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Mild Supercritical-Gas Extraction from Low-Rank Coals: 
Separation, Spectroscopy, and Composition of Alkane 
Products 

KEITH D. BARTLE 
DEPARTMENT OF PHYSICAL CHEMISTRY 
UNIVERSITY OF LEEDS 
LEEDS, LS2 9TJ, United Kingdom 

DERRY W. JONES and HOOSHANG PAKDEL 
SCHOOL OF CHEMISTRY 
UNIVERSITY OF BRADFORD 
BRADFORD, BD7 lDP,  UNITED KINGDOM 

ABSTRACT 

In  t h e  s e p a r a t i o n  by s i l i c a - g e l  chromatography of t h e  t o t a l -  
a lkane  f r a c t i o n s  of s u p e r c r i t i c a l - g a s  (SCG) e x t r a c t s  of Turkish 
l i g n i t e s ,  and i n  t h e  subsequent  5~-rnolecular -s ieve  a d s o r p t i o n  t o  
y i e l d  t h e  branched/cyc l ic  a l k a n e  s u b f r a c t i o n ,  yrogress  may b e  mon- 
i t o r e d  by gas- l iqu id  chromatography (GLC) and H nuclear-magnetic- 
resonance (NMR) spec t roscopy.  S a t u r a t e d  a l i p h a t i c  hydrocarbons 
i d e n t i f i e d  by gas  chromatography/mass spectrometry from one l i g n i t e  
i n c l u d e  normals n-C13 t o  n-C33 i n c l u s i v e ,  a c y c l i c  i soprenoids  C18, 
C19, and C ~ O ,  and two C31 p e n t a c y c l i c  ( t r i t e r p a n e )  and one (C15) 
d i c y c l i c  cyc loa lkanes .  The d i s t r i b u t i o n s  of n-alkanes depend more 
on e x t r a c t i o n  c o n d i t i o n s  than do t h e  d i s t r i b u t i o n s  of a c y c l i c  
i s o p r e n o i d s  and cyc loa lkanes .  Overall,  batchwise SCG e x t r a c t i o n  of 
low-rank c o a l s  w i t h  to luene  o r  t e t r a h y d r o f u r a n  a t  about  350OC 
appears  t o  cause l i t t l e  thermolys is  and can  y i e l d  r e l a t i v e l y  l a r g e  
q u a n t i t i e s  of p a r a f f i n i c  hydrocarbons,  r e p r e s e n t a t i v e  of t h e  or ig-  
i n a l  coals, and u s e f u l  as geochemical markers. 

INTRODUCTION 

Organic Matter i n  Coals 

Coals ,  l i g n i t e s  and r e l a t e d  m a t e r i a l s  have e lementa l  compo- 

s i t i o n s  dominated by carbon,  hydrogen and oxygen, t o g e t h e r  w i t h  
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168 BARTLE, JONES, AND PAKDEL 

smaller p e r c e n t a g e s  of  a wide  r a n g e  o f  e l e m e n t s .  Most c o a l s  are  

formed i n d e r  non-marine c o n d i t i o n s ,  w h i l e  t h e  m a j o r i t y  of  acknowl- 

edged s o u r c e  beds  f o r  l i q u i d  hydroca rbon  g e n e r a t i o n  were d e p o s i t e d  

i n  m a r i n e  env i ronmen t s  and c o n t a i n  o r g a n i c  mat te r  from a q u a t i c  l ower  

p l a n t s  and b a c t e r i a ,  e s p e c i a l l y  p h y t o p l a n k t o n .  D i f f e r e n c e s  i n  

c h l o r o p h y l l  c o n t e n t ,  f o r  example,  between lower and h i g h e r  p l a n t s  

may b e  expec ted  t o  g i v e  rise t o  d i f f e r e n c e s  i n  p h y t o l  and t h u s  t o  

t h e  s a t u r a t e d  i s o p r e n o i d  hydroca rbons  d e r i v e d  from c o a l  a n d p e t r o -  

1 rum. 

While  t h e  chemica l  s t r u c t u r e  of  t h e  o r g a n i c  p a r t  of  t h e  o r i g i -  

n a l  f o s s i l  f u e l s  i s  complex, t h e r e  i s  a p p r e c i a b l e  e v i d e n c e  f o r  the 

p r e s e n c e  o f  a r o m a t i c  and p o l y c y c l i c  a l i p h a t i c  r i n g s  and ,  more re- 

c e n t l y ,  of  a l k y l  s i d e  c h a i n s .  Most p r o c e s s e s  f o r  c o n v e r s i o n  of 

s o l i d  f u e l s  t o  l i q u i d  f u e l s  may b e  r o u g h l y  c l a s s i f i e d  a s  d i r e c t  

h y d r o g e n a t i o n ,  comple t e  h y d r o g e n a t i o n  f o l l o w e d  by s y n t h e s i s ,  p a r t i a l  

p y r o l y s i s  ( w i t h  o r  w i t h o u t  a p p r e c i a b l e  h y d r o g e n a t i o n ) ,  or s o l v e n t  

e x t r a c t  ion. 

SCG E x t r a c t i o n  of  Coa l s  __-___ 

Among t h e  more recent var iants  of t h e  p a r t i a l  p y r o l y s i s  ap- 

p roaches  t o  c o a l  l i q u e f a c t i o n  by  s o l u t i o n  i n  s p e c i f i c  s o l v e n t s ,  ex- 

t r a c t i o n  by low-molecular-weight solvents compressed i n t o  t h e s u p e r -  

c r i t i c a l  s t a t e  i s  a p romis ing  development .  I n d e e d ,  s o l v e n t  ex- 

t r a c t i o n  o f  c o a l s  and  o t h e r  ca rbonaceous  materials w i t h  a compressed 

g a s  hav ing  i t s  c r i t i c a l  t e m p e r a t u r e  c l o s e  t o  the e x t r a c t i o n  temper- 

a t u r e  can p o t e n t i a l l y  p r o v i d e  an a l t e r n a t i v e  economic p r o c e s s  t o  

p v r o l y s i s  f o r  o b t a i n i n g  c h e m i c a l s  and  l i q u i d  f u e l s  (1,2). Near t h e  

c r i t i c a l  t e m p e r a t u r e  of t h e  g a s ,  t h e  c o n c e n t r a t i o n  of s o l u t e  mark- 

e d l y  i n c r e a s e s  w i t h  p r e s s u r e .  Moreover,  t h e  d i s s o l v e d  material  can 

b e  removed more r e a d i l y  from t h e  r e s i d u e  t h a n  w i t h  l i q u i d  s o l v e n t s  

and may b e  p r e c i p i t a t e d  by r e d u c t i o n  o f  the  s o l v e n t  g a s  p r e s s u r e  

( 3 ) .  Ihus ,  a t  t e m p e r a t u r e s  as  low a s  35OoC, the p r e s e n c e  o f  a 

s u p e r c r i t i c a l  g a s  (SCG) can  v a p o u r i s e  c o a l  l i q u i d s  which would 

o t h e r w i s e  e i ther  n o t  d i s t i l  o r  do so  w i t h  a p p r e c i a b l e  decompos i t ion ;  
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ALKANE PRODUCTS OF L O W - W K  COALS 169 

f o r  example, wi th  to luene  as s o l v e n t  ( l a r g e l y  r e c o v e r a b l e ) ,  25% o r  

more of t h e  o r i g i n a l  c o a l  can be  e x t r a c t e d  and/or  l i q u i f i e d  ( 4 ) .  

S t r u c t u r e s  of t h e  a romat ic  material obta ined  i n  high y i e l d  by 

such SCG e x t r a c t i o n  of c o a l s  (5 ,6)  have been taken as evidence as  

t o  t h e  primary ( 7 )  s t r u c t u r e  of c o a l .  C r u c i a l  t o  t h i s  argument i s  

t h e  proposa l  t h a t  t h e  e x t r a c t i o n  c o n d i t i o n s  a r e  g e n e r a l l y  so mild  

t h a t  t h e  material  r e l e a s e d  s u f f e r s  l i t t l e  o r  no f u r t h e r  thermolys is  

( 4 , 8 ) .  SCG e x t r a c t i o n  i s  be l ieved  t o  a l low material of high molec- 

u l a r  weight  t o  be  r e l e a s e d  from t h e  c o a l  mat r ix  by t h e  breaking  of 

heteroatom o r  a lkyl-group b r i d g e s  between t h e  s u b s t i t u t e d  a romat ic  

po lynuclear  e n t i t i e s  o r  ' c l u s t e r s '  which are j o i n e d  i n  t h e  o r i g i n a l  

s t r u c t u r e  ( 5 , 6 ) .  These high-molecular-weight compounds, which are 

too  i n v o l a t i l e  t o  d i s t i l  (and i n  any case would decompose f i r s t ) ,  

are d i s s o l v e d  from t h e  c o a l  pores  by t h e  a c t i o n  of t h e  SCG and so 

are thought  t o  b e  r e p r e s e n t a t i v e  of t h e  s t r u c t u r a l  types  p r e s e n t  i n  

t h e  c o a l  ( 5 , 6 ) .  

S ince  t h e  n a t u r e  of t h e  o r i g i n a l  a romat ic  m a t e r i a l  i s ,  of 

course ,  unknown, evidence must b e  adduced from t h e  s a t u r a t e d  hydro- 

carbons produced by t h e  e x t r a c t i o n / l i q u e f a c t i o n  of t h e  c o a l  ( 9 ) ;  

a l though most of t h e s e  a l k a n e s  may have been en t rapped ,  some w i l l  

b e  l i b e r a t e d  by bond breakage.  The chemical  r e a c t i o n s  undergone by 

t h e s e  c o a l  a lkanes  dur ing  matura t ion  are comparable wi th  t h o s e  ob- 

se rved  f o r  t h e  a l k a n e s  of o t h e r  sediments  and so are b e t t e r  under- 

s tood  (9 )  than f o r  t h e  a romat ics .  Thus, a knowledge of t h e d e t a i l e d  

composi t ion of t h e  a l k a n e  hydrocarbons both provides  convincing 

evidence of  t h e  mi ldness  of t h e  SCG e x t r a c t i o n  process  ( i n  t h e  

s e n s e  of minimizing p y r o l y s i s )  and a l s o  i s  p o t e n t i a l l y  a r i c h  

source  of organic  geochemical in format ion  about  t h e  o r i g i n a l  f o s s i l  

f u e l .  While some SCG processes  cont inuous ly  r e c y c l e  t h e  s o l v e n t  and 

some i n c o r p o r a t e  hydrogenat ion of u n s a t u r a t e d s ,  w e  are concerned 

h e r e  w i t h  a s t a t i c  process  wi thout  a p p r e c i a b l e  accompanying hydro- 

gena t ion  ( o t h e r  t h a n  t h a t  by f r e e  r a d i c a l s  genera ted  by c o a l  

thermolys is ) .  
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EXPERIMENTAI, 

BARTLE, JONES, AND PAKDEL 

P1;lte~ials and Mode of E x t r a c t i o n  

S r p c r c r i t i c a l  t o l u e n e  o r  t e t r a h y d r o f u r a n  (THF) e x t r a c t s  o f  

t h r e e  l u r k i s h  l i g n i t e s  c o v e r i n g  a r ange  o f  c o a l  r ank ,  p r e p a r e d  as 

d e s c r i b e d  i n  r e f e r e n c e s  ( l O , l l ) ,  we re  s u p p l i e d  by P r o f .  Aral Olcav 

(Ankara U n i v e r s i t y ) .  The b a t c h w i s e  SCG e x t r a c t i o n  p rocedure  was as 

follows: a 30 g sample of  each  l i g n i t e  (250 BS mesh) was h e a t e d  f o r  

30 minu tes  w i t h  200 g s o l v e n t  a t  t e m p e r a t u r e s  between 340 and 4OO0C 

,ind p r c s s u r e s  between 3 and 17 MPa i n  a 1-l i tre a u t o c l a v e .  Y i e l d s  

of  s o l v e n t - f r e e  e x t r a c t  w e r e  between 14 and 2 5 w t % o f  t h e  d r y  ash-  

I ree c o a l s .  

A f o u r t h  sample,  Montan wax from a T u r k i s h  l i g n i t e ,  p rov ided  a 

c o n t r o l ,  i n  t h a t  a l k a n e s  c o u l d  b e  e x t r a c t e d  s t r a i g h t f o r w a r d l y  by  

Soxhlr[  ove r  one  day ( a t  t h e  t e m p e r a t u r e  of t h e  b o i l i n g  s o l v e n t )  

w i t h  l i t t l e  or- no p y r o l y s i s .  Sources  and e x t r a c t i o n  y i e l d s  a r e  

summari.sed i n  T a b l e  1 .  

._. i e p a r a t  -~ i o n  o f  t h e  E x t r a c t s  

I o t a l - a l k a n e  f r a c t i o n s  of t h e  e x t r a c t s  were s e p a r a t e d  by chro- 

maLography on s i l i c a  g e l  o f  t h e  f r a c t i o n  s o l u b l e  i n  n-hexane (4 , lO)  

or n-pentane ((12) .  One-gram p o r t i o n s  d i s s o l v e d  i n  2 cm n-hexane 3 

w e r e  c’luted w i t h  d i s t i l l e d  n-hexane ( f l o w  rate o f  0.05 cm’fs) 

through a 1 m x 30 mm 1.1). g l a s s  ch romatograph ic  column c o n t a i n i n g  

d i s t i l  Led n-hexane and 140 g of s i l i c a  g e l  (60-120 mesh, dehydra t ed  

150°C f o r  ‘5 h ) .  UV (30 000 - 45 000 cm-’) and ,  p a r t i c u l a r l y ,  

’ t i  NMR ( r a n g e  3-9 ppm downf ie ld  from TMS) s p e c t r a  c h a r a c t e r i s t i c  o f  

iinsatrii-ated hydroca rbons  enab led  t e r m i n a t i o n  of e l u t i o n  o f  s a t u r a t e s  

: c o l l ~ ( - t e d  i n  10 cm3 f r a c t i o n s )  t h rough  t h e  column t o  b e  d e t e c t e d .  

L’iirther s e p a r a t i o n  o f  a b r a n c h e d / c y c l i c  a l k a n e  s u b f r a c  t i o n  

I rom s o n e  of i these t o t a l - a l k a n e  f r a c t i o n s  w a s  e f f e c t e d  by adso rp -  

t i o n  oil 52 molecu la r  s i e v e .  T h i s  w a s  p r e f e r r e d  t o  u r e a  a d d u c t i o n ,  

5 i n c e  e f f e c t i v e  s e p a r a t i o n  (monitored by GLC and by 100 and 220MHz 
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h II 
15 n-C 

1 \ 
OC 260 200 100 

IJ, 
I I I 

OC 300 200 I no 

FIGURE 1. Demirciksy (Turkey) l i g n i t e  (wax) to ta l -a lkane  f rac t ion :  
comparison of  gas  l i q u i d  chromatograms recorded with 
(a) 50m x0.25mm g l a s s  WCOT c a p i l l a r y  column; and 
(b )  4 m x 0 . 2 5  nun g l a s s  column packed with 3 0 % e u t e c t i c  
on Chromsorb W .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALKANE PRODUCTS OF LOW-RANK COALS 173 

'€I NMR) could be  achieved i n  a s i n g l e  s t a g e  f o r  a s m a l l  q u a n t i t y  

(0.5 g )  of a l k a n e  f r a c t i o n .  

Analyses of t h e  Alkane F r a c t i o n s  

Alkane f r a c t i o n s  were ana lysed  by gas  chromatography (GC) wi th  

packed and c a p i l l a r y  columns (4) and by combined GCImass-spectrom- 

e t r y  (MS). A l l  samples were examined by G C :  t y p i c a l l y ,  on a 

p r e p a r a t i v e  Pye 105 ins t rument  w i t h  a f lame- ioniza t ion  d e t e c t o r ,  

3OO0C i n j e c t i o n  temperature  and n i t r o g e n  c a r r i e r  gas .  

I . D .  g l a s s  column was packed w i t h  30% e u t e c t i c  s a l t  (54.5 w t %  

KN03 ,  27.3 w t %  LiNO 

por ted  on Chromosorb W. The flow r a t e  w a s  46 mmlmin, and t h e  

temperature  w a s  programmed a t  8'CImin over  100-350°C; t h e  r e s o l u t i o n  

w a s  about  10 t h e o r e t i c a l  p l a t e s .  Furthermore, with t h e  same Pye 

105/FID instrument  t h e  Demircikijy Montan-wax and E l b i s t a n  l i g n i t e  

branchedlcyc l ic  a lkanes  w e r e  a l s o  examined on a 25 m x 0.3 mm I . D .  

g l a s s  WCOT c a p i l l a r y  column coa ted  w i t h  OV-1 ,  temperatureprogrammed 

a t  2.5'C/min over  10O-26O0C (Montan wax, Fig.  1 ) .  

The 4mx5mm 

and 18.2 w t %  NaN03 (from Analabs) (13))  sup- 3 

4 

Limited GC/MS component i d e n t i f i c a t i o n  w a s  undertaken f o r  some 

of t h e  a l k a n e  f r a c t i o n s .  For t h e  branchedlcyc l ic  f r a c t i o n s  of 

E l b i s t a n  l i g n i t e  e x t r a c t s  a t  t h e  v a r i o u s  c o n d i t i o n s ,  m a s s  s p e c t r a  

w e r e  recorded f o r  compounds t h a t  emerged from t h e  descr ibed  WCOT 

c a p i l l a r y  column coupled t o  a Finnigan 4000 mass spec t rometer .  

Fragmentograms were e i t h e r  computer-reconstructed GC traces from 

t h e  t o t a l  i o n  c u r r e n t  (TIC) o r  ampl i f ied  c u r r e n t  from a s e l e c t e d  

i o n  p r e s e n t  from one o r  more compounds. GC/MS i d e n t i f i c a t i o n  of 

a lkanes  from t h e  Soxhlet  e x t r a c t s  of Montan-wax (from Demirciktiy 

l i g n i t e )  w a s  c a r r i e d  o u t  on a 70 e V  A E I  MS50 m a s s  spec t rometer  wi th  

both  t h e  OV-1 and e u t e c t i c  packed columns descr ibed  above. 

RESULTS AND DISCUSSION 

SCG e x t r a c t i o n ,  as w e  have noted previous ly  (12), releases a 

much l a r g e r  p r o p o r t i o n  of a lkanes  (of  a l l  types)  than  convent iona l  
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I74 BARTLE, JONES, MID PAKDEL 

s o l v e n t  e x t r a c t i o n  of humic c o a l s  (which do n o t  c o n t a i n  Montan wax);  

e x t r a c t i o n  of  t h e  l e s s  common s a p r o p e l i c  c o a l s  y i e l d s  Montan wax, 

iwhich c o n t a i n s  a l a r g e  p r o p o r t i o n  of a l k a n e s .  Thus,  a l k a n e s  SCG- 

e x t r a c t e d  from humic c o a l s  a r e  p o t e n t i a l  i n d i c a t o r s  of e x t r a c t i o n  

r o n d i  t i c n s .  

I i---A lk. nes 

1-ven though SCG e x t r a c t i o n  of c o a l s  produces d i s t r i b u t i o n s  of 

which depend on g e o l o g i c a l  o r i g i n s  and which 'nd2n+2 7 i - a l k s n e s ,  

t a n  i n d i c a t e  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  p r o c e d u r e ,  i t  h a s  been 

,hewn (12) t h a t  t h e  commonly used Carbon P r e f e r e n c e  Index [CPI,  

t1efine.I as 4 { odd(C15-C29)/even(C 14 -C 28 )+odd(C15-C29)/even(C 16-50' 13 
i s  not  a v a l i d  i n d i c a t i o n  of c o a l  r a n k  when d e r i v e d  from p r o d u c t s  

01 ' jC(, e x t r a c t i o n  of coals--even a t  c o n d i t i o n s  as mi ld  as 350OC. 

[he lod c o n t e n t  of t h e  lower (C10-C15) a l k a n e s  (F ig .  2 )  t o g e t h e r  

with t h c ,  s m a l l  c o n c e n t r a t i o n  of a l k e n e s  s u g g e s t  t h a t  any degradat ion 

of t h e  a l k a n e  f r a c t i o n  a t  340°C i s  s l i g h t .  (For  example,  e x t r a c t i o n  

at 40OoC s h i f t e d  t h e  n-alkane d i s t r i b u t i o n  t o  lower ca rbon  numbers 

( r i g .  2 ) ,  reduced t h e i r  odd-over-even predominance ( F i g .  2 ) ,  and 

q e n e r n t r d  more s i g n i f i c a n t  c o n c e n t r a t i o n s  of a l k e n e s  ( l o ) . )  The 

" e x t r a "  n-alkanes found i n  p r o d u c t s  o f  SCG e x t r a c t i o n  a t  34OoC c a n  

h a r d l v  liave been  g e n e r a t e d  from p y r o l y s i s  o f  f a t t y  a c i d s  s i n c e  such  

a c i d s  s u f f e r  ve ry  l i t t l e  d e g r a d a t i o n  d u r i n g  SCG e x t r a c t i o n  a t  around 

35OoC ( 1 4 ) ;  t h e  a l k a n e s  are e i t h e r  l i b e r a t e d  from deep w i t h i n  t h e  

po re  s t r u c t u r e  of t h e  c o a l  o r  are g e n e r a t e d  by t h e r m o l y s i s  of long-  

c h a i n  a l k y l  s t r u c t u r e s  bonded t o  t h e  c o a l  m a t r i x .  For  t h e  wax from 

Demircikijy l i g n i t e ,  mass s p e c t r a  p a t t e r n s  (which a l s o  r e s e m b l e d  

t h o s e  f o r  c a r b o n i z a t i o n  p r o d u c t s  of h i g h e r - r a n k  c o a l s )  a l lowed  

i d e n t i f i c a t i o n  o f  n-alkanes from n-CI3 t o  n-C33; f u r t h e r m o r e ,  t h e i r  

d i s t r i b u t i o n  d i f f e r e d  a p p r e c i a b l y  from t h o s e  of t h e  SCG-extracted 

i l h i s t s n  and Seyi tomer l i g n i t e  n-alkanes ( F i g .  2 ,  from Ref .  1 2 ) .  

l d d i t i o n a l l y  one sees i n  F i g .  2 t h a t  t h e  d i s t r i b u t i o n s  o f  n-alkanes 

i n  t h e  SCG e x t r a c t s  of t h e  E l b i s t a n  and Sey i tomer  l i g n i t e s  a t  t h e  

same t empera tu re  (34O'C) a r e  r a t h e r  s imi la r  t o  each o t h e r  and mark- 
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ALKANE PRODUCTS OF LOW-RANK COALS 175 

io 2b 30 

FIGURE 2. Distributions of n-alkanes in paraffinic fractions of 
coals: (a) Elbistan lignite, SCG extraction with 
toluene at 34OoC(12) (b)  Elbistan lignite, SCG ex- 
traction with toluene and THF at 4OO0C(12); (c)Elbistan 
lignite, Soxhlet extraction; (d) Seyitomer lignite, 
SCG extraction with toluene at 340OC(12); (e) Wax from 
Demircikzy lignite, Soxhlet extraction. 

edly different from those of the Elbistan soxhlet and 400°C-SCG 
extractions. 

Saturated Acyclic Isoprenoids 

With coals of higher rank, saturated acyclic isoprenoids, 

CnH2n+2, are generated by SCG extraction in several times the quan- 
tity yielded by Soxhlet extraction (12) (although they formabigger 
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ALKANE PRODUCTS OF LOW-RANK COALS 1 7 7  

percentage  of t h e  t o t a l  a lkanes  obta ined  w i t h  Soxhle t  e x t r a c t i o n ) .  

A t  least  t h r e e  ( C  18, C19 and C20) were i d e n t i f i e d  from r e t e n t i o n  

d a t a  and mass s p e c t r a  of t h e  wax sample from t h e  Demirciktiy l i g n i t e  

(F ig .  3) and s i x  (C14, C15, C16, C18, C19 and C20, wi th  f o u r  of 

t h e s e  confirmed by MS) i n  a l l  t h r e e  E l b i s t a n  l i g n i t e  e x t r a c t s  de- 

s c r i b e d  i n  Table  1. Only GC r e t e n t i o n  d a t a  w e r e  used t o  i d e n t i f y  

t h e  v a r i o u s  a c y c l i c  i soprenoids  i n  theSeyitomer ( C  15’ ‘16’ ‘18’ ‘19’ 
and C 2 0 )  and Tuncbi lek (C13, C 1 4 3  C 1 5 9  C18’ C l g ,  and C 2 0 )  SCG ex- 

t r a c t s .  

60 70 80 
% C d .a . f .  

F I G U R E  4 .  Graph a g a i n s t  carbon c o n t e n t  ( d . a . f .  b a s i s )  of r a t i o  of 
p r i s t a n e  t o  phytane i n  to luene  SCG e x t r a c t s  ( o ) ,  low- 
temperature  tars (.), and Soxhlet  e x t r a c t s  ( 1 2 )  ( A ) ;  
c o a l s  w e r e  from B r i t a i n ,  Turkey and U.S.A. The l i n e  i s  
t h a t  determined by Brooks et a1 (16) from Soxhlet  ex- 
t r a c t s  of many A u s t r a l i a n  c o a l s  (above 8 5 % C ,  t h e i r  P r /  
Ph r a t i o  decreases  owing t o  t h e  i n c r e a s e  i n  phytane 
c o n c e n t r a t i o n ) .  
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178 BARTLE, JONES, AND PAKDEL 

‘Ihc Pr /Ph  r a t i o  between t h e  c o n c e n t r a t i o n s  o f  t w o  of t h e s e  iso- 

prenoi t ls ,  p r i s t a n e  (C ) and p h y t a n e  (C20),  i s  shown f o r  t h e  SCG 

340°C; and T u n c b i l e k ,  400°C) i n  F i g .  4 a l o n g  w i t h  t h a t  r a t i o  f o r  

Jar ioi i ;  tars  and o t h e r  c o a l s  ( 1 2 ) .  The P r /Ph  r a t i o  does  n o t  seem 

t o  v a r y  much w i t h  c o n d i t i o n s  of  e x t r a c t i o n  of  a g i v e n  c o a l  ( F i g .  4); 

3amples of d i v e r s e  o r i g i n  e x t r a c t e d  i n  d i f f e r e n t  ways f a l l  c l o s e  to 

J l i n e  drawn f o r  a r a n g e  of S o x h l e t - e x t r a c t e d  A u s t r a l i a n  c o a l s  (16).  

However. SCG e x t r a c t i o n  releases smaller amounts of  t h e s e  i s o p r e n -  

. ) ids  ( b u t  i n  e s s e n t i a l l y  t h e  same Pr /Ph  r a t i o )  t h a n  when l i q n i t e s  

-ire s u b j e c t e d  t o  p ro longed  h e a t i n g  a t  3OO0C f o r  t h r e e  days  i n  t h e  

i b s e n c e  of  s o l v e n t  ( 1 5 ) .  In g e n e r a l ,  Pr /Ph r a t i o s  f o r  t h e  SCG- 

e x t r a c t e d  l i g n i t e s  ( l e f t - h a n d  s i d e  of  F i g .  4 )  are i n  a c c o r d  w i t h  

t h e  c o r r e l a t i o n s  w i t h  a g e  f o r  c o n v e n t i o n a l  e x t r a c t s  of o t h e r  c o a l s  

found by Brooks e t  a1 ( 1 6 ) .  

19 
t o l u e n e )  e x t r a c t s  of t h e  three l i g n i t e s  ( E l b i s t a n ,  340°C; Seyitomer,  

i o i i r c e s  o t h e r  t h a n  p h y t o l  have  been s u g g e s t e d  (17)  f o r  

s a t u r a t e d  i s o p r e n o i d s ,  p a r t i c u l a r l y  t e r p e n o i d s  and s e s q u i t e r p e n o i d s .  

Thus, dycopane and s o l a n e s o l  may b e  p r e c u r s o r s  of C 

C p y c k e r e l l e  ( 1 9 )  has proposed t h a t  C25 t e r p e n e s  c o u l d  l e a d  t o  C 

C15 i s o p r e n o i d s .  However, s i n c e  C L 7  and C 21-C25 i s o p r e n o i d s  are a l l  

s c a r c e  i n  coal ( a s c o n f i r m e d  by  t h e  d e s c r i b e d  a n a l y s e s  of  o u r  S o x h l e t  

and SCG e x t r a c t s ) ,  n e i t h e r  o f  t h e s e  p o s s i b l e  r o u t e s  c a n  b e  important 

f o r  c c a l s .  

(18),  w h i l e  17  

2 1- 

Cyc l i c  h l k a n e s  

rietailed e x a m i n a t i o n  o f  t h e  m a s s  s p e c t r a  from GC peaks  of  t h e  

E l b i s t a n  l i g n i t e  (20) b r a n c h e d / c y c l i c  f r a c t i o n s  from a l l  t h r e e  SCG 

e x t r a c t i o n s  5,howed a p p r e c i a b l e  e v i d e n c e  of  t r i t e r p a n e s  ( s i x  pen- 

t a c y r l  i c s ,  CrH2n-8), some o f  a 5 a - s t e r a n e  ( t e t r a c y c l i c ,  CnH2 n- 6 ) but  

l i t t l e  s i g n  of  mono-, d i -  and t r i c y c l i c  alkanes. From mass s p e c t r a  

o f  t h e  t o t a l - a l k a n e  f r a c t i o n  o f  Demirciksy Montan wax, w e  also f i n d  

rathe] .  low c o n t e n t s  of mono-,di-, t r i - ,  and t e t r a c y c l i c s  w i t h  

s p e c i f i c  i d e n t i f i c a t i o n  of  a C15 d i c y c l i c  and a C24 t e t r a c y c l i c ;  

two C )1H54 t r i t e r p a n e s  (17aR and 17BH) were a lso d e t e c t e d  [ F i g .  3 
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ALKANE PRODUCTS OF LOW-RANK COALS 1 7 9  

(a)  and (b)]  . 
as i n t e n s e  as t h o s e  of n-C33 and n-C31, i t  i s  thought  t h a t  they  

form a r e l a t i v e l y  h igh  p r o p o r t i o n  of t h e  s o u r c e  material (% 3 ppm), 

w i t h  t h e  1 7 a H  conformation predominating over  t h e  170H (approxi-  

mately i n  t h e  r a t i o  1O: l ) .  For terpane-type c y c l i c  a lkanes  wi th  

1 7 a H  o r  1 7 0 H  c o n f i g u r a t i o n  the most abundant i o n s  are g e n e r a l l y  a t  

m / e  191 and (149  + 14n), where n is  t h e  number of carbons i n  t h e  

s u b s t i t u e n t .  

S ince  t h e  1 7 a H  C j l  c y c l i c  a lkanes  had a peak about  

Thus, p e n t a c y c l i c  cyc loa lkanes  were observed i n  both  E l b i s t a n  

l i g n i t e  and Montan wax, though i n  cons iderably  smaller amounts than  

f o r  higher-rank c o a l - t a r  c a r b o n i z a t i o n  products  ( 2 0 ) .  Much lower 

p r o p o r t i o n s  of mono-, di-  and t r i - c y c l i c s  (which can r e s u l t  from 

degrada t ion  of p e n t a c y c l i c s )  occur  i n  t h e  l i g n i t e s  and wax t h a n  i n  

high-yield c a r b o n i z a t i o n  d e r i v a t i v e s  of higher-rank c o a l  ( 2 0 ) .  

These new cyc loa lkane  d a t a ,  l i k e  t h o s e  f o r  t h e  i soprenoids  (16),  f i t  

w e l l  w i t h  t h e  c o r r e l a t i o n s  noted by Gal legos ( Z l ) ,  i . e . ,  t h a t  t h e  

1 7 0 H ,  21BH hopanes tend t o  decrease  i n  c o n c e n t r a t i o n  w i t h  age  of 

source  w h i l e  t h e  c o n c e n t r a t i o n s  of 1 7 a H ,  2 1 B H  hopanes i n c r e a s e .  

Hopanes, p e n t a c y c l i c  a lkanes ,  are t h e  most widespread group of geo- 

l i p i d s ;  they a r e  reduced forms of t r i t e r p e n o i d  c o n s t i t u e n t s  of  

l i v i n g  organisms and t h e i r  r e l a t i v e  e p i m e r  c o n c e n t r a t i o n s  depend 

markedly on degree of matura t ion .  

CONCLUSIONS 

For  e x t r a c t i o n  of organic  matter from l i g n i t e s ,  35OoC SCG i s  

more e f f e c t i v e  ( i n  t h e  s e n s e  of  involv ing  less cracking  and y i e l d i n g  

more e x t r a c t )  t h a n  Soxhle t ,  b u t  t h e  a d d i t i o n a l  a lkanes  do not  or ig-  

i n a t e ,  dur ing  SCG e x t r a c t i o n ,  from t h e  f a t t y  a c i d s .  The l a r g e r  

recovery f o r  t h e  SCG procedure presumably r e s u l t s  from enhancedmass 

t r a n s p o r t  of t h e  s u p e r c r i t i c a l  f l u i d  ( v i s c o s i t y  and d i f f u s i v i t y )  

and/or  some l i m i t e d  s o l v e n t  (chemical)  i n t e r a c t i o n  wi th  t h e  c o a l .  

Whereas d i s t r i b u t i o n s  of i s o p r e n o i d s  and cycloalkanes a r e  t o  a 

f a i r  degree independent of  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  process  
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180 BARTLE, JONES, AND PAKDEL 

(and a r e  thus p a r t i c u l a r l y  v a l u a b l e  as organic  geochemical ind ica-  

t o r s ) ,  n-alkanes are s e n s i t i v e  t o  c racking ,  s o  t h a t  t h e i r  d i s t r i -  

b u t i o n s  depend on t h e  mode of e x t r a c t i o n  as w e l l  as on t h e  o r i g i n .  

Therefore ,  f o r  low-rank f o s s i l  f u e l s ,  n-alkanes from t h e  r a t h e r  

g e n t l e  S(:G e x t r a c t i o n  a t  35OoC can form t h e  b a s i s  of  r e l i a b l e i n d i c a -  

t i o n s  o f  m a t u r i t y .  

For Montan wax from Demircikijy l i g n i t e ,  combined GC/MS a l lows  

i d e n t i f i c a t i o n  of 21 n-alkanes,  t h r e e  a c y c l i c  i soprenoids  and t h r e e  

cyc loa lkanes ;  27 n-alkanes, s i x  a c y c l i c  i soprenoids  and e i g h t  

cyc loa lkanes  were i d e n t i f i e d  i n  E l b i s t a n  l i g n i t e  SCG e x t r a c t s .  
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