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INTRODUCTION 

S u p e r c r i t i c a l  gas  e x t r a c t i o n  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  recovery of the  
These l i q u i d s  a r e  normally too l i q u i d s  formed when c o a l  is heated t o  above 400°C. 

i n v o l a t i l e  t o  d i s t i l l  a t  t h i s  temperature .  I f  t h e  temperature  is increased ,  they 
polymerize t o  form heavier  and l a r g e r  molecular  s p e c i e s  and evolve a s  gases  and li- 
quids .  Only a r e l a t i v e l y  smal l  amount of t h e  c o a l  d i s t i l l s  as  t a r  from t h e  decom- 
posing m a t e r i a l .  
l i q u i d s  a s  they a r e  formed whi le  avoid ing  t h e  u n d e s i r a b l e  decomposition r e a c t i o n s  
(1). S u p e r c r i t i c a l  f l u i d s  have a d e n s i t y  of about 30% of t h a t  of a normal f l u i d ,  
which is high enough t o  provide  f o r  good so lvent  c a p a b i l i t y ,  but  a l s o  low enough for  
high d i f f u s i v i t y  and r a p i d  mass t r a n s f e r  throughout  t h e  complex c o a l  mat r ix .  

pounds from c o a l  was pioneered by t h e  Nat ional  Coal Board (NCB) i n  B r i t a i n .  Over a 
number of years ,  NCB has  i n v e s t i g a t e d  t h e  d i r e c t  e x t r a c t i o n o f  c o a l s  us ing  l i g h t  aro- 
matic s o l v e n t s  (mostly toluene)  under s u p e r c r i t i c a l  c o n d i t i o n s .  I n  a r e c e n t  WB re-  
p o r t ,  Whitehead (2)  summarized t h e  experimental  d a t a  on s u p e r c r i t i c a l  e x t r a c t i o n  of 
coa l ,  obtained both  on bench-scale u n i t s  and on a 5 kg/h Continuous p i l o t  p l a n t  oper- 
a t e d  i n  B r i t a i n  by t h e  Coal Research Establ ishment .  According t o  t h e s e  d a t a ,  t h e  re- 
s idence  t i m e  of coa l  under s u p e r c r i t i c a l  c o n d i t i o n s  was t h e  v a r i a b l e  which most in-  
f luenced t h e  e x t r a c t  y i e l d .  The i n f l u e n c e  of p r e s s u r e  and temperature  on t h e  y ie ld  
was a l s o  s u b s t a n t i a l ,  and an e x t r a c t  y i e l d  of 35% by weight of  t h e  d r y ,  ash- f ree  coa l  
could be obtained using to luene  a t  42OoC and 27.5 MF'a pressure .  I t  was a l s o  d e t e r -  
mined t h a t  i t  was not  e s s e n t i a l  f o r  t h e  e x t r a c t i n g  f l u i d  t o  be  above i t s  c r i t i c a l  
temperature  t o  be e f f e c t i v e .  For a given o p e r a t i n g  p r e s s u r e ,  t h e  advantages of oper- 
a t i n g  i n a  s u p e r c r i t i c a l  s t a t e  w e r e  a s s o c i a t e d  wi th  t h e  lower d e n s i t y  and v i s c o s i t y  of 
t h e  f l u i d  compared wi th  a s u b c r i t i c a l  f l u i d .  

I n  another  c o a l - r e l a t e d  e f f o r t  i n  the  United S t a t e s ,  Kerr-McCee Corporat ion has  
developed a new s o l i d - l i q u i d  s e p a r a t i o n  technique u t i l i z i n g  t h e  unique s o l v e n t  capa- 
b i l i t i e s  of s u p e r c r i t i c a l  f l u i d s  (3 ) .  The process ,  c a l l e d  C r i t i c a l  Solvent  Deashing 
(CSD), is used to s e p a r a t e  minera l  matter and unreacted c o a l  from c o a l  l i q u i d s .  A 
two-stage CSD p i l o t  p l a n t  ( i n t e g r a t e d  i n t o  an SRC process  u n i t )  has  been operated 
f o r  t h e  l a s t  f o u r  years  a t  W i l s o n v i l l e ,  Alabama. 

Despi te  t h e  s t rong  i n d u s t r i a l  i n t e r e s t  and t h e  e x t e n s i v e  research  a c t i v i t y  i n  
t h e  f i e l d  of s u p e r c r i t i c a l  e x t r a c t i o n ,  much remains t o  be learned  i n  t h e  a p p l i c a t i o n  
of s u p e r c r i t i c a l  f l u i d s  t o  coa l  processing.  An important  f e a t u r e  of s u p e r c r i t i c a l  
coa l  e x t r a c t i o n  t h a t  has  rece ived  l i t t l e  a t t e n t i o n  i n  t h e  l i t e r a t u r e  concerns t h e  
s p e c i f i c  c h a r a c t e r i s t i c s  ( p h y s i c a l  and/or  chemical) of t h e  s u p e r c r i t i c a l  so lvent  and 
so lvent  mixtures  t h a t  can a f f e c t  t h e  y i e l d  and t h e  q u a l i t y  of t h e  c o a l  e x t r a c t s .  
Paul  and Wise ( 4 )  i n  t h e i r  e x c e l l e n t  monograph on gas  e x t r a c t i o n  used t h e  semiquanti- 
t a t i v e  approach of Rowlinson and Richardson (5)  t o  show t h e  s t r o n g  dependence of 
s u p e r c r i t i c a l  s o l u b i l i t y  on t h e  c r o s s - v i r i a l  c o e f f i c i e n t  B i z  of  t h e  s o l v e n t - s u b s t r a t e  
gas  phase. They a l s o  d iscussed  empir ica l  c o r r e l a t i o n s  f o r  c a l c u l a t i n g  t h e s e  coef-  
f i c i e n t s  i n  r e l a t i v e l y  s imple  c a s e s  of nonpolar  molecules .  The e x i s t i n g  BIZ c o r r e l a -  
t i o n s ,  however, a r e  most l i k e l y  t o  prove completely u n s a t i s f a c t o r y  f o r  po lar  s o l -  
v e n t s ,  o r  f o r  s o l v e n t s  t h a t  are chemical ly  ( a s  w e l l  a s  phys ica l ly)  involved i n  t h e  
mechanism of c o a l  e x t r a c t i o n .  
e x e r t  a s t ronger  d i s s o c i a t i n g  o r  depolymerizing a c t i o n  on c o a l  dur ing  t h e  thermal  
f ragmentat ion s t a g e  than nonpolar  s o l v e n t s ,  thus  i n c r e a s i n g  t h e  y i e l d  of e x t r a c t -  
a b l e  c o a l  m a t e r i a l .  

t a l  i n v e s t i g a t i o n  i n t o  s o l v e n t  and chemical-react ion e f f e c t s  i n  s u p e r c r i t i c a l  coa l  
e x t r a c t i o n .  
of s u p e r c r i t i c a l  e x t r a c t i o n  and s p e c i f i c  chemical t rea tment  of t h e  c o a l  (such a s  

S u p e r c r i t i c a l  gas  e x t r a c t i o n  a f f o r d s  a means of recover ing  these  

The use  of s u p e r c r i t i c a l  f l u i d s  f o r  t h e  recovery of hydrocarbons and r e l a t e d  com- 

P o l a r  o r  hydrogen bonding s o l v e n t s ,  f o r  example, may 

The present  paper d i s c u s s e s  some r e s u l t s  from t h e  f i r s t  phase of our experimen- 

The second phase c u r r e n t l y  under way i s  concerned with t h e  combination 
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c a t a l y t i c  depolymerizat ion,  a l k y l a t i o n ,  hydrogen-donor a c t i v i t y ,  e t c . )  t o  i n c r e a s e  
t h e  y i e l d  of c o a l  e x t r a c t s  and decrease  t h e  s e v e r i t y  of t h e  e x t r a c t i o n  condi t ions .  

EXPERIMENTAL 

1000 cm3 ( f r e e  volume:910 cm3), 316SS AE MagneDrive a u t o c l a v e  equipped wi th  a d i g i -  
tal  temperature  c o n t r o l l e r / i n d i c a t o r  and a d i g i t a l  p r e s s u r e  t r a n s d u c e r / i n d i c a t o r  i n  
t h e  0-10,000 p s i  range (Autoclave Engineers ,  Model DPS-0201). An I l l i n o i s  No. 6 
bituminous c o a l ,  100x200 mesh s i z e ,  w a s  used throughout t h i s  i n v e s t i g a t i o n .  Its 
proximate and u l t i m a t e  ana lyses  a r e  included i n  Table 5. 
vacuum a t  l l O ° C  f o r  24 hours  before  every  run.  

t i c a l  d e n s i t y ,  was f i r s t  measured i n t o  t h e  au toc lave .  Then a fine-mesh basket  con- 
t a i n i n g  20 grams of t h e  d r i e d  and s i z e d  c o a l  w a s  suspended a t  t h e  3 of  t h e  a u t o -  
c lave ,  80 t h a t  no a c t u a l  c o n t a c t  between t h e  l i q u i d  s o l v e n t  and t h e  c o a l  sample w a s  
poss ib le .  W e  took t h i s  precaut ion  t o  e l i m i n a t e  any ambigui ty  in t h e  r e s u l t s ,  where 
a s i g n i f i c a n t  f r a c t i o n o f  t h e  c o a l  would be s o l u b l e  under s u p e r c r i t i c a l  c o n d i t i o n s  
but  i n s o l u b l e  when t h e  system was brought back t o  ambient c o n d i t i o n s ,  t h u s  p r e c i p i -  
t a t i n g  on t h e  ex t rac ted  c o a l  and causing t h e  e x t r a c t i o n  y i e l d s  (which are based on 
t h e  weight l o s s  of  t h e  raw coa l )  t o  appear  low (6) .  
solved under s u p e r c r i t i c a l  c o n d i t i o n s  i s  c a r r i e d  through and recovered o u t s i d e  t h e  
basket  a f t e r  t h e  experiment, whether o r  not  t h i s  m a t e r i a l  i s  s t i l l  s o l u b l e .  

t r a c t i o n  temperature  (4OOOC). Following 2 h r s  of e x t r a c t i o n ,  t h e  system was cooled 
t o  room temperature  ( 2  h r s ) .  Yield was def ined  a s  t h e  weight loss of t h e  vacuum 
d r i e d  (24 h r s ,  llO°C), char-containing basket  expressed as  a percentage of t h e  raw, 
dry-coal weight. 

b l e  w i t h i n  20.5 w t %  (absolu te ) .  Solvent  r e c o v e r i e s  a f t e r  e x t r a c t i o n  ranged between 
96 and 100%. Decreasing t h e  p a r t i c l e  s i z e  and t h e  amount of c o a l  sample ( f o r  a 
given solvent  d e n s i t y ) ,  and i n c r e a s i n g  t h e  e x t r a c t i o n  t i m e  had no e f f e c t  on e x t r a c -  
t i o n  y i e l d s .  Therefore ,  t h e  repor ted  r e s u l t s  r e f l e c t  a c o n d i t i o n  of e q u i l i b r i u m  ex- 
t r a c t i o n  wi th  no mass t r a n s f e r  o r  s o l v e n t - s a t u r a t i o n  l i m i t a t i o n s .  

lyzed f o r  e lemental  composi t ion,  h e a t i n g  va lue ,  and p y r i d i n e  s o l u b i l i t y .  

A l l  s u p e r c r i t i c a l  e x t r a c t i o n  experiments  were c a r r i e d  o u t  i n  ba tch  mode, i n  a 

The c o a l  was d r i e d  under 

I n  each run a c e r t a i n  amount of s o l v e n t ,  corresponding t o  t h e  d e s i r e d  s u p e r c r i -  

I n  our  system any m a t e r i a l  d i s -  

Af te r  s e a l i n g  and purging,  t h e  r e a c t o r  w a s  heated f o r  about  1 . 5  h r  t o  reach ex- 

The r e s u l t s  on weight-percent e x t r a c t i o n  repor ted  i n  t h i s  paper were reproduci-  

The e x t r a c t e d  c o a l  samples, a s  w e l l  as t h e  s u p e r c r i t i c a l  e x t r a c t s ,  were ana- 

RESULTS AND DISCUSSION 

1. Non-polar Sovent E f f e c t s  
To determine t h e  e f f e c t  of t h e  p h y s i c a l  parameters  of t h e  s u p e r c r i t i c a l  so lvent  

on c o a l  e x t r a c t i o n ,  coa l -samples  were e x t r a c t e d  wi th  a homologous series of n-paraf-  
f i n s  (from pentane t o  dodecane), a t  4OO0C and a t  a c o n s t a n t  s o l v e n t  d e n s i t y  of  2.75 
m o l e s f l i t e r .  
(which is generated by t h e  s u p e r c r i t i c a l  so lvent  i t s e l f )  are given i n  Table  1. The 
c r i t i c a l  parameters  of  t h e  p a r a f f i n i c  s o l v e n t s  are l i s t e d  i n  Table 2. 

The r e s u l t s  i n d i c a t e  t h a t  e x t r a c t i o n  y i e l d  i n c r e a s e s  w i t h  increas ing  molecular  
weight of t h e  s o l v e n t ,  dodecane be ing  t h e  b e s t  s u p e r c r i t i c a l  so lvent  under t h e  given 
experimental  condi t ions .  On t h e  o t h e r  hand, e x t r a c t i o n  p r e s s u r e  d i s p l a y s  an i n t e r -  
e s t i n g  behavior ,  decreas ing  with i n c r e a s i n g  molecular  weight of t h e  so lvent  ( a t  con- 
s t a n t  temperature  and molar d e n s i t y ) ,  then  pass ing  through a minimum ( f o r  nonane) ,  
and f i n a l l y  increas ing  wi th  Increas ing  molecular  weight .  

Based on t h e i r  experimental  r e s u l t s  on high-pressure gas  chromatography, Gid- 
d ings  et .  a l .  (7) suggested t h a t  t h e  so lvent  power of a s u p e r c r i t i c a l  medium i s  d i -  
r e c t l y  r e l a t e d  t o  its s o l u b i l i t y  parameter ,  6 .  
they developed t h e  fo l lowing  c o r r e l a t i o n :  

R e s u l t s  on weight-percent  e x t r a c t i o n  and f i n a l  e x t r a c t i o n  p r e s s u r e  

Using t h e  van d e r  Waals equat ion ,  

where Pc is t h e  c r i t i c a l  p r e s s u r e  of t h e  s o l v e n t  i n  a tmospheres ,  
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, and A P  pr i s  i ts  reduced d e n s i t y  = 

p is t h e  reduced d e n s i t y  of l i q u i d s ,  taken t o  be about 2.66. 

' c r i t i c a l  

9. 
It is important  t o  n o t e  h e r e  t h a t  t h e  above c o r r e l a t i o n  is l i k e l y  t o  prove s a t i s f a c -  
t o r y  f o r  non-polar s o l v e n t s ,  b u t  i t s  v a l u e  i n  p r e d i c t i n g  so lvent  c a p a b i l i t i e s  when 
s p e c i a l  s o l v e n t  e f f e c t s  are p r e s e n t  ( p o l a r  c l u s t e r i n g ,  hydrogen bonding, e t c . )  i s  
v e r y  much i n  doubt .  Bless ing  and Ross (6 ) .  based on a l i m i t e d  number of s u p e r c r i t i -  
c a l  e x t r a c t i o n  experiments  on c o a l  and l i g n i t e ,  concluded t h a t  t h e  e x t r a c t i o n  y ie ld  
is an almost  l i n e r ,  u n i v e r s a l  ( f o r  a given coa1)funct ion of t h e  s o l u b i l i t y  parameter 
of t h e  s o l v e n t  as c a l c u l a t e d  by t h e  Giddings c o r r e l a t i o n ,  and t h a t  r e g a r d l e s s o f t h e i r  
s t r u c t u r a l  d i f f e r e n c e s ,  a l l  compounds l a r g e l y  perform i n  accordance wi th  t h e i r  sol- 
v e n t  c a p a b i l i t i e s .  
f a c t  t h a t  on ly  one p o l a r  s o l v e n t  (methanol) was included i n  t h e i r  p l o t  of c o a l  ex- 
t r a c t i o n  v e r s u s  s o l u b i l i t y  parameter  of t h e  s o l v e n t .  

Using Giddings' c o r r e l a t i o n ,  so lubi l i ty -parameter  v a l u e s  f o r  t h e  homologous ser- 
ies  of  n-paraf f ins  were c a l c u l a t e d  a t  t h e  experimental  so lvent  d e n s i t y  of 2.75 moles/ 
l i t e r .  Weight-percent ex t rac-  
t i o n  is p l o t t e d  a g a i n s t  so lvent  s o l u b i l i t y  parameter i n  F igure  1. 
from t h e  f i g u r e ,  t h e  p l o t  is h i g h l y  l i n e a r  ( c o r r e l a t i o n  c o e f f i c i e n t  0.987), yie ld ing  
t h e  fol lowing c o r r e l a t i o n :  

This  i s  a r a t h e r  a r b i t r a r y  s ta tement ,  t ak ing  i n t o  account t h e  

The r e s u l t s  a r e  given i n  t h e  l a s t  column of Table  2. 
As can be seen 

(wt% e x t r a c t i o n )  = 3.056 + 11.2 2) 
Table 4 inc ludes  t h e  r e s u l t s  on s u p e r c r i t i c a l  c o a l  e x t r a c t i o n  a t  4OO0C and t h r e e  

d i f f e r e n t  so lvent  d e n s i t i e s ,  f o r  another  nonpolar  hydrocarbon s o l v e n t ,  namely toluene.  
Solubi l i ty-parameter  v a l u e s  c a l c u l a t e d  from Giddings' c o r r e l a t i o n  a r e  given i n  t h e  
l a s t  column of Table  4 .  
c o r r e l a t i o n  ( c o r r e l a t i o n  c o e f f i c i e n t  0.986): 

Linear  r e g r e s s i o n  on t h e  to luene  runs  y i e l d s  t h e  fol lowing 

(wt% e x t r a c t i o n )  = 3.966 + 10.9 3) 
A measure of t h e  accuracy of t h e  experimental  r e s u l t s  is t h e  pred ic ted  v a l u e  f o r  t h e  
e x t r a c t i o n  y i e l d  a t  t h e  l i m i t  6 + 0  (vacuum p y r o l y s i s  of c o a l ) ,  which should be  t h e  
same f o r  a l l  s o l v e n t s .  Equat ions 2 (n-paraf f ins )  and 3 ( to luene)  p r e d i c t  e x t r a c t i o n  
l i m i t s  very c l o s e  t o  each o t h e r  (11.2 and 10.9 weight percent  r e s p e c t i v e l y ) .  How- 
e v e r ,  cont ra ry  to  t h e  conclusion of  Bless ing  and Ross, t h e  e x t r a c t i o n  y i e l d  depends 
a l so  o n t h e  so lvent  f u n c t i o n a l i t y .  By comparing equat ions  2 and 3 i t  can be seen t h a t  
t o l u e n e  i s  a b e t t e r  s o l v e n t  i n  s u p e r c r i t i c a l  c o a l  e x t r a c t i o n  than s t r a i g h t - c h a i n  a l i ;  
p h a t i c  hydrocarbons, f o r  t h e  same v a l u e  of t h e  Giddings s o l u b i l i t y  parameter. 
w i l l  show l a t e r  t h e  e f f e c t  of f u n c t i o n a l i t y  i s  even s t r o n g e r  f o r  p o l a r  s o l v e n t s .  

f e c t e d  by molecular s i z e ,  and t h a t  t h e  l o n g e s t  dimension of each s o l v e n t  molecule  
should be considered when comparing t h e  c o a l  e x t r a c t i o n  e f f i c i e n c i e s  of v a r i o u s  su- 
p e r c r i t i c a l  s o l v e n t s .  The i m p l i c a t i o n  h e r e  i s  t h a t  p e n e t r a t i o n  o f  t h e  micropore 
s t r u c t u r e  of t h e  c o a l  can be achieved more e a s i l y  by t h e  smaller  molecules .  Our re- 
s u l t s  on the  homologous series of n - p a r a f f i n s ,  where dodecane, t h e  longes t  molecule ,  
proved t o  be t h e  most e f f e c t i v e  e x t r a c t i o n  s o l v e n t ,  c e r t a i n l y  do n o t  support  t h i s  
suggest ion.  Mass t r a n s f e r  l i m i t a t i o n s  do n o t  appear  t o  be  s i g n i f i c a n t  i n  s u p e r c r i t i -  
c a l  c o a l  e x t r a c t i o n ,  a t  l e a s t  under t h e  given experimental  condi t ions .  

s i t y  i n  t h e  homologous series of n - p a r a f f i n s  is worth f u r t h e r  cons idera t ion  from t h e  
s tandpoin t  of opt imizing t h e  e x t r a c t i o n  condi t ions .  Our r e s u l t s ,  f o r  example, i n d i -  
c a t e  t h a t  n-nonane is a s u p e r i o r  s o l v e n t  than n-pentane i n  s u p e r c r i t i c a l  c o a l  ex t rac-  
t i o n ,  n o t  only i n  terms of t h e  h i g h e r  e x t r a c t i o n  y i e l d ,  b u t  a l s o  i n  terms of t h e  con- 
s i d e r a b l y  lower e x t r a c t i o n  pressure .  

As we 

It has a l s o  been suggested (Fong, e t . a l ,  (8)) t h a t  e x t r a c t i o n  y i e l d s  may be a f -  

The behavior of t h e  e x t r a c t i o n  p r e s s u r e  a t  cons tan t  temperature  and molar den- 

The Redlich-Kwong equat ion  of s t a t e  

where 
n 1 V = molar volume = E ( p  = molar d e n s i t y )  

4 )  
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pc 
w a s  used t o  examine t h e  ex t rac t ion-pressure  t r e n d s  i n  t h e  homologous series o f  n- 
p a r a f f i n s ,  under t h e  given experimental  condi t ions :  

l i ter  O r  V = -p= 363.6 cm3/mole. 
as ca lcu la ted  v a l u e s  f o r  a and b, and es t imated  (eq. 4) va lues  f o r  t h e  e x t r a c t i o n  
p r e s s u r e  a r e  given i n  Table  2. 
fe rences  between es t imated  and observed v a l u e s  of t h e  e x t r a c t i o n  pressure ,  e s p e c i a l l y  
f o r  t h e  higher  p a r a f f i n s ,  t h e  Redlich-Kwong equat ion  i s  a b l e  t o  p r e d i c t  t h e  p r e s s u r e  
minimum a t  almost t h e  same solubi l i ty -parameter  va lue  a s  t h e  experimental  one. The 
s t r u c p r e  of t h e  Redlich-Kwongequation, and t h e  s t r o n g  dependence of t h e  p r e s s u r e  on 
t h e  (V-b)-l term i n  p a r t i c u l a r ,  sugges ts  a very  i n t e r e s t i n g  p a t h  f o r  op t imiz ing  ex- 
t r a c t i o n  condi t ions .  
ity-parameter v a l u e s  f o r  t h e  homologous series of n-paraff  i n s ,  i n  s u p e r c r i t i c a l  Coal 
e x t r a c t i o n  a t  4OOOC and two o t h e r  molar d e n s i t i e s .  As can be seen from t h e  t a b l e ,  
by decreasing t h e  molar d e n s i t y ,  t h e  p r e s s u r e  minimum s h i f t s  towards t h e  h e a v i e r  hy- 
drocarbons, which s t i l l  possess  t h e  h igher  so lubi l i ty -parameter  values .  Thus, by 
proper  s e l e c t i o n  of t h e  experimental  s o l v e n t  d e n s i t y  ( 1.8 m o l e s / l i t e r  i n  our  c a s e ) ,  
dodecane becomes an e x c e l l e n t  s u p e r c r i t i c a l  so lvent  f o r  c o a l ,  bo th  i n  terms of t h e  
h ighes t  e x t r a c t i o n  y i e l d  i n  t h e  hydrocarbon s e r i e s ,  and i n  terms of t h e  lowest  
generated e x t r a c t  ion pressure .  

The same solvent  d e n s i t y  c o n s i d e r a t i o n s  can,  of course ,  be appl ied  t o  any o t h e r  
homologous series of nonpolar  compounds (e .g .  aromatic  hydrocarbons). 

2 .  Polar  E f f e c t s  i n  S u p e r c r i t i c a l  Coal E x t r a c t i o n  

T = 400% and P = 2.75 moles/ 
" 1  C r i t i c a l  parameters  f o r  t h e  n-paraf f ins ,  a s  w e l l  

These d a t a  show t h a t ,  d e s p i t e  t h e  cons iderable  d i f -  

I n  Table 3 we  l i s t  es t imated  e x t r a c t i o n  p r e s s u r e s  and s o l u b i l -  

We are c u r r e n t l y  conduct ing an e x t e n s i v e  experimental  i n v e s t i g a t i o n  on t h e  e f -  
f e c t  of increased so lvent  p o l a r i t y  on c o a l  e x t r a c t i o n  y i e l d s .  
c r i t i c a l  so lvents  i s  being s t u d i e d ,  inc luding  s imple inorganic  molecules (CO2, H20, 
hW3, BF3, e t c . ) ,  and p o l a r  hydrocarbons, p a r t i c u l a r l y  a l c o h o l s .  
r e s u l t s  of some pre l iminary  s u p e r c r i t i c a l  e x t r a c t i o n  experiments  a t  400'C wi th  sim- 
p l e  p o l a r  compounds, such a s  methanol, ace tone  and water .  

Methanol g ives  a s l i g h t l y  lower e x t r a c t i o n  y i e l d  (20.6% v e r s u s  21..3%) than  es- 
t imated from t h e  Giddings c o r r e l a t i o n  and equat ion  2. From a p r a c t i c a l  s t a n d p o i n t ,  
however, methanol i s  f a r  i n f e r i o r  a s u p e r c r i t i c a l  s o l v e n t  than a l i p h a t i c  hydrocar- 
bons, because it g ives  lower e x t r a c t i o n  y i e l d s  a t  much h igher  e x t r a c t i o n  p r e s s u r e s  
(20.6% a t  3610 ps ig  compared wi th  21.2% a t1290 p s i g  f o r  n-nonane). 

The p r e d i c t i v e  v a l u e  of  equat ion  2 when coupled wi th  t h e  Giddings c o r r e l a t i o n  
breaks down completely f o r  a polar  so lvent  such a s  ace tone ,  which shows anomalously 
low coa l  e x t r a c t i o n  y i e l d s  a t  4 0 O O C .  
buted t o  acetone decomposition t h a t  was exper imenta l ly  observed a t  40OoC. 

from t h e  est imated 
e x t r a c t i o n  va lues .  For example, a t  4OOOC and a s u p e r c r i t i c a l  d e n s i t y  of 8.25 moles/ 
l i ter  t h e  coa l  e x t r a c t i o n  y i e l d  is 34.0 w t %  compared wi th  20.9wt%, which is t h e  va lue  
c a l c u l a t e d  from equat ions  1 and 2. The r e s u l t s  i n  Table  4 seem t o  i n d i c a t e  t h a t  
water  is an even b e t t e r  s u p e r c r i t i c a l  s o l v e n t  than  to luene  f o r  c o a l  e x t r a c t i o n ,  a f -  
f e c t i n g  high e x t r a c t i o n  y i e l d s  a t  moderately h i g h p r e s s u r e s ( 3 4 w t %  a t  Tr=1.04 and 
Pr=1.12). A very  i n t e r e s t i n g  f e a t u r e  of t h e  s u p e r c r i t i c a l  water  runs  is t h a t  t h e  
ex t rac t -conta in ing  aqueous phase, when brought back to ambient c o n d i t i o n s  i s  an al-  
most c l e a r ,  s t r o n l y  smell ing s o l u t i o n  w i t h  a minimal amount of  p r e c i p i t a t e ,  and i n  
any c a s e  i t  is  completely d i f f e r e n t  from t h e  b l a c k  c o a l  s o l u t i o n s  obtained i n  super- 
c r i t i c a l  toluene runs.  Whether t h i s  is a r e s u l t  of s u p e r c r i t i c a l  water e x t r a c t i n g  
s e l e c t i v e l y  a d i f f e r e n t  por t ion  of t h e  c o a l  m a t e r i a l  (e .g .  more of t h e  p o l a r ,  phen- 
o l i c  f r a c t i o n )  than to luene ,  o r  it i s  mainly a r e s u l t  of high-pressure reforming re- 
a c t i o n s  of coa l  o r g a n i c s  wi th  s u p e r c r i t i c a l  water  than can y i e l d  products  completely 
d i f f e r e n t  from simple s u p e r c r i t i c a l  e x t r a c t s  ( 9 ) ,  i s  n o t  c l e a r  a t  t h i s  po in t .  

A wide range of super- 

Table  4 g i v e s  t h e  

These low y i e l d s  can only  i n  p a r t  be  a t t r i -  

Water, on t h e  o t h e r  hand, d i s p l a y s  l a r g e  p o s i t i v e  d e v i a t i o n s  
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W e  a r e  c u r r e n t l y  i n v e s t i g a t i n g  t h e  mechanism of s u p e r c r i t i c a l  water /coa l  i n t e r -  

We are a l s o  i n  t h e  p r o c e s s  of  c h a r a c t e r i z i n g  t h e  to luene ,  methanol and 
a c t i o n s  us ing  model-compound systems,  under s i m i l a r  r e a c t i o n  condi t ions  (T=400°C; 
p r = l . l ) .  
water  s u p e r c r i t i c a l  c o a l  extracts by GPC and o t h e r  a n a l y t i c a l  techniques,  t h a t  w i l l  
enable  us t o  determine t h e  d i f f e r e n c e s  i n  s t r u c t u r e  and f u n c t i o n a l i t y  of t h e s e  ex- 
tracts. 

3. Synerg is t ic  E f f e c t s  of Solvent  Mixtures  

P o s s i b l e  non-ideal  e f f e c t s  a r i s i n g  from polar /nonpolar  so lvent  combinations were 
s tud ied  in  s u p e r c r i t i c a l  e x t r a c t i o n  o f  c o a l  a t  400°C and cons tan t  total molar dens i ty  
f o r  a series of toluene/methanol  and to luene /ace tone  mixtures .  E x t r a c t i o n  y i e l d s  and 
generated p r e s s u r e s  are depic ted  i n  F igures  3 and 4. 

Figure 3 f o r  t h e  toluene/methanol  mixtures  r e v e a l s  a very  i n t e r e s t i n g  f e a t u r e  of 
t h e  e x t r a c t i o n  curve ,  which passes  through a,maximum a t  a composition of approximate- 
l y  70 mole% to luene  and then  descends  s lowly t o  t h e  pure  to luene  va lue .  This  extrac-  
t i o n  maximum, which is h igher  than t h e  e x t r a c t i o n  y i e l d  of e i t h e r  s o l v e n t  a lone  (syn- 
e r g i s t i c  e f f e c t ) ,  i s  of even g r e a t e r  importance,  because i t  is a t t a i n e d  a t  a pressure 
much lower than  t h e  p r e s s u r e  genera ted  i n  pure  t o l u e n e  e x t r a c t i o n  under s i m i l a r  con- 
d i t i o n s  ( 3700 ps ig  as compared wi th  5140 p s i g ) .  Fong e t .  a l .  (8) observed a similar 
maximum-extraction e f f e c t  i n  s u p e r c r i t i c a l  e x t r a c t i o n  of c o a l  with toluene/methanol 
mixtures  a t  360°C and a t  a c o n s t a n t  p r e s s u r e  o f 2 0 0 0 p s i g ,  b u t  t h e i r  r e s u l t s  a r e  of 
l i m i t e d  p r a c t i c a l  v a l u e ,  because of t h e  cons tan t -pressure  condi t ion  t h a t  was employ- 
ed ( r a t h e r  than  cons tan t  s o l v e n t  d e n s i t y ) .  
. Toluene/acetone mixtures ,  on t h e  o t h e r  hand, d i s p l a y  almost  l i n e a r  dependence 

of both  the  e x t r a c t i o n  y i e l d  and t h e  e x t r a c t i o n  p r e s s u r e  on molar composition. No 
s y n e r g i s t i c  e f f e c t  is p r e s e n t  under t h e  given experimental  c o n d i t i o n s ,  so t h a t  pure 
t o l u e n e  becomes a f a r  s u p e r i o r  s u p e r c r i t i c a l  so lvent  than  pure  ace tone  o r  any to lu-  
ene/acetone mixture ,  e f f e c t i n g  much h igher  c o a l  e x t r a c t i o n  a t  a cons iderably  lower 
e x t r a c t  ion p r e s s u r e .  

4. Phys ica l  and Chemical Changes i n  Coal S t r u c t u r e  dur ing  S u p e r c r i t i c a l  Extrac- 
t ion 

Table  5 g i v e s  proximate and u l t i m a t e  a n a l y s e s  and heat  conten t  v a l u e s  f o r  se- 
l e c t e d  coa l  samples t h a t  were e x t r a c t e d  with pure s u p e r c r i t i c a l  s o l v e n t s  under a 
v a r i e t y  of experimental  condi t ions .  The a n a l y s i s  of  t h e  raw coa l  t h a t  was used i n  
a l l  t h e s e  experimental  runs i s  a l s o  inc luded .  

The d a t a  show a d r a s t i c  (more than  60% i n  most c a s e s )  reduct ion  i n  t h e  v o l a t i l e s  
conten t  and a consequent i n c r e a s e  i n  t h e  f ixed-carbon content  of t h e  c o a l  a f t e r  
s u p e r c r i t i c a l  e x t r a c t i o n .  The r e d u c t i o n  i n  v o l a t i l e s  i s  accompanied by a s i g n i f i c a n t  
i n c r e a s e  in t h e  C/H a tomic r a t i o  of t h e  t r e a t e d  c o a l ,  t h u s  i n d i c a t i n g  a p r o g r e s s i v e  
e x t r a c t i o n  of hydrogen-rich f r a c t i o n s  from t h e  c o a l  mat r ix .  
no te ,  however, t h a t  even a t  h i g h  e x t r a c t i o n  l e v e l s ,  t h e  e x t r a c t e d  c o a l  r e t a i n s  most 
of  i t s  f u e l  v a l u e ,  a s  i n d i c a t e d  by a moderate  C/H ra t io  and a high heat-content  value.  
For example, c o a l  e x t r a c t e d  w i t h  s u p e r c r i t i c a l  t o l u e n e  a t  4OODC and a t  a so lvent  den- 
s i t y  of 6.75 m o l e s / l i t e r  r e t a i n s  94.7% of t h e  s p e c i f i c  h e a t i n g  va lue  of  t h e  r a w  coa l ,  
d e s p i t e  a 36% e x t r a c t i o n l o s s  and a cor responding  61 .7% loss of v o l a t i l e s .  

promising s o l v e n t s  i n  s u p e r c r i t i c a l  c o a l  e x t r a c t i o n ,  a f f e c t i n g  higher  e x t r a c t i o n  
y i e l d s  a t  much lower hea t -conten t  and H / C  l o s s e s  ( f o r  t h e  e x t r a c t e d  coa l )  than hydro- 
carbon s o l v e n t s  ( f o r  example, compare t h e  r e s u l t s  of t h e  pure  toluene and t h e  water  
runs). 

e x t r a c t i o n o f  c o a l  wi th  methanol-based s o l v e n t s ,  and t o  a l e s s e r  e x t e n t  with ace tone  
and water. I d e a l l y ,  i f  t h e r e  is no s p e c i a l  a f f i n i t y  of t h e  s u p e r c r i t i c a l  so lvent  
towards s u l f u r  ( o r  o t h e r  heteroatom),  t h e  e x t r a c t i o n  of  s u l f u r  f r a c t i o n s  from t h e  
c o a l  mat r ix  should be non-se lec t ive ,  so t h a t  t h e  s u l f u r  conten t  of t h e  e x t r a c t e d  
coa l .  as wel l  as that of t h e  e x t r a c t ,  i s  i n e v e r y  c a s e  t h e  same with t h e  s u l f u r  con- 
t e n t  of  t h e  r a w  coa l .  Our d a t a  show t h a t ,  a l though t h i s  i s  t r u e  f o r  n i t r o g e n ,  sul- 
f u r  undergoes s t rong  s e l e c t i v e  e x t r a c t i o n  i n  t h e  presence of methanol-based so lvents .  

- 

It is i n t e r e s t i n g  t o  

The data  i n d i c a t e ,  once a g a i n ,  t h a t  s u p e r c r i t i c a l  water  may be one of t h e  most 

A very i n t e r e s t i n g  s e l e c t i v e  d e s u l f u r i z a t i o n  e f f e c t  i s  observed i n  s u p e r c r i t i c a l  
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S u p e r c r i t i c a l  e x t r a c t i o n  of c o a l  wi th  pure  methanol r e s u l t s  i n  a 31.8% l e v e l  of 
selective s u l f u r  reduct ion ,  whi le  t h e a t h e r  two oxygenated s o l v e n t s ,  ace tone  and 
Water, a l s o  d i s p l a y  s i g n i f i c a n t  ( ~ 2 3 % )  d e s u l f u r i z i n g  a c t i o n  on  e x t r a c t e d  c o a l  Sam- 
p les .  Chemical p a r t i c i p a t i o n  of t h e  methanol i n  t h e  coa l -pyro lys i s  s tage ,  t h a t  en- 
hances s e l e c t i v e l y  t h e  fragmentat ion of  s u l f u r  c l u s t e r s  i n  t h e  c o a l  molecule  and 
t h e i r  subsequent e x t r a c t i o n  i n  t h e  s u p e r c r i t i c a l  phase is proposed t o  be t h e  main 
cause  of t h i s  e f f e c t .  

s o r p t i o n  a t  -196OC t o  de te rmine  t h e  e f f e c t  of p o s s i b l e  changes occur ing  i n  t h e  phys- 
i c a l  S t ruc ture  o f  t h e  c o a l  dur ing  s u p e r c r i t i c a l  e x t r a c t i o n .  
i n  Table 6. A sharp  decrease  i n  t h e  a v a i l a b l e  s u r f a c e  a r e a  o f  t h e  c o a l  is observed 
i n  a l l  t h e  e x t r a c t e d  samples, and t h i s  decrease ,  2 t  least f o r  t h e  p a r a f f i n i c  series, 
i s  Progress ive ly  more pronounced a t  h igher  e x t r a c t i o n  l e v e l s .  
Coal, on t h e  o t h e r  hand, shows a h igher  sur face-area  r e d u c t i o n  than  hexane-ex- 
t r a c t e d  c o a l ,  d e s p i t e  t h e  lower e x t r a c t i o n  l e v e l .  The surface-area-reduct ion e f f e c t  
may be a t t r i b u t e d  t o  a s h i f t  i n  t h e  pore-s ize  d i s t r i b u t i o n  of t h e  c o a l  caused by the  
e x t r a c t i v e  a c t i o n  of t h e  s u p e r c r i t i c a l  so lvent .  The removal of c o a l  m a t e r i a l  from 
t h e  s o l i d  mat r ix  may r e s u l t  in t h e  progress ive  opening of l a r g e r  pore  spaces ,  thus  
s h i f t i n g  the  pore-s ize  d i s t r i b u t i o n  towards t h e  macropore range,  g e n e r a l l y  a s s o c i a t -  
ed wi th  low s p e c i f i c  s u r f a c e  a r e a s .  Swell ing phenomena i n  t h e  c o a l  m a t r i x  caused by 
s t r o n g  H-bonding s o l v e n t s ,  such a s  methanol, can c o n t r i b u t e  f u r t h e r  t o  t h e  c l o s i n g  
o f  smal le r  pores  and, thus ,  t o  a d d i t i o n a l  c o l l a p s e  of t h e  microporous network. Fong 
et .  a l .  (8) proposed a d i f f e r e n t  explana t ion  based on t h e  r e t e n t i o n  of  e x t r a c t  i n  
t h e  pores .  A t  t h e  end of an e x t r a c t i o n  cyc le ,  t h e  removal of t h e  v o l a t i l e  super-  
c r i t i c a l  so lvent  from t h e  pores  could r e s u l t  i n  p a r t i a l  condensat ion of t h e  c o a l  ex- 
t r a c t  and, thus ,  i n  ex tens ive  pore blockage.  

s o l u b i l i t y  of raw and e x t r a c t e d  c o a l  samples. 
samples were determined by s t i r r i n g  0.5 grams i n  50 cm3 p y r i d i n e  f o r  2 h r s  a t  room 
temperature ,  then  f i l t e r i n g  and evapora t ing  t h e  s o l v e n t ,  and dry ing  t h e  s o l i d  resi- 
due under vacuum a t  l l O ° C  f o r  24 h r s .  
to luene  and pure  methanol runs  a r e  given below: 

F ina l ly ,  s u r f a c e  a r e a s  of e x t r a c t e d  c o a l  samples were measured by n i t r o g e n  ad- 

The r e s u l t s  are given 

Methanol-extracted 

Concluding t h i s  s e c t i o n  w e  would l i k e  t o  r e p o r t  some r e s u l t s  on t h e  p y r i d i n e  
The p y r i d i n e  s o l u b i l i t i e s  of  d r i e d  

Resul t s  f o r  t h e  raw c o a l  and f o r  t h e  pure  

R A W  C O A L  

Toluene 4n0°c, 36.0 

6.75 moles 
l i t e r  

Met ha no1 4OO0C, 20.6 

6.15 _moles l i t e r  

I S u p e r c r i t i c a l  Ext rac t ion  Weight Percent  P y r i d i n e  S o l u b i l i t y  I Solvent  I Condit ions I E x t r a c t i o n  1 of Ext rac ted  Coal (%) 

1 1 . 2  

0.8 

2.4 
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SUMMARY 

and so lvent  mixtures  t h a t  can a f f e c t  t h e  y i e l d  and t h e  p r o p e r t i e s  of c o a l  e x t r a c t s  
were experimental ly  i n v e s t i g a t e d .  S t rong  non-ideal  i n t e r a c t i o n s ,  such as p o l a r  for -  
ces and hydrogen bonding, as w e l l  a s  s y n e r g i s t i c  i n t e r a c t i o n s  in multicomponent sol- 
vent  mixtures ,  were shown t o  produce l a r g e  d e v i a t i o n s  from t h e  s imple,  dens i ty-  
d r i v e n  s u p e r c r i t i c a l  s o l u b i l i t y .  These i n t e r a c t i o n s  c a n  be  manipulated t o  opt imize 
s u p e r c r i t i c a l  c o a l  e x t r a c t i o n  by reducing  t h e  s e v e r i t y  of t h e  e x t r a c t i o n  condi t ions  
(pressure  i n  p a r t i c u l a r ) .  
t u r e  during s u p e r c r i t i c a l  s o l v e n t  e x t r a c t i o n  were a l s o  examined. 
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D o d e c a n e  
I 

2 3 . 5 6  

T a b l e  1. S u p e r c r i t i c a l  e x t r a c t i o n  of coal w i t h  a 
h o m o l o g o u s  series of n - p a r a f f i n s  a t  400°C 
a n d  a t  a ( c o n s t a n t )  s o l v e n t  d e n s i t y  of 

2 . 7 5  moles/liter. 

I W e i g h t  P e r c e n t  
S o l v e n t  E x t r a c t i o n  

E x t r a c t i o n  
P r e s s u r e  ( p s i g )  

2 0 3 2  

1 6 3 5  

1441 

1 3 9 3  

1 2 9 0  

1380 

1 5 6 2  

1 7 6 8  
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T a b l e  3 .  E x t r a c t i o n  p r e s s u r e s  c a l c u l a t e d  f r o m  t h e  

R e d l i c h - K w o n g  e q u a t i o n  of s t a t e  a t  4OOOC 

a n d  t w o  d i f f e r e n t  s o l v e n t  d e n s i t i e s .  

S o l v e n t  

P e n t a n e  

H e x a n e  

H e p t a n e  

O c t a n e  

Nonane  

D e c a n e  

U n d e c a n e  

Dode c a n e  

Ex t r a c t i o n  
P r e s s u r e  ( p s i g )  

1 2 3 6 . 2  

1 1 0 6 . 3  

978.8 

8 6 3 . 1  

771.8  

705.9 

690.8 

7 2 7 . 1  

' l i t e r  
S o l u b i l i t y  
P a r a m e t e r '  

1 . 6 5  

1 . 9 0  

2 . 1 1  

2 . 3 1  

2.49 

2 .65  

2 . 8 0  

2 .95  

E x t r a c t i o n  
' r e s s u r e  ( p s i g )  

1 8 4 9 . 3  

1713.3  

1650.7  

1 6 8 7 . 4  

1 9 7 4 . 5  

2538.0  

3 7 5 7 . 3  

6239.7  

S o l u b i l i t y  
P a r a m e t e r 1  

2.48  

2 .85  

3.16 

3 .46  

3.73 

3 .98  

4.2 

4.42 

C a l c u l a t e d  from G i d d i n g ' s  c o r r e l a t i o n  
I 
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T a b l e  4. S u p e r c r i t i c a l  e x t r a c t i o n  of c o a l  

w i t h  v a r i o u s  s o l v e n t s  a t  400OC. 

S o l v e n t  

T o l u e n e  

A c e t o n e  

M e t h a n o l  

W a t e r  

M e i g h t  P e r c e n t  
Ex t r a c t i o n  

36.0 

27.6 

20.3 

4.0 

7.3 

20.6 

34.0 

29.5 

E x t r a c t i o n  
P r e s s u r e 1  
( w i g )  

5140 

1440 

1260 

2180 

34803 

3610 

3580 

3070 

S o l v e n t  
D e n s i t y  

(moles/liter) 

6.75 

4.0 

2.75 

4.0 

5.5 

6.75 

8.25 

7.08 

E x p e r i m e n t a l  v a l u e  

C a l c u l a t e d  f r o m  G i d d i n g s '  c o r r e l a t i o n  

S i g n i f i c a n t  d e c o m p o s i t i o n  of a c e t o n e  w a s  o b s e r v e d  

Y S o l u b i  li t 
P a r a m e t e r  

6.46 

3.83 

2.63 

2.69 

3.70 

3.31 

3.17 

2.72 
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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 

Secondly, I 

Thomas G. Squires*,  Tetsuo Aida, Yu-Ying Chen, and Barbara F.  Smith 

Energy & M i n e r a l  Resources Research I n s t i t u t e  
Iowa S t a t e  U n i v e r s i t y ,  Ames, Iowa 50011 
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I 

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. 
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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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SUPERCRITICAL FLUID METHODS FOR COAL EXTRACTION, SEPARATION, AND ANALYSIS 
R. D. Smith*, B. W .  Wright, and H. R. Udseth 

Chemical Methods and Kinetics Section 

Richland, WA 99352 
Pacific Northwest Laboratory (Operated by Battelle Memorial Institute) 

INTRODUCTION 

Supercritical fluids are attracting increased interest for media for coal 
liquefaction and gasification, the basis for new separation techniques, and in new 
analytical techniques for the separation and characterization of coal-derived 
products. On-going research at Pacific Northwest Laboratory (PNL) is examining a 
range of supercritical fluid applications, including their use as a reaction media 
for coal liquefaction and for separation of fuels and coal-derived products. 
programs at PNL are studying the applications for analysis of fuel samples using 
supercritical fluid chromatography (SFC), the new technique of direct fluid injec- 
tion-mass spectrometry (DFI-MS), and their combination (SFC-MS). In this report 
we will present an overview of the range of supercritical fluid applications at 
PNL related t o  coal and fuel separation and characterization. 

Other 

EXPERIMENTAL 

Two similar instruments have been utilized in our supercritical fluid studies 
to date. The first is a micro-scale supercritical fluid extraction/reaction facility 
designed to allow the rapid study and characterization of the fluid phase under a 
wide range of conditions. The second instrument is ut'lized for analytical studies 
which include direct fluid injection-mass spectrometr{/2) and capillary column 
supercritical fluid chromato raphy-mass spectrometry( ). The instrumentation has 

DFI-MS instrumentation. Instrumentation for direct supercritical fluid extraction 
involves replacement of the injector by an extraction cell containing the material 
to be studied, while SFC-MS involves addi 1 n of a suitable open tubular capillary 
column between the injector and DFI probeti?. 

been described previously(1- 3 ). Figure 1 shows a schematic illustration of the 

RESULTS AND DISCUSSION 

The direct fluid injection (DFI) method allows any compound soluble in a super- 
critica 
met hods 121 . 
critical Fluid Extraction-Mass Spectrometer (SFE-MS) utilizing the OF1 concept. 
The DFI method has the following advantages: 
process is applicable to essentially any compound; various CI reagents may be selec- 
ted to vary the degree of spectral complexity (fragmentation); and the technique 
is inherently sensitive. 

a 
in dified "simultaneous" chemical ionization-electron impact (CI-€1) ion sourcefl- 
3?. Chemical ionization provides both excellent sensitivity and flexibility due 
to the potential for the addition of different or mixed CI reagent gases. 
cases where additional structural information is necessary for identification one 
can use either more energetic mixed CI reagents or the collision-induced-dissocia- 
tion (CID) capability of the tandem quadrupole analyzer. The use of CI analysis 
for coal extraction is particularly attractive since the gentle ionization mechanism 
produces primarily protonated molecular ions (MHt), which allows information on 
the molecular weight distribution t o  be obtained directly from the mass spectra. 
The DFI interface has also allowed the first practical supercr'tical fluid chromatog- 
raphy (SFC) -mass spectrometer instrumentation to be developedl3). 

luid to be transferred to the gas phase for ionization using conventional 
Recent work at PNL has led to the design and development of Super- 

quantitation is straightforward; the 

The DFI probes have been designed to couple with the direct probe inlet o 

For 

The combi- 
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n a t i o n  o f  t h e  s e l e c t i v e  e x t r a c t i o n  f rom s u b s t r a t e  m a t e r i a l s  and d e t e c t i o n  w i t h  
more s e l e c t i v e  c o l l i s i o n  induced d i s s o c i a t i o n  tandem mass spec t romet r i c  methods 
(e.g., MS/MS) o f f e r s  a p a r t i c u l a r l y  e f f e c t i v e  r a p i d  a n a l y t i c a l  method f o r  complex 
coa l  e x t r a c t i o n  and r e l a t e d  c o a l - d e r i v e d  m ix tu res .  

The l a s t  few years have seen a dramat ic  growth i n  t h e  a p p l i c a t i o n  o f  super- 
c r i t i c a l  f l u i d  e x t r a c t i o n  methods t o  a v a r i e t y  o f  e x t r a c t i o n ,  separat ion,  and 
process areas. 
f l u i d s  under c o n t r o l l e d  c o n d i t i o n s  o f t e n  a l l ows  e x t r a c t i o n  o f  s p e c i f i c  compounds 
(e.g., c a f f e i n e  f rom co f fee ,  PCB's f rom t rans fo rmer  o i l s ,  e t c .  1 f rom complex matrices, 
as we l l  as e f f i c i e n t  e x t r a c t i o n  o f  a wide range o f  compounds under more severe 
cond i t i ons .  Under more extreme c o n d i t i o n s  t h e  " e x t r a c t i o n "  process f o r  m a t e r i a l s  
such as coa l  i s  undoubtedly  a combinat ion o f  chemical r e a c t i o n s  r e s u l t i n g  i n  break-  
down o f  t h e  complex m a t r i x  combined w i t h  the  e x t r a c t i o n - d i s t i l l a t i o n  process of 
t h e  s u p e r c r i t i c a l  f l u i d .  

The p resen t  methods f o r  d i r e c t  a n a l y s i s  o f  coa l  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  
(SFE) processes i n v o l v e s  t h e  con t inuous  removal o f  a smal l  sample from an e x t r a c t i o n  
c e l l  f o r  d i r e c t  mass spec t romet r i c  a n a l y s i s .  A h i g h  p ressu re  s y r i n g e  pump, m o d i f i e d  
f o r  pressure r e g u l a t i o n ,  i s  used t o  m a i n t a i n  t h e  d e s i r e d  pressure i n  t h e  e x t r a c t i o n  
c e l l .  p la t i num-  
i r i d i u m  t u b i n g  through t h e  DFI probe which i s  ma in ta ined  a t  t he  same temperature 
as t h e  e x t r a c t i o n  c e l l .  The e n t i r e  sample l i n e  volume i s  approx imate ly  2 LIL and, 
f o r  ou r  t y p i c a l  f l o w  r a t e s  o f  10-30 uL/min, t h e  t i m e  f rom e x t r a c t i o n  t o  a n a l y s i s  
i s  l e s s  much than one minute.  F l u i d  f rom the  c e l l  i s  i n j e c t e d  d i r e c t l y  i n t o  t h e  
C I  r e g i o n  o f  a "s imul taneous"  dua l  E I - C I  source where a cons tan t  pressure i s  main- 
t a i n e d .  The mass spectrometer, programmable pressure r e g u l a t e d  pump, oven tempera- 
t u r e  c o n t r o l l e r  nd da ta  a c q u i s i t i o n  hardware are a l l  i n t e r f a c e d  f o r  complete 
computer con t ro l l ' 3 ) .  

The s u p e r c r i t i c a l  f l u i d  phase r e a c t i o n  o r  e x t r a c t i o n  process can be s tud ied  
under both nonisothermal  and n o n i s o b a r i c  c o n d i t i o n s .  Small e x t r a c t i o n  c e l l  volumes 
a l l o w  e v a l u a t i o n  o f  compounds e x t r a c t e d  as a f u n c t i o n  o f  pressure f o r  t h e  determina- 
t i o n  o f  " t h resho ld  pressures"  f o r  t h e  s o l u b i l i t y  o f  i n d i v i d u a l  components. The 
e f f e c t s  o f  c a t a l y s t s  can be s t u d i e d  i n  t h e  e x t r a c t i o n  c e l l  o r  a subsequent separate 
r e a c t i o n  c e l l .  Large r e a c t i o n  volumes a l l ow  one t o  observe the f l u i d  phase processes 
as a f u n c t i o n  o f  e i t h e r  temperature o r  pressure, where t h e  parameter i s  v a r i e d  i n  
some known f a s h i o n  w i t h  t ime.  For l a r g e  r e a c t i o n  c e l l s  (>50 mL) t h e  ac tua l  l o s s  
due t o  mass spec t romet r i c  sampling ( ~ 2 5  vL/min) can be made i n s i g n i f i c a n t  f o r  
reasonable r e a c t i o n  t imes.  

The s t r o n g  and o f t e n  s e l e c t i v e  s o l v a t i n g  power o f  s u p e r c r i t i c a l  

The e x t r a c t  i s  t r a n s p o r t e d  u s i n g  a 25 cm l e n g t h  o f  100 um I . D .  

An example of p r e l i m i n a r y  n o n i s o b a r i c  s t u d i e s  i s  g iven i n  F i g u r e  2. A 40 mg 

The e x t r a c t i o n  temperature was 280°C and t h e  so l ven t  was a 95% n-pentane- 

sample of a b i t um inous  coa l ,  s i zed  t o  approx imate ly  80 wm average p a r t i c l e  s i z e  
and p r e v i o u s l y  washed w i t h  pentane, was packed i n t o  a 7 5  pL c e l l  f o r  these e x p e r i -  
ments. 
5% 2-propanol m ix tu re ;  t hus  t h e  temperature was ma in ta ined  w e l l  above the es t ima ted  
c r i t i c a l  temperature of t he  so l ven t  m ix tu re .  The "gen t le "  CI c o n d i t i o n s  r e s u l t  i n  
l i t t l e  molecular  f ragmentat ion and a dominant p ro tona ted  mo lecu la r  i on ,  g r e a t l y  
s i m p l i f y i n g  mass s p e c t r a l  i n t e r p r e t a t i o n .  The exper iment  shown i n  F i g u r e  2 i n v o l v e d  
an i n i t i a l  2 h r  p e r i o d  a t  10 atms a f t e r  which the  pressure was increased a t  a r a t e  
of 0.4 atm/min between 10 atm and 100 atm. F i g u r e  2 g i ves  recons t ruc ted  s i n g l e  
i o n  p r o f i l e s  f o r  seve ra l  t y p i c a l  i ons  i n  t h e  mass spec t ra  and the  t o t a l  i on  c u r r e n t  
(TIC)  o r  e x t r a c t i o n  p r o f i l e ,  which se rve  t o  i l l u s t r a t e  t h e  s o l u b i l i t y  o f  e x t r a c t a b l e  
components as a f u n c t i o n  of pressure.  Large groups o f  compounds are c l e a r l y  
e x t r a c t e d  i n  the  10-13 atm and 25-28 atm ranges and s i m i l a r  r e s u l t s  showing g r e a t e r  
s t r u c t u r e  are ob ta ined  w i t h  s lower  p ressu re  ramps. Between 40 and 80 atms a l a r g e  
amount o f  complex h ighe r  mo lecu la r  we igh t  m a t e r i a l  i s  ex t rac ted .  Mass spec t ra  f o r  
these c o n d i t i o n s  show t h a t  spec ies hav ing  mo lecu la r  weights  extending t o  over 1400 
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I 

are extracted(1). 
metric monitoring of supercritical fluid extraction of coal and other related 
Processes. 
files, Suggesting that the potential exists to readily alter the extracted product 
slate and to obtain significant product fractionation. 
coal is extracted under these conditions, in reasonable agreement with previous 
studies. 

An example of the application of DFI-MS for fuel characterization iS given in 

These results demonstrate the potential for direct mass spectro- 

Initial experiments show significant structure in the extraction pro- 

Approximately 20% of the 

Figures 3 and 4. These figures give DFI-mass spectra for four fractions of two 
diesel fuel marine (DFM) samples, obtained by an alumina column fractionation method, 
which has been described previously(4). These DFM samples, designated 81-5 and 
81-6, represent a typical fuel (81-5) and a fuel which has been determined to exhibit 
considerable instability and particulate formation (81-6). The first two (less 
polar) fractions (A-1 and A-2) contain materials which appear to be nearly totally 
soluble in  supercritical carbon dioxide (34OC, 450 atmospheres), and mass spectra 
representative of the mixtures are obtained (Figure 3). In contrast, however, the 
more polar A-3 and A-4 fractions exhibit' very limited solubility in supercritical 
COP. Good spectra are obtained, however, in supercritical ammonia (134"C, 400 
atmospheres). Since these spectra were obtained using relatively "gentle" chemical 
ionization reagents (isobutane for the A-1 and A-2 fractions and ammonia for the 
A-3 and A-4 fractions) only limited ionic fragmentation is anticipated in the spectra, 
with domination by the protonated molecular ion, (M+l)+. Thus, the DFI mass spectra 
provide a good measure of the molecular weight distribution of these materials. 
Comparison of the two relatively non-polar fractions, A-1 and A-2, indicates these 
fractions, which account for the bulk of the DFM, are quite similar. In contrast, 
however, comparison of the polar fractions (the A-3 and more polar A-4 fraction) 
indicates that fuels having greater instability have significantly greater contribu- 
tions in the 150 to 300 molecular weight region in the A-3 fraction, and substantial 
contribution in the 300 to 500 molecular weight region, essentially absent for 
more stable fuel. 
observed in these fractions for the unstable DFM and with the gas chromatography 
results for the portions which are chromatographable. 
progress to apply supercritical fluid chromatography techniques using more polar 
fluids for separation of these materials, in conjunction with analysis by on-line 
DFI-MS. 
tion with DFI-MS analysis, promises significant advances for characterization of 
fuels and coal-derived materials. 

These results are consistent with the greater amount of material 

Research is presently in 

The much higher chromatographic efficiencies possible with SFC, in conjunc- 
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DIRECT FLUID INJECTION - MASS SPECTROMETER 

PRESSURE MONITOR 

INJECTOR AND 
CIRCULATOR 

FIGURE 1. Schematic I l l u s t r a t i o n  o f  the  Direct Fluid Injection-Mass 
Similar Instrumentation i s  Used f o r  SFC-MS Spectrometer. 

and Direct Supercr i t ica l  Fluid Extraction Studies.  

SUPERCRITICAL COAL EXTRACTION PROFILES AT 280% 

SCAN NUMBER 

1 1 1  I I I I I I  I I 
0 20 40 60 80 100 

PRESSURE IBARl 

FIGURE 2. Selected Ion Prof i les  and Total Extraction Prof i le  
f o r  a Nonisobaric Supercrit ical  Fluid Coal Extraction 
Study Using a 95% Pentane-5% 2-Propanol a t  280°C. 
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