
THE ROLE OF THERMAL CHEMICAL PROCESSES I N  

SUPERCRITICAL GAS EXTRACTION OF COAL 

Many f a c t o r s  which l i m i t  t h e  chemical  convers ion  o f  i n s o l u b l e ,  s o l i d  coal  t o  
s o l u b l e ,  s m a l l e r  fragments a r e  due t o  phenomena which are  no t  r o u t i n e l y  encountered 
i n  t h e  chemical l a b o r a t o r y  o r  i n  t h e  chemical p rocess ing  i n d u s t r y .  I n  t h e  f i r s t  
p lace ,  i t  o f t e n  appears t h a t ' t h e  r a t e  and e x t e n t  o f  coal  convers ion  i s  c o n t r o l l e d  
by a c c e s s i b i l i t y  t o  r e a c t i o n  s i t e s  r a t h e r  than by r e a c t i o n  energet ics1. 
t h e  chemical o b j e c t i v e ,  d e p o l y m e r i z a t i o n ,  i s  e x a c t l y  t h e  reverse  o f  t h a t  o f  a major 
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I 
I 

I n  Some l i q u e f a c t i o n  processes, t h e  former o b j e c t i v e  has been accomplished by 
i n t r o d u c i n g  a hydrogen donor s t a b i l i z i n g  reagent  i n t o  t h e  convers ion  mixture81g. 
Other processes have sought t o  achieve t h e  l a t t e r  o b j e c t i v e  by h e a t i n g  t h e  r e a c t i o n  
m i x t u r e  r a p i d l y  and l i m i t i n g  t h e  r e a c t i o n  time'. While t h i s  approach has been 
P a r t i a l l y  e f f e c t i v e ,  i t  does n o t  address t h e  r o o t  o f  t h e  problem: i n t i m a t e  c o n t a c t  
between r e a c t i v e  fragments and res idua  a t  e leva ted  temperature f o r  l ong  per iods.  

Rapid vacuum p y r o l y s i s  o f  a t h i n  bed o f  coa l  e f f e c t i v e l y  min imizes r e t r o g r e s -  
s i v e  char- forming r e a c t i o n s  by cont inuous removal o f  v o l a t i l e  t a r  fragments as they 
a re  generated1O. Given t h e  e f f e c t i v n e s s  o f  t h i s  approach t o  i n h i b i t i n g  char  form- 
i n g  reac t i ons ,  i t  i s  s u r p r i s i n g  t h a t  t h e  concept has n o t  been a p p l i e d  t o  o t h e r  
thermal  l i q u e f a c t i o n  processes. Yet v i r t u a l l y  a l l  o f  these processes operate i n  
t h e  batch mode. 
n o t  designed t o  q u i c k l y  separate r e a c t i v e  coal  fragments from r e a c t i v e  coal  r e s i d -  
ua. Moreover, researchers i n  t h i s  area have d i r e c t e d  l i t t l e  o r  no e f f o r t  t o  ex- 
p l o r i n g  such ideas. Most i n v e s t i g a t o r s  c o n t i n u e  t o  employ ba tch  mode techniques i n  
which coal fragments and r e s i d u a  a re  mixed a t  e leva ted  temperatures f o r  s u b s t a n t i a l  
per iods.  
and secondary products  i n  a system as complex as coa l .  
t a n t  o b j e c t i v e  o f  t h i s  research  i s  t o  develop a f l o w  mode r e a c t o r  system capable o f  
r a p i d l y  separa t i ng  coa l  fragments from res idua  and t o  i n v e s t i g a t e  p r imary  and sec- 
ondary reac t i ons  i n  t h e  chemical convers ions o f  coal .  

Even those processes which p u r p o r t  t o  ope ra te  i n  a f l o w  mode are 

Under such c o n d i t i o n s ,  i t  i s  imposs ib le  t o  d i s t i n g u i s h  between pr imary 
Therefore,  a t h i r d  impor- 

EXPERIMENTAL 

General 
T l i n o i s  #6 coa l  from t h e  Ames Lab Coal L i b r a r y  was used i n  these s tud ies .  
Th is  coal  has t h e  f o l l o w i n g  u l t i m a t e  a n a l y s i s  (dmmf b a s i s ) :  78.82% C; 5.50% H; 
1.59% N; 2.29% S ; and 10.05% ash. P r i o r  t o  use, t h i s  coal was ground, 
s i z e d  t o  60 x 10Er4esh and d r i e d  a t  l l O ° C  o v e r n i g h t  under vacuum. 
e x t e n t  o f  d e v o l a t i l i z a t i o n ,  and e x t r a c t i o n  y i e l d s  are repo r ted  on a raw coal basis. 

Vacuum P y r o l y s i s  
Vacuum p y r o l y s i s  experiments were conducted w i t h  a constant  vo l tage  heated 

g r i d  a p p a r a t u s l l  surrounded by a water  j a c k e t e d  condenser f o r  c o l l e c t i n g  t h e  t a r  
and equipped w i t h  a l i q u i d  n i t r o g e n  c o l d  f i n g e r  condenser f o r  c o l l e c t i n g  t h e  l i g h t  
gases. I n  a t y p i c a l  exper iment ,  200 mg o f  I l l i n o i s  #6 coa l  and a Chromel-Alumel 
microthermocouple were p laced i n  t h e  g r i d ,  and t h e  system pressure was ad jus ted  t o  
0.25 mm by b l e e d i n g  He i n t o  t h e  system. Th is  slow He purge was mainta ined through-  
o u t  t h e  run, and t h e  pressure and temperature were c o n t i n u o u s l y  monitored. The 
g r i d  was then heated a t  an i n i t i a l  r a t e  o f  app rox ima te l y  200"C/min. t o  t h e  p ro -  
grammed f i n a l  temperature where i t  was mainta ined f o r  60 minutes.  The e x t e n t  o f  
d e v o l a t i l i z a t i o n  was determined by measuring t h e  weight  o f  char  remain ing i n  t h e  
g r i d .  

Weight l o s s ,  

Coal E x t r a c t i o n  w i t h  Methanol 
F ow mode e x t r a c t i o n  o f  coal  w i t h  methanol was c a r r i e d  o u t  i n  t h e  an apparatus 

desc r i ked  p rev ious l y12 .  A boos te r  h e a t i n g  tape  was wrapped around t h e  r e a c t o r  t o  
p rov ide  r a p i d  heat  up c a p a b i l i t y .  
reac to r ,  and the  ends were sealed w i t h  2 m ic ron  s t a i n l e s s  s t e e l  f r i t s .  The f r e e  
volume i n  t h e  loaded r e a c t o r  was found t o  be 0.70 m l .  A f t e r  connect ing t h e  r e a c t o r  
and pu rg ing  t h e  e n t i r e  system w i t h  n i t r o g e n ,  t h e  apparatus was f i l l e d  w i t h  methanol 
and pressur ized.  I n  r a p i d  sequence, t h e  r e a c t o r  was i n s e r t e d  i n t o  t h e  preheated 
furnace;  and, as f l o w  th rough  t h e  r e a c t o r  was i n i t i a t e d ,  t h e  r e a c t o r  boos te r  heater  

Coal (ca. 500 mg.) was p laced i n  t h e  t u b u l a r  
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was swi tched on. 
t o  t h a t  of t h e  heated g r i d .  
minutes,  and t h e  boos te r  hea te r  was sw i t ched  o f f .  
s t a n t  temperature, pressure,  and f l o w  r a t e  (0.8-1 .O m l h i n . )  were mainta ined.  
A f t e r  e x t r a c t i n g  f o r  two hours, t h e  system was purged w i t h  N2 and cooled t o  roan 
temperature. 
ove rn igh t ,  and weighed t o  determine t h e  e x t e n t  o f  e x t r a c t i o n .  

The h e a t i n g  p r o f i l e  f o r  t h i s  r e a c t o r  was approx imate ly  equ iva len t  
A s t a b l e  f i n a l  temperature was a t t a i n e d  i n  l e s s  than  5 

Throughout t h e  e x t r a c t i o n  con- 

The r e a c t o r  residuum was removed, d r i e d  i n  a vacuum oven a t  110°C 

So lven t  E x t r a c t i o n  o f  Coals and Residua 

and u l t r a s o n i c a l l y  i r r a d i a t e d  under ambient c o n d i t i o n s  f o r  30 minutes. The r e s u l t -  
Coal (ca. 500 mg) o r  residuum (ca. 100 mg) was mixed w i t h  10 m l  o f  p y r i d i n e  

i n g  m i x t u r e  was f i l t e r e d  w i t h  s u c t i o n  th rough  a 3 m ic ron  M i l l i p o r e  f i l t e r ,  and t h e  
s o l i d  was washed w i t h  an a d d i t i o n a l  10  m l  o f  so l ven t .  A f t e r  d r y i n g  ove rn igh t  a t  
110°C under vacuum, t h e  s o l i d  was weighed t o  determine t h e  e x t e n t  o f  e x t r a c t i o n .  

RESULTS AND DISCUSSIONS 

The pr imary o b j e c t i v e s  o f  o u r  i n v e s t i g a t i o n s  of t h e  SGE of coa l  a re  t h e  

( 1 )  To d i f f e r e n t i a t e  t h e  e x t r a c t i v e  and p y r o l y t i c  components o f  t h i s  process; 
( 2 )  To exp lo re  f l o w  mode concepts as a mean o f  i n h i b i t i n g  secondary r e a c t i o n s  

by r a p i d l y  removing p roduc ts  f rom t h e  r e a c t i o n  zone; 
(3 )  To compare t h e  e f f e c t i v e n e s s  o f  s u b c r i t i c a l  and s u p e r c r i t i c a l  so l ven ts  i n  

t h e  e x t r a c t i o n  o f  coa l .  

f o l l o w i n g :  

Progress toward t h e  f i r s t  two o b j e c t i v e s  has been achieved through two p a r a l l e l  
s e r i e s  o f  experiments. 

E x t r a c t i v e  and P y r o l y t i c  Phenomena 
I n  t h e  f i r s t  s e r i e s  o f  exper iments,  weight  l o s s  of an I l l i n o i s  #6 coa l  was 

determined as a f u n c t i o n  o f  t h e  f i n a l  coa l  bed temperature us ing  a heated g r i d  
vacuum py ro l yze r .  
g r i d  temperature measured under t h e  same c o n d i t i o n s .  While t h e  exper imenta l  d i f f i -  
c u l t y  o f  measuring t h e  a c t u a l  bed temperature i s  recognizedlO, we have repo r ted  t h e  
bed temperature because t h e  g r i d  tempera tu re  i s  assu red ly  a t tenua ted  by heat  t r a n s -  
f e r  i n e f f i c i e n c i e s  and because i t  i s  t h e  bed temperature t h a t  a c t u a l l y  e f f e c t s  t h e  
coa l  p y r o l y s i s .  
s idua  was a l s o  determined. Resu l t s  f rom these exper iments are repo r ted  i n  Table 1 
and p l o t t e d  i n  F i g u r e  1. 

The f i r s t  process, which occurs a t  a f i n a l  temperature o f  app rox ima te l y  2OO0C, 
apparen t l y  a l t e r s  t h e  s o l i d  coal  s t r u c t u r e  i n  a way t h a t  reduces i t s  p y r i d i n e  ex- 
t r a c t i b i l i t y .  While t h i s  may be a p h y s i c a l  a l t e r a t i o n ,  one chemical change which 
would e x p l a i n  t h i s  i s  t h e  f o r m a t i o n  o f  c r o s s l i n k s .  Whatever t h e  cause, hea t ing  and 
m a i n t a i n i n g  t h e  coa l  a t  200°C decreases i t s  ambient s o l u b i l i t y  i n  p y r i d i n e  and, 
presumably, o t h e r  so l ven ts  as w e l l .  

t o  350OC. 
m o l y s i s  of weak bonds i n  coa l l 0313 .  
es, as manifested by more e x t e n s i v e  d e v o l a t i l i z a t i o n ,  i s  ev iden t  a t  h ighe r  tempera- 
t u r e s ,  e.g. 32% we igh t  l o s s  a t  528°C. 
d e r i v e  from f i n a l  temperatures above 35OOC a re  m i n i m a l l y  s o l u b l e  i n  p y r i d i n e .  

f l o w  mode r e a c t o r .  Flow r a t e s  were ad jus ted  so t h a t  methanol res idence t imes i n  

The recorded bed temperature was up t o  50OC l e s s  than  t h e  blank 

The room temperature p y r i d i n e  s o l u b i l i t y  o f  each o f  t h e  g r i d  r e -  

The occurrence o f  two t ypes  o f  thermal  processes a re  revealed by F i g u r e  1. 

The onset  of t h e  second process,  d e v o l a t i l i z a t i o n ,  i s  c l e a r l y  ev iden t  a t  300 
Such behav io r  has c o n s i s t e n t l y  been i n t e r p r e t e d  as r e s u l t i n g  from t h e r -  

An a c c e l e r a t i o n  o f  these p y r o l y t i c  process- 

I t  i s  impor tan t  t o  no te  t h a t  res idua  which 

A p a r a l l e l  s e r i e s  o f  exper iments were conducted us ing  a s h o r t  res idence time. 

230 



t h e  r e a c t o r  were l e s s  than  one minute,  and experiments were conducted t o  detennine 
t h e  e f f e c t  o f  e x t r a c t i o n  t i m e  on SGE y i e l d s  a t  32OOC and 3000 p s i .  These r e s u l t s ,  
which are i nc luded  i n  Table 2 (Runs 8 and 9 ) ,  e s t a b l i s h  t h a t  over  90% o f  t h e  u l t i -  
mate e x t r a c t i o n  has been accomplished w i t h i n  30 minutes under these c o n d i t i o n s .  On 
t h i s  bas i s ,  e x t r a c t i o n  t imes of two hours (corresponding t o  a t o t a l  e x t r a c t i o n  
volume of 100 t o  120 m l )  were used f o r  t h e  remainder of t h e  e x t r a c t i o n s .  
hour e x t r a c t i o n  y i e l d s  ( a t  3000 p s i )  were then  determined as a f u n c t i o n  of tempera- 
t u r e ;  and these r e s u l t s  and t h e  p y r i d i n e  e x t r a c t i b i l i t y  of t h e  res idua  a r e  i n c l u d -  
ed i n  Table 2 and p l o t t e d  i n  F igu re  2. 

The weight loss- temperature p r o f i l e  from these exper iments,  shown i n  F i g u r e  2, 
i s  remarkably s i m i l a r  t o  t h e  p r o f i l e  generated by t h e  heated g r i d  exper iments.  
200°C a chemical o r  phys i ca l  change has occurred which depresses t h e  t o t a l  e x t r a c t -  
i b i l i t y  of t h e  c o a l ,  and t h e  onset o f  ex tens i ve  p y r o l y s i s  i s  aga in  ev iden t  above 
325OC. The co inc idence o f  t hese  thermal  phenomena i n  t h e  heated g r i d  py ro l yses  and 
t h e  methanol f l o w  mode e x t r a c t i o n  o f  I l l i n o i s  #6 coal  i s  c l e a r  evidence t h a t  t h e r -  
mal decomposit ion processes cannot be i gno red  i n  SGE exper iments conducted above 
325°C. 
Rutkowski i n  t h e i r  i n v e s t i g a t ' o n s  o f  t o luene  (T =32OoC) f l o w  mode e x t r a c t i b i l i t y  
of an equ iva len t  P o l i s h  coal14.  By determining'the e x t r a c t i o n  y i e l d  as a f u n c t i o n  
o f  t ime  and temperature, t hey  found these e x t r a c t i o n s  t o  be c o n t r o l l e d  by two d i s -  
t i n c t  energ ies o f  a c t i v a t i o n .  Between 200 and 320"C, Ea was about 3kJ/mole which 
i s  c o n s i s t e n t  w i t h  t h e  opera t i on  o f  d i f f u s i o n  c o n t r o l l e d ,  p h y s i c a l  d i s s o l u t i o n  
process. A t  h ighe r  temperatures (35O-41O0C), Ea was found t o  be 101 kJ/mole, and 
t h i s  can be taken as c l e a r  evidence f o r  t h e  opera t i on  o f  chemical processes. 

I n  f a c t  when considered i n  c o n j u n c t i o n  w i t h  t h e  i n v e s t i g a t i o n s  o f  Slomak and 
Rutkowski, our  experiments p r o v i d e  compel l i n g  evidence t h a t ,  above 35OoC, t h e  SGE 
o f  coa l  i s  c o n t r o l l e d  by thermal  decomposi t ion processes r a t h e r  than  p h y s i c a l  ex- 
t r a c t i o n  processes. I n  l i g h t  o f  t h i s  f i n d i n g ,  i t  i s  s u r p r i s i n g  t o  d i scove r  a co r -  
r e l a t i o n  between conver i o n  y i e l d s  and H i l deb rand  s o l u b i l i t y  parameters (6) f o r  t h e  
SGE of coal  above 325OCj.5. Y ie lds  should be i n f l u e n c e d  by t h e  chemical na tu re  
o f  t h e  so l ven t  i n  t h i s  temperature range, and any c o r r e l a t i o n  wi th 6 must be co in -  
c i d e n t a l  o r  due t o  secondary e f f e c t s .  

Flow Mode vs. Batch Mode E x t r a c t i o n  

t h e  coal  e x t r a c t ,  once generated, i s  i n  con tac t  w i t h  t h e  res idua  f o r  l e s s  than a 
minute.  Although t h i s  t i m e  i s  l o n g  by mo lecu la r  s tandards,  i t  i s  sho r t  compared t o  
con tac t  t imes  (45-100 minutes)  i n  ba tch  e x t r a c t i o n  of coa l .  While these considera-  
t i o n s  a re  no t  impor tan t  below 325OC, they  can c e r t a i n l y  determine t h e  e f f i c i e n c y  
and ex ten t  o f  SGE a t  h ighe r  temperatures. A t  4OO0C, one can h a r d l y  expect a c o a l -  
l i k e  fragment t o  be chemica l l y  i n e r t  under c o n d i t i o n s  which cause coal t o  reac t  o r  
d u r i n g  var ious encounters  w i t h  o t h e r  fragments, res idua ,  and r e a c t i v e  i n te rmed ia tes  
d e r i v e d  from these species. 

The e f f i c a c y  of f l o w  mode e x t r a c t i o n  i n  m in im iz ing  secondary, char- forming 
reac i ons  i s  demonstrated by t h e  exper iments repo r ted  here. Prev ious i n v e s t i g a -  

present  i n v e s t i g a t i o n  a y i e l d  o f  31% was obta ined,  i n d i c a t i n g  . t ha t ,  i n  t h e  batch 
mode, a t  l e a s t  o n e - t h i r d  o f  t h e  l ' q u i d  product  i s  l o s t  t o  char. 

e x t r a c t  up t o  12% o f  t h e  e x t r a c t i o n  residua. w i t h  p y r i d i n e .  
t o  e x t r a c t i o n  i n e f f i c i e n c i e s  and t o  r e d e p o s i t i o n  o f  s o l u b i l i z e d  m a t e r i a l .  Our 
r e s u l t s  c l e a r l y  show t h a t  t h i s  r e s i d u a l  p y r i d i n e  s o l u b l e  m a t e r i a l  can be removed 
u s i n g  f l o w  mode e x t r a c t i o n .  

The two 

By 

These r e s u l t s  a re  i n  s u b s t a n t i a l  agreement w i t h  those o f  Slomka and 

I n  t h e  f low mode e x t r a c t i o n  o f  coal w i t h  methanol u t i l i z e d  f o r  t hese  s tud ies ,  

t o r s  5'  have repo r ted  maximum methanol e x t r a c t i o n  y i e l d s  o f  19% a t  450°C. I n  the  

F i n a l l y ,  o t h e r  i nves t i ga to rs ' ,  us ing  batch mode e x t r a c t i o n ,  have been able t o  
Presumably, t h i s  i s  due 
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TABLE 1. THERMAL CONVERSION OF ILLINOIS #6  COAL BY HEATED G R I D  VACUUM PYROLYSIS 

F i n a l  Bed W e i j h t  W e i j h t  Weight 
Temperature Loss: RVPb Loss: PyEC Loss:aTotal 

Run No. "C % % % 
Coal 10.2 
1 191 
2 248 
3 326 
4 337 
5 448 
6 448 
7 528 

0.2 
0.8 
6.1 
5.7 

19.7 
21.1 
32.3 

8.6 8.8 
6 .O 6.8 

2.3 8.0 
1 .o 20.6 
0.9 22 .o 
0.7 33.0 

aWeight l o s s  based on raw coa l .  
bRapid vacuum p y r o l y s i s .  
'Py r id i  ne e x t r a c t i  b les .  

TABLE 2. FLOW MODE EXTRACTION OF ILLINOIS #6 COAL WITH METHANOL 

E x t r a c t i o n  E x t r a c t i o n  Wei j h t  Wei j h t  Weight 
Run Temperature Pressure LOSS:  F M E ~  Loss: PyEC Loss:aTotal 
No. " C  p s i  % % % 
1 25 3000 2.6 9.7 12.3 
2 100 3000 4.0 7.8 11.8 
3 220 3000 7.4 0.6 8.0 
4 270 1325 5.6 
5 270 2000 8.3 

7 270 4000 12.3 

9 320 3000 13.0 1.1 14.1 
10 370 3000 22.0 
11 420 3000 31 .O 0.9 31.9 

6 270 3000 12.0 (0.9)d 12.0 

8 320 3000 12.0e 

aWeight l o s s  based on raw c o a l .  
bFlow mode e x t r a c t i o n .  

dWeight i nc rease  due t o  p y r i d i n e  r e t e n t i o n  by t h e  residuum. 
e E x t r a c t i o n  t i m e  30 minutes.  

Py r i d i ne ex t r a c  t i b 1 e s . 
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