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Supercritical Gas Extraction of South African Coals 

JOHN R. KERSHAW* and JOSEF JEZKO** 
FUEL RESEARCH INSTITUTE O F  SOUTH AFRICA 
P. 0. BOX 21 7, 
PRETORIA 001, SOUTH AFRICA 

ABSTRACT 

The s u p e r c r i t i c a l  gas  e x t r a c t i o n  of South A f r i c a n  c o a l s  w a s  
c a r r i e d  o u t  u s i n g  semi-continuous r e a c t o r s .  The convers ion  ( t o  
l i q u i d  and gaseous products )  i n c r e a s e s  as t h e  v o l a t i l e  m a t t e r  y i e l d  
o r  t h e  H / C  a tomic r a t i o  of t h e  c o a l  i n c r e a s e s  and as t h e  c r i t i c a l  
t empera ture  o r  t h e  Hildebrand s o l u b i l i t y  parameter  of t h e  s o l v e n t  
i n c r e a s e s .  The e f f e c t  of p r e s s u r e  and tempera ture  on t h e c o n v e r s i o n  
i s  d i s c u s s e d .  The chemical  n a t u r e  of t h e  o i l s  (hexane s o l u b l e  
product )  from 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 t  35OoC and 45Q°C is  
a l s o  r e p o r t e d .  

INTRODUCTION 

E x t r a c t i o n  of c o a l  w i t h  s u p e r c r i t i c a l  gases  i s  a novel  r o u t e  

f o r  o b t a i n i n g  coa l -der ived  l i q u i d s .  It i s  envisaged t h a t  t h e s e  

l i q u i d s  will b e  f u r t h e r  processed  by hydrogenat ion  t o  t r a n s p o r t  

f u e l s  and chemical  f e e d s t o c k s .  A number of papers  have d e s c r i b e d  

t h e  s u p e r c r i t i c a l  gas  e x t r a c t i o n  of c o a l  (1-4) and t h e  chemical  

n a t u r e  of  t h e  products  ob ta ined  (5-10).  

9; To whom correspondence should b e  addressed .  P r e s e n t  address :  
CSIRO Division of Applied Organic  Chemistry,  P.O. Box 4331, 
Melbourne 3001, A u s t r a l i a .  
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Sigma 

6 . 6  

29.6 

21.9 

76.7 

4.4 

1 . 6  

1 .1  

16.2 

KERSHAW AND .JE%KO 

- 

Waterberg 

3 . 8  

11.7 

33.2 

80 .7  

5.5 

1 .4  

1.1 

11 .3  

- 

- 

I n  t h i s  paper t h e  e f f e c t  t h a t  t h e  c o a l  p r o p e r t i e s ,  t h e  prop- 

e r t i e s  of the  s u p e r c r i t i c a l  f l u i d ,  t h e  p r e s s u r e  and t h e  temperature  

have on s u p e r c r i t i c a l  gas  e x t r a c t i o n  of South Afr ican  c o a l s  are 

d iscussed  a s  w e l l  a s  t h e  chemical n a t u r e  of t h e  o i l s  (hexanesoluble  

product )  ob ta ined  on s u p e r c r i t i c a l  gas  e x t r a c t i o n  of t h e s e  c o a l s .  

Moist urea 

V o l a t i l e  Mattera  

1 Asha 

Cb 
b H 

b 1 0 (by d i f f e r e n c e )  

EXPERIMENTAL 

4 .9  

14.9 

3 2 . 8  

79.2 

5.4 

2.1 

2 . 3  

11.0 

The proximate and u l t i m a t e  a n a l y s e s  of t h e  c o a l s  (0.59 t o  0 . 2 5  

rnrn f r a c t i o n )  used are g iven  i n  Table  1 .  

S u p e r c r i t i c a l  _____ Gas E x t r a c a  

Method X 

The e x t r a c t i o n s  were c a r r i e d  out  i n  a 1 l i t e r  s t i r r e d  auto-  

clave. ‘The au toc lave  w a s  charged w i t h  c o a l  (25  g) and s o l v e n t  (800mL) and 

TABLE 1 

Analys is  of South Afr ican  Coals Used 

1 New 
Wakef i e l d  

“ w t % ,  a i r  d r i e d  b a s i s  

b w t % ,  daf (dry ,ash- f ree  b a s i s )  
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SOUTH AFRICAN COALS 153 

heated.  

pumped v i a  a d i p  tube ,  which a c t s  as a pre-hea ter ,  i n t o  t h e  bottom 

of t h e  au toc lave  and through t h e  c o a l  bed. On reaching t h e  f i n a l  

temperature  of 450°C t h e  e x t r a c t i o n  w a s  cont inued u n t i l  t h e  conden- 

sate w a s  c l e a r .  The p r e s s u r e  w a s  maintained a t  20 MF'a dur ing  the 

e x t r a c t  i o n .  

When t h e  t e m p e r a t u r e r e a c k d  ca150°C, s o l v e n t  (4  L/h) w a s  

The r e s i d u e  w a s  washed out  of t h e  r e a c t o r  wi th  t h e  a i d  of t o l -  

uene, f i l t e r e d ,  washed w i t h  t o l u e n e  and w i t h  a c e t o n e ,  and d r i e d  a t  

1 10°C. 

Method B 

The method is s i m i l a r  t o  Method A except  t h a t  the 'hot-rod '  

r e a c t o r  (11 ,12 )  was s u b s t i t u t e d  f o r  t h e  au toc lave .  The c o a l  (25 g) 

w a s  mixed wi th  sand (50 g ,  a c i d  washed, 0.42 t o  0 .15 mm) t o  l i m i t  

agglomerat ion (13) and w a s  he ld  w i t h i n  t h e  r e a c t o r  by s teel  wool 

p lugs .  The r e a c t o r  w a s  hea ted  by d i r e c t  r e s i s t a n c e  h e a t i n g  a t  a 

ra te  of ca  200°C/min t o  temperature .  On o b t a i n i n g  t h e  r e a c t i o n  

temperature ,  t o l u e n e  ( 4  L/h) w a s  pumped through t h e  r e a c t o r  f o r  

15 min a f t e r  t h e  r e q u i r e d  p r e s s u r e  w a s  reached.  

The work-up procedure w a s  as f o r  Method A .  The o v e r a l l  con- 

v e r s i o n  of c o a l  t o  l i q u i d  and gaseous products  w a s  ob ta ined  from 

the formula: 

1 w t  daf c o a l  - w t  daf r e s i d u e  
w t  daf c o a l  % Conversion = 100 ( 

(daf = d r y ,  ash- f ree  b a s i s )  

Method C 

The a u t o c l a v e  (1  l i t e r )  w a s  charged w i t h  c o a l  (100 g) and t o l -  

uene (600 mL) and hea ted  t o  temperature  (350' o r  45OOC). 

t h e  d e s i r e d  tempera ture  and p r e s s u r e  (17 o r  20 MPa), to luene  (ca 2 

L/h) was pumped i n t o  t h e  r e a c t o r  and through t h e  c o a l  bed v i a  a d i p  

t u b e  f o r  1 hour. The to luene  e x t r a c t  w a s  cooled a t  a tmospheric  

p r e s s u r e  i n  a water-cooled condenser. 

Onreaching 
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154 KERSHAW AND JEZKO 

The e x t r a c t i o n  c o n d e n s a t e  w a s  f i l t e r e d  t o  remove m a t e r i a l  which 

p r e c i p i t a t e d  on c o o l i n g .  The t o l u e n e  w a s  removed from t h e  f i l t r a t e  

under  r educed  p r e s s u r e .  Hexane ( 2 5 0  mL) w a s  added t o  t h e  e x t r a c t  

and i t  w a s  a l l owed  t o  s t a n d  f o r  24 h w i t h  o c c a s i o n a l  s h a k i n g .  The 

so lu t i c ln  w a s  f i l t e r e d  t o  leave a r e s i d u e  ( a s p h a l t e n e )  and t h e  hexane  

was removed Erom t h e  f i l t r a t e  unde r  r educed  p r e s s u r e  t o  g i v e  t h e o i l .  

F r a c i i o n a t i o n  of t h e  O i - L z  

rhe o i l s  were f r a c t i o n a t e d  by a d s o r p t i o n  chromatography on 

s i l i c a  g e l .  

pe t ro l eum e t h e r  (12 f r a c t i o n s ) ,  40 t o  6OoC p e t r o l e u m  e t h e r / t o l u e n e  

( i n c r e a s i n g  p r o p o r t i o n s  o f  t o l u e n e ,  5 f r a c t i o n s ) ,  t o l u e n e ,  c h l o r o -  

form and me thano l .  A t o t a l  o f  20 f r a c t i o n s  w e r e  c o l l e c t e d .  

The column w a s  e l u t e d  s u c c e s s i v e l y  w i t h  40-6OoC BP 

A n s l y  sc s 
11: s p e c t r a  w e r e  measured as  smears on sodium c h l o r i d e  p l a t e s  

usinf i  a Perkin-Elmer 567 g r a t i n g  s p e c t r o p h o t o m e t e r ,  w h i l e  UV spec-  

t r a  were measured i n  hexane  ( s p e c t r o s c o p i c  g r a d e )  u s i n g  a Unican 

$1’ 170(1 i n s t r u m e n t .  F l u o r e s c e n c e  s p e c t r a  were r e c o r d e d  as  v e r y  

d i l u t e  s o l u t i o n s  i n  hexane  u s i n g  a Perkin-Elmer 5 1 2  i n s t r u m e n t ,  and 

phoqpliorescence s p e c t r a  were s i m i l a r l y  r e c o r d e d  u s i n g  t h e  phospho- 

resc .cnre  a c c e s s o r y  i n  EPA ( a  m i x t u r e  o f  e t h e r ,  i s o p e n t a n e  and e t h -  

ano l  i n  t h e  p r o p o r t i o n s  by volume of  5:5:2) at 77’K. 

l11  NMK s p e c t r a  were r e c o r d e d  i n  d e u t e r o c h l o r o f o r m  a t  YO NHwz 

w i t h  t e t r a m e t h y l s i l a n e  as a n  i n t e r n a l  s t a n d a r d  u s i n g  a Var i an  EM 390 

j n s t r u m e n t .  Broadband proton-decoupled p u l s e  F o u r i e r  t r a n s f o r m  

”(. NMR were r e c o r d e d  i n  d e u t e r o c h l o r o f o r m  a t  20 MFIz u s i n g  a ‘I‘arian 

C F l - L O  s p e c t r o m e t e r .  Deu te roch lo ro fonn  p r o v i d e d  t h e  l o c k  s i g n a l  

and th t ,  numher o f  s c a n s  w a s  ca 1000. 

CI,C a n a l y s e s  w e r e  c a r r i e d  o u t  on a 50 m x 0 . 2 5  m 1 . D . c a p i l l a r y  

r o l r i r i i n  (wal L-coated open t u b u l a r )  w i t h  OV-101 s i l i c o n e  f l u i d  sta- 

t i o n a r y  phase  u s i n g  a Perkin-Elmer 39 20 chromatograph.  GLC a n a l y s i s  

was . i l s o  c a r r i e d  o u t  u s i n g  1 . 2 5  m x 3 mm I.D. s t a i n l e s s  s t e e l  

columns w i t h  10% SP-2100 me thy l  s i l i c o n e  o i l  on  100/120 Supelcoport .  
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SOUTH AFRICAN COALS 155 

RESULTS AND DISCUSSIONS 

Coal  P r o p e r t i e s  

S u p e r c r i t i c a l  g a s  e x t r a c t i o n  w i t h  t o l u e n e  of  a number of South 

A f r i c a n  c o a l s  w a s  c a r r i e d  o u t  u s i n g  Method A. A s u i t e  of f o u r t e e n  

South A f r i c a n  c o a l s  were used i n  t h i s  s t u d y .  These c o a l s  v a r i e d  

c o n s i d e r a b l y  i n  t h e i r  v o l a t i l e  matter y i e l d  and hydrogen t o  ca rbon  

a tomic  r a t i o .  The c o n v e r s i o n  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  e i t h e r  

t h e  v o l a t i l e  matter y i e l d  o r  t h e  hydrogen t o  ca rbon  a tomic  r a t i o  

o f  t h e s e  c o a l s  ( s e e  F i g .  1 ) .  Good c o r r e l a t i o n s  were found between 

t h e s e  c o a l  p r o p e r t i e s  and t h e  c o n v e r s i o n s .  

CONVERSION ( W t  O/o COAL,DAF) 

FIGURE 1. Conversion v e r s u s  v o l a t i l e  matter y i e l d  (0) and H / C  
a tomic  r a t i o  ( a )  a t  450 C and 20 MPa u s i n g  Method A. 
Conversion = 1 .2  ( V . M . )  - 9 . 1 ;  r = 0.90. Conversion 
= 104 (H/C) - 48.6;  r = 0.92. 
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156 KERSHAW AND JEZKO 

_ _ _  Solven t  - _ _  P r o p e r t i e s  

Most r e p o r t s  (1 ,2 ,5 -10)  o f  t h e  s u p e r c r i t i c a l  g a s  e x t r a c t i o n  of 

c o a l  l a v e  been l i m i t e d  t o  t h e  u s e  o f  t o l u e n e  as t h e  s o l v e n t .  

W i l l i s m s  and Whitehead (3 )  used n-dodecane, t o l u e n e ,  o-xylene and  

p y r i d i n e  as : so lven t s  f o r  s u p e r c r i t i c a l  g a s  e x t r a c t i o n  o f  a B r i t i s h  

c o a l .  rhey (obtained y i e l d s  of 15,  2 9 ,  32 and 34% r e s p e c t i v e l y  

under i d e n t i c a l  c o n d i t i o n s .  Ross and B l e s s i n g  ( 4 )  r e p o r t e d  a 

c o r r e l a t i o n  between t h e  e x t r a c t i o n  y i e l d  and t h e  Hi ldeb rand  solu- 

b i l i t y  pa rame te r  ( 6 )  f o r  a l i m i t e d  number of s o l v e n t s .  

I n  t h i s  work e i g h t e e n  s o l v e n t s  w e r e  u sed  f o r  t h e  s u p e r c r i t i c a l  

g a s  e x t r a c t i o n  O F  Waterberg c o a l  u s i n g  Method A .  The s o l v e n t s  used, 

t h e i r  c r i t i c , a l  c o n s t a n t s ,  t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  d e n s i t y  and 

f o r  tIic Hi ldeb rand  s o l u b i l i t y  pa rame te r  a t  t h e  e x p e r i m e n t a l  

c o n d i t i o n s ,  t o g e t h e r  w i t h  t h e  c o n v e r s i o n  d a t a  o b t a i n e d  are  g iven  

i n  TaJle  2 .  

above t h e i r  c r i t i c a l  t e m p e r a t u r e .  The c o n v e r s i o n  i n c r e a s e d  as t h e  

c r i t  i c a l  t e m p e r a t u r e  ( Tc) o r  t h e  Hi ldeb rand  s o l u b i l i t y  pa rame te r  

( h )  a t  t h e  e x p e r i m e n t a l  c o n d i t i o n s  i n c r e a s e d  ( s e e  F i g .  2 ) ,  and 

good c o r r e l a t i o n s  w e r e  o b t a i n e d  between c o n v e r s i o n  and t h e s e  

pa rame te r s .  Because of i t s  unusua l  c h a r a c t e r i s t i c s  water w a s  ex- 

cluded from c a l c u l a t i o n s  of  t h e  r e g r e s s i o n  l i n e s  i n  F ig .  2 .  The 

s o l v e n t s  used i n  t h i s  s t u d y  v a r i e d  c o n s i d e r a b l y  i n  t h e i r  chemica l  

n a t u r ? .  The v a l u e s  of c r i t i c a l  t e m p e r a t u r e  w e r e  o b t a i n e d  From t h e  

l i t e r a t u r e  (14,15)  w h i l e  t h e  Hi ldeb rand  s o l u b i l i t y  pa rame te r s  a t  t h e  

expe r imen ta l  c o n d i t i o n s  were c a l c u l a t e d  a c c o r d i n g  t o  t h e  formula 

( 4 , l h )  : 

A t  t h e  t e m p e r a t u r e  of 45OoC a l l  t h e  s o l v e n t s  w e r e  

where I), i s  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 tmosphe res ,  dr 

is i t - , ;  reduced d e n s i t y  ( t h e  d e n s i t y  d i v i d e d  by t h e  c r i t i c a l  d e n s i t y  

o f  t t ie s o l v e n t ) ,  and d l  i s  t h e  reduced d e n s i t y  of l i q u i d s ,  t a k e n  t o  

be 2 . 6 6  i n  a l l  c a s e s .  

1 t is <apparent  from F i g .  2 t h a t ,  g e n e r a l l y ,  c o n v e r s i o n  d a t a  

f o r  a p a r t i c u l a r  s o l v e n t  can  b e  e s t i m a t e d  from t h e  c r i t i c a l  temper- 
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FIGURE 2. Conversion v e r s u s  c r i t i c a l  t empera tu re  (T,) and 
Hildebrand s o l u b i l i t y  pa rame te r  (6) f o r  e x t r a c t i o n  
of Waterberg c o a l  a t  45OOC and 20 MPa u s i n g  Method A. 
Conversion = 0.297 T, - 129.3; r = 0 . 9 4 .  
Conversion = 15.99 6 - 21.0; r = 0 .84 .  

attire o f  t h a t  s o l v e n t ,  t h u s  a l l o w i n g  a s i m p l e  means of e s t i m a t i n g  

t h e  p o t e n t i a t  of a s o l v e n t  i n  s u p e r c r i t i c a l  g a s  e x t r a c t i o n .  Tetralin,  

w i th  its hydrogen-donor c a p a b i l i t y ,  gave a s  expec ted  h i g h e r  con- 

v e r s i o n  t h a n  e s t i m a t e d  from i t s  c r i t i c a l  t empera tu re  o r  s o l u b i l i t y  

pa rame te r .  E x t r a c t i o n  w i t h  t e t r a l i n ,  p robab ly ,  shou ld  be  considered 

as hydrogen-donor hydrogena t ion  r a t h e r  t h a n  t r u e '  s u p e r c r i t i c a l  gas 

e x t r a c t  i o n .  
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FIGURE 3. Conversion versus  pressure  f o r  to luene  e x t r a c t i o n  of 
New Wakef i e l d  coa l .  
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1 6 0  KERSHAW AND JEZKO 

P r e s s u r e  and Temperature 

The e x t r a c t i o n  of New Wakefield c o a l  w i t h  t o l u e n e  was c a r r i e d  

out  a t  p r e s s u r e s  of 10 ,20 ,  30 and 40 MPa us ing  Method B and a t  t e m -  

p e r a t u r e s  of  3 5 O o C ,  4 5 O o C  and 5 5 O o C .  A t  each temperature  a maximum 

w a s  found when conversion w a s  p l o t t e d  a g a i n s t  p r e s s u r e  ( s e e  F ig .  3). 

I n  each c a s e  t h e  maximum w a s  a t  a p r e s s u r e  of 30 MPa and t h e  con- 

v e r s i o n  a t  t h e  h i g h e r  p r e s s u r e  ( 4 0  MPa) was lower. Each p o i n t  on 

Fig. 3 was a n  average  of a t  least  f i v e  r e s u l t s .  

The Hildebrand s o l u b i l i t y  parameter  a t  r e a c t i o n  c o n d i t i o n s  

depends on t h e  d e n s i t y  and,  t h e r e f o r e ,  on t h e  p r e s s u r e  of t h e  

s o l v e n t .  Howard ( 1 7 )  h a s  poin ted  out  t h a t  t h e  maximum e x t r a c t i o n  

of ctral a t  a c o n s t a n t  e l e v a t e d  temperature  should occur  when t h e  

s o l u b i l i t y  parameters  of t h e  c o a l  and t h e  s o l v e n t  are i d e n t i c a l .  

Iherefore ,  i t  would be expec ted ,  as w e  found, t h a t  a t  a p a r t i c u l a r  

temperature  i n c r e a s i n g  t h e  p r e s s u r e  i n c r e a s e s  t h e  conversion u n t i l  

a maximum i s  reached when a f u r t h e r  i n c r e a s e  i n  p r e s s u r e  causes  a 

r e d u c t i o n  i n  conversion.  

i t  can a l s o  be seen  from Fig.  3 t h a t  t h e r e  w a s  a cons iderable  

i n c r e a s e  i n  t h e  conversion f o r  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 t  4 5 O o C  

compared t o  3 5 O o C .  

higher  temperatures  than 4 5 0 O C .  

There appears  t o  b e  no advantage i n  working a t  

Chemical Nature  of t h e  O i l s  
_ I _ - - _ _ _ _ _ ~ _  

The o i l s  (hexane s o l u b l e  product)  from s u p e r c r i t i c a l  gas  ex- 

t r a c t i o n  of Sigma c o a l  a t  3 5 0 ' C  and 4 5 O o C  and a t  a p r e s s u r e  of 1 7  

W'a, and New Wakefield and Waterberg c o a l s  a t  4 5 0 ' C  and 20 MPa us ing  

?lethod C have been s t u d i e d .  These o i l s  were separa ted  by e l u t i o n  

cliromatography on s i l i ca  g e l .  The f r a c t i o n s  from t h e s e  s e p a r a t i o n s  

w e r e  grouped a s  a l i p h a t i c  hydrocarbons, a romat ic  hydrocarbons and 

polar  compounds. 

E e t a i l e d  G L C  a n a l y s e s  of t h e  a l i p h a t i c  f r a c t i o n s  w e r e  only 

c a r r i e d  out  on t h e  two o i l s  from e x t r a c t i o n  of Sigma c o a l .  These 

showed, as p r i n c i p a l  components, a r e g u l a r  series of peaks a t t r i b -  
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10 

5 -  

0 

uted  t o  s t r a i g h t - c h a i n  a l k a n e s .  

t h e i r  r e t e n t i o n  t i m e s  w i t h  t h o s e  of s t a n d a r d s  and by c o - i n j e c t i o n .  

The d i s t r i b u t i o n  of t h e  n-alkanes from s u p e r c r i t i c a l  gas  e x t r a c t i o n  

of Sigma c o a l  a t  35OoC and 45OoC are shown i n  F ig .  4 t o g e t h e r  w i t h  

t h e  n-alkane d i s t r i b u t i o n  f o r  Soxhlet  e x t r a c t i o n  of  t h e  same c o a l  

u s i n g  choroform/methanol f o r  100 h .  The odd over  even composition 

of t h e  n-alkanes from 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 t  35OoC and t h e  

low c o n c e n t r a t i o n  of n-alkanes below n-C i n d i c a t e s  t h a t  l i t t l e ,  

i f  any, thermolys is  i s  t a k i n g  p l a c e  dur ing  s u p e r c r i t i c a l  gas  ex- 

t r a c t i o n  a t  35OoC. 

s i m i l a r  t o  t h a t  ob ta ined  by mild Soxhlet  e x t r a c t i o n  ( s e e  F ig .  4 ) .  

These were i d e n t i f i e d  by comparing 

16 

Indeed t h e  composition of t h e  n-alkanes i s  v e r y  

SOXHLET EXTRACTION 
( CH30H/CHCL,) - 

I I  I I l I l l L  

% 
5 -  

0 

SCGE AT 350% I (TOLUENE) 

I l l  l l l l l l l ~ .  
SCGE AT 450.C 

(TOLUENE) 

5 -  

0 
12 16 20 24 28 32 

C NUMBER 

FIGURE 4 .  D i s t r i b u t i o n s  of n-alkanes i n  p a r a f f i n  f r a c t i o n s  of 
o i l s  ( X  of  t o t a l  p a r a f f i n s ) .  
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1 6 2  KERSHAW AND J E Z K O  

A a r t l e  e t  a l .  ( 5 )  have a l s o  r e p o r t e d  a similar d i s t r i b u t i o n  of t h e  

n-alkanes on s u p e r c r i t i c a l  g a s  e x t r a c t i o n  a t  abou t  35OoC. 

however, t h e r e  is c o n s i d e r a b l e  change i n  the compos i t ion  of t h e  

a l i p h a t i c  f r a c t i o n ,  compared w i t h  S o x h l e t  e x t r a c t i o n  ( s e e  F i g .  4 ) .  

A t  45OoC, 

Valirmann (18) s u g g e s t e d  t h a t  a c o n s i d e r a b l e  amount of c o a l  con- 

s is ts  o f  s m a l l  (molecu la r  mass 1000) compounds h e l d  i n  t h e  c o a l  

po res  r a t h e r  t h a n  b e i n g  p a r t  of t h e  c o a l  l a t t i c e ,  i . e . ,  c o a l  be- 

haves as a m o l e c u l a r  s i e v e .  The p e n e t r a t i o n  of t h e  c o a l  m a t r i x  w i t h  

s u p e r c r i t i c a l  t o l u e n e  under  h i g h  p r e s s u r e  a t  35OoC t o  r e l e a s e  a 

s u b s t a n t i a l l y  u n a l t e r e d  p r o d u c t  i s  i n  acco rd  w i t h  t h e  view t h a t  

c o a l  i s ,  t o  some e x t e n t ,  a m o l e c u l a r  s i e v e .  

d i f f e r e n t  compos i t ion  of t h e  n-alkanes i n d i c a t e s  r a t h e r  t h a t  t h e  

s u p e r c r i t i c a l  s o l v e n t  i s  e x t r a c t i n g  t h e  p r o d u c t  formed on p y r o l y s i s  

of t h e  c o a l  and  t h a t  d e g r a d a t i o n  o f  t h e  c o a l  m a t r i x  i s  t a k i n g  p l a c e .  

The c o n s i d e r a b l y  h i g h e r  amounts of b o t h  t o t a l  a l i p h a t i c s  ( 0 . 5  % o f  

c o a l  a t  450°C; 0.09% a t  350°C) and a l s o  n-alkanes ( 0 . 3 5  % o f  c o a l  

a t  450OC; 0 . 0 6 %  a t  35OoC) formed i n d i c a t e s  t h a t  t he rma l  c l e a v a g e  

of a l k y l  s i d e  g roups  i s  much more i m p o r t a n t  a t  45OoC t h a n  350'C. 

Whereas, a t  45OoC t h e  

l h e  a r o m a t i c  hydroca rbon  f r a c t i o n s  are compl i ca t ed  by t h e  pres-  

ence c f  s u b s t a n t i a l  amounts of t o l u e n e  p y r o l y s i s  p r o d u c t s  e s p e c i a l l y  

b i b e n z y l .  The p y r o l y s i s  of t o l u e n e  a t  35OoC and 45OoC under  con- 

d i t i o n s  s imi l a r  t o  t h o s e  used  i n  s u p e r c r i t i c a l  g a s  e x t r a c t i o n  h a s  

r e c e n t l y  been r e p o r t e d  (19) .  UV, f l u o r e s c e n c e  and phosphorescence 

s p e c t r a  showed t h e  p r e s e n c e  o f  t e n  po lya romat i c  r i n g  sys t ems  i n  a l l  

t h e  o i l s .  These w e r e  n a p h t h a l e n e ,  phenan th rene ,  a n t h r a c e n e ,  py rene ,  

t r i p h e n y l e n e ,  benzo(a)  py rene ,  benzo(e )pyrene ,  p e r y l e n e ,  d ibenzo(de f  , 
mno)chrysene ( a n t h a n t h r e n e )  and d i b e n z o ( b , d e f ) c h r y s e n e .  There w a s  

a l s o  c v i d e n c e  from IR s t u d i e s  of the p r e s e n c e  of e t h e r  l i n k a g e s  and 

oxygen h e t e r o c y c l i c  compounds i n  t h e s e  f r a c t i o n s .  

The I R  s p e c t r a  of t h e  p o l a r  f r a c t i o n s  of eve ry  sample s t u d i e d  

showed s t r o n g  hydroxy l  and c a r b o n y l  a d s o r p t i o n .  The I R  s p e c t r a  

i n d i c a t e d  t h e  p r e s e n c e  o f  b o t h  a r o m a t i c  and a l i p h a t i c  c a r b o n y l  

groups.  
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I3C NMR s p e c t r a  were recorded f o r  t h e  o i l s  from New Wakefield 

and Waterberg c o a l s .  

s i g n a l s  between 118 and 129 ppm from TMS arise from aromat ic  C-H; 

t h e  less i n t e n s e  s i g n a l s  between 129 and 148 ppm are due t o  aromatic  

C-C (20,21) .  

f i e l d s  (108-118 ppm) and may b e  a t t r i b u t e d  t o  aromatic  C-H o r t h o  

t o  e t h e r  C-0 o r  phenol C-OH (20,21) .  A r e l a t i v e l y  i n t e n s e  peak a t  

I n  t h e  a romat ic  carbon reg ion  t h e  most i n t e n s e  

P a r t  of t h e  a romat ic  C-H band w a s  s h i f t e d  t o  h i g h e r  

142 

due 

t h e  

PPm 

ppm was p r e s e n t  i n  t h e  s p e c t r a  of  t h e s e  o i l s  and i s  probably 

t o  t h e  C-1 carbons of b ibenzyl  (22) .  I n  t h e  a l i p h a t i c  region 

s p e c t r a  were dominated by two s h a r p  l i n e s  a t  38 ppm and 29.5 

The l i n e  a t  38 ppm is a s c r i b e d  t o  t h e  e thane  carbons of 

b ibenzyl  (1,2-diphenylethane) (22) .  The l i n e  a t  29.5 pprn i s  as- 

s igned  t o  E carbon of long  a l i p h a t i c  c h a i n s ,  w h i l e  o t h e r  less in- 

t e n s e  l i n e s  a t  ca 14, 23, 32 and 29 ppm correspond t o  a, B, y and 

6 carbons of t h e s e  cha ins  (23) .  The E band w a s  approximately f i v e  

t i m e s  t h e  i n t e n s i t y  of t h e  a and R bands, i n  t h e  s p e c t r a  of o i l s  

from both  New Wakefield and Waterberg c o a l ,  i n d i c a t i n g  reasonably 

18 
long a l i p h a t i c  cha ins  wi th  a n  average  c h a i n  l e n g t h  of about  C 
(23) .  (For s t r a i g h t - c h a i n  a l k a n e s ,  s u b s t i t u e n t  e f f e c t s  are n o t  

normally t r a n s m i t t e d  through more than f o u r  bonds and,  hence,  t h e  

E-carbon cannot be d i s t i n g u i s h e d  from t h e  remainder of t h e  i n t e r i o r  

carbons.  The r a t i o  of t h e  i n t e n s i t y  of t h e  E band due t o  t h e  i n n e r  

methylene carbons t o  t h a t  of t h e  c1 and R bands i n d i c a t e s  t h e  average 

c h a i n  l e n g t h ) .  

The 1 H NMR s p e c t r a  of t h e  o i l s  w e r e  complicated by t h e  pres-  

ence of t o l u e n e  p y r o l y s i s  products .  This  w a s  i n d i c a t e d  by a s t r o n g  

s i g n a l  a t  6 2.85 which i s  a s c r i b e d  t o  t h e  pro tons  on t h e  CH groups 

of b ibenzyl  (24) and s i g n a l s  a t  approximately 6 3.8 ppm which are 

probably due t o  t h e  CH2 group of diphenylmethanes ( 2 5 ) .  When t h e  

hot-rod r e a c t o r  (Method B)  w a s  used,  t h e  o i l s  conta ined  much less 

to luene  p y r o l y s i s  products  (10) and t h i s  a l lowed meaningful ass ign-  

ments of t h e  pro ton  environments from t h e  'H NMR s p e c t r a .  

hydrogen d i s t r i b u t i o n  o f  t h e  o i l s  from s u p e r c r i t i c a l  gas  e x t r a c t i o n  

2 

The 
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KERSHAW AND J E Z K O  

~ Hydrogen Type 

I 

TABLE 3 

'H NPIR S p e c t r a l  Data of  t h e  O i l s  a 

O i l  from 

New Wakefield c o a l  Waterberg coal  

% of t o t a l  hydrogens 

1 

I Benzylic (6  1.9 - 3.8 ppm) 
I 

A l i p h a t i c  ( 6  < 1.9 ppm) 

29 

2 2 

( 6  6 .1  - 8.9 ppm) 

Phenol ic  ( 6  ca 5.5 ppm) 

31 

38 

32 

37 

a Spect ra  of samples c o r r e c t e d  f o r  b i b e n z y l .  

o f  New Wakefield and Waterberg c o a l s  a t  45OoC and 20 MF'a a r e  given 

Fn Table  3. 

- CONCLUSIONS 

S u p e r c r i t i c a l  gas  e x t r a c t i o n  o f  c o a l  is a convenient  way O E  

o b t a i n i n g  reasonable  y i e l d s  of c o a l  l i q u i d s  without  us ing  hydrogen. 

liy us ing  a s o l v e n t  wi th  a h i g h e r  c r i t i c a l  tempera ture  than  to luene ,  

much hl-gher y i e l d s  of e x t r a c t  can b e  obta ined .  

71ie d i s t r i b u t i o n  of  n-alkanes i n  t h e  e x t r a c t  i n d i c a t e s  t h a t  

a t  350')C v e r y  l i t t l e  degrada t ion  i s  t a k i n g  p l a c e  dur ing  e x t r a c t i o n  

<ind a t  t h i s  temperature  t h e  s u p e r c r i t i c a l  s o l v e n t  is e x t r a c t i n g  

molecwes  he ld  i n  t h e  c o a l  p o r e s ,  i n  agreement w i t h  Vahrman's 

'molecular  s i e v e '  theory  of c o a l .  A t  t h e  h igher  temperature  of 

450°C,  however, t h e  n-alkane d i s t r i b u t i o n  i n d i c a t e s  r a t h e r  t h a t  

t h e  s u p e r c r i t i c a l  s o l v e n t  i s  e x t r a c t i n g  t h e  product  formed on 

pyro1yc;is of  coal. 
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