i e d  a s  a func t ion  of 

The e x t e n t  of the  increase  i s  highly dependent on where t h e  catalyzed 
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The d i s p o s i t i o n  of t h e  cesium c a t a l y s t  i n  the  var ious s o l i d  and l i q u i d  
product streams from the  bench-scale reac tor  has been inves t iga ted .  The 
r e s u l t s  have thus f a r  ind ica ted  minimal movement of the cesium from i t s  
i n i t i a l  pos i t ion  under the  appl ied test condi t ions.  
higher  temperatures o r  lower pressures  might be required t o  e f f e c t  cesium 
v o l a t i l i z a t i o n  from t h e  char .  

Plans a r e  t o  conduct la rger -sca le  BSU tests, wherein t h e  opera t ing  
problems encountered i n  t h e  P i n c h  BSU might be avoided, t o  answer t h i s  
question. 

This suggests  t h a t  e i t h e r  
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OXYGEN CHEMISORPTION AS A TOOL FOR 
CHARACTERIZING "YOUNG" CHARS 

E. M. Suuberg, J. M. Calo, and  M Wojtowicz 
Division of Engineering 

Brown University 
Providence. Rhode Island 02912 

T h e  introduction of the concept of active surface area (ASA) as measured 
by oxygen adsorption [N. R. Laine, F. J. Vastola, and P. L. Walker, Jr., J. Phvs. m., a 2030 (1963)l has led in recent years t o  various attempts to  correlate char 
reactivity towards oxygen-containing gasification agents (e.& CO,). As may be seen 
from the literature, this approach has met with some, although not universal, success. 
Theories have been advanced which suggest that only a portion of active sites may 
participate in actual gasification reactions. 

Hampering a fundamental understanding of what the role of active sites 
might be is lack of information on their nature. A wide variety of conditions has 
been suggested f o r  measurement of ASA, generally involving temperatures in  the 
range f rom 100°C to 35OoC and oxygen pressures f rom fractions of a torr to 
atmospheric. Only in a few cases have these conditions been critically evaluated. In 
this paper, a series of experiments is reported upon, which seek to establish the 
importance of these conditions on determining the ASA of "young" chars (Le., not 
heat treated for extended times). 

1.0 Introduction 

Gasification of carbonaceous solids has historically been and remains an area 
of significant scientific and technological interest (1-7). I t  has been well established 
that the reactivity of char to  gasification generally depends upon three principal 
factors: (a) the concentration of "active sites" i n  the char; (b) mass transfer within 
the char; and (c) the type and concentration of catalytic impurities in  the char. This 
paper is concerned with the nature of the active sites, and  attempts to elucidate 
further what is normally being measured a s  active sites. I t  has been shown, or at 
least implied, by the results of various workers that active surface area (ASA) is a 
better predictor of  char  reactivity than is total surface area (TSA) (8-10). The most 
frequently employed technique for  determining active sites in  chars is oxygen 
chemisorption (8-16). 

The  gradual pyrolytic evolution of hydrocarbons (possibly including 
heteroatoms) to highly carbonaceous solids is accompanied by dramatic changes in the 
gasification reactivity of such materials. Here we are concerned with the gasification 
behavior of chars tha t  have already undergone active pyrolysis in which most 
hydrocarbon gases and  tars a r e  evolved. The  issues involved in transient high rate 
hydrogasification or steam reactivity during pyrolysis (e.g., 1, 17, 18) are not 
addressed here. 

Active sites in  relative!y pure carbons a re  normally thought to be associated 
Work with graphite has 

The majority 
with various types of imperfections in the carbon structure. 
suggested the important role of carbon crystallite edges or dislocations. 
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of mechanistic theories of carbon gasification a r e  based o n  the "pure-carbon-surface- 
imperfections" model. This is appropriate for chars that have been heat-treated a t  
high temperatures for  extended periods of time and thus have relatively low residual 
oxygen and hydrogen contents (Le., "old" chars). Some caution must be exercised in 
applying results obtained from pure carbons to  "young" chars. This point will be 
considered further.  below. 

Carbon gasification theories a re  based largely upon chemisorption-desorption 
mechanisms (some also allow f o r  surface diffusion of intermediates). There is some 
evidence to suggest that the same type of oxygen-carbon complexes are involved in  
oxygen, steam, and carbon dioxide gasification (2.19). A correlation has also been 
demonstrated between active sites involved in hydrogen gasification a n d  those 
involved in carbon dioxide gasification, although there is no direct proof that the 
sites involved a r e  indeed the same in both cases (1). There is, however, a 
legitimate concern that the concept of "active sites" may be too broad, and that 
active sites may in  fact  be quite different in  "young" chars than in "old" chars. It is 
the issue of what exactly is being measured by oxygen chemisorption which will be 
addressed in this paper. 

There exists a distinction between "active" sites tha t  are reactive and  those 
that a r e  nonreactive a t  a given temperature. f h e  reactive "active" sites are 
responsible f o r  the release of surface carbon oxides, while the nonreactive "active" 
sites will chemisorb oxygen but will not release surface oxides a t  the temperature 
under consideration. Raising the temperature of the carbon converts some 
nonreactive to reactive "active" sites (5,8). This mechanism, combined with the 
expected Arrhenius-type enhancement of chemical reaction rates, results in  increasing 
gasification rate with temperature. 

The  preceding effect, however, is not always observed, and thus other 
factors must also play a role. For example, i t  has been observed that the rate of 
carbon combustion normally increases with increasing temperature, up  to about 1500K. 
In the 1500-2000K temperature range, however, i t  has of ten  been noted that the rate 
of combustion actually decreases with increasing temperature ( 5,20-23). One 
explanation for this behavior is known a s  "thermal annealing" (3,5,24-26). This 
same effect  has also been postulated as being responsible for  a decrease in reactivity 
towards other gases as well (1.27.28). There is a trend towards lower reactivity 
with increased time and temperature of char heat treatment ( 1.29-35). This 
behavior reflects a progressive and continuous ordering of the remaining carbon and 
is actually a n  extension of the pyrolysis process. 

I t  would, therefore, seem logical to  associate the temperature dependence of 
the annealing process in  chars with the activation energies of the latter phases of 
pyrolysis; Le., 100 to 200 kcal/mol typical for high temperature H, release (36) and 
graphitization (3-0,  respectively. In fact ,  this range is consistent with the results of 
a few studies on pure, relatively graphitic carbons (21.26). The values of 
annealing reaction activation energies derived from experiments with younger chars 
have been generally lower, however. 

In the present study, we examine the chemisorption behavior of relatively 
young chars only, so in comparing this study to those on graphites or chars produced 
by prolonged heating a t  high temperature, caution must be exercised. In this study, 
the effects Of temperature and oxygen pressure on chemisorption behavior a re  
considered. 
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Exoerimental 

Two different  kinds of chars were examined in the course o f  this study. 
One was prepared f r o m  pyrolysis of a previously demineralized North Dakota lignite, 
t he  composition of which is shown i n  Table 1. Demineralization was accomplished 
by washing the sample with HCI, followed by H F  and again followed by HCI, 
according to the technique of Bishop and Ward (38). The residual mineral matter 
content of the l ignite was determined to  be approximately 0.8%. The  other char 
which was examined was derived from a phenol-formaldehyde resin, carefully 
synthesized so as to avoid any cation contamination. 

Table I 

c Y N S  Ash 
North Dakota Lignite' 65.6 3.6 1.1 0.8 11.0 

Phenolic Resin 13.9 5.5 0 0 0 

Phenolic Resin Char* 81.2 1.6 0 0 0 

All analyses on a weight percent, dry basis. Oxygen by difference.  
'The analysis is for the as-received lignite, prior to demineralization. 
*Pyrolysis as  indicated in  the text. 

Q 

17.9 

20.6 

11.2 

Both samples were pyrolyzed at  similar conditions. Pyrolysis was performed 
under inert  gas (helium). The resin samples were heated a t  a rate of 4 to S°C/min 
to a maximum temperature of 950°C, held for about 2 hours a t  temperature, and 
then cooled to room temperature a t  a rate of 2 to 2S0C/min. Samples were never 
permitted to contact oxygen while a t  high temperatures, except during the actual 
chemisorption experiments. The  weight loss during pyrolysis was approximately 40%. 
T h e  total surface a rea  of chars produced this way was roughly 300m2/g. The 
lignite sample was heated a t  a rate of about 3'C/min to 1000°C, held at this 
temperature for  2 hours, and then cooled to room temperature a t  a rate  comparable 
to the heating rate. The weight loss o f  the lignite during pyrolysis was 42.3%. 

Prior to chemisorption, samples were always outgassed for about 2 hours a t  
95OoC, under helium. 

Generally, chemisorption was performed in a TGA type device. About 
50-100 mg of powdered sample was placed in  a q u a r t f b u c k e t ,  the system tared, and 
mass change followed as  a function of time, a t  the desired oxygen partial pressure 
a n d  temperature. Experiments were performed to assess the effects of oxygen 
pressure and temperature on oxygen chemisorption behavior. 

Effect Of Temoerature on Oxvaen Chemisorotion Behavior 

There exists a voluminous literature on low temperature oxidation of coals 
and  a significant number of studies on low temperature oxidation of chars. 
Generally, the analysis of oxygen uptake in these systems has been analyzed in terms 
of the Elovich equation, expressed as  

dq/dt  = a exp(-bQ) 

188 



where q is  the amount of oxygen chemisorbed per gram of char, and  a and b a re  
constants. Recent work on 5SOoC cellulose char has shown the data  on oxygen 
uptake at temperatures between 74 and  207OC to be reasonably f i t  by this equation, 
and implies a l inear increase in chemisorption activation energy from 13 to 25 
kcal/mol with increasing extent of uptake (39). These da t a  were interpreted, together 
with ESR data,  to suggest that  f a r  more oxygen is chemisorbed than there are  free 
radical sites initially available. A chain reaction via peroxy radicals was ruled out 
on the basis of the high activation energies. A Diels Alder reaction was postulated, 
but not vigorously supported. This is representative of the uncertainty concerning 
oxygen uptake mechanisms on chars. The mere fact  that  the Elovich equation fi ts  
data does l i t t le to establish mechanism; as has been pointed out, the Elovich equation 
may be consistent with several different types of sorption isotherms (5 ) .  Its validity 
in  interpreting results from porous samples has been questioned a s  well (40). 

I t  is against this background of uncertainty in  mechanism that  the data  on 
the effect  of temperature on chemisorption are  analyzed. Generally, a fresh young 
char  surface, when first  exposed to oxygen, rapidly picks u p  oxygen and then 
continues to pick up  oxygen a t  an ever decreasing rate fo r  many hours subsequently 
(consistent with the form of the Elovich equation). 

The effect  of temperature on the amount of oxygen chemisorbed by a char 
has been studied to a limited extent previously. An Australian brown coal char 
pyrolyzed for  more than 10 hours a t  1000°C showed a trend of increasing oxygen 
capacity with increasing temperature of chemisorption between 25 and 2OO0C (41). 
Experiments with a higher rank coal char prepared a t  similar temperatures showed 
that  oxygen capacity increased with temperature only up  to about 100°C (16), while a 
S50°C cellulose char  showed increasing oxygen uptake with increasing temperature up 
to a t  least 207OC (39). An activated graphon (highly graphitized carbon black) 
showed increasing chemisorption capacity with increasing temperature u p  to a t  least 
SSOOC (13). The actual temperature dependence of saturation amounts of uptake was 
seen to be quite complex (12). 

As a result of the uncertainty concerning the effect  of temperature on 
chemisorption behavior, several tests were performed with the chars of interest i n  this 
study. In both series of experiments, chars with initially clean surfaces were 
subjected to "staircase" temperature profiles under an  atmosphere of dry air. Figure 
1 shows the results of these tests. In the case of the resin char, there is evidence 
for  increased capacity with increasing temperature up to 3OO0C, a t  which temperature 
the mass begins to decrease due  to decomposition of the surface oxides. In the case 
of the lignite char, the effect  of temperature is much less pronounced a n d  mass loss 
becomes evident a t  2SOoC. 

Thus, it must be concluded that  the effect  of temperature on chemisorption 
may vary widely from char to char, and there is a legitimate question as to what 
exactly is being measured a t  any arbitrary condition. Depending upon the situation, 
the maximum uptake may be an  art ifact  due to competing processes of continued 
chemisorption and desorption of complexes. In the case of the resin char, the 
apparent activation energy for  the high temperature decomposition process is 29 
kcal/mol. 

Effect of OXVRen Pressure on Chemisorotion Behavior 

The effect  of oxygen pressure on chemisorption behavior has also been 
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studied to only a limited extent previously. I t  was found for 1000°C Australian 
brown coal char that  both reversibly sorbed and chemisorbed oxygen increased in 
amount with increasing pressure of oxygen (from 161 torr to 760 torr)  (41). On the 
other hand, a sample of higher rank coal char  which had been pyrolyzed at  1000°C 
showed no variation in  oxygen chemisorption capacity fo r  pressures ranging from 
about 7.6 torr t o  760 torr (16). I n  another study, a graphon sample displayed oxygen 
chemisorption capacity which was markedly pressure dependent in the pressure range 
0.5 torr to 700 torr (13). The  increase in oxygen chemisorption with oxygen pressure 
was also observed at  high temperatures (615OC. 42). 

In seeking to better characterize oxygen chemisorption as a diagnostic 
technique, a series of experiments was conducted in  the present study a t  various 
partial pressures of oxygen. The results of these tests are  shown in Figure 2. It is 
apparent that  the partial  pressure of oxygen has a marked influence on the rate of 
uptake of oxygen, and apparently, on the ultimate oxygen capacity of the sample. 

Conclusions 

The obvious conclusion that  can be drawn from this work is that  oxygen 
chemisorption can hardly be termed a site-specific analytical technique, a t  least when 
applied t o  typical young chars. The fact  that  apparent oxygen capacities are  
sensitive to temperature and  pressure does not necessarily imply that oxygen 
chemisorption is not useful as a correlative tool; it has been shown that active site 
concentrations, as  measured by chemisorption of oxygen, do  correlate reasonably well 
with char  reactivity in several cases (e.g., 8,9). Still, the  solid evidence fo r  the 
relationship between chemisorbed oxygen complexes and  gasification have come mainly 
f rom a series of very careful studies on very "old" chars, oxidized a t  moderate 
temperatures (8,ll-15). 

This  raises the question as  to what value oxygen chemisorption techniques 
a r e  in characterizing young chars. Clearly, as a characterization technique, 
chemisorption is diff icul t  enough so as  to make actual gasification reactivity tests 
look more attractive, if this is t he  information which is actually desired. At present, 
when applied to young chars, the oxygen chemisorption technique must derive i ts  
value f rom being a tool for  studying the actual mechanism of gasification of these 
materials. 
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IN-MINE VARIATION AND ITS EFACTS ON COAL GASIFICATION 
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Grand Forks, Nor th Dakota 58202 

Abstract 

As reported e a r l i e r  (1). f o u r  d i f f e r e n t  l i t h o l o g i c  layers have been i d e n t i f i e d  
i n  t h e  Freedom Mine (Mercer County, Nor th Dakota) which suppl ies t h e  l i g n i t e  f o r  t h e  
Great P la ins G a s i f i c a t i o n  Associates p l a n t  i n  Beulah, Nor th Dakota. The layers were 
i d e n t i f i e d  on t h e  bas i s  of r e a d i l y  observable megascopic cha rac te r i s t i cs  i ncludi ng 
l u s t e r ,  f r a c t u r e  c h a r a c t e r i s t i c s  and t h e  presence of c l a y ' a d  s i l t  zones. L i g n i t e  
sampled fran each of t h e  f o u r  layers has been pyro lyzed i n  a bench scale reac to r  
system designed t o  s i m u l a t e  t h e  product ion of gas l i q u o r  condemate fran the  
py ro l ys i s  zone of an actual  g a s i f i e r .  The y i e l d s  of water-soluble organic  e f f l u e n t s  
fra each of t h e  l aye rs  were found t o  d i f f e r  s i g n i f i c a n t l y ,  p a r t i c u l a r l y  t h e  y i e l d s  
of phenol, cresol  and catechol .  

I n t r o d u c t i o n  

The treatment and removal of water-soluble organic e f f l u e n t s  fran wastewater i s  
an impor tant  i ssue  f a c i n g  coal g a s i f i c a t i o n  technology. The extent  of treatment i s  
governed by the  reuse o r  env i ronmenta l ly  acceptable disposal of t h e  wastewater. 
Downstream e f f l u e n t  t reatment  i s  a l so  dependent on t h e  nature and q u a n t i t y  of t a r s  
p y r o l y s i s  and d e v o l a t i l i z a t i o n  react ions i n  t h e  upper p o r t i o n  of t h e  g a s i f i e r .  It 
i s  des i rab le  t o  develop a l abo ra to ry  t e s t  t o  s imulate t h e  product ion of water- 
s o l u b l e  organic e f f l u e n t s  fran a g a s i f i e r ,  thereby e l i m i n a t i n g  expensive p i l o t - p l a n t  
t es ts .  Such a t e s t  c o u l d  even tua l l y  be a method of assessing t h e  g a s i f i c a t i o n  
p o t e n t i a l  of var ious coals, and t h e  r e s u l t i n g  da ta  base would be h e l p f u l  i n  
designing e f f l uen t  t reatment  systems f o r  g a s i f i c a t i o n  p lants .  

I n  working towards t h e  development of such a t e s t ,  t h e  technique was found t o  be 
s e n s i t i v e  t o  changes i n  coa l  q u a l i t y  which occur  w i th ing  t h e  same mine. With the  
d iscovery of d i s t i n c t  l i t h o l o g i c  l a y e r i  ng w i t h i n  a mi  ne which suppli  es coal t o  an 
actual  cmmerc ia l  g a s i f i e r ,  an i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of in-mine v a r i a t i o n  
on  coal g a s i f l c a t i o n  was i n i t i a t e d .  

Expe ri ment a1 

A laboratory  sca le  t u b u l a r  reac to r  was const ructed which al lows f o r  t he  
p y r o l y s i s  of up t o  f i v e  grams o f  coal i n  a v a r i e t y  o f  gas atmospheres. A Lindbergh 
s p l i t - t y p e  furnace with a maximum temperature of 1100 C and a programmable heating 
r a t e  of S"C/min. t o  45OC/min. al lowed f o r  rep roduc ib le  heat ing of t h e  samples. A 
l i q u i d  n i t rogen cooled t r a p  was used f o r  t h e  c o l l e c t i o n  of water-soluble organic 
eff luents. A f te r  complet ion of t h e  experiment t h e  t r a p  was allowed t o  warm t o  above 
0°C and the water-so lub le organics analyzed by gas chranatography (2). 

The coal samples used i n  t h i s  s tudy were c o l l e c t e d  a t  t h e  Freedom Mine (Mercer 
County, North Dakota). The samples were ground t o  -60 mesh and pyrolyzed i n  a 
n i t r o g e n  atmasphere us ing  a heat ing r a t e  of 45"C/min. and a f i n a l  temperature of 
85OOC. 

TOSCO Materi a1 Balance Assays were prov ided by J A Associates. Inc., Golden. 
Colorado. The procedure has been described elsewhere (3). 
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Standard q u a n t i t a t i v e  maceral analyses (4 )  were performed on representat ive 
L i g n i t e  samples were prepared f o r  samples from each of t h e  f o u r  l i t h o l o g i c  layers.  

micropetrographic analys is  as described i n  ASTM procedures (5 ) .  

Results and Discussion 

Duri ng a mi ne study i n May 1984, major  l i t h o l o g i c  u n i t s  occurr i  ng as layers i n  
t h e  Beulah-Zap bed of t h e  Sent ine l  B u t t e  Formation (Paleocene) were observed. The 
seam was subdivided i nto f o u r  li thologi  c u n i t s  on the  basis of o v e r a l l  megascopic 
c h a r a c t e r i s t i c s  (F igure 1). The c r i t e r i a  f o r  these subdiv is ions were: 

1. appearance of the  broken surfaces of t h e  u n i t s  on a l a rge  sca le  as they appear 

2. l u s t e r  of t h e  coal; 

3. f r a c t u r e  cha rac te r i s t i cs ,  hardness and sur face appearance of t h e  coal on a small 
sca le  (1-10 cm); 

4. presence of l i t h o l o g i c a l l y  d i s t i n c t  u n i t s  i nc lud ing  t h i n  layers of fragmental 
coal ,  c l a y ,  and s i l t  layers and concret ionary zones. 

There i s  evidence t o  suggest t h a t  the u n i t s  are not e n t i r e l y  l o c a l  i n  extent  but 
p e r s i s t  wide ly  i n  t h e  Beulah-Zap bed (6). 

L i g n i t e  was sampled from each of t h e  f o u r  layers i n  a v e r t i c a l  sequence w i t h  t h  
samples being c o l l e c t e d  w i t h i n  a few meters of each other. The samples wen 
pyrolyzed as described above and t h e  water-soluble organic e f f l u e n t s  wert 
analyzed. The y i e l d s  of t h e  water-soluble organics from each of these f o u r  samples 
and t h e i r  corresponding proximate and u l t i m a t e  analyses are g iven i n  Table 1. Based 
on t h e  py ro l ys i s  y i e l d  data, t he  top  t h r e e  layers appear t o  be q u i t e  s i m i l i a r .  
However, l a y e r  f o u r  shows considerable d i f ferences i n  the  y ie lds  o f  methanol, 
phenol, cresols  and catechol. I n  f a c t ,  l a y e r  f o u r  appears t o  be an e n t i r e l y  
d i f f e r e n t  coal. Layer f o u r  i s  separated fran t h e  o the r  th ree  layers by a l o c a l l y  
t h i n ,  i no rgan ic - r i ch  zone o r  c l a y  l aye r ,  suggesting t h a t  a marked d i f f e r e n c e  i n  the 
depos i t i ona l  environment could have occurred. The proximate and u l t i m a t e  analyses 
f o r  t h e  f o u r  layers are q u i t e  s i m i l i a r ,  however, and provide no explanat ion as t o  
why the  f o u r t h  l a y e r  should behave so d i f f e r e n t l y  upon py ro l ys i s  than t h e  other  
t h r e e  layers.  I n  p a r t i c u l a r ,  a comparison o f  maf u l t i m a t e  data f o r  l a y e r s  2 and 4 
shows great  s i m i l a r i t y ,  y e t  py ro l ys i s  y i e l d s  o f  water-soluble organics are r a d i c a l l y  
d i f f e r e n t .  This suggests t h a t  a p lan t  operator could not r e l y  on r o u t i n e  coal 
analys is  as t h e  p r e d i c t o r  of wastewater cha rac te r i s t i cs .  

The data from t h e  TOSCO Ma te r ia l  Balance Assays a re  given i n  Table 2. The most 
obvious d i f f e rence  i s  t he  t a r  y i e l d s  f o r  t h e  f o u r  layers. There i s  a 44% decrease 
i n  t a r  y i e l d  between l a y e r  1 and l a y e r  2. The y i e l d s  of water, CO and C 1  a l so  
d i f f e r  s i g n i f i c a n t l y  between the  f o u r  layers.  However: u n l i k e  w i t h  t h e  water- 
so lub le  organic e f f l u e n t  data, t h e  f o u r t h  l a y e r  doesn't  stand out as being d i f f e r e n t  
f r a n  t h e  o the r  th ree  layers. 

Petrographic analyses f o r  t h e  f o u r  layers are presented i n  Table 3. Un l i ke  t h e  
p r o x i m t e  and u l t i m a t e  analyses, which suggest l i t t l e  d i f f e rence  between t h e  f o u r  
layers,  t h e  petrographic analyses i n d i c a t e  t h a t  t he re  might be considerable organic 
s t r u c t u r a l  d i f ferences between t h e  layers.  There ex i s t s  a good c o r r e l a t i o n  between 
catechol y i e l d s  upon py ro l ys i s  and t h e  amount of corpohuminite found i n  each 
layer .  A l i n e a r  est imat ion of t he  data r e s u l t s  i n  a c o r r e l a t i o n  c o e f f i c i e n t  of 
0.92. 

i n  t h e  h igh  wa l l ;  
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Table 1. Pyro l ys i s  Y ie lds  f o r  Four L i t h o l o g i c  Layers i n  t h e  Freedom Minea 

(TOP) 
Layer 1 

(Bottom) 
Layer 4 Layer 2 Layer 3 Coal 

Compound: 

- 
Methanol 990 

1350 
24 0 
360 
70 

10 10 
1320 
250 
340 
130 

94 0 
1490 
26 0 
420 
28 0 
1800 
580 
600 
720 
1200 

1590 
1420 
190 
350 

Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propi oni tri 1 e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol ' 

190 
3820 
980 
1190 

2110 
610 
680 
710 
990 

~~. 

1720 
520 
570 
630 1420 

3150 1010 

Proximate Analysis 
(as rec 'd ;  % by w t ) :  

Mo is tu re  
V o l a t i l e  mat ter  
F ixed carbon 
Ash 15.55 

23.51 
29.32 
31.61 
6.40 

23.1 1 
33.93 
36.56 
4.94 

27.93 
34.22 
32.91 
4.72 

30.62 
36.74 
27.93 

4.66 
68.20 
1.08 
2.75 
23.30 

5.09 
69.14 
1.11 
0.66 
23.99 

4.75 
70.37 
1.12 
0.68 
23.09 

5.13 
69.32 
1.07 
0.84 

Hydrogen 
Carbon 
Ni t rogen 
S u l f u r  
Oxygen 23.65 

aCornpound y i e l d s  a re  repor ted i n  micrograms/g maf coal. 

Table 2. TOSCO Mate r ia l  Balance Assay 

Normalized Values (Moisture Free) 
Layer 2 Layer 3 

67.1 10 3.7 
8.2 12.7 

333.5 329.0 
3597.1 3627.6 

192.3 158.7 
23.1 19 .o 

1407.1 1408.5 

F ischer  Assay Y ie lds  

Tar ( l b / ton )  
(ga l / t on )  

Gas ( l b / ton )  
(scf / ton)  

Water ( l b / ton )  
(ga l / t on )  

Char (1 b / ton )  

H ( l b / t o n )  
C 6  ( l b / ton )  
C02 ( l b / t o n )  
C1 ( l b / ton )  

Layer 1 

119.3 
14.6 

31 1.9 
3311.0 

129.9 
15.6 

1438.9 

Layer 4 

89.1 
10.9 

306.6 
3402.9 

191.2 
22.9 

1413.1 

1.14 
40.89 
224.00 
20.6 3 

1.22 
30.76 
243.2 3 
17.44 

1.11 1.33 
37.51 36.85 
256.50 251.62 
19.78 22.32 
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Table 3. Petrographic Analyses o f  Freedom Mine, Four L i t h o l o g i c  Layers 

Maceral Analysis 
(% Volume) 

Humani t e  Group 
Ulmi  ni t e  
Humodetri n i  t e  
Geli  ni t e  
Corpohumi n i  t e  

L i p t i  ni t e  Group 
Spori ni t e  
Cuti  ni t e  
Resi ni t e  
Suberi n i  t e  
A1 gi ni t e  
L i  p tode t r i  ni t e  
F luo r i  ni t e  
Bi tumi n i  t e  

Layer 1 

35.5 
25.2 
0.5 
1 .o 

0.9 
0.7 
2.7 
0 .o 
1.2 
5 .O 
0.0 
0 .o 

Layer 2 

38.9 
23.1 
0.4 
2.6 

2.4 
0.5 
1.9 
0.5 
0.4 
5.9 
0.4 
0 .o 

Layer 3 

38.2 
21.9 
1.4 
2 .o 

1.4 
0.5 
0.9 
0.4 
0.9 
3.8 
0.0 
0 .o 

Layer 4 

42.8 
18.0 
1.3 
6.2 

3.3 
0.5 
1.7 
1.5 
1.2 
5.3 
0.0 
2.0 

I n e r t i  n i  t e  Group 
Fusi ni t e  4.5 4.6 8.5 2.7 
Semifusi n i  t e  6.8 8.1 7.2 5.3 
Macri ni t e  0.7 0.5 0.2 0.0 
Sc le ro t i  n i  t e  0.3 0.5 0.4 0.3 
I n e r t o d e t r i  ni t e  8.9 7.6 8.5 4.2 
M i c r i  ni t e  1.3 0.7 1.8 1.3 

Conclusions 

The canposi t ion o f  gas l i q u o r  condensate can vary g r e a t l y  due t o  va r ia t i ons  
w i t h i n  an i n d i v i d u a l  seam. The samples used i n  t h i s  s tudy were c o l l e c t e d  w i t h i n  a 
few meters o f  each o the r  bu t  i n d i c a t e  s i g n i f i c a n t  v e r t i c a l  v a r i a t i o n  e x i s t s  i n  a 
p a r t i c u l a r  mine. The u l t i m a t e  analyses of these laye rs  are v i r t u a l l y  i d e n t i c a l ,  bu t  
t he  actual chemistry, as evidenced by t h e  p y r o l y s i s  r e s u l t s  and t h e  TOSCO Mate r ia l  
Balance Assays, i s  very d i f f e r e n t  fran l a y e r  t o  l aye r .  These d i f f e rences  could 
r e s u l t  i n  subs tan t i a l  changes i n  wastewater canpos i t i on  and o p e r a b i l i t y  o f  a 
ta r /wa te r  separator i n  an actual  g a s i f i c a t i o n  p l a n t  when coal  fran d i f f e r e n t  layers 
i s  gas i f i ed .  

Petrographic analys is  r e f l e c t s ,  t o  an extent, t h e  s t r u c t u r a l  chemistry of t he  
coal because t h e  macerals genera l ly  de r i ve  from d i f f e r e n t  k inds of p l a n t  
const i tuents ,  and these o r i g i n a l  p lan t  cons t i t uen ts  i n  t u r n  have d i f f e r e n t  
s t ructures.  Therefore, petrography should be a use fu l  p red ic to r  of some py ro l yza te  
yi  e l  ds . 

Reasonably steady operat ion of wastewater treatment p lan ts  and ta r /wa te r  
separators depend on havi ng reasonably steady wastewater composit ion and t a r  
production, o r  a t  l e a s t  t h e  a b i l i t y  t o  p r e d i c t  these i n  advance. I n  order  t o  
achieve t h i s  i t  i s  impor tant  t o  cha rac te r i ze  t h e  py ro l ys i s  behavior  of t h e  coal 
layers t o  prov ide f o r  blending o r  p r e f e r e n t i a l  mining arrl s e l e c t i v e  u t i l i z a t i o n .  
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1.0 

1.0 
P 

1.0 

1.0 

0. 0 

OVERBURDEN 

LICNITE. DULL to MODERATELY BRICHT, FRACTURES 
EASILY ALONG BEDDING PUNES. SOMEWHAT FRACMENTAL 

LIGNITE. VERY FRAGMENTED WITH BLOCKY FRACTURES. 

LIGNITE, BRIGHT to VERY BRICHT. MASSIVE STRUCTURE 
DOES NOT FRACTURE ALONG BEDDINC PLANES. 

LIGNITE. MODERATELY BRIGHT to BRIGHT. VERI  MASSIVE, 
VERY W R D  and RES1STANf 10 FRACTURING. 

- 1 INOR(.*NIC ZONE?. CONTACT W Y  BE MARKED BY 
CUYEY andlor CONCRETIONARY ZONE 

L I M I T E .  DULL UI VERY DULL, W R D  but BRITTLE, 
ABUNDANT DISSEMINATED FINE PYRITE CRYSTALS. 
FEW BEDDINC PLANES or FRACTURES. SHARP CONTACT 
with UNDERCLAYS 

UNDERCLAY 

F igu re  1. L i t h o l o g i c  u n i t s  of the Beulah-Zap l i g n i t e  bed as described a t  the 
Freedom Mine. 
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VARIATIOliS Ils CEm lwAclTm VIRI COAL TYPE Am PWOLYSIS wmmotas 
P e t e r  R Solomon, Michael A Ser io  and Steven G. Heninger 

Advanced Fuel  Research, Inc. 87 Church S t r e e t ,  East  Hartford, CT 06108 

Understanding char  r e a c t i v i t y  is important  s ince  the consumption of char  is the  
s lowest  and, t h e r e f o r e ,  the  c o n t r o l l i n g  process in combustion o r  gas i f ica t ion .  
Reviews of char  r e a c t i v i t y  (1.2) demonstrate t h a t  there  is a wide v a r i a t i o n  in 
observed r e a c t i v i t i e s .  
v a r i a t i o n s  (one and h a l f  o rders  of magnitude) in char r e a c t i v i t y  wi th  method of 
formation. S i m i l a r l y ,  Ashu e t  a l .  (4) found an enhanced r e a c t i v i t y  of  char  caused by 
rapid hea t ing  of the  precursor  coal. More recent ly ,  in a v e r t i c a l  tunnel  furnace, 
Essenhigh and Farzar  (5) measured very rapid burnout times f o r  s m a l l  coa l  p a r t i c  es. 
They ascr ibed t h i s  t o  t h e  f i r i n g  condi t ion whichkave r a t e s  of heat ing in t h e  10 K/s 
regime, compared w i t h  the  more usual  value of 10 
Nsakala has repor ted  a v i d e  v a r i a t i o n  in r e a c t i v i t y  associated wi th  rank (6). 

The g a s i f i c a t i o n  or combustion reac t ions  of char  a r e  genera l ly  descr ibed a s  f a l l i n g  
i n t o  three  r a t e  c o n t r o l l i n g  regimes where the r e a c t i o n  r a t e  is l i m i t e d  by: 
i n t r i n s i c  r e a c t i v i t y  of t h e  char  i t s e l f ,  2 )  d i f f u s i o n  of reactar . ts  w i t h i n  t h e  char 
pores, and 3) d i f f u s i o n  of r e a c t a n t s  between t h e  char ' s  surface and t h e  ambient 
atmosphere. In t h i s  work t h e  focus is on the  i n t r i n s i c  r e a c t i v i t y  where the  
cont ro l l ing  f a c t o r s  are the  surface area,  a c t i v e  s i te  densi ty ,  and c a t a l y t i c  e f f e c t  
of minerals. The o b j e c t i v e  or the  s tudy descr ibed here  vas  t o  determined how these 
f a c t o r s  vary wi th  c o a l  rank, char  formation condi t ions and minera l  matter content. 

This  paper r e p o r t s  on an empir ica l  s tudy of the  r e a c t i v i t y  of a s e t  of chars from a 
v a r i e t y  of d i f f e r e n t  c o a l s  prepared by pyro lys i s  a t  heat ing r a t e s  between 0.5 and 
20,000°C/sec t o  tempera tures  between 400 and 1600'C. R e a c t i v i t i e s  were measured 
with a TGA. using t h e  widely used method of monitoring the weight l o s s  a t  constant  
temperature i n  the  presence of 02 or  C02. 
weight l o s s  v a s  measured while  the  sample vas  heated a t  a constant  heat ing r a t e  in 
the  presence of the  r e a c t i v e  gas. This  method has  t h e  advantage t h a t  t h e  same 
condi t ions can be used f o r  chars  of widely varying reac t iv i ty .  
by the two methods c o r r e l a t e d  w e l l  wi th  each other. 
c o r r e l a t i o n s  of t h e  r e a c t i v i t i e s  wi th  t h e  char formation condi t ions and t h e  char 
proper t ies  ( inc luding  sur face  a rea ,  hydrogen concentrat ion and minera l  concentration). 

BxpEBIlIEarAL 

Work descr ibed by Snoot (3) h i g h l i g h t s  t h e  very l a r g e  

b 
K/s i n  slower burning flames. 

1) 

A new technique v a s  developed in which the 

R e a c t i v i t i e s  measured 
The paper w i l l  p resent  

Char  P r e p a r a t i o n  - Chars f o r  t h i s  s tudy were prepared from the  200 x 325 mesh sieved 
f r a c t i o n s  of c o a l s  and l i g n i t e s  l i s t e d  in Table I. 
PYro~Ysis  i n  an i n e r t  atmosphere in one of four  reactors :  
en t ra ined  f low r e a c t o r  (EFR) (7.8) with  coa l  p a r t i c l e  temperatures  between 650 and 
1600°C a t  hea t ing  r a t e s  of N1O,OOO°C/sec; 2) a heated tube reac tor  (9) wi th  coa l  
P a r t i c l e  temperatures  between 650°C and 950°C a t  heat ing r a t e s  of  IV 20,000°C/sec; 3) a 
thermogravimetr ic  ana lyzer  (TGA) wi th  c o a l  p a r t i c l e  temperatures  of 450°C to  900°C a t  
heat ing r a t e s  of OS°C/sec; and 4) a heated gr id  reac tor  (HGR) with  c o a l  temperatures 
Of 400°C t o  900OC a t  h e a t i n g  r a t e s  o f  W100O0C/sec. (10). 

W C t i v i t Y  Measurements - I n i t i a l  char r e a c t i v i t y  measurements were made using the 
isothermal  measurement developed a t  Pennsylvania S t a t e  Universi ty  (11). 
method, the char  is heated in a TGA in nit rogen t o  the  des i red  temperature, usual ly  
400-500°C. 
l i m i t a t i o n s  a r e  present ,  Le., by varying the flow r a t e ,  bed depth and p a r t i c l e  size. 
After t h e  weight of t h e  sample has  s t a b i l i z e d  a t  the se lec ted  temperature  leve l ,  the  
n i t rogen  f l o w  is switched t o  a i r  and the weight loss is monitored. The t i m e  f o r  50% 

The chars  were prepared by 
1) an atmospheric pressure 

In t h i s  

The temperature  l e v e l  is chosen t o  make s u r e  no oxygen d i f f u s i o n  
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burnoff, 7 0 5 ,  1s used as t h e  r e a c t i v i t y  index. 
used the  maximum r a t e  of weight loss as a r e a c t i v i t y  index, which 1s determined i n  a 
s i m i l a r  isothermal  experiment (12). 

I n  our char c h a r a c t e r i z a t i o n  work, w e  had d i f f i c u l t y  applying the  i so thermal  
techniques t o  chars  formed over a wide range of conditions. 
selected f o r  one char  w a s  inappropr ia te  f o r  another. The temperature  w a s  e i t h e r  too 
high f o r  t h e  r a t e  t o  be chemical ly  control led or too low f o r  t h e  7 0 . 5  t o  be reached 
i n  a reasonable t i m e  period. 

I n  order t o  overcome t h i s  d i f f i c u l t y ,  a non-isothermal technique was developed. 
Perkin-Elmer TGA 2 was used f o r  t h i s  method. The sample s i z e  1s about 1.5 mg. The 
sample 1s heated i n  a i r  a t  a r a t e  of 30 K/min u n t i l  a temperature of 900'C i s  
reached. The TGA records  t h e  sample weight continuously and, a t  t h e  end of the  
experiment, the  weight and d e r i v a t i v e  a r e  plotted. 
the  North Dakota (Zap) l i g n i t e ,  the  Montana Rosebud subbituminous coa l  and t h e  
Pi t tsburgh Seam bituminous coa l  a r e  shown i n  Pig. 1. 
chars  prepared i n  t h e  (EPR), i n  which i t  was ca lcu la ted  t h a t  t h e  p a r t i c l e s  were 
heated a t  about 7000 K/s  t o  700°C before being quenched. 
v a s  prepared i n  t h e  heated tube reac tor  (HTR) under s i m i l a r  conditions. 
were oxidized wi th  an a i r  f low of 40 cc/min and a n i t rogen  purge f low of 40 cclmin. 
The Zap l i g n i t e  i n d i c a t e s  burnout of severa l  components of t h e  char  of d i f f e r e n t  
r e a c t i v i t y ,  u h i l e  t h e  Rosebud and Pi t t sburgh  coa ls  show more homogeneous burnout a t  
higher temperatures. 

The c h a r a c t e r i s t i c s  of the  weight loss curve can be understood a s  fol lows:  
temperature, there  i s  an i n i t i a l  weight loss as moisture is removed. 2)  AS the 
temperature is ra i sed ,  t h e  r e a c t i v i t y  of t h e  char  increases  u n t i l  the  f r a c t i o n a l  
weight loss r a t e  i s  s u f f i c i e n t l y  l a r g e  t o  be observed. The sample s i z e  and oxygen 
flows a r e  chosen SO t h a t  the  i n i t i a l  10% of weight l o s s  occurs  under i n t r i n s i c  
r e a c t i v i t y  control. 3) AS t h e  temperature cont inues t o  increase,  t h e  r e a c t i v i t y  
increases  u n t i l  eventua l ly  a l l  the oxygen reaching the  sample bed is consumed and the  
weight loss is cont ro l led  by t h e  oxygen supply to  the sample bed alone. Then the  
f r a c t i o n a l  weight l o s s  rate becomes constant  f o r  a l l  samples. 4) When the char  has  
components of d i f f e r e n t  r e a c t i v i t y ,  the  weight 108s can swi tch  between being oxygen 
supply l i m i t e d  and being i n t r i n s i c  r e a c t i v i t y  l i m i t e d  as each component i s  consumed. 

Figure 2 compared the  weight l o s s  curves f o r  the  same char  sample but  wi th  d i f f e r e n t  
sample s izes .  The curves a r e  i d e n t i c a l  f o r  the  i n i t i a l  weight loss which is 
control led by the  i n t r i n s i c  r e a c t i v i t y .  
loss (l/mo)(dm/dt) decreases  wi th  increasing sample s i z e  i n  the  oxygen supply l imi ted  
regime. 

Another group a t  Penn S t a t e  has 

A temperature  l e v e l  

A 

Some representa t ive  curves  f o r  

The Zap and P i t t s b u r g h  were 

The Montana Rosebud char 
The samples 

1) A t  low 

AS expected, t h e  f r a c t i o n a l  r a t e  of weight 

RESULTS 

Comparison of I so thermal  and Constant Beating Rate Reac t iv i ty  T e s t s  - The temperature 
(Tcr) a t  which the  d e r i v a t i v e  of the  f r a c t i o n a l  weight l o s s  wi th  r e s p e c t  t o  time 
reaches a value of 0.11 wt .  f ract ion/min was chosen a s  an index of r e a c t i v i t y  t o  be 
compared wi th  the  T o . 5  values  measured by the  isothermal  technique. 
c r i t i c a l  s lope used i s  a r b i t r a r y .  
unambiguously determined, but  smal l  enough SO t h a t  reac t ion  occurs  i n  the  chemical ly  
control led regime. 
cor re la t ion  was observed. 

It was subsequently decided t h a t  a comparison t o  q0 .1  ( t i m e  f o r  10% burnoff) would 
be more re levant  s ince  t h e  i n i t i a l  r e a c t i v i t y  indicated by Tcr would be measured, 
ra ther  than an i n t e g r a l  r e a c t i v i t y  over a l a r g e  ex ten t  of conversion which i s  
af fec ted  by r e a c t i v i t y  v a r i a t i o n s  due t o  changes i n  the  pore s t r u c t u r e  or sample 

The a c t u a l  
A value i s  chosen which i s  l a r g e  enough t o  be 

Values of lnf0.5 were p lo t ted  aga ins t  l / T c r  and a good 
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inhomogeniety. 
data for chars from all three coals in all four reactors. 
conditions covered the following ranges: heating rate - 0.5 to 20,000 K/sec; 
temperature - 400 to 1600OC; residence time * .020 s to 30 min; pressure - 0 to 200 psig. 
It can be shown that a plot Of h 7 o . l  vs l/Tcr will be linear with a slope equal to 
E/R, where E is the global activation energy for the intrinsic oxidation rate and R is 
the gas constant. For the reaction 

A plot Of In 70.1 v8 l/Tcr is shown in Fig. 3. This plot includes 
The experimental 

C (solid) + O2 (gas) - CO2 (gas) (1) 

the global rate of disappearance of carbon can be represented as follovs: 

dm/dt = -ks C: W/S (2 )  

where dm/dt is the mass loss of carbon per particle in unit time ( /min). k 

concentration of oxygen at the surface in moles/cm 
molecular weight of carbon In qmole,b is the ratio of active area per unit 
accessible surface area (cm2/cm ) and S is the accessible surface area in cm2 per 
particle. Since the reaction occurs under chemical reaction control, the 
concentration of oxygen at the surface will be equal t o  the bulk concentration, which 
allows one to drop the subscript. 

In the isothermal experiment, the burn-off rate is nearly constant up to 10% weight 
loss: 

is the 

raised to some power n, W is the 
intrinsic reaction rate constant based on unit s u p c e  (cm/min), Cs % is the 

dm/dt= A d A t = -  0.1 m170,1 (3 )  

Substituting Eq. 2 for dm/dt: 

-ks Cn U P S  = 0.1 m / 7 0 m 1  (4) 

= [ 0.1 m/ks(To)Cn W ] [ lv S ]  ( 5 )  

( 6 )  - K1 [ '9 s]  
The quantities in the first set of brackets in Eq. 5 are nearly constant for a given 
isothermal (temperature = To) experiment at low conversions and independent of coal 
type, while the second set of brackets contain quantities which vary with coal type 
and char formation conditions. 

For the non-isothermal experiment, the relative rate of mass loss is constant at some 
critical temperature, T ~ ~ :  

The result obtained is that ks is proportional to an experimental constant and 
inversely proportional to char properties. 

For data collected on the same char sample, ( F S )  can be eliminated between Eqs. 6 
and 9: 

or 
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I, 
\ 

7 0 . 1  * 0.9 exp [-E/R [l/Tcr - l / T o ] ]  (11) 

assuming t h a t  ks can be expressed a s  an Arrhenius expression ks(T) - ko exp(-E/RT). 

Consequently, a p l o t  of ln?Oal vs  l / T c r  v i 1 1  have a s lope equal  t o  -E/R of t h e  
i n t r i n s i c  g loba l  ox ida t ion  rate. 
should be t h e  same f o r  chars  from a l l  coa ls  and chars  from the  same c o a l  prepared 
under a v i d e  v a r i e t y  of conditions. 
Support t h i s  conclusion. 
d i f  ferent. The mechanism of the  oxidat ion reac t ion  probabfy changes wi th  temperature, 
as indica ted  by t h e  v i d e  range of a c t i v a t i o n  energ ies  and r e a c t i o n  orders  reported f o r  
the  char oxidat ion reac t ion  i n  t h e  l i t e r a t u r e  (13). The bes t  f i t  value of about 
35 kcal lmole determined from Fig. 3 i s  in te rmedia te  i n  reported values  and c lose  t o  
t h e  value of 31 kcal lmole determined by Radovic and Walker f o r  a v i d e  range of chars  
i n  TGA experiments (14). 

I n  our case, the Zap l i g n i t e  chars  appear t o  f a l l  on a l i n e  of l o v e r  slope. This  i s  
probably due t o  c a t a l y t i c  e f f e c t s .  When a l i g n i t e  char v a s  acid-vashed, i t  v a s  less 
r e a c t i v e  i n  the non-isothermal test. The companion isothermal  test has  not  ye t  been 
done, so we have not y e t  determined vhere t h e  acid-vashed char  f a l l s  on t h e  p l o t  of 
Fig. 3. 

Variations i n  R e a c t i v i t y  - The r e a c t i v i t i e s  v e r e  determined f o r  a number of chars  
vhich had been prepared under c a r e f u l l y  cont ro l led  condi t ions  t o  s tudy t h e i r  pyro lys i s  
behavior (7-11.15). Examples t o  i l l u s t r a t e  the  observed t rends  a r e  presented i n  Fig. 4. 
Figure 4a i l l u s t r a t e s  the  r e s u l t s  f o r  the Zap l ign i te .  The three  curves  a r e  for: 1) 
150 msec v i t h  maximum temperature of  700°C (wi th  r e a c t i v i t y  measured i n  a i r ) ;  2) 460 
msec with maximum temperature  of 1600'C ( i n  air); 3) same a s  2 but r e a c t i v i t y  i n  COz. 
The curves i l l u s t r a t e  the observat ion t h a t  the  r e a c t i v i t y  goes down v i t h  increased 
exposure t o  high temperature  (or "extent  of pyrolysis") and t h a t  f o r  the  same chars, 
CO2 r e a c t i v i t y  i s  lower than oxygen reac t iv i ty .  Measurements of s u r f a c e  a r e a  S shoved 
t h a t  char f o r  condi t ions 1 and 2 vere  similar, suggest ing t h a t  the  d i f f e r e c n e  i n  
r e a c t i v i t y  i s  causes  by a change i n  the  dens i ty  of a c t i v e  sites.! . 
r e s u l t s  f o r  P i t t sburgh  Seam coal. The three  curves a r e  for ;  4) 150 msec v i t h  a 
maximum temperature of 700°C ( i n  a i r ) ;  5) 660 msec with a maximum temperature  of 
1100°C ( i n  a i r )  and 6) same a s  5 but r e a c t i v i t y  i n  Cor 
4). the  r e a c t i v i t y  f o r  the  P i t t sburgh  Seam coal  i s  lower than for t h e  Zap l i g n i t e  
prepared under equivalent  conditions. 
Seam coal  (vhich m e l t s  dur ing pyrolysis)  t o  have about 1 / 4  t h e  sur face  a r e a  of t h e  Zap 
l ign i te .  This d i f fe rence  i n  surface area is not s u f f i c i e n t  t o  account f o r  the  
d i f fe rences  i n  r e a c t i v i t y ,  however. The e x t r a  r e a c t i v i t y  appears  t o  r e s u l t  from the 
l i g n i t e ' s  mineral  content ,  but  could a l s o  be due t o  a d i f fe rence  i n  a c t i v e  s i te  
dens i t ies .  Figure 4c compares curve 7 f o r  the  Zap l i g n i t e  wi th  curve 8 f o r  t h e  
demineral ized coa l  and curve 9 f o r  a Montana Rosebud pyrolyzed under similar 
condi t ions and having a s i m i l a r  surface area. Curves 8 and 9 a r e  similar, but lover  
i n  r e a c t i v i t y  than t h e  rav l ign i te .  Figure 4 i l l u s t r a t e s  t h e  v a r i a t i o n  i n  r e a c t i v i t y  
wi th  sur face  areas ,  wi th  a c t i v e  site densi ty ,#  and wi th  mineral  content. 

Figure 5 summarizes t h e  r e s u l t s  f o r  a number of samples. 
is p lo t ted  a s  a func t ion  of  t h e  hydrogen content  which i s  used as a measure of t h e  
ex ten t  of pyrolysis. For each char type, t h e r e  is a t rend f o r  increas ing  Tcr with 
decreasing hydrogen. Most of the  change occurs  belov 2 1/22: hydrogen, a f t e r  the 
evolut ion of a l i p h a t i c  hydrogen i s  complete. That is. the  Tcr v a r i e s  pr imar i ly  with 
the  concentrat ion of aromatic  hydrogen. 
oxygen i n  t h e  char vhich i s  removed a t  about the  same r a t e  a s  the hydrogen and which 
may be r e l a t e d  t o  the r e a c t i v i t y  changes. 
possibly cor re la ted  wi th  t h e  r i n g  condensation accompanying t h e  e l i m i n a t i o n  of 
aromatic  hydrogen. 

I n  the  absence of c a t a l y t i c  e f f e c t s ,  t h e  value of E 

The near ly  l i n e a r  d a t a  i n  Fig. 3 appears  to 
A problem may a r i s e  i f  Tcr and T are s i g n i f i c a n t l y  

Figure 4b shows 

For equivalent  cases  (1 and 

Surface area measurements show t h e  P i t t sburgh  

The c r i t i c a l  temperature  Tcr 

It should be noted t h a t  t h e r e  i s  a l s o  r ing  

This  v a r i a t i o n  is due t o  a v a r i a t i o n  i n  P 
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The v e r t i c a l  displacement  of t h e  curves is due t o  t h e  v a r i a t i o n s  i n  char  sur face  area 
and c a t a l y t i c  a c t i v i t y  of t h e  minerals. 
l i g n i t e .  A s  pyro lys i s  
proceeds the c r i t i c a l  temperature  T 
temperature as hydrogen i s  lost. T&e does not  appear t o  be any d r a s t i c  e f f e c t s  due 
t o  heat ing r a t e ,  as  chars  f o r  a wide range of condi t ions  a l l  f e l l  along the  same 
curve. 
(high N a  and Ca). When t h e  c o a l  was demineralized ( s y m b o l v ) ,  Tcr increased 
subs tan t ia l ly .  
higher  Tc, than the  raw Zap. 

The highest Tcr values  a r e  f o r  the  P i t t sburgh  and Kentucky coals. 
pyrolysis. I n i t i a l  sur face  area measurements of the  P i t t sburgh  coa l  show 
approximately 50 m2/g, suggest ing t h a t  the  lower sur face  a reas  a r e  respons ib le  f o r  the  
lower reac t iv i ty .  Note t h a t  t h e  r e a c t i v i t y  of s lowly heated P i t t sburgh  Seam coal  is 
higher  than t h a t  of a r a p i d l y  heated char. 

5 for the Zap 
The most r e a c t i v e  chars  a r  

The chars  have sur face  areas i n  the  neighborhood of  200 m /g. 
f i r s t  decreases  and then increases  with 

The low values  of TCr are bel ieved t o  be due to the  char ' s  mineral  content  

A Montana Rosebud char wi th  a similar sur face  a r e a  shows a somewhat 

These s w e l l  upon 

CONCLUSION 

A new r e a c t i v i t y  test has  been developed which a l lows  r e l a t i v e  r a t e s  of r e a c t i v i t y  t o  
be determined f o r  c h a r s  of widely varying reac t iv i ty .  
the  dependence of r e a c t i v i t y  on coal  proper t ies  and pyro lys i s  conditions. 
a r e  seen t o  decrease w i t h  decreasing aromatic  hydrogen concentration. R e a c t i v i t i e s  
were insens i t ive  t o  hea t ing  r a t e  f o r  a l i g n i t e  but were q u i t e  s e n s i t i v e  t o  heat ing 
r a t e  f o r  a bituminous coal .  Mineral c a t a l y t i c  e f f e c t s  were a l s o  observed. 

The method was appl ied to  study 
Reac t iv i t ies  
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Carbon 

Hydrogen 

Nitrogen 

Sul fur  

TABLE I 

!UMPLE PROPEXTIBS 

Wl'% DAF 

Zap. North Montana Rosebud P i t t s b u r g h  Seam Kentucky #!4 
Dakota L i g n l t e  Subbituminous Bituminous Bituminous 

66.5 72.1 82.1 81.7 

4.8 4.9 5.6 5.6 

1.1 1.2 1.7 1.9 

1.1 1.2 2.4 

Oxygen @ i f f . )  26.5 

Ash (Dry Ut%) 7.1 

20.3 

10.0 

8.2 

9.2 14.1 
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Figure 1. Non-isothermal TCA React iv i ty  Tes t s  a t  
40 cclmin A i r  Flow. 
Rosebud, and c )  Pittsburgh Seam. 

a)  Zap Lign i te ,  b) Montana 
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Figure 4 .  Comparison of Char React iv i ty  Curves 
Prepared for  Three Coals Under a Variety of 
Condit ions.  Curves 3 and 6 are f o r  React iv i ty  i n  
CO . A l l  the Rest are f o r  React iv i ty  i n  Air. 
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Figure 5. 
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with Coal Type. 

Variat ions i n  React iv i ty  with the  Hydrogen 
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COAL PpPoLYSIS IN A EIGE PRESSURE Pzov REACroR 
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Advanced Fuel Research, Inc. 87 Church S t r e e t ,  East  Hartford, CT 06108 

IEIRODOCTION 

1 Many of the proposed c o a l  g a s i f i c a t i o n  processes  opera te  a t  elevated pressure. 
these processes a l s o  opera te  a t  e leva ted  temperature, pyro lys i s  processes are 
important. 
pressure, p a r t i c u l a r l y  f o r  continuous f low systems or on how pressure a f f e c t s  the 
r e a c t i v i t y  of the  char  t o  subsequent gas i f ica t ion .  

Most of the e x i s t i n g  s t u d i e s  were done i n  batch, cap t ive  sample systems (1-3). 
example, the  work of Suuberg e t  al. (2 )  showed a s i g n i f i c a n t  e f f e c t  of pressure on a 
bituminous coa l  and a modest e f f e c t  f o r  a l i g n i t e  coal. 
pressure was a reduct ion i n  t a r  and increase  i n  char  y i e l d  a t  high pressure. However, 
one d i f f i c u l t y  with i n t e r p r e t i n g  t h e  r e s u l t s  from batch,  cap t ive  sample systems is t h e  
pressure and residence t i m e  of the v o l a t i l e s  a r e  not  var ied  independently. 
pressure i s  increased, t h e  residence t ime of v o l a t i l e s  increases  i n s i d e  the  p a r t i c l e  
as well  as  near the  h o t  zone of the  reactor .  

In batch, semi-flow carboniza t ion  experiments. the e f f e c t s  of ex terna l  pressure and 
ex terna l  residence t i m e  can be var ied independently. A review of the  l i t e r a t u r e  on 
semi-flow experiments by Dryden and Sparham (4) ind ica ted  t h a t  increases  i n  i n e r t  gas 
pressure a t  constant  v o l a t i l e  res idence t ime d i d  not  have a s i g n i f i c a n t  e f f e c t  on 
product yields. 
very long v o l a t i l e  res idence t imes (20  t o  100 8) .  Recent work by Schobert e t  al. ( 5 )  
examined the e f f e c t  of pressure on t a r  y i e l d  in  a semi-flow system ( a t  constant  
res idence t i m e s  of about 1 8 )  and a pressure dependence of the t a r  y ie ld  w a s  observed. 

Entrained flow r e a c t o r s  are w e l l  s u i t e d  t o  s t u d i e s  of pressure e f f e c t s  on pyrolysis  
and c lose ly  resemble r e a l  coa l  g a s i f i c a t i o n  systems. However, one must consider  the 
e f f e c t  of pressure on heat  t r a n s f e r  as  well. For example, Sundaram e t  al. (6) 
examined the e f f e c t  of the  pressure of var ious i n e r t  gases  (He, CO, N2 A,) on carbon 
conversion and found t h a t  y i e l d s  went through a maximum before declining. 
l i k e l y  t h a t ,  a t  the  s h o r t  res idence t imes of t h e i r  experiments (0.6 t o  1.9 s a t  
900°C). the  enhanced h e a t  t r a n s f e r  due t o  gas pressure was more benef ic ia l  than the 
detr imental  e f f e c t s  on mass t ransfer .  

This paper w i l l  p resent  pyro lys i s  data  f o r  product y i e l d s  f o r  four coa ls  from an 
entrained flow reac tor  operated a t  p ressures  up t o  300 psig. 
of pressure on char r e a c t i v i t y  vlll be discussed.  

JlxPmlruENrAL 

Since 

However, t h e r e  is  r e l a t i v e l y  l i t t l e  da ta  on pyrolysis  y i e l d s  a t  elevated 

For 

The most important  e f f e c t  of 

A s  

However. i t  should be noted t h a t  these  experiments were done with 

It is  

In addi t ion,  the e f f e c t  

A schematic of the high pressure r e a c t o r  (HPR) system i s  given i n  Fig. 1. 
cons is t s  of a high pressure  s h e l l  (capable of conta in ing  pressures  up t o  600 psig), a 
thick layer  of i n s u l a t i o n  and a high temperature  reg ion  heated by Kanthal Super 33 
e l e c t r i c a l  heat ing elements. The high temperature sec t ion  (capable of temperatures up 
t o  165OOC) contains  an alumina bed heat  exchanger and a t e s t  sect ion.  The ambient gas  
en ters  the  furnace through the heat  exchanger t o  br ing i t  up t o  furnace temperature 
and then turns  downward i n t o  t h e  t e s t  sect ion.  Coal i s  in jec ted  a t  a f ixed point a t  
the top of the test s e c t i o n  using a water  cooled in jec tor .  It mixes wi th  the  ambient 
gas and, a f t e r  a fixed dis tance,  e n t e r s  a water-cooled col lector .  The reac tor  design 
is s i m i l a r  t o  a previously descr ibed atmosphere pressure entrained flow reac tor  (EFR) 
(7). The major d i f fe rences  a r e  the smaller diameter  test sec t ion  i n  t h e  HPR (1.27 cm 
vs 5.08 cm)  and the absence of an o p t i c a l  port. 

The furnace 
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Afteq the co l lec tor .  the reac t ion  products e n t e r  a cyclone t o  separa te  char ,  followed 
by a Balston f i l t e r  to  remove tar and soot. An e l e c t r o s t a t i c  p r e c i p i t a t o r  was t e s t e d  
f o r  use a f t e r  the  cyclone but d id  not  work as w e l l  a s  the  f i l t e r .  
reduced i n  pressure and c o l l e c t e d  i n  a holding tank. The sample tank i s  a s t e e l  tank 
with glass- l ined walls which i s  used t o  c o l l e c t  t h e =  gaseous e f f l u e n t  from the  
reac tor  system during a t y p i c a l  run. It i s  i n i t i a l l y  evacuated and, during a run, t h e  
pressure gradual ly  increases  as i t  f i l l s .  After  an experiment, a sample i s  taken from 
the tank and analyzed i n  an FT-IR cel l  and a GC. 
each spec ies  t o  be determined and t h e  t o t a l  y i e l d  of each product i s  ca lcu la ted  from a 
knowledge of the  tank volume and pressure. 
many gas spec ies  observed i n  coa l  pyro lys i s  including CO, C02, H20, cH4. C2H2. C2H4, 
C2H6, C3H6, HCN, NH3, COS, CS2. S02. and heavy p a r a f f i n s  and olef ins .  Addit ional  
charac te r iza t ion  is performed by gas  chromatograph t o  determine hydrogen, H2S, 02,  Nl, 
C3H8. Ch's ,  and Cs's. 
95%. 

Routine monitoring of th ree  temperatures  ( top  of hea t ing  elements, bottom of hea t ing  
elements, and top  of preheated bed) i s  done wi th  permanently mounted thermocouples. 
Platinum a l l o y  thermocouples a r e  used t o  meet t h e  high temperature  requirements  and t o  
allow the use of oxidizing atmospheres. 
using welding power suppl ies  wi th  continuously v a r i a b l e  vol tage  adjustment. 
vol tage i s  adjusted t o  maintain t h e  re ference  temperatures  (above) cons tan t  during a 
run. These reference temperatures a r e  c a l i b r a t e d  aga ins t  t h e  furnace w a l l  and gas 
temperatures by a set of p r o f i l i n g  experiments. 
in jec tor -co l lec tor  separat ion a r e  inputs  i n t o  the par t ic le- temperature  model which 
a l lows  descr ip t ion  of the  coa l  p a r t i c l e  time-temperature his tory.  

The coa l  feeder  cons is t s  of a tube which passes  up through a bed of coal ,  wi th  feeder  
gas suppl ied above the bed. To feed coal. t h e  gas  i s  turned on and the  feed tube i s  
slowly lowered from a pos i t ion  where the entrance i s  above the bed. When the  entrance 
of t h e  tube reaches the  bed l e v e l ,  t h e  coa l  is ent ra ined  i n  the gas en ter ing  t h e  feed 
tube. The r a t e  of feed is cont ro l led  by the  r a t e  a t  which the tube is  lowered. The 
t o t a l  weight of coal  fed during a run is determined by weighing the feeder  system 
before and a f t e r  the run. 

A t  t h e  end of a run, the  water-cooled c o l l e c t o r  is removed and any t a r  or char which 
s t i c k s  t o  the  c o l l e c t o r  i s  r insed  out wi th  solvent  and weighed. Most of the  char  i s  
col lec ted  i n  the  cyclone. Fine s o l i d s  (e.g.. soot and coa l  f i n e s )  and condensed tar 
vapor which pass through the  cyclone a r e  co l lec ted  i n  a f i l t e r .  The f i l t e r  and o ther  
p a r t s  of the co l lec t ion  system are ext rac ted  wi th  so lvent  (methylene chlor ide) ,  which 
is  subsequently evaporated t o  determine the  t a r  yield. 

RESULTS AND DISCUSSION 

The gas  s t ream i s  

\ 

This  a l lows t h e  concent ra t ion  of 

The FT-IR can q u a n t i t a t i v e l y  determine 

5s 

The o v e r a l l  m a t e r i a l  balance i s  genera l ly  b e t t e r  than 90 t o  

Power i s  suppl ied t o  the  hea t ing  elements  by 
The 

The furnace w a l l  temperature  and t h e  

The high pressure reac tor  (HF'R) descr ibed above was used t o  determine the  e f f e c t s  of 
pressure on pyrolysis  behavior f o r  four  coals. 
s i m i l a r  temperatures and residence t imes a s  a r e  employed i n  our  atmospheric pressure 
reac tor  (EFR). To keep the  gas requirements reasonable, a 1.27 cm I.D. tube v a s  
employed f o r  t h e  t e s t  section. 
t e s t  sect ion,  so the  coa ls  t e s t e d  were l i m i t e d  t o  subbituminous coa ls  o r  l i g n i t e s .  
The four  coa ls  tes ted  were Montana Rosebud subbituminous, C i l l e t t e  subbituminous, 
Jacob's Ranch subbituminous, and Zap (North Dakota) l i g n i t e .  The coa l  analyses  a r e  
presented i n  Table 1. 
t i m e  and 300 ps ig  a r e  given i n  Figs. 2-5 f o r  these  coals ,  respect ively.  

The most extensive amount of da ta  was taken wi th  t h e  Montana Rosebud subbituminous due 
t o  a complementary program at  AFR and Morgantovn Energy Technology Center (METC) using 
t h i s  coal. The e f f e c t s  of pressure on product y i e l d s  are observed t o  be modest i n  a l l  
cases. In general, wi th  increas ing  pressure ( a t  constant  res idence time and 

The r e a c t o r  was designed t o  provide 

It vas  found t h a t  swel l ing  coa ls  tended to  plug t h e  

The pyro lys i s  y i e l d s  f o r  experiments a t  800°C, 0.47 s residence 
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temperature) t h e r e  i s  a s l i g h t  reduct ion i n  t a r ,  o l e f i n ,  and ethylene y i e l d s  and 
increase i n  benzene, e thane and CH4 yields. 
t h e  coal, as does t h e  benzene y i e l d  trend. 
benzene y i e l d  a t  in te rmedia te  pressures. 

Data was obtained f o r  the  Zap, Jacob 's  Ranch, and Gi l l e t t e  coa ls  a t  685°C f o r  the same 
residence time and range of pressures  (not  shown). The t rends  f o r  ta r .  o le f ins ,  C2H4, 
and C 2 ~ 6  were similar, but  the  CH4 and benzene y ie lds  decl ined wi th  pressure. 
complex v a r i a t i o n s  of v o l a t i l e  y i e l d s  w i t h  temperature and pressure would be expected 
s i n c e  both i n  t h e  i n t e r n a l  secondary chemistry of the  c o a l  and the ex terna l  gas phase 
chemistry there  are temperature  and pressure-dependent source8 and s inks f o r  t h e  
var ious  species .  For example, Suuberg e t  al. (2) have shown t h a t  methane y ie lds  
increase  w i t h  Increas ing  ex terna l  gas  pressure i n  batch, cap ture  sample experiments. 
This  was a t t r i b u t e d  to evolu t ion  of CH4 during secondary repolymerizat ion of tar t o  
form char. Arendt and van Heek (8) observed similar r e s u l t s  f o r  CH4 y i e l d s  i n  both 
batch and semi-flow reac tors .  
pressure have a l s o  been a t t r i b u t e d  t o  t h e  auto-hydrogenation phenomenon, where 
hydrogen evolved from the  c o a l  back reacts t o  form CH4 (9). 
suggested t h a t  t h i s  r e a c t i o n  i s  more a f f e c t e d  by residence t i m e  than ex terna l  gas 
pressure f o r  high and low rank coa ls  (10). 

There i s  a l s o  experimental  evidence which suggests  a d e c l i n e  i n  CHh y i e l d  would occur 
wi th  increasing pressure. Methane decomposition is catalyzed i n  t h e  presence of coa l  
char  (11.12). This  has  been a t t r i b u t e d  both t o  sur face  a r e a  and c a t a l y s i s  effects .  
A t  h igh pressure,  t h e  enhanced residence t i m e  of CH4 i n  t h e  pores would increase 
decomposition. 
involve t h e  following pressure  dependent i n i t i a t i o n  react ion:  

The t rend  f o r  paraf f in  y i e l d  v a r i e s  wi th  
The subbituminous coa ls  show a minimum 

The 

Higher y i e l d s  of methane under increased ex terna l  g a s  

A recent  paper has 

I n  addi t ion ,  t h e  gas  phase decomposition of CH4 i s  believed t o  

CH4 + M - CH3 + M + H (1) 

This  reac t ion  would a l s o  be favored a t  high where M i s  any o t h e r  molecule (13). 
pressures. 
r e l a t i v e l y  unreac t ive  molecules as  CH4, making a p r i o r i  p red ic t ion  of pressure t rends  
f o r  v o l a t i l e  y i e l d s  over a wide range of temperature  d i f f i c u l t .  

In ent ra ined  f low systems,  one must a l s o  contend wi th  the  e f f e c t s  of gas pressure on 
h e a t  t ransfer .  I n  our system, increas ing  t h e  pressure a l s o  a f f e c t s  the  shape of t h e  
temperature  p r o f i l e  and, consequently, the  length of t h e  i so thermal  zone. I n  order  to  
achieve t h e  same nominal res idence t i m e  i t  was necessary t o  reduce the gas  flow rate 
a t  higher  pressures. For t h i s  reason, an assessment of pressure e f f e c t s  f o r  data  from 
t h e  reac tor  r e q u i r e s  cons idera t ion  of t h e  e f f e c t  of  pressure on t h e  p a r t i c l e  time- 
temperature  h i s t o r y  due to: 1) changes i n  t h e  experimental  condi t ions,  2) changes i n  
t h e  physical  p r o p e r t i e s  of t h e  en t ra in ing  gas with pressure. To do t h i s ,  an entrained 
f low reac tor  model was developed which i s  a modif icat ion of one developed recent ly  f o r  
our atmospheric pressure  r e a c t o r  (EFR) (14.15). The la t ter  model waa va l ida ted  by 
comparison t o  a c t u a l  temperature  measurements. 
poss ib le  because of t h e  lack  of  an o p t i c a l  por t  i n  the  reactor .  
va l ida ted  by f i t t i n g  CH4 y i e l d s  from low pressure HPR d a t a  (26 psig)  where i t  was 
assumed t h a t  t h e  v a l i d a t e d  k i n e t i c s  from the  EFR would s t i l l  hold. 

A f t e r  the  modified p a r t i c l e  temperature model was developed and va l ida ted ,  the  r e s u l t s  
of t h e  HPR experiments  were simulated. These s imula t ions  a r e  shown a s  s o l i d  l i n e s  i n  
Figs. 2-5. 
t i m e t e m p e r a t u r e  h i s t o r y  (and not on t h e  pyro lys i s  chemistry) ind ica te  t h a t  there  a r e  
real Pressure e f f e c t s  superimposed on a s l i g h t  v a r i a t i o n  in the  time-temperature 
his tory.  The t rends  of  t h e  model pred ic t ions  should be compared t o  the  d a t a  trends i n  
Figs-  2-5 t o  d i s c e r n  a pressure  e f f e c t  r a t h e r  than the absolu te  values. This i s  
because t h e  pyro lys i s  model does not  match a l l  of the atmospheric pressure data  (e.&, 
C2H4 y ie lds)  due t o  an incomplete descr ip t ion  of gas phase cracking. 

Consequently, numerous processes can opera te  on even such simple and 

For t h e  HPR, d i r e c t  va l ida t ion  is not 
Ins tead  the  model was 

These t rends ,  which account only f o r  t h e  e f f e c t s  of pressure on p a r t i c l e  
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High Pressure  Experiments i n  a Eeated Tnbe Reactor - A set of experiments  was done a t  
800°C with Montana Rosebud coal  i n  an e l e c t r i c a l l y  heated tube reac tor  a t  1 atm and 5 
a t m  pressure. The r e s u l t s  f o r  char ,  tar, and gas  y i e l d s  a r e  shown i n  Fig. 6 f o r  the 
two s e t s  of experiments, which were done a t  t h e  same volumetr ic  f low rate .  The t o t a l  
p a r t i c l e  res idence time a t  200 c m  d i s tance  is about 200 ms. 

I n i t i a l l y ,  product y i e l d s  a r e  reduced when compared t o  t h e  one atmosphere case. This 
i s  a r e s u l t  of the  f a c t  t h a t  t h e  higher gas  d e n s i t y  causes  a g r e a t e r  hea t  load on t h e  
tube and hence increases  t h e  d is tance  required t o  hea t  t h e  gas p lus  coa l  mixture  to  
the  equi l ibr ium temperature. 
t h e  60 ps ig  case. 
would reveal  a higher tar yield. 
both s e t s  of experiments. 
advantage of the  HTR r e l a t i v e  to the HPR is  t h a t  the good t i m e  r e s o l u t i o n  allows the  
maximum tar y ie lds  t o  be b e t t e r  defined. 

Comparison of  Tar Yield Data from Three Beactors  - I n  Table 11, tar y ie ld  d a t a  a r e  
l i s t e d  f o r  a l l  t h r e e  en t ra ined  f low r e a c t o r s  used a t  APR I n  each case, t h e  f i n a l  
p a r t i c l e  temperature was about 800°C. The residence t i m e s  were lower f o r  the HTR 
experiments but ,  due t o  t h e  higher  heat ing r a t e ,  the time a t  f i n a l  temperature w a s  
near ly  the  same i n  each case ('"0.2 8 )  according t o  our ca lcu la t ions .  The lower 
pressure ( 4 5  atm) r e s u l t s  agree wel l  between reactors .  
lower temperature HPR d a t a  i n  Table 11, and the  s h o r t e r  res idence t i m e  HTR data  i n  
Fig. 6, t h a t  some t a r  cracking occurred even under these  r e l a t i v e l y  mild conditions. 
The reduct ions i n  tar y i e l d  due t o  cracking of about 35% agree w e l l  wi th  previous da ta  
on P i t t sburgh  Seam bituminous c o a l  t a r s  cracked separa te ly  (16). 
25% reduct ion i n  t a r  y ie ld  over a pressure range of 3 t o  1 3  atm i s  in good agreement 
wi th  the  general ized p l o t  developed by Suuberg (17). 

Char React iv i ty  Measurements - Some r e a c t i v i t y  measurements of the  chars  produced from 
t h e  KPR experiments were made us ing  a newly developed non-isothermal technique (18). 
The chars  are heated a t  a constant  rate (30%/min) i n  a TGA i n  a i r .  
index is defined based on a c r i t i c a l  temperature  t o  achieve a measurable weight loss 
r a t e ,  which is inverse ly  r e l a t e d  t o  reac t iv i ty .  
chars  i n  Table 111. 
increas ing  pressure. 
increased s e v e r i t y  of the higher  pressure experiments. 
required on the k i n e t i c s  of thermal deac t iva t ion  i n  order  t o  be more conclusive. 

It i s  i n t e r e s t i n g  t h a t  t h e  maximum tar y i e l d  i s  lower i n  
However, i t  i s  possible  t h a t  an experiment i n  between 50 and 100 c m  

The asymptot ic  y i e l d  of about 10% is s i m i l a r  f o r  
It a l s o  agrees  wi th  the  26 ps ig  data  from t h e  HPR The 

It is also apparent  from t h e  

The approximately 

A r e a c t i v i t y  

These d a t a  a r e  given f o r  the HPR 
There does appear t o  be a s l i g h t  decrease i n  char  r e a c t i v i t y  with 

However, a port ion of t h i s  could be a t t r i b u t e d  t o  t h e  s l i g h t l y  
Addit ional  da ta  w i l l  be 

CONCLUSIONS 

Pyrolys is  experiments i n  a high pressure en t ra ined  flow r e a c t o r  wi th  t h r e e  
subbituminous and one l i g n i t e  c o a l  revealed an e f f e c t  of pressure on product y ie lds ,  
even a f t e r  a l lowing f o r  changes i n  heat  t ransfer .  
y i e l d s  were most a f fec ted .  

1. 

The t a r  and l i g h t  hydrocarbon 

2. The r e l a t i v e  reduct ion i n  tar  y i e l d  a s  t h e  pressure  w a s  increased from 3 t o  13 
arm w a s  about 25%. i n  agreement with l i t e r a t u r e  data .  

3. The maximum tar y ie ld  was not  observed i n  the  817OC, 0.5 s experiments ,  even a t  
low pressure,  due t o  t a r  cracking. 

4. There was a small but cons is ten t  reduct ion of char  r e a c t i v i t y  with increased 
pressure. 
high pressure experiments. 

Some of t h i s  e f f e c t  may be due t o  the  s l i g h t l y  increased s e v e r i t y  of t h e  
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zap, North pa~ota 

Carbon 

Hydrogen 

Nitrogen 

s u l f u r  
(Organic) 

Oxygen 
(Diff a )  

Ash , (Dry Wt%) 

Ligni te  

66.5 

4.8 

1.1 

1.1 

26.5 

7.1 

TABLE I 

SdWLE PBoPKBTlBs 

UT% DAF 

G i l l e t  te MntarUI Rosebud 
Subbituminous S u b b i t d w u a  

72.0 72.1 

4.7 4.9 

1.2 1.2 

0.5 1.2 

21.6 20.3 

5.0 10.0 

TABLE 11 

OBSERVED TAR YIKLDS (DAF) PBOll VARIOUS R.EA~x'oIs 
AT 800°C, 0.1-0.5 S RESIDENCE TIlIg 

Jacob's Baneh 
S u b b i t d w u S  

74.3 

5.2 

1.1 

0.6 

18.8 

7.8 

Coal: Zap Ligni te  G i l l e t t e  Montana Jacob's 
Rosebud Ranch 

Reactor Pressure Time 
( a t 4  ( 8 )  

HTR 1.0 0.2 10.3 10.0 
HTR 5.0 0.2 10.0 
EFR 1.0 0.4 10.0* 
HPR 2.6 0.5 6.0 ( 8 . 0 )  9.4 (13.6) 9.2 7.6 (11.0) 
BPR 13.0 0.5 4.5 (7.5) 7.8 (11.5) 6.0 6.5 ( 9.5) 

NOTES: Values in parentheses  a r e  f o r  658°C experiments  a t  t h e  same residence time and 
pressure. 

* Tar plus missing. 

HTR = Heated Tube Reactor 
EFR Entrained Flow Reactor 
HPR = High Pressure Reactor 
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Coal: Zap Lignite Gillette Montana Rosebud Jacob's Ranch i 

i 
Pressure (atm) 

2.6 365 368 403 370 
7.8 366 378 415 370 

13.1 378 381 419 376 
21.4 --- 429 -- -- 

Figure I .  Schematic of High Pressure Entrained F l o w  Reactor System. 
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Figure 2 .  Pyrolysis  Product Distribution for Montana Rosebud Subbituminous Coal 
as a Function of Pressure. Temperature = 817OC. Residence Time = 0.47 s e c .  

217 

I 



9 

‘I O M  Q 

0 PRRF IN 
x OLEFIN 
8On 

X X X  

e Olef in  

CH4 

C 

I 

s 
SI 

9 
!! 

9 s 

i s  

.+ Paraf f in  
9 

b 0 CRSORY 
x TRR 

0 0  
0 - 

Dry Gas 

X X 
X 

0 

Figure 3 .  
Function of Pressure. 

Pyro lys i s  Product Di s tr ibut ion  f o r  G i l l e t t e  Subbituminous Coal a s  a 
Temperature = 817°C.Residence Time = 0.47 sec .  
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Figure 4. 
Function of Pressure. 

Pyrolysis  Product Distribution for Jacob’s Ranch Subbituminous Coal as a 
Temperature = 817’C, Residence Time = 0.47 s e c .  
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Figure 5 .  
Function of Pressure. 

Pyrolys is  Product Dis tr ibut ion for Zap. North Dakota Ligni te  a s  a 
Temperature = 817OC. Residence T i m e  = 0.47 sec. 
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Figure 6 .  Comparison of Pyrolys is  Data from One Atmosphere Pressure 
( s o l i d  symbols) and 5 atm pressure (open symbols) Experiments i n  the 
Heated Tube Reactor with Montana Rosebud Coal (200 x 270 mesh). The 
Equilibrium Tube Temperature was 80OOc. 
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RESPONSE SURFACE MODEL PREDICTIONS FOR THE 
FLASH PYROLYSIS OF MONTANA ROSEBUD COAL 

Larry A .  B i s s e t t  

Morgantown Energy Technology Center 
P.O. Box 880 

Morgantown, WV 26507-0880 

I 

Abstract  

Experiments covering a broad range of r e a c t i o n  condi t ions a r e  being conducted t o  
determine and model t h e  e f f e c t s  of coa l  g a s i f i c a t i o n  environment on product y i e l d s .  
The research uses a 3-inch I . D . ,  down-flow ent ra ined  reac tor  t h a t  tu rbulen t ly  mixes 
preheated gases wi th  coa l  t o  achieve high p a r t i c l e  hea t ing  ra tes .  
t e s t  program, a p y r o l y s i s  series reac t ing  Montana Rosebud coal  i n  a nitrogen-argon 
atmosphere was completed. A 3-var iab le ,  composite f a c t o r i a l  experimental design was 
used i n  which r e a c t i o n  condi t ions ranged from 1,500° t o  2,500°F temperature ,  100 t o  
900 ps ig  pressure ,  and 2.19 t o  10.00 seconds gas res idence time. Quadra t ic  response 
sur face  models were used t o  analyze t h e  product  y i e l d  and composition data  as a func- 
t i o n  of t h e  reac t ion  condi t ions .  Trends pred ic ted  by some of the s t a t i s t i c a l l y  s i g -  
n i f i c a n t  regress ion  models a r e  presented and discussed.  

A s  p a r t  of the  

Introduct ion 

For advancement t o  cont inue towards t a i l o r e d ,  economic, and environmentally 
sound coal  conversion technologies ,  f u r t h e r  understanding of r e a c t i o n  mechanisms 
and product formations i n  r e l a t i o n  t o  processing condi t ions  and t h e  phys ica l  and 
chemical s t r u c t u r e  o f  coa l  i s  needed. D e v o l a t i l i z a t i o n  and assoc ia ted  phenomena 
a r e  espec ia l ly  important  i n  en t ra ined  g a s i f i c a t i o n  and pulver ized coa l  combustion 
due t o  t h e  s m a l l  p a r t i c l e  s i z e s ,  high temperatures ,  and s h o r t  res idence times 
involved. 
cluded t h a t  there  i s  l i t t l e  experimental v e r i f i c a t i o n  a t  high-temperature, high- 
pressure condi t ions t h a t  e x i s t  i n  some cur ren t  and advanced processes  ( 1 , 2 ) .  
Therefore ,  t h i s  p r o j e c t  was i n i t i a t e d  t o  determine t h e  e f f e c t s  of g a s i f i c a t i o n  
environment on product  y i e l d s  over a broad range of  mild t o  severe condi t ions.  
broad-range study was chosen t o  a i d  i n  the  d e t e c t i o n  of  reac t ion  mechanism changes 
and t o  help i n t e g r a t e  r e s u l t s  from other  r e l a t e d  i n v e s t i g a t i o n s .  

Although numerous s t u d i e s  have been conducted, recent  reviews have con- 

A 

Experimental 

A down-flow e n t r a i n e d  reac tor  designed t o  he a b l e  t o  preheat  reac tan t  gases t o  
3,000'F along t h e  h o r i z o n t a l  a x i s  and maintain the  r e a c t i o n  mixture a t  2,500'F along 
t h e  v e r t i c a l  ax is  a t  p ressures  up t o  1,000 p s i g  i s  used f o r  the  research .  Deta i l s  of 
the  reac tor  and experimental  system have been previous ly  presented (3 ,4) .  The reac- 
t o r  i s  uniquely charac te r ized  by a mixing conf igura t ion  t h a t  t u r b u l e n t l y  combines 
argon-conveyed coa l  w i t h  h ighly  preheated r e a c t a n t  gases and subsequently t r a n s i t i o n s  
the  flow t o  laminar- l ike before  it e n t e r s  a 3-inch I . D . ,  &-foot long alumina reac t ion  
tube.  The turbulen t ,  n e a r l y  a d i a b a t i c  mixing between r e a c t a n t  gases and coal  r e s u l t s  
i n  high p a r t i c l e  h e a t i n g  r a t e s  approaching 1OS0F p e r  second. I n  a d d i t i o n  t o  being 
e s s e n t i a l  f o r  proper ly  s tudying t h e  phenomena of i n t e r e s t ,  t h i s  enables  reac t ion  tern- 
pera tures  t o  be reached near  t h e  e x i t  of  t h e  nozzle  and provides t h e  p o t e n t i a l  f o r  
achieving a x i a l  i so thermal  temperature p r o f i l e s  i n  the  reac t ion  tube.  

A comprehensive test program with Montana Rosebud subbituminous coa l  i s  being 
The program i s  organized i n t o  t h r e e  major tes t  c lasses  t o  s tudy i n e r t ,  conducted. 

steam, and carbon d ioxide  environments, and an a d d i t i o n a l  c l a s s  to  i n v e s t i g a t e  char 
g a s i f i c a t i o n  r e a c t i o n s .  The c l a s s e s  a r e  f u r t h e r  subdivided i n t o  t es t  series t o  
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i n v e s t i g a t e  other  v a r i a b l e s .  
ducted i n  an i n e r t  environment of 75 mole percent  n i t rogen  and 25 mole percent  argon 
and Consisted of a composite f a c t o r i a l l y  designed s e r i e s  t o  i n v e s t i g a t e  t h e  e f f e c t s  
of reac t ion  temperature, p ressure ,  and gas res idence time. The composite f a c t o r i a l  
experimental design enabled a wide range of  condi t ions  t o  be s tud ied  with 15 d i f -  
f e r e n t  tes ts  and permit ted t h e  use of response sur face  and s t a t i s t i c a l  techniques 
f o r  data  analyses .  
weight, uniform v a r i a b l e  spacing was used f o r  t e s t i n g  and analyzing. 
leve ls  and respect ive codes a r e  given i n  Table 1. To f a c i l i t a t e  t h e  a b i l i t y  of the  
quadrat ic  response sur face  models t o  adequately represent  t h e  t r u e  response sur-  
faces ,  t h e  temperature l e v e l s  were equal ly  spaced r e c i p r o c a l l y  as  absolute  tempera- 
t u r e ,  and the  pressure and gas residence time l e v e l s  were equal ly  spaced 
logari thmical ly  a s  absolu te  pressure and seconds, respec t ive ly .  

The Class  3 A  pyro lys i s  tests reported here  were con- 

To he lp  ensure t h a t  each tes t  p o i n t  c a r r i e d  about t h e  same 
The v a r i a b l e  

TABLE 1. Composite F a c t o r i a l  Variable  Levels 

Variable Levels 

METC Test  Code 1 2 3 4 5 

F a c t o r i a l  Code -2 - 1  0 1 2 

Temperature, O F  1,500 1,681 1,898 2,165 2,500 

Pressure,  ps ig  100 178 309 530 900 

Cas Residence Time, sec  2.19 3.20 4.68 6.84 10.00 

Experimentally, the  gas environment, gas-coal r a t i o  (400 s c f / l b ) ,  and t o t a l  
mater ia l  fed  t o  t h e  r e a c t o r  during s teady-s ta te  condi t ions  were held e s s e n t i a l l y  
constant  throughout the  t e s t  series. A 200 x 270 mesh f r a c t i o n  of Montana Rosebud 
coa l  with an average p a r t i c l e  diameter of 57  microns was used. 
percent ,  t h e  average u l t imate  ana lys i s  of t h e  coal  was 64.1 carbon, 4.4 hydrogen, 
17.9 oxygen, 1.1 ni t rogen ,  1.0 s u l f u r ,  10.4 ash ,  and 1.0 moisture;  and t h e  average 
v o l a t i l e  mat ter  content  was 40.6. 

Expressed as  weight 

Resul ts  and Discussion 

The o v e r a l l  mater ia l  balance accountabi l i ty  of coa l  t o  product  gases ,  l i q u i d s ,  
and chars was g r e a t e r  than 98 weight percent .  Quadra t ic  response sur face  models 
which considered l i n e a r ,  quadra t ic ,  and i n t e r a c t i o n  e f f e c t s  were used t o  analyze 
50 var iab les .  
perform t h e  l e a s t  squares  regressions (5) .  Thir ty-s ix  v a r i a b l e s  had p o t e n t i a l l y  
adequate regression model f i t s  a t  the  0.05 s igni f icance  l e v e l  or  higher .  Some 
regression model pred ic t ions  of product y i e l d s  and compositions from t h i s  t e s t  
s e r i e s  have been previous ly  reported (6). 
re ten t ions  i n  char w i l l  be discussed here. 

The S t a t i s t i c a l  Analysis System (SAS) computer program was used t o  

Only t h e  regress ion  models f o r  elemental 

Table 2 l i s t s  t h e  experimental elemental char  r e t e n t i o n s ,  def ined a s  the  
weight percentage of each major coa l  element t h a t  remained i n  the char ,  f o r  t h i s  
t e s t  s e r i e s .  
b l e  l e v e l s  given i n  Table 1. The "3A" i d e n t i f i e s  t h e  t e s t  c l a s s  and i s  followed 
by t h r e e  numbers which sequent ia l ly  i d e n t i f y  t h e  temperature ,  p ressure ,  and gas 
res idence time l e v e l s .  A four th  number i s  used when a tes t  condi t ion  is repeated 
and represents  the  r e p e t i t i o n  number. Thus, Table 2 a l s o  i l l u s t r a t e s  t h e  15 d i f -  
f e r e n t  var iab le  combinations involved with the  composite f a c t o r i a l  design and shows 
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1 

t h a t  the center  p o i n t  condi t ion  ( i . e . ,  3A333) was repeated 4 times t o  determine 
experimental v a r i a t i o n .  T e s t  No. 3A333-1 f a i l e d  and therefore  does n o t  appear i n  
t h e  t a b l e .  

Nitrogen was t h e  only  elemental  r e t e n t i o n  t h a t  could not  be adequately repre- 
sented by a quadra t ic  response model a t  t h e  0.06 s igni f icance ,  or alpha,  l e v e l  o r  
h igher .  Of t h e  four  t h a t  could be adequately represented,  a l l  had s t a t i s t i c a l l y  
s i g n i f i c a n t  pred ic ted  temperature e f f e c t s  t o  a t  l e a s t  t h e  0.07 alpha l e v e l ,  only 
hydrogen and s u l f u r  r e t e n t i o n s  had s i g n i f i c a n t  pred ic ted  pressure e f f e c t s  t o  a t  
l e a s t  the 0.04 alpha l e v e l ,  and a l l  b u t  oxygen r e t e n t i o n  had s i g n i f i c a n t  predicted 
gas res idence time e f f e c t s  t o  a t  l e a s t  t h e  0.08 alpha l e v e l .  
l e v e l s  provided t h e  c r i t e r i a  f o r  s e l e c t i n g  which regress ion  models and what var ia -  
b l e  ranges were used f o r  p r e d i c t i v e  purposes. In genera l ,  f u l l  experimental ranges 
were used when s i g n i f i c a n c e  va lues  were 0.05 or higher ,  and only small v a r i a t i o n s  
around the  center  p o i n t  of t h e  experimental design were used when s igni f icance  val-  
ues were between 0.05 and 0.10. 

The s igni f icance  

Figure 1 shows how t h e  pred ic ted  carbon, hydrogen, oxygen, and s u l f u r  re ten-  
t i o n s  i n  char vary  wi th  reac t ion  temperature a t  t h e  experimental cen ter  po in t  
pressure and gas res idence time condi t ions .  Oxygen i s  the  l e a s t  re ta ined  ( i . e . ,  
most converted) e lement ,  and i s  predic ted  t o  be e s s e n t i a l l y  absent  i n  t h e  char  a t  
tcqperatures above 2,00C°F. Hydrogen r e t e n t i o n  decreases  s t e a d i l y  wi th  tenpera-  
t u r e  and begins  t o  approach zero  a t  t h e  h ighes t  temperature. This behavior most 
l i k e l y  r e f l e c t s  thermally induced dehydrogenation and condensation of the  l a r g e r  
aromatic s t r u c t u r e s  i n  the  char .  
decrease,  bu t  then  increase  a t  higher  temperatures .  
f o r  a s imi la r  t rend  i n  char  y i e l d ,  which was a l s o  shown t o  pass  through a mini- 
mum (6). The tendency f o r  carbon r e t e n t i o n  t o  increase  a t  higher temperatures is 
probably due t o  t h e  increased  cracking of v o l a t i l e  spec ies ,  e i t h e r  i n  the  h o t t e r ,  
o u t e r  regions of  the  p a r t i c l e s  as  they d e v o l a t i l i z e  or i n  the  e x t r a p a r t i c l e  
environment. The p o s s i b i l i t y  of decreased y i e l d s  a t  higher  temperatures due t o  
secondary reac t ions  was recognized p r i o r  t o  t h i s  experimental confirmation ( 7 ) .  
The tendency f o r  s u l f u r  r e t e n t i o n  t o  increase  may be due t o  t h e  high-temperature 
reac t ion  of hydrogen s u l f i d e  with char t o  form thiophenic  s t r u c t u r e s ,  a s  has  been 
reported (81, o r  capture  of t h e  s u l f u r  by ash  components. 

Carbon and s u l f u r  r e t e n t i o n s  both i n i t i a l l y  
This behavior mostly accounts 

Figure 2 i n d i c a t e s  an i n t e r a c t i o n  between temperature and pressure  e f f e c t s  on 
hydrogen r e t e n t i o n .  
t i o n  temperature and decreases  i n  magnitude a s  temperature increases .  
e f f e c t  is r e l a t i v e l y  unimportant a t  higher  temperatures .  A t  lower temperatures ,  how- 
ever ,  hydrogen r e t e n t i o n  increases  f a s t e r  with pressure  than hydrogen y i e l d  decreases 
which, i f  t h e r e  i s  no p r e s s u r e  e f f e c t  on carbon r e t e n t i o n  a s  ind ica ted  by a poor s ig-  
n i f icance  l e v e l ,  impl ies  t h a t  the o v e r a l l  hydrogen-carbon r a t i o  of t h e  nonchar prod- 
uc ts  decreases .  Thus, i n  very  genera l  and r e l a t i v e  terms, pressure may tend t o  s h i f t  
t h e  aromatic  hydrocarbon spectrum t o  heavier  components a t  lower temperatures ,  but 
has l i t t l e  or no e f f e c t  a t  higher  temperatures due t o  extremely low organic  y ie lds .  
This behavior may be due t o  equi l ibr ium cons idera t ions  o r  r e f l e c t  p ressure  e f f e c t s  
on t h e  sequence of secondary cracking reac t ions .  

The na ture  of t h e  pred ic ted  pressure  e f f e c t  changes with reac- 
The pressure 

Figure 3 shows t h a t  near  the  experimental c e n t e r  p o i n t  temperature and a t  the 
c e n t e r  po in t  gas res idence  t ime,  s u l f u r  r e t e n t i o n  is  predic ted  t o  maximize i n  roughly 
t h e  200 t o  300 p s i g  p r e s s u r e  range. 
s l i g h t l y  with temperature  and,  conversely,  increases  s l i g h t l y  with temperature a t  
t h e  higher  pressures .  
dependencies suggest the presence of mul t ip le  phenomena. 
could include some o f  t h e  poss ib le  e f f e c t s  o f  pressure  on t h e  following: (1) reac- 
t i o n  r a t e s  of s u l f u r  spec ies  with char  and ash ,  (2) i n i t i a l  d i s t r i b u t i o n  of devola- 
t i l i z e d  s u l f u r  spec ies ,  (3) sequence and r a t e s  of secondary reac t ions ,  ( 4 )  coal  and 
char physical  changes during d e v o l a t i l i z a t i o n  t h a t  a f f e c t  reac tan t  a c c e s s i b i l i t y ,  

A t  lower pressures ,  s u l f u r  r e t e n t i o n  decreases 

The occurrence of maxima and t h e  inverted temperature 
Candidate explanat ions 
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and (5) various sulfur absorption equilibriums. 
obtain the proportion of organic and inorganic sulfur forms may clarify these 
trends. 

Planned analyses of the chars to 

Figure 4 shows how the predicted hydrogen and carbon retentions vary with gas 
residence time near the experimental center point temperature and at the center point 
pressure. 
comparatively much greater sensitivity to temperature. The decrease is probably due 
to an annealing-like phenomena which results in the slow dehydrogenation and conden- 

drogenation rate increases with temperature. 
increase with time at the lower temperatures, but decrease with time at the highest 
temperature. Furthermore, carbon retention increases with temperature at gas resi- 
dence times less than approximately 3.5 seconds, but decreases with temperature at 
longer residence times. 
sibly involve the relative kinetics of some of the cracking and gasification reac- 
tions and the initial cracking sequence. Initially, more intraparticle cracking of 
volatile species may be occurring during devolatilization as temperature increases, 
and, hence, carbon retention increases with temperature at the shortest residence 
times. 
peratures may then, with time, continue cracking in the extraparticle environment 
and lead to a gradual increase in carbon retention. Because significant cracking may 
have already occurred at the highest temperature, there would be little material left 
for long-term extraparticle cracking and, hence, no tendency for carbon retention to 
increase. However, gasification reactions of the char with carbon dioxide and water 
formed during pyrolysis would have the opportunity to proceed and may account for the 
gradual conversion of carbon at the highest temperature. At the lower temperatures, 
the gasification reactions may not be fast enough to counter deposition resulting 
from cracking reactions, and thus, carbon retention continues to increase. To vali- 
date these explanations, more data are needed for yields at residence times under 
2 seconds and for cracking rates of various light hydrocarbons in the presence of 
char at the experimental conditions. 

Hydrogen retention decreases just slightly with residence time and has a 

\ sation of aromatic structures in the char. The predicted trends show that the dehy- 
Carbon retention is predicted to 

The explanation for this behavior is not clear, but may pos- 

The volatile species that escaped intraparticle cracking at the lower tem- 

1 

Figure 5 shows that sulfur retention in char is very sensitive to gas resi- 
dence time and relatively insensitive to temperature. The trends indicate that a 
low-sulfur char is initially produced, but increases in sulfur content as time pro- 
ceeds. This implies that a large percentage of the sulfur in the coal is initially 
released to the extraparticle environment and that various mechanisms then return 
some of the sulfur to the char. Various organic sulfur compounds crack into hydro- 
gen sulfide and carbon disulfide, and these as well as the hydrogen sulfide ini- 
tially formed from pyrite probably back react with the char and ash components. 
Depending on the initial forms of the devolatilized sulfur and relative reaction 
rates, these trends could predominantly reflect the kinetics of either hydrogen 
sulfide absorption reactions or organic sulfur compound cracking reactions. The 
suggested asymptote at approximately 75 percent sulfur retention possibly reflects 
approach to equilibrium or an absorption limit of the ash. 
sulfur forms in the chars may indicate the dominant effects. 

Further analyses of 

Conclusions 

A composite factorial experimental design and response surface methods were 
successfully applied to study the flash pyrolysis of Montana Rosebud coal over wide 
ranges of temperature, pressure, and gas residence time. Statistically significant 
regression models were used to predict product yield and composition trends. 
regression model predictions reported here for elemental retentions in char lead to 
the following conclusions:. (1) char yields increased at the higher temperatures 
investigated due to carbon deposition from the cracking of volatiles and sulfur 
absorption by char and ash components, (2) carbon, hydrogen, and oxygen retentions 

The 
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were most s e n s i t i v e  t o  temperature and s u l f u r  r e t e n t i o n  was most s e n s i t i v e  t o  r e s i -  
dence t i m e ,  (3) pressure  may tend t o  s h i f t  t h e  aromatic  hydrocarbon spectrum t o  
heavier  components a t  t h e  lower temperatures i n v e s t i g a t e d ,  (4)  s u l f u r  r e t e n t i o n  was 
l i k e l y  a f f e c t e d  by m u l t i p l e  phenomena, (5) char  anneal ing e f f e c t s  and continued 
cracking of l i g h t  hydrocarbons were present  i n  t h e  residence time range s tudied ,  and 
(6) a low-sulfur char  was i n i t i a l l y  produced, bu t  increased  i n  s u l f u r  content  with 
time t o  an apparent  asymptot ic  value due t o  back reac t ions  of s u l f u r  spec ies  with 
t h e  char and ash .  
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Flash P y r o l y s i s  o f  New Mexico Sub-Bituminous Coal 
i n  He1 ium-Methane Gas Mix tu res  

Muthu S. Sundaram, Peter  T. Fa l l on  and Meyer S te inberg  
Process Sciences D i v i s i o n  

Brookhaven Nat iona l  l a b o r a t o r y  
Upton, New York 11973 

ABSTRACT 

A New Mexico sub-bituminous coal was f l a s h  pyrolyzed i n  gas mix tu res  
o f  hel ium and methane a t  1000°C and 50 p s i  i n  an I - i n .  1.0. en t ra ined 
down-flow t u b u l a r  reac to r .  The m i x t u r e  contained 0 t o  40% hel ium i n  meth- 
ane. Under tes ted  exper imental  cond i t ions ,  py ro l ys i s  i n  gas mix tu res  re- 
su l ted  i n  h i g h e r  y i e l d s  o f  ethylene and BTX than i n  pure methane. For 
example, under a coa l  f l ow  r a t e  o f  1.0 l b / h r  and methane f l o w  r a t e  o f  4.0 
l b / h r ,  p y r o l y s i s  i n  pure methane produced 7.7% C2H4 and 9.0% BTX onsthe 
bas is  o f  carbon conta ined i n  coal; under s i m i l a r  coal and methane 11oW 
rates,  as h igh  as 14.8% C2H4 and 15.3% BTX were obtained on p y r o l y s i s  i n  
25% He + 75% CH4 gas mixture.  The data show t h a t  t he  coal  f l ow  r a t e  and 
methane f l ow  r a t e  bo th  independent ly a f f e c t  t h e  y i e l d s  o f  C2H4 and BTX. 
A t  constant methane f l o w  ra te ,  increase i n  coal f l ow  r a t e  decreases the  
y i e l d s  o f  C2H4 and BTX; a t  constant coal f l ow  ra te ,  increase i n  methane 
f l ow  r a t e  increases the  y i e l d s  o f  C2H4 and BTX. 

Keywords: coa l ;  n a t u r a l  gas; py ro l ys i s ;  gas i f i ca t i on .  

INTRODUCTION 

The aim o f  t h e  f l a s h  p y r o l y s i s  o f  coal i s  the  product ion o f  smal ler  
molecules from i t  i n  a shor tes t  poss ib le  p a r t i c l e  residence time. There- 
fo re ,  t h e  o b j e c t i v e  o f  s tudy ing  the  process chemistry o f  coal  p y r o l y s i s  i s  
t o  i n v e s t i g a t e  t h e  experimental parameters t h a t  permit  t h i s  aim t o  be 
achieved and t o  e s t a b l i s h  t h e  optimum cond i t ions  t h a t  produce a favorab le  
product s la te .  The basic process parameters t h a t  i n f l uence  the  product 
y i e l d s  dur ing  f l a s h  p y r o l y s i s  o f  coal are: (1)  reac t i on  temperature, (2) 
gas pressure and ( 3 )  residence times o f  coal p a r t i c l e s  and ensuing t a r  
vapors. I n  a d d i t i o n  t o  these major process parameters, product y i e l d s  can 
be i n f l u e n c e d  by o t h e r  fac to rs  such as the  nature o f  t h e  p y r o l y s i s  gas and 
i t s  p a r t i a l  pressure and t h e  gas-to-coal ra t i o .  

Previous work on f l a s h  p y r o l y s i s  o f  coal  a t  Brookhaven Nat iona l  l ab -  
o ra to ry  was pe formed w i t h  i n e r t  py ro l ys i s  gases, He, N2 and A r ,  and reac- 
t i v e  gas, Hp.rl) Because o f  i t s  process po ten t i a l ,  our recent work has 
concentrated on t h e  f l a s h  p y r o l y s i s  o f  coal  w i t h  reac t i ve  methane gas. 
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Methane, i n  the form o f  na tu ra l  gas, has become a r e a d i l y  ava i l ab le ,  low- 
cost raw mater ia l .  U t i l i z a t i o n  and conversion o f  coal i n  con junc t i on  w i t h  
na tu ra l  gas t o  produce h igher  valued f u e l  and feedstocks, becomes an a t -  
t r a c t i v e  process proposi t ion.  

I n  general, p y r o l y s i s  experiments have been c a r r i e d  out i n  pure gas- 
es, e i t h e r  i e r t  or react ive.  I n  a few instances, mix tures o f  i n e r t  gases 
e.g. Nz-Ar(29 o r  r e a c t i v e  gases e.g. H2-H20 were used as p y r o l y s i s  atmo- 
s p h e r e ~ . ( ~ )  The p o t e n t i a l  and usefulness o f  mix tures o f  i n e r t  and reac- 
t i v e  gases towards the s e l e c t i v i t y  o f  p y r o l y s i s  products, he re to fo re ,  has 
not  been invest igated.  

In  order t o  determine i f  a r e l a t i v e  increase i n  the  heat t r a n s f e r  co- 
e f f i c i e n t  o f  t h e  py ro l yz ing  gas cou ld  be used t o  increase t h e  y i e l d s  o f  
ethylene and BTX from coal ,  a d e t a i l e d  examination o f  t he  p y r o l y s i s  of a 
New Mexico sub-bituminous coal was conducted i n  gas mixtures o f  he l ium and 
methane. The e f f e c t s  o f  gas m ix tu re  composit ion, coal feed r a t e  and gas 
feed r a t e  on t h e  y i e l d s  o f  e thy lene and 6TX a re  repor ted i n  t h i s  paper. 

EXPERIMENTAL 

The f l a s h  p y r o l y s i s  experiments were c a r r i e d  out i n  a 1- in .  d iameter-  
by-8- f t - long d w f l o w  ent ra ined t u b u l a r  reactor ,  d e t a i l s  o f  which have 
been r e p ~ r t e d . ? ~ !  The gas m ix tu re  cons is ted  o f  0-40% hel ium by volume 
and t h e  balance methane. Preheated methane o r  helium-methane gas m i x t u r e  
was f e d  i n t o  t h e  reac to r  t o  des i red  t o t a l  pressure. The p a r t i a l  pressure 
o f  methane was maintained constant a t  50 p s i  i n  t h e  experiments repo r ted  
here. A New Mexico sub-bituminous coal ,  w i t h  ana lys i s  shown i n  Table 1, 
was used i n  the  study. The coal, 1 5 0 m  o r  l e s s  i n  s ize,  premixed w i t h  10% 
by weight o f  Cab-0-Si1 (a fumed s i l i c a  powder) t o  prevent agglomeration, 
was d r i e d  i n  a vacuum oven overn ight .  The h igh  temperature gas feed i s  
mixed w i t h  coal a t  t he  top  o f  t he  reac to r  causing the p y r o l y s i s  reac t i ons  
t o  take  place. Routine gas analyses were performed w i t h  an o n - l i n e  gas 
chromatograph. The product y i e l d s  were determined on t he  bas i s  o f  conver- 
s ion o f  carbon contained i n  the  coal feed. 

Table 1 

Analys is  o f  New Mexico Sub-bituminous coal (ut%) 
~~ ~ 

Mo is ture (As Received) 7.8 

Proximate Analysis: U l t i m a t e  Analys is :  (da f )  

Dry Ash 22.8 Carbon - 72.4 

Dry V.M. 34.9 Hydrogen - 5.6 

Dry V.M. 34.9 Ni t rogen - 1.4 

Dry P.C. 42.4 Oxygen (by d i f f )  - 20.6 
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RESULTS AN0 D I S C U S S I O N  

Ethylene i s  an impor tan t  r a w  ma te r ia l  f o r  t h e  polymer market. Less 
a t t e n t i o n  has been focused i n  the  past on t h e  produc t ion  o f  ethylene us ing  
coal as the  raw material.We have shown e a r l i e r  t h a t  there  are d e f i n i t e  
advantages i n  the  use o f  methane as an atmosphere i n  the  f l a s h  p y r o l y s i s  
o f  coal .  A t  temperatures higher than 80OOC, 2 - 5  t imes g r e t e r  y i e l d s  o f  
ethylene are  o b t a i n a b l e  i n  methane atmos here when compared t o  f l a s h  py- 

ene y i e l d  was determined t o  be due o an i n t e r a c t i o n  between coal and 
methane a t  t h e  p y r o l y s i s  cond i t ions . t6 )  Though grea ter  s e l e c t i v i t y  t o -  
wards ethylene and BTX produc t ion  can be achieved by py ro l ys i s  o f  coal  i n  
a methane atmosphere, i t s  r e l a t i v e l y  low thermal conduc t i v i t y  can l i m i t  
the t o t a l  v o l a t i l e s  y i e l d  ob ta inab le  from coal .  Hydrogen i s  h igh l y  reac- 
t i v e  and i t  a l s o  has the  h ighes t  thermal c o n d u c t i v i t y  o f  a l l  gases; how- 
ever, i t  i s  u n s u i t a b l e  i f  the  aim i s  t o  maximize ethylene and BTX y i e l d s  
as they  become hydrocracked i n  t h e  presence o f  hydrogen. This, then, 
leads t o  t h e  p o s s i b i l i t y  o f  p y r o l y z i n g  coal  i n  a mix tu re  o f  hel ium w i t h  
h igh  thermal c o n d u c t i v i t y  and methane w i t h  h igh  r e a c t i v i t y .  

One o f  t h e  impor tan t  process parameters t h a t  in f luenced the  e thy lene 
and BTX y i e l d s  was found t o  be t h e  methane-to-coal feed r a t i o .  When the  
gas f l ow  r a t e  was h e l d  constant,  t h e  y i e l d s  o f  C 2 H 4  and BTX tend t o  i n -  
crease w i t h  lower mass load ings  o f  coal .  The r e s u l t s  o f  f l a s h  p y r o l y s i s  
o f  New Mexico sub-bituminous coal  i n  pure methane a t  IOOOOC and a constant 
methane flow r a t e  o f  3.8 l b / h r  a re  shown i n  F igure  1. The curves f o r  bo th  
C2H4 and BTX f o l l o w  t h e  same pat te rn .  The t o p  curves show the  t o t a l  y i e l d  
of C2H4,  C2Hg and BTX. A t  t h e  lowest  coal  f l o w  ra te ,  t h e  ethane y i e l d  was 
1.0% and no ethane was produced a t  h i g h e r  coal  f l ow  rates.  The decrease 
i n  the  y i e l d s  o f  BTX, C 2 H 4  and C 2 H g  a t  h igher  coal f l ow  ra tes  can be ex- 
p la ined on the  bas i s  o f  acce le ra ted  decomposition o f  t h e  above products on 
the surface o f  t h e  ho t  char  p a r t i c l e s ,  t h e  area o f  which a l so  increases 
with h igher  mass load ings  o f  coal. Furthermore, h igher  mass loadings o f  
coal can a lso  a f f e c t  t h e  heat  t r a n s f e r  between the  pyro lyz ing  gas and the  
coal p a r t i c l e s  which, i n  t u r n ,  can reduce t h e  y i e l d  o f  the  v o l a t i l e s  f r o m  
coal .  Thus, i t  becomes necessary t o  op t im ize  the f low ra tes  o f  coal and 
methane i n  o rder  t o  maximize the  d e s i r e d  produc t  y ie lds .  

Table 2 shows t h e  y i e l d s  o f  t h e  products obtained when t h e  coal was 
Py@!yzed i!! gas mix tu res  o f  hel ium and methane. Three d i f f e r e n t  composi- 
t l o n s  of gas m i x t u r e s  were used which contained 6 t o  4 0 %  He i n  methane. 
As shown i n  Table 2, t h e  p a r t i a l  pressure o f  methane was constant a t  50 
ps i  i n  a l l  experiments. The coal f l ow  r a t e  ranged from 0.8 t o  1.3 l b / h r  
and the  methane f l o w  r a t e  from 2.1 t o  4.6 lb /h r .  The f l ow  ra tes  shown 
here were ob ta ined by averaging t h e  f l ow  ra tes  throughout t h e  run which 
l as ted  fo r  about an hour. Though instantaneous f l ow  r a t e  o f  coal  i s  not 
known, i t  i s  n o t  expected t o  vary because successive gas analyses us ing  
on- l ine  GC were c o n s i s t e n t  f o r  a steady s t a t e  reac t ion  cond i t ions .  The 
instantaneous f l o w  r a t e  o f  t h e  p y r o l y z i n g  gas which was recorded through- 
out t he  run, d i d  no t  reveal  any s i g n i f i c a n t  d i f fe rences .  

r o l y s i s  i n  an i n e r t  hel ium atmosphere.( P The enhancement i n  the  e t h y l -  
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Figure  2 shows t h e  y i e l d s  o f  e thy lene and BTX as a func t i on  o f  volume 
percent hel ium i n  t h e  p y r o l y z i n g  helium-methane gas mix tu re  a t  methane-to- 
coal r a t i o  o f  3.9 t o  4.1 and coal p a r t i c l e  residence t ime o f  1.2-1.5 sec. 
Both curves show t h a t ,  under the  cond i t ions  inves t iga ted ,  t h e  y i e l d s  o f  
C2H4 and BTX increase w i t h  the  amount o f  hel ium i n  the  gas mixture.  It 
a lso  appears t h a t  t h e  y i e l d s  o f  C2H4 and BTX w i l l  be going through a maxi- 
mum, s ince  the  y i e l d s  w i t h  pure hel ium are much lower than w i t h  the  m i x -  
t u res  o f  CH4 and He. The data i n  Table 2 i n d i c a t e  t h a t  t h e  e f f e c t  o f  t he  
helium c o n c e n t r a t i o n  i n  t h e  gas m i x t u r e  on C2H4 and BTX y i e l d s  i s  more 
pronounced a t  h i g h  methane-to-coal r a t i o s  than a t  low methane-to-coal 
ra t i os .  

F igure  3 shows t h e  e f f e c t  o f  the  methane f l ow  r a t e  on t h e  y i e l d  o f  
ethylene a t  a cons tan t  coal  f low r a t e  o f  1.0-1.2 lb /h r .  The curves f o r  
t he  th ree  d i f f e r e n t  gas mix tu res  used i n  our experiments, which contained 
6, 12 and 25% he l ium by volume, a l l  f o l l o w  s i m i l a r  trends. For a l l  gas 
mixtures,  C2H4 y i e l d  increased w i t h  the  f l ow  r a t e  o f  methane. It i s  seen 
f r o m  F igure  3 t h a t  f o r  a given methane f l ow  ra te ,  t he  y i e l d  o f  C2H4 i n -  
creased w i t h  the  he l ium content o f  the  gas mix tu re .  I f  t he  increased eth- 
y lene y i e l d  came from the  p y r o l y s i s  o f  methane alone, i.e., i f  the  e t h y l -  
ene y i e l d s  were a d d i t i v e ,  an e f f e c t  oppos i te  t o  t h i s  would have been 
not iced. A s i m i l a r  t rend  i s  noted i n  Table 3 w i t h  respect t o  BTX y i e l d .  
Thus, t he re  i s  g r e a t e r  s e l e c t i v i t y  i n  t h e  produc t ion  o f  ethylene and BTX 
i n  t h e  presence o f  He/CH4 than i n  t h e  presence o f  e i t h e r  pure He o r  pure 
CH4. Th is  i nd i ca tes  an a t t r a c t i v e  process app l i ca t i on  f o r  the  product ion 
of e thy lene and BTX from coal  v i a  Flash Methanolysis. 
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INTRODUCTION 

Hypothetical ultimate yields for rapid coal devolatilization arose from the 
historical notions that a well-defined amount of volatile precursors are present in 
coal, and that their rate of release is directly proportional to a decaying reactant 
concentration. However, as reviewed elsewhere(l.2). wet chemical and spectroscopic 
analyses of coal structure from the past decade suggest a far less direct relation- 
ship between the reactive species in coal and the pyrolysis products. According to 
the aromaticlhydroaromatic model, bituminous coals are composed of aromatic "nuclei" 
interconnected by various bridges and substituted with smaller functional groups on 
their periphery. Although there is no well-defined repeating unit, bituminous coal 
is an extensively crosslinked macromolecular network which swells on solvation and 
exhibits viscoelasticity(3). 

The aromatic/hydroaromatic model suggests three broad classes of chemical reac- 
tions: dissociation of bridges, recombination of nuclei. and elimination of periph- 
eral groups. When peripheral groups present initially are converted to light gas, 
there i s  a direct correspondence between their initial concentrations and ultimate 
gas yields. But in contrast, when a bridge breaks, tars do not form at a rate gov- 
erned by stoichiometric proportions, and furthermore, there is no predetermined 
concentration of tar precursors, per se, present initially in the coal. In depoly- 
merizations, stoichiometric proportionalities are replaced by probabilities assigned 
from molecular conformation; i.e., the spatial arrangement of the atoms in s mole- 
cule($). The probabilities relate the fragment size distribution to the concentra- 
tion of unhroken bridges in the network, independent of the chemical reaction rates. 
During devolntilization, nuclei disconnect and recomblne concurrently, and many 
fragments never become small enough to vaporize. Tar and char yields are determined 
by competitive kinetics which depend on complex conformational probabilities as well 
as chemical reaction rates. Each nucleus can become either tar or char, depending on 
the transient conditions for the competition. The fate of nuclei is not predeter- 
mined, as implied in formulations which include hypothetical ultimate yields for tar 
and char. Moreover, the disfntegrating macromolecular skeleton of coal and the 
reintegration of intermediates into char are not taken into account in the histori- 
cal notions mentioned above, nor in any of the available devolatilization rate 
models. 

We formulated the Distributed-Energy Chain Model (DISCHAIN) to account for the 
conformational aspects of coal depolymerization and char formation in a phenomenolo- 
gical way. The derivation of the model and the qualitative mechanisms for product 
formation have been described(5). Rate parameters have been specified by correlating 
transient weight loss from a bituminous coal over a broad range of thermal histories 
for heating rates to 103K/s and temperatures to 1300K(6). In the present study, 
predictions from DISCHAIN are compared with volatiles yields from very similar 
bituminous coals for heating rates between lo3 and 105K/s and temperatures between 

237 



800 and 2100K. No f u r t h e r  ad jus tmen t s  o f  any of t h e  pa rame te r s  i n  t h e  model have 
been made. N e v e r t h e l e s s ,  p r e d i c t e d  y i e l d s  and r e a c t i o n  times d i f f e r  s i g n i f i c a n t l y  
among the  comparisons,  r e f l e c t i n g  the  i n f l u e n c e  of t h e  d i f f e r e n t  t r a n s i e n t  h i s t o r i e s  
i n  t h e  c a s e s  cons ide red .  

PRODUCT FORMATION FOR VARIOUS HEATING RATES 

Chain statist ics i n t r o d u c e  s e v e r a l  nove l  q u a l i t a t i v e  f e a t u r e s  i n t o  t h e  formation 
mechanism f o r  d e v o l a t i l i z a t i o n  products .  l n  DISCHAIN, t h e  monomer fo rma t ion  r a t e  is 
not  d i r e c t l y  p r o p o r t i o n a l  t o  e i t h e r  t h e  b r i d g e  d i s s o c i a t i o n  or t h e  c h a r  formation 
rate. L imi t ing  cases e s t a b l i s h  t h a t  ( 1 )  t h e  conve r s ion  of bound a romat i c  u n i t s  i n t o  
monomers accelerates w i t h  p r o g r e s s i v e  b r idge  d i s s o c i a t i o n s ,  r e g a r d l e s s  of t h e  chemi- 
c a l  r e a c t i o n  r a t e  f o r  b r i d g e  d i s s o c i a t i o n ,  and ( 2 )  t h e  number of c h a r  l i n k s  needed 
t o  e l i m i n a t e  a l l  monomers is less t h a n  the o r i g i n a l  number of monomers. Most impor- 
t a n t ,  t he  fo rma t ion  o f  s t a b l e  cha r  l i n k s  is concur ren t  w i th  t h e  d i s i n t e g r a t i o n  of 
b r i d g e s  d u r i n g  s low h e a t i n g .  This i n h i b i t s  t h e  subsequen t  fo rma t ion  of monomers, 
t h e r e b y  accoun t ing  f o r  reduced y i e l d s  f o r  lower h e a t i n g  rates. 

The m e c h a n i s t i c  b a s i s  f o r  y i e l d  enhancement a t  f a s t e r  h e a t i n g  r a t e s  in DISCHAIN 
is n o t  s o l e l y  t h e  d i s p a r i t y  o f  t h e  a c t i v a t i o n  e n e r g i e s  f o r  tar  and c h a r  formation.  
Rather, t h e  h e a t i n g  rate dependence i s  t h e  j o i n t  r e s u l t  of t h e  compe t i t i on  between 
t h e  p rocesses  o f  c h a r  and t a r  formation in c o n j u n c t i o n  wi th  suppres s ion  of monomer 
g e n e r a t i o n  due t o  c h a r  fo rma t ion .  The a c t i v a t i o n  ene rgy  d i s p a r i t y  de t e rmines  t h e  
s e l e c t i v i t y  to tar and c h a r  from the  common i n t e r m e d i a t e ;  i .e. ,  monomer. Independ- 
e n t l y ,  cha in  s ta t i s t ics  de te rmine  t h e  conve r s ion  of t h e  bound a r o m a t i c  u n l t s  i n t o  
t h e  in t e rmed ia t e .  Obv ious ly ,  bound a r o m a t i c  u n i t s  which never  become monomers are 
excluded from t h e  c o m p e t i t i o n  between c h a r  and tar  fo rma t ion .  

To f u r t h e r  i l l u s t r a t e  t h e  r o l e  of monomer s e l e c t l v i t y .  p r e d i c t e d  tar  y i e l d s  a t  
f o u r  h e a t i n g  rates are shown in Figure  1. In  t h e s e  s i m u l a t i o n s ,  t h e  thermal  h i s t o r -  
ies are l i n e a r  t empera tu re  ramps a t  t h e  i n d i c a t e d  h e a t i n g  r a t e s  t o  1900K. The onse t  
of d e v o l a t i l i z a t i o n  moves t o  h i g h e r  t e m p e r a t u r e s  f o r  g r e a t e r  h e a t i n g  r a t e s ,  due t o  
k i n e t i c  r e s t r a i n t s ( 7 ) .  The d e v o l a t i l i z a t i o n  rate i n c r e a s e s  i n  rough p ropor t ion  to 
i n c r e a s e s  i n  t h e  h e a t i n g  rate. React ion time c o n s t a n t s  range from 3 s a t  102K/s t o  5 
m s  a t ,  105K/s. Each t r a n s i e n t  g i e l d  r e a c h e s  an  asymptote  wh i l e  t h e  t empera tu re  ramp 
is be ing  t r a v e r s e d ,  even a t  10 K / s .  

F a s t e r  h e a t i n g  t e n d s  t o  p rec lude  c h a r  fo rma t ion ,  which i n c r e a s e s  t h e  monomer 
s e l e c t i v i t y ,  and h i g h e r  t empera tu res  s h i f t s  t h e  s e l e c t i v i t y  t o  tar  formation.  Con- 
s e q u e n t l y ,  u l t i m a t e  tar  y i e l d s  i n c r e a s e  by 70 % over  t h i s  range of h e a t i n g  r a t e s .  
S ince  t h e  mass of a r o m a t i c  u n i t s  d i s t r i b u t e d  between c h a r  and t a r  is f i x e d ,  cha r  
y i e l d s  a r e  d e c r e a s i n g  th roughou t  t h i s  r ange  of c o n d i t i o n s .  Gas y i e l d s ,  which a r e  no t  
shown, a r e  f i x e d  a t  8%. a l t h o u g h  a t  105K/s, p e r i p h e r a l  g roups  a r e  t r a n s p o r t e d  away 
w i t h  tar b e f o r e  t h e y  c a n  be e l i m i n a t e d  a s  g a s e s .  Product  d i s t r i b u t i o n s  c o n s i s t i n g  of 
tars bu t  no l i g h t  gases have a c t u a l l y  been observed d u r i n g  l a s e r  p y r o l y s i s  a t  ve ry  
h igh  h e a t i n g  r a t e s ( 8 ) .  

COMPARISONS WITH TRANSIENT CONVERSION MEASUREMENTS 

P r e d i c t i o n s  from DISCHAIN are compared wi th  t h r e e  s e t s  of d a t a  f o r  s ing le -  
p a r t i c l e ,  t r a n s i e n t  d e v o l a t i l i z a t i o n  o f  h i g h  v o l a t i l e  bi tuminous c o a l s  f o r  s broad 
r ange  of the rma l  h i s t o r i e s .  In B s u t i s t a ' s  wire q i d  s t u d y  of vacuum p y r o l y s i s ,  
thermal  h i s t o r i e s  c o n s i s t  of uniform h e a t i n g  at 10 Kfs to t empera tu res  between 750 
and 1200K. fo l lowed  by s u f f  i c i e n t l y - l o n g  r e a c t i o n  times t o  obse rve  u l t i m a t e  y i e l d s  
a t  each  t empera tu re (9 ) .  In Kohayashi ' s  en t r a ined - f low s t u d y  of p y r o l y s i s  
atmosp e r i c  p r e s s u r e ,  t h e  o p e r a t i n g  c o n d i t i o n s  encompass h e a t i n g  rates between 10 
and 10 K / s  and t e m p e r a t u r e s  between 1000 and ZlOOK(1). Time-temperature h i s t o r i e s  
are based on c a l c u l a t i o n s  which accoun t  f o r  mixing between t h e  d i l u t e  c o a l  j e t  and 
t h e  p rehea ted  c o a x i a l  g a s  stream. In K i n k i f f  e t  a l . ' s  s tudy  of an e x c e s s i v e l y  fue l -  
r i c h  s t a b i l i z e d  c o a l  f l ame ,  t h e  nominal h e a t i n g  rate is 105K/s and t h e  u l t i m a t e  
t empera tu re  is 2 0 0 0 ~ ( l l ) .  

"t B 

230 



The d i f f e r e n t  p r e s s u r e s  i n  t h e s e  s t u d i e s  may seem o b j e c t i o n a b l e  i n  l i g h t  of 
s i g n i f i c a n t  r e d u c t i o n s  in y i e l d  f o r  p r e s s u r e s  between vacuum and a few atmospheres .  
Many models invoke competing mass t r a n s p o r t  and r e d e p o s i t i o n  of Lar from t h e  g a s  
phase w i t h i n  and around t h e  p a r t i c l e s  to r a t i o n a l i z e  t h i s  e f f e c t ,  b u t  t h i s  b a s i s  is 
i n c o n s i s t e n t  with measured tar  d e p o s i t i o n  rates and t i m e  s c a l e s  f o r  v o l a t t l e s  
e scape .  Only a summary e x p l a n a t i o n  is g i v e n  h e r e ,  as a d d i t i o n a l  d e t a i l  is g iven  
e l sewhere (  6). 

phase ,  depending on t h e  molecu la r  weight ,  t empera tu re ,  and p r e s s u r e .  DISCHAIN pre-  
sumes i n s t a n t a n e o u s  v a p o r i z a t i o n  and e scape  of a l l  t a r s  formed when monomers d i s so -  
c i a t e ,  which is a l i m t t i n g  form f o r  low p r e s s u r e s  i f  v o l a t i l e s  e s c a p e  by v i s c o u s  
flow. The re fo re ,  t h e  model a p p l i e s  t o  vacuum p y r o l y s i s  r e g a r d l e s s  o f  t empera tu re ,  
and to  p y r o l y s i s  a t  a tmosphe r i c  p r e s s u r e ,  provided t h a t  t empera tu res  are h igh  enough 
to  compensate f o r  t h e  i n f l u e n c e  of p r e s s u r e  on t a r  v a p o r i z a t i o n .  Regarding Lhe 
assumed i n s t a n t a n e o u s  v a p o r i z a t i o n  of t a r ,  t h e  e q u i l i b r i u m  vapor  p r e s s u r e  o f  heavy 
compounds i n c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  t empera tu re ,  so t h a t  t h i s  assumption is 
w e l l  s a t i s f i e d  throughout  t h e  combustion t empera tu res  i n  bo th  of the  s e l e c t e d  
s t u d i e s  a t  1 atm. Based on an e q u i l i b r i u m  vapor  p r e s s u r e  l a w  f o r  c o a l  l t q u i d s ( l 2 ) .  
t h e  r a t i o  of t h e  vapor  p r e s s u r e  and t h e  i n t e r n a l  p r e s s u r e  a r e  i d e n t i c a l  a t  IOOOK and 
a n  i n t e r n a l  p r e s s u r e  of 1 atm, and a t  1250K and an  i n t e r n a l  p r e s s u r e  o f  10 atm. 

P red ic t ed  product  d i s t r i b u t i o n s  f o r  g a s ,  t a r ,  c h a r ,  and un reac ted  c o a l  are 
compared w i t h  measured y i e l d s  of gas  and t o t a l  weight  loss f o r  vacuum p y r o l y s i s  in 
Figure  2. The s i m u l a t i o n s  are based on uniform h e a t i n g  a t  103K/s t o  t h e  s t a t e d  
r e a c t i o n  t empera tu re ,  fol lowed by an i s o t h e r m a l  r e a c t i o n  pe r iod  between 6 and 30 8 ,  

depending on r e a c t i o n  t empera tu re .  In  a l l  c a s e s .  u l t t m a t e  y i e l d s  were reached b e f o r e  
t h e  end of t h e  expe r imen ta l  r e a c t i o n  time. Model p r e d i c t i o n s  were conve r t ed  t o  t h e  
da f -bas i s  w i t h  a r e p o r t e d  a s h  c o n t e n t  of 9.2 X .  

The r e l a t i v e  y i e l d s  of tar  and gas  are r e l i a b l y  p r e d i c t e d  o n l y  beyond 900K. 
whi le  p r e d t c t e d  and measured weight  l o s s  d i f f e r  by s e v e r a l  p e r c e n t  a t  t empera tu res  
below 1000K. The p r e d i c t e d  t empera tu re  dependence is more c o n s i s t e n t  f o r  tar y i e l d s  
t h a n  f o r  gas  y i e l d s .  P r e d i c t e d  y i e l d s  f o r  un reac ted  c o a l  and c h a r  seem r e a s o n a b l e ,  
b u t  cannot  be a s s e s s e d  q u a n t i t a t i v e l y .  Unreacted c o a l  p e r s i s t s  t h rough  lOOOK a s  a 
r e s u l t  of t h e  broad r ange  o f  d i s s o c i a t i o n  e n e r g i e s  f o r  b r i d g e s .  The amount of c h a r  
i n c r e a s e s  mono ton ica l ly  throughout  t h i s  t empera tu re  range,  bu t  e x h i b i t s  a maximum 
f o r  h i g h e r  t empera tu res  and h e a t i n g  r a t e s .  

I n  succeeding comparisons,  on ly  weight  loss i s  shown because g a s  phase chemis t ry  
a l t e r s  t h e  product  d i s t r i b u t i o n  a t  h i g h  t empera tu res .  The p roduc t  d i s t r i b u t i o n s  from 
DISCHAIN c o n s t i t u t e  f l u x  c o n d i t i o n s  f o r  d e t a i l e d  modeling of t h e  rate phenomena i n  
t h e  v t c i n i t y  of t h e  p a r t i c l e s ,  r a t h e r  t han  c o n d i t i o n s  i n  t h e  f r e e  stream. 

The comparison f o r  t h e  a tmosphe r i c  e n t r a i n e d  f low s t u d y  appea r s  i n  F igu re  3. The 
s i m u l a t i o n s  a r e  based on t he rma l  h i s t o r i e s  c a l c u l a t e d  by Kobayashi which accoun t  f o r  
mixing e f f e c t s  n e a r  t h e  i n j e c t o r ( l 0 ) .  These the rma l  t r a n s i e n t s  are s i g n i f i c a n t l y  
l o n g e r  than  f o r  an  i n d i v i d u a l  p a r t i c l e  i n j e c t e d  i n t o  a q u i e s c e n t  g a s  a t  t h e  r e a c t o r  
t empera tu re ,  a s  expected.  Also shown i n  Figure  3 are c o r r e l a t i o n s  from the  competing 
two-step model( l0) .  Kobayashi a s s i g n e d  r a t e  pa rame te r s  i n  o r d e r  t o  f i t  t h e s e  d a t a ;  
i n  c o n t r a s t ,  rate pa rame te r s  from DISCHAIN were n o t  r e a d j u s t e d  from t h e  v a l u e s  
a s s igned  from d a t a  a t  much s lower  h e a t i n g  rates and lower t empera tu res .  

P r e d i c t e d  weight  loss is w i t h i n  t h e  expe r imen ta l  e r r o r  a t  both t h e  ex t r emes  i n  
t empera tu re ,  bu t  s e v e r a l  pe rcen t  t oo  h igh  a t  1510K and 1260K (no t  shown). P r e d i c t e d  
r e a c t i o n  t ime s c a l e s  are as r e l i a b l e  as t h o s e  from t h e  c o r r e l a t i o n  a s s igned  from 
t h i s  da t a .  Also, t h e  p r e d i c t e d  u l t i m a t e  y i e l d  of 62 X a t  2100K is s u b s t a n t i a l l y  
g r e a t e r  (15 X d a f )  t h a n  t h e  g r e a t e s t  va lue  i n  t h e  d a t a  set used t o  a s s i g n  t h e  param- 
e t e r s  i n  DISCHAIN (47 % 103K/s and 1300K). Moreover, i t  is 22 % daf  g r e a t e r  t han  t h e  
measured y i e l d  at 102K/s and 1300K (12) .  S ince  t h e  pa rame te r s  have n o t  been 
a d j u s t e d ,  t h e s e  y i e l d  enhancements can be a t t r i b u t e d  t o  t h e  i n f l u e n c e  of h e a t i n g  
rate. as d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  

\ Vapor i za t ion  mechanisms de te rmine  which heavy compounds l e a v e  t h e  condensed 

> 
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The final comparison involves a stabiltzed one-dimensional coal flame(l1). 
Factors beyond devolatilization arise in coal flames, but most complications are 

sponding to fuel equivalences of 3.30 with respect to the whole coal and 1.34 with 
respect to the ASTM proximate volatile matter. A l l  oxygen was consumed before one- 
third of the ultimate volatile8 yield was observed, and heterogeneous oxidation was 

Complete transient thermal histories, from the point of injectton to the onset 
of devolatilization, have not yet been measured for any coal flame, including this 
one. Mtdkiff, et al. report transient weight loss, gas temperatures, and optically- 
determined particle temperatures on a time coordinate referenced to the first meas- i 

urement point, rather than the point of injection. The first reported temperature, 
1750K, exceeds the threshold for devolatilization at heating rates as fast as 107K/a 
(DISCHAIN predicts that devolatilization begins at 1250K for a heating rate of 

simulated thermal history, instead of the measured particle temperatures, has been 
used to obtatn the predictions discussed below. 

Predicted weight loss is compared to the sum of the measured losses of volatile 
matter and fixed carbon in Figure 4. The thermal history in the simulations consists 
of uniform heatup at 105K/s to 2000K. the ultimate temperature observed in the 
experiment. The time coordinate for the predictions and measurements is referenced 
to the onset of devolattlizatton. The reaction time scale is adequately described, 
but the predicted ultimate yield exceeds the measurements by 5 X .  However, soot was 
observed but not separated from the collected char samples, so the measured yields 
are less than the true values. An upper bound for this influence far exceeds the 
discrepancy in this comparison, as Nenninger et al. observed soot yields of 22 X 
from the hiEh temperature pyrolysis of a high volatile bttuminous coal(l3). 

absent under excessively fuel-rich condittons. The coal density was 470 mg/l, corre- I 

negligible. i 

2x105K/s; c.f. comparison with Kobayashi's data at 1940K in Figure 3). Therefore, a / 

CONCLUSIONS 

The accuracy of the predfcted reaction time scales and yields from DISCHAIN is 
significant because hypothetical ulttmate yields are absent, model parameters were 
not adjusted, and a wide range of thermal histories was spanned in the comparisons 
with data. Experimental errors necessarily increase as coal combusLor conditions are 
approached. Nevertheless, this evaluation is more stringent than previous compar- 
isons between devolatilization models and measurements, and provides the basis for 
the following conclusions: 

1. Bridge dissociation concurrent with char formatton diminishes the conversion 
of bound aromatic nuclei in coal into unattached tar precursors, which 
canstftutes a mechanistic basis for enhanced yields for faster heating 
rates. 

Predicted yields based on the same parameters ranged from 40 X at 102K/s and 
1300K to 62 X at 105K/s and 2100K. in agreement with measured yields at the 
respective conditions within the experimental error. 

2. 

3. Predicted reaction times and ytelds from DISCHAIN agree quantitatively with 
transtent meauurements from high volatile bituminous coals for heating rates 
between lo3 and 105K/s and reaction temperatures between 800 and 2100K. 
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Figure 1 .  Pr dicted transient yields for tar during heatup at lo2 ,  IO3, IO4, and 
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Figure 2. Comparisons between predicted end measured weight loss ( 0 )  and gas 
yields (0  ) €rom vactun pyrolysis of Pittsburgh seam bituminous coal, 
from Bautista''. 
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Figure 3. Weight lo s observed in an atmospheric entrained flow reactor by 
Kobayashil' compared to predictions from DISCHAIN (solid curves) and fron 
Kobayashi's6 competing two-step model (dashed curves). 
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Figure 4. Predicted weight loss (solid line) for uniform heating at 105K/s to 2000~ 
compared to the sum of loss s of volattle matter and fixed carbon (a) 
reported by Midkiff, et a1.l'. The simulated temperature profile (dashed 
line) includes optically-measured particle temperatures (0) during the 
cooling phase. 
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ADVANCED COAL GASIFICATION AND DESULFURIZATION 
WITH CALCIUM BASED SORBENTS 

J. Weldon, G. B. Haldipur, D. A. Lewandowski, K. J. Smith 

KRW Energy Systems Inc.  
Madison, PA 15663 

1 .O ABSTRACT 

In-bed d e s u l f u r i z a t i o n  us ing  ca lc ium based sorbents has been evaluated i n  t h e  KRW 
pressurized f l u i d i z e d  bed g a s i f i e r  as p a r t  o f  a j o i n t  program w i t h  KRW Energy 
Systems Inc. and the U. S. Department o f  Energy. 
generation o r  synthes is  gas a p p l i c a t i o n s  such a system has l a r g e  p o t e n t i a l  economic 
advantages ove r  second generation g a s i f i e r s  which use conventional c o l d  gas cleanup. 

I n  add i t i on  t o  achiev ing over 90% desu l fu r i za t i on ,  t h e  process has a l s o  
demonstrated s i g n i f i c a n t  gains i n  c o l d  gas e f f i c i e n c y  and f i n e s  consumption. P i l o t  
p l a n t  performance d a t a  a r e  presented f o r  t h e  KRW g a s i f i e r - d e s u l f u r i z e r  process and 
the  p re l im ina ry  r e s u l t s  o f  an in-bed waste cha rac te r i za t i on  s tudy a r e  a l so  
presented. Though un t rea ted  in-bed wastes con ta in  p o t e n t i a l l y  hazardous ca lc ium 
su l f i de ,  l abo ra to ry -sca le  t e s t s  have shown t h a t  r o a s t i n g  processes can be adapted 
f o r  conve r t i ng  t h e  waste t o  a non-hazardous form. 

For combined c y c l e  power 

2.0 INTRODUCTION 

The product ion o f  !ow-Rtu (120-160) Btu/scf  gas from coal f o r  use i n  combined cyc le  
power generation i s  a t t r a c t i v e  t o  the  u t i l i t y  i n d u s t r y  because t h e  feedstock i s  an 
abundant domestic na tu ra l  resource and because i t  o f f e r s  economic advantages over 
conventional coal f i r e d  steam p l a n t s . ( l )  

Conventional stack gas clean-up technologies a r e  p rov ing  t o  be c a p i t a l  expensive 
and have the added disadvantage o f  poor thermal e f f i c i e n c y .  In-bed clean-up w i t h  
ca lc ium sorbents o f f e r s  an e f f e c t i v e  and economical method o f  removing t h e  s u l f u r  
species f r o m  t h e  product  gas w i thou t  pre-cool ing. 
then be used d i r e c t l y  i n  a gas t u r b i n e  p rov id ing  improved o v e r a l l  process 
e f f i c i e n c y  . 
The market i n c e n t i v e  f o r  an economical coal g a s i f i c a t i o n  combined c y c l e  e l e c t r i c  
power generating p l a n t  w i l l  be  subs tan t i a l  i n  t h e  1990's. According t o  the  U. S. 
Department o f  Energy (11, 18% o f  t he  c u r r e n t  U. S. generat ing capac i t y  i s  greater  
than 25 years o ld .  
process i s  i d e a l l y  s u i t e d  t o  t h e  needs o f  t he  e l e c t r i c  power i n d u s t r y  i n  t h e  1990's 
on t h e  bas is  o f  environmental,  cos t  and p l a n t  s i z e  considerat ions.  

3.0 BACKGROUND 

3.1 KRW Coal G a s i f i e r  

The KRW g a s i f i e r  i s  a pressur ized f l u i d i z e d  bed process which can conver t  a v a r i e t y  
of s o l i d  carbonaceous feedstocks i n t o  low-Btu (100-160 B tu /sc f )  o r  medium-Btu 
(200-300 Btu/scf )  gas. 
1. Run-of-mine coal o r  l i g n i t e  i n  t h e  s i z e  range o f  1/4-inch x 0 i s  surface dr ied,  
Pressurized i n  lockhoppers, and i n j e c t e d  c o n c e n t r i c a l l y  i n t o  a h igh energy 
o x i d i z i n g  j e t  l oca ted  i n  the combustion zone. The coal i s  r a p i d l y  d e v o l a t i l i z e d  
and decaked, and the res idua l  char i s  g a s i f i e d  by steam i n  t h e  upper reg ion o f  the 
f l u i d i z e d  bed. The j e t  induces a vigorous t o r o i d a l  motion o f  s o l i d s  between t h e  
lower  heat producing combustion reg ion  and the  upper heat  consuming g a s i f i c a t i o n  
region. The coal ash undergoes p a r t i a l  m e l t i n g  and s i n t e r i n g  i n  t h e  h o t t e r  
combuftion j e t ,  and t h e  r e s u l t i n g  ' g lue '  a c t i o n  causes f i n e  ash p a r t i c l e s  t o  
agglAerate.  

The p a r t i c u l a t e  f r e e  h o t  gas can 

The KRW coal  g a s i f i c a t i o n  combined cyc le  h o t  gas cleanup 

The essen t ia l  features o f  t he  g a s i f i e r  are shown i n  F igure 

These ash agglomerates are separated from t h e  char  i n  a f l u i d i z e d  be6 
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separator  l oca ted  i n  t h e  bottom sec t i on  o f  t h e  g a s i f i e r ,  a re  cooled wi th recyc le  
gas, and are ex t rac ted  by means o f  a r o t a r y  feeder  and depressur iz ing lockhoppers. 
Fines e l u t r i a t e d  from t h e  g a s i f i e r  a r e  captured i n  an external  cyclone and recyc led 
d i r e c t l y  t o  t h e  g a s i f i e r  by means o f  a nonmechanical valve. Fines escaping the  
cyclone a re  captured i n  a f u l l - f l o w  s i n t e r e d  metal f i l t e r .  This f i l t e r  i s  capable 
o f  operat ion up t o  1200°F and removing a l l  f i n e s  one micron o r  g rea te r  i n  Size. 
The g a s i f i e r  may be operated e i t h e r  i n  t h e  a i r -b lown mode f o r  low-Btu gas (100-160 
Btu/scf )  o r  i n  t h e  oxygen-blown mode f o r  medium-Btu fue l  o r  synthes is  gas (200-300 
Btu/scf ) .  

The process has been demonstrated f o r  a wide range o f  feedstocks and cond i t i ons  a t  
t he  Waltz W i l l  15-30 tons/day Process Development U n i t  (PDU) under funding by t h e  
DOE and i t s  predessor agencies. 
feedstocks, t h e  process has a l so  demonstrated e f f e c t i v e  u t i l i z a t i o n  o f  coa l  f i n e s ,  
h igh  ove ra l l  carbon conversion e f f i c i e n c y ,  and v i r t u a l  e l i m i n a t i o n  o f  t a r  and o i l  
i n  t h e  product  gas. 

3.2 In-Bed Desu l fu r i za t i on  

In-bed d e s u l f u r i z a t i o n  has been i d e n t i f i e d  as a p o t e n t i a l  h o t  gas cleanup concept 
f o r  meeting environmental regu la t i ons  on s u l f u r  emissions from t h e  KRW g a s i f i e r .  
Such a system would have economic advantages over c o l d  gas clean-up i n  a coal  
g a s i f i c a t i o n  combined cyc le  power generat ion app l i ca t i on .  KRW has conducted four  
in-bed PDU t e s t s  i n  1984 and 1985 t o  demonstrate the  f e a s i b i l i t y  o f  t h i s  concept. 
I n  a d d i t i o n  t o  achiev ing over 90% d e s u l f u r i z a t i o n  t o  meet t h e  New Source 
Performance Standards f o r  s u l f u r  emissions, t h e  process c o l d  gas e f f i c i e n c y  
improved by 20% over conventional PDU g a s i f i e r  operat ion.  

Hot gas clean-up v i a  the  in-bed concept i nvo l ves  the removal o f  s u l f u r  bea r ing  
gases, H2S and COS, by r e a c t i n g  them w i t h  do lomi te (CaCO HgC03) o r  l imestone 
(CaC03) t o  form s u l f i d e d  o r  spent sorbent (CaSMg0 o r  C a s t '  Sorbent i s  fed i n t o  
t h e  g a s i f i e r  freeboard t o  mix w i t h  t h e  the  bed char and remove H2S and COS from 
the  product gas. 
annulus along w i t h  ash agglomerates. 

The o v e r a l l  r e a c t i o n  occu r r i ng  i n  t h e  g a s i f i e r  bed i s :  

I n  a d d i t i o n  t o  i t s  a b i l i t y  t o  process a v a r i e t y  o f  

The spent sorbent i s  even tua l l y  withdrawn through the  g a s i f i e r  

CaC03(MgC03) + H2S+ CaS(Mg0) + 2C02 + H2D 1 )  

f o r  the dolomite/hydrogen s u l f i d e  react ion,  o r  s i m i l a r l y :  

CaC03 + H2S+ Cas + C02 + H20 2) 

f o r  t he  limestone/hydrogen s u l f i d e  react ion.  
waste which can recombine w i t h  a c i d i c  water t o  re lease t o x i c  H2S gas. 
treatment i s  necessary t o  conver t  t h e  CaS t o  t h e  environmental ly acceptable s u l f a t e  : 

Calcium s u l f i d e  (Cas) i s  a r e a c t i v e  
Fu r the r  

CaS + 2 02' Cas04 3) 

The primary goal o f  o x i d a t i o n  i s  t o  reduce t h e  a c t i v i t y  o f  t he  s u l f i d e  w i t h  the  
environment and render the  waste non-hazardous. 
o f  i n  conventional s o l i d  waste l a n d f i l l s .  

The waste cou ld  then be  disposed 
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4.0 DESULFURIZATION PERFORMANCE 

The development program has comprised a se r i e s  of PDU tests t o  f i r s t  demonstrate 
gas i f ie r  operabili ty and, thereaf te r ,  t o  optimize the desulfurization process. 
During tests TP-036-1 and TP-036-2, the gas i f i e r  was successfully operated w i t h  
dolomite injection i n  a controlled and balanced manner. The subsequent‘ tests, 
TP-036-3 and TP-036-4, demonstrated tha t  high leve ls  of desulfurizatfon could be 
achieved with both dolomite and limestone sorbents. 
significant achievements of the in-bed desul furization program. 

Table 1 summarizes the 

TABLE 1.  SUMMARY OF KRW IN-BED DESULFURIZATION RESULTS* 

Steady State 
Coal Coal Sulfur Sorbent COS Ca/S Molar Desulfurization 
Type Content ( 9 )  Type (p”;:) (ppm) Feed Ratio Achieved ( 9 )  

Pgh. #8 2.3 Glass Dolomite 550 263 1.67 86 

Pgh. #8 4.5 Glass Dolomite 679 216 1.55 92 

Pgh. #8 4.5 Greer Limestone 651 258 1.84 90 

Wyoming 2.0 Glass Dolomite 484 167 2.0 91 

*preliminary 

The equivalent desulfurization f o r  1 imestone injection f nto conventional furnaces 
and atmospheric f lu id ized  bed combustors (AFBC) require Ca/S molar feed r a t io s  of 3 
t o  6 (2.  3)  compared t o  the  r a t io s  of 1.5 to 2.0 demonstrated by the KRW process. 
The advantages of desulfurization i n  the reducing gas i f ie r  environment a r e  
a t t r ibu ted  t o  the f a s t e r  r a t e  of hydrogen sulfide/calcium oxide reaction compared 
t o  the su l fu r  dioxide/calcium reaction and the  absence of sintering. 
indicated by low BET surface areas (4 ) .  Sor en t  surface area measurements of the 
bed material were re la t ive ly  high a t  10-40 #/g compared t o  typical calcine 
surface areas which range from 0.5 t o  40. m /g f o r  calcined carbonates (5).  The 
reducing environment apparently does n o t  increase sintering. 

PDU resu l t s  indicate desulfurization i s  a function of the sulfur i n p u t  r a t e  and 
output rate.  
charac te r i s t ica l ly  in  the range of 500-650 ppm f o r  H2S and 160-270 ppm f o r  COS 
f o r  large variations i n  feedstock sulfur content. Since the sulfur output r a t e  i s  
1 imited, the degree of desulfurization increases as  the su l fur  i n p u t  ra te  (coal 
sulfur content) increases. 

Desulfurization var ies  inversely w i t h  product gas steam concentration based on 
recent PDU tests. A negative correlation coefficient of 0.8 was found linking 
steam and hydrogen su l f ide  concentrations fo r  the KRW Data Base. 
e f fec ts  v ia  t he  reaction 

Sintering is  

The su l fur  species concentrations i n  the product gas were 

Equilibrium 
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H2S + CaO- CaS + H20 4 )  

a r e  probably n e g l i g i b l e  because the  value of t h e  e q u i l i b r i u m  constant  i s  so l a r g e  
f o r  g a s i f i e r  temperatures i n  t h e  range o f  1600 t o  1900°F (6). 
concentrat ions were genera l l y  on the  order  o f  200-400 ppm h ighe r  than e q u i l i b r i u m  
leve ls ,  so i t  seems improbable t h a t  e q u i l i b r i u m  l i m i t s  desu l fu r i za t i on .  
however, gas phase d i f f u s i o n  o f  H20 from t h e  r e a c t i n g  core i s  t h e  l i m i t i n g  r a t e  
t h e  e u i l i b r i u m  concentrat ions of  H2S i n  the p a r t i c l e  core m?y l i m i t  
desul?ur izat ion) .  KRW inves t i ga t i ons  o f  t he  mechanism by which H20 l i m i t s  
desu l fu r i za t i on  a r e  c u r r e n t l y  underway. 

Small incremental increases i n  d e s u l f u r i z a t i o n  were a l s o  achieved with l a r g e  
increases i n  t h e  ca l c ium/su l fu r  feed r a t i o  as shown i n  Table 2. 

Table 2 
Incremental Increase I n  Desu l fu r i za t i on  as a 

I n  f a c t ,  H?S 

(If, 

Funct ion o f  Ca/S Rat io  f o r  Pgh. 4.5% S u l f u r  Coal 

Ca/S Observed X Observed H2S Equ i l i b r i um 
Feed Ra t io  Desu l fu r i za t i on  PPm H7S ppm 

1.84 91 
3.41 94 

651 180 
424 242 

These r e s u l t s  d i f f e r  s i g n i f i c a n t l y  from f l u i d i z e d  bed combustor experience where 
desu l fu r i za t i on  i s  d i r e c t l y  p ropor t i ona l  t o  and h i g h l y  dependent on t h e  Ca/S feed 
r a t i o .  

5.0 WASTE CHARACTERIZATION 

Because o f  t he  complexity o f  environmental regulat ions,  an i n v e s t i g a t i o n  o f  waste 
cha rac te r i za t i on  t e s t i n g  and disposal laws '  was conducted. 
RCRA d i r e c t s  t h e  EPA t o  promulgate c r i t e r i a  f o r  i d e n t i f y i n g  and l i s t i n g  hazardous 
waste. I n  a l a r g e  number o f  cases, i t  i s  poss ib le  t o  determine a wastes 
c l a s s i f i c a t i o n  by i t s  s p e c i f i c  exc lus ion o r  i d e n t i f i c a t i o n  as a hazardous waste. 
For o t h e r  wastes, t he  EPA has prescr ibed t e s t s  t o  determine whether it possesses 
one o f  f o u r  hazardous c h a r a c t e r i s t i c s  - c o r r o s i v i t y ,  i g n i t a b i l i t y ,  r e a c t i v i t y ,  and 
ex t rac t i on  procedure (EP) t o x i c i t y .  Since coal g a s i f i c a t i o n  wastes a r e  n o t  on any 
o f  t he  promulgated hazardous wastes l i s t s  by s p e c i f i c  and nonspeci f ic  sources, i t  
i s  the r e s p o n s i b i l i t y  o f  t he  generator t o  determine i f  the  re leased waste possesses 
any o f  t he  f o u r  hazardous cha rac te r i s t i cs .  

Reac t i v i t y  and EP t o x i c i t y  a re  t h e  most c r i t i c a l  c h a r a c t e r i s t i c  f o r  in-bed waste 
disposal. Presently, t h e  EPA has n o t  y e t  promulgated a t e s t  procedure o r  a 
q u a n t i t a t i v e  th resho ld  f o r  t o x i c  gas generation r e a c t i v i t y .  
they have recomnended a d r a f t  t e s t  method and i n t e r i m  r e a c t i v i t y  thresholds 

Sect ion 3001 o f  t h e  

Dur ing t h e  i n t e r i m  
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(7, 8). 
t he  d r a f t  t e s t  method i s  500 mg evolved H2S/Kg waste when subjected t o  an a c i d  
leach (ph = 2.0) f o r  3 0  minutes. Wastes re leas ing  more than t h a t  l e v e l  may be 
regulated as hazardous. 

g a s i f i e r  discharge were analyzed f o r  r e a c t i v e  s u l f i d e  l e v e l s  and EP t o x i c i t y .  
Table 3 contains t y p i c a l  EP t o x i c i t y  t e s t  resu l t s .  

TABLE 3. TYPICAL RCRA EP TOXICITY TEST RESULTS OF KRW 
IN-BED DESULFURIZATION SOLIDS WASTES (mgh)  

The q u a n t i t a t i v e  threshold f o r  t he  t o t a l  a v a i l a b l e  s u l f i d e  measured v i a  

Unsulfated in-bed s o l i d  waste samples from t h e  f i n e s  loss, separator p i t  sludge and I 

I 

Metal Ag As Ba Cd C r  Hg Pb Se 
- - - -  - - -  - 

Maximum A1 1 owabl e 
Concentrat ion 5 5 100 1.0 5.0 0.2 5.0 1.0 

Gas i f i e r  Discharge 0.03 0.048 ~ 0 . 1  t0.005 0.03 ~0.03 (0.002 <@,004 

Fines Loss 0.01 0.068 0.4 t0.005 <0.01 t0.03 0.012 0.009 

Separator P i t  Sludge 0.01 0.002 0.6 (0.005 <0.01 (0.03 t0.002 t0.004 

The l e v e l  o f  EP t o x i c  meta ls  i n  samples taken du r ing  TP-036-3 and TP-036-4 were a l l  
s i g n i f i c a n t l y  below the RCRA t o x i c  l eve l s .  

Typical reac t i ve  s u l f i d e  l e v e l s  f o r  t h e  in-bed process are shown i n  Table 4. 

TABLE 4. REACTIVE SULFIDE TEST RESULTS FOR KRW IN-BED 
DESULFURIZATION SOLID WASTES FROM TP-036-3 

S u l f i d e  Reactive ~ U I  t i d e  
Sample u t  % (mg/kg 1 

Untreated G a s i f i e r  Discharge 8.6 > 1200 

Fine Loss 1.3 (5 

Separator P i t  Sludge 0.9 < 5  

The f ines l o s s  samples from t h e  process had extremely low r e a c t i v e  s u l f i d e  l e v e l s  
o f  l e s s  than 5 ppm. 
from the  quench/cool ing system, a l so  had l e s s  than 5 ppm reac t i ve  s u l f i d e .  
However, a l l  un t rea ted  PDU withdrawal wastes generated du r ing  TP-036-3 sorbent 
i n j e c t i o n  may be p o t e n t i a l l y  hazardous when subjected t o  the  i n t e r i m  EPA r e a c t i v i t y  
t e s t .  

Separator p i t  sludge, which cons is t s  o f  wet f i n e s  carryover  
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As p a r t  o f  an extens ive study o f  the c h a r a c t e r i s t i c s  o f  in-bed wastes, t h e  g a s i f i e r  
discharge ma te r ia l  was s u l f a t e d  i n  l abo ra to ry  sca le  reac to rs  under a v a r i e t y  of 
experimental condi t ions.  Table 5 sumnarizes t h e  reac to r  condi t ions,  r e a c t i v e  
s u l f i d e  l eve l s ,  and s u l f u r  ana lys i s  o f  several samples. 

TABLE 5. EXPERIMENTAL CONDITIONS, SULFUR ANALYSIS AN0 REACTIVE 
SULFIDE LEVELS OF SULFATED GASIFIER DISCHARGE 

Furnace Oxygen 
Reactor Temp. Concen. 

(OF) (Vol % I  -- Type 

Packed Bed 1500'F 21 

F l u i d i z e d  1500'F 5 
Bed 

Open Dish 1500'F 21 

Open Dish 1500'F 21 

Gas Contact 
Flow Rate Time 

(1  i t e rs /m in  (h rs )  

5 1 

>10 1 

0 1 

0 3 

Reactive Tota l  Percent 
S u l f i d e  S u l f u r  S u l f a t i o n  
(mg/kg) (Ut%) (mole % )  

5 5.00 80.7 

< 5  N I4 NM 

<5 7.48 63.4 

(5 8.02 74.0 

The con f igu ra t i on  and experimental cond i t i ons  tes ted  were adequate f o r  reducing t h e  
r e a c t i v e  s u l f i d e  l e v e l s  of  t h e  withdrawal sample t o  l e s s  than 500 mg/kg. These 
r e s u l t s  a re  encouraging f o r  t he  in-bed program because s u l f a t i o n  i s  t h e  s imp les t  
and most d i r e c t  method o f  t r e a t i n g  in-bed wastes. 
k i n e t i c s  are necessary t o  determine t h e  opt imal  cond i t i ons  f o r  s u l f a t i o n  o f  t he  
in-bed wastes t o  meet RCRA requirements. 
t he  technica l  f e a s i b i l i t y  o f  a continuous waste t reatment  process. 

6.0 GASIFIER PERFORMANCE 

G a s i f i e r  performance was observed t o  improve du r ing  in-bed t e s t i n g .  The r e s u l t s  o f  
those s e t  p o i n t s  i n  which g a s i f i e r  performance was s i g n i f i c a n t l y  enhanced due t o  
sorbent i n j e c t i o n  are shown f o r  t e s t s  TP-036-3 and TP-036-4 i n  Table 6. 

Fu r the r  s tud ies  o f  r e a c t i o n  

Tests a r e  underway a t  t he  POU t o  evaluate 

TABLE 6. PILOT PLANT PERFORMANCE WITH IN-BED DESULFURIZATION 

G a s i f i e r  Carbon 
A i r /  Bed Conversion Cold Gas 
Coal Temp. E f f i c i e n c y  E f f i c i e n c y  

Coal Sorbent ( 1 b / l  b (OF) (% (%) - 
Pit tsbu rgh  -- 4.28 1846 90 
P i t t sbu rgh  Dolomite 3.39 1950 90 
P i t t sbu rgh  Dolomite 3.37 1970 91 
P i t t sbu rgh  Limestone 3.27 1830 92 
Wyoming Dolomite 3.03 1820 91 

50 
73 
72 
70 
65 
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Results from s e t  p o i n t s  w i thou t  sorbent i n j e c t i o n  are a l s o  shown f o r  comparison. 
The b e n e f i t s  o f  sorbent  i n j e c t i o n  are an increase i n  t h e  c o l d  gas e f f i c i e n c y  and a 
decrease i n  t h e  apparent f i n e s  e l u t r i a t i o n  r a t e .  

Cold gas e f f i c i e n c i e s  increased d ramat i ca l l y  du r ing  in-bed d e s u l f u r i z a t i o n  from 50 
t o  70%. 
r a t i o  may i n d i c a t e  improved g a s i f i c a t i o n .  

The c a t a l y t i c  e f f e c t  o f  ca lc ium on g a s i f i c a t i o n  r a t e s  has been documented by Walker 
(9), Freund ( l o ) ,  and Van Heek and Muhlen (11). Freund ( 9 )  found ca lc ium cata lyzed 
carbon reacted a t  a r a t e  100 t imes the r a t e  o f  uncatalyzed carbon f o r  t he  
g a s i f i c a t i o n  o f  C02. 
f ac to rs  be ing i n v e s t i g a t e d  by KRW. 

F ines  loss r a t e s  and e l u t r i a t i o n  decreased d ramat i ca l l y  w i t h  t h e  bed weight  o f  t h e  
g a s i f i e r / d e s u l f u r i z e r  as shown i n  F igure 5 Inc reas ing  bed weight  r e f l e c t s  t h e  
replacement of low d e n s i t y  char ( 2 5  l b / f t  i by h igh  dens i t y  sorbent (80 l b / f t 3 )  
and the reduc t i on  of bed voidage. Reduced f i n e s  l o s s  and e l u t r i a t i o n  r a t e s  a re  
p r i m a r i l y  the r e s u l t  o f  increased g a s i f i c a t i o n  r a t e s  and longer  f i n e s  residence 
LIIIICS. Impraveb gas i f fca t fan  is a t t r i b u t e d  t o  t h e  presence o f  t he  c a ? c i m  based 
sorbents i n  t h e  bed. 
F l u i d i z e d  bed f i l t e r i n g  o f  f i n e  ma te r ia l  increases wi th decreased gas bypassing 
(12). The f i l t e r  mechanism increases t h e  f i n e s  residence t ime i n  the  bed so t h a t  a 
l a r g e r  p o r t i o n  i s  consumed before escaping the  bed surface. 

The increase i n  c o l d  gas e f f i c i e n c y  and corresponding drop i n  a i r / c o a l  

C a t a l y t i c  e f f e c t s  a r e  one o f  several p o t e n t i a l  c o n t r i b u t i n g  

+-.".^^ 

Low bed voidage i n d i c a t e s  low gas bypassing as bubbles. 

7.0 CONCLUSIONS 

In-bed d e s u l f u r i z a t i o n  i n t e g r a t e d  with h o t  p a r t i c u l a t e  removal i s  p o t e n t i a l l y  t he  
most economical f o s s i l  energy process f o r  conve r t i ng  a l l  types of U.S.  coals  t o  
e l e c t r i c i t y  w h i l e  complying w i t h  New Source Performance Standards (NSPS) f o r  s u l f u r  
removal. 

The in-bed program for  d i r e c t  i n j e c t i o n  o f  calcium-based sorbents i n t o  t h e  KRW 
g a s i f i e r  has demonstrated 

0 

o 

o 

Future development work a t  KRW inc ludes p i l o t - s c a l e  s u l f a t i o n  o f  t h e  g a s i f i e r  
discharge and demonstrat ion of  through p u t  improvements. Laboratory sca le  
i n v e s t i g a t i o n s  of  desul f u r i z a t i o n  and t h e  e f f e c t  o f  calcium-based sorbents on char  
g a s i f i c a t i o n  w i l l  be conducted i n  p a r a l l e l  w i th  t h e  p i l o t  p l a n t  t e s t i n g  t o  
determine the  c o n t r o l l i n g  mechanisms f o r  t h e  r e l e v a n t  react ions.  

KRW i s  a l s o  developing an external  bed d e s u l f u r i z a t i o n  system u s i n g  z i n c  f e r r i t e  
sorbent which i s  capable o f  removing s u l f u r  compounds i n  a ho t  (1100°F) coal gas 
stream t o  a l e v e l  o f  lOppm. 
desu l fu r i za t i on  system i s  c u r r e n t l y  underway a t  t he  KRW Process Development Uni t .  

d e s u l f u r i z a t i o n  exceeding 90% f o r  a 4.5% s u l f u r  coal  

c o l d  gas e f f i c i e n c i e s  over 70% 

feas ib le  waste t reatment  by s u l f a t i o n  

I n s t a l l a t i o n  and t e s t i n g  o f  t he  ex te rna l  bed 
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Figure 1.  KRW Gosifier/Detulfurirer 
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MOUNTAIN FUEL RESOURCES 30 TONS PER DAY ENTRAINED 
FLOW COAL GASIFICATION PROCESS DEVELOPMENT UNIT 

Chiang-liu Chen and Ralph L. Coates 

Questar Development Corporation 
141 East First South Street 
Salt Lake City, Utah 84147 

INTRODUCTION 

Pressurized gasification of coal in experimental entrained flow gasifiers was 
studied rather extensively during the period between 1953 and 1962 at the U.S. 
Bureau of Mines MOrgantown Coal Research Center (1,2). A laboratory-scale gasifier 
with some similarity to the Bureau of Mines unit was operated by the Eyring Research 
Institute (MFI) between 1974 and 1978 (3,4). This work was followed by extensive 
process design studies carried out by Mountain Fuel Resources ( 5 )  which also led to 
the issuance of a U.S. patent (6). One of the important conclusions from this study 
was that feeding the dry coal to an entrained flow gasifier with recycle product gas 
was inherently more efficient than feeding the coal as a water slurry. 

\ 

A 30 tons per day process development unit (PDU) was designed, constructed and 
operated between 1980 and 1984 to provide data for further scale-up of system 
components. Controlled continuous dry-feeding of pulverized coal into the gasifier 
at pressures between 100 and 260 psia (600 and 1700 kPa) was achieved. The unit was 
operated for more than 2000 hours on six different feedstocks. Most of the tests 
were conducted with Utah bituminous coal, achieving above 90 percent carbon conver- 
sion without char recycle. 

DESCRIPTION OF PDU 

Coal, 2" x 0" in size, was brought to the PDU site by trucks and piled on 

pulverized to 70 percent minus 200 mesh in a roller mill. The pulverized coal was 
carried by hot gas into a cyclone where 90 to 95 percent of the coal was separated 
and dropped into a 20 ton storage bin. The remaining fine coal carried over from 

I asphalt pads. The coal was reduced to less than 1/4" in size in a hammer mill, then 

1 the cyclone was collected in a baghouse and also stored in the storage bin. 

Coal was conveyed from the storage bin to a 3 ton lock hopper with nitrogen 
and, after being filled with coal, the lock hopper was pressurized with recycled 
product gas to the same pressure as the coal feed hopper below and the coal was 
discharged into the feed hopper. From the feed hopper the coal was fed into the 
coal feed line and carried to the gasifier by recycled product gas. Approximately 8 
to 10 percent of the product gas was recycled to carry the pulverized coal. W i n  
augers located in the bottom of the coal feed tank were used to regulate the rate of 
coal flow into the feed line. Figure 1 presents a simplified process flow diagram 
of the PDU. 

, 

The gasification reactions were carried out at pressures up to 260 psia and at 
temperatures around 1565OC (2850OF) in a refractory-lined chamber approximately 2.3 
cubic feet (0.065 cubic meters) in volume. Both heated oxygen and superheated steam 
were fed to the reactor. The reactor residence time was in the range of 0.5 to 1 
second for most of the tests conducted. A radiant heat exchanger is located immed- 
iately below the gasifier in the same pressure vessel. The raw product gas leaves 
the vessel at a temperature about 670°C (124OOF). Approximately 50 to 60 percent of 
the ash in the form of slag droplets and char is collected at the base of the 
vessel. A water spray is used to cool the slag. Periodically, the slag and char 
are discharged into a slag lock hopper. Then the lock hopper is depressurized and 
the contents discharged into the slurry discharge tank where they are combined with 
fly ash, soot, and water discharged from the scrubber. This mixture is then pumped 
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to a hydroclone. 
pond and the overflow to the recycle water pond. 

The underflow from the hydroclone is discharged to the waste water 

The hot product gas from the radiant heat exchanger vessel passes through a 
section of double-wall pipe heat exchanger and into a scrubber and packed tower. 
The gas is metered and sampled on-line for analysis downstream of the scrubber and 
then is flared. 

GASIFIER 

A schematic drawing of the pressure vessel containing the gasification chamber, 
the heat exchanger internals, and slag quench section is presented in Figure 2. 
This vessel is 48 inches in diameter and 20.5 feet in length. The diameter of the 
refractory-lined reaction chamber is 16 inches. The refractory is supported by a 
water-jacketed cylinder. Coal, oxygen and steam are injected into the gasifier at 
the top of the chamber. Coal is injected through a water-cooled 1-1/2 inch feed 
nozzle and oxygen and steam mixture is injected through an annular space around the 
coal feed injector. Figure 3 shows a schematic drawing of the injector nozzle and 
head assembly. The head is fabricated from beryllium copper alloy, which is cooled 
by passing water through a slot parallel to the surface facing the reactor. 

The heat exchanger internals inside the pressure vessel consist of three 
separate sections. The first section. the radiant heat exchanger, is a cylindrical 
membrane wall manufactured from steam tubes with strips of metal welded between 
them. Saturated water from the steam drum enters the tubes from the bottom and 
flows up through the tubes producing steam. The tube wall is also equipped with 
four soot blowers. The second section is a coil that cools the lower portion of the 
pressure vessel and protects it from the hot product gas. A small amount of steam 
is generated in this coil through convective heat transfer. The third section is 
located in the bottom of the vessel and consists of the slag quench equipment. A 
spray ring is installed in the bottom of the exchanger. Cooling water from the 
recycle water pond is sprayed through nozzles on this ring to form a pool of water 
in the bottom of the vessel. 

Corrosion tests were conducted by IIT Research Institute ( 7 )  by installing test 
coupons in the slag quench pool. Test results show that at the bottom of the 
radiant heat exchanger, where corrosion coupons were submerged in the slag quench 
pool most of the time and the temperature scarcely exceeded 22OoF, materials like 
A 5 1 5  carbon steel, aluminized carbon steel, 2 1/4Cr-lMo, 1 1/4Cr-lMO. 9CR-1Mo. and 
410 SS suffered from heavy corrosion. Types 304 SS and 316 SS exhibited acceptable 
overall corrosion, but they have a tendency to pit in this environment. The Incoloy 
800 specimens showed excellent resistance to general corrosion and pitting. 

TEST RESULTS WITH UTAH BITUMINOUS COAL 

Extensive tests were conducted with Utah bituminous coal from Southern Utah 
Fuel Company's (SWFCO) Mine No. 1 located near Salina, Utah. Table 1 p:eSentS 
typical proximate and ultimate analyses of the pulverized coal. The coal received 
at the plant usually contained about 8 to 10 percent moisture. 

The range of the principal operational parameters and test results from July 
through September 1984 are presented in Table 2. Figure 4 presents product gas 
rate, and gas composition versus coal feed rate. The gas production rate averaged 
29.3 SCF/lb of coal. For the range of coal feed tested, carbon monoxide was found 
to increase and carbon dioxide to decrease slightly with coal feed rate, while 
hydrogen seemed to reach a maximum at about 1400 pounds per hour coal rate. The 
ranges of the dry volume percent of the major gas components are 51 to 60 percent 
for CO. 30 to 36 percent for H and 6 to 12 percent for CO . The cold gas effi- 
ciency and fraction carbon gas&iied increase with oxygen/coa3 ratio and coal feed 
rate for the range of conditions tested. It is obvious that the fraction of carbon 
gasified will increase toward a value of 1 with increasing oxygen to coal ratio8 

254 

f 



however, the cold gas efficiency is expected to reach a maximum value then start to 
fall as hydrogen and carbon monoxide react with oxygen and reduce the heating value 
of the product gas. 

COMPUTER MODEL PREDICTIONS 

Several sets of computations were made with a theoretical gasifier model to 
assess the effect of systematic variations in reactor conditions on performance of 
the gasifier and product gas composition. Model parameters were empirically deter- 
mined from fitting the experimental data. Table 2 also presents a range of 
predicted performance by computer model. The variations examined were: 
(1) oxygen/coal feed ratio, (2) steam/coal feed ratio, ( 3 )  recycle gas/coal ratio, 
and (4) reactor heat loss. Results from these computations are presented in Figures 
5 through 8 .  The cases were run using the model parameters as optimized for the 
July-September SUFCO coal data. The predicted product gas volume and product gas 
composition are plotted versus the oxygen coal feed ratio, with other variables as 
parameters. 

It was found that the heating value of the product gas is at a maximum for an 
oxygen/coal ratio of between 0.8 and 0.9. Variations in the recycle gas to coal 
ratio were calculated to have only a weak influence on the product gas composition 
and volume. The steam/coal ratio, Figure 6, demonstrates a strong influence on the 
product gas composition with little effect in the product gas volume. The carbon 
monoxide concentration is highest for a lower steam/coal ratio. For lower oxygen 
feed rates, the temperature is a strong factor in the product gas volume. However, 
at an oxygen/coal ratio between 0 . 8  and 0.9, the cold gas efficiency is unaffected 
by the steam feed rate. 

Variations in the reactor heat loss were calculated to Significantly affect the 
product gas volume and composition, mainly through lowering the reactor temperature. 
Figure 7 shows significantly lower product gas volume and quality with a higher 
reactor heat loss. Figure 8 again presents the effect of reactor heat loss; how- 
ever, here the oxygen/coal feed ratio was adjusted to yield the desired reactor 
temperature. For a constant reactor temperature, a higher reactor heat loss dete- 
riorates the product gas quality only slightly. 

The oxygen/coal feed ratio is the controlling parameter on reactor temperature 
and performance. The effect of variations in steam, recycle gas ratio and the 
reactor heat loss on the cold gas efficiency are relatively small compared with the 
effects of varying the oxygen/coal ratio. 

Table 3 presents a direct comparison of PDU data with the design assumptions 
for a scale-up unit utilizing SUFCO Utah bituminous coal. 

CONCLUSIONS 

The dry-feed, entrained coal gasification PDU was operated successfully for a 
total of about 2200 hours. Controlled continuous dry-feeding of pulverized coal 
into the gasifier a pressures up to 2 0 psia was achieved. Reactor throughputs of 
up to 754 lbs/hr/f> or 317 lbs/hr/ft', gas yields of about 32 SCF/lb coal and gas 
heating values of 294 BTU/SCF were achieved. Carbon conversion efficiencies above 
90 percent without char recycle were achieved with Utah bituminous, Wyoming sub- 
bituminous, and North Dakota lignite coals. Cold gas efficiencies as high as 80 
percent were achieved vith SUFCO coal. Sufficient reproducible data were obtained 
for scale-up design for applications utilizing Utah bituminous coal from SUFCO Mine 
NO. 1. 
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FIGURE 2. Schcmstlc Orawing 
o f  Gasifier Vessel 
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