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ABSTRACT 

T h i s  p r o j e c t  was under taken t o  unders tand t h e  r o l e  o f  t h e  coa l  

1  i q u e f a c t i o n  so l  ven t  th rough  a  s tudy  o f  t h e  i n t e r a c t i o n  between t h e  hydrogen 

donor  s o l  ven t  c h a r a c t e r i s t i c s  and t h e  h e t e r o f u n c t i o n a l  i t y  o f  t h e  s o l  vent.  

S p e c i f i c a l l y ,  h y d r o x y l -  and n i t r o g e n - c o n t a i n i n g  s o l v e n t s  were s t u d i e d  and 

cha rac te r i zed .  

The p o l a r  components o f  coa l  l i q u e f a c t i o n  s o l v e n t s  have been 

i s o l a t e d  u s i n g  a c t i v a t e d  i o n  exchange r e s i n s .  The OH-concentrate o f  SRC-I1 

c o n t a i n s  p r i m a r i l y  one- and t w o - r i n g  phenol i c  compounds c o n s i s t i n g  o f  phenol 

(4%), methy l  phenols  ( 4 % ) ,  C 2  t o  C5 phenols  ( 4 % ) ,  and indano l  s  (4%). Only 

0.4% a r e  naphtho ls .  The t o t a l  a r o m a t i c i t y  o f  t h i s  f r a c t i o n  i s  about  77%. The 

a l i p h a t i c  groups c o n s i s t  o f  methy l  groups (26% o f  t h e  H), l ong -cha in  a l k y l s  

(average of f i v e  carbons a t -  17% of  t h e  H), and a  f a i r l y  s u b s t a n t i a l  l e v e l  o f  

hydroaromat i cs  (6% o f  t h e  H). There i s  a l s o  p resen t  a  nominal  l e v e l  (1%) o f  

methy l  ene b r i d g e s  between r i n g s .  The SRC-I I N-concent r a t e  has about an 

e q u i v a l e n t  a r o m a t i c i t y  a t  72%, and i t s  nominal r i n g  s i z e  i s  between 1 and 2. 

It c o n t a i n s  bo th  n i t r o g e n  and hydroxy l  f u n c t i o n a l i t y  ( b u t  appa ren t l y  no t  on 

t h e  same r i n g ) .  The a l k y l  groups a r e  d i v i d e d  among methy l  groups (20%),  l o n g -  

c h a i n  a l k y l s  (average o f  t h r e e  carbons a t  23% o f  t h e  H), and a  h i g h  l e v e l  o f  

hydroaromat i cs  (12%). Anthracene o i l ,  which i s  d e r i v e d  as a  coke oven by -  

p roduc t ,  has a  N-concent ra te  w i t h  a  h i g h  l e v e l  o f  a r o m a t i c i t y  (95%) and an 

apparent  r i n g  s i z e  o f  1 t o  2. The N-concent ra te  aga in  c o n t a i n s  bo th  n i t r o g e n  

and hyd roxy l  f u n c t i o n a l i t y .  The a l i p h a t i c  carbon i s  d i v i d e d  among methy l  

groups (16% o f  t h e  H), s h o r t - c h a i n  a l i p h a t i c s  (1.4%), and a  l ow  l e v e l  o f  

hydroaromat i cs  (2.1%). 

Coal l i q u e f a c t i o n  exper iments  were c a r r i e d  o u t  u s i n g  b o t h  m ic ro -  

a u t o c l a v e  and CSTR u n i t s .  I n  t h e  m i c ro -au toc l ave  exper iments  conducted a t  

450°C, 1-naphthol  has been found t o  be a  s u r p r i s i n g l y  good s o l v e n t  t o  conver t  

coa l  t o  THF so lub les ,  It i s  cons ide rab l y  poo re r  t h a n  t e t r a l i n  b u t  

s i g n i f i c a n t l y  b e t t e r  t han  t h e  e f f i c i e n t  hydrogen s h u t t l i n g  agent  phenanthrene. 

Loss o f  s o l v e n t  1- and 2-naphthol  by adduc t i on  t o  t h e  coa l  l i q u i d s  i s  a  ma jo r  



problem,  as i n d i c a t e d  by a  l o s s  o f  o i l  y i e l d  i n  t h a t  l e s s  o i l  i s  recovered 

t h a n  o r i g i n a l l y  f e d  as so lven t .  Th i s  occurs  even i n  s o l u t i o n s  c o n t a i n i n g  

s u b s t a n t i a l  amounts o f  t e t r a l i n .  Ser ies  o f  exper iments  were c a r r i e d  ou t  a t  

450°C i n  a  con t i nuous  feed  s t i r r e d - t a n k  r e a c t o r  (CSTR) t o  observe t h e  e f f e c t  

o f  add ing  p h e n o l i c s  t o  anthracene o i l  (AO) and SRC-I1 r e c y c l e  so l ven t s .  A t  

nomina l  space t imes  o f  4  and 15 minutes,  t h e  l e v e l s  of convers ion  ( T H F  

s o l  u b l e s )  were s i g n i f i c a n t l y  h i g h e r  w i t h  SRC-I1 r e c y c l e  s o l  ven t  than  w i t h  

an th racene  o i l .  The a d d i t i o n  o f  phenol t o  A0 a t  a  r a t i o  o f  5 /65  r e s u l t e d  i n  a  

nominal  i n c r e a s e  i n  c o a l  conve rs i on  t o  THF so lub les ,  bu t  t h e  amount o f  

aspha l tenes  more t h a n  doubled r e s u l t i n g  i n  a s i z a b l e  n e t  l o s s  o f  so l ven t .  The 

a d d i t i o n  o f  m-creso l  t o  b o t h  A0 and SRC-I1 s o l v e n t s  had a  p o s i t i v e  e f f e c t  on 
c o a l  convers ion .  

Hydruarurnat ics hav lng  n i t r o g e n  f u n c t i o n a l i t y  shou ld  be good s o l v e n t s  

f o r  coa l  1 i q u e f a c t i o n  c o n s i d e r i n g  t h e i r  e f f e c t i v e  s o l v e n t  power, a b i l i t y  t o  

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

p a r t i c u l a r l y  i n  t h e  presence o f  oxygen f u n c t i o n a l i t y .  However, these  b e n e f i t s  

a r e  overshadowed by t h e  s t r o n g  tendency o f  t h e  n i t r o g e n - c o n t a i n i n g  spec ies t o  

adduct  w i t h  themsel ves and c o a l  - de r i ved  m a t e r i a l s .  As demonstrated i n  m i c r o -  

a u t o c l a v e  exper iments  i n  which n i t r o g e n  compounds i n c l u d i n g  tetrahydroquinol ine 

(THQ), phenan th ro l i ne ,  a c r i d i n e ,  etc. ,  a r e  used as so l ven t s ,  h i g h  l e v e l s  o f  

aspha l tenes  a r e  recovered. These aspha l tenes  have h i g h  n i t r o g e n  con ten ts .  

The l e v e l  o f  adduc t i on  i s  f u r t h e r  denlonstrated by obse rv i ng  t h e  at tachment  o f  

1 abe led  spec ies  i n t o  b o t h  preasphal  tene-  and tetrahydrofuran- insoluble f rac t ions.  

The use o f  THQ i n  CSTR u n i t s  appears t o  be of  some advantage i n  imp rov ing  a  

poo r  donor so l ven t .  Moreover, i t  appears t h a t  t h i s  l i g h t  s o l v e n t  i s  r e a d i l y  

s t r i p p e d  i n t o  t h e  vapor space, t he reby  l i m i t i n g  t h e  e x t e n t  o f  adduc t i on  

I n  t h e  s u p e r c r i t i c a l  e x t r a c t i o n  o f  P i t t s b u r g h  Seam coa l ,  a  hydrogen 

d o n o r - w a t e r , m i x t u r e  w i t h  hydrogen donor  i n  d i l u t e  c o n c e n t r a t i o n  (10 wt%)  i s  an 

e f f e c t i v e  s o l  ven t  f o r  h i g h  l e v e l s  o f  convers ion.  H igher  concen t ra t  i ons  o f  

donor  may n o t  be b e n e f i c i a l .  The a d d i t i o n  o f  a hydrogen atmosphere i nc reases  

t h e  conve rs i on  f o r  s o l v e n t s  which a r e  n o t  good hydrogen donors,  a l t hough  i t  i s  



n o t  as e f f e c t i v e  as t h a t  o f  u s i n g  a  good hydrogen donor. The use o f  n i t r o g e n -  

c o n t a i n i n g  s o l  vents  ( q u i n o l  i n e  and t e t r a h y d r o q u i n o l i n e )  r e s u l t s  i n  hig'h l e v e l s  

o f  s o l v e n t  adduc t i on  as i n d i c a t e d  by h i g h  n i t r o g e n  l e v e l s  i n  t h e  heavy p roduc t  

' f r a c t i o n s .  
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OBJECTIVE AND SCOPE OF WORK 

The ob jec t i ' ve  o f  t h i s  program i s  t o  unders tand t h e  r o l e  o f  t h e  coa l  

l i q u e f a c t i o n  s o l v e n t  th rough  a  s tudy  o f  t h e  i n t e r a c t i o n  between t h e  hydrogen 

donor . s o l v e n t  c h a r a c t e r i s t i c s  and t h e  h e t e r o f u n c t i o n a l i t y  o f  t h e  s.olvent. I n  

p a r t i c u l a r ,  phend l i  c -  a"d n i t r o g e n - c o n t a i n i n g  s o l  vents  a re  b e i n g  s t u d i e d  w i t h  

r espec t  t o  t h e i r  e f f e c t  on coa l  l i q u e f a c t i o n  i n  hydrogen donor systems and . t h e  

k i n e t i c s  t h e r e o f .  A cons ide rab le  e f f o r t  i s  be ing  d i r e c t e d  toward  s o l  vent  

adduc t ion ,  bo th  t h e  e x t e n t  and t h e  p o i n t ( s )  o f  at tachment o f  s p e c i f i c  s o l v e n t  

molecu les t o  t h e  coa l  l i q u i d s .  

I 

Subtasks 1 and 2 :  I s o l a t i o n  and Ana l ys i s  o f  
A c i d i c  and Bas ic  Components 

The p h e n o l i c -  and n i t r o g e n - c o n t a i n i n g  components o f  a  r e p r e s e n t a t i v e  

coa l  l i q u e f a c t i o n  w i  11 be recovered u s i n g  a p p r o p r i a t e  i o n  exchange res i ns .  

The bu l k  s o l v e n t  and d i s t i l l a t e  c u t s  w i l l  be t r e a t e d  w i t h  Amber lys t -15 r e s i n  

(Rohm and Haas) t o  remove a  ma jo r  p o r t i o n  o f  t h e  bas i c  n i t r o g e n - c o n t a i n i n g  

compounds. The n i t r o g e n - c o n t a i n i n g  f r a c t i o n s  wi  11 be recovered  u s i n g  

a p p r d p r i a t e  so lven ts .  I n  a  s i m i l a r  manner, t h e  i s o l a t i o n  o f . p h e n o l i c s  and 

s t r i p p e d  s o l  vents  wi  11 be ob ta i ned  u s i n g  Amberlyst  IRA-904 res i n .  Samples o f  

t h e  va r i ous  f r a c t i o n s  w i  11 be analyzed u s i n g  techn iques  r e p o r t e d  i n  t h e  

l i t e r a t u r e  o r  developed a t  GR&DC. 

Subtask 3: L i q u e f a c t i o n  Exper iments Using Batch U n i t s  

Coal l i q u e f a c t i o n  exper iments  w i l l  be done u s i n g  a  comb ina t ion  o f  

m i c r o - u n i t  and I - l i t e r  autoc laves,  a l l  of wh ich  a r e  c u r r e n t l y  i n  opera t i ' on  and 

a v a i l a b l e  f o r  t h . i s  program. The ba t ch  r e a c t o r s  (2) a r e  o f  1 - l i t e r  s t i r r e d  

t y p e  w i t h  t h e  c a p a b i l i t y  of r a p i d l y  i n j e c t i n g  coa l  and/or  r e a c t a n t s  a f t e r  t h e  

bu l k  r e a c t o r  system i s  a t  temperature.  



Experiments w i l l  be done t o  observe the  e f f e c t s  of  t h e  pheno l ic -  

and n i t rogen-con ta in ing  f r a c t i o n s  on coal l i q u e f a c t i o n  convers ion a t  about 

t h r e e  l e v e l s  of hydrogen donor s o l  vent capaci ty .  The s t r i p p e d  so l  vent w i  1  1 

a l s o  be run as a  standard. Experiments w i l l  a l s o  be undertaken us ing  model 

compounds having func t i ona l  groups t y p i c a l  o f  those expected i n  recyc le  coal  

1  i q u e f a c t i o n  so l  vents, i n c l u d i n g  qu ino l  ine, te t rahydroqu ino l  ine, carbazole, 

phenol, and 1-naphthol, a1 1  having 13c l a b e l s  t o  f a c i l i t a t e  de terminat ion  o f  

t h e  amounts of adduct ion  and t h e  p o i n t s  o f  attachment t o  t h e  coal l i q u i d s .  

Gel permeation chromatography w i l l  be used t o  p rov ide  est imates o f  molecular  

we igh ts  and t h e  amounts of  adduct ion by hydrogen bonding. 

kxper imenta t ion  w i l l  a l s o  be done w i t h  a  s u p e r c r i t i c a l  aqueous 

system w i t h  var ious  n i t rogen-con ta in ing  so lvents  t o  observe coal converesinn 

and so ivent  adduct ion. This work w i l l  be undertaken a t  t h e  Un ive rs i t y  o f  

P i t t s b u r g h  w i t h  a  major  p o r t i o n  of  t h e  product c h a r a c t e r i z a t i o n  a t  GR&DC. 

Subtask 4: L iquefac t ion  Experiments Usinq Bench Uni ts  

About 15 a d d i t i o n a l  bench-scale runs w i l l  be made us ing  (1) so lvents  

t r e a t e d  t o  remove'phenol ics o r  n i t r o g e n  compounds, (2 )  s t r i p p p d  rn1ve" t r  w i t h  

va r ious  l e v e l s  of t h e  p rev ious l y  removed p o l a r  compounds, and (3 )  s i l v e n t s  

w i t h  added l abe led  compounds. Emphasis w i l l  be placed on t h e  i n t e r a c ' t i o n  o f  

hydrogen donor capac i t y  and t h e  e f fec t iveness  o f  t h e  p o l a r  component. 

Subtask 5: New Research Concepts 

E f f o r t  w i l l  be d i r e c t e d  t o  us ing  t h e  in fo rmat ion  gained i n  t h e  above 

s t u d i e s  t o  fo rmu la te  leads f o r  new coal  conversion concepts. 



DETAILED DESCRIPTION OF TECHNICAL PROGRESS 

I. SUBTASKS 1 AND 2:  I s o l a t i o n  and Ana lys is  o f  
A c i d i c  and Basic Components 

The i s o l a t i o n  o f  bu l k  q u a n t i t i e s  o f  bas ic  components f rom bo th  raw 

anthracene o i l  (AO) and SRC-11 recyc le .  ( p roduc t )  so l ven t  has been done us ing  

Rohm and Haas Amberlyst-15 i o n  exchange res in .  The recovery  o f  a c i d i c  

components f rom a  sample o f  SRC-I1 r e c y c l e  so l ven t  was accomplished by t h e  use 

o f  Kohm and Haas IRA-904 res in .  These bas i c  and a c i d i c  f r a c t i o n s  underwent 

e lementa l  a n a l y s i  s w i t h  subsequent spec t roscop ic  c h a r a c t e r i  z a t i o n  and GC/MS 

ana l ys i s .  I n  a d d i t i o n ,  se lec ted  samples were used as a d d i t i v e s  i n  coal  

1  i q u e f a c t i o n  experiments. 

P r i o r  t o  p resen t i ng  a  d e t a i l e d  d iscuss ion ,  i t  i s  noted t h a t  t h e  A-15 

r e s i n  i s  n o t  e x c l u s i v e  i n  r e t a i n i n g  o n l y  spec ies c o n t a i n i n g  bas i c  f u n c t i o n a l  

groups. I n  a d d i t i o n ,  t he  r e s i n  i s  somewhat s i z e  e x c l u s i v e  i n  t h a t  l a r g e  

molecules a r e  o n l y  h e l d  a t  t h e  su r f ace  and do n o t  pene t ra te  i n t o  t h e  res in .  

Therefore,  i n  t he  p repa ra t i on  o f  a  bu l k  n i t r o g e n  concent ra te  (N-CONC), a  h i g h  . , 

r a t i o  o f  r e s i n  t o  o i l  was 'used t o  r e t a i n  as much as poss ib le .  (Reference i s  
, . 
made t o  t h e  va r i ous  Q u a r t e r l y  Reports o f  .DOE Cont rac t  DE-AC17-80BC10313 

concern ing  t h e  removal o f  n i t r o g e n - c o n t a i n i n g  spec ies f rom sha le  o i l s . )  

. * 

Exper imenta l  

\ 

1. Sol ven ts  and P repa ra t i on  
. -- 

A c i d i c  and bas i c  concen t ra tes  were recovered by c o n t a c t i n g  sampl es 

o f  anthracene o i l  and SRC-I1 d e r i v e d  r e c y c l e  s o l  vent  w i t h  a p p r o p r i a t e  a n i o n i c  

and c a t i o n i c  r e s i n s  w i t h  subsequent s t r i p p i n g  w i t h  methanol s o l u t i o n s  o f  h i g h  

a c i d  o r  base f u n c t i o n a l i t y .  The r e s i n s  were ob ta i ned  f rom Rohm and Haas Co., 

and they  were a c t i v a t e d  p r i o r  t o  use t o  ensure h i g h  f u n c t i o n a l i t y .  The r e s i n s  

were IRA-904 and Amberlyst-15, r e s p e c t i v e l y .  The anthracene o i l  was used as 

rece i ved  f rom R e i l l y  Tar and Chemical Co., and t h e  SRC-I1 s o l v e n t  was 



recovered  p roduc t  f r om  t h e  l i q u e f a c t i o n  o f  P i t t s b u r g h  Seam coa l  a t  The 

P i t t s b u r g  & Midway Coal M in i ng  Co. f a c i l i t y  a t  Tacoma, Washington. The 

ana lyses  o f  t hese  o i l s  a r e  g i ven  i n  Table 1. 

Simi  l a r  procedures we're used i n  c o n t a c t i n g  t h e  so l  ven ts  w i t h  bo th  

i o n  exchange res i ns .  The procedure used w i t h  IRA-904 i s  desc r i bed  below. 

1. As- rece ived  IRA-904 was con tac ted  w i t h  about a l o x  excess o f  
2.2% aqueous NaOH overn igh t .  

2. It was f l ushed  t e n  t imes  w i t h  d i s t i l l e d  wa te r  t o  a n e u t r a l  pH 
and subsequert t ly  f l u s h e d  t h r e e  t imes  w i t h  acetone. 

3. It was t h e n  d r yed  over  t h e  wcekend w i t h  3 n i t r u g e n  f low.  

4. The r e s i n  was c.ont.acted w i t h  SRC-11' s o l v e n t  a t  a r a t i o  o f  
0.43/1.0, o v e r n i g h t .  wi.th: 1 i m i t e d  a g i t a t i o n .  

. , 

5. A f t e r  f i l t r a t i o n ,  t h e  r e s i n  bed was f l u s h e d  w i t h  pentane. , The 
f l u s h  l i q u i d  was s t r i p p e d  and combined w i t h  t h e . f i l t r a t e .  

6. The r e s i n  was con tac ted  over  t h e  .:weekend w i t h  a methanol 
s o l u t i o n  s a t u r a t e d  ( c o l d )  w i t h  C02. ,... 

4 , -  

7. The s o l u t i o n  was removed by f i l t r a t i o n ,  and i t  was s t r i p p e d  t o  
remove methanol. 

8. The r e s i n  f r om  s t e p  7 was then  con t i l c ted  w i t h  a 2.5% s o l u t i o n  
o f  f o r m i c  a c i d  i n  methanol. 

9. The m i x t u r e  was f l l t e r e d  and t h e  f i l t r a t e  was s t r i p p e d  t o  , 

remove f o r m i c  a c i d  and methanol. 

The recovery  o f  OH-concentrate was 4.1% based on t h e  feed  s o l v e n t  (about  91% 

f rom t h e  heUH-CU2 s t e p ) ,  and t h e  r e s i n  l o a d i n g  was about 0.094 g OH- 

concent  r a t e  p e r  g' r es i n .  

The ana lyses  o f  t h e  OH-concentrate and t r e a t e d  s o l v e n t  a r e  g i ven  i n  

Tab le  1. Obv ious ly  o n l y  a p o r t i o n  o f  t h e  t o t a l  ac i ds  was i s o l a t e d .  



Table 1 

Analyses of Sol vents 

Sol vent Anthracene 0i.l SRC-I I 

Nitrogen' . Raw . Nitrogen 'OH 0 H 
Treatment. Raw AO. Concent r a t e  .; SRC-I I Concent r a t e  . Concent r a t e  Reduced -- 

Chemical Analysis ( w t X )  

Ca rbon 91.17 86.73 87.25 83.95 . 81..98 88.44 
Hydrogen 5.84 , 5.99 . 8.69 7.55 7.85 8.45 
N i  t rogen 1.03 3.80 0.88 4.32 1.10. 0.90 
Oxygen . 1.33 2..91 2.82 3.24 8.86, 1.88 
S u l f u r  0.63 0.57 0.36 0.94 0.21 0.33. 

100.00 100.00 100.00' 100.00 100.00 100.00 

Speci f i c Grav i ty  . (60/60) 1. 1.32. - 1.020 - - - 



The t r ea tmen t  o t  t h e  samples o f  A0 and SRC-I1 s o l v e n t  w i t h  

Amber lys t -15 was s i m i l a r .  The r e s i n  was a c t i v a t e d  w i t h  a d i l u t e  (3  wtX) HC1 

aqueous s o l u t i o n ,  f l u s h e d  w i t h  water  and acetone, and then  dryed. The b u l k  

samp1,es were prepared a t  a r e s i n - t o - s o l  vent  r a t i o  o f  about 0.611.0 t o  ..ensure 

r e s i n  s a t u r a t i o n .  The r e s i n  was s t r i p p e d  us i ng  a concen t ra ted  NH3*methanol 

s o l u t i o n .  The recovery  of N-concent ra te  f rom t h e  SRC-I1 was about 17.5 w t %  

w i t h  a r e s i n  l o a d i n g  of  0.35 g/g r e s i n .  The recovery  was about 18 w t %  i n  t h e  

case o f  AO, and t h e  l o a d i n g  was about 0.37 g/g r es i n .  

2. NMR Analyses 

Sanlples o f  t h e  N- and UH-concentrates were d i s s o l v e d  i n  CDC13, and 

TMS was added as an i n t e r n a l  - reference. Spect ra  were run on a Var ian 

Assoc ia tes  XL-200 spect rometer .  'H spec t ra  were run usimg a 27' f l i p  angle 

and an a c q u i s i t i o n  t i m e  o f  1.3 seconds. 13c spec t ra  were run  a f t e r  adding 

~ r ( a c a c )  j a t  a c o n c e n t r a t i o n  o f  0.05 M t o  . t h e  sample. The ope ra t i ng  

c o n d i t i o n s  were a 90' f l i p  ang le ,  a 0.4-second a c q u i s i t i o n  t ime ,  a pu l se  de lay  

o f  2 seconds, and gated decoupl  i ng .  Th is  ensured q u a n t i t a t i v e  r e s u l t s  f o r  t h e  

1% spectra.. 

. G ~ / M L  Analyses 

The t y p i c a l  chromatographic  cundi t i o n s  and t h e  mass spectrorneter 

parameters  a re  g i ven  be1 ow: 

GCIMS Parameters 

. . 
Chromatograph : F i  n n i  gan 9600 

Col umn : 60 rn x . j 4  n't?~ ID :fused s i l i c a  capillary Coated . w i t h  
DB-5 

Temperature Program: I so the rma l  a t  50°C f o r  2 min then  4O/rnin t o  250°C, 
t h e n  h o l d  38 min  

I n j e c t o r  Temperature: 260°C 



Detec to r  Temperature: 

I n t e r f a c e  Temperature: 

C a r r i e r  Gas : 

S p l i t :  

I n j e c t i o n  S i ze :  

Mass Spect rometer :  

Data System: 

E l  e c t  ron Energy : 

Mass Range: 

Resu l t s  and D iscuss ion  

250°C 

250°C 

Helium, ca. 1.5 cc/min 

ca. 1 0 0 : l  

0.2-0.5 ~1  

~i nnigan 4510 

Incos 2000 

70 eV 

33-500 amu 

The bas ic  concen t ra tes  (N-CONC) o f  anthracene o i l  and SRC-I1 des i r ed  

coa l  l i q u e f a c t i o n  p roduc t  were recovered by t r ea tmen t  o f  these  o i l s  w i t h  a  

s t r o n g l y  a c i d i c  (-S03H) c a t i o n  exchange r e s i n  o f  Rohm and Haas, Amber lys t -  

15. S i m i  1 a r l y  , t h e  a c i d i c  concen t ra te  (OH-CONC) o f  SRC- . I  I s o l  ven t  was 

recovered us i ng  a  s t r o n g l y  bas i c  (-N(CH3)3*C1) an ion  exchange r e s i n ,  

IRA-904. The N-CONC and OH-CONC f r a c t i o n s  were re1  eased by subsequent 

t.reatment of t h e  r e s i n s  w i t h  s t r o n g  b a s i c  (NH3-methanol) o r  a c i d i c  

(C02-methanol and H3COOH=methanol) s o l u t i o n s .  The goal  o f  t h i s  s e t  o f  

exper iments  was t o  produce a  maximum of concen t ra te ;  the re fo re , ,  a  r e l a t i v e l y  

h i g h  l o a d i n g  of so l  vent t o  r e s i n  was used. 

The e lementa l  analyses of t h e  concen t ra tes  a re  g i ven  i n  Table 1. I t  

i s  no ted  t h a t  t h e  n i t r o g e n  con ten t s  o f  t h e  N - C O N C ' ~  a re  about f o u r  t imes  those  

of  t h e  raw s o l v e n t  feeds, and t h e r e  i s  a l s o  an i nc rease  i n  t h e  oxygen con ten ts  

ov.er those  of t h e  raw so l ven t .  L i kew ise ,  t h e  oxygen con ten t  o f  t h e  OH-CONC of  

SRC-I1 so l ven t  i s  about t h r e e  t imes t h a t  of t h e  raw so l ven t ,  and t h e r e  i s  a l s o  

a  nominal i n c rease  i n  n i t r o g e n  con ten t .  I n  sumnary, t h e  N-CONC and OH-CONC 

f r a c t i o n s  of coa l  - de r i ved  so'l ven ts  a re  obv ious l y  p o l y f u n c t i o n a l  , and they  make 

up a  s i z a b l e  p o r t i o n  o f  t h e  l i q u i d .  



She concen t ra tes  were c h a r a c t e r i z e d  by bo th  spec t roscop i c  and GC/MS 

ana lyses .  These r e s u l t s  w i  11 be r e p o r t e d  sepa ra te l y  be1 ow and subsequent ly 

combined i n  t h e  Summary Sect ion.  

Spec t roscop ic  . ~ n a l ~ s i ' s  o f  t h e  SRC-I I Hydroxyl  Concent ra te  

The IH spectrum o f  t h i s  f r a c t i o n  i s  shown i n  F i gu re  1, and t h e  

r e s u l t s  a re  sumnarized i n  Table  2. Th i s  f r a c t i o n  has a romat i c ,  hyd roxy l ,  

hydroaromat i c ,  and a1 k y l  s u b s t i  t u e n t  f u n c t i o n a l  i t y .  The a romat i c  r e g i o n  spans 

f r om 6 ppm t o  8.6 pprn and cannot  be e a s i l y  d i v i d e d  i n t o  mono, d l ,  and 

t r i a r o m a t i c s  due t o  t h e  presence o f  l a r g e  amounts o f  oxygen an? some 

n i t r o g e n .  These a roma t i c  hydrogens rep resen t  39.7% o f  t h e  t o t a l  hydrogen. 

Even though t h e  n i t r o g e n  con ten t  i s  r e l a t i v e l y  low (1.1%), t he  smal l  amount o f  

i n t e n s i t y  between 8.4 pprn and 8.6 ppm I n  t h e  a romat i c  r e g i o n  can be ass igned 

t o  p ro tons  o r t h o  t o  t h e  n i t r o g e n  i n  p y r i d i n e - t y p e  s t r u c t u r e s .  These p ro tons  

r e p r e s e n t  l e s s  than  0.3% o f  t h e  hydrogen; 

There i s  a  broad resonance a t  5.4 pprn which can be ass igned t o  

hyd roxy l  hydrogen. Th i s  accounts f o r  11.3% o f  t h e  hydrogen i n  t h e  spectrum. 

There i s  a  sharp s i g n a l  a t  3.4 pprn which i s  due t o  r e s i d u a l  methanol l e f t  i n  

t h e  f r a c t i o n .  

I n  t h e  regi  un . around 3.4 pprn a re  severa l  smal l  er s i g n a l  s which can 

be ass igned  t o  methy lene b r i d g e s  batween arsornatil: r i n y s .  These methy lene 

b r i d g e  hydrogens rep resen t  0.9% of t h e  hydrogen present .  

The main t y p e  of a1 i p h a t i c  s u b s t i t u e n t  i s  methy l  groups on a romat i c  

r i n g s  as evidenced by t h e  sharp s i g n a l s  a t  2.2, 2.5, and 2.8 ppm. These 

s i g n a l s  account f o r  25.7% o f  t h e  hydrogen p resen t .  There a r e  a l s o  some (16.7% 

o f  hydrogen)  1 ong-dhai  n  a1 i p h a t i  c  s u b s t i  t.uents w i t h  an average chain l e n g t h  o f  

f i v e  carbons. There i s  a l s o  a broad s i g n a l  aL 1.7 pprn which I S  i n d i c a t i v e  o f  

hydroaromat i c  p ro tons .  Together w i t h  an e q u i v a l e n t  amount of i n t e n s i t y  f rom 

t h e  s i g n a l  a t  2.8 ppm, about  5.6% o f  t h e  hydrogen i s  hydroaromat ic .  
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T a b l e  2 

'H NMR Ar,alysls o f  SRC-I1 Hydroxy l  Concen t ra te  

A1 i p h a t i c  Hydrogens 

M c t h y l  en$ Isr idge 
M e t h y l  
Hyd r o a  ram t i c 
Long a l k y l  c h a i n  ( i .e. ,  c 5 )  

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

H y d r o x ~ l  Hydrogens - 

Aromat i c  Hydrogens ' 

Aromat i c  hydrogen o r t h o  t o  N 
Others  

T o t a l  a r o m a t i c  

T o t a l  



The 13c NMR spectrum, g i ven  i n  F i g u r e  2, shows t h i s  f r a c t i o n  t o  have 

an a r o m a t i c i t y  o f  77.4%. The. r a t i o  o f  a roma t i c  carbons t o  h y d r o x y l - b e a r i n g  

carbons i s  8.5: l .  Th is  i s  c a l c u l a t e d  f rom t h e  r a t i o  o f  t h e  a rea .  o f  t h e  

a roma t i c  r e g i o n  t o  t h a t  o f  t h e  area o f  t h e  r e g i o n  f rom 152 ppm t o  156 pprn, 

which i s  due t o  hyd roxy l - bea r i ng  carbon. The r a t i o  o f  t o t a l  carbon t o  oxygen 

i s  10.9:1, which i s  reasonably  c o n s i s t e n t  w i t h  t h a t  o f  t h e  e lementa1 ,carbon-  

to-oxygen a n a l y s i s  o f  '12.3:l. As a  check, t h e  amount o f  a romat i c  h y d r o x y l -  

b e a r i n g  carbon was c a l c u l a t e d  u s i n g  t h e  a romat i c  r e g i o n  f rom 110 pprn t o  

117 ppm which i s  due t o  u n s u b s t i t u t e d  carbons o r t h o  t o  a  hyd roxy l  group. Th i s  

area i s  d i v i d e d  by 2  t o  ge t  t h e  amount o f  hyd roxy l - bea r i ng  carbon. From t h i s  

c a l c u l a t i o n  t h e  r a t i o  o f  a roma t i c  carbon t o  hyd roxy l  carbon i s  10.9:1, and t h e  

r a t i o  o f  t o t a l  carbon t o  oxygen i s  14.1:l. The c a l c u l a t e d  r a t i o  i s  expected 

t o  be h i g h e r  u s i n g  t h e  observ.ed o r t h o  carbons because no t  a l l  o f  t h e  o r t h o  

carbons  a r e  bei 'ng counted; namely, t hose  t h a t  a r e  s u b s t i t u t e d  a r e  s h i f t e d  ou t  

o f  t h e  range b e i n g  used. 

I f  i t  i s  assumed t h a t  hyd roxy l  - bea r i ng  carbons a r e  n o t  d i s c r i m i n a t e d  

a g a i n s t  d u r i n g  da ta  a c q u i s i t i o n ,  then  t h e  d i f f e r e n c e  between t h e  two va lues  

f o r  t h e  r a t i o  o f  a roma t i c  carbon t 'o  hydsoxy l - bea r i ng  carbon g i v e s  a  measure o f  

t h e  amount o f  o r t h o  s u b s t i t u t i o n .  The d i f f e r e n c e  between t h e  two on an area 

b a s i s  i n d i c a t e s  t h a t  22.2% of  t h e  hydroxy l  - bea r i ng  carbons have o r t h o  

s u b s t i t u e n t s .  O f  t h a t  22.2%, 13.3% can be accounted f o r  by o r t h o  methy l  

groups which have t h e i r  s i g n a l s  a t  15-16 ppm. The rema in ing  8.9% may be due 

t o  naphtho ls .  'The d i s t i n g u i s h i n g  o r t h o  s i g n a l s  f o r  1- and 2-naphtho l  a r e  a t  

108.8 ppm and 139.6 ppm, r e s p e c t i v e l y .  To v e r i f y  t h a t  1- and 2-naphtho ls  

would be seen, a  sample o f  t h e  hyd roxy l  concen t ra te  was doped w i t h  19.5% 

2-naphtho l  by we igh t  and t h e  13c NMR spectrum obtained. The o r t h o  s i g n a l  was 

seen a t  110.5 pprn w i t h  an es t ima ted  2-naphthol  con ten t  o f  18.1%, t he reby  

v e r i f y i n g  t h e  exper imenta l  technique.  I f  t h e  area f rom 111 pprn t o  107 ppm i s  

cons idered  t o  be due t o  1- and 2-naphtho ls ,  a t o t a l  o f  4.5% o f  t h e  hyd roxy l  

carbon i s  p resen t  as 1- and 2-naphtho ls  which a r e  n o t  o r t h o  s u b s t i t u t e d .  The 

rema in ing  4.5% a r e  e i t h e r  o r t h o - s u b s t i t u t e d  naph tho ls  o r  o t h e r  o r t h o -  

s u b s t i t u t e d  phenols. 



PPM - 
FlCURE 2 NME SPECTRUM OF S R C - I  I D E R I V E D  HYDROXYL-CONCENTRATE 



Meta-subs t i  t u t e d  hyd roxy l  groups i n  s i n g l  e - r i n g  phenols  have 

h y d r o x y l - b e a r i n g  carbon s i g n a l s  a t  154-155 ppm. The l a r g e s t  s i g n a l  i n  t h e  

r e g i o n  from".152 pprn t o  155 pprn i s  a t  155.6 ppm, and i t  rep resen t s  44.4% of  t h e  

hydroxy l  groups. Methyl  groups which a r e  meta and para t o  hydroxy l  groups 

cannot be d i s t i n g u i s h e d  f rom each o t h e r  on t h e  b a s i s  of t h e  chemical  s h i f t  o f  

t h e  methy l  groups bu t  must be c a l c u l a t e d  f rom t h e  p o s i t i o n  o f  the.  hydroxy l  

carbon. Therefore, .  t h e  rema in ing  33.4% o f  t h e  hyd roxy l  groups i s  be1 i e v e d  t o  

be para s u b s t i t u t e d .  T h i s  va lue  can be checked f rom t h e  p o s i t i o n s  o f  t h e  

unsubst i t u t e d  o r t h o  carbons. Meta -subs t i  t u t e d  hydroxy l  groups have one o r t h o  

carbon s i g n a l  a t  113 pprn because one o r t h o  carbon i s  a l s o  para t o  an a l k y l  

group. From t h e  s i g n a l s  a t  113 pprn i t  appears t h a t  42% o f  t h e  hyd roxy l  

carbons a r e  meta s u b s t i t u t e d .  The s i g n a l s  a t  113.5-117 pprn i n c l u d e  o r t h o  

carbons f rom ' a1 1 . o t he r  hyd roxy l  -subst i t u t i o n  pat terns, .  and there fo re , ,  t h e y  

cannot  be used as a d i a g n o s t i c  t o o l  f o r  any s i n g l e  isomer. 

Since t h e  observed r a t i o  o f  a romat i c  carbons t o  hyd roxy l  - bea r i ng  

carbons i s  8.'5:1 and every mo lecu le  t h e o r e t i c a l l y  has an a c i d i c  hydroxy l  

group, t h e  OH-CONC c o n s i s t s  o f  a m i x t u r e  o f  one- and t w o - r i n g  'systems.  

" Because o n l y  a s m a l l  ,amount o f  t h e  concen t ra te  has been i d e n t i f i e d  as 
- -  - 

naph tho ls ,  ' t K e  remainder o f  t w o - r i n g  systems shou ld  be comprised of  s i n g l  e 

r i n g s  j o i n e d  by s h o r t  a l k y l  b r idges .  The 'H spectrum shows ev idence  f o r  such 

methy lene b r idges .  There i s  a l s o  a smal l  amount o f  i n t e n s i t y  i n  t h e  carbon 

spectrum between 40 pprn and 45 pprn which i s  t h e  r e g i o n  f o r  methy lene b r idges .  

Th i s  i n t e n s i t y  accounts f o r  1.4% o f  t h e  t o t a l  carbon, which would amount t o  

about  20% o f  t h e  carbons p resen t  as s u b s t i t u t e d  d ipheny lmethane- type spec ies.  

I f  ethyl .  b r i dges  between r i n g s  were found, t h e y  would have s i g n a l s  

i n  t h e  r e g i o n  o f  38 ppm. There i ' s  a sharp s i g n a l  i n  t h e  spectrum a t  37.8 pprn 

which can be ass igned t o  e i t h e r  e t h y l  b r i d g e s  o r  t o  methy lene carbons on l o n g  

cha ins  a t t ached  t o  a romat i c  r ings .  T h i s  area rep resen t s  2.0% o f  t h e  t o t a l  

carbon i n t e n s i t y .  Some o f  t h e  rema in ing  a l k y l  groups a r e  found  as methy l  

groups a t t ached  t o  a romat i c  r i n g s  (5.7%) and as hydroaromat i c  s t r u c t u r e  

(7.3%). The amount o f  l ong -cha in  a l k y l  carbon cannot be r e a d i l y  de te rmined  

f r o m  t h e  13c spectrum bu t  can be es t ima ted  f r om t h e  'H spectrum a t  5-62. 



The t u L d l  a l k y l - s u b s t i t u t e d  a romat i c  carbon i s  12.8%. Th is  was 

de te rmined  by summing t h e  methylene b r i d g e  area t imes  2, t h e  e t h y l  b r i d g e  

area, one h a l f  t h e  hydroaromat ic  area, and t h e  methy l  groups on a romat i c  r i n g s  

area.  The t o t a l  nonprotonated a romat i c  carbon i s  d i f f i c u l t  t o  determine f rom 

t h e  normal s p e c t r a l  r eg i ons  due t o  t h e  presence o f  hyd roxy l  groups which 

i n d u c e  an u p f i e l d  s h i f t  t o  t h e  carbons o r t h o  and para t o  i t. To es t ima te  how 

many s i g n a l s  i n  t h e  a romat i c  r e g i o n  f a l l  o u t s i d e  o f  t h e  normal r e g i o n  f o r  

nonpro tona ted  carbons, a  NORD-CDRE (no i  se o f f - resonance  decoupled c o n v o l u t i o n  

d i f f e r e n c e  r e s o l u t i o n  enhancement) exper iment  was run. We observed a smal l  

number of s i g n a l s  a t  125-126 ppm i n  a d d i t i o n  t o  those which appeared below 

129.5 ppm. These u p f i e l d  s i g n a l s  a re  due t o  b r i d g e  carhons whish a r c  o r t h o  or  

pa ra  t o  hyd roxy l  groups i n  1- and 2-naphtho ls .  The t o t a l  b r i d g e  carbon i s  

15.5% as determined from t h e  d i f f e r e n c e  between t h e  t o t a l  nonprotonated carbon 

and t h e  a1 ky1 - s u b s t i t u t e d  carbon p l u s  hyd roxy l  -bear ing  carbon (11.8%). 

There fo re ,  t h e  l e v e l  of p ro tona ted  aromat ic  carbon i s  58.5% of t h e  aromat ic  

carbon.  A summary o f  t h e  above 13c NMR r e s u l t s  i s  g iven  i n  Table  3. 

2. GC/MS Ana l ys i s  o f  t h e  SRC-I1 Hydroxy l  Concent ra te  

The hyd roxy l  concen t ra te  of SRC-I1 was added t o  a  smal l  amount o f  

methy lene  c h l o r i d e  and m e s i t y l e n e  and analyzed by c a p i l l a r y  GC/MS. The 

r e c o n s t r u c t e d  i o n  chromatogram (RIC) o f  t h e  OH-CONC f r a c t i o n  i s  g i ven  i n  

F i g u r e  3 .  The m a j o r i t y  of t h e  components a re  concen t ra ted  i n  t h e  low 

m o l e c u l a r  we igh t  r e g i o n  ( ~ 1 7 0  MW) f n l  l o w i n g  a brnad, p o o r l y  r esu l ved  envelope. 

I n  t h e  f o l l o w i n g  d i scuss ion ,  t h e  b a s e l i n e  was norma l i zed  i n  c a l c u l a t i n g  t h e  

peak areas and mes i t y l ene  was used as an i n t e r n a l  s tandard.  

Thc g r e a t e s t  p o r t i u r ~  (22%) Of t h e  chromatographic  peaks o t h e r  than  

s o l v e n t  was phenol  (4%) o r  a l k y l - s u b s t i t u t e d  phenols  (18%). Methy l  phenols 

(9%)  account f o r  approx imate ly  h a l f  of t h e  a1 k y l  - s u b s t i t u t e d  phenols  w i t h  t h e  

rema inder  (9%) be ing  C2 t o  Cs phpnols .  Other  peaks i n c l u d c d  tgHIOO i so l~ l e r s  

( 4%)  and C10H120 isomers (4%) which a re  p robab ly  i ndano l s  and methyl indanols. 

A hydroxyb ipheny l  (.4%) and ca rbazo le  (1.2%) were i d e n t i f i e d .  Po lynuc lear  

a roma t i c  hydrocarbons accounted f o r  7% of t h e  peaks. The l a r g e s t  of these  was 

me thy l  phenanthrene ( 2 % ) .  About 60% of t h e  sample was i n c l u d e d  i n  t h e  smal l  

peaks and i n  t h e  broad envelope. 



Table 3 

13c NMR Ana lys is  o f  SRC-I1 Hydroxyl  Concent ra te  

A l i ~ h a t i c  Carbons 

Methy lene b r i dges  between r i n g s  
Other carbons t o  a romat i c  r i n g s  
Methyl  groups a t t ached  t o  r i n g s  
Hydroaromat i  c  carbons 

1 Long-chain  a l k y l s  ( f rom H) ( es t . )  

To ta l  a l i p h a t i c  carbons 

Aromat ic  Carbons (Ar-C)  

O r tho  methy l  groups ( t o  OH) 3.0 
Naphthol s  1.0 ' 

Unknown o r t h o  s u b s t i t u e n t s  0.9 

T o t a l  s u b s t i t u t e d  Ar-C 's  o r t h o  t o  OH groups 
S u b s t i t u t e d  Ar-C's meta t o  OH groups 
S u b s t i t u t e d  Ar-C's para  t o  OH groups 

Hydroxy l  s u b s t i t u t e d  A r - C  

Pro tona ted  A r - C  

To ta l  

- - 

* Th i s  i s  a l s o  subd i v i ded  a s  f o l l o w s :  

A1 k y l  - s u b s t i t u t e d  A r - C  
Aromat ic  b r i d g e  carbons 

To ta l  
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3. Spectroscopic Analys is  of t he  SRC-I1 Ni t rogen Concentrate 

The and 13c NMR spectra f o r  t h i s  f r a c t i o n  are shown i n  Figures 4 

and 5, r espec t i ve l y .  Examination o f  t he  IH spectrum shows t h a t  t he re  a re  

s i g n i f i c a n t  d i f f e rences  between i t  and t h a t  o f  anthracene o i  1 . There i s  a 

l a r g e r  amount, 65.63, of a l i p h a t i c  protons. There are  s igna ls  a t  0.91 pprn and 

1.20 pprn i n d i c a t i n g  a l k y l  chains w i t h  an average carbon number of three. This 

long-chain hydrogen comprises 23.4% of t h e  hydrogen. . The broad s igna l  a t  

1.72 pprn and p a r t  of t he  s ignal  a t  2.75 pprn are assignable t o  hydroarbmatic 

s t r u c t u r e s  1 i ke t e t r a 1  i n. These s t ruc tu res  represent  12.3% of t he  hydrogen, 

which i s  about tw i ce  t h a t  i n  the OH-CONC. Much o f  the  remaining a l i p h a t i c  

hydrogen i s  seen i n  s igna ls  a t  2.25, 2.41, and 2.75 ppm. These sharp s igna ls  

a re  due t o  methyl groups on aromatic r i n g s  and comprise 19.9% of t h e  
. . 

hydrogen. The ' remain ing  broad a l i p h a t i c  absorpt ion,  which s t re tches  from 

2.95 pprn t o  4.0 ppm, can be assigned t o  methylene groups a t o  aromatic r i n g s  

e i t h e r  i n  t h e  form o f  methylene br idges. o r  as p a r t  o f  l ong  a l k y l  chains. 

These methylene hydrogens comprise 10% o f  the hydrogen. These r e s u l t s  are 

sumrnari zed l n  Table "4. 
I . . _ 7  

The 13c spectrum shows an a romat i c i t y  of 71.5%. The carbon-to- 

oxygen r a t i o  as determined from elemental ana lys i s  i s  34.5:1, and the  carbon- 

to -n i t rogen  r a t i o  i s  22.7:l. There i s  evidence fo r  phenols from the  s igna ls  

a t  153-155 pprn and 112-115 ppm. By comparison w i t h  the  INEPT spectrum o f  t h i s  

f r a c t i o n ,  i t  i s  poss ib le  t o  see some poss ib le  d i v i s i o n  between protonated 

carbons, due t o  p y r i d i n e  and qu ino l i ne  systems, and nonprotonated carbons, due 

t o  hydroxyl  carbons, a t  153 ppm. ' ' The hydroxyl  -bearing aromatic carbons 

represent  a maximum o f  5.7% o f  t he  aromatic carbon. This accounts f o r  more 

than the  amount o f  oxygen determined by elemental ana lys i s  i n d i c a t i n g  t h a t  

t h e r e  a r e  a1 so some a1 k y l  - subs t i t u ted  n i t r o g e n  compounds i n  t h i s  region. 

These hydroxyl groups do not  appear t o  be incorpora ted  i n t o  hydroxypyridines 

s ince  t h e r e  a r e  no s igna ls  u p f i e l d  of 110 pprn o r  downf ie ld o f  160 ppm. If 

b i  f u n c t i o n a l  mol ecul es are present,  they are  present as 3-hydroxypyr id i  nes o r  

as hydroxyquinol ines where the  hydroxyl group i s  on a separate r i n g  from t h e  

n i  t rog 'en-conta in ing r l ng .  



PPM 
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Table 4 

kl--8nalysi s of SRC-I1 Ni t rogen  Concent ra te  

. . 
A 1  i p h a t i c  'Hydrogens 

0 .  

. . . . .  
4vny a!kyl (,Rain . . . ,  

~ ~ d r o a r o m a t i  c 
' ' Methy l  ' c . .  . , . 

Methyl  ene , . .  . .  . 

T o t a l  a l i p h a t i c  
0 ,  . 

Aroma t'i c Hydroqens . 

, , 

Aromat ic  hydrogens o r t h o  t o  N 
Others  

' T o t a l  a roma t i c .  
. . 

~ o t a l  hydrogens 



There i s  protonated aromat ic  carbon between 143.5 ppm and 153 ppm as 

seen from t h e  INEPT experiment. These protonated carbons must be due t o  

carbons o r t h o  t o  n i t r o g e n  i n  p y r i d i n k  r i n g  systems. I f  a l l  t h e  i n t e n s i t y  i n  

t h i s  reg ion  i s  due t o  these s t ruc tu res ,  then carbons o r t h o  t o  n i t r o g e n  

represent  8.6% of the aromat ic  carbon. However, t h i s  accounts f o r  more 

n i t r o g e n  than accounted f o r  by elemental  ana lys is .  Therefore, some of t h e  

s igna l s  o f  t h i s  reg ion  a re  due t o  a l k y l  -subs t i  t u t e d  aromat ic  carbons. Because 

t h e  INEPT spectrum i s  no t  q t j a n t i t a t i v e ,  t h e  amount due t o  a l k y l - s u b s t i t u t e d  

aromat ic  carbon can on ly  be determined by an examinat ion df t h e  a l k y l  

subst i tuents. '  

The predominant t ype  o f  a l k y l  s u b s t i t u e n t  i s  methy.1 groups on 

r i ngs .  These a re  seen by t h e  s i g n a l s  a t  20 and 16 ppm and represent  32.3% o f  

t h e  a l k y l  carbon. There a re  s i g n a l s  i n  t h e  reg ion  o f  hydroaromatic s t r u c t u r e  

(22-31 ppm) which represents up t o  25.8% o f  t h e  a l i p h a t i c  s t r u c t u r e .  This  i s  

an a r t i f i c i a l l y  h igh  number because. t h e r e  a re  some long  a l k y l  chains present  

. which w i l l  c o n t r i b u t e  t o  t h i s  region. This  long-chain m a t e r i a l  can represent  

up  t o  15.1% o f  t h e  a l i p h a t i c  carbon. The remaining a l i p h a t i c  carbon can be 
. ,  

accounted f o r  by carbons next. t o  aromat ic  r i n g s  i n  a l k y l  chains and represents  

26.9% o f  t h e  a l k y l  carbon. 

From t h e  a l k y l  carbon a t tached t o  aromat ic  r ings ,  i t  i s  poss ib le  t o  

dqtermine t h e  t o t a l  amount o f  a l k y l - s u b s t i  t u t e d  aromat ic  carbon. A t o t a l  o f  

20.5% of t h e  aromat ic  carbon can be a l k y l  subs t i tu ted .  Th i s  means t h a t  t h e  

remain ing carbon i s  due t o  carbons o r t h o  t o  n i t r o g e n  an'd t o  b r i d g e  carbon. If 

b r i d g e  carbon occurs on ly  i n  t h e  normal range o f  129.5 ppm t o  133 ppm, i t  

comprises 8.0% o f  t h e  aromat ic  carbon and t h e  carbon o r t h o  t o  n i t r o g e n  

represents  7.4%. These r e s u l t s  a r e  summarized i n  Table 5  and a r e  normal ized 

t o  100%. 



13c NHR Ana l ys i s  o f  SKC-11 Ni t roqen  Concent ra te  

A l i p h a t i c  Carbons 

Methy l  gr'uuys a t r ached  t o  r i n g s  
Hydroaromat i  c  carbon 
Long-chain  a l k y l  carbon . 
Carbons a t t ached  t o  a roma t i c  r i n g s  

Aromat ic  Carbons (Ar-C) 

A r - C  ' s  b e a r i n g  hyd roxy l  s  
Ar0mat.i c  carbons o r t h o  t o  n i t r o g e n  
B r i d g e  a roma t i c  carbon 
A l k y l - s u b s t i t u t e d  a roma t i c  carbon 
P r u t o n a t e d  aromat i c  carbon 



4. GC/MS Ana lys is  o f  S K C - I  I N i t r ogen  Concent ra te  

Tne GC/MS a n a l y s i s  o f  t he  SIIC-I1 n i t r o g e n  concen t ra te  i n  methylene 

c h l o r i d e  r e s u l t e d  i n  poor  sepa ra t i on  o f  components as shown i n  F i gu re  6. 

Numerous peaks were observed. These were d i s t r i b . u t e d  on a  ve ry  broad envelope.. 

It was no t  p o s s i b l e  t o  e f f e c t i v e l y  i s o l a t e  and i d e n t i f y  a l l  o f  t h e  i n d i v i d u a l  

components, bu t  t h e  f o l l  owing g e n e r a l i z a t i o n s  a re  noted. 

The m a j o r i t y  (23%) o f  t h e  components were p o l y n u c l e a r  , a roma t i c  

hydrocarbons rang ing  from methyl  t e t r a l  i n  (C11H14) t o  pyrene (C16H10). These 

i n c l  uded methy l  t e t r a l  i n, C1-C4 naphtha1 enes, acenaphthene, f 1  uorene, methy l  

b i pheny l  , methy l  f 1  uorene, d i  hydrophenanthrene, phenanthrene, and pyrene. The 

i sod a ted  n i t r o g e n  compounds (30%) ranged f rom s u b s t i t u t e d  p y r i  d i  nes ( C 7 ~ 9 N )  t o  

ca rbazo le  (C12H9N). . These i n c l u d e d  d imethy l  and t r i m e t h y l  p y r i d i n e ,  

methy l  t e t r a h y d r o q u i  nol,in,e, d ime thy l  qu i  no1 i n e ,  and carbazole .  The sample a1 so 

con ta i ned  methyl  phenol. (2%).  About 65% o f  t he  sample was accounted f o r  i n  

t h e  smal l  peaks o r  t h e  broad envelope. 

5. Spect roscopic  Ana l ys i s  o f  t h e  Anthracene O i  1  N i t rogen  Concent ra te  

To ensure t h a t  t h e  s p e c t r a l  a n a l y s i s  o f  t h e  b u l k  A0 N-CONC sample 

was Pep resen ta t i  ve, two a d d i t i o n a l  samples o f  N-CONC were prepared u s i n g  r e s i n  

t o  ~ O ' r a t i o s  o f  0.5: l  and 0.25: 1. The N-CONC samples were recovered a t  l e v e l s  

o f  1.8.2 and 8.5% (on f e e d ) ;  t h i s  i s  e q u i v a l e n t  t o  r e s i n  l o a d i n g s  o f  0.37 and 

0.34 g N-CONC/g r e s i n .  The n i t r o g e n  analyses of t he  N-CONC samples were 4.1  

and 4.91, r e s p e c t i v e l y .  The 13c NMR spec t ra  o f  these  samples were e s s e n t i a l l y  

d i r e c t  r ep roduc t i ons  o f  t h a t  o f  t h e  bu l k  N-CONC sample d iscussed below. 

, , The IH and 13c NMR spec t ra  o f  t h e  b u l k  N-CONC (AO) a re  shown i n  

F i gu res  7 and 8, r e s p e c t i v e l y .  The 'H spectrum has 16.2% o f  i t s  i n t e n s i t y  a t  

2.31 ppm i n d i c a t i v e  o f  o r t h o  methy l  groups i n  a  p y r i d i n e  r i n g  system. There 

i s  a  sma l l e r  amount . o f  i n t e n s i t y ,  1.41, i n  t h e  r eg ion  due t o  long-cha in  

m a t e r i a l .  There i s  a  broad s i g n a l  a t  1.7 ppm i n d i c a t i v e  o f  hydroaromat ic  

s t r u c t u r e .  Th is  s i g n a l  w i t h  an e q u i v a l e n t  amount of i n t e n s i t y  a t  2.8 ppm 

rep resen t s  2.1% o f  t h e  hydrogen present .  The smal l  s i g n a l s  a t  3.4 t o  3.8 ppm 
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a re  i n d i c a t i v e  o f  methylene b r i d g e s  between a romat i c  r i n g s  and rep resen t  1.5% 

o f  t h e  a v a i l a b l e  hydrogen. A l though d i v i s i o n  o f  t h e  a romat i c  r e g i o n  i n t o  mono 

and d i a r o m a t i c s  i s  d i f f i c u l t  due t o  t h e  presence o f  3.4% n i t r o g e n  and 2.6% 

oxygen, one i m p o r t a n t  f e a t u r e  o f  t h e  a romat i c  r e g i o n  i s  t h e  i n t e n s i t y  below 

8.4 ppm. Th i s  r e g i o n  i s  c h a r a c t e r i s t i c  o f  p ro tons  on carbons o r t h o  t o  

n i t r o g e n  i n  p y r i d i n e  r i n g  systems and represen ts  5.1% of  t h e  hydrogen. The 

rema in ing  73.7% o f  t h e  hydrogen i s  found a t tached  t o  a romat i c  r i n g s .  A 

summary o f  t hese  r e s u l t s  i s  g i v e n  i n  Table  6. 

. From t h e  13c NMR spectrum, t h i s  sample c o n t a i n s  94.6% a roma t i c  

carbon. The e lementa l  a n a l y s i s  i n d i c a t e s  t h a t  t h e  ca rbon - t o -n i t r ogen  r a t i o  i s  

26.6:1, and t h e  carbon-to-oxygen r a t i o  i s  39.8:l .  There a r e  smal l  s i g n a l s  

p resen t  i n  t h e  r e g i o n  o f  152 ppm t'o 158 pprn. S o l e l y  on t h e  b a s i s  o f  chemical  

s h i f t ,  these  s i g n a l s  can be ass igned t o  e i t h e r  p y r i d i n e  o r  p h e n o l i c  

s t r u c t u r e s .  However, t h e  s i 'gnal  a t  112 pprn i n d i c a t e s  t h a t  p a r t  o f  t h e  r e g i o n  

from 152 pprn t o  158 ppm i s  due t o  phenols. To v e r i f y  t h a t  phenols  were 

, p resen t ,  a  sample o f  t h e  f r a c t i o n  was d i s s o l v e d  i n  methy lene c h l o r i d e  and 

evaporated a t  50°C t o  remove t r a c e s  o f  r e s i d u a l  methanol. The absence o f  
. A  ; methanol was v e r i f i e d  u s i n g  'H NMR. An i n f r a r e d  spectrum showed a b s o r p t i o n  i n  

t h e  r e g i o n  o f  3440-3200 cm-' i n d i c a t i n g  t h e  presence o f  s t r o n g l y  hydrogen- 

bonded N-H o r  0-;H groups. However, t h e r e  i s  no ev idence f o r  N-H, s i n c e  a l l  o f  

' t h e  n i t r o g e n  appears as b a s i c  n i t r ogen ,  i n  t h e  13c NMR spec t ra .  I n  a d d i t i o n ,  

because t h e r e  a re  .no s ig 'na ls  u p f i e l d  of 110 ppm, - i n d o l e s  a r e  n o t  p resen t ,  

un l ess  t h e y  a r e  3 - a l k y l  s u b s t i t u t e d .  

From a comparison of i n t e n s i t y  o f  t h e  s i g n a l  a t  112 pprn ( o r t h o  

carbons)  w i t h  t h e  i n t e n s i t y  o f  t h e  r e g i o n  from 152 ppm t o  158 ppm, i t  appears 

t h a t  30.8% o f  t h e  d o w n f i e l d  r e g i o n  i s  due t o  p h e n o l i c  s t r u c t u r e s .  The 

rema in ing  p o r t i o n ,  69.2%; i s .  due t o  carbons o r t h o  o r  para t o  n i t r o g e n s  i n  

p y r i d i n e  s t r u c t u r e s .  About 59.5% of t h e  n i t r o g e n  i s  p resen t  i n  t hese  

s t r u c t u r e s .  Q u i n o l i n e - t y p e  s t r u c t u r e s .  haye s i g n a l s  a t  150.9 and 149.0 ppm due 

t o  t h e  carbons o r t h o  t o  t h e  n i t r ogen .  I f  these  carbons a r e  o r t h o  o r  para 

s u b s t i t u t e d ,  t h e y  a r e  s h i f t e d  u p f i e l d  by 0.5-3.0 ppm. s i nce  t h e r e  a r e  o n l y  a  

f e w  a l k y l  s u b s t i t u & n t s ,  t h e  area i n  t h e  r e g i o n  from 146 pprn t o  152 ppm can be 



Tab le  6 

'H NMR Ana l ys l s  of Anthracene O i l  N i t r ogen  Concen t ra te  

X Aromat ic  Hydrogen Or tho  t o  N 

X Other Aromat ic  Hydrogen 

A1 i p h a t i c  Hydroqen 

Methy l  
Hydroarornat i c  
Long a l k y l  c h a i n  
Methy l  ene. b r i d g e  

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

Arornat i c Hydrogen 

Aromat ic  hydrogens o r t h o  t o  N 
Others  

T o t a l  a roma t i c  

T o t a l  hydrogens 



ass igned t o  n i  t r o g e n - c o n t a i n i n g  compounds o f  t h e  q u i n o l  i n e  type.  There i s  

s u f f i c i e n t  i n t e n s i t y  i n  t h i s  r e g i o n  t o  account f o r  t h e  rema in ing  40.5% 

n i t r o g e n .  

The 2- and 4 - i  somers o f  hyd roxypy r i d i nes  have s i g n a l s  be1 ow 

160 ppm. S p e c i f i c a l l y ,  t h e  2-isomer has a  s i g n a l  a t  106.0 ppm, and t h e  4 -  

isomer  has a  s i g n a l  a t  117 ppm. The 3- isomer has a  154-ppm s i g n a l  bu t  no 

s i g n a l  u p f i e l d  o f  120 ppm. From t h e  13c spectrum, t h e r e  i s  v i r t u a l l y  no 

i n t e n s i t y  u p f i e l d .  o f  110 pprn o r  down f i e l d  o f  160 pprn. T h i s  i n d i c a t e s  t h a t  if 

t h e r e  a r e  any hydroxypyr id i 'nes p resen t ,  o n l y  t h e  3- isomer i s  p resen t .  

A1 t e r n a t  i vely., hydroxyqu ino l  i nes may be present .  

About 46% o f  t h e  a l k y l  s u b s t i t u e n t s  a r e  methy l  groups on a roma t i c  

r i n g s  (broad a b s o r p t i o n  a t  20 ppm). There i s  a smal l  amount , (1.1%) o f  

hydroaromat i c  s t r u c t u r e  as seen f r o n  t h e  a b s o r p t i o n  between 22 ppm and 

3 1  ppm. There i s  some l ong -cha in  m a t e r i a l  which would i n t e r f e r e  w i t h  t h i s  

reg ion.  The l ong -cha in  m a t e r i a l  ( s i g n a l s  a t  37-38 ppm) represen ts  up t o  33.5% 

o f  t h e  a l k y l  s u b s t i t u e n t s .  

The a l k y l - s u b s t i t u t e d  a roma t i c  carbon can be ob ta i ned  f rom t h e  

amount o f  t h e  a l k y l  groups d i r e c t l y  a t t ached  t o  a romat i c  carbons. T h i s  

r ep resen t s  3.1% o f  t h e  a romat i c  carbon. The rema in ing  a romat i c  carbon i s  

d i v i s i b l e  i n t o  p ro tona ted  and b r i d g e  a romat i c  carbon. ' However, t h e  presence 

o f  n i t r o g e n  and oxygen i n  t h i s  f r a c t i o n  makes t h e  normal d i v i s i o n  p o i n t s  

between p ro tona ted  and nonprotonated a roma t i c  carbons i n c o r r e c t .  To de te rmine  

t h e  p o s i t i o n s  o f  nonprotonated carbons, an INEPT exper iment  was run. T h i s  

approach enhances o n l y  t hose  carbons w i t h  a t t ached  p ro tons .  Nonprotonated 

carbons a r e  conspicuous by t h e i r  absence. I n  t h e  INEPT spectrum of: t h i s  

f r a c t i o n ,  t h e  nonprotonated carbons a r e  p redominan t l y  d o w n f i e l d  o f  129.5 ppm. 

There appear t o  be no s i g n a l s  u p f i e l d  o f  t h i s  reg ion.  The two predominant 
! d o w n f i e l d  s i g n a l s  a r e  a t  135 pprn and 148 ppm which a r e  due t o  p r o t o n a t e d  

a roma t i c  carbons t h a t  a r e  para  and o r t h o  t o  t h e  n i t r o g e n  i n  p y r i d i n e  and 

q u i n o l  i n e  systems. There i s  a1 so a v a r i e t y  o f  smal l  s i g n a l s  between 140 ppm 

and 153 pprn i n  t h e  INEPT spectrum. The p ro tona ted  a romat i c  carbons f rom t h e  



area u p f i e l d  o f  129.5 ppm and f rom t h e  smal l  s i g n a l s  which a r e  down f i e l d  o f  

129.5 ppm rep resen t  a maximum o f  64.8% o f  t h e  aromat ic  carbon. The remain ing 

27.8% o f  t h e  a roma t i c  carbon i s  due t o  b r i d g e  aromat ic  carbon. These r e s u l t s  

a r e  summarized i n  Table 7. 

6. GC/MS Ana l ys i s  o f  t h e  Anthracene O i l  N i t r ogen  Concentrate 

The cap i  11 a r y  GC/MS a n a l y s i  s o f  a methyl  ene c h l o r i d e  so l  u t i  on o f  t he  

n i t r o g e n  c o n c e n t r a t e  o f  anthracene o i l .  i n d i c a t e d  a wide range o f  po l ynuc l  ea r  

a romat i  c hydrocarbons and he te rocyc l  i r.s (see F i  gure 9). The po lynuc l  e a r  

a roma t i c  hydrocarbons ranged f rom methy lnaphtha lene (CllHlO) t o  

methy lbenzanthracene (C19Hlq). The t h r e e  l a r g e s t  peaks i n  t h e  chromatogram, 

phenanthrene ( 7 % ) .  f l  uorant.nene ( 5 % ) ,  and pyrene (4.5%), a re  i n c l u d e d  i n  t h l  s 
group. The h e t e r o c y c l i c s  i n c l u d e  s u l f u r - ,  oxygen-, and n i  t r o g e n - c o n t a i n i  ng 

compounds. The l a r g e s t  o f  these  a r e  n i t r o g e n  c o n t a i n i n g  and range f rom 

q u i  no1 i ne (C9H7N) t o  naphthoqui  no1 i ne (C17H11N). ,The t h r e e  1 a rges t  n i t r o g e n  

h e t e r o c y c l  i cs a r e  benzoquino l  i n e  (2.4%), phenan th r i d i ne  (2.3%), and 

r iaphthoqui  no1 i ne (1.8%). Exampl es o f  oxygen and su l  f u r  he te rocyc l  i c s  a re  

d i  benzofuran (0.8%) and d i  benzothiophene (0.5%). Most o f  t h e  peaks a re  

chromatographi  c a l  l y  we1 1 r eso l  ved, and spec t ra  f o r  t he  m a j o r i t y  o f  t h e  peaks 

match w e l l  w i t h  l i b r a r y  spec t ra ,  o f t e n  w i t h  p u r i t y  va lues  o f  >900. 

Summarv o f  F r a c t i o n  C h a r a c t e r i z a t i o n  

The analyses of t h e  OH-concentrate o f  SRC-I1 s o l v e n t  and o f  t h e  

N-concen t ra tes  o f  SRC-I1 and anthracene o i l  show t h a t  a wide range of 

i nTdi v i  dua l  components i s  present .  The OH-concentrate o f  SRC-I I con ta i ns  

p r i m a r i l y  one- and t w o - r i n g  p h e n o l i c  compounds cons1 s t i n g  of phenol (A%) ,  

methy l  phenols (-9%), C.2 t o  C5 phenols  (-.9%), and i ndano l s  (-8%). Only 0.4% 

a r e  naph tho ls .  The t o t a l  a r o m a t i c i t y  o f  t h i s  f r a c t i o n  i s  about  77%. The 

a l i p h a t i c  groups c o n s i s t  of methyl  groups (26% o f  t h e  H),  l ong-cha in  a l k y l s  

(average o f  f i v e  carbons a t  17% of t h e  H), and a f a i r l y  s u b s t a n t i a l  l e v e l  of 

hydroaromat i cs  (6% of t h e  H), There i s  a l s o  presen t  a nominal l e v e l  (1%) o f  

methy l  ene b r i d g e s  between r i n g s .  



Tab le  7 

13c NMR A n a l y s i s  o f  Anthracene O i l  N i t r o g e n  Concen t ra te  

A l i p h a t i c  Carbons 

Methy l  groups 
Hydroaromat i  c  
Long-cha in  a l k y l  

T o t a l  a l i p h a t i c  carbons 
2.. 

Aromat i c  Carbons (Ar-C) - 
Ar-C I S  b e a r i n g  h y d r o x y l s  
Aromat ic  carbons o r t h o  o r  p'ara t o  n i t r o g e n  
A1 k y l  - s u b s t i t u t e d  aromatic- 'carbons 
B r i d g e  a r o m a t i c  carbon 
U n s u b s t i t u t e d  a r o m a t i c  carbon 
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The SRC-I1 N-concentrate has about an equ iva len t  a romat ic i  t y  a t  72%, 

and i t s  nominal r i n g  s ize  i s  between 1 and 2. It conta ins bo th  n i t rogen  and 

hydroxyl  f u n c t i o n a l i t y  (bu t  apparent ly  n o t  on t h e  same r i ng ) .  The a l k y l  

groups are d i v ided  among methyl groups (20%), long-chain a l k y l s  (average of 

t h ree  carbons a t  23% o f  t he  H), and a h igh  l e v e l  o f  hydroaromatics (12%). 

The anthracene o i l ,  which i s  der ived as a coke oven by-product, has 

a N-concentrate w i t h  a h igh  l e v e l  o f  a r o m a t i c i t y  (95%) and an apparent r i n g  

s i z e  of 1 t o  2. The N-concentrate agajn conta ins  both n i t rogen  and hydroxyl 

f u n c t i o n a l i t y .  The a l i p h a t i c  carbon i s  d i v i d e d  among methyl groups, (16% o f  

t he  H) ,  shor t -chain a l i p h a t i c s  (1.4%)) and a low l e v e l  o f  hydroaromatics 

11. SUBTASKS 3 AND' 4: Liquefac' t ion us ing Batch and Bench 
(Continuous) Un i t s  

.- + 

Rather than d i r e c t i n g  t h i s  r e p o r t  toward a d iscuss ion  o f  t he  types 

of... u n i t s  and then t h e  runs made the re in ,  we w i l l  descr ibe f i r s t  t he  

experiments w i t h  phenol ics and' then those w i t h  var ious  n i t rogen-con ta in ing  

species. However, due t o  a simi 1 a r i  t y  o f  approaches, t he  experimental 

procedures w i l l  o n l y  be g iven f o r  t h e  runs made w i t h  oxygen-containing 

mater ia ls .  

A. L ique fac t i on  w i t h  Phenol i c Compounds 

Experimentat ion has been d i  rec ted  toward p rov id ing  an understanding 

of t h e  r o l e  o f  phenol ic  species i n  t h e  l i q u e f a c t i o n  o f  a bi tuminous coa l ,  

Powhatan No. 5 (P i t t sbu rgh  No. 8 Seam). To t h i s  end, se r i es  o f  m ic ro -un i t  

runs have been made w i t h  13c-labeled and unlabeled 1-naphthol and t e t r a 1  i n ;  

t he  o b j e c t i v e  being t o  prov ide in fo rmat ion  on the  ex ten t  o f  i r r e v e r s i b l e  

adduct ion o f  t h e  naphthol ( i  .e., attachment by o ther  mechanisms than hydrogen 

bonding) as a func t i on  o f  residence t ime i n  the  reac to r  and the  hydrogen donor 

capac i t y  o f - t h e  solvent .  Subsequently, experiments were made i n  a cont inuous 

feed s t i  r red- tank reac tor  (CSTR) t o  speci f i c a l  l y  observe the  o v e r a l l  e f f e c t s  



o f  adding pheno l ics  t o  anthracene o i l  (AO)  and SRC-I1 recyc le  solvents.  The 

f o l  low ing sec t ion ,  presented i n  manuscript form, describes both aspects o f  

t h i s  work. 

I n t r o d u c t i o n  

Phenol ic  components o f  coal l i q u e f a c t i o n  so lvents  have long been 

considered t o  be b e n e f i c i a l  f o r  conversion nf coal ( 1 2 )  Orchin and Storch 

(Z) ,  f o r  example, repor ted  t h a t  the a d d i t i o n  o f  small amounts o f  cresol  t o  

t e t r a l  i n  inc reased t h e  convers ion o f  coal  compared w i t h  t h e  y i e l d  observed 

w i t h  t e t r a l i n  alone. And Kamiya and co-workers (3 )  obscrved a s i r n i l i t  e f f e c t  

w i t h  phenol o r  c reso l  added t o  a so lvent  composed . o f  t e t r a l  i n  and I -methy l -  

naphthalene; t he  magnitude o f  the  increase was dependent upon the  coal used. 

The repor ted  e f f e c t '  has been 'ascr ibed t o  a v a r i e t y  o f  f ac to rs ,  one 

of  which i s  a hydrogen-bonding interact ' ion between ' the  phenol i c  species and 

e t h e r s  i n  t h e  coa l  (2,3), l ead ing  t o  ' increased cleavage o f  d ia i y i ' " e the rs ,  

a1 k y l  , and a r a l  k y l  types being 1 abi  1 e' under coal 1 i quef a c t  i on condi t ions.  

Kamlya e t  a l .  (3)' ' c a r r i e d  ou t  some model compound work which indicat 'ed t h a t  

2,Z'-dinaphthyl e the r  i n  t e t r a l  i n  a t  450°C decompos'es more r a p i d l y  ' i n  t he  

presence than i n  t h e  abscncc o f  phenol ie  species;  t h e  r e s u l t s ,  however, a re  

n o t  complete ly  conv inc ing  because o f  t he  absence o f  i n f o r m a t i  on 'on mass 

balance from t h e  e t h e r  and the  p resen t l y  known (4). tendency o f  phenols f o r  

adduct ion. La ter  work by o thers  on the  decomposit ion o f  o- and .'p-a1 k y l  

phenols a t  400°C (5 )  prov ides some doubt t h a t  t he  very  l a r g e  e f f e c t s  noted f o r  

some. o f  the model -compounds are  due t o  hydrogen bonding. 4 .  . 
. . * .  

Yoshi i  and co-workers ( 6 )  found t h a t  catechol  added t o  t e t r a l i n  

produced an e f f e c t '  s l m l l  a r  t o  t h a t  described above. They observed a c a t a l y t i c  

e f f e c t  o f  t h e  reac to r  and s t i r r e r  surfaces on the  conversion o f  coa l ;  such an 

e f f e c t  i s  no t  unexpected i n  view of t h e  work of others (7,8), bu t  the  magni- 

tudes w i t h  t h e  d i f f e r e n t  coa l s  a re  s ~ r p r i s i f l g  ( roughly a f a c t o r  o f  2). - 



Awadalla and Smith (9 )  observed an i nc rease  i n  conve rs i on  w i t h  

p - c r e s o l  bu t  suggested t h a t  t h e  e f f e c t  was an a r t i f a c t  o f  t h e  . e x t r a c t i o n  

process, a  co - so l  vent e f f e c t  a r i s i n g  f r o m '  l a c k  o f  p r i o r  aemoval.,'of . ' the phe- 

n o l i c  m a t e r i a l .  These au tho rs  demonst ra te  t h a t  t h e  e x t r a c t i o n  t echn ique  used 

by Kamiya and to-workers  ' l eads  t o  h i g h e r  convers ions  t h a n  does t h e i r  own, 

wh ich  m in im izes  s o l  vent  e f f e c t s .  Yoshi ' i  and co-workers determined coal  

convers ions  by a  procedure s i m i l a r  t o  t h a t  o f  Kamiya. 

Franz e t  a l .  (10)  d iscussed  a  procedure f o r  t h e  q u a n t i t a t i v e  d e t e r -  

m i  n a t i o n  o f  hydrogen donor s t r e n g t h s  by a  method o f  comparing t h e  rea r range -  

ment o f  o - a l k y l  benzyl  r a d i c a l  t o  hydrogen t r a n s f e r  t o  t h e  r a d i c a l  f r om  a  donor 

so l ven t .  1-Naphthol was found t o  have a  much h i g h e r  donor s t r e n g t h  t h a n  

phenol  and, i n  t u r n ,  t e t r a l i n .  However, t h i s  work was done a t  a  r e l a t i v e l y  

l.ow tempera tu re  (160°C) and at ,  c o n d i t i o n s  i n  which s i d e  r e a c t i o n s  such as 

adduc t i on  would n o t  occur. 

. . Larsen e t  a l .  ( 4 ) ,  i n v e s t i g a t i n g  t h e  use o f  phenol as a  s o l v e n t  f o r  
l i q u e f a c t i o n  o f  Bruceton P i , t t sburgh  Seam coa l ,  found t h a t  a  s o l v e n t / c o a l  r a t i o  

. . >  

and r e a c t i o n  tempera tu re  s i m i l a r  t o  t hose  expected f o r  a  l a r g e - s c a l e  u n i t  (1.5 

and 460°C) l e d  t o  a  we igh t  i n c r e a s e  o f  t h e  coa l  o f  9% a f t e r  a  15-min r e a c t i o n .  

T h i s  l a r g e  amount o f  adduc t i on  and a  10% convers ion  t o  p y r i d i n e - s o l u b l e  

m a t e r i a l  a r e  sugges t i ve  t h a t  phenol i s  a  ve ry  poor s o l v e n t  under t hese  

cond i t i ons .  ~d be sure,  t h i s  was o n l y  one run, and t h e r e  i s  no p o s s i b i l i t y  o f  

knowing whether adduc t i on  reaches a  maximum near  t h i s  t i m e  as t e t r a h y d r o q u i  - 
n o l i n e  has been shown t o  do (11). Runs made a t  482°C r e s u l t e d  i n  an i n c r e a s e  

i n .  convers ion,  up t o  82% f o r  a  10/1 phenol /coa l  feed. However, t h e  l i q u i d  

p roduc t  con ta i ned  14% by we igh t  phenol  o f  which 61 was a t t a c h e d  t o  t h e  coa l  by 

o t h e r  t han  h'ydrogen-bonding i n t e r a c t i o n s .  An a d d i t i o n a l  8% was exchangeable 

w i t h  un labe led  m a t e r i a l .  

The r e s u l t s  o f  a1 1  t hese  exper iments  i n d i c a t e d  t o  us o tha t  p h e n o l i c  

spec ies  i n  t h e . s o l v e n t  may have an adverse e f f e c t  on coa l  l i q u e f a c t i o n  i n  t h a t  

t h e y  may n o t  i nc rease  t h e  conve rs i on  above t h a t  a v a i l a b l e  i n  t h e i r  absence b u t  

a l s o  t h a t  t h e y  may be l o s t  f rom t h e  s o l v e n t  by adduct ion,  which can t a k e  two  



forms, hydrogen bonding o r  C-C o r  C-0 bond formation. The micro-autoclave 

experiments were designed t o  t e s t  t h i s  view using a. so lvent  w i t h  a  c r i t i c a l  

p o i n t  h igher  than t h a t  of phenol (421°C) and t o  i n v e s t i g a t e  the  e f fec t  of 

subs t i t uen ts  on t h e  a b i l i t y  o f  phenol ic  species t o "  a s s i s t  i n  conver t ing  

coa l .  A l l  of these micro-autoc lave experiments were done i n  aged reactors,  

and t h e  conversions were determined i n  such a  way as t o  minimize co-solvent 

e f f e c t s  which would produce spu r ious l y  h igh  y i e l d s .  To t e s t  t he  conclusions 

drawn from t h e  micro-autoc lave experiments, subsequent experiments were done 

i n  a  bench-scale f l o w  u n i t  capable of continuous coal  s l u r r y  feed and 

wi thdrawal .  

The coal was Powhatan Y5, Pi t tsburgh No. 8 seam, ground t o  pass a t  

l e a s t  98% through 100 mesh screen. Proximate and u l t i m a t e  analyses are  given 

i n  Table 8. . . 

The micro-autoc lave runs were c a r r i e d  out i n  s t a i n l e s s - s t e e l  t ubu la r  

reac to rs  o f  . i n s i d e  diameter 1 cm and length  15 cm, placed v e r t i c a l l y  i n  a  

f l u i d i z e d  bed. sand bath (12).  M ix ing  was ensured by p lac ing  a  s t a i n l e s s - s t e e l  

b a l l  i n s i d e  t h e  reac tor ,  which was shaken a t  800 st rokes per  minute us ing  a 

2.5-cm st roke.  React ion cond i t i ons  and charges are l i s t e d  i n  t he  appropr iate 
. . 

t a b l e s .  

A t  t h e  conc lus ion  of each micro-autoclave run, as much product as 

p o s s i b l e  was c o l l e c t e d  by decantat ion.  Then 10 cc of methylene c h l o r i d e  was 

added t o  the  reac to r  and mixed we l l  w i t h  the  residue,"th'e l i q u i d  product being 

added t o  t h a t  obta ined above. The reac tors  were then cleaned w i t h  a  s tee l  

spa tu la  and a  w i re  brush, and these products were a l so  added t o  t h e  above, 

The methylene c h l o r i d e  was removed under a  gent le  stream o f  n i t r o g e n  a t  room 

tempcrat.~.rre, and then t h e  sample was placed on a steal11 bath for  a t  l e a s t  two 

f u l l  days under a  stream of n i t r o g e n  t o  ensure removal o f  as much solvent  as 

poss ib le .  



Table 8 

Analyses o f  Powhatan NO. 5  Coa 1  

A. Prox imate Ana l ys i s  (Dry Bas i s )  
a .  . . .  . . 

Ash . , . .  
3 8 

' 9.7% 
v o l a t i  l e  M a t t e r  40.1% 
F i x e d  Carbon 50.2% 

B. U l t ima te  Ana l ys i s  (Dry Bas i s )  

Ca rbon . , 
22.3% 

Hydrogen ' 5.1%. 
N i  t rogen 1.5% 
C h l o r i n e  0.03% 
S u l f u r  . . 3.6% 
Oxygen' ' 7.9% 
Ash 9.7% 

C. V i t r i n . i t e  Content ., 89.2 v o l %  

D. I n i t i a l ,  Te t rahyd ro fu ran  (THF) 10.25% 
Sol u b i  1-i t y  (A i  sture-Ash-Free Bas i  s )  



The bench-sca le  l i q u e f a c t i o n  runs  were made i n  a  con t inuous  feed  

s t i r r e d - t a n k  r e a c t o r  (CSTR) system. A  f low diagram of  t h e  coa l  l i q u e f a c t i o n  

u n i t  i s  shown i n  F i g u r e  10. The u n i t  c o n s i s t e d  o f  a  feed tank ,  Moyno 

r e c i  r c u l a t i n g  pump, M i  l t on -Roy  h i g h  p ressure  pump, p rehea te r ,  a  , s t i r r e d  

au toc l ave ,  le tdown v a l v e s  c o n t r o l l e d  f rom u n i t  p ressure ,  r e c e i v e r s ,  and a  gas 
3 chromatograph. The r e a c t o r  was 293 cm i n  volume w i t h  an i n s i d e  d iameter  o f  

about  7.6 cm. The r e a c t o r  was equipped w i t h  a  s i n g l e  l a r g e  (5.1 cm) d iameter  

. . i m p e l l e r .  There were f0u.r b a f f l e s ,  i n  t h e  reac to r .  A g i t a t i o n  (1000 rpm) was 

p r e v i o u s l y  shown t o  be  . s u f f i c i e n t  f o r  e f f e c t i v e  a g i t a t i o n  w i t h o u t  mass 

t r a n s f e r  e f f ec t s .  

The res i dues  were sub jec ted  t o  sequen t i a l  Soxhl e t  e x t r a c t i o n  us i ng  

pentane, t o l uene ,  and t e t r a h y d r o f u r a n  (THF), f o r  pe r i ods -  o f  4, 1, and 2 days, 

r e s p e c t i v e l y .  F r a c t i o n s  were de f ined  as f o l l o w s  u s i n g  as a  b a s i s  MAF coal  

feed :  

w t %  o i l s  = {(MAF coal,-pentane inso lub les) /MAF coa l  ) x 100. 

w t %  asphal  tenes = {pentane i n s o l  ub l  e, t o 1  uene s o l  u b l  e/MAF c o a l  1 x  100 

w t %  preaspha l tenes  (PA) = . { t o l u e n e  i n s o l u b l e ,  THF soluble/MAF coa l  ) x  100  

w t %  THF i n s o l u b l e s  = {THF i n s o l u b l e  ma te r i  a1 /MAF coa 1  ) x  100 

From t h e  above d e f i n i t i o n ,  " o i l s "  a r e  c l a s s i f i e d  as a l l  o f  t h e  coa l  p roduc t  

t h a t  i s  n o t  i n s o l u b l e  i n  p ~ n t a n e  as determined by Soxhle t  e x t r a c t i o n .  Whi le  

t h i s  i nc l udes  l i q u i d  p roduc ts ,  i t  a l s o  i nc l udes  gases and o t h e r  by-products  

such as ammonia, hydrogen s u l f i d e ,  water ,  e tc .  I n  t h e  .event t h a t  t h e  e x t e n t  

o f  adduc t i on  t o  t h e  t h r e e  h e a v i e r  f r a c t i o n s  g i ves  a  pentane- i  n s o l u b l e  f r a c t i o n  

t h a t  i s  g r e a t e r  t h a t  t h e  MAF feed c o a l ,  s nega t i ve  va l ue  o f  o i l  y i e l d  i s  

ob ta ined .  As shown by g e l  per"tneati0n chromatography o f  t h e  preasphal  tenes, 

t h e  e x t r a c t i o n  p rocedure  e s s e n t i a l  l y  removes a1 1  s o l  vent  m a t e r i a l  .' by t h e  

t o l u e n e  s tep ,  w i t h  t h e  r e s u l t  t h a t  no  CO-so lven t  e f f e c t  can occur. 

Gel permeat ion chromatography was done w i t h  a  Waters Assoc ia tes  

i n s t r u m e n t  u s i n g  THF as t h e  so l ven t .  
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R e s u l t s  and D i scuss ion  

1. M ic ro -Au toc l ave  E x ~ e r i m e n t s  

1-Naphthol .  A s e r i e s  o f  coa l  l i q u e f a c t i o n  runs was made w i t h  

1-naphtho l  as t h e  s o l v e n t .  Cond i t i ons  and y i e l d s  a r e  shown i n  Table 9. The 

e x t e n t  of convers ion  as a  f u n c t i o n  o f  t ime  a t  450°C f o l l o w s  t h e  same p a t t e r n  

as t h a t  observed f o r  t e t r a l i n  (Tab le  l o ) ,  a  h i g h  percentage o f  t h e  t o t a l  

conve rs i on  t a k i n g  p l ace  a t  s h o r t  t imes ,  w i t h  ve ry  l i t t l e  change a f t e r  10 min. 

U n l i k e  t h e  t e t r a l i n  r e s u l t s ,  however, t h e r e  i s  o n l y  a  smal l  amount o f  upgrad- 

i n g  w i t h  i n c r e a s i n g  res idence  t ime.  The y i e l d  o f  prcrazphaltenes does no t  

decrease s i g n i f i c a n t l y ,  upgrad ing  t o  asphal  tenes be ing  ba lanced by p r o d u c t i o n  

f rom t h e  i n s o l u b l e  mater ia l . .  The y i e l d  o f  asphdl tenes decreases i n i t i a l l y  ( 0  

t o  5 m i n )  bu t  t h e n -  inc reases  aga in  a t  l onge r  t imes ,  behav io r  sugges t i ve  o f  

adduc t i on .  F u r t h e r  ev idence f o r  adduc t ion  i s  p rov i ded  by t h e  nega t i ve  o i l  

y i e l d ,  which decreases w i th ,  t i m e  a f t e r  a  ze ro  m inu te  res idence  t ime.  Th is  

n e g a t i v e  o i l  y i e l d  i s  a  r e s u l t  o f  l e s s  pen tane-so lub le  p roduc t  ( i n c l u d i n g  

gases and by -p roduc ts )  b e i n g  recovered than  s o l v e n t  be ing  fed .  Th is  obv ious l y  

would  r e s u l t -  i n  process f a i l u r e .  

To ensure t h a t  t h e  inc reased  l e v e l s  o f  asphal tenes and p reaspha l -  

tenes  a r e  no t  a r e s u l t  n f  p h y s i c a l l y  ent rapped naph tho l ,  s e l e c t e d  samples O f  

t h e s e  f r a c t i o r ~ s  were passed t h rough  a  ge l  -phase chromatographic u n i t  . 
C o n s i d e r i n g  t h e  h i g h  l e v e l  o f  s o l  ven t ,  t e t r a h y d r o f u r a n ,  and t h e  column 

r e t e n t i o n  t ime,  t h e  c o n c e n t r a t i o n  of t hese  f r a c t i o n s  i s  about 2 pprn, so 

d i s p e r s i o n  o f  naphtho l  shou ld  be complete.  Th i s  d i s p e r s i o n  was a l s o  conf i rmed 

w i t h  c d l  i b r a t i o n  samples. l y p i c a l  GPC p l o t s  a re  shown i n  F i g u r e  11 w i t h  t h e  

f o l  l o w i n g  p o i n t s  be ing  noted.  The preasphal tenes ( P A )  a re  o f  h i g h e r  mo lecu la r  

we igh t  ( s h o r t e r  r e t e n t i o n  t i m e )  t han  t h e  asphal tenes.  The asphal tenes c o n t a i n  

l i t l e  (0.3%) naphtho l  a t  a r e t e n t i o n  t i m e  of 23.5 min, and t h e  P A ' $  are  

essen t  i a1 l y  naph tho l  - f ree .  The t r apped  naph tho l  i s  presumably he1 d  by 

hydrogen bonding. It would be exchangeable w i t h  s o l v e n t  naph tho l  and would 

co r respond  t o  t h e  exchangeable phenol observed by Larsen f o r  a  48Z°C/15 min 

r u n  ( 4 ) .  The aspha l tenes  c o n t a i n  a  l i m i t e d  amount (5 .3%)  o f  t o l uene  



Tab le  9 

Coal L i q u e f a c t i o n  w i t h  1 -Naphthol so l  ven t  ( a )  

- ' ( b )  Y i e l d  i n  .wtv% MAF Coal 
O i  1  s. Asph Preasph THF So lub les  

, . 
70:30 ( w t )  I -naph tho l :~owhatan  No. 5 coa l ,  3.45 M P ~  hydrogen. 

( b )  O i l s ,  asphal  tenes (A iph ) ,  preasphal tenes (Preasph),  a n d  THF s o l u b l e s  a r e  
d e f i n e d  and d iscussed i n  t h e  t e x t .  



Table 10 

Coal 

t i m e  ( m i n )  

0  

5 

3 0 

" ~ l o ' i d  j n  wt%.Hl\f Coai . 

Oi ls  ' Asph T Preas-ph THF Solubles - ' 

( 1  70:30  ( w t ) s o l v e n t : r n a l  (3 .5  C J ~ I ' : ~  g ) ,  3.45 @a hydraogen. 
..? 



RETENTION TIME,, ,MINUTES 

F I CURE 1 1 GPC PLOTS OF THE ASPHALTENE AND ' PREASPWLTENE FRACTIONS 
. . 

OF' THE RUN WITH 1-NAPHTHOL 'SOLVENT AT 450 C WD 30 M I N .  



( r e t e n t i o n  t i m e  of  25.2 m in )  as a  r e s u l t  o f  i ncomple te  s t r i p p i n g  o f  t h e  

e x t r a c t i o n  s o l v e n t  p r i o r  t o  GPC i n j e c t i o n .  There a l s o  appears t o  be a h i ghe r  

m o l e c u l a r  we igh t  m a t e r i a l  ( r e t e n t i o n  t i m e  22.9 min and a  l e v e l  o f  4-9%) 

p r e s e n t  i n  t h e  PA's w i t h  a  l i m i t e d  amount (<0.2%) i n  t h e  asphal tenes.  From 

t h e  apparent  mo lecu la r  we igh t  o f  t h e  m a t e r i a l  w i t h  t h e  22.9-mi n  r e t e n t i  on 

t i m e  i t  i s  l i k e l y  t o  be a  condensation/dimerization produc t  o f  1-naphtho l  as 

d e s c r i b e d  i n -dep th  by Pout sma and Dyer (13). 

The behav io r  o f  1-naphtho l  i s  much l i k e  t h a t  observed p r e v i o u s l y  f o r  

phenanthrene (14) ,  a  modera te ly  good hydrogen s h u t t l i n g  agent (15) .  though t h e  

e x t e n t  o f  conve rs i on  by t h e  p h e n o l i c  m a t e r i a l  i s  ahnut. 9 abso lu te  percen t  

h - i yher  a t  each r u n  t ime. Naphthalene, which i s  a  poore r  s h u t t l i n g  agent t han  

phenanthrene, i s  'capable  of even l e s s  convers ion  of coa l  (14).  I -Naph tho l ,  

t hen ,  i s  cons idered  q u i t e  a  good s o l v e n t  f o r  coa l  l i q u e f a c t i o n ,  much b e t t e r  

t h a n  one migh t  expect  on t h e  b a s i s  o f  i t s  c l a s s i c a l  hydrogen s h u t t l i n g  

c a p a b i l i t y  and l a c k  o f  t e t r a h y d r o a r o m a t i c  s t r u c t u r e .  However, i t  a l s o  engages 

t o  a  ve ry  l a r g e  e x t e n t  . i n  adduc t i on  w i t h  t h e  nascent coa l  l i q u i d s ,  l e a d i n g  t o  

1  oss o f  s o l  vent.  

An i n d i c a t i o n  o f  t h e  b e n e f i c i a l  e f f e c t s  o f  t h e  presence of  

1 -naph tho l  i n  hydrogen donor systems and t h e  ser iousness o f  t h e  adduc t i on  

p rob lem i s  p r o v i d e d  by l i q u e f a c t i o n  s t u d i e s  w i t h  m i x t u r e s  o f  t h i s  m a t e r i a l  and 

t e t r a l i n ,  an e x c e l l e n t  h y d r n g ~ n  dannr so l ven t .  As shown i n  Table 11, 

conversion p r o v i d e d  by 1:l ( w t )  m i x t u r e s  o f  1-naphtho l  and t e t r a l i n  a re  

r o u g h l y  e q u i v a l e n t  t o  t h o s e  ob ta i ned  f rom t e t r a l i n  a lone  f o r  a  m i x t u r e  o f  

70:30 so1vent:coal .  Fu r t he r ,  no i n c r e a s e  i n  convers ion  i s  no ted  above t h a t  

f r om  t e t r a l i n  when t h e  so1vent;coal  r a t i o  was r a i s e d  by a d d i t i o n  o f  1- o r  

2-naphtho l .  We conclude. i n  agreement w i t h  Awadella and Smi th  ( 9 ) ,  t h a t  t h e  

apparent  i nc rease  i n  convers ion  p r o v i d e d  by p h e n o l i c  spec ies  i s  most p robab l y  

due t o  t h e  e x t r a c t i o n  procedure. L i k e  t h e i r s ,  ou r  rnethod of e x t r a c t i o n  

m in im izes  co-so l  vent  e f f e c t s  on t o t a l  convers ion.  



Tab le  11 

Coal L i q u e f a c t i o n  w i t h  1-Naphtho l  /Te t ra1  i n  ~ i x t u r e s ( ~ )  

Naphthol  / 
T e t r a l i n  ' Time (min) 

. . 
Y i e l d  i n  w t %  MAF Coal 

O i l s  Asph Pre.asph ' THF S o l u b l e s  

' 

( a )  450°C, 70:30 t o t a l  so1vent ' :coal  (3.5 g : l .  5 g) ,  3.45 MPa hydrogen.  
( b )  20:70:30 n a p h t h o l  : t e t r a l i n : c o a l  (1.0 g:3.5 g:1.5 g) .  
( c )  40: 70:30 ndph tho l  : t e t r a 1  i n : c o a l .  

' 2 -naph tho l .  



Adduc t ion  o f  1-naphtho l  i s  a  prob lem i n  runs  w i t h  1:l s o l u t i o n s  w i t h  

t e t r a l i n ,  as shown by t h e  h i gh  y i e l d s  o f  preasphal tenes and asphal tenes 

compared w i t h  t hose  o f  comparable f r a c t i o n s  f rom runs w i t h  t e t r a l i n  alone. 

T h i s  p o i n t  i s  made more s t r i k i n g l y  by examina t ion  o f  t h e  o i l  y i e l d s ,  which a r e  

u n i f o r m l y  n e g a t i v e  f o r  t h e  runs w i t h  mixed so l ven t s .  Some of  t h e  adducted 

m a t e r i a l  i s  h e l d  by hydrogen-bonding i n t e r a c t i o n s ,  as shown by smal l  peaks of  

t h e  p roper  mo lecu la r  we igh t  i n  t h e  GPC p l o t s  o f  t h e  aspha l tene  f r a c t i o n s ,  b u t  

most o f  t h e  naph tho l  i s  a t t ached  by o t h e r  mechanisms. 

The p a t t e r n  o f  t h e  ' o i l  y i e l d s  f r om , the  1:l mixed s o l v e n t  system i s  

d i f f e r e n t  f r om  t h a t  desc r i bed  above f o r  t h e  runs w i t h  1-naphtho l  a l one  and i s  

more 1  i ke t h a t  observed i n  m i x t u r e s  o f  1,2,3,4-tetrahydroquinol  i n e  (THQ) w i t h  

t h e  poo r  1  i q u e f a c t i o n  s o l  vent anthracene o i  1  (Reference 11 and d iscussed  1  a t e r  
. .  . 

i r ~  t h i s  r e p o r t ) .  . I n  t h a t  case , . a  minimum i n  t h e  o i l  y i e l d  was observed a t  

s h o r t  res idence  t i m e s  ( 5  min) .  But  when THQ was mixed w i t h  a good so l  vent  
. . 

l i k e  SRC r e c y c l e  s o l v e n t ,  no minimum was observed, t h e  o i l  y i e l d  i n c r e a s i n g  

w f t h  t ime. S ince  t e t r a l i n  i s  a  good. so l ven t ,  t h e  behav io r  o f  t h e  

naph tho l  / t e t r a 1  i n  system was q u i t e  unexpected. 

Adduc t i on  i s  a  prob lem a l s o  i n  t h e  runs w i t h  20 o r  40:70:30 naph- 

t h o l  : t e t r a 1  i n:coa l ,  as shown by t h e  inc reased  y i e l d s  o f  asphal  tenes and 

p reaspha l tenes ,  as w e l l  as t h e  low o i l  y i e l d s  ( t h e  l a s t  down f rom 44  t o  17% 

upon a d d i t i o n  o f  20 wt% 1-naphtho l  ). Wi th  40% I - naph tho l  o r  20% 2-naphtho l ,  

t h e  o i l  y i e l d s  are  negat i ve .  

The conc lus ions ,  then, a r e  t h a t  t h e  presence o f  naph tho l  does no t  

i n c r e a s e  t h e  conve rs i on  o f  coa l  above t h a t  ob ta i ned  f r om a  good hydrogen donor 

s o l v e n t  alone. Not o n l y  t h a t ,  bu t  a d d i t i o n  o f  t h i s  s t r u c t u r a l  t y p e  i s  d e t r i -  

menta l  f o r  r e c y c l e  o p e r a t i o n  because i t  i s  l o s t  f rom t h e  s o l v e n t  by adduc t i on  

t o  t h e  coa l  l i q u i d s .  

Creso ls .  A s e r i e s  o f  runs  was c a r r i e d  ou t  t o  p r o v i d e  an i n d i c a t i o n  

o f  t h e  e f f e c t  on 1 i q u e f a c t i o n  capabi  1  i t y  o f  s u b s t i t u t i o n  on phenol  i c  spec ies.  

As shown i n  Tab le  12, o-, m-, and p - c reso l  a r e  rough ly  e q u a l l y  e f f e c t i v e  i n  

c o n v e r t i n g  c o a l  i n  r e a c t i o n s  a t  450°C, 30 minutes,  when mixed 1:l w i t h  t e t r a l i n .  



Coal L i q u e f a c t i o n  w i t h  S ' n  l e - R i n g  
. . Phenol ic  Compounds l a 3  

Y i e l d  i n  ,w t% MAF C o i l  ( b )  
O i  1's ' Asph Preas'ph THF So lub les  

Phenol ' 31.4 13.2 8 . 1  52.7 

. . 2,6-D'imethylphenol'  25.3 37.3 23.6 76.2 

( a )  70: 30 sol  vent :  c o a l ,  1 ( w t )  phenol i c :  t e t r a 1  i n , '  450°C, 30-min res idence  
t i m e ,  3.45 MPa hydrogen. 

' I "  



The ex ten ts  o f  conversion, though, a re  considerably l ess  than those obtained 

f rom 1-naphthol / t e t r a 1  i n  under comparable cond i t ions .  This  d i f fe rence may 

w e l l  be due t o  t h e  fac t  t h a t  naphthol i s  not  near i t s  c r i t i c a l  p o i n t  and so i s  

predominant ly  l i q u i d ,  w h i l e  t h e  c reso ls  a re  probably i n  t he  dense gas phase 

( c r i t i c a l  temperatures 424, 432, and 431'~ '  f o r  o-, m-, and p-cresol ,  

r e s p e c t i v e l y ) .  The t h r e e  c reso ls ,  however, a re  a l l  much more e f f e c t i v e  i n  

coa l  l i q u e f a c t i o n  t h a t  i s  t he  parent  phenol, which has a c r i t i c a l  temperature 

o f  421°C. A l l  of t he  s l n g l e - r i n g  phenol ics i n  1:l combination w i t h  t e t r a l i n  

l ead  t o  product d i s t r i b u t i o n s  very much l i k e  t h a t  a v a i l a b l e  from t e t r a l i n  

alone; i n  no case was a negat ive  o i l  y i e l d  observed. 

A s l i g h t l y  h ighe r  degree o f  conversion i s  observed from a 1:l 

m i x t u r e  of 2,6-dimethylphenol and t e t r a l i n .  but  t h r  y i ~ l d  IS $ t i 1  l not  cquivs-  

l e n t  t o  t h a t  from t e t r a l i n  alone. The preasphaltene and asphaltene y i e l d s  are 

h i g h e r  than t h a t  from t h e  mono-subst i tuted phenols, and t h e  o i l  y i e l d  i s  

lower.  A poss ib le  exp lanat ion  i s  some s t e r i c  crowding o f  t he  hydroxyl group 

i n  con junc t ion  w i t h  the  formation o f  adducts through t h e  two methyl groups, a 

r e a c t i o n  po in ted  out by Larsen (4) .  

2. Bench-Scale L i q u e f a c t i o n  Experiments 

Considcr i  ng t h e  resu l  t s  of t h e  batch l i q u e f a c t i o n  experiments w i t h  

pheno l i cs  and t h e  .pas t  1 i t e r a t u r e  (1-3)  i n d i c a t i n g  t h a t  pherlul i c s  were 
e f f e c t i v e  f o r  l i q u e f a c t i o n ,  a se r ies  of runs were made i n  t h e  CSTR u n i t  t o  

eva lua te  the e f f e c t  o f  adding phenol ics t o  anthracene o i l  (AO) and SRC-I1 

r e c y c l e  solvents.  The experiments were made a t  nominal space t imes o f  4 and 

IS minutes w i t h  a hydrogen atmosphere ( t o t a l  u n i t  pressure o f  10.3 ~ d a l  

1500 p s i g ) .  Because 1- and 2-naphthol exhi 'b i ted s t rong adduct ion tendencies 

i n  t he  micro-autoc lave runs, emphasis was d i r e c t e d  toward t h e  use o f  m-cresol 

and phenol a t  a  r e l a t i v e l y  low l e v e l  Of add i t ion ,  namely 5 p a r t s  a d d i t i v e  p lus  

65 p a r t s  base so lvent  f o r  an o v e r a l l  70130 solvent- to-coal  r a t i o .  With the  

except ion  of t h e  f i r s t  run made w i t h  A0 a t  40o0C, a l l  of t h e  runs were made a t  

a r e a c t o r  temperature o f  450°C. 



. I n  a l l  o f  t h e  experiments, t h e  p roduc t  streams (gases, condensates, 

and s l u r r y )  were analyzed and a d e t a i l e d  e lementa l  m a t e r i a l  ba lance was 

c a l c u l a t e d .  Again, i t  i s  noted t h a t  t h e  e x t r a c t i o n  t echn ique  i n  comb ina t ion  

, w i t h  t h e  m a t e r i a l  ba lance can g i v e  a  "nega t i ve  o i l  y i e l d "  of pentane 

so lub les .  Th is  means t h a t  l e s s  pentane so lub les  a re  bei,ng recovered i n  t h e  

p roduc t  t h a n  were o r i  g i  na l  l y  f e d  as so lven t .  . - 

The r e s u l t s  o f  t h e  CSTR runs  a r e  summarized i n  Tab le  13. F i r s t ,  t h e  

a n t i c i p a t e d  o v e r a l l  changes w i t h  changes o f  o p e r a t i n g  parameters  occurred red. 
Namely, SRC-I1 i s  a  b e t t e r  s o l v e n t  t h a n  A0 a t  s h o r t  r e a c t i o n  t imes  as 

. . 

i n d i c a t e d  by h i g h e r  o v e r a l l  coa l  conversion, a  l owe r  l e v e l  o f  preasphal tenes,  

and lower  hydrogen consumption. Wi th  both so l ven t s  t h e  y i , e l ds  o f  o i l s  were 

.. nega t i ve .  W i t h  an i n c r e a s e  i n  space t i m e  t o  . 15-19 minutes,  o v e r a l l  

. -  convers ions i n c ~ e a s e d  t o  about t h e  same l e v e l  (72-75%). The recove r i es  of . , 

. p reasphal tenes were e s s e n t i a l l y  t h e  same a t  about 5%, and t h e  hydrogen 

consumptions were equal a t  3.5 g/100 g MAF coa l .  .However, a  s i z a b l e  nega t i ve  

- .  y i e l d  o f  o i l s  was observed i n  t h e  A0 r u n  a t  15 minutes.  Th i s  was apparen t l y  
due t o  a  h i g h  y i e l d  o f  asphal tenes. Wh i le  t h i s  o b s e r v a t i o n  appears t o  be  

anomalous, t h e  p roduc t  s l u r r y  was e x t r a c t e d  a t o t a l  of f i v e  t imes  w i t h  

e s s e n t i a l l y  t h e  same r e s u l t s .  

Wi th  . . respec t  t o  t h e  a d d i t i o n  o f  pheno l i cs ,  t h e  d i r e c t  a d d i t i o n  o f  

phenol t o  A0 (4-min space t i m e )  was d e t r i m e n t a l .  Wh i le  % s o l v a t i o n  had a 

marg ina l  increase,  t h e  y i e l d  of asphal tenes inc reased  g r e a t l y  over  t h a t  of t h e  

r u n  w i t h  A0 alone. The p roduc t  s l u r r y  was a l s o  very s t i c k y  and d i f f i c u l t  t o  
. ?., 

handle, which '  riwy account f o r  some of t h e  d i f f i c u l t y  o f  pentane p e n e t r a t i  ng 

, i n t o  t h e  s l u r r y  sample and t h e n  e x t r a c t i n g  t h e  o i l s .  The y i e i d s  o f  

. . p reaspha l tenes  were e s s e n t i a l l y  t h e  same f o r  t h e  runs w i t h  A0 and A0 p l us  

phenol .  



Table  13 
* 

Summary o f  CSTR Runs w i t h  Pheno1.i c . - Add i t i ves  

Sol vent  /Addl t I ve 

Anthracene O i l  ' 

+m-Cresol 
+Phenol 
+OH-CONC 

Anthracene O i  1 
+m-Cresol 

. . . . . , 

Space A ,  % 
T i  me Sol  va t  i on ( 1  
(min) ( g / l U U  g )  

. y i e l d - ( * )  ( g / l o d ' . g )  
d n e s  - Preasphal tenes 

I 

SRC-I I Sol vent  4.7 61.3 1.8 -5.3 41.8 14.0 
OH-Reduced SHC-I 1 4.6 63.9 2.7 2.1 34.5 17.8 

SRC-1 I Sol vent 19.0 71.7 3.6 12.3 33.2 4.7 
+m-Cresol 15.0 76.6 3.6 14.5 34.9 7.5 

Notes: ) s o l  vat.i on i s g iven as grams of  t e t r a h y d r o f u r a n  solubles/100 grams MAF c o a l .  
( ' )y ie lds a r e  g i ven  as grams1100 grams MAF .coal .  , , 
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As a l s o  observed i n  Table 13, t h e  a d d i t i o n  o f  OH-concentrate, 

recovered from t h e  i o n  exchange ' r e s i n  t reatment  o f  SRC-11 so lvent  (see 

Subtask I ) ,  t o  A0 had l i t t l e  e f f e c t  on t h e  d i s t r i b u t i o n  o f  products. 

C o n s i d e r i n g  the  OH-concentrate has a  moderate l e v e l  o f  hydroaromat ic i ty  wh i l e  

A0 i s  low and t h a t  t he  OH-concentrate had a l ready  e f f e c t i v e l y  passed through a  

1  i q u e f a c t i o n  reactor ,  ' t h e  OH-concentrate may not  reac t  s u f f i c i e n t l y  w i t h  coal 

r a d i c a l s  t o  form a d d i t i o n a l  asphal tenes. 

The a d d i t i o n  o f  m-cresol appeared t o  be o f  p a r t i c u l a r  b e n e f i t  t o  the  

A0 runs. This a d d i t i o n  resu l ted  i n  an increase i n  t h e  y i e l d  o f  o i l s  along 
9 .  

w i t h  a  m a r g i n a l  increase i n  X so l  va t ion .  I n  t h e  ,case of m-cresol a d d i t i o n  t o  

SR.C-I1 so lvent  a t  a  15-minute reac t i on  t ime, t he re  was a  smal l  increase i n  % 

so l  va t  i o n  w i th .  nominal increases i n  each o f  t he  product f r a c t i o n s .  

Due t o  a lack of feed sample, on ly  a  s i n g l e  CSTR run was made w i t h  

'f he s o l  vent reco'vered a f t e r  t reatment  w i t h  IRA-904 res in .  This  so l  vent 
. . 
con ta ined 1.9%. o'xygen, w h i l e  t h e  as-received SRC-11 conta ined 2.8% oxygen. 

.Even t h i s  p a r t i a l  removal o f  hydroxyl  s  appears t o  be o f  b e n e f i t  as observed by 

'an i n c r e a s e ,  of. o i l  y i e l d ,  a  decrease o f  asphaltenes y i e l d ,  and a  marginal 

increase i n  % s o l v a t i o n  (THF so lub les) .  

Concl u s i  ons 

I n  the  micro-autoc lave,  coal  l i q u e f a c t i o n  experiments conducted a t  

450°C ;i t h  product e x t r a c t i o n s  c a r r i e d  out ,  t o  minimize t h e  . impact o f  a  co- 

so l ven t  e f f e c t ' 0 n S d e t e r m i n a t i o n  o f  t o t a l  conversion, 1-naphthol has been found 

t o  be a  s u r p r i s i n g l y  good .sol 'vent t o  conver t  coal  t o  THF' so lub les .  It i s  

cons iderab ly  poorer than t e t r a l  i n  bu t  s i g n i f i c a n t l y  b e t t e r  than t h e  e f f i c i e n t  

hydrogen, s h u t t l  i n g  agent phenanthrene. Mix tures  o f  1 : 1 (wt )  1-naphthol : t e t r a l i n  

do no t  promote greater  conversion of coal  than does t e t r a l i n  alone. Conversion 

i s  no t  increased when e i t h e r  1- o r  2-naphthol i s  added t o  a  r e a c t i o n  m ix tu re  

o f  t e t r a l  i n  and coal  (70:30 by w t ) .  Loss of so lvent  1- and 2-naphthol by 

adduct ion t o  the  coal l i q u i d s  i s  a  major problem, as i n d i c a t e d  by a  l oss  of  

o i l  y i e l d  i n  t h a t  l ess  o i l  i s  recovered than o r i g i n a l l y  f ed 'as  solvent .   his 
occurs even i n  s o l u t i o n s  con ta in ing  s u b s t a n t i a l  amounts o f  t e t r a l  i n .  

, . 
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Ser i es  of coa l  l i q u e f a c t i o n  exper iments were c a r r i e d  ou t  a t  450°C i n  

a  con t inuous  feed s t i r r e d - t a n k  r e a c t o r  (CSTR) t o  observe t h e  e f f e c t  o f  adding 

' phen 'o l i cs  t o  anthracene o i l  (AO) . and SRC-I1 r e c y c l e  so l ven t s .  A t  nominal  
p 
K: space t imes  of 4  and 15 minutes,  t h e  l e v e l s  o f  convers ion  (THF s o l u b l e s )  were 

s i g n i f i c a n t l y  h i g h e r  w i t h  SRC-I1 r e c y c l e  s o l  vent than  w i t h  anthracene o i  1  . 
~ h e ' . a d d i t i o n  o f  phenol  t o  A0 a t  a  r a t i o  o f  5/65 r e s u l t e d  i n  a  nominal i nc rease  

i n  coa l  convers ion  t o  THF so lub les ,  bu t  t h e  amount o f s *aspha l t enes  more than  

doub led  r e s u l t i n g  i n  a  s i z a b l e  ne t  l o s s  o f  so l ven t .  The a d d i t i o n  of rn-cresol 

t o  b o t h  A0 and SRC-I1 s o l v e n t s  had a  p o s i t i v e  e f f e c t  on coa l  convers ion  t o  

b o t h  THF and pentane s o l u b l e s  ( a i l s ) .  The p a r t i a l  removal o f  an OH- 

, .  concen t ra te  from SRC-I1 s o l v e n t  was c a r r i e d  ou t  u s i n g  h b e r l y s t  IRA-904 i o n  
exchange r e s i n .  ' The r e s i  n - t r e a t e d  o i  1.. was on ly  marg,ina:l l y  b e t t e r  t han  raw 

SRC-I1 r e c y c l e  s o l v e n t  f o r  coa l  l i y u e f a c t l n n .  
Y . .  . ~ . .  . . . 
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. - , .  Hydrogen/Deuterium Transfer  i n  Coal L ique fac t i on .  Fuel, 61:610. 

B .  L ique fac t i on  w i t h  Ni t roqen-Conta in ing ~ o m ~ o u n d s  

Experiments w i t h  model compounds cor i ta i  n i n g  n i t r o g e n  h e t e r o c y c l i c  

species have demonst r a t e d  the  usefu lness o f  these compounds a s  donor s o l  vents 

i n  coal  l i q u e f a c t i o n .  I n  - p a r t i c u l a r ,  , i n t e r a c t i o n  w i t h  oxygen-containi  ng 
- . .  

. f u n c t i o n a l  groups has been shown. Whi le t h e  i n t e r a c t i o n  o f  such groups 
. * .  

promotes 1 ique fac t ion ,  i t  a l s o  r e s u l t s  i n  a hydrogen-bondi ng e f f e c t  t h a t  

r.educes t h e  a b i l i t y  t o  recover  . the l i q u e f a c t i o n  products from t h e  recyc le  
. . 

so l ven t  due t o  t h e  r e s u l t i n g  chbnges i n  vapor-1 i q u i d  e q u i l i b r i a  and e x t r a c t i o n  

e f f ec t i veness .  As i n  t h e  prev ious case w i t h  pheno l ic  compound add i t i on ,  t h e  

work w i l l  be presented i n  m a n u s t t i l t  foim. Emphasis w i l l  be d i  r kc ted  f i r s t  t o  
< . .  

. . t h e  micro-autoc lave r e s u l t s  (combining a p o r t i o n  of t h a t  p rev ious l y  presented 

i n  t h e  F i  rial, : ~ e ~ o r t  o f  DOE Contract  No. DE-AC22-80PC30080 w i t h  more recent  

r e s u l t s ) .  Next t h e  CSTR r e s u l t s  w i l l  be discussed, and f i n a l l y  t h e  

supe rc r i  t i c a l  w a t e r l n i  trogen-compound r e s u l t s  w i  11 be reviewed. 



I n t r o d u c t i o n  

Coal l i q u e f a c t i o n  i n  a  hydrogen-donor solvent  i s  accomplished by a  

combinat ion o f  the  d isso lu , t ion  o f  low molecular weight species and the  'thermsl 

c r a c k i n g  of l a r g e r  species ..* The r e s u l t i n g  f r e e  r a d i c a l s  from t h e  c rack ing .  are 

s t a . b i l i z e d  by ,the a b s t r a c t i o n  o f  hydrogen from a  donor solvent  o r  from- the  

coa l  o r  c o a b d e r i v e d  l i q u i d s . .  Some of t he  best i n i t i a l .  work i n  t h i s  a.6ea. has 

been presented by Curran e t  a l .  ( l a ) ,  Wiser ( l b ) ,  and Neavel ' ( l c ) .  

Considering t h e  var ious pos tu la ted  coal s t ruc tu res  (? ) ,  i t  would 

appear t h a t  n i t rogen-con ta i  n ing  donor solvents would be e f f e c t i v e  i n  the  

convers lon of coal . F i  r s t ,  these po la r  so l  vents should e f f e c t i v e l y  swel l  coal 

and a c t  as good so l ven ts  due t o  p o l a r  i n t e r a c t i o n  w i t h  var ious oxygen- 

c o n t a i n i n g  species w i t h i n ,  coa l .  Secondly, t h e  f r a c t u r i n g  o f  e the r  and 

t h i o e t h e r  1 inkages occurs a t  re1 a t i  ve l y  low, temperatures ( f o r  example, 

d ibenzy l  e the r  ( 3 )  has a  h a l f - l i f e  of about 3 min a t  450°C), and any 

i n t e r a c t i o n  w i t h  a  p o l a r  compound would appear advantageous due t o  the  

p r o x i m i t y  o f  a  donor. 

A f i r s t  s tep  would be t h e  study o f  t he  thermal , c rack ing  o f  se lected 

compounds in .  . t he  presence., of e i t h e r  tet.ra.1 i n  o r  te t rahydroqu i  no1 i n e  (THQ)  . 
Cronauer e t  al.. ( 3 )  and Panvelker. e t  a l .  .(4)' demonsti-ated t h a t  t h e  ra te .  n f  

t r a c k i n g  of d i  b e n z l l  was no t  i n f i u e n c ~ d  h y  the  choice o f  so l  vent, but  hydrogen 

was- . -se lec t  i v e l y  ' a b s t r a c t e . d  from t h e  THQ. Thbxs i s  p a r t i c u l a r l y  shown i n  

F igures  12, 13, and 14. I n  add i t i on ,  t h e ,  rate,  of. c r a c k i n g  o f  d ibenzyl  e ther  

was ..not in f luenced by t h e  cho ice  of so lvent  p r i m a r i l y  ,because hydrogen ' is 

moved by i ntramolecu4,ar rearrangement du r ing  thermolys i  s .. -. I n  t h e  reduct ion  o f  

acet,ophenone and benzaldehyde, t h e .  reac t i on  w i  t.h THQ present as a donor 'was 

f a s t e r  than t h a t  w i t h  t e t r a . l i n  by a  fac to r  -of more than 4.. It was also'shown 

t h a t  t h e  r a t e  of hy~drogenation of qu ino l i ne  t o  THQ was f a s t e r  than t h a t  o f  

naphthalene t o  t e t r a 1  i n  i n  t h e  Presence of coal  1  i q u e f a c t i o n  residues; 

t h e r e f o r e ,  i t  i s  inipl i e d  t h a t  t h e  n i t rogen  he te rocyc l i c  compounds would.' be 

b e t t e r  hydrogen s h u t t l e r s  than aromatic hydrocarbons. 



FIGURE 1 2  CONVERSION O F  D I B E N Z Y L  I N  THE PRESENCE OF 
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THQ has been shown by Brucker  and K o l l i n g  ( 5 )  and Hausigk e t  a l .  ( 6 )  

t o  be an e f f e c t i v e  coa l  l i q u e f a c t i o n  donor so l ven t .  However, a  h i g h  l e v e l  o f  

n i t r o g e n  was observed i n  t h e  heavy p roduc ts .  I n  ou r  recen t  work [Panvelker e t  

a l .  ( 7 ) ] ,  i t  was found t h a t  t h e  a d d i t i o n  o f  THQ t o  an e f f e c t i v e  donor so l ven t  

system, hydrogenated phenanthrenes, had e s s e n t i  a1 l y  no e f f e c t  on t h e  product  

d i s t r i b u t i o n .  The a d d i t i o n  of THQ was a l s o  i n e f f e c t i v e  i n  a l t e r i n g  t h e  y i e l d s  

o f  e x t  r a c t a b l  es when u s i  ng SRC-I I d e r i  ved r e c y c l e  s o l  vent.  However, t h e  

a d d i t i o n  o f  THQ t o  a  poor  donor so l ven t ,  anthracene o i l ,  had a s i z a b l e  e f f e c t  

on t h e  d i s t r i b u t i o n  of pentane s o l u b l e s  ( o i  1 s )  and asphal  tenes (pentane 

i n s o l u b l e s / t o l u e n e  s o l u b l e s ) .  As shown i n  F igures  15 and 16, t h e r e  was a ne t  

1  oss o f  pentane s o l  u b l  es w i t h  a  co r respond ing  i nc rease  i n  asphal  tenes.  ~ h e t e  

appeared t o  be an i n c r e a s e  i n  t h e  ne t  convers ion  o f  coa l  t o  t e t r a h y d r o f u r a n  

s o l u b l e s ,  bu t  t h i s  was w i t h i n  t h e  range of d a t a  r e p r o d L t c i b i l i t y ,  The apparent 

reason f o r  t h e  above s i z a b l e  l o s s  of y i e l d  appears t o  be t h e  adduc t i on  of 
q u i n o l i n e  t o  t h e  c o a l - d e r i v e d  l i q u i d s  by hydrogen bonding w i t h  some f o r m a t i o n  

of  d i r e c t  chemical  bonding ( i  .e., C - C  o r  C-N bonds). Reference i s  a l s o  made 

t o  t h e  work of C o l l i n s  e t  a l .  ( 8 )  concern ing  t h e  r e t e n t i o n  o f  p y r i d i n e  and 

s i m i l a r  so l ven t s  i n  c o a l .  

The procedure used ' i r l  Lhe mlCP8-autoclave runs i s  t h e  same as that.  

g i v e n  i n  t h e  p rev i ous  s e c t i o n  f n r  t.he p h e n o l i c  compounds. 11-1 a d d i t i o n ,  a 
sample o f  SRC-I1 s o l v e n t  was d i s t i l l e d  i n  a Podb ie ln iak  Hyper-cal  u n i t  (about 

'35 cm of He l i - pak  pack ing )  a t  a  r e f l u x  r a t i o  of 511. Ten wtX d i s t i l l a t e  c u t s  

were recovered f o r  use i n  a  s e r i e s  of m ic ro -au toc lave  exper iments.  S ~ l e c t e d  

d i s t i  1  l a t e  samples were t r e a t e d  w i t h  Amberlyst-15 r e s i n  (3.3/1.0:oi l / : resin) t o  

r ecove r  samples of reduced n i t r o g e n  con ten t  f o r  subsequent l i q u e f a c t i o n  

exper iments .  

M i  c ro -au toc l  ave exper iments  were a1 so r u n  u s i n g  13t -1  abe led  THQ, 

t e t r a h y d r o c a r b a z o l e ,  and carbazole .  The compounds were prepared by 

P r o f e s s o r  E. J. Eisenbraun and h i s  s t uden t s  a t  Oklahoma S t a t e  U n i v e r s i t y  t o  

c o n t a i n  about 99% 13c l a b e l  a t  t h e  f o l l o w i n g  p o s i t i o n s :  
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THQ t e t  rahydrocarbazo l  e  ca rbazo l  e  

The amount o f  13c i n  t h e  p roduc t  samples was determined by Global  

Geochemistry Co rpo ra t i on  (Canoga Park, Ca1 i f o r n i  a) .  I n  t h e  f i e l d  o f  

geochemistry,  t h e  l e v e l  o f  13c i s  compared t o  a  standard,  and t h e  range o f  13c 

concen t ra t i ons  i s  t y p i c a l l y  f r om  1.02% t o  1.13%. P r e c i s i o n  o f  measurement i s  

o f  g r e a t  importance. I s o t o p i c  compos i t i ons  have genera l  l y  been r e p o r t e d  i n  

t h e  l i t e r a t u r e  as  6 values, t h e  d e f i n i t i o n  o f  which f o l l o w s :  

where R S  and RR r e f e r  t o  t h e  13c/12c r a t i o  i n  t h e  sample and re fe rence ,  

r e s p e c t i v e l y .  The 6 va lue  i s  r e f e r r e d  t o  as a  d e v i a t i o n  i n  p a r t s  p e r  thousand 

(per  m i l  ). It i s  p o s i t i v e  i f  e n r i c h e d  and n e g a t i v e  i f  deple ted.  The common 

re fe rence  i s  PDB [Peedee Format ion  ca rbona te  ( be lemn i t e ) ]  w i t h  a  va lue  o f  
13 0.0112372. The mean 6 C va lue  o f  ou r  coa l  sample was -23.16 w i t h  a  s t anda rd  

d e v i a t i o n  o f  t0.065. Th i s  i s  e q u i v a l e n t  t o  a  13c l e v e l  of 1.09769% w i t h  a  

s tandard  d e v i a t i o n  o f  *0.00007%. 

A s e r i e s  o f  f i f t e e n  runs was made i n  t h e  con t inuous  feed, s t i r r e d -  

tank  r e a c t o r  (CSTR) u s i n g  two l e v e l s  o f  space t i m e  (nom ina l l y  10 and 30 m i n ) ,  
. . 

two  base s o l  vents  [anthracene o i  1  (AO). and SRC-I I d e r i v e d  process s o l  vent] ,  

and t h r e e  n i t r o g e n - c o n t a i n i n g  s o l  ven ts  ( qu ino l  i ne ,  THQ, and t h e  n i t r o g e n  

c o n c e n t r a t e  f rom SRC-I1 so l ven t ) .  The c o n p o s i t i o n  o f  t h e  feed  was 60:40 

s o l  ven t  :coal  o r  5 5 : 5  :40 w i t h  t h e  a d d i t i v e s .  The p roduc t s  were s e q u e n t i a l  l y  

e x t r a c t e d  w i t h  pentane, to luene ,  and t e t r a h y d r o f u r a n  (THF) w i t h  t h e  l a s t  two 

f r a c t i o n s  (asphal  tenes  and preasphal  t e n e s )  b e i n g  sub jec ted  t o  g e l  pe rmeat ion  

chromatography  with  with THF as s o l  vent. 



R e s u l t s  and D i scuss ion  

1. Di  r e c t  M i  c r o -Au toc l  ave Exper iments 

The purpose o f  t h i s  aspect o f  t h e  m i c ro -au toc l ave  s tudy i s  t o  

f n v e s t i g a t e  t h e  comb ina t ion  o f  coa l  l i q u e f a c t i o n  c a p a b i l i t y  and tendency f o r  

s o l  ven t  adduc t ion  of a  group o f  n i  t r o g e n - c o n t a i n i n g  spec ies s t a r t i n g  w i t h  

t e t r a h y d r o q u i n o l  i n e  (THQ) and p rog ress i ng  th rough  phenan th ro l  i n e .  It i s  noted 

t h a t  THQ i s  an ex t reme ly  l a b i l e  s o l v e n t  f o r  hydrogen t r a n s f e r ,  g i v i n g  up i t s  

hydrogen atoms f a r  more r e a d i l y  than  t e t r a l i n ,  and t h e  hydrogen l oss  (THQ + 

Q + 2H2) i s  no t  due s o l e l y  t o  s a t i s f y  t h e  demand by r a d i c a l  spec ies.  

S p e c i f i c a l l y ,  when a  70: 30 m i x t u r e  o f  THQ and b ipheny l  was heated a t  450°C f o r  

30 m in  . (3.45 MPa H2 charge a t  ambient tempera tu re ) ,  t h e  r e s u l t i n g  product  

m i x t u r e  con ta ined  a  THQ t o  Q r a t i o  o f  67/33. B ipheny l  d i d  n o t  crack a t  these  

temperatures.  Wi th  d i benzy l  unde.r s i m i l a r  c o n d i t i o n s ,  t h e  r a t i o  was 48/52 

w i t h  an es t ima ted  r a t i o  of about 90110 needed t o  s a t i s f y  t h e  r a d i c a l s  from t h e  

d i  benzy l  + 't.01 uene r e a c t  i on. 

The r e s u l t s  o f  t h e  coa l  l i q u e f a c t i o n  exper iments  t o  p rov i de  

i n f o r m a t i o n  on t h e  coa l  convers ion  c a p a b i l i t i e s  o f  a v a r i e t y  o f  n i t r o y e n - .  

c o n t a i n i n g  s o l v e n t s  a re  shown i n  Table 14. THQ i s  an e x c e l l e n t  s o l v e n t  f o r  

coa l  l i q u e f a c t i o n  (82% convers ion  t o  THF s o l u b l e s  i n  30 min ) .  However. use o f  

THQ as a s o l v e n t  r e s u l t s  i n  a  s i z a b l e  i nc rease  i n  t h e  n i t r o g e n  con ten t  o f  t he  

p roduc t s .  We observed t h a t  t h e  n i t r o g e n  con ten t  o f  t h e  asphal  tene  f r a c t i o n  

was more than  f o u r  t imes  h i g h e r  than  t h a t  o f  t h e  co r respond ing  f r a c t i o n  f rom 

l i q u e f a c t i o n  w i t h  t e t r a 1  i n .  

Q u i n o l i n e  was a  poore r  coa l  l i q u e f a c t i o n  s o l v e n t  t han  THQ by a  

f a c t o r  o f  about t h r e e .  The p roduc ts  had t h e  expected h i g h  n i t r o g e n  con ten t .  

Carbazole ,  which i s  no t  capable  of hydrogen dona t inn  i n  t h e  same mode as  THQ 

( i  e . ,  t h e  t e t r ahyd roa roma t i c -a roma t i c  coup le ;  perhaps i n c l u d i n g  a l s o  t h e  

d i  hydroaromat i c  spec ies ) ,  nonethe less appeared t o  be about one - t h i  r d  as 

e f f e c t i v e  as THQ i n  l i q u e f y i n g  coa l .  A c r i d i n e  was found t n  generate  a  

n e g a t i v e  coal  convers ion,  meaning t h a t  t h e  THF- inso lub le  p roduc t  weighed more 



Tab le  1 4  

Coal L i q u e f a c t i o n  w i t h  N i t r o q e n - C o n t a i n i n q  Sol vent  s a  

T i  me 
(mi n )  

3 0 

3 0 

30 

3 0 

6 0 

60 

6 0 

THF S o l u b l e s  

82.3 

28.7 

34.1 

-83.8 

37.2 

-87.9 

-151.7 

Coal ~ o n v e r s i  onC 
O i  1s Asph Pre-Asph 

W t %  NG 
Asph 

4.70 

5.56 

- - 
- - 
- - 
- - 

- - 

a ~ u n  c o n d i t i o n s :  3.5 g s o l v e n t ,  1.5 g coal,, 34.5 MPa H2 a t  room 
tempera tu re .  
b ~ ~ l  v e n t s :  T e t r a h y d r o q u i n o l  i n e  (THQ); Qu ino l  i n e  (Q) ;  Carbazo le  (C j; 

A c r i d i n e  ( A ) ;  Phenanthro l  i n e  (P-Id).  
' ~ e ~ a t i v e  y i e l d s  r e s u l t  when more o f  an i n d i v i d u a l  f r a c t i o n  i s  recovered  

t h a n  o r i g i n a l  MAF c o a l  feed ;  can be c o n s i d e r e d  as a  s o l v e n t  l o s s ,  
d ~ h e  c o r i e s p o n d i n g  v a l u e  o f  t h e  wt% n i t r o g e n  i n  t h e  aspha l tenes  f r o m  a  

r u n  w i t h  t e t r a l i l n  was 1.29%. 



t han  t h e  feed coal .  Whether t h i s  i s  due t o  reac t ions  of t h e  a c r i d i n e  w i t h  

i t s e l f  o r  t o  adduct ion reac t ions  w i t h  t h e  coal  i s  not  known; however, the  

anthracene r e s u l t s  presented above suggest t h e  l a t t e r  i s  a t  l e a s t  a 

p o s s i b i l i t y .  The data do suggest t h a t  so lvents  w i t h  h igh  concentrat ions o f  

a c r i d i n e - t y p e  s t r u c t u r e s  a re  no t  d e s i r a b l e  f o r  coal  1 i que fac t i on .  

To expand upon these r e s u l t s ,  micro-autoc lave runs were made w i t h  . . 

THQ so lvent  a t  r e a c t i o n  t imes o f  0 t o  30 minutes. The r e s u l t s  of these runs 

and those  of conparable runs w i t h  t e t r a l i n  a re  g iven i n    able 15. Even though 

o v e r a l l  convers ion t o  THF so lub les  remained f a i r l y  constant  withaTHQ, negat ive  

o i l  y ' ie lds . (pentane so lub les)  were observed a long w f t h  h igh  y i e l d s  o f  

asphaltenes. N i t rogen contents o f  t h e  asphaltene and preasphaltene f r a c t i o n s  

were ob ta ined t o n  conf i rm t h e  h igh  l e v e l  of THQ r e a c t i o n  w i t h  these heavy 

f r a c t i o n s .  As repo r ted  i n  Table 16, t h e  average n i t r o g e n  contents of t h e  

asphaltenes and preasphaltenes were 6.9 and 4.0 wt%,  respec t i ve l y .  

Because o f  these h igh  n i t r o g e n  contents,  a study was made us ing  ge l  

permeat ion chromatography (GPC) t o  ensure t h a t  t h e  THQ, o r  i t s  r e a c t i o n  

product - -qu ino l  ine,  was not  p h y s i c a l l y  entrapped' i n  t h e  heavy f r a c t i o n s .  

Cons ider ing  t h e  h igh  l e v e l  of  golvent  d i l u t i o n  i n  GPC, along w i t h  t h e  lorig 

nominal bed res idence t ime,  t h e  concent r a t i o n s  of these f r a c t i o n s  i n  s o l  vent 

were about '  2 ppm. Therefore, they should be w e l l  dispersed, and they should 
. . 

appear as i s o l a t e d  peaks'. 

To p rov ide  a c a l i b r a t i o n  f o r  t h e  de terminat ion  o f  t h e  amount o f  

entrapped qu ino l  i n e  i n  asphaltene samples, se r i es  o f  GPC scans were obta ined 

f o r  mix tures  o f  a se lec ted  asphaltene (micro-autoclave run a t  10 min w i t h  THQ 

s o l v e n t )  w i t h  added amounts o f  qu ino l i ne .  The GPC p l o t s  o f  t h e  asphaltene and 

t h e  asphaltene p l u s  44% q u i n o l i n e  a r e  g iven i n  F igure  17. The c a l i b r a t i o n  

f i g u r e  i s  a l so  given. Consider ing t h a t  t h e  raw asphaltene conta ined res idua l  

q u i n o l i n e  (est imated a t  7.1%), t h e r e  i s  a l i n e a r  c o r r e l a t i o n  between t h e  GPC 

peak area and t h e  amount o f  added qu ino l i ne .  



T a b l e  15 

Summary- o f  M i c r o - A u t o c l a v e  L i q u e f a c t i o n  
R e s u l t s  f o r  T e t r a l i n e  and THQ Runs 

. . 
Net Convers ion  (wtX)  React  i on 

Time a t  450°C Pentane To1 uene THF . .  
S o l v e n t  . . (mi n )  S o l u b l e s  S o l u b l e s  S o l u b l e s  

T e t r a l i n  0 14.8 40.7 .63.0 . , 

T e t r a l i n  10 23.1 66.2 83.9 

(No te  1 ) .  -16.5 78.4 82.3 

No te  1: P r e v i o v s  work :  FUEL, 1983, - 62, 806-812. 



T a b l e  16  

N i t r o g e n  Resu l ts  o f  Asphaltenes and Preasphal tenes 
o f  Mi cro-A-ut.0~1 ave Runs 

React i o n  Time ' Ni t roqen  Content Q u i n o l i n e  Area 
at 450°C . (wtX) (GPC %) 

Sol  vent (mi n) Asph. Preasph, Asph. Preasph. 

~ e t  r a l  i ne 3 0  .1.1' (1 .2)  - - 

Avg. N-Content o f  THQ Runs 6.9 4.0 0.37* 0 , l  Fi* 

*da l  c u l a t e d  n i t r o g e n  content  c o n s i d e r i n g  t h a t  qu ino l  i n e  conta ins  10.8 w t %  
n i t r o g e n .  





The GPC p l o t s  o f  t h e  asphal tene and preasphal tene f r a c t i o n s  from t h e  

m ic ro -au toc l ave  runs w i t h  THQ s o l v e n t  a re  shown i n  F i gu res  18 and 19, 

r e s p e c t i v e l y .  It i s  f i r s t  no ted  t h a t  t h e  asphal tenes have low l e v e l s  of 

en t rapped  q u i  no1 i ne (and/or  THQ) . Cons ider ing  t h e  average q u i  no1 i ne GPC area 

and a  10.8 w t% n i t r o g e n  con ten t  i n  t h i s  so l ven t ,  o n l y  0.37 wt% n i t r o g e n  i s  

p r e s e n t  i n  t h e  asphal tenes as a  r e s u l t  o f  entrapment. Therefore,  about 

1.1 wt% i s  due t o  c o a l - d e r i v e d  species,  and t h e  remain ing 5.4 w t %  i s  due t o  

adducted s o l  vent.  I n  t h e  case of preasphal  tenes,  t h e  r e s p e c t i  ve n i t r o g e n  

c o n t e n t s  a r e  0.15, 1.2, and 2.6 wt% f o r  phys i ca l  entrapment,  coa l - de r i ved  

spec ies ,  and adducted s o l v e n t ,  r e s p e c t i v e l y .  

As a l s o  shown i n  t h e  GPC p l o t s ,  t h e r e  i s  a genera l  t r e n d  of 

m o l e c u l a r  we igh t  r e d u c t i o n  ( l o n g e r  r e t e n t i o n  t i m e )  w i t h  inc reased  react . ion 

t ime .  I n  p a r t i c u l a r ,  t h e  lead ing ,  h i g h  mo lecu la r  we igh t  shoulders  o f  

asphal  tenes and preasphal  tenes und@rgo r e d u c t i o n  w i t h  inc reased  r e a c t i o n  t ime.  

2. E x ~ e r i m e n t s  w i t h  Labeled Sol vents  

To f u r t h e r  c o n f i  r m  t h e  adduc t ion  tendency o f  n i t r o g e n - c o n t a i  n i  ng 

s o l v e n t s ,  s e r i e s  of exper iments  were run  u s i n g  l 3 c - l a b e l e d  THQ, carbazole ,  and 

t e t r ahyd roca rbazo le .  By de te rm in i ng  t h e  ahcn lu te  l e v e l  o f  13c i n  t h e  va r ious  

p roduc t  f r a c t i o n s ,  t h e  l e v e l  of adducted compound was measured. The r e s u l t s  

i n  terms o f  y i e l d s  and l e v e l s  are  g iven  i n  Table 17. f o r  re fe rence ,  t h e  

amount o f  13c i s  g i ven  i n  terms o f  613c. Th is  i s  a r a t i o  w i t h  rcspoc t  t o  a 

s t anda rd  expressed i n  p a r t s  pe r  thousand. See t h e  Exper imenta l  Sec t ion  f o r  a  

d e t a i  l e d  d e s c r i p t i o n .  

Due t o  t h e  solliewhat 1 i m i t e d  q u a n t i t y  o f  l a b e l e d  compounds, 

comb ina t ion  o f  s o l v e n t s  was used, and t h i s  must be taken  i n t o  account i n  a  

d i s c u s s i o n  o f  t h e  r e s u l t s .  A repeat  THQ130 min run  was made t o  prepare f r e s h  

samples f o r  a n a l y s i s .  The y i e l d s  f 01 1  owed expected t r ends .  A subsequent r i m  

(No. 2) w i t h  THQ p l u s  13c - l abe led  THQ (60110 w i t h  30 c o a l )  r e s u l t e d  i n  a  

somewhat d i f f e r e n t  d i s t r i b u t i o n  of products ,  namely, a  p o s i t i v e  o i  1 y i e l d  w i t h  

a  reduced asphal tene  y i e l d .  T h i s  cannot be exp la ined.  Runs 3  and 4 were made 

w i t h  h i g h  l e v e l s  of t e t r a l i n  and low l e v e l s  of 1 3 ~ - ~ ~ ~  p r i m a r i l y  t o  observe 

7 2 



FIGURE 18 GPC PLOTS OF ASPHALTENES FROM THE MICRO-AUTOCLAVE 

R U N S  WITH THQ SOLVENT 



FIGURE 19 GPC PLOTS OF PREASPHALTENES FROM THE MICRO- 

AUTOCLAVE RUNS W I T H  THQ SOLVENT 
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M i  c r o - A u t o c l  ave Exper iments  w i t h  1 3 c - ~ a b e l e d  Sol v e n t s  

Summary o f  Convers ion  R e s u l t s :  

R e a c t i o n  Net  Conve rs i on  (w tX )  
,.. T i m e a t 4 5 0 ° C  Pentane THF 

No. - Sol v e n t  ( ' 1  (mi n)  S o l u b l e s  Aspha l t enes  Prezspha l  t e n e s  I n s c l  u b i e s  

1 THQ 3  o -17.0 94.1 4.7 l e .  1 

3  THQ* + i e t ( 3 )  o 

4  THQ* + ~ e t ( ~ )  3  0  

5  CARB + ~ e t ( ~ )  10  

6  CARB* + ~ e t ( ~ )  10  

7 HCARB* + ~ e t ( ~ )  10  

~ u n m a r y  o f  13c L e v e l s :  61-3~ V a l u ~ :  

1 THQ 30  

2 THQ* 3  0  

3  THQ* + T e t  0. 

4  THQ* + Te t  3  0  

5 CARB + T e t  ' ,  10  

6  CARB* + Te t  10 

7  HCARB* + T e t  10  

Notes :  ( l ) ~ o l v e n t  t o  c o a l  r a t i o  = 70:30, exc  t as  n o t e d  below. 
( 2 ) ~ ~ V *  = 60  p a r t s  THC) p l u s  1 0  p a r t s  fgC- labe led  THO. 
( 3 ) ~ ~ ~ *  + T e t  = 60  p a r t s  t e t r a l i n  p l u s  10  p a r t s  " c - l abe led  THQ. 
("CARB + T e t  = 70 p a r t s  t e t r a l i n  p l u s  30  p a r t s  c o a l  + 10  p a r t s  c a r b a r o l e .  
( ')CARB* + T  t = 70 p a r t s  t e t r a l i n  p l u s  30  p a r t s  c o a l  + 5 p a r t s  c a r b a r o l e  p l u s  

5 p a r t s  l g C - l a b e l e d  ca rbazo le .  
( 6 ) ~ ~ ~ ~ ~  + T e t  = same as ( 5 )  b u t  5 p a r t s  1 3 c - l a b e l e d  t e t r a h y d r o c a r b a z o l e .  



a d d u c t i o n  tendenc ies .  The p roduc t  y i e l d s  were c o n s i s t e n t  w i t h  t hose  o f  

t e t r a l i n .  Because ca rbazo le  i s  a  non-donor, two exper iments  were made w i t h  a  

c o a l  / t e t r a 1  i n / c a r b a z o l e  feed  l e v e l  o f  30/70/10; namely, Run 5 was made w i t h  

common carbazo le  w h i l e  Run 6  was made w i t h  a  50/50 b l end  of  common and 13c- 

l a b e l e d  carbazo le .  The y i e l d  d i s t r i b u t i o n  o f  t hese  runs was comparable, bu t  

t h e y  had h i g h e r  p reaspha l tenes  y i e l d s  t han  t h e  p r i o r  runs of t e t r a l i n  p l u s  

THQ. The ca rbazo le  r u n  p roduc t s  were e x t r a c t e d  w i t h  o n l y  t o l u e n e  and THF due 

t o  a  l i m i t e d  carbazo:e s o l u b i l i t y  i n  pentane. It i s  i n t e r e s t i n g  t h a t  t h e  

s i n g l e  r u n  w i t h  t e t r a l i n  p l u s  t e t r a h y d r o c a r b a z o l e  r e s u l t e d  i n  a  l owe r  y i e l d  o f  

o i l s  p l u s  aspha l tenes  ( t o l u e n e  s o l u b l e s )  and h i ghe r  THF i n s o l u b l e s  t han  t h e  

p r i o r  two  runs  w i t h  t e t r a l i n  p l u s  carbazole .  Apparen t l y  t h i s  i s  due t o  

adduct  i on. 

An a n a l y s i s  o f  t h e  l e v e l s  o f  adduc t i on  was ob ta i ned  by obse rv i ng  t h e  

13c l e v e l s  of t h e  p roduc t  f r a c t i o n s .  The re fe rence  l e v e l  o f  t h e  coa l  and 
13 p r o d u c t s  i s  i n  t h e  6  C range o f  -22 t o  -25 based on runs w i t h  un labe led  

s o l  vents.  Wi th  t h e  use o f  l a b e l e d  THQ as s o l v e n t  (60 p a r t s  THQ, 10 p a r t s  

and 30 p a r t s  c o a l )  i n  Run 42, t h e  613c l e v e l  o f  t h e  aspha l tenes  was 

401.6. Th is  i s  e q u i v a l e n t  t o  an adduc t i on  l e v e l  o f  47 molecu les o f  THQ p e r  

1000 aspha l t ene  carbons, wh ich  would r e s u l t  i n  a  n i t r o g e n  con ten t  i n  t h e  range 

of  4.7 t o  4.9%. Th i s  c a l c u l a t e d  n i t r o g e n  l e v e l  i s  made considering t h a t  t h e  

a n a l y s i s  o f  t h e  a s p h a l t ~ n e s  of Run 53 ( t e t r a l i n  o n l y  a t  450°C, 30 min )  had a 
n i t r o g c n  con ten t  o f  2.6 w t %  w i t h  an a d d i t i o n a l  47 THQ/1000 carbons. Th i s  i s  

c o n s i s t e n t  w i t h  an observed n i t r o g e n  con ten t  o f  4.7 wt% f o r  a  THQ run  B 450°C 

and 30 min. The l e v e l s  o f  THQ adduc t i on  i n  t h e  p reaspha l tenes  and s o l i d s  o f  

t h i s  r u n  a r e  17 and 14 rr~oleccrles p e r  1000 carbons, respectively. O f  course, 

t h i s  " adduc t i on "  r e a c t 1  on i n c l u d e s  any r e a c t i o n s  t h a t  c o u l d  occur  r e s u l t i n g  i n  

THQ showing up i n  an i n d i v i d u a l  f r a c t i o n .  Such r e a c t  i o n s  i n c l u d e  

p o l y m e r i z a t i o n ,  cok ing,  e t c .  ( I n  t h e  above r e s u l t s ,  t h e  e f f e c t  o f  1 3 ~ - ~ ~ ~  

d i  l u t i o n  was t aken ,  i n t o  account. ) 

Wi th  t h e  use o f  1 3 ~ - ~ ~ ~  p l u s  t e t r a l i n  (10 pa r t s160  p a r t s ,  
13 r e s p e c t i v e l y ) ,  h i g h  6  C va lues were observed i n  t h e  p roduc t  f r a c t i o n s  o f  t h e  

30 -m inu te  run. Our pas t  work i n  t h i s  p r o j e c t  and t h a t  o f  DOE Con t rac t  



DE-AF22-80PC30080 has shown t h a t  THQ i s  more r e a c t i v e  t han  t e t r a l i n  i n  

t r a n s f e r r i n g  hydrogen and undergo ing adduc t ion  r eac t i ons .  Therefore,  i t  i s  

c o n s i s t e n t  t h a t  t h e  l e v e l  o f  1 3 ~ - ~ ~ ~  adduc t ion  i n  t h e  asphal  tene  f r a c t i o n  was 

about 11 molecules/1000 asphal tene carbons s i n c e  t h e  l a b e l e d  THQ o n l y  made up 

one-seventh o f  t h e  feed so l ven t .  ( I n  t h e  above case o f  THQ s o l v e n t  alone, t h e  

adduct i o n  l e v e l  was 47 a f t e r  d i  l u t  i o n  was taken i n t o  account.  ) ' The l e v e l  s  of 

THQ adduc t i on  i n t o  t h e  p reaspha l tene  and s o l i d  f r a c t i o n s  were s i z a b l e  a t  

l e v e l s  o f  3.1 molecules/1000 carbons. As shown i n  Table 17, t h e  l e v e l  of THQ 

adduc t i on  i n  t h e  "0" minute r un  a t  450°C u s i n g  THQ p l u s  t e t r a l i n  s o l v e n t  was 

somewhat d i f f e r e n t  than  t h a t  observed f o r  t h e  30-minute run. Whi le  t h e  

adduc t i on  i n  t h e  asphal tene f r a c t i o n  was e s s e n t i a l l y  equal  (namely, 

10.4 molecules/1000 carbons) ,  t h e  l e v e l s  o f  adduc t ion  i n  t h e  preasphal tenes 

and s o l i d s  we.re about o n e - t h i r d  (namely, 1.3 and 1.0 versus 3.1). Apparen t l y ,  

t h e r e  was i n s u f f i c i e n t  t ime  d u r i n g  t h e  "0" m inu te  heat-up p e r i o d  f o r  t h e  THQ 

t o  r e a c t  t o  t h e  same e x t e n t .  As a  g e n e r a l i z a t i o n ,  t h i s  would be c o n s i s t e n t  

w i t h  a  p o r t i o n  o f  t h e  so l ven t  undergo ing p o l y m e r i z a t i o n  o r  cok i ng  r e a c t i o n s .  

When 13c- labe led  carbazo le  was i n t r o d u c e d  w i t h  t h e  un labe led  

t e t r a l i n  feed, o n l y  low l e v e l s  (-0.1) o f  adduc t ion  i n  t h e  p reaspha l tene  and 

s o l i d s  f r a c t i o n s  were observed. Wi th  t h e  i n t r o d u c t i o n  o f  t e t r ahyd roca rbazo le ,  

adduc t i on  l e v e l s  o f  about 1 molecu le /1000 carbons were observed i n  bo th  t h e  

p reaspha l tene  and THF- inso lub le  f r a c t i o n s .  The modes o f  adduc t ion  o f  

t e t r a h y d r o c a r b a z o l e  and carbazo le  a re  much d i f f e r e n t  w i t h  t h e  former  p robab ly  

a t t a c h i n g  th rough  a  f r e e  r a d i c a l  formed by hydrogen dona t ion .  I n  t h e  case of  

THQ and q u i n o l i n e ,  about equal l e v e l s  o f  adduc t ion  a re  observed t o  occur,  

. pres l~rnably  th rough  i n t e r a c t i o n  w i t h  t h e  n i t r o g e n  s i t e .  

3. Exper iments Us ing D i s t i l l a t e  Cuts 

To eva lua te  bo th  t h e  e f f e c t  of s o l v e n t  b o i l i n g  p o i n t  and t h a t  of 

Amber lys t -15 i o n  exchange t rea tment  of s e l e c t e d  c u t s  f o r  n i t r o g e n  reduc t i on ,  a  

short. s e r i e s  o f  m ic ro -au toc lave  runs was made u s i n g  SRC-I1 d i s t i l  l a t e  cu t s .  

As desc r i bed  i n  t h e  Exper imenta l  Sect ion,  SRC-I1 s o l v e n t  was d i s t i l l e d  i n t o  

e i g h t  d i s t i l l a t e  c u t s  o f  10 wt% each. The d i s t i l l a t i o n  cu r ve  and c u t  p o i n t s  



a r e  g i v e n  i n  F i g u r e  20. Samples o f  c u t s  2, 3, 4, 5, 6, and 8 were con tac ted  

w i t h  A-15 r e s i n  a t  a  r a t i o  o f  3.311.0. The t r e a t e d  s o l v e n t  was t h e n  used f o r  

some o f  t h e  l i q u e f a c t i o n  runs. 

The r e s u l t s  o f  t h e  l i q u e f a c t i o n  exper iments a r e  summarized i n  

F i g u r e  21 w i t h  t h e  c o n v e r t i n g  s o l i d  p o i n t s  d e s i g n a t i n g  t h e  y i e l d s  o f  t h e  

exper iments  w i t h  raw SRC-I1 d i s t i l l a t e  cu ts .  These p o i n t s  show some 

randomness w i t h  low conve rs i on  l e v e l s  be ing  observed f o r  t h e  c u t  1 and Cut 7 

s o l v e n t s .  However, a  h i g h  convers ion  l e v e l  was observed f o r  Cut 6. For  t h e  

most p a r t ,  conve rs i on  1  eve l s  u s i n g  i o n  exchange-t r e a t e d  s o l  vents were 

e s s e n t i a l l y  equal t o  t h o s e  of t h e  u n t r e a t e d  so l ven t s .  

4. -- Bench-Scale L i q u e f a c t i o n  Exper iments 

To expand upon t h e  m i c r o - a u t o c 1 a v e ~ r e s u I t s ,  s e r i e s  of runs were made 

i n  t h e  CSTR u n i t  t o  e v a l u a t e  t h e ' e f f e c t  o f  add ing THQ, q u i n o l i n e ,  o r  n i t r o g e n  

c o n c e n t r a t e  t o  e i t h e r  an th racene  o i  1 (AO) o r  SRC-I I r e c y c l e  so l ven t .  The feed 

s l u r r y  c o n s i s t e d  o f  40% Powhatan No. 5 coa l  and 60% s o l v e n t  ( o r  55% s o l v e n t  

p l u s  5% a d d i t i v e ) .  The 'experiments were made a t  r e a c t i o n  p ressure  and 

tempera tu res  o f  10.3 MPa and 450°C w i t h  nominal s l u r r y  space t imes  of 10 o r  

30 minutes.  As i n  t h e  p rev i ous  runs w i t h  pheno l i cs ,  d e t a i l e d  m a t e r i a l  

ba lances were c a l c u l a t e d ,  and t h e  r e s u l t s  a r e  summarized i n  Tables 18 and 19. 

I n  t h e  casP of SRC-I1 so l ven t ,  t h e r e  was no s i g n i f i c a n t  e f f e c t  o f  

s o l  vent a d d i t i v e  upon t h e  p roduc t  d i s t r i b u t i o n  a t  e i  the'r  r e a c t i o n  space t ime.  

W i t h  t h e  i n c r e a s e  of space t i m e  from 10 t o  30 minutes,  s i z a b l e  increases i n  

t h e  y i e l d s  o f  gases and THF s o l u b l e s  were observed w i t h  s m a l l e r  increases i n  

t h e  y i e l d s  o f  o i l s  and t o l u e n e  so lub les .  

When a comparison i s  made among equ i va l en t  runs w i t h  anthracene o i  1 

and SRC s o l v e n t  (namely, neat  and THO added s o l v e n t s ) ,  t h e  y i e l d  o f  o i l s  

doub led  when go ing  f r om t h e  poo re r  t o  b e t t e r  s o l v e n t  (A0 versus SRC, 

r e s p e c t i v e l y ) .  However, t h e  y i e l d s  of t o l u e n e  and THF s o l u b l e s  were about 

equi  v a l  ent .  
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T a b l e  1 8  

Summary o f  Bench-Scale L i q u e f a c t i o  e s u l  t s  
a t  a  Space Time o f  10 -11  m in  118 

Net C o n v e r s i o n  (% MAF) 
S o l  v e n t  C1-C6 Pentane To1 uene THF 

(Add i  t i ve) Gases Sol u b l  es Sol  u b l  es S o l u b l e s  

S R C  (Avg. ) ('1 4.6 15.6 45.0 66.5 
t0 .3  k0.4 23.5 t2 .0  

( l .)Run c o n d i t i o n s :  40% Powhatan No. 5  c o a l ,  60% s o l v e n t  ( o r  55% s o l v e n t  + 5% 
a d d i t i v e ) ,  450°C, 10.3 MPa p r e s s u r e .  

( ' )nverage o f  runs  w i t h  Llle s o l  v e i l t s :  SRC, SRC (TIIQ), SRC (Q) ,  and SRC 
( n i t r o g e n  c o n c e n t r a t e ) .  

( 3 ) ~ e s c l  t s  o f  s i n g l e  d e t e r m i n a t i o n  a t  t i m e  o f  r u n ;  d u p l i c a t e  r e s u l t s  about  
f o u r  months l a t e r  gave -25.3, 35.0, and 63.7% f o r  pentane,  t o l u e n e ,  and THF 
s o l u b l  es, r e s p e c t i v e l y .  



T a b l e  19  

Summary o f  Bench-Scale L i q u e f a c t i o  
a t  a  Space Time o f  28-32 rnin 

~ ~ I j e s ~ l  t s  

So 1  ven t  
( A d d i t i v e )  

SRC (Avg. 

A0 (NC) 

Ne t  C o n v e r s i o n  (% MAF) 
CI -CK Pen tane  To luene  THF 
~ i s e c  S o l u b l e s  . S o l u b l e s  Sol  u b l  es  

( l ) ~ u n  c o n d i t i o n s :  40% Powhatan No. 5 c o a l ,  60% s o l v e n t  ( o r  55% s o l v e n t  + 5% 
a d d i t i v e ) ,  450°C, 10.3 MPa p r e s s u r e .  

( 2 ) ~ v e r a g e  o f  r u n s  w i t h  t h e  s o l v e n t s :  SRC, SRC (THQ), and SRC (Q). 
( 3 ) ~  t o t a l  o f  t h r e e  d e t e r m i n a t i o n s .  



As a l s o  observed i n  Tables 18 and 19, t h e  a d d i t i o n  o f  n i t r o g e n -  

c o n t a i n i n g  a d d i t i v e s  had a  s i z a b l e  e f f e c t  on t h e  y i e l d  o f  o i l s  i n  t h e  A0 

s e r i e s  of runs. The a d d i t i o n  o f  5 p a r t s  THQ t o  55 p a r t s  A0 r e s u l t e d  i n  a  

s i z a b l e  o i l  y i e l d  increase. The a d d i t i o n  o f  q u i n o l i n e  and n i t r o g e n  

concen t ra te  r e s u l t e d  i n  marg ina l  (bu t  s t r o n g l y  i n t e r a c t i n g  w i t h  t i m e )  o i  1  

y i e l d  increase.  Wi th  a l l  o f  these  a d d i t i o n s ,  t h e r e  appeared t o  be l i t t l e  

e f f e c t  upon t h e  y i e l d s  o f  t o l uene  and THF so lub les .  

Rep resen ta t i ve  GPC p l o t s  o f  t h e  SRC and A0 aspha l tenes  a r e  shown i n  ' 

F igu res  22 and 23. The p a t t e r n s  f o r  a l l  t h e  SRC produc ts  a r e  super imposable;  

t h e  presence and i d e n t i t y  o f  t h e  a d d i t i v e  had 1  i t t l e  e f f e c t .  The p l o t  f r om  an 

A0 r u n  w i t h o u t  any a d d i t i v e s  i s  s t r i k i n g l y  d i f f e r e n t ,  hav i ng  two ma jo r  

corrponents, a  l owe r  i n t e n s i t y  band due t o  h i g h  molecu1,ar we igh t  m a t e r i a l  and a  

h i g h - i n t e n s i t y  peak due t o  low mo lecu la r  we igh t  m a t e r i a l .  The presence o f  t h e  

THQ o r  q u i n o l i n e  a d d i t i v e s  r e s u l t e d  i .n  a  d r a s t i c  change i n  t h e  o v e r a l l  

p a t t e r n ;  namely, t h e  h i g h e r  mo lecu la r  weigbt  peak o f  t h e  A0 r u n  (a l one )  became 

more pronounced i n  t h e  A0 p l u s  THQ o r  Q runs. It i s  no tewor thy  t h a t  no peaks 

a r e  observed i n  e i t h e r  t h e  SRC o r  A0 runs cor respond ing  t o  t h e  a d d i t i v e s .  

That i s ,  t h e r e  i s  no d i r e c t  ev idence o f  hydrogen bonding between t h e  a d d i t i v e  

and t h e  coa l  l i q u i d .  

The GPC p l o t s  o f  t h e  preasphal tenes a r e  shown i n  F i g u r e s  24 and 25 

f o r  t h e  SRC and A0 p roduc ts ,  r e s p e c t i v e l y .  I n  t h e  SRC s e r i e s ,  a l l  t h e  p l o t s  

have b a s i c a l l y  t h e  same shape, a l though  t h e r e  a r e  sma l l  v a r i a t i o n s  i n  t h e  low 

mo lecu la r  we igh t  shou lder ,  which inc reases  i n  i n t e n s i t y  i n  t h e  o r d e r  A0 a l o n e  

< A0 + THQ < A0 + Q. (The s t a b i l i z e r  i n  t h e  THF used f o r  t h e  e x t r a c t i o n ,  

b u t y l a t e d  hydroxyto luene,  p r o v i d e d  a  conven ien t  mo lecu la r  we igh t  marker.) The 

p o s i t i o n  o f  t h e  p a t t e r n  f r om  t h e  c o a l - d e r i v e d  m a t e r i a l s  s h i f t e d  t o  l o n g e r  

e l u t i o n  t imes  w i t h  t h e  presence o f  t h e  a d d i t i v e s ,  i n d i c a t i n g  an upgrad ing  o f  

t h e  p roduc t  ( l o w e r  MW). As was found t o  be t h e  case w i t h  t h e  asphal tenes,  t h e  

p a t t e r n  o f  t h e  p roduc t  f rom a  r u n  w i t h  A0 a l one  was g r e a t l y  d i f f e r e n t  f r o m  

t h a t  observed w i t h  S R C  o r  f rom A0 p l u s  a d d i t i v e s .  Furthermore, t h e  presence 

o f  THQ o r  Q r e s u l t e d  i n  a  s h i f t  t o  h i g h e r  mo lecu la r  we igh t  preasphal tenes:  

T h i s  may be a  r e s u l t  of upgrad ing of t h e  l e s s  r e f r a c t o r y ,  l ower  mo lecu la r  



FIGURE 2 2  GPC PLOTS OF ASPHALTENES FROM THE 2 8 - 3 2  ' 

M I N U T E  SPACE T I M E  RUNS WITH SRC SOLVENT 



FIGURE 2 3  GPC PLOTS OF ASPHALTENES FROM THE 2 8 - 3 2  

MINUTE SPACE T I M E  RUNS W I T H  ANTHRACENE 

O I L  SOLVENT 



FIGURE 2 4  GPC PLOTS OF PREASPHALTENES FROM THE 2 8 - 3 2  

MINUTE SPACT T I M E  RUNS WITH SRC SOLVENT 



FIGURE 2 5  GPC PLOTS OF. PREASPHALTENES FROM T H E . 2 8 - 3 2  

MINUTE SPACE T I M E  RUNS. WITH ANTHRACENE 

O I L  SOLVENT 



weight  ma te r i a l  with i t s  removal trom the  preasphaltene f r a c t i o n .  

A l t e r n a t i v e l y ,  some of t h e  otherwise i n s o l u b l e  ma te r i a l  may have become THF 

s o l u b l e  by adduct ing the  so lvent .  With n i t rogen  concentrates as the  a d d i t i v e ,  

f h e  p o s i t i o n  o f  t h e  main peak s h i f t e d  s l i g h t l y  t o  lower molecular weight, 

i n d i c a t i n g  t h a t  some upgrading took place. 

The r e s u l t s  i n d i c a t e  t h a t  the  presence and type o f  basic  n i t rogen  

a d d i t i v e s  i n  SRC-I1 recyc le  o i l  had no e f f e c t  on the  q u a l i t y  o f  the  

asphaltenes and on l y  a  s l i g h t l y  b e n e f i c i a l  e f f e c t  on the  s ize .  o f  the  

preasphaltenes. I n  con t ras t ,  t h e  presence o f  t he  add i t i ves  i n  runs w i t h  

anthracene o i l  appeared t o  r e s u l t  i n  t he  loss  o f  t h e  lower molecular weight 

m a t e r i a l s  from both t h e  asphaltenes and t h e  preasphaltenes. 

Thp nit 'rdgen analyses of t he  asphaltenes and preasphaltenes of t hc  

bench-scale l i q u e f a c t i o n  products are shown i n  Table 20. From the  apparent 

l a c k  o f  a  n i t r o g e n  concent ra t ion  increase, no adduction occurred. This i s  

probably due t o  the  vapor iza t ion i  o f  qu ino l i ne  and THQ i n t o  the  gas stream 

which q u i c k l y  ex i ' ted the  reac tor .  . This i s  i n  cont ras t  t o  t he  micro-autoclave 

runs i n  which thes? components remain i n  t he  l i q u i d  phase du r ing  the  extended 

r e a c t i o n  pe r i  od. 

Conclusions 

. . 

Hydroaromat i cs havi  nq n i  t roqen func t iona l  i ty  should be goad sn l  v ~ n t . $  

f o r  coal  1  i q u e f a c t i o n  cons ide r ing  ' t h e i r  e f f e c t i v e  s o l  vent power, ab i  1  i t y  t o  

pene t ra te  and swel l  coa l ,  and t h e i  r a b i l i t y  t o  r e a d i l y  t r a n s f e r  hydrogen, 

p a r t i c u l a r l y  i n  t h e  presence of oxygen f u n c t i o n a l i t y .  However, these b e n e f i t s  

a r e  overshadowed by the  s t rong  tendency of the  n i t rogen-conta in ing  species t o  

adduct w i t h  themselves and coal  -der ived mater ia ls .  As demonstrated i n  micro-  

au toc lave experiments i n  which n i t r o g e n  compounds i n c l u d i n g  tetrahydroquinoline 

(THI)), phenanthrol  i ne, a c r i d i  ne, ct.r., are  used as solvents, h igh  l e v e l s  o f  

asphal tenes a re  recovered. These aspha1 tenes have h i  gh n i t rogen  contents. 

The l e v e l  of adduct ion i s  f u r t h e r  demonstrated by observing the  attachment o f  

1 abel ed species i n t o  both preasphal tene-  and tetrahydrofuran-insoluble f ract ions. 



Tab le  20 

N i t r ogen  Contents o f  Asphal tenes and Preasphal tenes o f  
Bench-Scale Products  a t  a Space Time o f  28-32 min 

s o l  vent  N i t r o g e n  con ten t  (wt%) 
(Addi t i  ve) Asphal tenes Preasphal t enes  

A 0 1.4 - 
A0 (THQ) 1.9 1.5 

A0 (Q) 1.9 3 , 1.1 

A0 (NC) 1.1 1.6 

SRC 2.1 - 
SRC (THQ) 1.8 - 

SRC ( Q ) ( ' )  1.9 1.5 

SRC ( N C ) ( ~ )  - 1.8 - 1.2 

AVERAGE 1.7 1.4 

( l ) ~ e s u l t s  a r e  f r om  p roduc t s  o f  r u n i  o f  10-11 m in  space t imes.  



The use o f  THQ i n  CSTR u n i t s  appears t o  be of some advantage i n  

improv ing  a  poor donor so lvent .  However, i t  appears t h a t  t h i s  l i g h t  so lvent  

i s  r e a d i l y  s t r i p p e d  i n t o  the  vapor space, thereby l i m i t i n g  t h e  ex ten t  o f  

adduct i on reac t ions  . 
Experiments undertaken w i t h  gel phase chromatography (GPC) show th-at 

e s s e n t i a l l y  a1 1  o f  t h e  s o l  vents ( i  .e., THQ and qu ino l  i ne) undergo some s o r t  of 

chemical, r eac t i on  w i t h  t h e  coal -der ived species. S p e c i f i c a l l y ,  on ly  a  small 

f r a c t i o n  o f  t h e  increase o f  n i t r o g e n  content i n  t he  heavy f r a c t i o n s  i s  due t o  

r e t a i n e d  unreacted so lvent ,  which can be i s o l a t e d  i n  t he  GPC scan. 

I 1  I. SUBTASK 3a: E x t r a c t i o n  o f  Coal Using 
S u p e r c r i t i c a l  F l u i d  Mixtures 

To complement t h e  above work, experimentat i o n  was undertaken i n  

c o l l a b o r a t i o n  w i t h  t h e  Chemical Engineering Department o f  the  Un ive rs i t y  of 

P i t t s b u r g h  t o  study coal l i q u e f a c t i o n  us ing s u p e r c r i t i c a l  water i n  combination 

w i t h  n i t rogen-con ta in ing  so lvents .  This work has been completed and i s  

presented he re in  i n  t he  format o f  a  manuscript f o r  pub l i ca t i on .  

Abs t rac t  

Powhatan No. 5 and Bruceton coals were reacted/extrsct.ed fo r  

15-60 min a t  380°C and 30 MPa, i n  s u p e r c r i t i c a l  aqueous m5xtures conta in ing  10 

t o  20 wtX t e t rahyd roqu ino l i ne  (THQ), qu ino l ine ,  o r  t e t r a l i n .  The THQ mixtures 

produced the  h ighes t  conversion, up t o  74%, t o  THF-soluble products. I n  order 

o f  deereasing e f fec t i veness  i n  producing fHF soiubles were t h e  t e t r a 1  i n-water, 

q u i n o l  ine-water,  and pure  water so lvents.  Add i t ion  o f  hydrogen t o  the 

q u i n o l  ine-water  so lvent  increased y i e l d s  s l i g h t l y  bu t  no t  t o  t he  l e v e l  

ob ta ined us ing  THQ. 

The y i e l d s  of THF so lub les  i n  a l l  instances depended upon the 

concent ra t ion  o f  so lvent  i n  t h e  m ix tu re  w i t h  the  10% THQ and 10% t e t r a l i n  

g i v i n g  t h e  maximum y i e l d s  f o r  these systems. Quinol ine-water  mixtures 



c o n t a i n i n g  10% q u i n o l i n e  produced a  minimum y i e l d  f o r  t h a t  system. High 

l e v e l s  o f  chemical  adduc t ion  o f  t h e  n i t r o g e n - c o n t a i n i n g  so l ven t s  w i t h  t h e  

c o a l - d e r i v e d  p roduc ts  were observed. 

I n t r o d u c t i o n  

A s i z a b l e  amount o f  research on p roduc ing  l i q u i d  chemicals and f u e l s  

f rom coa l  has been performed over  t h e  1  a s t  20 years ,  due i n  p a r t  t o  concern 

ove r  pe t  roleurn shor tages and t h e  consequent i  a1 need f o r  a1 t e r n a t e  energy and 

.chemi ca1 feedstock sources. Several  t ypes  o f  coa l  1  i q u e f a c t i  on processes have 

been developed th rough  t h e  p i l o t  p l a n t  stage, r ang ing  f rom p y r o l y s i s  t o  d i r e c t  

and i nd i  r e c t .  hydrogenat ion o f  coa l .  The s o l  vent  Re f ined  Coal (SRC-I and -I I ),  

t h e  Exxon Donor Solvent ,  .and t h e  H-Coal processes a re  among t h e  more com- 

p l e t e l y  developed donor so l ven t  processes. 

S u p e r c r i t i c a l  e x t r a c t i o n  of coa l  i s  now undergo ing a  h i g h  l e v e l  o f  

ac . t i  v i  ty .  Superc r i  t i c a l  e x t r a c t i o n  i n v o l v e s  t h e  thermal  breakdown o f  coa l  and 

subsequent hydrogena t ion  r eac t i ons ,  bu t  t h e  l i q u e f a c t i o n  i s  enhanced by t h e  

g r e a t e r  s o l  vent power o f  t h e  s u p e r c r i  t i c a l  f l u i d .  Depending on t h e  s o l  vents, 

used, s u p e r c r i t i c a l  e x t r a c t i o n  .of coa l  can be s u c c e s s f u l l y  performed a t  low 

temperatures (350-400°C), modera te - to -h i  gh pressures (8-30 MPa), and i n .  ba tch  

o r  cont inuous modes. Th is  method shows p o t e n t i a l ,  a l though  most s t u d i e s  of 

s u p e r c r i t i c a l  coa l  e x t r a c t i o n  have been l i m i t e d  t o  bas i c  thermodynamic and 

k i n e t i c  research. 

* .  . A number o f  s t ud ies  have been performed over  t h e  pas t  decade us i ng  

s u p e r c r i t i c a l  (SC) wa te r  as a  s o l v e n t  f o r  coa l  l i q u e f a c t i o n .  Stewapt and 

eyer(') pa ten ted  a  process f o r  t h e  the rma l  c r a c k i n g  of coa l  i n  t h e  presence o f  

SC water .  They ob ta i ned  convers ions of 20-252 by r e a c t i n g  a b i tuminous  coa l  

a t  400-500°C f o r  1-5 min. Model 1  ( 2 )  used SC wate r  i n  r e a c t i o n s  w i t h  glucose, 

c e l l u l o s e ,  maple sawdust, o r  coa l  s l u r r i e d  w i t h  s u l f u r ,  and t h e i r  r e s u l t s  

showed t h a t  s u p e r c r i t i c a l  water  may p reven t  t h e  fo rmat ion  o f  char,  which i s  a  

s i g n i f i c a n t  and g e n e r a l l y  undesi  r a b l e  by-product  o f  coa l  p y r o l y s i s  

r e a c t i o n s .  



Ross e t  a l .  (3)  r eac ted  samples o f  h i g h -  and low-ash I l l i n o i s  No. 6 

b i t u m i n o u s  coa l  w i t h  SC wate r  a l one  and i n  combinat ion w i t h  CO, Hz, and/or  

KOH. They showed t h a t  t h e  SC water-C0 combinat ion i s  more e f f e c t i v e  i n  terms 

o f  coa l  convers ion  t h a n  SC water-Hz, p a r t i c u l a r l y  f o r  t h e  h igh-ash  con ten t  

coa l .  It was a l s o  shown t h a t  f o r  t h e  SC water-C0 systems, even smal l  amounts 

o f  added KOH g r e a t l y  improved t h e  convers ion  ( i f  CO was no t  p resen t ,  t h e  

e f f e c t  o f  KOH a d d i t i o n  was much lower ) .  Bar ton  (4 )  added c a t a l y s t  (stannous 

c h l o r i d e  o r  molybdenum t r i s u l f i d e )  and H2 t o  a  SC wate r -coa l  system and 

ach ieved  up t o .  54% conve rs i on  ( p y r i d i n e  s o l u b l e s )  a f t e r  r e a c t i n g  a t  400°C f o r  

96 t o  234 min. 

Ueshpande e t  a l .  ( 5 )  I I ~ P ~  s i l p e r c r i t i s a l  wa t c r  s t  i t s  c r i t i c a l  

d e n s i t y  i n  a  s e r i e s  o f  au toc l ave  s t u d i e s ,  r e a c t i n g  s e p a r a t e l y  Bruceton b i t u m i -  

nuus coa l ,  German brown coa l ,  and g lucose  w i t h  SC wate r  a t  377°C f o r  

15-60 min. Conversions o f  58% and 75% were ob ta i ned  f o r  t h e  Bruceton and 

German coa ls ,  r e s p e c t i v e l y  (THF so lub les ,  MAF bas i s ) .  The r e s u l t s  i n d i c a t e d  

t h a t  t h e  SC wate r  m s t  be a t  o r  near  i t s  c r i t i c a l  d e n s i t y  t o  be e f f e c t i v e  as a  

hydrogen-donor 1  i q u e f a c t i o n  s o l  vent ;  i nc reases  i n  wa te r  d e n s i t y  produced 

i n c r e a s e d  convers ions.  < ,  

Only a  few s o l v e n t  m i x t u r e s  have been used f o r  s u p e r c r i t i c a l  coa l  

1  i q u e f a c t i  on and e x t r a c t i o n  o f  coa l  a t  s u p e r c r i t i c a l  c o n d i t i o n s .  Kershaw ( 6 )  

r e a c t e d  seve ra l  commerc ia l l y  a v a i l a b l e  hydrocarbon m i x t u r e s  w i t h  a  South 

A f r l c a n  b i tuminous  coa l  a t  450°C,  and a s  he had done w i t h  pu re  s o l  vent,  he 

o b t a i n e d  c o r r e l a t i o n s  wh ich  r e l a t e d  t h e  degree o f  e x t r a c t i o n  t o  t h e  m i x t u r e  

c r i t i c a l  tempera tu res ,  b o i l i n g  p o i n t s ,  and dens i t y .  M a r t i n  ( 7 )  c o n t i n u o u s l y  

e x t r a c t e d  a  B r i t i s h  coa l  w i t h  a  SC f l u i d  c o n s i s t i n g  o f  t o l u e n e  w i t h  e i t h e r  

t e t r a l i n  o r  THQ added i n  t h e  380-440°C te r rpera tu re  range. He showed t h a t  t h e  

a d d i t i o n  o f  t e t r a l i n  o r  THQ i nc reased  t h e  coa l  convers ion  by as much as lo%,  
e s p e c i a l l y  a t  t h e  h i g h e s t  temperatures.  



Exper imenta l  

Two P i t t s b u r g h  Seam b i tuminous  coa ls  (Powhatan No. 5 and Bruceton)  

and an I 1  l i n o i s ,  No. 6  coa l  were used i n  t h e  exper iments.  T h e i r  prox imate and 

u l t i m a t e  analyses a re  g iven  i n  Table 21. Except where noted, Powhatan No. 5 

' was used f o r  a l l  runs. 

1. S u p e r c r i t i c a l  Coal E x t r a c t i o n  Procedure 

The exper imenta l  apparatus i s  shown i n  F i gu re  26 and c o n s i s t s  of a  

1-L s t a i n l e s s  s t e e l  au toc l ave  equipped w i t h  a  Magnedrive s t i r r e r  and a  coa l  

i ' n j e c t i o n  system. The r e a c t o r  i s  charged w i t h  340 g  o f  water  and i s  heated a t  

3-4 K lmin.  Once t h e  r e a c t i o n  temperature i s  reached, ambient coa l  i s  i n j e c t e d  

i n t o  t h e  r e a c t o r  us i ng  h igh-p ressure  argon (hydrogen was used i n s t e a d  of  argon 

f o r  runs 35, 36, and 4 1 ) .  The average we igh t  o f  i n j e c t e d  coa l  was 14 g. 

Reac t ion  t imes  a re  measured f rom t h e  t i m e  a t  whi.ch t h e  coa l  i s  i n j e c t e d .  

A l l  exper iments  were run  a t  380°C and 30 MPa un less  o the rw i se  noted.  

I n  a d d i t i o n  t o  t h e  water,  a  second s o l v e n t  was added i n  e i t h e r  10 wt% (38 g )  

o r  20 wt% (76 g)  amounts p r i o r  t o  h e a t i n g  and coa l  i n j e c t i o n .  

The, l i q u i d  and s o l i d  con ten t s  were c o l l e c t e d  f rom t h e  r e a c t o r  and 

p l aced  i n  a  Soxh le t  e x t r a c t i o n  t h i m b l e  and d r i e d  f o r  1-2 days a t  100°C w i t h  a  

n i t r o g e n  gas sweep. The t h i m b l e  was then  p laced  i n  a  Soxh le t  u n i t  and ex- 

t r a c t e d  w i t h  t o l uene  u n t i l  t h e  e x t r a c t a n t  was c l e a r  (about  2  days):  A f t e r  

d r y i n g  aga in  f o r  1-2 days, t h e  p roduc t  was wei'ghed and s im i  1 ,ar ly  ex t ' rac ted  

. w i t h  t e t r a h y d r o f u r a n  (THF) f o r  1 day, d r i e d ,  and .weighed a  f'in'a1 t ime.  

The w e i g h t  o f  t h e  d r i e d  p r o d u c t ,  a f t e r  t o l u e n e  e x t r a c t i o n  and a f t e r  THF 

e x t r a c t i o n  i s  des igna ted  t o l u e n e  and THF i n s o l u b l e s ,  r e s p e c t i v e l y .  

The convers ion  parameters,  based on t h e  e x t r a c t i o n  r e s u l t s ,  a r e  

d e f i n e d  below. 
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(Coal Analy,s is 
Moi s t u r e - F r e e )  

C h a r a c t e r i z a t i o n  o f  Coal Samples 

Powhatan No. 5 B ruce ton  

Ca rbon 72.3 78.6, 

I l l i n o i s  No. 6 

Hydrogen 5.1 5.3 4.8 
t 

V ' 
Ni  t rogen 1.5 . , ," 1.6 . ,"' 1.2 

= '. 

Oxyyerl ( D i  f f. ) 7.8 ' 8.2 6.6 

S u l f u r  3.6 

Ash 
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tiases, U i  Is ,  and Asphal tenes (GOA), % 

= IOU x  ( coa l  i n j e c t e d  ( g )  - t o l u e n e  i n s o l u b l e s  ( 9 ) )  
coa l  i n j e c t e d  ( 9 )  

T o t a l  Conversion, % 

= 100 x  ( coa l  i n j e c t e d  ( g )  - THF i n s o l u b l e s  ( 9 )  
coa l  ~ n j e c t e d  ( 9 )  1 

Preasphal tenes,  % = % T o t a l  Conversion - % Toluene So lub les  

A l l  we igh ts  a re  on a  MAF bas i s .  It i s  a l s o  assumed t h a t  a l l  t o l u e n e  

s o l u b l e s  are l i k e w i s e  s o l u b l e  i n  THF. 

M l  c ro -Au toc l  ave Coal E x t r a c t i o n  Procedure 

To p r o v i d e  a  d i r e c t  comparison w i t h  t h e  above, a  s e r i e s  of coa l  

l i q u e f a c t i o n  exper iments  were c a r r i e d  ou t  i n  a  m ic ro -au toc lave  r e a c t o r  of 1 cm 

.I .D. and 15 crn long,  p l aced  v e r t i c a l l y  i n  a  f l u i d i z e d - b e d  sand bath.  Var ious 

r u n  t imes  were used a t  a  r e a c t i o n  tempera tu re  o f  380°C w i t h  e i t h e r  pure 

t e t  rahydroqu i  no1 i ne o r  t e t  r a l  i n  as s o l  v e h .  The exper imenta l  u n i t  , o p e r a t i n g  

procedure,  and Soxhl e t  e x t r a c t i o n  procedure a re  desc r i bed  i n  Reference 8. The 

conve rs i on  r e s u l t s  a r e  g i ven  i n  terms c o n s i s t e n t  w i t h  those  d e f i n e d  above. 

R e s u l t s  and D i scuss ion  

1. E f f e c t  o f  coa l '  Type on E x t r a c t i o n  w i t h  S u p e r c r i t i c a l  wa te r  

D i f f e r e n t  coa l s  r e a c t  d i f f e r e n t l y  under i d e n t i c a l  r e a c t i o n  condi  - 
t i o n s  depending upon t h e i r  s t r u c t u r e ,  t h e  amount and t y p e  o f  ash, and t h e i r  

carbon con ten t .  Powhatan No. 5 , '  I 1  l i n o i s  No. 6, and Bruceton b i tuminous  coa ls  

were reac ted  w i t h  s u p e r c r i  t i c a l  wa te r  under s i m i l a r  r e a c t i o n  c o n d i t i o n s ;  t h e  

r e s u l t s  a re  g i ven  i n  Tab le  22.  The t o t a l  convers ion  t o  gases and THF-soluble 

p r o d u c t s  f o r  each coa l  i s  shown i n  F i gu res  27 and 28. 



T a b l e  22  

Run No. 

3 9  

10,29* 

8A,15* 

9 

G44 

617 

G 16 

618 

Convers ion and Produc t  D i s t r i b u t i o n  f o r  
Runs w i t h  Coa ls  i n  S u p e r c r i t i c a l  Water  

R e a c t i o n  T i  me 
( m i n u t e s )  

*Average o f  t w o  runs.  

Coa 1 

Powhatan 

Powhat an 

Powhatan 

Powhatan 

I 1  1  i n o i s  

B ruce t  on 

B r u c e t o n  

B ruce ton  

% T o t a l  
Convers ion  

Y i e l d  % 
GOA Preaspha l  t e n e s  - 
8.9 7.9 

14.6 5.2 

14.3 1.9 

17.3 2.1 

27.5 1.6 
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F I G U R E  2 7  E F F E C T  OF R E A C T I O N  T I M E  ON THE CONVERSION O F  

BRUCETON COAL TO T O T A L  T H F - S O L U B L E  PRODUCTS 
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FIGURE 2 8  EFFECT OF REACTION T I M E  ON THE CONVERSION OF 
POWHATAN COAL TO TOTAL THF-SOLUBLE PRODUCTS 



It i s  c l e a r  t h a t  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  convers ion 

o f  t h e  t h r e e  coals. Th i s  i s  expected s ince  t h e  coals have d i f f e r e n t  THF 

s o l u b i l i t i e s  p r i o r  t o  ex t rac t ' ion ,  namely, about 9% f o r  Bruceton coal ,  about 3% 

f o r  I l l i n o i s  No. 6  coal,  and l e s s  than 1% f o r  Powhatan No. 5  coal. It can 

a l s o  be seen t h a t  Powhatan No. 5  coal  reaches i t s  e q u i l i b r i u m  conversion of 

about 18% i n  30 min, w h i l e  Bruceton coal  reaches i t s  e q u i l i b r i u m  conversion o f  

about 58% a f t e r  60 min. The s i n g l e  run w i t h  I l l i n o i s  No. 6  coal  had a  conver- 

s i o n  o f  29% a t  a  60 min r e a c t i o n  time. 

2. E f f e c t  o f  Mixed Solvent C h a r a c t e r i s t i c s  on Coal Conversion 

To study t h e  e f fec t  o f  mixed so lvent  c h a r a c t e r i s t i c s  on conversion 

t o  THF-soluble products,  d i f f e r e n t  organic so l  ven ts  s~rch as  t e t  rahydro-  

q u i n o l i n e ,  qu ino l i ne ,  t e t r a l i n ,  and p i p e r i d i n e  were mixed w i t h  watcr and were 

used f o r  e x t r a c t i o n  i n  t h e i  r s u p e r c r i t i c a l  s ta te .  The r e s u l t i n g  conversions 

and product d i s t r i b u t i o n  f o r  THQ, qu ino l ine ,  p ipe r id ine ,  and t e t r a l i n  are 

compared i n  Table 23. A l l  e x t r a c t i o n s  a re  be l ieved t o  have taken p lace i n  a  

u n i f o r m  s u p e r c r i t i c a l  s o l  vent phase. 

I n  t h e  case of t e t rahyd roqu ino l i ne ,  qu ino l i ne ,  and t e t r a l i n ,  d i l u t e  

mix tures  (10% by w t  and 1-3% by mole) were used because of  t h e  c r i t i c a l  

t enpe ra tu re  of these organ ic  so lvents  are mrch h igher  than t h a t  o f  water arrJ 

h ighe r  weight f r a c t i o n s  (of t h e  order  of 30%) may have caused a s u b c r i t i c a l  

e x t r a c t i o n a t  t h e  r e a c t i o n  temperature of 380°C. ~ i p e r i d i " ~  has a  c r i t i c a l  

t enpe ra tu re  much lower than  t h a t  of water (5941: versus 647K). Hence a  h igher  

weight  f r a c t i o n  (54% by weight  and 20% by mole) was used f o r  ex t rac t i on .  The 

coal  e x t r a c t e d  us ing  p i p e r i d i n e  was Bruceton bi tuminous coal .  

It can be seen t h a t  t h e  conversion s t rong ly  depends on t h e  t ype  o f  

t h e  organ ic  s o l  vet-$ i n  t h e  aqueous mixture.  For 10 w t %  mixtures,  t h e  h ighes t  

convers ion 1s obta ined f o r  t e t rahyd roqu ino l  i n e  (65%) which i s  an e f f e c t i v e  

hydrogen donor, and t h e  lowest convers ion was obta ined us ing  qu ino l  ine. 

Te t ra1  i n  gave i n te rmed ia te  convers ion (34%). The values g iven i n  parentheses 

a r e  f o r  a r e a c t i o n  t ime  o f  30 min. I n  t h e  case o f  p i p e r i d i n e  which i s  a  
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Convers ion and Product  D i s t r i  b u t j o n  f o r  Runs 
w i t h  Powhatan No. 5 Coal and Water P l u s  S o l v e n t  

Reac t ion  
T i  me, W t %  S o l v e n t  % T o t a l  Yeield % 

Run No. j m i n u t e s )  , i n  Water A Convers ion GO Preasphal  t e n e  

2 8 30 10% T e t r a l i n  34.0 27.6 6.4 

20% T e t r a l i n  29.8 

2 7 2 10% Q u i n o l i n e  0.6 -8.9 9.5 

10% Q u i n o l i n e  14.4 6.7 11,34* 15 

17 30 . 10% Q u i n o l i n e  ' 13.8 10.2 3.6 

14 60 10% Qui  no1 i ne 8.6 6.3 + '  1.9 

19 18 20% Qu i no1 i ne 9.8 3.6 6.2 % 

21,32* 30 20% Qui  no1 i ne 20.4 " ,  18.4 2.0 

10% THQ 
. . 

4 0 5 10% THQ 19.6 4.3 15.3 - 
, % 

16,33* 15 10% THQ 48.3 33.9 14.4 ' 

10% THQ 

3 1 60 10% THC) 79.4 57.9 21.5': . 
: * 

2 4 2 20% THQ 14.2 -6.7 20.9' 

30 15 20% THQ 33.0' 24.0 9.0 

22,23* 30 20% THQ 47.5 23.2 24.3 

3 8 6 0 20% THQ 64.1 44.5 19.6 

I I G33** 15 54% Pi p e r d i n e  16.8 . - -  

* Averages ~f two runs. ** Bruceton b i  t,umi nous coa l .  



one- r i ng  hydrogen donor con ta in ing  n i t rogen,  t h e  l e v e l  o f  conversion was on l y  

17%. However, t h e  r e a c t i o n  t ime  was 1 5 m i n  conpared t o  t h a t  o f  3 0 m i n  used 

w i t h  t h e  o the r  mixtures.  

As a  conpar ison t o  t h e  above resu l t s ,  se lec ted  coal  l i q u e f a c t i o n  

experiments were made i n  a  micro-autoc lave u n i t  us ing  e i t h e r  THQ o r  t e t r a l i n  

a t  a  r e a c t i o n  temperature of 380°C. The experimental  approach i s  somewhat 

d i f f e r e n t  i n  t h e  micro-autoc lave runs i n  t h a t  t h e  reac tan ts  a r e  charged t o  a  

smal l  r e a c t o r  (about 10 cc)  and then lowered i n t o  a  preheated f l u i d i z e d  sand 

bath. The reac tan ts  come t o  temperature i n  about 2.5 min, which i s  t h e r e a f t e r  

d e f i n e d  as "0" time. As pointed.  out i n  prev ious work (8), some l i q u e f a c t i o n  

occurs du r ing  t h i s  s h o r t  heat-up time. 

The r e s u l t s  of t h e  micro-autoc lave runs w l t h  Powhatan coal  a re  

summarized, ln  Table 24. The convers ion o f  coal  t o  THF so lub les  i s  about 35% 

d u r i n g  t h e  heat-up p e r i o d  f o r  both t h e  THQ and t e t r a l i n  solvents. This  l e v e l  

I s  h i g h e r  t han  t h a t  observed f o r  t h e  2- and 5-min per iods  of t h e  runs w i t h  10% 

THQ i n  water. It i s  noted t h a t  t h e  r a t i o  o f  coal  t o  THQ i s  about equal i n  

bo th  t h e  autoc lave and s u p e r c r i t i c a l  water runs due t o  t h e  h i g h  so lvent  charge 

I n  t h e  l a t t e r  case. Whi le t h e  l e v e l s  o f  t o t a l  conversion a t  a  30-min r e a c t i o n  

tlme a r e  about equa'l f o r  t h e  THQ and t h e  10% THQ i n  water experiments, t h e  

convers ion  w i t h  t e t r a l i n  a lone appears t o  be b e t t e r  than t h a t  i n  a m ix tu re  

w i t h  s u p e r c r i t i c a l  water. Thc pr imary  advantage o f  us ing  superc r i  t i c a l  wdter  

I s  t h a t  o f  reducing t h e  l e v e l s  of  heavy reac t i on  in termediates,  namely 

preasphaltenes, i n  these experiments. As observed i n  t h e  r e s u l t s  o f  Tables 22 

and 23, l ess  prea'sphaltenes (namely about one- four th)  a re  being recovered i n  

t h e  products o f  t h e  s u p e r c r i t i c a l  water  runs. This imp l i es  t h a t  t h e  coa l -  

der ived,  r a d i  ca l - con ta in ing  species a r e  we1 1-dispersed and recombinat ion i s  

g r e a t l y  reduced, o r  perhaps, t h e  so l ven t  system may reac t  w i t h  these coa l -  

d e r i v e d  species. A  study of  these reac t i ons  i s  beyond t h e  scope o f  the  

present  p ro jec t .  
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Conversion and Product D i s t r i b u t i o n  
Micro-Autoclave Runs and Powhatan No. 5 Coal 

Reac t ion  - -  - - 

Time, % T o t a l  . Y i e l d  % . +  
Run No. (minutes)  Solvent*  . Conversion % Preasphal  t e n e  

C2 3 0 THQ 67.7 -20.7 88.4 

C 3 0 . T e t r a l i n  33.1 24.0 9.1 

C 4 5 Tetra1  i n  39.9 a 25.0 14.9 , 

C 5 3 0 T e t r a 1  i n  53.8 29.4 24.4" 

* Average feed c o n s i s t e d  o f  15 g coa l  p l u s  3.6 g s o l v e n t ;  a f t e r  charg-ing t h e  
r e a c t o r  was p r e s s u r i z e d  w i t h  500 p s i  N2 ( c o l d )  p r i o r  t o  t h e  run.  . . , .  



3. t f f e c t  o t  Solvent Concentrat ion on 
Conversion t o  THF-Soluble Products 

To study t h e  e f f e c t  o f  so lvent  concent ra t ion  on conversion t o  THF- 

s o l u b l e  products,  so l ven t  concentrat ions o f  0, 10, and 20 w t %  were used f o r  

t e t rahyd roqu ino l i ne ,  qu ino l i ne ,  and t e t r a l i n .  The values o f  conversions and 

product  d i s t r i b u t i o n s  a r e  tabu la ted  i n  Table 23. F igure  29 shows t h e  t o t a l  

convers ioh a f t e r  30 min f o r  0, 10, and 20' w t %  so lvent  mix tures  o f  THQ, 

t e t r a l  i n ,  and qu ino l  i n e  w i t h  water and t h e  qu ino l  ine/water/H2 system. 

It can be seen t h a t ,  f o r  so lvents  which are  hydrogen donors l i k e  

te t rahyd roqu ino l  i n e  and t e t r a l  i n ,  h igher  l e v e l s  o f  conversion a re  observed a t  

10% than  a t  e i t h e r  0  o r  20% concentrat ions,  w h i l e  t h e  reverse i s  t r u e  f o r  non- 

donors such as q u i n o l i n e  (F igure 30). . This i s  p a r t i c u l h r l y  demonstrated i n  

F i g u r e  30 f o r  10 and 20% THQ mix tures  w i t h  conversion repor ted  over a wide 

range o f  reac t  i o n  t imes. 

It i s  probable t h a t  these hydrogen donors form 9'dductss w i t h  coal a t  

a  r a t e  i n  p r o p o r t i o n  t o  t h e  concent ra t ion  o f '  t h e  hydrogen donoi. I f  these 

adducts a re  n o t  THF-soluble products, t h e  conversion would decrea'se due t o  t h e  

so l ven t  being adducted t o  coal.  Conversely, t h e  presence o f  a  hydrogen donor 

he lps  i n  s t a b i l i z i n g  t h e  coal  r a d i c a l s  lead ing  t o  reduced re t rog ress i ve  

r e a c t i o n s  w i t h  an apparent increase i n  conversion. These competing e f f e c t s  

l e a d  t o  a' maximum i n  convers ion a t  low concentrat ions o f  t h e  hydrogen donor. 

Apparent ly,  concent ra t ions  near 10% (or  r a t i o s  o f  coal -to-donor s o l  vent o f  

about 1:2) a r e  s u f f i c i e n t  t o  s t a b i l i z e  t h e  coal r a d i c a l s ;  f u r t h e r  increases i n  

concen t ra t i on  r e s u l t  i n  g rea te r  adduct formation w i t h  lower y i e l d s .  

For  qu ino l ine-water  mixtures,  t he re  a l s o  appears t o  be adduct 

formation. This  . w i  11 be discussed f u r t h e r  i n  the. f o l l o w i n g  s e c t i o n  dea l i ng  

w i t h  GPC and n i t r o g e n  ana lys is .  

It i s  c l e a r  t h a t  a t  l e a s t  two and probably f o u r  corrpeting processes 

a r e  predominating. Among t h e  p o s s i b i l i t i e s  are: 
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1. Coal d i s s o l u t i o n - - f a v o r e d  by good o rgan i c  s o l  vents.  

2. Coal p y r o l y s i s  w i t h  capping o f  f r e e  r a d i c a l s  o r  r e a c t i v e  
, , 

. ,  i n t e rmed ia tes - - f avo red  by hydrogen donor and t h e  presence o f  
s u p e r c r i t i c a l  water. 

3. Adduct ion--depending on t h e  t y p e  o f  donor so l ven t .  

. 4. coa l  p y r o l y s i s  w i t h  r e t r o g r e s s i v e  r e a c t i o n s - m o r e  e x t e n s i v e  i ,n - 
t h e  presence of a  nonhydrogen donor. 

. " - .  ~ Pr0ces.s 1 appears. t o  occur  i n  a  s h o r t  t i m e  (<I5 min)  as shown i n  

. + F i gu res  2 7  and 28 and by.  t h e  m i c ro -au toc l ave  r e s u l t s .  Wi th  e k c e i s  sol.\ ient, 

*process 2 proceeds even a t  low c o n c e n t r a t i o n  ;..and : appears t o  be f a i r l y  

.. .independent o f  concent ra t , ion.  . Hence t h e  e f f e c t  of hav i ng  a  hydrogen donor". 

-, p'resent i s  n o t  .enhanceds:by, go ing*  f r om  10% t o  .20% -i:n wa.ter. However; process. .3  j a 

.~-.i nCcreases w i t h  , concent.r.at.i,on caus ing  a  decrease i n :  .convers\i on as -hydrogen;& 

: donor concent- . rat i .on inc reases . .  . Process 4 -  'appears. t -o  be happeni.ng w i t h  - 
: q u i n o l  i n e  mi x t u ~ e s . ;  sincec..as t imes. i  ncreases,. the.~.conve.rs ion decreases f o r  the.: 

10% q u i n o l i n e  i n  wa te r  mi.xture. 

4. E f f e c t  o f  Hyd rogen 'Add i t i on  on 
Convers ion t o  THF-Soluble Products  , . 

Hz i s  used i n  coa l  l i q u e f a c t i o n  processes t o  improve t h e  H/C r a t i o  

- in  t h e  f i n a l  p roduc t  by sapp ing  t h e  coa l  r a d i c a l s .  d r ~  These capped* r a d i c a l  s  

< c o n t r i b u t e  t o  t h e  h i g h e r  convers ion  t o  lower  b o i  1  i n g  f r a c t i o n  m a t e r i a l s .  

Therefore,  i n  3. runs,  Hz was used i n s t e a d  o f  argon t o  i n j e c t  t h e  coa l  dmto t h e  

s u p e r c r i  t i  c a l  phase. The *systems under study. ,were wa te r  and wa te r -qu ino l  icne 

.mi.xtures which .had no hydrogen tdona t ing  capac i t y .  % The r e s u l t s  o f  t hese  . 
exper iments  a r e  summarized i n  Tab le  25. 

It can be seen t h a t  t h e  Hz a d d i t i o n  .result.s . i n  h i g h e r  convers ions  

compared t o  t hose  when nov Hz i s  p resen t .  For  water ,  coa l  conve rs i on  t o  THF 

s o l u b l e s  i nc reases  f rom 16.2% t o  37.9% w i t h  an i nc rease  i n  t h e  y i e l d  o f -  

.preasphal tenes f r om 1.9% t o  11.5%. For t h e  10% q u i n o l i n e / w a t e r  m i x tu re ,  the- 

conve rs i on  o n l y  increases. f rom 13.8 t o  16.7%, w h i l e  f o r  20% q u i n o l  i ne /wa te r  



T a b l e  25 

Convers ion  and Produc t  Di s t r j  b u t i o n  f o r  Runs w i t h  
S o l v e n t  M i x t u r e s  w i t h  Hz Used t o  I n j e c t  Coal 

( R e a c t i o n  Time o f  30 m i n )  

W t %  S o l v e n t  % T o t a l  . Y i e l d  % 
Run No. So l  v e n t  i n  Water Convers ion  GOA Preaspha l  t e n e  - 

4 1 Water 

35 Q u i n o l  i n e  10% 16.7 5.9 10.8 -' 



mix tu re ,  i t  inc reases  f rom 20.4 t o  32.6%. Wi th  Hp a d d i t i o n ,  t h e  amount o f  

p reaspha l tenes  inc reases  f rom 3.6% t o  10.8% f o r  t h e  10% q u i  no1 i ne/water  

m i x tu re ,  w h i l e  t h a t  ob ta i ned  u s i n g  t h e  20% q u i n o l  i ne /wa te r  m i x t u r e  remains 

a lmos t  t h e  same w i t h  o r  w i t h o u t  Hz. The use o f  a  hydrogen atmosphere r e s u l t s  

i n  t h e  inc reased  capping o f  c o a l - d e r i v e d  r a d i c a l s  as denoted by increase'd 

y i e l d s  o f  l i g h t e r  f r a c t i o n s .  

5. E f f e c t  o f  React ion Time on 
Convers ion t o  THF-Soluble Produc ts  

The r e a c t i o n  t i m e  has an impo r tan t  e f f e c t  on t h e  convers ion  and t h e  

p roduc t  d i s t r i b u t i o n  i n  any chemical  process. It i s  i n t e r e s t i n g  t o  no te  t h a t  

t h e  t i m e  dependence i s  g r e a t e r  f o r  t h e  more e f f e c t i v e  s o l v e n t s  i n  t h e  aqueous 

s u p e r c r i t i c a l  systems. Wi th  q u i n o l i n e  as t h e  s o l v e n t ,  t i m e  seems t o  have a  

n e g a t i v e  e f f e c t .  The k i n e t i c s  f o r  pu re  water,  10% and 20% q u i n o l i n e ,  and 10% 

and 20% THQ systems were i n v e s t i g a t e d  by v a r y i n g  t h e  r e a c t i o n  t i m e  f rom 2 t o  

60 min. The r e s u l t s  o f  these  runs a re  l i s t e d  i n  Table  23. F igures ,  30 and 31  

d e p i c t  t h e  t o t e l  convers ien  t o  THF-so lub le  p roduc ts  as a  f u n c t i o n  o f  t i m e  and 

s o l  vent  concen t ra t  i o n  f o r  t h e  q u i n o l  i ne -wate r  and THQ-water systems, 

r e s p e c t  i vely .  

I n  t h e  case of  water,  t h e  conve rs i on  t o  THF-soluble p roduc t s  remains 

a lmost  const,ant a f t e r  a  r e a c t i o n  t i m e  o f  15 t o  30 min, bu t  t h e  % p reaspha l -  

t enes  i n  t h e  p roduc t  decrease f r om 5.2% t o  1.9% when t h e  r e a c t i o n  t i m e  i s  

inc reased  f rom 15 min t o  30 min. The compos i t i on  o f  p roduc t s  i s  a lmost  

unchanged when t h e  r e a c t i o n  t i m e  i s  i nc reased  f r om 30 min t o  60 min. 

For 10% q u i n o l i n e  i n  wa te r ,  t h e  convers ion  decreases w i t h  an 

i n c r e a s e  i n  r e a c t i o n  t ime,  whi l e  f o r  20% q u i n o l  i n e  t h e  conve rs i on  inc reases  

w i t h  r e a c t i o n  t ime.  It i s  n o t  c l e a r  why t h i s  occurs ,  bu t  i t  may be r e l a t e d  t o  

adduct  fo rmat ion .  

As shown i n  F i g u r e  28 f o r  t h e  runs w i t h  10% and 20% THQ i n  water,  

coa l  convers ion  t o  THF s o l u b l e s  inc reases  w i t h  r e a c t i o n  t ime.  F i gu res  29 and 

30 show t h e  t i m e  dependence o f  GOA and p reaspha l tene  y i e l d s ,  r e s p e c t i v e l y .  
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It i s  c l e a r  t h a t  adduct f o rma t i on  occurs  a t  s h o r t  r e a c t i o n  t imes  as denoted by 

"nega t i ve  y i e l d s "  o f  GOA a t  r e a c t i o n  t imes  up t o  about 5  min, The "nega t i ve  

y i e l d s "  i n d i c a t e  a  n e t  l o s s  o f  s o l v e n t  dur i 'ng t h i s  per iod .  A t  l o n g e r  t imes ,  a  

p o r t i o n  o f  t hese .  compounds a r e  conver ted  t o  t o l u e n e  so lub les .  The degree o f  

adduc t i on  appears t o  be i n i t i a l l y  g r e a t e r  f o r  t h e  10% THQ/water system; 

however, t h e  r e a c t i o n s  a r e  such t h a t  t h e  y i e l d  o f  GOA's i s  soon h i g h e r  f o r  t h e  

10% THQ/water system t h a n  f o r  t h e  20% THQ/water system. 

6. Adduct ion as Conf i rmed by N i t r o g e n  Analyses 

The n i t r o g e n  con ten t s  of t h e  t o l u e n e - s o l u b l e  and p reaspha l tene  

f r a c t i o n s  f rom s e l e c t e d  runs made w i t h  water ,  10% THQ, 10% q u i n o l i n e ,  and 10% 

q u i n o l i n e  p l u s  H2 a r e  g iven  i n  Table  26. The p roduc ts  f rom t h e  100% water  

runs  c o n t a i n  0.9 t o  1.4% n i t r o g e n ,  w h i l e  those  f rom t h e  runs  w i t h  THQ o r  

q u i n o l i n e  c o n t a i n  3.5 t o  6% n i t r ogen .  

To check t h a t  t h e  n i t r o g e n  con ten t s  p r i m a r i l y  r e f l e c t  chem ica l l y  

adducted s o l  vents ,  s e l e c t e d  samples were analyzed by ge l  phase chromatography 

(GPC) u s i n g  JHF as t h e  c a r r i e r .  Cons ide r i ng  t h e  sampl ing procedure and t h e  

nominal  t i m e  d i s t r i b u t i o n  i n  t h e  Waters GPC u n i t ,  t h e  samples a r e  w e l l  

d i s p e r s e d  a t  a  c o n c e n t r a t i o n  o f  about 2 ppm. . F o r  re fe rence ,  f r e e  q u i n o l i n e  i s  

observed a t  a  scan t i m e  o f  about 24.15 min. 

The GPC scans o f  s e l e c t e d  o i l  p l u s  aspha l tene  (OA) samples a r e  g i ven  

i n  F i g u r e  34. The scan o f  t h e  OA sample f rom t h e  100% wate r  r u n  (15 m in )  has 

a  somewhat symmztr ic d i s t r i b u t i o n  w i t h  a  nominal peak mo lecu la r  we igh t  o f  560 

( p o l y s t y r e n e  s tandards ) .  The scan o f  t h e  OA sample o f  t h e  10% THQ i n  wa te r  

r u n  i s  somewhat s i m i l a r  bu t  ex tend ing  t o  an area o f  l ower  mo lecu la r  weight.  

The l e v e l  o f  q u i n o l i n e  i s  es t ima ted  as 5.1%, which aniounts t o  o n l y  0.5% of  t h e  

5.2% n i t r o g e n  i n  t h e  OA's. A second peak o f  h i g h e r  mo lecu la r  we igh t  may be a  

d imer  and would account f o r  about t h e  same l e v e l  o f  n i t r ogen .  The OA sample 

o f  t h e  10% q u i n o l i n e  i n  wa te r  r un  i s  much d i f f e r e n t  than  t h e  above i n  t h a t  

about 45% o f  t h e  sample appears t o  be f r e e  qu ino l i ne .  Th i s  i s  c o n s i s t e n t  w i t h  

a  . l i g h t  t a n  c o l o r  o f  t h i s  sample. Obv ious ly ,  t h e  use of a  n i t r o g e n  compound 

such as q u i n o l i n e  i s  d e t r i m e n t a l  i n  t h i s  t y p e  o f  s u p e r c r i t i c a l  coal extract ion.  



Tab le  26 

Run No. 

N i t r ogen  Analyses o f  Sel ec ted  O i  1  
P l u s  Asphal t ene  and Preasphal  t ene  Samples 

Reac t ion  
T i  me b5 Ni t roqen Content - 

(m'nute) So lven t  w t%)  
:. O i  1 + Asphal tdnes Preasphal tenes 

J 

60 Water 0.93 1.42 

15 10% THQ 

3 0 10% THQ 

3 0 " 10% THQ 5.62 5.24 
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The GPC scans o f  samples o f  preasphaltenes are shown i n  F igure 35. 

The GPC scans of t h e  PA's o f  t h e  100% water and 10% THQ i n  water a re  s i m i l a r ,  

w i t h  t h e  l a t t e r  showing a minor ( ~ 1 % )  amount o f  f r e e  qu ino l i ne .  The GPC scan 

o f  t h e  PA of t h e  10% q u i n o l i n e  i n  water run i s  markedly d i f f e r e n t  than the  

o the rs  i n  t h a t  i t  i s  o f  lower molecular  weight,  and i t  appears t o  have a 

double peak t o t a l l i n g  about 15% qu ino l i ne .  .This would account f o r  about 1.6% 

o f  t h e  5.2% n i t r o g e n  i n  t h e  PA. It i s  unusual t h a t  q u i n o l i n e  would be present 

i n  t h i s  sample i n  t h a t  i t  had been s t r i p p e d  a t  80°C f o r  a t  l e a s t  one day 

be fo re  and a f t e r  a two-day e x t r a c t i o n  w i t h  to luene.  

I n  summary, a h i g h  l e v e l  o f  n i t r o g e n  i s  observed i n  ' the heavy, coa l -  

de r i ved  products of t he  THQIwater runs as a r e s u l t  o f  chemical adduct ion and 

n o t  phys ica l  entrapment. The use of q u i n o l i n e  p lus  water r e s u l t s  i n  poor 

y i e l d s  w i t h  h igh  l e v e l s  o f  bo th  chemical adduct ion and apparent phys ica l  

entrapment . 

Conclusions . 
. " - - 

. - 
I n  t h e  superc r i . t i ca1  e x t r a c t i o n  o f  P i t t s b u r g h  Seam coal  (Powhat an 

No. 5 Mine), a  hydrogen donor-water m ix tu re  w i t h  hydrogen donor i n  d i l u t e  

concen t ra t i on  . , (10 wt%)  i s  an e f f e c t i v e  so lvent  f o r  h igh  l e v e l s  of conversion. 

Higher  concent ra t ions  of donor may no t  be b e n e f i c i a l  . The a d d i t i o n  o f  a 
hydrogen atmosphere i ncregses the csr .~vers i  on fur ~ o l  vents w h f  eh are not good 

hydrogen donors, a l though i t  i s  not  as e f f e c t i v e  as t h a t  o f  us ing  a good 

hydrogen . . donor. The use o f  n i  t rogen-contai  n i  ng so l  vents ( c y i n o l  i ne and 

te t rahyd roqu ino l i ne )  r e s u l t s  i n  h igh  l e v e l s  of s o l  vent adduct ion a s  i n d i c a t e d  

by h i g h  n i t r o g e n  l e v e l s  i n  t h e  heavy product  f rac t i ons .  Reaction t imes o f  

about 1 h are needed t o  approach e q u i l i b r i u m  conversions when us ing  hydrogen- 
.. . 

donor water mixtures.  However, a r e a c t i o n  t ime  of 112 h i s  s u f f i c i e n t  f o r  

nonhydrogen donors, bu t  these g i ve  1 ower convers i  ons. The reac t  i v i  t y  o f  coal 

depends s t rong ly .  on t h e  coal  type as confirmed by the  observed d i f f e rences  i n  

l e v e l s  o f  conversion of Bruceton and Powhatan (bo th  ~ i t t s b u r ~ h  seam) I .  coals and 

I l l i n o i s  No. 6 coal.  
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I V .  SUBTASK 5: New Research Concepts 

. . I n  developing poss ib le  new r e a c t i o n  concepts t o  l i q u e f y  coal,  t h e  
fo'l lowing po in t s  need t o  be taken i n t o  account: 

. ?  , . 

- , .  1. The most e f f e c t i v e  conversion o f  coal  t o  f i r s t  stage products' 

occurs i n  hydroaromatic s o l  vents o f  1  ow he te ro func t i ona l  i ty ( t o  

avo id  adduct ion) .  $ , .  

2. c a t a l y s t s  are important  i n  t h e  upgrading steps f o l i o w i n g  t h e  
,. ' I  I . .  . i n i  t i a1 conversion o f  coal  ; these c a t a l y s t s  should be" 

recover ib1 e  w i thou t  ex tens ive  t rea tment  o r ,  a1 t e r n a t i  vely,  
+ 7 d i r e c t l y  disposable. 

- . -  3. No a.dvan.tage Il , appears l i k e l y  f o r  t h e  use of s u p e r c r i t i c a l  . .. . b 

: 
... , 4 . s o l v e i t s ,  . . du r i "g  . .  t he  i n i - t i a l  stages o f  l i q u e f a c t i o n ;  however, 

s u p e r c r i t i c a l  systems may be o f  advantage du r ing  the '  e a r l y  

stagebs of product upgrading. . , : .  . . ~. . , 

. - : ., 
'.,;; - . . - .  . 

4. The reduct ion  o f  heterocompounds i n  recycl'e so lvents  would be 

o f  advantage t o  reduce adduct ion reac t ions .  This  may be 

accomplished bjl e i t h e r  c a t a l y t i c a l l y  hydrogenating the  recyc le  

so lvent  (such as i n  t he  EDS process scheme) o r  by adsorbing out 

these specie5 us ing  a c t i v a t e d  so l  i d s  ( f o r  example us ing  so l  i d s  

o f  h igh  a c i d  f u n c t i o n a l i t y ) .  

I n  summary, a  somewhat i d e a l i z e d  process would c o n s i s t  o f :  (1 )  a  

f i r s t  stage o f  sho r t  residence t ime us ing  a  recyc le  so lvent  o f  low p o l a r  

f u n c t i o n a l i t y  and h igh  donor capaci ty ,  (2 )  a  second stage reac to r  i n t o  which 

i s  in t roduced a  m a ~ o r  amount o f  c r i t i c a l  so l ven t  a long w i t h  a c a t a l y s t .  

(presumably a  disposable one o r  t h e  reac to r  may con ta in  a  f i x e d  bed of 

c a t a i y s t  i n  an arrangement t o  avo id  pluggi,ng),  ( 3 )  a  pressure letdown 

' vessel ( s )  t o  p rec ip i ta te /agg lomera te  t h e  ash a long w i t h  heavy f r a c t i o n s ,  and 



( 4 )  a system t o  reduce t h e  l e v e l  o f  p o l a r  so l ven t s  f r om  t h e  r e c y c l e  s o l v e n t  

system. 1 t '  may be advantageous t o  hydrogenate t h e  r e c y c l e  s o l  vent  system. 

.. . 

I n  t h e  above concept ,  p a s t  exper ience  w i t h  v a r i o u s  process o p t i o n s  

i s  combined w i t h  new concepts.  It appears u n l i k e l y  t h a t  r a d i c a l l y  d i f f e r e n t  

concepts  w i l l  deve lop f o r  t h e  donor s o l v e n t  l i q u e f a c t i o n  o f  coa l .  As has 

occu r red  i n  t h e  pas t ,  new developments w i l l  occur  as a r e s u l t  of new concepts 

b e i n g  added t o  a comb ina t ion  o f  e x i s t i n g  techno log ies .  




