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Introduction 

The search for a model substrate to use in evaluating relative 
reactivity of H-donors, under coal liquefaction conditions has led to 
this study of o-terphenyl. 

The stability of biphenyl, terphenyls, quaterphenyls, and 
polyphenyls in the absence of H-donors has been demonstrated by their 
high bond dissociation energies between aromatic rings (r, 2) .  
Therefore, they have practical application as coolant moderators in 
nuclear power plants (2). This stability is gained in part from the 
orbital overlap of the carbon atoms in the interannular C-C bond. The 
melting point of p-terphenyl is 2OE0C, and of hexiphenyl is 469OC. 
Their UV absorption at 278 and 318 nanometers, respectively, are 
indications of the increased stability as the number of benzene rings 
increases and resonance stabilization increases. The thermal 
temperature (defined as the temperature flO'C at which decomposition 
rate is 1 mole % per hour) for m-terphenyl was 485'C and for the p- 
isomer was 478" (3) .  The same workers studying the problem of 
polymerization of polyphenyls and its control in nuclear power plants 
found one solution to the build up of the high molecular weight 
polymers. Reclamation by catalytic hydrocracking to reduce molecular 
weight in every case lowered the decomposition temperature to 320'- 
4OO0C due to formation of 20% methylated and ethylated products. 

Reaction of polyphenyls under coal liquefaction conditions has 
been reported (4) .  The compound o-terphenyl (OTP) was found to couple 
irreversibly to form the very thermally stable triphenylene in the 
presence of an H-donor without a catalyst. Formation of different 
amounts of triphenylene with different H-donors suggested that o- 
terphenyl was a good candidate as a model substrate for study of the 
relative abilities of H-donors to react. Two other model substrates, 
1,l'-binaphthyl (2) and dibenzo(c,g)phenanthrene (L),  were also found 
to couple at different rates indicating they, too, would be possible 
substrates which could be used to differentiate the effectiveness of 
H-donors. Dibenzo(c,g)phenanthrene was difficult to prepare, and it 
coupled in the absence of H-donor and gave other hydrogenated isomers 
without coupling. o-Terphenyl formed extremely small amounts of 
coupled product compared to 1,l'-binaphthyl; consequently, the latter 
was judged to be the best model substrate of the three compounds to 
use in studying the effect of H-donors on the coupling reaction. 

A n  unexpected result in the reaction of o-terphenyl and H-donors 
without catalyst was the large production of biphenyl. A s  much as 60% 
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c l e a v a g e  r e a c t i o n  t o  y i e l d  b i p h e n y l  was o b s e r v e d  w h i l e  c o u p l i n g  
r e a c t i o n  t o  y i e l d  t r i p h e n y l e n e  was a l w a y s  l e s s  t h a n  5 % .  The  r a t e s  o f  
b i p h e n y l  f o r m a t i o n  v a r i e d  w i t h  t h e  p a r t i c u l a r  H-donor  u s e d ,  s u g g e s t i n g  
t h a t  t h i s  c l e a v a g e  r e a c t i o n  c a n  be u s e d  t o  c o m p a r e  r e a c t i v i t y  o f  H- 
d o n o r s  a t  h i g h  t e m p e r a t u r e s .  T h i s  p a p e r  d i s c u s s e s  r e s u l t s  o f  c l e a v a g e  
r e a c t i o n  s t u d i e s  w i t h  o - t e r p h e n y l .  

Results and Discussion 

A l l  r e a c t i o n s  were c a r r i e d  o u t  in 1 / 2 "  G y r o l o k ,  P a r k e r ,  o r  S w a g e l o k  
u n i o n s .  E q u i m o l a r  a m o u n t s  o f  H-donor  a n d  o - t e r p h e n y l  w e r e  a d d e d  t o  
t h e  r e a c t i o n  v e s s e l .  I t  was  f i l l e d  w i t h  b e n z e n e  s o l v e n t ,  a n d  s e a l e d  
w i t h o u t  a d d i t i o n  o f  a g a s .  The r e a c t o r  w a s  t h e n  p l a c e d  in a f l u i d i z e d  
s a n d  b a t h  c o n t r o l l e d  a t  470f2'C. A n a l y s e s  o f  t h e  r e s u l t i n g  p r o d u c t  
m i x t u r e s  w e r e  c a r r i e d  o u t  on a g a s  c h r o m a t o g r a p h  p r o g r a m m e d  75*-300° 
a t  15'/min, 6 '  x 2 m m  I D  D e x s l l  300 c o l u m n .  

T h e  d e t e r m i n a t i o n  of  k i n e t i c  r a t e  c o n s t a n t s  p r o v i d e d  some  i n s i g h t  
i n t o  t h e  m e c h a n i s m  o f  t h e  r e a c t i o n .  R e a c t i o n s  w e r e  r u n  f o r  1 ,  2 ,  3 ,  
4 ,  a n d  5 h o u r s  w i t h  e q u i m o l a r  a m o u n t s  o f  s e v e r a l  m o d e l  H - d o n o r s  t h a t  
w e r e  a b l e  t o  w i t h s t a n d  t h e  s e v e r e  c o n d i t i o n s .  M a s s  b a l a n c e  was 
o b t a i n e d  i n  m o s t  c a s e s  a c c o u n t i n g  f o r  b o t h  H-donor  a n d  o - t e r p h e n y l .  
T h e  a p p e a r a n c e  o f  t r i p h e n y l e n e  a n d  b i p h e n y l  w e r e  f i t t e d  t o  b o t h  f i r s t  
o r d e r  a n d  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n s .  T h e  b e s t  f i t  f o r  t h e  
a p p e a r a n c e  o f  t r i p h e n y l e n e  was t h e  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n ;  
h o w e v e r ,  t h e  f i r s t  o r d e r  e x p r e s s i o n  c o r r e l a t e d  n e a r l y  a s  w e l l .  The  
f o r m a t i o n  o f  b i p h e n y l  a p p e a r e d  t o  f i t  t h e  p s e u d o  f i r s t  o r d e r  r a t e  
e x p r e s s i o n .  T h e  r e s u l t i n g  y i e l d s  a n d  r a t e  c o n s t a n t s  f o r  t h e  v a r i o u s  
H - d o n o r s  w i t h  o - t e r p h e n y l  t o  f o r m  t r i p h e n y l e n e  a n d  b i p h e n y l  a r e  shown  
in T a b l e  I .  

T h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  o f  t r i p h e n y l e n e  w i t h  
d i f f e r e n t  H - d o n o r s  o v e r  f i v e  h o u r s  c o m p a r e d  r e l a t i v e l y  w e l l  w i t h  t h e  
o n e - h o u r  y i e l d  d a t a .  H y d r o g e n a t e d  h e t e r o c y c l e s  s u c h  a s  
t e t r a h y d r o q u i n o l i n e  w e r e  t o o  t h e r m a l l y - u n s t a b l e  t o  s t u d y  u n d e r  t h e s e  
c o n d i t i o n s .  T h e  f a c t  t h a t  t r i p h e n y l e n e  a n d  b i p h e n y l  f o r m a t i o n  f i t  
d i f f e r e n t  r a t e  e x p r e s s i o n s  w a s  s i g n i f i c a n t .  T h e  a u t o c a t a l y t i c  
f o r m a t i o n  of  t h e  c o u p l e d  p r o d u c t  ( t r i p h e n y l e n e  f r o m  OTP) s u g g e s t e d  
t h a t  a n o t h e r  s p e c i e s  ( p e r h a p s  t h e  h y d r o g e n a t e d  i n t e r m e d i a t e )  was 
i n v o l v e d  i n  t h e  c o u p l i n g .  A s  t h i s  s p e c i e s  was g e n e r a t e d  more c o u p l i n g  
o c c u r r e d .  

A r a d i c a l  c a p p i n g  m e c h a n i s m  d i d  n o t  e x p l a i n  t h e  k i n e t i c s  d a t a .  
R a t h e r ,  c o u p l i n g  o f  t h e  o - t e r p h e n y l  by i n d u c t i o n  b y  a s e c o n d a r y  H- 
d o n o r  s e e m e d  m o r e  j u s t i f i a b l e .  T h e  9,lO-dihydrophenanthrene 
d e c o m p o s e d  t o  a v e r y  s m a l l  c o n c e n t r a t i o n  w i t h i n  o n e  h o u r  (i), y e t  
t r i p h e n y l e n e  c o n t i n u e d  t o  i n c r e a s e .  E v e n  i n  t h e  c a s e  of t e t r a l i n  
w h i c h  d e c o m p o s e d  a t  a c o n s t a n t  r a t e ,  t h e r e  a p p e a r e d  t o  b e  
a u t o c a t a l y t i c  f o r m a t i o n  o f  t h e  c o u p l e d  p r o d u c t .  

A n o t h e r  way t o  i n v e s t i g a t e  t h e  m e c h a n i s m  w a s  t o  s t u d y  t h e  
d i f f e r e n c e s  a n d  s i m i l a r i t i e s  o f  r e a c t i o n s  o f  t h e  i s o m e r i c  
t e r p h e n y l s .  S i n c e  c l e a v a g e  was i n v o l v e d ,  t h e  o r t h o - i s o m e r  h a d  n o  
p r e d i c t a b l e  a d v a n t a g e  a s  a m o d e l  s u b s t r a t e .  Two o f  t h e  i s o m e r s ,  m- 
t e r p h e n y l  a n d  o - t e r p h e n y l  w e r e  r e a c t e d  w i t h  o n e  H - d o n o r ,  t e t r a l i n ,  f o r  
1 ,  2 ,  5 ,  4 ,  a n d  5 h o u r s ,  a n d  t h e  p r o d u c t s  w e r e  a n a l y z e d  by  t h e  u s u a l  
m e t h o d .  p - T e r p h e n y l  w a s  f o u n d  t o  be q u i t e  i n s o l u b l e  i n  m o s t  s o l v e n t s  
a n d  r e a c t i o n  t i m e s  o f  1 ,  3 ,  a n d  5 h o u r s  w e r e  s e l e c t e d .  The  r e s u l t s  
a r e  s u m m a r i z e d  i n  T a b l e  11. 

One d e u t e r a t e d  H-donor  9 , 9  ,IO ,10-d4-9,10-dihydrophenanthrene was 
r e a c t e d  f o r  t h r e e  h o u r s  w i t h  o - t e r p h e n y l  i n  b e n z e n e .  The  t e n d e n c y  

T 

t o w a r d  r a n d o m  s c r a m b l i n g  f r o m  t h e  d e u t e r a t e d  H-donor  t o  t h e  p r o d u c e d  I 
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b i p h e n y l  was s t u d i e d  b y  r e a c t i n g  t h e  d e u t e r a t e d  H - d o n o r  w i t h  b i p h e n y l  

e x c h a n g e ,  no c l e a r  c u t  m e c h a n i s t i c  i n f o r m a t i o n  was o b t a i n e d .  
The  a p p l i c a t i o n  o f  t h i s  r e a c t i o n  o f  o - t e r p h e n y l  t o  d e t e r m i n e  

r e l a t i v e  r e a c t i v i t y  o f  c o a l - d e r i v e d  l i q u i d s  was s t u d i e d  by  r e a c t i n g  
e q u a l  w e i g h t s  o f  o - t e r p h e n y l  a n d  v a r i o u s  s t a r t  up  a n d  c o a l - d e r i v e d  
r e c y c l e  s o l v e n t s  p r o d u c e d  in t h e  U N D  E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  
p r o c e s s  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t .  T h e  l i q u i d s  u s e d  w e r e  f r o m  t h e  
e n d s  o f  r u n s  w h i c h  h a d  u n d e r g o n e  s e v e r a l  r e c y c l e  p a s s e s  i n  a r e d u c i n g  
a t m o s p h e r e ,  a n d  w h i c h  h a v e  b e e n  w e l l  c h a r a c t e r i z e d  (a). The  r e s u l t s  
o f  t h e  r e a c t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  111. T h e  v a l u e s  o f  b i p h e n y l  
p r o d u c e d  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e  o f  t h e  b i p h e n y l  a f t e r  
r e a c t i o n  a n d  t h e  i n i t i a l  a m o u n t  of b i p h e n y l  i n  t h e  c o a l  l i q u i d .  

The  u n i q u e  f e a t u r e  i n  t h e  t h r e e  h o u r  o - t e r p h e n y l  r e a c t i o n s  w a s  
t h e  f o r m a t i o n  o f  b i p h e n y l  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  most c a s e s  a n d  
in d i f f e r i n g  a m o u n t s  s h o w i n g  d i f f e r e n c e s  in t h e  a b i l i t y  o f  t h e  
s o l v e n t s  t o  a f f e c t  t h i s  c l e a v a g e .  One t h i n g  n o t i c e a b l y  d i f f e r e n t  i n  
r u n n i n g  t h e s e  r e a c t i o n s  was t h e  s m a l l  a m o u n t  of  g a s  p r e s s u r e  in t h e  
r e a c t o r  a t  t h e  e n d  o f  t h e  r e a c t i o n  c o m p a r e d  w i t h  t h e  h y d r o g e n a t e d  
m o d e l  H - d o n o r s .  

I n  summary ,  o - t e r p h e n y l  c o u p l e s  i n  t h e  p r e s e n c e  oE m o d e l  H - d o n o r s  
a n d  many c o a l  d e r i v e d  s o l v e n t s  t o  f o r m  t r i p h e n y l e n e ,  a n d  f o r m s  
b i p h e n y l  by c l e a v a g e .  T h e  l a t t e r  r e a c t i o n  i s  o f  more  i n t e r e s t  as  t h e  
y i e l d s  a r e  s u b s t a n t i a l ,  a n d  t h e  y i e l d s  h a v e  a p p l i c a t i o n  t o  t h e  s t u d y  
o f  p r o p e r t i e s  o f  s o l v e n t s .  A t t e m p t s  t o  e l u c i d a t e  t h e  m e c h a n i s m  
i n v o l v e d  k i n e t i c  s t u d i e s ,  a n d  r e a c t i o n  w i t h  a d e u t e r a t e d  H - d o n o r .  T h e  
b e s t  m e c h a n i s m  a p p e a r s  t o  b e  t h a t  in w h i c h  t h e  l o w  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  r e a c t i v e  H-donor  a t t a c k s  e i t h e r  i p s o  p o s i t i o n  i n  o -  
t e r p h e n y l  f o l l o w e d  by c l e a v a g e  (L). T h i s  m e c h a n i s m  is known t o  o c c u r  
a t  h i g h  t e m p e r a t u r e s .  

L i t e r a t u r e  C i t e d  

I u n d e r  t h e  same c o n d i t i o n s  i n  a s e p a r a t e  e x p e r i m e n t .  Due t o  e x c e s s i v e  
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Table I. Results of Reactions of H-Donors 
and o-Terphenyl 

Triphenylene* 
Yield k /sec) 

( X I 0  s 1 H-Donor 

Blank 0.1 -- 
1,2,3,4-detrahydro- 

naphthalene 2.9% 7.2 

1.2-Dihydronaph- 
thalene 2.7 -- 

1.4-Dihydronaph- 
thalene 2.5 6.4 

Fluorene 2.9 1 .6 

Indane 7.1 9 .a 
Indene 3.7 a .5 

9 ,IO-Dihydrophen- 
anthrene 3.2 7 .o 

9,lO-Dihydroan- 
thracene 1 .o 3.3 

Biphenyl** 
Yield k$/sec) 

( Y l O  1 

-- 3 x  

60 1.9 

5 4  1.3 

4 1.3 

60 1 . 4  

3 0  2.5 

4 6  1 .a 

3 4  2.6 

4 7  1.6 

*Triphenylene/initial OTP (one hour reaction) 
(autocataly t ic) 

(Pseudo first order) 
**Biphenyl/initial OTP (five hours reaction) 
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*Modelled pseudo-first order as best fit. 

T a b l e  11. Results of Reactions of the T e r  henyls w i t h  
Tetralin at 47OoC (rate constants - x 10' m l n  - ' )  

0-Terphenyl m-Terphenyl* p-Terphenyl* 

k = 2  .O k ~ 2 . 4  k - 2  .O 

13 



T a b l e  111. R e s u l t s . o f  R e a c t i o n s  o f  C o a l  D e r i v e d  
L i q u i d s  w i t h  o - T e r p h e n y l  a t  47OoC f o r  3 H o u r s  

C o a l  
D e r i v e d  
S c l v e n t  

101PB21 

101PB40 

6 7 P B 2 3  

64PB25 

6 5 P B 2 3  

53PB18 

P r o j e c t  
L i g n i t e  
R e c y c l e  
S o l v e n t  

C r o w l e y  
A04 

SCR M i d .  
D i s t .  

Z a p ,  N D  l i g n i t e ,  p a s s  1 2 ~  

Z a p ,  N D  l i g n i t e ,  p a s s  40' 

6 8 %  

37 

Wyodak S u b b i t u m i n o u s ,  p a s s  l Z a  5 

B i g  Brown-Texas  l i g n i t e , a  
p a s s  1 3  67 

B e u l a h ,  N D  l i g n i t e ,  1 2  p a s s e s a  67 

P o w h a t a n  B i t u m i n o u s ,  p a s s  l a a  38  

Z a p ,  ND l i g n i t e ,  U N D  PDU 2 8  

T y p i c a l  A n t h r a c e n e  O i l  

F o r t  L e w i s  P i l o t  P l a n t  
( P o w h a t a n  c o a l )  

1 3  

25 

a ) R e c y c l e  s o l v e n t s  f r o m  t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  
E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  p r o c e s s  u n i t .  
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ARYLATIONS OF COAL MODEL SYSTEMS 

Barbara F. Smith, Clifford G. Venier, and Thomas G. Squires 
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Currently, coal is converted to clean liquids or low melting 
solids by processes which utilize high temperature, high pressure, or 
both. These processes occur by thermal bond cleavages and involve the 
intermediacy of free radicals. In a search for chemistry which could 
liquefy coal under milder conditions, we have focussed on thermally 
less demanding ionic reactions. 

Of the functional groups which commonly occur in coals, ethers 
are the easiest to cleave under acid conditions. Depending on the 
density of these linkages and their importance as crosslinks in the 
macromolecular structure of coals, solubilization might be greatly 
enhanced solely by cleaving and capping ether bonds. Benzylic ethers 
are particularly reactive and have been implicated in the initiation 
of coal pyrolysis(1) and hydropyrolysis(2). Arylation, the use of 
acids to cleave bonds in coals in the presence of aromatic rings to 
trap the consequent incipient carbonium ions, has a long history(3). 
The most extensively studied system is the Heredy-Neuworth phenol 
depolymerization ( 4 )  . 

We have chosen to use benzyl phenyl ether and 1-naphthylmethyl 
phenyl ether and polymers related to them as models to develop and 
evaluate the chemistry involved in the arylations. 

RESULTS 

Arylmethyl phenyl ethers undergo competing reactions when treated 
with Lewis acids. A partitioning of arylmethyl groups between an 
intramolecular process (a rearrangement) and an intermolecular one can 
be seen in Table 1. The fact that the rearranged product is over- 
whelmingly the ortho isomer is consistent with the intramolecular 

,’ 
Acid 

Ph-H 
PhCH2-OPh- PhCH2-Ph + HOPh + 

-./ nature of the rearrangement(5). Regardless of the choice of acid or 
temperature, essentially one-half of the starting phenylmethyl phenyl 
ether, 1, ends up as rearranged product. Table 2 shows that generally 
the same result holds for 1-naphthylmethyl phenyl ether, 4. However, 
a previously unrecognized complication shows up in the products of the ’ acid-catalyzed reaction of 4. 
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D e s p i t e  t h e  f a c t  t h a t  s o l v e n t  b e n z e n e  i s  i n  g r e a t  e x c e s s ,  s u b -  
s t r a t e  o r  p r o d u c t  o r  b o t h ,  e f f e c t i v e l y  c o m p e t e  f o r  t h e  l - n a p h t h y l -  
methyl  moiety.  c a p i l l a r y  gc-ms r e v e a l s  t h a t  a t  least  f i v e  p r o d u c t s  of 
m o l e c u l a r  w e i g h t  3 7 4  a r e  p r o d u c e d  i n  t h e s e  r e a c t i o n s .  T h i s  c o r r e -  
sponds t o  s t r u c t u r e s  c o n t a i n i n g  t w o  1-naphthylmethyl  g roups  and one 
p h e n o l .  T h e s e  p r o d u c t s  c a n  a r i s e  by s u b s t r a t e  c a p t u r e  o f  a 1- 
naph thy l -me thy l  f o l l o w e d  by e the r - to -pheno l  r e a r r a n g e m e n t  o r ,  a l t e r n a -  
t i v e l y ,  by  c a p t u r e  o f  1 - n a p h t h y l m e t h y l  by p r o d u c t s  5. Even u n d e r  
c o n d i t i o n s  w h e r e  t h e  m o l a r  r a t i o  o f  b e n z e n e  t o  s t a r t i n g  m a t e r i a l  

OH 

A r C H 2  -& C H 2 A r  

21 i somers  p o s s i b l e  6 i somers  p o s s i b l e  

e x c e e d s  1 0 0 0 ,  a s i g n i f i c a n t  number  of p r o d u c t  m o l e c u l e s  d e r i v e  f r o m  
more t h a n  o n e  molecule o f  s t a r t i n g  e t h e r .  

I f  s u b s t r a t e  a n d / o r  p r o d u c t s  c a n  t r a p  t h e  e l e c t r o p h i l i c  1- 
naph thy lme thy l  s p e c i e s  w i t h  such  e f f i c i e n c y ,  it s t a n d s  t o  r e a s o n  t h a t  
o t h e r  a r o m a t i c  compounds  w i l l  l i k e l y  b e  b e t t e r  t h a n  b e n z e n e  a lso.  
Table  3 shows d a t a  d e m o n s t r a t i n g  t h a t  t h i s  i s  t h e  case. The f a c t  t h a t  
t h e  re la t ive  ra te  c o n s t a n t  measured f o r  t h e  naphthalene-benzene compe- 
t i t i o n  r e m a i n s  c o n s t a n t  ove r  a 100- fo ld  change  i n  n a p h t h a l e n e  concen- 
t r a t i o n ,  c o n f i r m s  t h a t  t h e  c h a n g e  i n  p r o d u c t  s l a t e  a r i s e s  by  t h e  
s i m p l e  p a r t i t i o n i n g  o f  a n  i n t e r m e d i a t e  b e t w e e n  t h e  t w o  t r a p s .  The 
s t r a i g h t f o r w a r d  b e h a v i o r  of t h e  sys t em was f u r t h e r  checked by a l l o w i n g  
d i p h e n y l e t h e r  a n d  2 , 6 - d i m e t h y l p h e n o l  t o  c o m p e t e  d i r e c t l y .  The r a t e  
c o n s t a n t s  d e t e r m i n e d  when t h r e e  t r a p s  a r e  p r e s e n t  a r e  s e n s i b l y  t h e  
same as t h o s e  found  i n  b i n a r y  c o m p e t i t i o n  (see l a s t  l i n e  o f  Tab le  3 ) .  

One wou ld  e x p e c t  t h e  same  s o r t  of b e h a v i o r  f o r  t h e  t r a p p i n g  o f  
i n t e r m e d i a t e s  g e n e r a t e d  from i n s o l u b l e  materials. Naphthalene should 
b e  a s u b s t a n t i a l l y  b e t t e r  capp ing  a g e n t  t h a n  benzene. The r e s u l t s  of 
t h e  BF3-catalyzed a r y l a t i o n s  o f  polymer 9 w i t h  benzene,  naph tha lene ,  
o r  phenan th rene  as  t r a p s  i n  CH2C1,2 s o l v e n t  are g i v e n  i n  T a b l e  4 ,  a long  
w i t h  t h e  r e s u l t s  f rom some r e a c t i o n s  c a r r i e d  o u t  i n  benzene s o l v e n t .  

Of p a r t i c u l a r  i m p o r t a n c e  i s  t h e  f a c t  t h a t  t h e  s o l u b i l i t i e s  of 
p r o d u c t s  g e n e r a t e d  i n  t h e  p r e s e n c e  of n a p h t h a l e n e  a n d  p h e n a n t h r e n e  
d i f f e r  markedly from t h a t  produced by BF3 t r e a t m e n t  a l o n e .  I n f r a r e d  
s p e c t r a  c l e a r l y  e s t a b l i s h  t h a t  t h e  e t h e r  f u n c t i o n s  p r e s e n t  i n  t h e  
s t a r t i n g  polymer a re  no l o n g e r  p r e s e n t  i n  t h e  p roduc t s .  Apparent ly ,  
i n  t h e  a b s e n c e  o f  a t r a p ,  p o l y m e r  9 i s  c o n v e r t e d  t o  a new p o l y m e r ,  
whose s t r u c t u r e  i s  b e s t  a p p r o x i m a t e d  as 1 0 ,  e q u a t i o n  2 ,  a l t h o u g h  w e  
r e c o g n i z e  t h a t  s u b s t a n t i a l  amounts  o f  i n t e r c h a i n  c r o s s l i n k i n g  might 
o c c u r .  The e n h a n c e d  s o l u b i l i t y  i n  t h e  p r e s e n c e  of a r e n e ,  t h e r e f o r e ,  
s i g n a l s  t h e  l o w e r i n g  of  molecu la r  we igh t  by c a p p i n g  r e a c t i o n s ,  equa- 
t i o n  3 .  

HO 

+&CH2-O@0-CH2 j - 4&H2@CH2 OH j ( 2 )  

9 10 
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DISCVSSION 

The results reported here are best interpreted on the basis of a 
model in which carbonium ions generated from arylmethyl phenyl ethers 
are partitioned between the various nucleophiles present. In this 
system, aromatic rings are the most nucleophilic functional groups. 
The 1-naphthylmethyl cation is much more stable than is the simpler 

AriH 
(4) 

9F3 PhO-CH2Ar - PhOBFS + ArCH; -bArCH2Ar 

benzyl cation, and, consequently, much more selective in its reac- 
tivity(6). Thus, in the case of benzyl phenyl ether, 1, solvent 
benzene effectively traps all generated carbonium ions. However, the 
more stable 1-naphthylmethyl cation generated from 4 ,  is sufficiently 
stable to discriminate between the poorly nucleophilic benzene and the 
more nucleophilic molecules, 4 and 5 .  Naphthalene, on the other hand, 
is much more nucleophilic than benzene(7), and in sufficient concen- 
tration, suppresses "self-trapping". 

The same picture emerges from work with polymer 9. Apparently, 
benzene is insufficiently reactive to compete with intramolecular 
(intrapolymer) nucleophiles and, consequently, no increase in solu- 
bility accompanies the cleavages of ether links in 9 upon addition of 
benzene. When better nucleophiles, naphthalene and phenanthene, are 
provided, carbonium ions generated from ether cleavages are capped and 
the product is lower in molecular weight and more soluble. 

It is worth noting that the naphthalene (k = 2 8 0 )  is nearly as 
good a trap as the phenol (krel=450). Since hydr&iylic solvents will 
level the acid strength of BF3 to that of ROBF3-Ht and hydrocarbons 
would not, the acid-catalyzed bond cleavages necessary for unlinking 
coal may in fact be faster in BF3-arene than in BF3-phenol. While we 
have not yet extended these results to coals, we believe that the 
combination of a relatively mild Lewis acid catalyst, BF3, with a good 
carbonium ion trap, naphthalene, will allow selective cleavage and 
capping of aryl alkyl ether bonds. 

EXPERIMENTAL 

J All gas chromatographic (GC) analyses were performed on a Tracor 
model 550 gas chromatograph with flame ionization dectector; glass 
columns were 6'x4mm and 6'x2mm, packed with 3 %  OV-1 or OV-101 on 80- 
100 mesh supelcoport, respectively. Columns were held at 80°C for 2 
min. and then the temperature raised to 275OC at 2S0/min and held for 
10 min (benzyl phenyl ether reactions) or initially held at 120' and 
the temperature raised to 200° at 5O/min and held for 10 min (1- 
naphthylmethyl phenyl ether reactions). Peak areas were integrated by 
the "cut and weigh" method. NMR spectra were obtained on a Varian EM 
360, IRspectra onaBeckman IR-4230 andGC-Mass Spectraon a Finnigan 

' 
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4023. L i q u i d  c h r o m a t o g r a p h i 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 V a r i a n  
5000 LC w i t h  a V a r i a n  UV-50 d e t e c t o r  a t  270 nm. 

Benzyl pheny l  e t h e r  and 1 -naph thy lme thy l  phenyl e t h e r  were pre-  
p a r e d  by r e a c t i o n  of  p h e n o x i d e  i o n  w i t h  t h e  r e q u i s i t e  h a l i d e ,  and 
p u r i f i e d  by r e c r y s t a l l i z a t i o n .  The p o l y m e r  9 h a s  b e e n  p r e v i o u s l y  
d e s c r i b e d  ( 8 )  . 
R e a c t i o n  o f  A r y l m e t h y l  P h e n y l  E t h e r s  w i t h  L e w i s  A c i d s  i n  Benzene. 
Gene ra l  P rocedure  

The a r y l m e t h y l  p h e n y l  e t h e r ,  i n t e r n a l  s t a n d a r d  ( h e x a d e c a n e  o r  
d o d e c a n e )  and  t r a p p i n g  a g e n t s  ( n a p h t h a l e n e ,  2 , 6 - d i m e t h y l p h e n o l  o r  
d i p h e n y l e t h e r )  when used ,  were p l a c e d  i n  a d r y  f l a s k  and d i s s o l v e d  i n  
benzene t h a t  had been  d r i e d  by a z e o t r o p i c  d i s t i l l a t i o n  and s t o r e d  over  
4A m o l e c u l a r  s ieves .  L e w i s  Ac id  ( B F  BP3-Cii30H o r  AiBr j w a s  t h e n  
added as a d i l u t e  benzene s o l u t i o n  o r  i j r e c t l y  t o  t h e  r e a c t i o n  mix tu re  
a t  room t e m p e r a t u r e .  A l i q u o t s  were r emoved  a t  t i m e d  i n t e r v a l s ,  
quenched w i t h  w a t e r ,  and d i l u t e d  f o r  LC a n d / o r  GC a n a l y s i s .  

Reac t ion  of Polymer 9 w i t h  Arenes Ca ta lyzed  L e w i s  Acids  

T o  a d r y  f l a s k  o u t f i t t e d  w i t h  a m a g n e t i c  s t i r r e r  was p l a c e d  
p o l y m e r ,  9 ,  d r y  s o l v e n t  ( b e n z e n e  o r  m e t h y l e n e  c h l o r i d e ) ,  a n d  t r a p  
( n a p h t h a l e n e  o r  p h e n a n t h r e n e )  when u s e d .  L e w i s  a c i d  w a s  a d d e d ,  i n  
most c a s e s ,  as a d i l u t e  s o l u t i o n  o r ,  i n  a few r u n s  w i t h  BF a s  a gas.  
The h e t e r o g e n e o u s  m i x t u r e  was s t i r r e d  f o r  t h e  i n d i c a t e d  lime a t  t h e  
r e q u i r e d  t e m p e r a t u r e .  The r e s u l t i n g  b lue -g reen  r e a c t i o n  m i x t u r e  was 
quenched w i t h  w a t e r ,  f i l t e r e d  and washed. The i n s o l u b l e  r e s i d u e  was 
d r i e d ,  weighed and a n a l y z e d  by I R .  The o r g a n i c  f i l t r a t e  w a s  d r i e d  and 
t h e  s o l v e n t  removed under  vacuum. 
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Table 1. Products of Acid-catalyzed Phenylation of Phenyl Benzyl 
Ether .a 

Acid 
Ph-CHzO-Ph PhCH2-Ph + HO-Ph + 

Ph-H 

J 

1 2 3 

intermolecular intramolecular 

ACID ph2cH2 o-benzylphenol 

CF3S03H 44% 48% 

BF3'CH30H (72O) 49% 49% 

BF3 
A1Br3 48% 54% 

BFj 'CH30H 4 7 %  40% 

49% 48% 

aRoom temperature, benzene solvent. 

Table 2. Products of BF3-Catalyzed Cleavage of 1-Naphthylmethyl 
Phenyl Ether .a 

+ ArCH2Ph + PhOH + "self trapped 
mater i a 1 " 

PhH 

BF? 
ArCH20Ph+ ArCH2 

4 5 6 7 

ArCH20Ph - 0-5 p-5. - 6 recovery - 7b -- 
0.2M 30 12 <1 43% (1.00) 
0.02M 37 15 6 58% .76 
0.002M 50 16 1 2  78% .27 

aRoom temperature, benzene solvent 
bRelative yield of several products from liquid chromatographic 
analysis. 
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Table 3. Relative Trapping Abi 
Catalyzed Cleavage of 

PhH 
ArCH20Ph + Trap,ArCH2 

BF3 
5 

Trap Trap , E 
Benzene 
Naphthalene 
K l p n t k l  i elle 

Naphthalene 
Diphenyl Ether 
2,6-Dimethylphenol 
Diphenyl Ether 
2,6-Dimethylphenol 

0 

.020 
.In 

. L U  

2.0 
.20 
.20 
.20 
.20 

ity of Aromatic Compounds in BF3- 
1-Naphthylmethyl Phenyl Ether.a 

+ ArCH2Ph + ArCH2-Trap + self-trap ed E materia 1 

6 8 7 

e p - 5 5 -  8 krelC 
(1) 38 13 7 

33 14 7 3 280 
3 7  1'1 J >I" 

32 8 1 46 260 
41 13 4 4 50 
39 12 2 17 450 
2a 9 1.5 15 500 

1.3 45 

-- 

. ) , n  1 7  1, - 1  

aRoom Temperature, benzene solvent. 
bSee Figure 1 for relative yields of self-trapped material. 

, see reference 9. Cktrap - = P;cH~-T~~ x E!!d 
kPhH ArCH2Ph 

Table .4. BPj-Catalyzed Arylation of Polymer 9. 

Product solubilitiesa 
ArH/ solvent Acid Temp. 3 2 3 2  . , 

CH2C12 BF3'H20 23' 
200 <5% 
20° <5% 

CH2C12 BF3 
PhH/CH2C12' BF3 
naphthalene/CH2C12' BF3 20° 29% 
phenanthrene/CH2C12' BF3 20' 24% 
PhH BF3'CH30H 80° 
PhH BF3 23O 

aDeterminsd by weight of insoluble prodiict. 
bIR shows complete loss of ether functionality. 
c0.4 M Arene. 

20 

PhH 

11% 
19% 

Acetone 

0%b 

39% 
76% 
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E t h e r ,  ArCH20Ph (see Table 3) .  

. . . . . . . . 0.020 M Naphthalene (ArH) 

___---_- 0.20 M Naphthalene (ArH) 

2.0 M Naphthalene (ArH) 
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BENZYLIC FUNCTIONALITY I N  COAL DERIVED ASPHALTENES: \ 
A CALIFORNIUM-252 PLASMA DESORPTION MASS SPECTROMETRY APPROACH* 

R.A. Zingaro, R.D. Macfarlane,J.M. Garcia 111, A.G. V ind io la  and J.H. Zoe l l e r ,  J r .  
Department of  Chemistry, Texas A&M Un ive rs i t y ,  Co l lege S ta t i on ,  Texas 77843 

INTRODUCTION 

The hydroaromat ic components embodied i n  coal  molecules s t r o n g l y  
i n f l uence  t h e  thermal behav io r  of coal  i n  a v a r i e t y  of conversion processes. 
A body o f  i n d i r e c t  evidence suggests t h a t  e f f e c t s  due t o  f a c i l e  bond break- 
i n g  a t  benzy l i c  carbon atoms a re  opera t i ve  i n  coal  l i q u e f a c t i o n  (1,2),  
mesophase development (3,4) and d e v o l a t i l i z a t i o n  behav io r  ( 5 ) .  I n  an 
ongoing s tudy  o f  t h e  s t r u c t u r e  of coa l  de r i ved  molecules by t h e  technique 
o f  Cal i fo rn ium-252 Plasma Desorp t ion  Mass Spectrometry (CFPDMS), we have 
found (6)  t h a t  asphal tenes d i s p l a y  p o s i t i v e  i o n  groups of semi regu lar  
p e r i o d i c i t y  i n  t h e  mass reg ion  150 t o  400 amu, and t h a t  t h i s  p a t t e r n  i s  
s t r i k i n g l y  s i m i l a r  t o  t h a t  of  pure hydroaromat ic compounds. Such i o n  groups 
a re  a lso  observed ( / , 8 j  i n  F i e i d  i o n i z a t i o n  mass Spectro1iieir.y (F i i4S)  spectra 
of coal  de r i ved  m a t e r i a l s .  We wish t o  p resent  evidence t h a t  such i o n  groups 
a r e  due t o  b e n z y l i c  f u n c t i o n a l i t i e s  and n o t  t o  f a m i l i e s  o f  compound group 
classes. 

The CFPDMS techn ique invo lves  t h e  use o f  t h e  n u c l i d e  2 5 2 C f ,  one 
o f  whose modes o f  decay is spontaneous f i s s i o n .  Each f i s s i o n  event  e j e c t s  
two fragments i n  oppos i te  d i r e c t i o n s ,  each w i t h  speeds o f  c/ lO, and energies 
o f  SO t o  150 MeV. 
t h i n  f i l m  o f  o rgan ic  s u b s t r a t e  generates a h i g h l y  l o c a l i z e d  h o t  spo t  which 
d e v o l a t i l i z e s  p o s i t i v e  and negat ive  ions.  I n  the  CFPDMS exper iment (9,lO) 
these ions  are  acce le ra ted  towards a charged g r i d  and i n t o  a t ime of  f l i g h t  
(TOF) mass spectrometer.  The TOF c lock  i s  t r i g g e r e d  by the  second, s imu l -  
taneously e j e c t e d  f i s s i o n  fragment c o l l i d i n g  w i t h  a s t a r t  d e t e c t o r  and 
stopped when an o rgan ic  i o n  c o l l i d e s  w i t h  the  TOF de tec to r .  
of t h e  TOF data over  many events i s  managed under computer c o n t r o l .  
Accumulated data is assembled i n t o  a mass SlJecLbUm by c a l i b r a t i o n  w i t h  
known common ions.  ' 

d imethy lsu l fox ide  (DMSO) e x t r a c t i o n  and s o l v e n t  f r a c t i o n a t i o n .  DMSO e x t r a c t -  
i o n  of t he  Wilcox seam l i g n i t e  l i t h o t y p e  y i e l d s  almost a q u a r t e r  o f  t he  organic 
ma t te r  p resent .  
so lub le ,  hexane- inso lub l  e f rac t i on ,  f o r m a l l y  a asphal tene-preasphal tene 
blend. 

* Dedicated t o  P ro fesso r  Pe te r  Given, honorable r e c i p i e n t  o f  t h e  1984 

I n t e r a c t i o n  o f  one o f  these f i s s i o n  fragments w i t h  a 

A c q u i s i t i o n  

Na t i ve  coa l  asphal tenes can be i s o l a t e d  from low rank coa ls  by 

From t h i s  e x t r a c t  i s  i s o l a t e d  the  te t rahyd ro fu ran  (THF)- 

ion  The p o s i t i v e  i o n  CFPDMS spectrum o f  t h i s  sample d i sp lays  the  

Henry H .  Storch  Award i n  coal  research. 

2 2  



I 

groups descr ibed. 
and preasphaltenes from coal  l i q u e f a c t i o n  products,  and i n  t h e  spectra 
Of  hydroaromatic compounds. The CFPDMS f ragmenta t ion  p a t t e r n  o f  
1,2,3,6,7,8 hexahydropyrene (HHP) can be i n t e r p r e t e d  i n  r a t i o n a l  s t r u c t u r a l  
terms and i l l u s t r a t e s  how the  mass d i s t r i b u t i o n  and c o n f i g u r a t i o n  of  these 
i o n  groups i s  a f u n c t i o n  o f  the  type  o f  benzy l i c  methylene f u n c t i o n a l i t i e s  
p resent .  

EXPERIMENTAL 

Such ions  are a l s o  seen i n  the  spectra o f  asphal tenes 

Wilcox seam l i g n i t e  ( M a r t i n  Lake, Texas) i s  a g i t a t e d  w i t h  
son ica t i on  i n  t e n  t imes i t s  mass o f  DMSO f o r  twenty  f o u r  hours, f i l t e r e d  
through a ceramic frit, and the  so l ven t  removed by evapora t ion  i n  vacuo. 
The t a r  i s  d iges ted  i n  THF f o r  twenty  f o u r  hours and the  DMSO-soluble, 
THF-insoluble s o l i d  i s  removed by  f i l t r a t i o n .  So lvent - f ree  THF-soluble 
ma t te r  i s  d iges ted  i n  excess hexane. 
th imb le  and ex t rac ted  w i t h  hexane i n  a Soxh le t  apparatus f o r  s i x  hours, 
then w i t h  water f o r  twenty f o u r  hours, t o  remove any DMSO. 
a f i v e  percent y i e l d  (DAF bas is )  o f  asphal tene-preasphal tene b lend i s  
ob ta ined i n  the  form o f  a f i n e  brown powder. 

L ique fac t i on  o f  Herron seam bi tuminous coa l  ( I l l i n o i s  NO. 6 ) ,  
P i t t sbu rgh  seam bi tuminous coal  (West V i r g i n i a )  and Wilcgx seam l i g n i t e  
(Texas) i s  c a r r i e d  o u t  i n  t e t r a l i n  under hydrogen a t  400 C .  
ma t te r  i s  d iges ted  i n  benzene and f i l t e r e d  t o  o b t a i n  preasphal tenes. 
Benzene-sol ubl e ma t te r  i s ex t rac ted  w i t h  hexane t o  y i e l d  o i  1 - f r e e  
asphal tenes. 

So l i ds  a re  f i l t e r e d  through a ceramic 

Upon d ry ing ,  

THF-soluble 

CFPDMS spec t ra  a re  taken by methods descr ibed p r e v i o u s l y  (9 , lO) .  

CFPDMS SPECTRAL RESULTS 

The p e r i o d i c  p o s i t i v e  i o n  groups i n  the  mass range 150 t o  400 amu 
a re  commonly seen i n  t h e  CFPDMS spec t ra  o f  coal  de r i ved  asphal tenes and 
preasphal tenes. Representat ive examples a re  shown i n  F igure  1 .  The groups 
occur w i t h  a mass p e r i o d i c i t y  o f  f rom 12.1 t o  14.1 amu, and are  most 
apparent i n  the  reg ion  f rom 200 t o  350 amu. Mass cen t ro ids  o f  these groups 
a re  very  nea r l y  the  same i n  a l l  samples examined, i n c l u d i n g  t h e  pure  hydro- 
aromat ic compounds. Average masses o f  these cen t ro ids  are l i s t e d  i n  Table 2 
These masses a re  very  s i m i l a r  t o  those o f  analogous F IMS ions  ob ta ined f rom 
o the r  coal  products (7,8). I t  i s  s i g n i f i c a n t  t h a t  these i o n  groups u s u a l l y  
appear a t  the top  o f  a broad envelope o f  ions  extending from 200 t o  500 amu, 
t h e  h igh  mass downward slope o f  which i s  devo id  o f  i o n  groups. 
i o n a l  analogy w i t h  the  FIMS coal  spec t ra  i s  t h e  more i n tense  i o n  groups 
below 200 amu. The composite i ons  cou ld  be i n t e r p r e t e d  as several  f a m i l i e s  
o f  compound group c lasses  o f  t he  form CnH2n-zOy , the  popu la t ions  of which 

r e s u l t  i n  apparent mass p e r i o d i c i t i e s  o f  l e s s  than fourteen. The CFPDMS 
spec t ra  o f  pure hydroaromat ic compounds suggests t h a t  an a1 t e r n a t e  expl  an- 
a t i o n  must be considered 

An a d d i t -  
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Figure 2 shows the  150 t o  500 amu range o f  the  p o s i t i v e  i o n  
CFPDMS spectrum of  HHP (MW 208). 
and 340 amu. The f i r s t  f i v e  groups a re  l a rge ,  cons i s t i ng  o f  the parent  
i ons  and i t s  f ragments.  Higher mass i o n s  are  smal ler ,  and f rom expansions 
o f  the spectrum (F igu re  2) i t  i s  apparent t h a t  t he  i o n  groups f a l l  a t  
approx imat ly  the  same masses as the  asphal tene ions  (Table 2 ) .  The 
parent  i o n  group (200-208 amu) c o n s i s t s  o f  a benzyl  c a t i o n  type  i o n  a t  
207 amu, i t s  unsatura ted  analogs a t  205 and 203 amu, and the  pyrene 
c a t i o n  r a d i c a l  a t  202 amu. Most probable s t r u c t u r e s  are  shown i n  Table 
1 .  
aromatic compounds a re  we l l  known ( 2 ) .  
pond t o  t h e  e x t r u s i o n  o f  carbon and hydrogen from the  ske le ton ,  as 
methylene, methine o r  carbon chains.  
ex t rus ions  are  accompanied by rearrangement, dehydrogenation and/or 
i n t ramo lecu la r  recombina t ion  t o  produce ions  i somer i c  w i t h  t h e  most probable 
s t r u c t u r e s  shown i n  Table 1. 
i s  nea r l y  the  same as t h a t  o f  the  asphal tene i o n  groups. The smal le r  
"postparent"  i o n  groups - e i g h t  o f  them between 221 and 325 amu - appear 
t o  be recombinant ions ,  o r i g i n a t i n g  from the  a t t a c k  of fragment i ons  on 
the  parent  molecule,  o r  on o t h e r  f ragments.  

DISCUSSION 

Fourteen i o n  groups appear between 152 

The l a t t e r  i o n s  a re  der ived  by f a c i l e  dehydrogenation, f o r  which hydro- ' 
I o n  groups a t  lower masses cor res-  

Fragment masses imp ly  t h a t  t h e  

The apparent p e r i o d i c i t y  o f  these i o n  groups 

I n  a p r e l i m i n a r y  survey o f  t h e  CFPOMS f ragmenta t ion  behavior 
o f  c o a l - l i k e  compounds ( 6 )  we have screened po lynuc lear  aromat ic hydro- 
carbons, aromat ic and a l i p h a t i c  ca rboxy l i c  ac ids ,  phenols, a r y l  e the rs ,  
monoal k y l  benzenes and hydroaromat ic compounds. Oxygen con ta in ing  com- 
pounds i n v a r i a b l y  y i e l d  pa ren t  i o n s  an order  o f  magnitude more i n tense  
than t h e i r  f ragment i o n s .  Hydrocarbons, such as phenyl pentadecane, 
dibenzanthracene and hexahydropyrene, do n o t  fragment i n  t h i s  manner, 
b u t  g i ve  r i s e  t o  f ragment i o n s  t y p i c a l l y  h a l f  as in tense as the  parent  
ions .  
d i f f e r e n t  f rom t h a t  seen i n  e l e c t r o n  impact i o n i z a t i o n  mass spectrometry.  
For example, 
a se r ies  o f  i o n  groups o f  p e r i o d i c i t y  14 amu (F igu re  3) ,  r e f l e c t i n g  
random cleavage a long t h e  a l k y l  cha in  (11).  1,2,5,6 Dibenzanthracene 
d i sp lays  fragments o f  p e r i o d i c i t y  13 amu (F igu re  3) corresponding t o  
successive expu ls ion  of  from one t o  e i g h t  methine groups f rom t h e  parent  
s t ruc tu re .  The fragment p e r i o d i c i t y  o f  a1 ky la rorna t ics ( inc1ud ing  hydro- 
aromat ic compounds) i s  n o t  so regu la r ,  and t h e i r  i n t e n s i t i e s  a re  of t he  
same magnitude as the  parent  ions .  
menta t ion  modes a v a i l a b l e  t o  benzy l i c  f u n c t i o n a l i t i e s ,  and t h e  fo rmat ion  
of very  s t a b l e  benzyl  c a t i o n  s t r u c t u r e s ,  exemplef ied by the  fragment ions  
of HHP shown i n  Table 1. 

CFPDMS f ragmenta t ion  resembles t h a t  o f  Pyro l  y s i  s -F i  e l  d Desorp- 
t i o n  Mass Spectrometry (PFDMS). The PFDMS p o s i t i v e  i o n  groups o f  German 
coals (8 )  f a l l  a t  the  same masses as those shown i n  Table 2. Schul ten 
a t t r i b u t e s  some o f  t he  p r i n c i p a l  ions  o f  these groups t o  severa l  se r ies  
of  compositions C,H2n-z. 

The p e r i o d i c i t y  o f  t he  fragment ions  i s  r a t i o n a l ,  bu t  q u i t e  

the  p o s i t i v e  i o n  CFPDMS spectrum o f  behenic a c i d  e x h i b i t s  

Th is  i s  a r e s u l t  o f  m u l t i p l e  f rag -  

An a d d i t i o n a l  s i m i l a r i t y  between PFDMS and 
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CFPDMS i s  the  appearance o f  h i g h  molecu la r  we igh t  i ons  o f  p e r i o d i c i t y  
74 amu. We f i n d  t h a t  monoalkylbenzene compounds, and some coa l  f rac t i ons ,  
show p o s i t i v e  CFPDMS i o n s  a t  m/z = 948 + 74 n , where n i s  0 t o  14. 
i o n s  appear t o  be polymeric t r i s - f u s e d  t r i pheny lene  s t r u c t u r e s  formed i n  
the  p y r o l y t i c  environment i n  which the  i o n s  a r e  d e v o l a t i l i z e d  ( 6 ) .  Ions  
Of these same masses have a l s o  been seen i n  Schu l ten 's  study ( 8 ) .  

o f  HHP and o the r  hydroaromat ics leads us t o  conclude t h a t  t he  CFPDMS 
technique i s  de tec t i ng  hydroaromatic and o the r  benzy l i c  f u n c t i o n a l i  t i e s  
among the  d i spa ra te  coa l  components. A suppor t ing  obse rva t i on  i s  t he  
presence o f  smal le r  recombinant ions  i n  the  spectrum o f  HHP which appear 
a t  masses above t h a t  o f  the  parent .  Th is  i s  a general  f e a t u r e  of t he  
CFPDMS spec t ra  o f  hydroaromat ic compounds. 
i n d i v i d u a l  recombinant i ons  a r e  n o t  seen. The v a r i e t y  o f  hydroaromat ics 
i n  the  sample g i ves  r i s e  t o  a broad envelope o f  ions ,  superimposed by the  
l a r g e r  fragment ions .  
of  coal  l i q u i d s .  The c o n f i g u r a t i o n  o f  t h e  i n d i v i d u a l  i o n  groups con ta ins  
i n fo rma t ion  r e f l e c t i n g  the  popu la t i on  o f  e x t a n t  hydroaromat ic molecules.  

Organic CFPDMS i o n s  have been de tec ted  up t o  1200 amu i n  many 
coa l  der ived  products,  y e t  t he  i o n  groups descr ibed i n  t h i s  r e p o r t  do 
n o t  appear a t  masses above 600 amu. These i o n  groups have n o t  been 
de tec ted  i n  the  CFPDMS spec t ra  o f  hexane-soluble coal  products,  because 
many o t h e r  i n tense  ions  i n t e r f e r e .  They a re  d e f i n i t l y  absent f rom the  
CFPDMS spec t ra  o f  DMSO-soluble, THF-insoluble f r a c t i o n s .  A working hy- 
po thes i  s i s  t h a t  as hydroaromat ic components condense i n t o  h igh  mo lecu la r  
weight cross1 inked molecules du r ing  c o a l i f i c a t i o n  metamorphosis, t h e i r  
benzy l i c  cha rac te r  i s  l o s t .  
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I Table 1: Most probable s t r u c t u r e s  o f  t he  main p o s i t i v e  CFPDMS fragment 
ions  o f  1,2,3,6,7,2 Hexahydropyrene, shown i n  F igure  2 

MASS 

207 

205 

203 

202 

191 

MASS 

179 

178 

176 @ ?  

165 

163 

1 G9 152 

Table 2: Mean mass c e n t r o i d s  o f  CFPDMS p o s i t i v e  i o n  groups e x h i b i t e d  by  
asphaltenes and hexahydropyrene i n  the  mass range 150 t o  370 amu. 

151 

167 
179 

191 

201 

21 2 

224 299 

237 31 1 
250 323 

263 337 

275 ( i r r e g u l a r )  349 

284 361 
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Figure 1 :  Positive CFPDMS ion groups of Coal derived Asphaltenes in the 
mass range 150 to 500 amu. 
asphaltene, 
asphaltene, C - Wilcox Seam Lignite, native asphaltene-pre- 
asphaltene blend, 
preasphal tene. 

A - Illinois No. 6 liquefaction 
8 - Pittsburgh Seam Bituminous Coal liquefaction 

D - Wi lcox  Seam Lignite liquefaction 
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Figure 2: Positive ion CFPDMS spectrum o f  1,2,3,6,7,2 tlexahydro- 
pyrene in the mass range 150 t o  500 amu. 
detail of fragment ions (150 t o  208 amu) and recombinant 
ions (220 t o  340 amu) . 

Vignetts show 
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Figure 3 :  P e r i o d i c  p o s i t i v e  CFPDMS i o n  groups. 
f rom cleavage o f  a l k y l  cha in  o f  Behenic a c i d  (Top), and p e r i o d i c i t y  
13 ainu methine e x t r u s i o n  fragments o f  D i  benzanthracene (Bottom). 
The Dibenzanthracene spectrum shows the  parent  i o n  a t  278 amu and 
an oxygenated i m p u r i t y  a t  294 amu. 

P e r i o d i c i t y  14  amu fragments 
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CHANGES IN ASPEALTENES AND PUEASPBALTENES 
WITH REACTION CONDITIONS AND 
EFFECTS ON COAL STBIICl’URE 

C.L. Knudson, R . J .  B a l t i s b e r g e r ,  N.F. Woolsey, and W.G. Wil lson E 
Unive r s i ty  of North Dakota Energy Research Center 

Box 8213, Un ive r s i ty  S t a t i o n  
Grand Forks ,  North Dakota 58202 

Asphal tenes  (A) and p reaspha l t enes  (PA) have broad chemical composi t ions because 
they a r e  s o l u b i l i t y  f r a c t i o n s .  De ta i l ed  s e p a r a t i o n s  by B a l t i s b e r g e r ,  e t  a l .  (L) of 
t h e  A and PA f r a c t i o n s  and d e t a i l e d  ana lyses  (ove r  100) of samples produced a t  12 
d i f f e r e n t  l i q u e f a c t i o n  cond i t ions  have provided a b e t t e r  d e e i n i t i o n  of what chemical 
parameters most a f f e c t  t h e i r  s o l u b i l i t y .  Re la t ing  t h e  A and PA changes t o  c o a l  
l i q u e f a c t i o n  ope ra t ing  cond i t ions  i n d i c a t e s  t h a t  a key f a c t o r  i n  upgrading t h e s e  
m a t e r i a l s  i s  t o  dec rease  t h e i r  phenol ic  con ten t .  The changes i n  hydrogen con ten t  
and d i s t r i b u t i o n  i n  a spha l t enes  observed when o p e r a t i n g  with H2 o r  CO-HZ (syngas)  
i n d i c a t e d  CO was more e f f e c t i v e  i n  hydrogenating a l i p h a t i c  p o s i t i o n s  in aspha l t enes  
than H2 gas .  The change i n  hydrogen d i s t r i b u t i o n  has  imp l i ca t ions  concerning c o a l  
s t r u c t u r e  (both l i g n i t e s  and bituminous c o a l s )  and i n i t i a l  coa l  decomposition 
mechanisms. 

Experimental  

The cont inuous p rocess  u n i t  (CPU) used t o  produce t h e  A and PA m a t e r i a l  has  been 
desc r ibed  elsewhere (2).  The A and PA f r a c t i o n s  were sepa ra t ed  from samples 
ob ta ined  from twelve d i f f e r e n t  cont inuous p rocess  u n i t  (CPU) tests performed a t  t h e  
Un ive r s i ty  of North Dakota Energy Research Center  (UNDERC). Nine t e s t s  were made 
with Beulah (B3) l i g n i t e ,  one wi th  Big Brown (BB1) Gulf Coast l i g n i t e ,  and two wi th  
Powhattan (POWI) bituminous coa l .  Five t e s t s  were s ingle-pass  with coa l  and 
so lven t ;  t h r e e  oE t h e s e  f i v e  t e s t s  were a t  400°, 440’ and 46OoC o p e r a t i n g  
temperatures  and a gas  f low rate of 0.5 scfm of syngas using a cont inuous s t i r r e d  
tank r e a c t o r  (CSTR) wh i l e  two were a t  gas  flow r a t e s  of 0.5 and 1.1 scfm a t  46OoC 
us ing  an  open t u b u l a r  r e a c t o r .  Seven t e s t s  were bottoms r e c y c l e  t e s t s  a t  nominal ly  
46OoC and a t  o p e r a t i n g  p res su res  of 2000 t o  4000 p s i .  Operat ing c o n d i t i o n s  have 
been p rev ious ly  r epor t ed  (L). During CPU ope ra t ion ,  a coal-solvent  s l u r r y  
(preheated to  200OC) and reducing gas  (p rehea ted  t o  300°C) was fed t o  a cont inuous 
s t i r r e d  tank r e a c t o r  (CSTR) o r  an up flow open t u b u l a r  r e a c t o r  (OTR). Thus, most of 
t he  hea t ing  t o  r e a c t i o n  t empera tu res  occurred i n  t h e  r e a c t o r .  The r e d i s t r i b u t i o n  of 
t he  feed t o  product s t r eams  is dep ic t ed  i n  F igu re  1. A l l  s t reams were sampled a f t e r  
each bottoms r ecyc le  pass  ( 4  h)  o r  s i n g l e  pass  t e s t  pe r iod  (6 t o  12  h)  and 
ex tens ive ly  analyzed.  In s i n g l e  pass  o p e r a t i o n  a 40% c o a l  and s o l v e n t  s l u r r y  was 
passed once through t h e  system. In bottoms r ecyc le ,  t h e  major p o r t i o n  of product  
s l u r r y  (PS) and usua l ly  t h e  l i g h t  o i l s  (LO) were r ecyc led  a s  s o l v e n t  f o r  t h e  n e x t  
pass .  T o t a l  i n s o l u b l e s  inc lud ing  a s h  and i n s o l u b l e  o rgan ic  ma t t e r  (IOM) i n c r e a s e .  
These remain nea r ly  cons t an t  a f t e r  about t en  pas ses  due t o  the  removal of PS n o t  
r equ i r ed  f o r  u se  as s o l v e n t .  The amount of c o a l  f ed  was 30 w t %  of t h e  f eed  s l u r r y  
(FS). 

i 

Only product  s l u r r y  ana lyses  w i l l  be considered i n  t h i s  paper.  

Product S l u r r y  Analysis .  Product s l u r r y  was c o l l e c t e d  i n  a 1 g a l l o n  can during t h e  
l a s t  hour of a t e s t  pe r iod  or pass .  The c o n t e n t s  of t h e  can were shaken i n  a p a i n t  
mixer ( s i n g l e  pass)  or t r a n s f e r r e d  t o  a Waring blender  and blended (bot toms 
r ecyc le ) .  After mixing, t h e  m a t e r i a l  was r a p i d l y  s p l i t  i n t o  small  sample c o n t a i n e r s  
and the  remainder r e tu rned  t o  s to rage .  S e t t l i n g  was not  a problem except  when 
d i s t i l l a t e  s o l v e n t s  were employed i n  a s i n g l e  pass  run. The v a l i d i t y  of a n a l y s i s  
techniques using microgram q u a n t i t i e s  was v e r i f i e d  by repeated ana lyses .  Samples 

, 
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were analyzed i n  d u p l i c a t e  or t r i p l i c a t e  t o  d e f i n e  major product  f r a c t i o n s .  Water 
was u s u a l l y  1% t o  3% of t h e  PS and was determined by Karl F i sche r  t i t r a t i o n .  
Tetrahydrofuran (THF) i n s o l u b l e s  were determined by d i s s o l u t i o n  of a sample i n  
excess  THF at ambient cond i t ions  and f i l t r a t i o n  through a 0.5 micron. Teflon,  
M i l l i p o r e  f i l t e r .  D i s t i l l a t i o n  r e s idue  (MDR) was determined by m i c r o d i s t i l l a t i o n  of 
less than  0.5g a t  250°C, 1 T o r r  f o r  0.5 h .  Ash w a s  determined by i n i t i a l l y  d r i v i n g  
o f f  v o l a t i l e  o r g a n i c s  a t  about 2OO0C followed by a sh ing  a t  over  80OoC i n  a muffle 
furnace.  The THF s o l u b l e  p o r t i o n  of t h e  MDR de f ined  t h e  s o l u b l e  r e s idue  (SR) y i e l d .  
The q u a l i t y  of t h e  SR w a s  r o u t i n e l y  determined by h igh  p res su re  l i q u i d  
chromatography (HPLC) g e l  permeation chromatography (GPC) of t h e  THF s o l u b l e  
f r a c t i o n  of t he  MDR (2). GPC provided t h e  molecular  weight  (MW) d i s t r i b u t i o n  
p r o f i l e  of t h e  SR. A l s o ,  t h e  GPC r a t i o  of t h e  absorbance a t  254 nm of t h e  exc lus ion  
peak o r  shou lde r  n e a r  950 MW to t h e  absorbance a t  250 MW provided an index value t o  
t h e  amount of h igh  MW m a t e r i a l  i n  t h e  SR. 

Asphal tenes .  The p roduc t  s l u r r y  s t ream samples were sepa ra t ed  i n t o  A and PA 
fractions by exhaiiscive ejtiractiaiii uaiiiy, iuiuene and i-iF. Then each f r a c t i o n  was 
sepa ra t ed  by molecu la r  weight  (MW) us ing  Bio Beads -Sx-3 i n t o  narrower MW f r a c t i o n s  
(L), The MW f r a c t i o n s  were each analyzed f o r  carbon,  hydrogen, n i t rogen ,  s u l f u r ,  
and phenol ic  hydroxyl  (OH) con ten t .  The average MW was determined by vapor phase 
osmometry. P ro ton  NMR ana lyses  were performed t o  determine t h e  hydrogen 
d i s t r i b u t i o n  as: 

Ha, - hydrogens a t t a c h e d  t o  aromatic  carbon atoms, 

Ha - 
Ho 

hydrogens a t t a c h e d  t o  carbons which a r e  a t t ached  t o  an aromatic  
r i n g  ( b e n z y l i c  hydrogen),  and 

- hydrogen on carbon a t  l e a s t  one carbon atom away from an  aromatic  r i n g  
o r  i n  an  a l p h a t i c  hydrocarbon ( a l i p h a t i c  hydrogen).  

S ing le  Pass So lven t s .  The CPU once through t e s t s  w i th  t h e  CSTR used an anthracene 
o i l  (A011 purchased from Crowley Tar Products  spiked wi th  10% t e t r a l i n  while  t e s t s  
w i th  t h e  OTR used A O D l  s o l v e n t ,  which was a d i s t i l l a t e  f r a c t i o n  of AO1. The so lven t  
ana lyses  have been p resen ted  elsewhere (5, 2). N e i t h e r  A 0 1  or A O D l  so lven t  
contained any THF i n s o l u b l e s  and would t h e r e f o r e  not  i n t e r f e r e  with the  
preasphal tene a n a l y s i s  u n l e s s  i nco rpora t ed  i n t o  t h a t  f r a c t i o n  du r ing  processing.  
The amount of hexane i n s o l u b l e s  i n  t h e  s i n g l e  pass  s o l v e n t s  was on ly  1.28 u t%.  In 
a d d i t i o n ,  t h i s  p o r t i o n  showed a uniform low absorbance va lue  from 2000 t o  100 g/mole 
as ind ica t ed  i n  F i g u r e  2.  Assuming the  low absorbance i s  c o n s i s t e n t  w i th  a amall 
concen t r a t ion  t h e r e  shou ld  be no major c o n t r i b u t i o n  t o  t h e  average molecular  weight 
determined by VPO a n a l y s i s  of t h e  a spha l t ene  f r a c t i o n s  of t h e  SR samples.  

The MDR of A 0 1  amounted t o  8.05 w t %  and was e n t i r e l y  s o l u b l e  i n  THF. The GPC MW 
d i s t r i b u t i o n  of t h i s  m a t e r i a l  was b e l l  shaped (F igu re  2 )  w i t h  minimum va lues  a t  950 
and 250 MW and t h e r e f o r e  would have l i t t l e  i n f l u e n c e  on t h e  GPC r a t i o  determined f o r  
an  SR. 

Resu l t s  

Coal Analysis  and Reac t ions .  Ult imate  and Fischer-Schroeder Assay d a t a  (provided by 
t h e  Albe r t a  Research Counc i l )  f o r  t h e  c o a l s  are p resen ted  i n  Tab le  I. The 18 t o  2 1  
maf w t %  oxygen c o n t e n t  o f  t h e  l i g n i t e s  was cons ide rab ly  h ighe r  t han  t h e  8.6 value 
f o r  the bituminous coal. For the  B3 l i g n i t e  about  74% of t h e  t o t a l  s u l f u r  was 
r e t a ined  i n  t h e  a s h  as s u l f a t e  due t o  i t a  high molar Ca/S r a t i o .  This  i nc reased  the  
appare-t ash rcad:ing i n  t he  c i i i cu i a i rd  lnaf oxygen va iue  being iow. rowi and nni 
exh ib i t ed  s u l f u r  r e t e n t i o n  of 5% and 84%, r e s p e c t i v e l y .  Ignor ing  the  e f f e c t s  of 
s u l f u r  r e t e n t i o n ,  most of t h e  oxygen i n  t h e  B3 l i g n i t e  w a s  observed du r ing  500'C 
assay  as C02 and chemical  water  (51% and 37% f o r  83 ,  r e s p e c t i v e l y ) .  For the  
bituminous c o a l ,  58% of t h e  oxygen w a s  observed i n  chemical  wa te r  and on ly  22% in 
C02. Chemical wa te r  i s  wa te r  produced in excess  of c o a l  moisture  ( c f .  Table I). 
Typical  v a l u e s  depending on rank have been r epor t ed  f o r  many c o a l s  (6).  For 2OOg of 
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Table I. Coal Analysis 

A. Elemental 

Moisture Ash Ultimate, wtX maf 
Rank Coala %AR %MF C H N 0 S 
--I------- 

Lig B3 28-90 16.32 70.10 34.50 
Lig BB1 26.51 12.57 74.05 5.42 
Bit POWl 4.80 10.61 79.96 5.74 

B. FischerSchroeder Assay Yields, wt% mafbSc 

Total Chemicaa 
Coal - Char Gas Water 

B3 66.41 18.85 8.95 
BB1 63.03 16.25 8.71 
POW1 69.56 7.97 5.62 

- 

1.04 21.60 2 76 
1.32 18.09 1.11 
1.39 8.59 4.31 

Light 
Tar Oil 

4.65 1.83 
9 .83 1.04 
15.74 0.12 

Coal Gas H2 CO C02 H2S C1-C6 CH4 C2H6 
- - - - - - - - - 
B3 18.85 0.07 1.49 15.23 0.38 1.61 0.92 0.18 
BB1 16.25 0.05 1.79 11.83 0.23 2.34 1.19 0.28 
POWl 7.97 0.05 0.52 1.68 1.10 4.54 2.52 0.70 

aDry pyritic sulfur contents were 0.63, 0.16, and 0.91, 

'Analyses provided by the Alberta Research Council Canada, 

'Dry ash values were 16.75, 11.35, and 10.00, respectively. 
dWater produced in excess coal moisture under pyrolysis 

respe tively. 

M. Selucky and M.P. duPlessis. 

. 
conditions. 

B3 coal, CO evolved rapidly prior to reaching 400'C in batch autoclave tests with 
coal only (3. Similar rates of chemical water and C02 production from this coal at 
various temperatures was observed by Solomon (L ) .  In coal-C0-water-solvent 
autoclave tests rapid C02 production initiated at about 36OoC coincident with CO 
consumption and some H2 production (8, 2). However, in slurry dried coal CO tests 
COP was observed with CO consumption but minimal H2 gas was observed. In rapid heat 
up tests with about 150g of maf lignite (triple the normal amount) to 3 moles of CO, 
98% of the CO was rapidly converted to C02. The amount of CO consumed was found to 
be proportional to the amount of coal charged. 

In continuous process unit operation at the UNDERC with H2 gas, the water and COP 
yields are similar to the assay C02 and chemical water yields of the coal being 
processed. When CO gas was present the molar amount of CO consumed approximated the 
quantity of feed water (coal moisture plus chemical water) consumed. In summary, 
the chemical water was produced rapidly at temperatures above 36OoC without 
consuming gaseous hydrogen but rather abstraction of coal hydrogen which reduces the 
net available hydrogen in the coal. Loss of this hydrogen in chemical water would 
increase aromatization during the initial coal reactions. This net available 
hydrogen has been found to correlate with liquefaction conversion and pyrolysis tar 
yields (g). The CO results indicated that CO reacted with the chemical water or 

i 
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i t s  f u n c t i o n a l  group p recu r so r  t o  r e s u l t  i n  t h e  n e t  hydrogenat ion of t h e  coa l  
s t r u c t u r e .  T h i s  n e c e s s i t a t e s  t h e  presence i n  c o a l  of f u n c t i o n a l  groups t h a t  can 
the rma l ly  decompose t o  produce water  a t  t empera tu res  as low as 36OOC. 

Temperature E f f e c t s  - S i n g l e  Pass  CPU Runs. The r e a c t i o n  temperature  has  a l a r g e  
e f f e c t  on t h e  c h a r a c t e r i s t i c s  of t h e  SR, PA, and A f r a c t i o n s  and on y i e l d  
s t r u c t u r e s .  Conversion va lues  of coa l  i nc reased  wi th  t empera tu res  from 400' t o  
46OoC b u t  decreased a t  48OoC f o r  t hese  tests. The y i e l d  r e s u l t s  a t  48OoC a r e  
so lven t  dependent.  The SR f r a c t i o n  e x h i b i t e d  a r a p i d  and then  s lower dec rease  in 
over  950 MW material w i t h  i n c r e a s i n g  temperature  ( F i g u r e  3 )  as was observed i n  batch 
au toc lave  t e s t s  (3) .  The p reaspha l t ene  f r a c t i o n  i n d i c a t e d  a s imi la r  dec rease  in t h e  
magnitude of t h e  e x c l u s i o n  peak wi th  temperature  (F igu re  4 ) .  The i n d i v i d u a l  PA-MW 
f r a c t i o n s  a l l  e x h i b i t e d  uniformly decreased hydrogen con ten t  w i th  inc reas ing  
temperature  as seen  i n  F igu re  5. The range of molecular  we igh t s  f o r  t h e  PA-MW 
f r a c t i o n s  compressed from 200-3000 t o  400-2000 t o  500-1000 wi th  inc reas ing  
temperature  ( s e e  F i g u r e  5 ) .  This  i n d i c a t e d  t h a t  t h e  PA m a t e r i a l  became more 

i n c o r p o r a t i o n  i n t o  t h e  lower MW PA could a l s o  r e s u l t  i n  an upward s h i f t  i n  MW 
e s p e c i a l l y  a t  48OoC s i n c e  a t  t h i s  temperature  c o a l  conve r s ion  decreased r e l a t i v e  t o  
conversion a t  lower t empera tu res .  

The A-MW f r a c t i o n s  ( n o t  dep ic t ed )  ob ta ined  a t  48OoC had h ighe r  hydrogen content  
t han  those  ob ta ined  a t  460'C i n d i c a t i n g  t h a t  hydrogen r i c h  s o l v e n t  had been 
inco rpora t ed .  The pheno l i c  con ten t s  of both A- and PA-MW f r a c t i o n s  obtained a t  
4OO0C changed i n  a p a r a l l e l  manner but  were h ighe r  t han  t h o s e  ob ta ined  a t  46OoC and 
480'C. The e x c e p t i o n  was t h e  460°C PA-MW f r a c t i o n s  which were even h ighe r  t hen  the  
v a l u e s  ob ta ined  a t  4OO0C. 

P res su re  E f f e c t s  During Bottoms Recycle.  The r e l a t i o n s h i p  of A and PA material can 
be b e t t e r  understood by c o n s i d e r a t i o n  of t h e  e f f e c t s  of p r e s s u r e  on t h e i r  hydrogen 
and phenol ic  OH c o n t e n t .  F igu re  6 p r e s e n t s  t h e  d a t a  f o r  t he  hydrogen content  
changes with MW €o r  t h e  A- and PA-MW f r a c t i o n s  of t h e  bottoms r e c y c l e  Runs 46 and 41 
a t  2000 and 4000 p s i ,  r e s p e c t i v e l y .  The hydrogen c o n t e n t  of both t h e  A- and PA-MW 
f r a c t i o n s  inc reased  a t  any p a r t i c u l a r  MW €or t h e  h ighe r  p r e s s u r e  i n d i c a t i n g  the  
g r e a t e r  hydrogenat ion which occurs  a t  h ighe r  p re s su res  was similar f o r  both A and PA 
m a t e r i a l .  The OH c o n t e n t  of t h e  PA-MW f r a c t i o n s  was h i g h e r  and p a r a l l e l  t o  t hose  of 
t h e  A-MU f r a c t i o n s .  However, as seen i n  F igu re  7, t h e  OH c o n t e n t  f o r  t he  PA-MW 
f r a c t i o n s  of t h e  same MW was h ighe r  when ope ra t ing  a t  4000 p s i  t han  a t  2000 p s i  ( t h e  
A-MW f r a c t i o n s  behaved s i m i l a r l y  wi th  p re s su re ) .  The h ighe r  o p e r a t i n g  pressure 
inc reased  t h e  hydrogen c o n t e n t ,  as w e l l  a s  t h e  pheno l i c  con ten t .  A t  h igher  
p r e s s u r e s  t h e  y i e l d  s t r u c t u r e  changed, as i n d i c a t e d  i n  F igu re  8. A t  4000 p s i  
ope ra t ion ,  i n s o l u b l e  o r g a n i c  ma t t e r  (IOM) was less (conve r s ion  was h i g h e r ) ,  and t h e  
amounts of A and PA produced were l e s s  than a t  2000 p s i  ope ra t ion .  However, 
i nc reased  conversion due t o  inc reased  ope ra t ing  p r e s s u r e  r e s u l t e d  i n  producing A and 
PA t h a t  had a h i g h e r  OH c o n t e n t .  The molecular  weight  d i s t r i b u t i o n  of t h e  SR was 
a l s o  h ighe r  when o p e r a t i n g  a t  4000 than  a t  2000 p s i .  The pheno l i c  con ten t  of 
d i s t i l l a t e s  a l s o  i n c r e a s e d  wi th  conversion (12) .  The h ighe r  ope ra t ing  pressure 
inc reased  1 )  conve r s ion ,  2 )  t h e  hydrogen c o n t G t  of t h e  A and PA, 3)  t h e  phenol ic  
Content of t h e  A and PA, and 4 )  t h e  GPC molecular  weight  d i s t r i b u t i o n  of t he  SR 
f r a c t i o n .  
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E f f e c t  of CO on Hydrogenation of L i g n i t e  and Bituminous Coal.  The i n f l u e n c e  of CO 
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L 1 1 S  L L J " ' V . 5 S L L a L L " L L  of .ispkia:ienes derive-' fro;-. l i g n i t c  o r  bitminous c c d  
i n d i c a t e d  t h a t  CO p r e f e r e n t i a l l y  hydrogenated t h e  Ho  p o s i t i o n .  Table  I1 presen t s  
t h e  ope ra t ing  c o n d i t i o n s ,  conve r s ions ,  and SR y i e l d s  f o r  f o u r  bottoms r ecyc le  t e s t s  
w i t h  and without  CO f o r  two c o a l s .  CO-H2 was somewhat more e f f e c t i v e  a t  convert ing 
l i g n i t e  wh i l e  H2 w a s  more e f f e c t i v e  f o r  conve r t ing  bituminous c o a l .  SR y i e l d s  a l s o  
va r i ed .  The GPC-MW d i s t r i b u t i o n s  were e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  two c o a l s  when 
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Table 11. E f f e c t  of CO on t h e  Hydrogenation of Asphal tenes  

Coal L i g n i t e ,  B3 Bituminous,  POW1 

CPU Runa 
Feed Gas 
T o t a l  P r e s s u r e ,  p s i  
P a r t i a l  P re s su re ,  pH2 

PCO 
PHpO 
PLO 

Flow Rates:  
Feed Gas, s c f h  
Feed Slurry,bkg/h 
R a t i o ,  PS/FS 

Yield,  w t %  maf c o a l :  
Conversion 
SR 
Asphal tene 
P reaspha l t ene  

R a t i o  PS/FSC H / C  
L igh t  Oil H / C  

Asphal tenes:  
VPO Mw, g/mol 
H/C 
% Har 
% H  
% H t  
% HOH 

41 
CC-H2 
384 1 
1563 
1604 
600 

5 8  

44 
2.18 
0.782 

92  
21  
12.0 
6 .O 

0.996 
1.503 

37 2 
0.911 

37 .4 
34.1 
26.1 

2.4 

67 1 
0.727 

43.5 
28.3 
24.7 

3 .5 

45A 
H 

1707 

270 
1 3  

5 5  

1890 

-- 

2.28 
0.793 

88 
14 
10.5 
5.5 

1.022 
1.602 

384 
0.865 

43.8 
35.4 
18.3 

2.5 

676 
0.740 

43.3 
29 .2 
23.4 

3.4 

69 
CO-HZ 
2633 
1225 
1291 

71 
47 

38 
2.47 
0.787 

8 7  
22 
15.6 

6.3 

0.981 
1.420 

347 
0 .a09 

48.9 
31.7 
17 .E 

1.6 

702 
0.636 

52.1 
23.9 
21.6 

2.4 

53 

%06 
1907 

98 
0 

32 

-- 

2.36 
0.832 

92 
16 -- -- 

I .028 
1.473 

336 
0.765 

54.5 
30 .O 
13.7 
1.8 

701 
0.676 

53.9 
23.3 
19.6 
3.2 

aCPU bottoms r ecyc le  o p e r a t i o n  wi th  l i g h t  oil add back except  
i n  Run 52. The l i g h t  oil p a r t i a l  p r e s s u r e  i n  t h e  gas  phase is ex- 
p re s s  d by pL0. 

s l u r r y  (FS).  

t h e  feed s l u r r y .  

'The r a t i o  of flow r a t e  of t h e  product s l u r r y  (PS)  t o  t h e  f e e d  

'The ratio of t h e  H/C r a t i o  of t h e  product s l u r r y  t o  t h a t  of 
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on ly  H2 gas  was p r e s e n t .  When t h e  same s t a r t  up so lven t  was used, t he  MW 
d i s t r i b u t i o n  of t h e  SR w a s  d i s t i n c t l y  lower over  t h e  e n t i r e  run  when ope ra t ing  wi th  
CO than  without  CO and seen  i n  t h e  B3 runs.  

The p a r t i a l  p r e s s u r e s  of hydrogen were h i g h e r  i n  t h e  runs t h a t  used H2 g a s .  Th i s  
r e s u l t e d  i n  g r e a t e r  o v e r  a l l  hydrogenat ion a s  i n d i c a t e d  by somewhat h ighe r  H/C 
va lues  f o r  t h e  l i g h t  o i l  product  and f o r  t he  r a t i o s  of t h e  (H/C r a t i o  of t he  product 
s l u r r y )  t o  t h e  (H/C r a t i o  of t h e  f eed  s l u r r y ) .  The A and PA d a t a  on Tab le  I1 
i n d i c a t e  g r e a t  similarities when o p e r a t i n g  w i t h  and without  CO excep t  when comparing 
t h e  H c o n t e n t  and t h e  hydrogen d i s t r i b u t i o n  of t h e  a spha l t enes .  The a spha l t ene  
f r a c t i o n  from each  coal showed a s i g n i f i c a n t  i n c r e a s e  i n  the H con ten t  ( a l s o  t h e  H / C  
r a t i o )  and in t h e  H ( a l i p h a t i c  hydrogen) con ten t  when CO was used. The 
p reaspha l t enes  had s l i g x t l y  lower H con ten t  b u t  were s l i g h t l y  h ighe r  i n  H 
These r e s u l t s  i n d i c a t e  a t a n g i b l e  b e n e f i t  t o  t he  presence of CO on t h e  hyarogenat ion 
of t h e  a s p h a l t e n e  f r a c t i o n .  

con ten t .  

Conclusions 

Asphal tene and p r e a s p h a l t e n e  d a t a  have been p resen ted  t o  demonstrate  t h e  e f f e c t  of 
temperature ,  p r e s s u r e ,  and reducing g a s  composition on t h e i r  hydrogen and phenol ic  
con ten t .  The p rev ious  paper  by B a l t i s b e r g e r  (r) showed how t h e  hydrogen and 
pheno l i c  con ten t  of t h e  A and PA de f ined  whether o r  not a c o a l  de r ived  product  w i l l  
be  c l a s s i f i e d  as such. The i n f l u e n c e  of p rocess ing  parameters  a s  d i scussed  i n  t h i s  
paper i n d i c a t e s  t h a t  r educ t ion  i n  t h e  number of pheno l i c  f u n c t i o n a l  groups and 
cracking a r e  r e q u i r e d  to  f u r t h e r  convert  a s p h a l t e n e  and p reaspha l t ene  m a t e r i a l  t o  
d i s  t i l l a t  e6 . 

The i n f l u e n c e  of CO on t h e  Ho p o s i t i o n s  of a s p h a l t e n e  a long  wi th  t h e  previously 
d i scussed  d a t a  on CO and wa te r  r e a c t i o n s  has  a s i g n i f i c a n t  e f f e c t  on models 
pos tu l a t ed  f o r  t h e  o r i g i n a l  c o a l  s t r u c t u r e  and on p o s s i b l e  i n i t i a l  s t e p s  in c o a l  
decomposition. Large numbers of hydroxyl f u n c t i o n a l  groups must be presen t  i n  t h e  
c o a l  which w i l l  decompose t o  water  as low as 360'C. However, t h e  hydroxyl  groups 
must be p r i m a r i l y  in a l i p h a t i c 6  o r  a l k y l  s i d e  cha ins  on a romat i c s  t o  s a t i s f y  t h e  
i n c r e a s e  i n  Ho observed i n  r e a c t i o n s  where CO was p re sen t .  This  sugges t s  t h a t  a 
dewater ing r e a c t i o n  o c c u r s  the rma l ly  (wi th  o r  w i thou t  H2 gas )  as ind ica t ed  i n  
Equation 1. 

H 
H O  
I I >36OoC R - C - C - R 
I 1  
H H  

R - C H = C H  - R t HzO 
1) 

Some pheno l i c  f u n c t i o n a l  groups may a l s o  decompose to water. However, hydrogenation 
a t  t h i s  p o s i t i o n  would not r e s u l t  i n  a n  i n c r e a s e  i n  Ho con ten t .  

With carbon monoxide p r e s e n t ,  t h e  o v e r a l l  r e a c t i o n  t o  hydrogenate  t h e  c o a l  
s t r u c t u r e  (wi thou t  obse rv ing  H2 gas  and less wa te r  p roduc t s )  would occur  a s  i n  
Equat ion 2 .  

'H 
H O  H H  2) 

The R-groups would need t o  a c t i v a t e  dewater ing s i n c e  t y p i c a l  a l c o h o l s  such a s  
cyclohexanol  do not  decompose thermally t o  cyclohexene a t  375'C (2). Glycols  such 
as those  found in c e l l u l o s e ,  do decompose t o  wa te r  a t  about  360°C (16). Coal models 
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do not  i nc lude  wa te r  producing f u n c t i o n a l  groups (g,g). However, t h e s e  models 
were prepared t o  r e p r e s e n t  a c o a l  model t h a t  would p r e d i c t  observed p roduc t s  (17) 
and are v a l i d  f o r  r e a c t i o n s  i n  H2 gas .  Also,  c e l l u l o s e  i s  r epor t ed  t o  decompose and 
t h e r e f o r e  i s  considered t o  be absen t .  Indeed,  on ly  0.01% c e l l u l o s e  w a s  ob ta ined  by 
t h e  d i r e c t  e x t r a c t i o n  of a Beulah l i g n i t e  (2). The presence of humic a c i d s  i n  
c o a l s  i s  w e l l  documented (19) .  However, r e s i d u a l  f ragments  of c e l l u l o s e  o r  humic 
a c i d s  incorporated i n t o  t h e c o a l  s t r u c t u r e  may account  f o r  t h e  presence of a l c o h o l  
f u n c t i o n a l  groups.  

That  a l coho l  groups a r e  p r e s e n t  in aromatic  b r idg ing  s t r u c t u r e s  was i n d i c a t e d  i n  
t h e  d a t a  i n  t h i s  r e p o r t  by t h e  decreased MW of SR when processed wi th  CO p r e s e n t  
s i n c e  a f t e r  hydrogenat ion a n  a l i p h a t i c  b r idge  would c l eave  easier. The r a p i d  
thermal  c leavage of biphenylethane (b ibenzy l )  r e l a t i v e  t o  t h e  s t a b i l i t y  of 
biphenylethylene a t  l i q u e f a c t i o n  temperatures  (20) i s  an  analogous s i t u a t i o n .  The 
inc reased  a l i p h a t i c  hydrogen con ten t  i n  t h e  a spha l t ene  f r a c t i o n  when r e a c t e d  w i t h  CO 
may a l s o  i n d i c a t e  t h a t  some a lcoho l  groups were i n i t i a l l y  i n  t h e  a romat i c  b r idges .  
The presence of a l coho l  groups i n  long  cha in  a l i p h a t i c s  has  been i n d i c a t e d  because 
inc reased  y i e l d s  of long c h a i n  a lkanes  were observed when CO was p r e s e n t  (2). 

In conclusion,  t h e  previous d a t a  has  shown how ope ra t ing  c o n d i t i o n s  such a s  
p r e s s u r e  and temperature  a f f e c t s  t h e  hydrogen c o n t e n t ,  pheno l i c  c o n t e n t ,  and 
molecular  weight range of a spha l t ene  and p reaspha l t ene  f r a c t i o n s .  The e f f e c t s  a r e  
r e f l e c t e d  s i m i l a r l y  i n  i n d i v i d u a l  MW f r a c t i o n s  of bo th  A and PA material. The 
presence of a l coho l  groups in o r i g i n a l  c o a l  (bo th  l i g n i t e s  and bituminous c o a l s )  was 
s t r o n g l y  suggested.  The p r e f e r e n t i a l  r e a c t i o n  of t h e s e  a l coho l  groups wi th  CO gas  
( b u t  n o t  H 2 )  t o  i n c r e a s e  t h e  hydrogen con ten t  of t h e  a spha l t enes ,  t o  reduce t h e  
o v e r a l l  MW d i s t r i b u t i o n  of c o a l ,  and t o  i n c r e a s e  y i e l d s  of a lkanes  i n d i c a t e s  t h e  
b e n e f i c i a l  e f f e c t s  of CO as a reduc tan t  of t h e s e  f u n c t i o n a l  groups which are p r e s e n t  
i n  both l i g n i t e s  and bituminous c o a l s .  
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Molecular  Weight, g l m o l e  

Figure 2 .  HPLC-GPLC molecular weight d i s t r ibut ion  of SR (Solvent  MDR) and 
asphaltene f rac t ion  ( so lvent  ex trac t )  of the so lvent  A O l .  Asphaltene extracted from 
a coal-solvent s lurry  ( coa l  ex trac t )  is also depicted.  
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Figure 3 .  Changes i n  the MU dis tr ibut ion  o f  SR with CPU operating temperature. 
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Molecular Weighl, g/rnole 

Figure 4 .  Changes in the MW distribution of the preasphaltenes with CPU operating 
temperature. 
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Figure 5 .  Changes in the hydrogen content of preasphaltene MW-fractions with CPU 
operating temperature. 
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Figure 6 .  Ef fec t  oE operating pressure on the hydrogen content of asphaltene and 
preasphaltene-MW frac t ions .  Data for  unsepacated samples is  indicated by A for 
asphaltenes (8.M) and P for preasphaltenes ( O , @ ) .  
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Figure 7. Effec t  of operating pressure on the OH content of preasphaltene-MW 
frac t ions .  Unseparated sample data i s  represented a s  V. 
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SOLUBILITY PARAMETER RELATIONSHIPS BETWEEN 
LIGNITE DERIVED ASPHALTENES AND PREASPHALTENES 

R.J. Ba l t i sbe rge r ,  N.F. Woolsey, J.F. Schwan, G. Bo l ton  and C.L. Knudson 

Department o f  Chemistry and U n i v e r s i t y  o f  Nor th  Dakota Energy Research 
Center, U n i v e r s i t y  o f  Nor th  Dakota, Grand Forks, North Dakota 58201 

INTRODUCTION 

I n  a d d i t i o n  t o  the  d i s t i l l a b l e  p roduc ts  a s i zeab le  p o r t i o n  o f  t h e  low rank 
coal  l i q u e f a c t i o n  produc ts  f a l l  i n t o  asphal tene and preasphal tene ca tegor ies .  
Asphaltenes are  genera l l y  de f i ned  as those components i n  pe t ro leum o r  coal  
l i q u i d s  which under s p e c i f i c  e x t r a c t i o n  ccnd i t i ons  a re  so lub le  i n  benzene o r  
to luene  b u t  i n s o l u b l e  i n  pentane o r  hexane (1,Z). Preasphaltenes are  those 
components t h a t  a r e  so lub le  i n  p y r i d i n e  o r  t e t rahyd ro fu ran  b u t  a re  i n s o l u b l e  i n  
benzene o r  to luene. Farcas iu  e t  a l .  (3) proposed t h e  name, aspha l to l s ,  f o r  
t h i s  l a t t e r  c lass  o f  compounds because o f  t h e  p o l y f u n c t i o n a l  n a t u r e  o f  these 
ma te r ia l s .  I n  t h e i r  work i t  was concluded asphal tenes a r e  p r i m a r i l y  
monofunct ional  compounds w h i l e  preasphal tenes a re  po ly func t i ona l  as determined 
by comparison o f  s e l e c t i v e  e l u t i o n  sequent ia l  chromatographic f r a c t i o n s  and 
model compounds us ing  t h i n  l a y e r  chromatography (g,!). Preasphaltenes are 
formed i n  the  i n i t i a l  stages o f  coal  l i q u e f a c t i o n  where t h e i r  fornat. ion may be 
respons ib le  f o r  t h e  h i g h  v i s c o s i t y  o f  t he  products and f o r  o t h e r  processing 
d i f f i c u l t i e s  (5). The preasphaltenes, on a we igh t  bas is ,  produce a v i s c o s i t y  
about tw ice  t h a t  f o r  t h e  asphal tene f r a c t i o n  (5).  

Comparison o f  t he  s t r u c t u r a l  f ea tu res  o f  asphal tenes and preasphal  tenes 
show major d i f f e rences  between t h e  two s o l u b i l i t y  ca tegor ies  occur  w i t h  (1) 
t h e i r  molecular we igh t  d i s t r i b u t i o n s ,  (2 )  t h e  f r a c t i o n  o f  t o t a l  carbon present  
as aromat ic carbons, ( 3 )  t h e  f r a c t i o n  o f  t o t a l  aromat.ic carbon p resen t  as edge 
aromat ic carbons, ( 4 )  t h e  f r a c t i o n  o f  oxygen present  as pheno l ic  and e t h e r a l  
oxygen atoms, and ( 5 )  t h e  r e l a t i v e  amount o f  hydrogen t o  pheno l ic  con ten t  based 
on a per gram o f  t o t a l  sample. O f  a l l  of these parameters a s imple 
r e l a t i o n s h i p  o f  hydrogen and pheno l ic  oxygen conten t  has been found t o  
e s t a b l i s h  the  s o l u b i l i t y  o f  asphal tene and preasphal tene samples. The 
i n t e r r e l a t i o n s h i p  between s t r u c t u r a l  parameters w i l l  be discussed i n  t h i s  paper 
and i n  a subsequent paper ( 6 )  t h e  r e l a t i o n s h i p  of these parameters t o  process 
cond i t i ons  w i l l  be discussed: 

EXPERIMENTAL 

L ique fac t i on  samples were ob ta ined f rom t h e  U n i v e r s i t y  o f  Nor th  Dakota 
Energy Research Center ( f o r m e r l y  the  Grand Forks Energy Technology Center) .  
The r e a c t o r  cond i t i ons  a re  descr ibed i n  Table 1. The samples were i s o l a t e d  

1 i n t o  asphaltene and preasphal tene f r a c t i o n s  us ing  exhaust ive  e x t r a c t i o n  
techniques w i t h  to luene and te t rahyd ro fu ran  , respec t i ve l y .  

The asphaltene and preasphal tene samples were f u r t h e r  separated us ing  a 
p repara t i ve  sca le  GPC column composed o f  50 mm i d  x 120 cm g lass  column packed 
w i t h  Bio-Beads S-X3 (200-400 mesh) s t y rene-d i v iny l  benzene copolymer. P r i o r  t o  
GPC separa t ion  a l l  samples were ace ty la ted  w i t h  C-14 l abe led  a c e t i c  anhydr ide 
i n  o rder  t o  conver t  a l l  hydroxy l  groups t o  ace ta te  f o r  m in im iza t i on  o f  hydrogen 
bonding du r ing  GPC f r a c t i o n a t i o n .  Elemental analyses were performed t o  
determine elemental composition. Oxygen was determined by  d i f f e r e n c e  a f t e r  
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c o r r e c t i o n  f o r  l a b e l e d  ace ta te  p resent .  The pheno l ic  hydroxy l  con ten t  was 
measured by combustion and C-14 count ing  conten t  o f  r e s u l t i n g  C02. Number 
average molecu la r  weight.s o f  t he  samples were measured us ing  a Model 117 Vapor 
Pressure Osmometer u s i n g  p y r i d i n e  as t h e  so l ven t  a t  75°C. I n  normal runs, 2-3 
concent ra t ions  over  a range of  1 t o  50 g /Kg.o f  p y r i d i n e  were employed f o r  
e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n .  

RESULTS AND DISCUSSION 

The chemical compos i t ion  and s t r u c t u r a l  f ea tu res  o f  a number o f  over  100 
d i f f e r e n t  l i g n i t e  and bi tuminous coa l  l i q u e f a c t i o n  asphaltene and preasphal tene 
samples were measured. The o v e r a l l  percentage by we igh t  o f  t h e  s t a r t i n g  coal 
f a l l i n g  i n t o  e i t h e r  t h e  asphal tene o r  preasphal tene c lass  and cond i t i ons  o f  
p repara t i on  a re  g i ven  i n  Table 1. I n  t h e  case o f  t h e  15 and 26 se r ies  samples 
i n s u f f i c i e n t  da ta  a r e  a v a i l a b l e  t o  c o r r e c t  t h e  percentages t o  a maf basis.  The 
bas i c  a n a l y t i c a l  d a t a  f o r  t h e  asphal tenes and preasphal tenes s tud ied  by 
B a l t i s b e r g e r  e t .  a l .  ( 7 )  a r e  summarized i n  Table 2. The th ree  most s i g n i f i c a n t  

t he  aromat ic carbons. 
s t ruc tu ra !  factor: a r c t h e  mc!ecu!ar weight,  oxyge:: f.;nctfon;l i t y  2nd n a t i r e  0: 

A. S o l u b i l i t y  Parameter Re la t ionsh ips  
The l i g n i t e  and coal  der ived  produc ts  were ob ta ined ove r  a range o f  

temperatures from 400" t o  480°C, under hydrogen o r  hydrogen-carbon monoxide 
pressures from 1500 t o  4000 p s i  and va r ious  donor so l ven t  cond i t ions .  The 
samples were f r a c t i o n a t e d  i n t o  asphal tenes and preasphal tenes by so lvent  
e x t r a c t i o n  us ing  to luene  and te t rahyd ro fu ran  (THF). The e x t r a c t s  were f u r t h e r  
f r a c t i o n a t e d  by p r e p a r a t i v e  GPC techniques. The i s o l a t e d  f r a c t i o n s  were then 
analyzed f o r  elemental  composi t ion,  number average molecu la r  we igh t  by VPO 
us ing  p y r i d i n e  as t h e  so l ven t  , hydroxy l  oxygen conten t  by a c e t y l a t i o n  
procedures and carbon s t r u c t u r e  by NMR techniques. 

P l o t s  o f  mole f r a c t i o n  o f  hydrogen; mole r a t i o  o f  H/C; mole r a t i o  o f  
H/(C+N+O+S); mole r a t i o  edge aromat ic carbons/aromat ic carbons, Haru/Car; o r  

moles hydrogen per  100 g sample were cons t ruc ted  versus the  pheno l ic  oxygen 
conten t  i n  OH moles/100 g sample o r  mole f r a c t i o n  o f  OH. A l l  t h e  p l o t s  show a 
s i m i l a r  d i f f e r e n t i a t i o n  between asphal tenes and preasphal tenes as i l l u s t r a t e d  
i n  F igure  1 f o r  t he  moles o f  hydrogen pe r  100 g sample. The separa t i on  o f  t h e  
asphaltene (87%) and preasphal tene (84%) samples f a l l  i n t o  two d i s t i n c t  regions 
of t h e  graph. The p o r t i o n  o f  samples t h a t  d i d  no t  f i t  were p r i m a r i l y  low 
molecular we igh t  p reaspha l tene and h igh  molecu la r  we igh t  asphal tene samples. 
Th is  i s  p robab ly  due t o  imper fec t i ons  i n  t h e  s o l u b i l i t y  separa t ion ,  For 
example, p a r t  o f  t h e  asphal tene f r a c t i o n s  may have become trapped by adsorp t ion  
processes i n  the  preasphal tene p o r t i o n s  du r ing  the e x t r a c t i o n  process. 
S te f fgen  e t  a l .  (1) have shown t h a t  g r e a t  care  must be taken du r ing  the  
f r a c t i o n a t i o n  o f  o i l  f r om asphal tene samples. It would be expected t h a t  g rea t  
care should be exe rc i sed  du r ing  t h e  separa t ion  o f  asphal tene and preasphal tene 
samples. Equat ion 1 g ives  t h e  f i t  f o r  t h e  d i v i d i n g  l i n e  added t o  F igu re  1. 

Z = H% - (0.486 f 0.008) OH mmole/g - (4.47 f .02) (1) 

Asphaltenes samples l i e  above t h e  l i n e  g i v i n g  p o s i t i v e  Z values w h i l e  
preasphal tene samples g i ve  negat ive  values. Samples which f i t  t h e  wrong 
ca tegory  a re  i n d i c a t e d  by a n  X under t h e  VTRA column o f  Table 2 .  The bes t  
d i f f e r e n t i a t i o n  occur red  f o r  t he  p l o t  o f  molar d e n s i t y  o f  moles H/100 g ( w t  % 
hydrogen) versus moles OH/100 g. Parameters which i nc lude  p a r t s  o f  t h e  t o t a l  
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data o r  terms c a l c u l a t e d  f rom p a r t s  o f  t h e  da ta  gave more m ix ina  o f  t h e  
asphaltene and preasphal tene po in ts .  The most mix ing  occurred f o r  H/C (F igu re  
2)  o r  Haru/Car (F igu re  3 )  versus moles OH/100 g p l o t s .  Less mix ing  occur red  
fo r  H/(C+N+O+S) w h i l e  the  bes t  d i f f e r e n t i a t i o n  r e s u l t e d  when moles H / t o t a l  
sample w t  were used. C o r r e l a t i o n  c o e f f i c i e n t  values (r va lues)  computed us ina  
an I B M  s t a t i s t i c a l  ana lys i s  package a re  presented i n  Table 3. Over lap o f  t h e  
d i s t i n c t  regions shown i n  F igures  1 throuph 3 increased w i t h  t h e  decreasing 
c o r r e l a t i o n  o f  t he  parameter w i t h  mole f r a c t i o n  o f  hydrogen. Phenol ic oxygen 
conten t  have e s s e n t i a l l y  w i th  no l i n e a r  c o r r e l a t i o n  w i th  hydrogen con ten t  f o r  
asphaltene ssmples w h i l e  preasphal  tene samples show some c o r r e l a t i o n  (see 
F igure  4). 

For t h e  d i s s o l u t i o n  o f  a compound, A, i n t o  a solvent;  t he  molar s o l u b i l i t y  

( 2 )  
-F 

A(so1id) + A ( l i q ]  

of  A i s  a func t i on  o f  t h e  a c t i v i t y  c o e f f i c i e n t ,  yA, where K O  would be t h e  

K O  

S o l u b i l i t y  = S = - 
Y P  

thermodynamic s o l u b i l i t y  cons tan t  f o r  equat ion  1. From s o l u b i l i t y  parameter 
theory  f o r  regu la r  s o l u t i o n s  t h e  a c t i v i t y  c o e f f i c i e n t ,  y. ,  f o r  a s o l u t e  i 
d i s s o l v i n g  i n t o  s o l v e n t  j i s  g iven  by Equat ion 3 (E), whera 6 i s  t he  va lue  o f  
the  H i ldebrand s o l u b i l i t y  parameter o f  t h e  so l ven t  o r  s o l u t e  and Vi i s  t h e  

RTlnyi = Vi(6i-6.) 2 
3 (3) 

molar volume o f  t h e  so lu te .  For maximum s o l u b i l i t y  t he  a c t i v i t y  c o e f f i c i e n t  
should approach u n i t y  and thus  i t  i s  d e s i r a b l e  t o  have 6i = 65. The r u l e  o f  
thumb used i n  organic chemis t ry  i s  t h a t  ' l i k e  d i s s o l v e  l i k e ' .  The s o l u b i l i t y  
reg ions  de f ined by F igu re  1 suggest t h a t  t.he o rd ina te ,  hydrogen t o  o t h e r  
elements, i s  a f u n c t i o n  o f  t h e  II and d i spe rs i ve  i n t e r a c t i o n s  of t h e  coa l  ma t te r  
w h i l e  t h e  abscissa, mmoles OH/g, i s  a f u n c t i o n  o f  t h e  hydrogen bonding. 
C l e a r l y  t h e  t o t a l  hydrogen and hydroxy l  con ten ts  a re  dec i s i ve  parameters f o r  
e s t a b l i s h i n g  the  benzene o r  THF s o l u b i l i t y  o f  t h e  coal  ma te r ia l s .  

Equat ion 3 p r e d i c t s  an inc rease o f  t h e  s o l u b i l i t y  a c t i v i t y  c o e f f i c i e n t  
w i th  inc reas ing  molar  volume o f  t h e  so lu te .  Several at tempts were made t o  
i nc lude  V .  i n  the c o r r e l a t i o n s  by p l o t t i n g  l o g  (H/C + VW) o r  l o g  (H/C + M W / l O )  
versus t h &  a c i d i t y  o f  t h e  samples. Th is  approach always mixed t h e  asphal tene 
and preasphal tene regions. Asphal tenes and preasphal  tenes have cons iderab le  
over lapp ing  o f  t h e  molecu la r  we igh ts  a l though on t h e  average t h e  t o t a l  
preasphal tene sample i s  severa l  hundred grams/mole h i g h e r  f o r  t h e  same process. 

) We observed f o r  a l l  s e r i e s  o f  preasphal tene samples ob ta ined f rom t h e  same 
process cond i t ions  t h a t  t h e  molecu la r  we igh t  inc reased as t h e  H/C  mole r a t i o  
decreased (see F igu re  4). The molecu la r  we igh ts  o f  each f r a c t i o n  o f  t h e  

\ preasphal tenes and asphal tenes from runs 46 and 32 a re  shown on F igu re  4 so t h e  
over lap  of t h e  molecu la r  we igh t  ranges can be observed. Asphal tene samples 
show t h a t  molecular we igh ts  a re  v i r t u a l l y  independent o f  t h e  H/C r a t i o  and tha t  
the  a c i d i t y  changes occur i n  no rep roduc ib le  way. The major  d i f f e r e n c e  shown 
i n  F igu re  4 i s  t he  removal o f  pheno l ic  oxygen when going t o  r e c y c l e  cond i t i ons  
( ruc  46) as opposed t o  those w i t h o u t  bottoms r e c y c l e  ( r u n  32) .  Other oxygen i s  
a l s o  lowered by t h e  recyc le  cond i t i ons  a l though t h i s  f a c t o r  i s  n o t  apparent i n  
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t h e  f igure .  Th is  
behavior i s  rep resen ta t i ve  o f  a l l  t h e  samples when i n d i v i d u a l  runs are 
compared. Recause o f  t h e  d i f f e r e n t  mo lecu la r  we igh t  r e l a t i o n s h i p s  f o r  
asphaltene and preaspha l tene samples, i t  i s  n o t  s u r p r i s i n g  t h a t  molecular 
we igh t  terms can n o t  c o r r e l a t e  d i r e c t l y  i n  t h e  s o l u b i l i t y  p l o t s  such as F igure  
1. 

P l o t s  o f  t h e  mole f r a c t i o n  of hydrogen o r  Haru/Car versus a c i d i t y  are no t  

as e f f e c t i v e  i n  d e f i n i n g  t h e  s o l u b i l i t y  reg ions  as i s  t h e  graph o f  mole 
f r a c t i o n  hydrogen. A majo r  c o n t r i b u t i n g  f a c t o r  i n  these c o r r e l a t i o n s  i s  due t o  
t h e  r e l a t i o n s h i p  between a r o m a t i c i t y  and condensat ion and t h e  carbon t o  
hydrogen mole r a t i o .  The f r a c t i o n  o f  a romat ic  carbons i s  de f i ned  by equat ion 4 

The mo lecu la r  we igh t  da ta  f o r  F igu re  4 i s  g i ven  i n  Table 4. 

(4) 

where C/H i s  t h e  carbon t o  hydrogen mole r a t i o  and H*,, i s  t h e  mole f r a c t i o n  o f  

a l i p h a t i c  hydrogens i n  t h e  sample as determined by NMR measurements (2). The 
condensation i s  represented  by t h e  number of h y p o t h e t i c a l  edge aromat ic carbons 
(Earu) pe r  t o t a l  a romat ic  carbons (Car) as def ined by equat ion  5, 

U I  

+ H*,,/2 + (OH + 2 O) /H 
( 5 )  

H*ar 

Fa (C/H) 
Haru /Car  = 

I n  equat ion 5 ,  H*ar corresponds t o  t h e  mole f r a c t i o n  of a romat ic  p ro tons  as 
determined by NMR and t h e  oxyaen terms a r e  mole r a t i o s  t o  t o t a l  hydrogen ( 9 ) .  
The magnitude o f  b o t h  fa and H,rU/Car a r e  determined t o  a l a r g e  e x t e n t  by The 

C/H r a t i o .  However, t h e  s o l u b i l i t y  of a molecule must be determined by 
add i t i ona l  f a c t o r s  as w e l l  as t h e  percentage and condensation o f  t h e  aromatic 
carbons. 

Oxygen comprises 4 t o  8% of t h e  sample by we igh t  and i s  40 t o  70% pheno l ic  
depending on the  s o l u b i l i t y  category.  Table 5 shows t h e  percentage o f  oxygen 
as pheno l ics  and e thers .  For  most of t h e  r e c y c l e  samples preasphaltenes 
con ta in  40-50% o f  t h e  oxygen as pheno l i cs  w h i l e  asphal tenes a re  60-75% 
phenol ic.  On t h e  o t h e r  hand, non- recyc le  cond i t i ons  l ead  t o  n e a r l y  equal 
amounts of e t h e r a l  and pheno l i c  oxygen f o r  bo th  asphal tene and preasphal tene 
samples. On ly  t h e  pheno l i c  conten t  of t h e  samples i s  taken i n t o  account i n  the  
abscissa. The e t h e r  con ten t  undoubtedly has an i n f l uence  on t h e  s i ze ,  shape 
and T-T i n t e r a c t i o n s  o f  t h e  aromat ic  systems. Thus, t h e  i n c l u s i o n  o f  oxygen 
conten t  w i th  the  o r d i n a t e  b e t t e r  c o r r e l a t e s  t h e  d i spe rs i ve ,  s i z e ,  shape and VT 

i n t e r a c t i o n s  of t h e  molecules. Another f a c t o r  i n f l u e n c i n g  s o l u b i l i t y  would be 
t h e  na ture  o f  t h e  a l i p h a t i c  carbons. L i q u e f a c t i o n  under hydrogen alone tends 
t o  produce asphal tenes and preasphal tenes wi th ( s h o r t e r  average a1 i p h a t i c  chain 
l e n g t h )  than do hydrogen-carbon monoxide systems (IO). Lacking i n c l u s i o n  of a 
s p e c i f i c  t e rm f o r  t h e  l eng th  o f  t h e  a l i p h a t i c c h a i n s ,  t h e  i n f l u e n c e  of 
a l i p h a t i c  carbons i s  b e s t  taken i n t o  account us ing  t h e  t o t a l  moles o f  hydrogen 
i n  t h e  abscissa. N i t rogen  conten ts  a re  g e n e r a i i y  smai i  and eveniy d i s t r i b u t e d ,  
except f o r  a s i zeab le  f r a c t i o n  of low MW preasphal tenes t h a t  had appreciably 
h ighe r  values. S u l f u r  con ten ts  a re  a l s o  smal l  and b o t h  asphaltene and 
preasphal tene conten ts  appear t o  respond s i m i l a r l y  t o  p rocess ing  cond i t ion .  
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CONCLUSIONS 

Comparison o f  t h e  t o t a l  f r a c t i o n s  of  t h e  preasphal tenes and asphal tenes of  
t h e  same process show t h e  fo l l ow ing .  

F i r s t ,  preasphal tene samples inc rease i n  t h e  f r a c t i o n  o f  a romat ic  carbons 
, and degree o f  condensation w i t h  i nc reas ing  molecu la r  weight.  Asphaltenes 

samples, on the  o t h e r  hand, inc rease i n  t h e  f r a c t i o n  o f  aromat ic carbons w i t h  
decreasing molecular we igh t .  The degree o f  condensat ion maximizes a t  h igh  and 
low molecules weight values. 

Second, asphal tene samples have lower  fa and h ighe r  Haru/Car va lues  than 
t h e  preasphal tenes. Asphal tenes con ta in  fewer condensed aromat ic molecules 
than do t h e  preasphaltenes. 

Th i rd ,  t h e  pheno l ic  a c i d  conten t  i s  lower  f o r  t h e  asphal tene samples i n  
general .  Th is  a c i d i c  p r o p e r t y  works i n  combinat ion w i t h  t h e  t o t a l  hydrogen 
conten t  t o  u l t ima t ,e l y  determine i n t o  which s o l u b i l i t y  ca tegory  a sample may 
f a l l .  

Fourth,  Table 3 shows t h a t  t he  r e c y c l e  preasphal tene samples con ta in  a 
h ighe r  percentage o f  oxygen and much o f  t h a t  i s  due t o  increased o t h e r  (ncln 
pheno l ic )  oxygen, poss ib l y  i n  e thers .  Recycle asphal tene samples con ta in  about 
60-70% pheno l ic  oxygen, w h i l e  preasphal tenes c o n t a i n  4 0 4 0 %  pheno l i c  oxygen. 
Non-recycle cond i t i ons  l e a d  t o  h ighe r  t o t a l  oxygen conten ts  o f  bo th  ca tegor ies  
and t o  nea r l y  the  same d i s t r i b u t i o n  between asphal tene and preasphal tene 

> samples. Recycl ing o f  t h e  vacuum bottom leads t o  an e the ra l  oxygen removal. ' Th is  i s  p robab ly  one reason f o r  t h e  success o f  t h e  p l o t  of mole f r a c t i o n  of 
t o t a l  hydrogen versus pheno l ic  conten t  r a t h e r  than t h e  p l o t  o f  HarU/Car versus 
pheno l ic  conten t  g i ves  a b e t t e r  separa t ion  o f  asphal tene and preasphal tene 
samples. The mole f r a c t i o n  o f  t he  hydrogen t e r n  takes  i n  account the oxygen 
conten t  o f  t he  sample f u r t h e r  separa t ing  t h e  reg ions  o f  F igu re  1. 

F i f t h ,  mo lecu la r  we igh t  ranges o f  t h e  two ca tegor ies  over lap .  When a 
number o f  samples w i t h i n  a narrow range was examined, one observed t h a t  t he  
m a j o r i t y  o f  t h e  preasphal tenes l i e  i n  a ranae from 600 t o  2500 g/mol w h i l e  the  
asphal tenes l i e  between 300 t o  600 g/mol. Preasphal tene samples inc reased i n  
pheno l ic  conten t  wi th decreasing molecu la r  we igh t  (see F igu re  4 ) .  Asphaltene 
samples show random pheno l ic  conten t  w i t h  mo lecu la r  we igh t .  However, i n c l u s i o n  
o f  t h e  molecular we igh t  d i r e c t l y  i n  a s o l u b i l i t y  p l o t  s i m i l a r  t o  F igu re  1 was 
n o t  successful .  

For the  l i g n i t e  process samples s tud ied ,  t h e  d i f f e r e n t i a t i o n  o f  t h e  
asphal tene and preasphal tene samples f o l l o w  equat ion  1 r a t h e r  w e l l  f o r  over  80% 
o f  t h e  samples. Hydrogen and pheno l ic  conten t  seem t o  be t h e  o n l y  parameters 
needed t o  spec i f y  i n t o  which s o l u b i l i t y  category t h e  hexane i n s o l u b l e  p o r t i o n s  
fnon d i s t i l l a b l e )  o f  a l i g n i t e  l i q u e f a c t i o n  process may l i e .  The i m p l i c a t i o n  
i s  t h a t  i t  i s  des i reab le  t o  lower  the  pheno l i c  oxygen conten t  w h i l e  r a i s i n g  the  
H/C  mole r a t i o  du r ing  l i q u e f a c t i o n .  
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Table 2. S t ruc tu ra l  Features of Asphaltene Samples 

W t  % 
FillN PER F I C T  UTKT Wb C H N 0 S W 

15 $ 
15 
15 5 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 1 1  
26 I 1  
26 I1 
26 11 
26 11 
26 1 1  
26 1 1  
36 I f  
26 11 
26 11 
32 3 

32 3 
32 3 
3 2 3  
32 3 
9 3 
32 3 
34 4 
34 4 
34 4 
34 4 
3 4  
34 4 
3 4 4  

34 4 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
44 12 
45 15 
46 16 
46 16 
46 16 

46 16 
53 18 
58 15 
69 12 

Zb 

E 

34 4 

2 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
I 
2 
3 
4 
5 
6 
7 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
I 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
!?A 
58 
X 
0 
0 
0 
1 
2 
3 
: 
5 
0 
0 
0 

! 

100.00 . 
5.33 . 
5.37 . 
8.52 . 
12.58 . 
15.02 . 
13.83 . 
4.35 . 
1.05 . 
8:50 i 
8.50 X 
9.70 Y 
9.70 . 
13.90 . 
19.00 . 
Y.W . 
2.50 . 
2190 i 
3.30 . 
6.00 . 
11.00 . 
15.00 , 
30.00 . 
14.80 
22.30 i 
8.60 X 
97.00 . 
3.10 . 
5.60 . 
6.90 . 
9.80 . 
14.80 , 

22.20 . 
12.10 * 
94.00 , 
2.80 . 
5.30 , 
7.30 . 

10.80 . 
16.40 
21.70 i 
20.60 . 
12.00 . 
100.00 , 
10.80 . 
5.40 . 
7.30 . 
11.40 . 
23.30 . 
28.50 
13.40 j (  
100,00 , 
100.00 . 
100.00 . 
9.20 . 
22.90 , 

16.20 j (  
100.00 , 
100.00 . 
100.00 . 

20.94 . 
100 00 

1?.?0 . 
100 00 

20.90 . 

212 - 

1.853 0.872 0.852 
1.974 0.925 0.855 
1.5% 0.809 0.671 
2.104 0.862 0.748 
2.355 0.883 0.827 
2.747 0.940 0.922 
2.235 0.895 0.887 
1.121 0.820 0.780 
0.410 0.736 0.691 
0.170 0.714 0.638 
1.241 0.720 0.700 
1.231 0.669 0.640 
1.241 0.644 0.W 
1.282 0.640 0.619 
1.412 0.689 0.664 
1.763 0.739 0.740 
1.k92 0.717 0.710 
0.620 0.693 0.655 
0 . lW 0.639 0.631 
0.110 0.655 0.676 
1.221 0.804 0.756 
1.282 0.665 0.592 
1.282 0.713 0.628 
1.342 0.729 0.617 
1.442 0.791 0.694 
1.833 0.794 0.734 
1.602 0.806 0.804 
0.330 0.748 0.704 
9.000 0.695 0.662 
3.000 0.625 0.591 
2.571 0.846 0.808 
1.834 0.783 0.648 
2.043 0.791 0.697 
2.164 0.824 0.696 
2.335 0.864 0.793 
2.792 0.873 0.808 
3.424 0.900 0.916 
2.861 0.867 0.924 
0.970 0.771 0.767 
3.107 0.861 0.658 
2.221 0,815 0.614 
2.471 0.805 0.638 
2.663 0.831 0.691 
2.969 0.854 0.736 
3.502 0.884 0.815 
4.377 0.890 0.909 
2.736 0.856 0.863 
0.682 0.786 0.751 
1.570 0.911 0.762 
1.493 0.849 0.661 
1.532 0.536 0.691 
1.593 0.973 0.713 
1.842 0.971 0.784 
2.094 0.977 0.815 
0.985 0.856 0.740 
6.203 0.665 0.613 
0.962 0.755 0.694 
1.599 0.865 0.759 
1.136 0.7W 0.704 
1.247 0.765 0.607 
1.M4 0.857 0.727 
1.124 0.848 0.771 
0.399 0.751 0.697 
5-33 0.650 0.621 
0.940 0.765 0.682 
1.339 0.826 0.750 
1.012 0.809 0.709 

36.3 48.3 12.4 0.7 
27.3 45.1 24.4 0.9 
22.3 40.3 33.8 0.1 
23.4 42.6 30.5 0.4 
25.9 48.7 21.5 0.4 
28.1 50.8 16.7 0.6 
33.7 50.6 12.1 0.6 
46.5 47.4 4.2 1.1 
56.' 38.4 4.4 0.9 
61..' 28.1 9.9 0.9 
54.9 38.1 4.7 0.2 
50.1 30.6 16.6 -0.4 
50.8 34.2 12.3 -0.4 
51.5 36.6 9.0 -0.5 
50.5 37.5 9.2 -0.2 
51.6 44.1 1.0 0.0 
54.5 41.6 1.0 0.1 
62.6 32.4 3.7 0.5 
74.5 20.9 4.3 0.2 
78.7 16.5 4.5 0.2 
46.8 41.3 9.9 0.8 
37.4 36.2 23.6 -0.5 
37.9 35.0 24.5 -0.1 
24.7 47.4 25.2 -0.0 
37.1 37.6 22.8 0.4 
38.0 42.3 16.4 0.2 
46.4 k8.k 2.5 0.6 
56.0 39.5 3.9 1.0 
69.9 27.4 2.6 -3.5 
78.5 17.9 3.5 -1.1 
40.9 39.7 15.2 0.2 
33.3 30.9 32.4 0.1 
35.3 34.2 26.8 0.0 
32.2 34.6 29.4 0.3 
32.5 41.8 21.7 0.4 
31.7 43.2 20.5 0.3 
34.5 49.7 10.3 0.1 
40.3 55.0 -0.0 0.2 
56.8 41.6 -0.0 0.8 
40.1 43.7 11.0 0.0 
27.8 29.6 38.7 0.2 
29.9 32.4 33.4 0.0 
31.1 34.2 30.2 0.1 
30.5 38.5 26.1 0.1 
31.5 42.9 20.0 0.0 
33.7 50.9 8.3 -0.4 
42.2 48.6 4.8 0.3 
56.2 38.4 4.2 1.1 
37.4 34.1 26.1 1.4 
29.1 31.7 36.7 0.8 
23.2 27.8 46.9 1.8 
23.8 32.2 41.7 1.7 
27.5 36.0 33.9 1.6 
30.4 35.9 30.7 1.5 
42.7 35.6 20.2 1.4 
69.2 23.5 7.3 -2.4 
54.2 31.0 13.1 0.6 
43.8 35.4 18.3 1.1 
54.5 29.2 14.4 0.9 
40.5 24.0 33.3 0.4 
38.9 33.6 25.1 1.0 
47.1 37.3 13.8 1.3 
62.5 29.8 7.0 1.1 
81.1 15.1 3.7 -2.0 
54.5 30.1 13.7 0.7 
52.0 31.9 13.9 1.0 
48.9 31.7 17.8 1.0 
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I Table 2 .  Structural Features o f  Preasphaltene Samples 

KW PER FWT 

15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
15 2 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 7 
26 I1  
26 I1  
26 11 
26 I 1  
26 I 1  
26 I1 
26 1 1  
26 1 1  
32 3 
32 3 
32 3 
3 2 3  
32 3 
32 3 
52 3 
3 2 3  
32 3 
34 4 
34 4 
34 4 
34 4 
3 4 4  
34 4 
::4 4 
41 14 
41 14 
41 14 
41 14 
41 14 
41 14 
44 12 
45 15 
46 16 
46 16 
46 16 
46 16 
46 16 

1 46 16 
53 18 
9 15 
09 12 

t 

1 
10 
1 1  
12 
2 
3 
4 
5 
6 
7 
8 
9 
1 
10 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 
I 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
0 
0 
0 
1 
2 
3 
4 
5 
0 
0 
0 

Wt % 
WTPCTVTRfib C H N 0 S Mpo 

15 40 
1.25 . 
0.60 . 
26.44 . 
17.32 . 
7.36 . 
7.11 . 
7.70 . 
4.27 
6.78 i 
3.85 x 
8.49 . 
2.40 . 
23.36 . 
19.60 . 
13.52 . 
8.40 . 
7.84 . 
6.08 
4.96 i 
4.96 X 
21.68 . 
31.24 . 
22.22 * 
9.17 
3.03 j ,  
1.86 x 
0.78 . 
0.15 . 
97.00 . 
16.20 . 
19.90 . 
13.30 . 
12.40 . 
13.00 . 
11.30 . 
8.80 
2.70 j ,  
97.00 . 
13.60 I 

24.30 . 
13.90 . 
12.20 I 

12.60 . 
9.80 . 

100.00 , 
21.40 . 
16.60 . 
26.10 . 
24-10 
11.80 i 
100.00 . 
100.00 . 
100.00 . 
15.50 . 
14.40 . 
23.10 * 
25 60 
100.00 . 
100.00 . 
100.00 . 

1:92 i 

21:30 i 

80.47 4.95 1.59 
88.58 6.21 0.53 
75.01 4.88 0.24 
M.88 5.21 0.35 
80.50 4.78 1.40 
80.36 4.79 1.31 

78.48 5.52 0.95 
78.15 5.79 0.97 
78.03 6.01 1.00 
79.57 6.26 1.12 
82.17 6.42 0.84 
83.86 4.74 2.01 
91.68 5.69 0.31 
85.31 4.66 1.73 
83.91 4.74 1.47 
82.80 5.02 1.36 
82.69 5.46 1.29 
81.63 5.74 1.20 
83.98 6.03 1.09 
88.06 6.16 0.49 
90.61 6.05 0.32 
85.79 4.61 1.49 
86.03 4.73 1.34 
85.67 4.79 1.35 
84.88 4.82 1.32 
84.81 5.54 0.93 
90.56 5.56 0.36 
91.23 5.28 0.23 
91.32 5.27 0.61 
83.22 5.06 2.16 
83.78 4.53 2.30 
83.38 4.70 2.40 
82.37 4.95 2.15 
83.01 5.07 2.39 
81.25 5.36 1.94 
80.25 5.56 1.88 
76.52 6.04 1.95 
83.95 6.25 2.53 
83.49 5.07 2.15 
83.58 4.55 2.73 
83.58 4.72 2.44 
82.98 5.03 2.57 
82.50 5.18 2.26 
81.24 5.30 1.96 
80.53 5.40 2.00 
85.27 5.17 1.98 
86.72 4.47 1.56 
85.00 4.73 2.01 
84.48 5.02 1.91 
83.96 5.51 1.81 
86.90 6.02 1.65 
65.58 5.28 1.57 
88.48 4.85 1.44 
87.64 4.'12 2.03 
87.16 4.28 1.90 
86.52 4.46 1.81 
86.64 4.93 1.58 
87.29 5.60 1.41 
85.80 4.55 2.28 
86.68 5.05 2.50 
86.56 4.88 2.47 

80.04 5-14 0.98 

87.76 4.90 1.44 

12.42 0.56 2716 
18.98 0.88 272 
8.68 0.88 272 
12.70 0.61 2497 
13.54 0.00 2055 
13.31 0.53 1228 
14.53 0.52 823 
14.55 0.53 619 
14.38 0.58 459 
12.06 0.99 382 
9.62 0.95 314 
8.85 0.54 1874 
1.69 0.63 404 
7.50 0.80 1496 
9.31 0.58 1314 
10.08 0.73 640 
10.01 0.55 488 
10.76 0.67 404 
8.18 0.72 404 
4.62 0.66 404 
2.38 0.64 404 
7.63 0.48 1039 
7.41 0.50 829 
7.70 0.49 621 
8.29 0.69 480 
8.06 0.67 480 
2.87 0.65 480 
2.61 0.64 480 
2.15 0.M 480 
8.99 0.57 588 
8.85 0.54 1x20 
8.97 0.55 1800 
9.97 0.56 837 
8.93 0.59 648 
10.86 0.58 570 
11.72 0.59 397 
14.91 0.59 290 
6.72 0.55 241 
8.73 0.56 612 
8.61 0.53 2020 
8.72 0.54 1780 
8.88 0.55 940 
9.50 0.s 690 
10.92 0.57 470 
11.49 0.57 390 
7.35 0.24 671 
7.03 0.21 2850 
8.05 0.21 1420 
8.44 0.15 740 
8.50 0.22 430 
5.23 0.21 290 
5.69 0.21 600 
7.42 0.15 676 
1.80 0.44 608 
6.07 0.14 2650 
6.48 0.18 1420 
6.99 0.21 806 
6.69 0.16 390 
5.49 0.21 290 
6.51 0.87 701 
5.62 0.15 620 
5.16 0.93 702 

3.77 0.90 272 
1.801 0.739 0.690 
0.569 0.842 0.729 
4.10 0.781 0.913 
5.000 0.737 0.742 
1.878 0.713 0.668 
1.973 0.716 0.702 
2.371 0.771 0.778 
2.736 0.844 0.855 
2.949 0.890 0.966 
2.944 0.524 1.023 
2.896 0.944 0.992 
1.919 0.938 0.905 
1.381 0.678 0.658 
2.800 0.745 0.708 
1.479 0.656 0.616 
1.694 0.678 0.677 
2.261 0.728 0.761 
3.037 0.792 0.831 
3.338 0.844 0.909 
3.227 0.862 0.886 
1.255 0.839 0.810 
0.205 0.801 0.746 
1.021 0.645 0.623 
1.426 0.659 0.645 
1.501 0.671 0.671 
1.882 0.682 0.695 
0.985 0.784 0.799 
0.212 0.736 0.696 
3.900 0.695 0.666 
3.200 0.693 0.645 
3.115 0.730 0.721 
1.912 0.649 0.564 
2.376 0.677 0.647 
2.935 0.721 0.696 
4.374 0.732 0.747 
3.714 0.792 0.839 
4.179 0.831 0.888 
4.053 0.946 1.046 
2.291 0.893 0.804 
2.824 0.729 0.715 
1.616 0.653 0.550 
1.925 0.677 0.609 
2.525 0.727 0.694 
2.957 0.753 0.738 
3.187 0.783 0.804 
3.545 0.805 0.848 
1.790 0.727 0.631 
1.321 0.619 0.530 
1.603 0.667 0.590 
2.010 0.713 0.661 
2.452 0.788 0.744 
1.102 0.831 0.679 
1.540 0.670 0.621 
1.783 0.740 0.649 
1.604 0.657 0.609 
0.808 0.564 0.531 
1.232 0.589 0.551 
1.426 0.619 0,584 
1.777 0.683 0.650 
0.861 0.770 0.695 
1.433 0.636 0.568 
1.W 0.699 0.631 
1.177 0.676 0.584 

N M R ~  
HPR w How z b  
35.1 35.7 25.6 -0.4 
42.5 37.6 19.0 1.5 
51.7 37.7 10.5 -1.7 
55.9 36.1 8.0 -1.7 
34.4 40.6 20.9 -0.6 
31.6 47.3 16.5 -0.5 
31.0 50.0 14.0 -0.3 
30.4 52.4 12.1 -0.1 
'-0.9 54.4 9.9 0.1 
31.9 49.9 13.5 0.4 
34.9 42.3 19.9 1.0 
53.4 29.3 14.3 -0.4 
65.6 30.8 3.6 -0.1 
50.7 31.6 14.5 -0.5 
55.5 29.5 11.5 -0.6 
46.4 44.8 4.3 -0.5 
38.9 51.9 3.6 -0.5 
41.2 49.9 3.1 -0.4 
41.1 48.4 5.2 -0.0 
46.4 44.4 7.2 1.1 
55.3 37.4 7.0 1.5 
56.8 28.9 12.1 -0.4 
54.2 33.9 8.9 -0.4 
54.7 35.8 6.3 -0.4 
53.0 38.6 4.5 -0.6 
55.5 37.0 5.7 0.6 
62.2 31.5 5.9 1.0 
71.1 24.0 4.8 -1.1 
74.0 16.2 9.7 -0.8 
40.8 43.2 9.9 -0.9 
39.8 29.7 26.3 -0.9 
42.2 38.8 14.0 -0.9 
41.8 35.8 16.5 -0.9 
42.7 43.0 5.7 -1.5 
45.3 42.0 5.7 -0.9 
40.2 45.2 7.1 -0.9 
33.6 47.1 12.6 -0.4 
34.6 40.4 21.4 0.7 
41.2 43.0 10.2 -0.8 
37.4 30.5 28.5 -0.7 
39.5 33.1 23.3 -0.7 
39.8 40.9 14.2 -0.7 
38.7 43.4 12.2 -0.7 
39.6 44.7 9.7 -0.7 
37.8 48.2 7.5 -0.8 
43.5 28.3 24.7 -0.2 
47.8 24.0 25.2 -0.6 
45.2 28.0 23.5 -0.5 
44.5 33.4 18.1 -0.4 
41.5 37.3 16.6 -0.2 
42.2 26.6 29.3 1.0 
58.8 23.5 14.6 -0.3 
43.3 29.9 23.4 -0.1 
59.0 25.5 12.2 -0.4 
69.5 12.0 16.6 -0.7 
61.7 19.6 15.9 -0.8 
57.7 24.6 14.6 -0.7 
54.7 29.7 12.0 41.4 
54.2 25.9 18.4 0.7 
53.9 23.3 19.6 -0.6 
53.8 25.0 17.6 -0.3 
52.1 23.9 21.6 -0.2 

35.4 35.2 25.5 -0.6 
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Table 2. S t r u c t u r a l  Features o f  103a 

W t  % NMR' 

MMPERFRGCT WTPCT VTH(I~ c H N o s ww OH HTCC m HAR WL HOTH zb 
103 17 
103 17 
103 17 
103 17 
103 17 
103 17 
103 17 

100.00 . 
16.60 . 
11.40 * 
14.30 . 
19.80 
21.70 . 
14.10 . 

d 0.1 
-0.2 
0.2 
0.4 
0.4 
0.9 
1.2 

a. 103 i s  a t o t a l  SRL conta in ing  both asphaltenes and preasphTltenes. 
b. X i n  VTRA i n d i c a t e s  Z =H%-0.486(0H) -4.67 mismatch. 

i s  a preasphaltene. 
c. Ha+ + Hal + HOH = 100, sum of mole f r a c t i o n o f  aromatic, a l i p h a t i c  and 

phenol ic protons equals 100. 
Ho equals mole percent o f  protons on a l i p h a t i c  carbons more than one carbon 

I f  2 = negat ive sample 
If Z E p o s i t i v e  sample i s  an asphaltene. 

To o b t a i n  HOH subtract  H ar + Hal from 100. 

u n i t  from an aromatic r ing ,  alpha + other protons equals 
protons. 

d. Data n o t  measured. 

Table 3 .  C o r r e l a t i o n  C o e f f i c i e n t s  (r)  Between Various Aspha 
and Preasphaltene Parameters 

t o t a l  a1 i p h a t i c  

I 

tene 

Asphaltenes r value 
Parameter 

I I  1 .o 0.996 0.943 0.56 
tl/M --- 1 .o 0.970 0.60 
H/C --- --- 1.0 0.64 

1 .oo Ha ruICa r 
OH -0.14 -0.13 -0.100 0.03 

d 
Ha H/Mb H/CC Ha ru/'ar 

--- --- --- 

Preasphal tenes 
Parameter H 

H 1 .o 0.998 0.57 0.91 
--- 1 .o 0.98 0.93 --- 1.0 0.96 

H/M 
H / C  
Ha r J C a  r 
OH 0.78 0.793 0.82 0.83 

HIM H/C Ha ru"a r 

--- 
1 .o --- --- --- 

a. 
b.  :hie r d t i o  of H i ( C t N + u + j j .  
c. Molar H/C r a t i o .  
d. 

Mole f r a c t i o n  o f  hydrogen ( w t  %) .  

Hole r a t i o  o f  edge aromatic t o  aromatic carbon. 
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Table 4. Molecu la r  Weight Values f o r  Runs 46 and 32 

Molecu la r  Weighta 
Sample Asphal tene Preasphal tene 

46-1 
46-2 
46-3 

' 46-4 
46-5 

32-1 
32-2 
32-3 
32-4 
32-5 
32-6 
32-7 

875 
430 
290 
250 
260 

1360 
1540 
1010 
640 
550 
390 
300 

2650 
1420 
810 
390 
290 

1320 
1800 
840 
650 
570 
400 --- 

adetermined by VPO, so l ven t  p y r i d i n e  
\ 

Table 5. Comparison o f  Oxygen F u n c t i o n a l i t y  f o r  Various 
Asphal tene (A)  and Preasphal tene (PA) Samples 

Oxygen Content mmoles/g % O  
Sample Recyclea To ta l  0, Phenol as phgnol 

41 PA 
41 A 
45 PA 
45 A 
53 PA 
53 A 
69 PA 
69 A 

I 32 PA 
32 A 
15 PA 

103 To ta lb  

15 A no 
26 PA no 
26 A no 

I 

4.39 
2.48 
4.42 
2.09 
3.92 
1.61 
3.13 
1.60 
2.91 
5.61 
5.51 
7.89 

1.79 
1.57 
1.78 
1.60 
1.43 
0.96 
1.12 
1.01 
2.12 
3.12 
2.57 
2.11 

41 
63 
40 
77 
37 
60 
36 
63 
73 
55 
52 
17 

5.09 1.85 36 
5.16 1 .e9 37 
3.16 1.24 40 

aNo ind i ca tes  petroleum der i ved  so l ven t  passed once through. Yes i n d i c a t e s  
bottom recyc le  so l ven t  used. 

t h i s  case asphal tene and preasphal tene sample n o t  separated. H2S run. 
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