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In t roduc t ion  

The h i g h  e f f i c i e n c y  g e l  co lumns  packed  w i t h  511111 p a r t i c l e s  have 
increased  t h e  e f f i c i e n c y  and decreased t h e  a n a l y s i s  t ime  o f  s i z e  exc lus ion  
chromatography (SEC). Since r e l a t i v e l y  l a r g e  samples can be sepa ra t ed  i n  a 
t ime as s h o r t  as 20 m i n u t e s ,  S E C  can  be  u s e d  as a p r e l i m i n a r y  s e p a r a t i o n  
technique p r io r  t o  o the r  a n a l y t i c a l  t echniques  such a s  gas chromatography 
( G C )  and g a s  chromatography-mass spec t roscopy (GC-MS). Such SEC sepa ra t ion  
of coa l  l i q u i d s ,  petroleum crudes  and t h e i r  d i s t i l l a t i o n  c u t s  i n t o  four or 
f i v e  f r a c t i o n s ,  fo l lowed by t h e  a n a l y s i s  o f  t he  SEC f r a c t i o n s  by GC and GC- 
MS have been r epor t ed  e l sewhere  (1-14). The f r a c t i o n  c o l l e c t i o n  and con- 
c e n t r a t i o n  o f  f r a c t i o n s  were  pe r fo rmed  manual ly .  T h i s  p r o c e d u r e  was 
i n e f f i c i e n t ,  and  s u s p e c t i b l e  t o  human e r r o r .  The Automated f r a c t i o n  
c o l l e c t i o n  f o l l o w e d  by i n j e c t i o n  o f  t h e  f r a c t i o n  i n t o  t h e  GC r e d u c e s  
a n a l y s i s  t i m e ,  and  o f f e r s  an o p t i o n  fo r  c o l l e c t i n g  a d e s i r e d  number Of 
f r a c t i o n s  a t  predetermined time in t e rva l s .  

The SEC separates c o a l  l i q u i d s  i n t o  f r a c t i o n s  con ta in ing  s p e c i e s  wi th  
s i m i l a r  l i n e a r  molecular s i zes .  S ince  similar molecular s i z e  s p e c i e s  i n  
c o a l  l i q u i d  happened t o  have s i m i l a r  f u n c t i o n a l i t i e s ,  t h e  s i z e  sepa ra t ion  
enables  t h e  sepa ra t ion  o f  f r a c t i o n s  c o n t a i n i n g  s i m i l a r  c h e m i c a l  s p e c i e s .  
When te t rahydrofuran  (THF) is used as t h e  mobil phase t h e  coal l i q u i d  can 
be separa ted  i n t o  four  f r a c t i o n s  con ta in ing  heavy nonvo la t i l e s ,  long chain 
a l k a n e s  mixed w i t h  l i g h t  n o n v o l a t i l e ,  p h e n o l s  and  a r o m a t i c s .  When t h e  
number of f r a c t i o n s  are increased ,  l e s s  complex chromatograms wi th  fewer 
peaks  a r e  o b t a i n e d .  The r e s u l t s  of  SEC-GC a n a l y s i s  o f  c o a l  l i q u i d s  
i n d i c a t e  t h a t  t h e  c o a l  l i q u i d s  a r e  composed o f  a ve ry  l a r g e  number o f  
spec ie s  bu t  wi th  s i m i l a r  s t r u c t u r a l  b locks  and func t iona l  groups. Lumping 
o f  s i m i l a r  components  i n t o  f o u r  d i s t i n c t  g r o u p s  such  as n o n v o l a t i l e s ,  
a lkanes  (nonaromatic hydrocarbons) a l k y l a t e d  phenols and a romat i c s  is seen  
as  p r a c t i c a l  means of c h a r a c t e r i z i n g  c o a l  l i q u i d s .  The i n s t r u m e n t a t i o n ,  
a n a l y s i s  o f  coa l  l i q u i d  samples inc luding  r ecyc le  s o l v e n t s  a r e  d iscussed  in  
d e t a i l  i n  t h i s  paper. 

I 

Disclaimer:  Th i s  r e p o r t  was prepared as an  account of work sponsored by an 
agency  o f  t h e  Un i t ed  S t a t e s  Government.  N e i t h e r  t h e  U n i t e d  S t a t e s  
Government no r  any  Agency t h e r e o f ,  n o r  any  o f  t h e i r  employees ,  makes any 
w a r r a n t y ,  e x p r e s s  o r  i m p l i e d ,  o r  a s s u m e s  a n y  l e g a l  l i a b i l i t y  o r  
r e s p o n s i b i l i t y  f o r  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  u s e f u l n e s s  o f  any 
informat ion ,  appara tus ,  product, or  process  d i sc losed ,  or r e p r e s e n t s  t h a t  
its use would no t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  
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Experimental 

A Western Kentucky Syn tho i l  and four  r ecyc le  s o l v e n t s  from t h e  Energy 
Research Center,  Un ive r s i ty  o f  North Dakota were t h e  Samples used f o r  t h e  
ana lys i s .  Dry  a d d i t i v e  f r e e  t e t r ahydro fu ran  (THF) under helium atmosphere 
was used f o r  prepar ing  sample s o l u t i o n s  and as  t h e  mobil phase i n  t h e  s i z e  
e x c l u s i o n  c h r o m a t o g r a p h  (SEC). Al though t h e  s y n t h o i l  c o u l d  be i n j e c t e d  
without d i l u t i o n ,  a 50% s o l u t i o n  was p re fe r r ed  i n  o rde r  t o  reduce poss ib l e  
p e a k  spreading  and t a i l i n g .  S ince  t h e  r e c y c l e  Solvents  were very v iscous ,  
25% s o l u t i o n s  were used .  A l l  t h e  s o l u t i o n s  were f i l t e r e d  t h r o u g h  0.5 
Mi l l i po re  f i l t e r s  u s ing  modest hea t ,  but no t  high enough t o  b o l l  THF, from 
a hot a i r  gun and 30 p s i  Nitrogen pressure.  

The i n s t r u m e n t a t i o n  i n c l u d e d  a l i q u i d  ch romatograph  ( L C ,  Wa te r s  
ALC/GPC Model 202) equiped wi th  a 60 cm, 5 1 ~ m  100 1 PL g e l  column (Polymer 
Labora tor ies )  and a r e f r a c t i v e  index d e t e c t o r  (Waters Model R401) a Varian 
Chromatographic system (GC, VISTA 44) equiped with a 30 meter x 0.32 m m  I D  
DB-5 c a p i l l a r y  column (bonded phase fused s i l i c a  column manufactured by J & W  
S c i e n t i f i c  Co.) an  au tosampler  (Varian 8000). a f lame ion iza t ion  d e t e c t o r  
(FID) and a n i t rogen  s p e c i f i c  de t ec to r  ( thermionic  ion s p e c i f i c  - TSD) and 
a mic rocompute r  s y s t e m  ( I B M  CS 9000) w i t h  1000 K b y t e s  R A M  and d u a l  8" 
floppy d i s c  d r i v e s  f o r  c o l l e c t i n g  raw chromatographic data. 

The continuous sample sepa ra t ions  on t h e  g e l  column followed by the  CC 
a n a l y s i s  of s e l e c t e d  f r a c t i o n s  was achieved by the  ope ra t ion  of two s i x p o r t  
v a l v e s  and  a 34 p o r t  v a l v e  ( A l l  f rom Valco  I n s t r u m e n t  Company) as 
i l l u s t r a t e d  i n  f i g u r e  1. Sample i n j e c t i o n  i n t o  the  LC was performed by a 
s i x p o r t  v a l v e  ( V , )  w i t h  a 2 m l  s ample  l o o p  and f i t t e d  w i t h  a s y r i n g e -  
needlepor t  f o r  v a r i a b l e  s a m p l e  s i z e  i n j e c t i o n .  The combined ope ra t ion  of 
another s i x p o r t  swi t ch ing  valve and t h e  3'1 p o r t  valve ( V  ) wi th  16 sample 
l o o p s  (100  p 1 )  e n a b l e d  t h e  l i n k i n g  o f  t h e  l i q u i d  ch romalograph  w i t h  t he  
a u t o s a m p l e r  o f  t h e  g a s  ch romatograph .  The a u t o s a m p l e r  was m o d i f i e d  t o  
hand le  100  u 1  s a m p l e s  d i r e c t l y  from t h e  f r a c t i o n  c o l l e c t i o n  l o o p s  o f  V3. 
When V 2  was t u r n e d  c l o c k w i s e ,  i t  k e p t  V i n  l i n e  o f  LC e f f l u e n t s  s o  t h a t  
t h e  f r a c t i o n s  o f  s e p a r a t e d  s a m p l e  coulc? be  c o l l e c t e d  and a l s o  t h e  a u t o -  
sampler was bypassed. V2 a t  i t s  counter  c lockwise  pos i t i on  kept V i n  l i n e  
w i t h  t h e  a u t o s a m p l e r  f o r  s ample  i n j e c t i o n  bu t  bypassed  t h e  LC? s t r e a m .  
Generally 0.1 v 1  sample s i z e  was used f o r  GC ana lys i s .  The stream from the 
c a p i l l a r y  column was s p l i t  (50/50) f o r  t h e  s imul taneous  moni tor ing  by t h e  
FID and TSD. The r e a l  t i m e  m o n i t o r i n g  o f  t h e  GC was p o s s i b l e  on b o t h  
Varian and IBM sys t ems  and the  raw chromatographic d a t a  were s t o r e d  on t h e  
8" floppy d iscs .  The f r a c t i o n  c o l l e c t i o n ,  sample i n j e c t i o n  i n t o  t h e  GC as 
w e l l  a s  t h e  data c o l l e c t i o n  was performed by t h e  in t eg ra t ed  system composed 
of  a Var i an  Au tomat ion  Sys tem (VISTA 401) and  t h e  I B M  mic rocompute r  
(CS 9000). F o r  e a c h  s a m p l e  i n j e c t i o n  i n t o  t h e  GPC co lumn,  up t o  1 6  
f r a c t i o n s  were  co l l ec t ed  and a n a l y z e d  by t h e  G C  u s i n g  a p p r o p r i a t e  g a s  
c h r o m a t o g r a p h i c  po rg rams  s t o r e d  i n  t h e  memory w i t h o u t  any manual  
i n t e r a c t i o n .  
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Resu l t s  and Discussions -- 
The e f f l u e n t s  from t h e  GC c a p i l l a r y  column a r e  s p l i t  i n t o  two streams 

and monitored by a f lame ion iza t ion  d e t e c t o r  (FID) and a n i t rogen  s p e c i f i c  
d e t e c t o r  (TSD). The a n a l y s i s  o f  a c o a l  l i q u i d  d e r i v e d  n a p h t h a  (p roduced  
f rom w e s t e r n  Kentucky c o a l - s y n t h o i l )  is  shown i n  F i g u r e  2. The GC-MS 
a n a l y s i s  of coa l  l i q u i d  can miss s e v e r a l  n i t rogen  compounds due t o  complex 
f ragmenta t ion  p a t t e r n  and low concent ra t ion .  The FID output  shows s i g n s  of 
o v e r l o a d i n g  and  most peaks  a r e  u n r e s o l v e d .  Such o v e r l o a d i n g  does  n o t  
a p p e a r  t o  a f f e c t  t h e  s e p a r a t i o n  o f  n i t r o g e n  compounds. The u s e  o f  a 
n i t rogen  s p e c i f i c  d e t e c t o r  i n  a d d i t i o n  t o  FID enables  one t o  i d e n t i f y  t h e  
n i t r o g e n  s p e c i e s  e a s i l y  and  GC-MS c a n  be  used  f o r  t h e i r  s t r u c t u r a l  
i d e n t i f i c a t i o n .  

Molecular s i z e  parameters  such  as molecular weight,  molecular volume 
and hydrodynamic  volume a re  u s e d  v e r y  e f f e c t i v e l y  a s  t h e  basis  f o r  S E C  
sepa ra t ion  of polymers w i t h  i d e n t i c a l  bu i ld ing  b locks  or monomers (16-21). 
These molecular parameters  need c o r r e c t i o n  f a c t o r s  which vary depending on 
t h e  ind iv idua l  s t r u c t u r e  of spec ie s  (20).  i n  o rde r  t o  use  them as the  basis 
f o r  t he  SEC sepa ra t ion  of mixtures  of s p e c i e s  e s p e c i a l l y  t h e  low molecular 
s i z e  compounds. 

The SEC s t u d i e s  on a number of small molecular s i z e  s p e c i e s  (5) such 
a s  a l k a n e s ,  a r o m a t i c s ,  p h e n o l s ,  a m i n e s  and  complex  m i x t u r e s  ( 1 5 )  such a s  
c o a l  l i q u i d s  ( 1 - l l ) ,  p e t r o l e u m  c r u d e s  and t h e i r  d i s t i l l a t e s  (12,141, 
i n d i c a t e  t h a t  l i n e a r  molecular s i z e  or t h e  l eng th  of t h e  molecule measured 
from its v a l a n c e  bond s t r u c t u r e ,  is  a b e t t e r  bas i s  f o r  e x p l a i n i , n g  t h e  
mechanism of s i z e  s e p a r a t i o n  by SEC (12). The e f f e c t i v e  l i n e a r  molecular 
s i z e  of a spec ie s  depends on its tendency t o  hydrogen bond wi th  the s o l v e n t  
r e s u l t i n g  i n  an inc rease  of l i n e a r  molecular s i z e  compared t o  nonhydrogen 
bonding  s p e c i e s .  T e t r a h y d r o f u r a n ,  t h e  S E C  m o b i l  phase ,  can  i n c r e a s e  t h e  
l e n g t h  of c e r t a i n  hydrogen  bonding  s p e c i e s  s u c h  a s  p h e n o l s ,  a m i n e s  and 
a l coho l s  w h i l e  t h e  s i z e  o f  compounds such a s  benzene, py r id ine ,  thiophene 
and a l k a n e s  a r e  u n a f f e c t e d .  T h i s  phenomenon e n a b l e s  t h e  s e p a r a t i o n  of  
phenols and a romat i c s  i n  c o a l  l i q u i d  i n t o  s e p a r a t e  f r ac t ions .  

S E C  s e p a r a t i o n  o f  r e c y c l e  s o l v e n t  o b t a i n e d  by t h e  l i q u e f a c t i o n  o f  
Wydak c o a l  is i l l u s t r a t e d  i n  F igure  3a. The SEC e f f l u e n t s  can be d iv ided  
i n t o  f o u r  f r a c t i o n s  based  on e l u t i o n  time. The l o n g e r  s p e c i e s  a p p e a r s  
first and a r e  c o l l e c t e d  in  F rac t ion  1. S ince  they  a r e  n o t  v o l a t i l e  enough 
f o r  G C - M S  a n a l y s i s ,  t h e y  a r e  t e r m e d  as  heavy n o n v o l a t i l e s .  The second 
f r a c t i o n  is composed of v o l a t i l e s ,  mostly s t r a i g h t  chain a lkanes  (n C l Q H 3 0  
- n C ~ Q H ~ ~ ) ,  and l i g h t  nonvo la t i l e s .  Some o l e f i n s  whose concen t r a t ion  may 
depend on the  s e v e r i t y  of l i q u e f a c t i o n  process ,  and branched a lkanes  such 
a s  p r i s t a n e  and  p h y t a n e  a r e  a l s o  found  i n  t h e  s e c o n d  f r a c t i o n .  The  t h i r d  
f r a c t i o n  is enr iched  mostly wi th  a l k y l a t e d  phenols,  indanols  and naphthols. 
Some long s t r u c t u r e d  a romat i c s  such as b iphenyls  and b inaphthyls  may appear 
i n  t h i s  f r a c t i o n .  If  t h e  c o a l  l i q u i d s  are  r e f i n e d  by c r a c k i n g  p r o c e s s  
r e s u l t i n g  i n  naphthenic m a t e r i a l s  - a mixture  o f  o l e f i n s  and c y c l i c  hydro- 
carbons,  t h e  t h i r d  f r a c t i o n  may conta in  these  materials also.  The fou r th  
f r a c t i o n  is composed of a lky la t ed  benzenes, indans.  naphtha lenes  and heavy 
fused r i n g  a romat i c s  such a s  pyrenes and benzopyrenes. 
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When v a l v e  V 2  a n d  V a r e  engaged  t h e  SEC E f f l u e n t s  ( F i g u r e  1 )  can  be  
co l l ec t ed  on t h e  sample ?OOPS Of  V3 a t  s p e c i f i c  i n t e rva l s .  The r e f r a c t i v e  
i n d e x  d e t e c t o r  o u t p u t  shows t h e  e f f e c t  o f  s u c h  f r a c t i o n  c o l l e c t i o n s  as 
negat ive  peaks (compare F igure  3a and 3b). Although s i x t e e n  is t h e  maximum 
number of f r a c t i o n s ,  which can be c o l l e c t e d  a t  one t ime, more than  s ix t een  
f r a c t i o n s  can be c o l l e c t e d  f o r  a sample by r epea t ing  t h e  procedure aimed a t  
d i f f e r e n t  e l u t i o n  times. Figure  4a shows SEC o f  a s y n t h o i l  produced from 
w e s t e r n  Kentucky c o a l .  T w e n t y t h r e e  f r a c t i o n s  were c o l l e c t e d .  The FID 
output  of 18 f r a c t i o n s ,  l eav ing  the f i r s t  t h r e e  and t h e  l a s t  two, a r e  shown 
i n  F i g u r e  5. The s y n t h o i l  s a m p l e  was a n a l y z e d  by GC-MS p r i o r  t o  SEC-CC 
a n a l y s i s  and t h e  major components were i d e n t i f i e d  as a lkanes  ranging from n 
C 1 0 H 2 2  t o  n C Q ~ H ~ ~ ,  p h e n o l s  s u c h  as a l k y l a t e d  p h e n o l s ,  i n d a n o l s  and 
n a p h t h o l s  and  a r o m a t i c s  s u c h  as  a l k y l a t e d  benzenes ,  i n d a n s  and  naph- 
thalenes.  The f i r s t  GC i n  F igure  5 shows t h e  FID output  of SEC f r a c t i o n  4 
of synthoi l .  A l l  t h e  peaks shown a r e  s t r a i g h t  cha in  alkanes.  The next CC 
shows t h a t  the  v o l a t i l e s  i n  f r a c t i o n  5 a r e  composed of r e l a t i v e l y  smaller 
alkanes.  As t h e  e l u t i o n  time i n c r e a s e s  t h e  a lkane  cha in  l eng th  decreases.  
The f r a c t i o n s  wi th  s h o r t  a lkanes  has ove r l ap  from heavy phenols (Fig. 5 GC, 
6-9). T h e  heavy p h e n o l s  a r e  n o t  r e s o l v e d  b u t  a p p e a r  as a b a s e  l i n e  s h i f t  
which i s  due t o  a l a r g e  number of phenol ic  s p e c i e s  e l u t i n g  unresolved. As 
t h e  f r a c t i o n  number i n c r e a s e s  smaller phenols appear  as w e l l  r eso lved  peaks 
(F ig .  5 GC,  9 ,14) .  When t h e  m o l e c u l a r  w e i g h t  o f  p h e n o l i c  s p e c i e s  a r e  
i n c r e a s e d  by a d d i n g  a l k y l  g roups  t h e  p r o b a b l e  number of  isomers a r e  
increased  and more isomers a r e  poss ib l e  f o r  heav ie r  phenols. The heavy and 
l i g h t  a romat i c s  appear  i n  t h e  l a s t  f r a c t i o n s  (Fig. 5 CC 15-18). The fused 
r i n g  a romat i c s  such as pyrene and benzopyrenes appear  a f t e r  l i g h t  a romat ics  
(12 ) .  

A t  t h e  Energy  Research C e n t e r  o f  t h e  U n i v e r s i t y  o f  Nor th  Dakota ,  
an thracene  oil d i s t i l l a t e  was i n i t i a l l y  used as t h e  so lven t  fo r  c o a l  l ique- 
f a c t i o n .  The s o l v e n t  a l o n g  w i t h  d i s s o l v e d  l i q u e f a c t i o n  p r o d u c t s  were 
r e u s e d  s e v e r a l  t i m e s  and s o l v e n t  g r a d e  p r o d u c t s  mixed w i t h  t h e  o r i g i n a l  
so lven t s  were supp l i ed  as recycle so lvents .  Four r ecyc le  s o l v e n t s  derived 
from four  c o a l s  were analyzed by SEC-GC. The gas  chromatograms of s i m i l a r  
SEC f r a c t i o n s  o f  these l i q u i d s  are shown i n  F i g u r e s  3 and  4. Cas 
chromatograms OP t h r e e  similar f r a c t i o n s  from each of the four  s o l v e n t s  a r e  
p r e s e n t e d  i n  F i g u r e  6 .  Examina t ion  o f  C C s  i n d i c a t e  t h a t  t h e s e  s o l v e n t s  
con ta in  s i m i l a r  v o l a t i l e  components. 

Conclusions 

Al though SEC a n d  CC are  two p o w e r f u l l  c h r o m a t o g r a p h i c  t e c h n i q u e s ,  
the i r  combined use f o r  ana lyz ing  complex mix tu res  has been l i m i t e d  due t o  
t h e  t ime consuming steps involved. The two valve i n t e r f a c e  which l i n k s  t h e  
l i q u i d  chromatograph t o  gas  chromatograph  and  t h e  compute r  s y s t e m  which 
automate t h e  sys tem,  reduce t h e  a n a l y s i s  time as well as the frequency of 
manual i n t e r a c t i o n  d u r i n g  t h e  a n a l y s i s  wh ich  may t a k e  8-10 h o u r s  f o r  a 
c o a l  l i q u i d  sample. By adding a mass spec t rometer  as a t h i r d  d e t e c t o r  t o  
t h e  G C ,  a n  e x t e n s i v e  a n a l y s i s  of  a ra ther  complex  s a m p l e  s u c h  as  c o a l  
l i qu id .  Petroleum c rude  and t h e i r  r e f i n e r y  products  is poss ib le .  
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Figure 4. 100 111 f r a c t i o n s  a r e  c o l l e c t e d  from t h e  SEC e f f l u e n t s  (a )  
Western Kentuck Synthoil. 
( c )  Beulah (d)  Zap-2. 

Recycle Solvents  (b) Texas Big Brown 
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Figure 5. Cas Chromatograms o f  f r a c t i o n s  from Western Kentucky Synthol l  
(F igu re  4a) temperature  program: 80-1 20°C a t  4°C/mln, 1 2 0 - 2 8 0 ~  
a t  10°C/min and 4 mln. hold at  28OOC. 
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