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Abstract:
Coal extraction using supersolvents, tetramethylurea (TMU) and hexamethylphosphoramide (HMPA),
in the presence of the water-gas shift reaction may be a viable method for hydrogenating and extracting
coal products in one operation. In this investigation the effects of solvent mixture, solvent pH,
temperature, and carbon monoxide pressure on coal extraction were evaluated. Experiments were
conducted on Colstrip sub-bituminous coal and other coals in a magnetically stirred batch autoclave
with carbon monoxide pressures ranging from 250 to 1000 psig.

Extraction of Colstrip coal to 35 percent was observed at 1607deg;C using a solvent mixture of
TMU/HMPA/Tetralin/H2O with a pH of 13.12 and a carbon monoxide pressure of 500 psig.

It was found that extraction decreased with increasing carbon monoxide pressure in the range of 250 to
1000 psig, but the extraction value for any pressure was greater than when carbon monoxide was not
used.

Extraction by the present procedure was not found to be temperature dependent over the range of 25 to
200°C. Possible explanations for this unexpected result have been presented.

Solvent was retained in the extraction residue in the amount of 6 to 17 percent by weight. The total
extraction must be dramatically increased, or the amount of solvent retention decreased, for the process
to be viable as a coal extraction method. 
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ABSTRACT

Coal: e x t r a c t i o n  u s i n g  s u p e r s o l  v e n t s , t e t r a m e t h y  I u rea (TMU) and 
h e x a m e t h y l phosphoram ide  (HMPA), in  t h e  p resence  o f  t h e  w a t e r - g a s  s h i f t  
r e a c t i o n  may be a v i a b l e  method f o r  h y d r o g e n a t i n g  and e x t r a c t i n g  c oa l  
p r o d u c t s  in  one o p e r a t i o n .  In t h i s  i n v e s t i g a t i o n  t h e  e f f e c t s  o f  s o l v e n t  
m i x t u r e ,  s o l v e n t  pH, t e m p e r a t u r e ,  and ca rbon  monoxide p r e s s u r e  on coa l  
e x t r a c t i o n  were  e v a l u a t e d .  E x p e r im e n ts  were  c o n d u c te d  on C o l s t r i p  
s u b - b i t u m i n o u s  coa l  and o t h e r  c o a l s  in  a m a g n e t i c a l l y  s t i r r e d  b a tc h  
a u t o c l a v e  w i t h  ca rbon  monoxide p r e s s u r e s  r a n g i n g  f r o m  250 t o  1000 p s i g .

E x t r a c t i o n  o f  C o l s t r i p  c oa l  t o  35 p e r c e n t  was o b s e rv e d  a t  160 C 
u s i n g  a s o l v e n t  m i x t u r e  o f  T M U /H M P A /T e t ra l i n /H 20 w i t h  a pH o f  13-12 and 
a ca rbon  monoxide p r e s s u r e  o f  500 p s i g .

I t  was found  t h a t  e x t r a c t i o n  dec reased  w i t h  i n c r e a s i n g  carbon 
monox ide p r e s s u r e  in  th e  range o f  250 t o  1000 p s i g ,  b u t  t h e  e x t r a c t i o n  
v a l u e  f o r  any p r e s s u r e  was g r e a t e r  th an  when carbon monox ide  was n o t  
u s e d .

E x t r a c t i o n  by t h e  p r e s e n t  p r o c e d u r e  was n o t  found t o  be t e m p e r a t u r e  
dependen t  o v e r  t h e  range o f  25 t o  2 0 0 ° C. P o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  
unexpec ted  r e s u l t  have been p r e s e n t e d .

S o l v e n t  was r e t a i n e d  in  t h e  e x t r a c t i o n  r e s i d u e  in  t h e  amount o f  6 
t o  17 p e r c e n t  by w e i g h t .  The t o t a l  e x t r a c t i o n  must  be d r a m a t i c a l l y  
i n c r e a s e d , o r  t h e  amount o f  s o l v e n t  r e t e n t i o n  d e c r e a s e d ,  f o r  t h e  p ro c e s s  
t o  be v i a b l e  as a coa l  e x t r a c t i o n  method .



INTRODUCTION

Sears ( I )  has s ugges te d  a nove l  app roach  t o  t h e  l i q u e f a c t i o n  o f  

co a l  u s in g  a s p e c i f i c  g ro u p  o f  c h e m ic a l s  t h a t  he c a l l e d  s u p e r s o l v e n t s .  

In p r e l i m i n a r y  e x p e r i m e n t s , a t  room t e m p e r a t u r e  and p r e s s u r e ,  he was 

a b l e  t o  show t h a t  s o l v e n t s  o f  the  g e n e r a l  f o r m u l a

0 R
Il /

R— M— N M = C,P,S
1 \
R R  ,

e x h i b i t  u n u s u a l l y  h i g h  e x t r a c t i o n  c h a r a c t e r i s t i c s  f o r  c e r t a i n  ty pes  o f  

c o a l .  Based upon t h i s  e v id e n c e  he s u b m i t t e d  a p r o p o s a l  t o  t h e  

Depar tm en t  o f  Energy t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  u s i n g  a s u p e r ­

s o l v e n t  e x t r a c t i o n  p ro c e s s  f o r  t h e  l i q u e f a c t i o n  o f  c o a l .  The e n s u in g  

r e s e a r c h  g r a n t  has p r o v i d e d  t h e  f u n d i n g  f o r  t h i s  i n v e s t i g a t i o n  and o t h e r  

r e l a t e d  w ork .

C o - i n v e s t i g a t o r s  T. Ward (2) and C. I c h i o k a  (3)  examined th e  

e f f e c t i v e n e s s  o f  t e t r a m e t h y I u r e a  , hexamet h y  I phosphoram ide  , and o t h e r  

s u p e r s o l v e n t s  on th e  e x t r a c t i o n  o f  c o a l .  T h e i r  e f f o r t s  r e v e a le d  t h a t  

t h e  b l e n d i n g  o f  s u p e r s o l  v e n t s  r e s u l t e d  in  b e t t e r  e x t r a c t i o n  o f  coa l  than  

c o u ld  be o b t a i n e d  by any one s u p e r s o l v e n t  a l o n e .  They were  a l s o  a b l e  t o  

document  t h a t  r e l a t i v e l y  l a r g e  amounts o f  s o l v e n t  were  r e t a i n e d  in t h e

c oa l  r e s i d u e .
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I .  S a h i n , a n o t h e r  c o - i n v e s t i g a t o r ,  p e r fo rm e d  s e v e r a l  e x p e r i m e n t s  in 

a packed bed r e a c t o r  w i t h  hydrogen  o v e r p r e s s u r e  in  an e f f o r t  t o  d e t e r ­

mine  i f  enhanced e x t r a c t i o n  o f  c oa l  c o u l d  be a c h ie v e d  by h y d r o g e n a t i o n  

o f  co a l  in  t h e  p resence  o f  s u p e r s o l v e n t s .  H is  e f f o r t s  were  th w a r t e d  by 

m a t e r i a l s  h a n d l i n g  and c oa l  s w e l l i n g  p r o b le m s ,  b u t  he was a b l e  t o  

t e n t a t i v e l y  c o n c lu d e  t h a t  hydrogen  o v e r p r e s s u r e  was i n e f f e c t i v e  in 

e n han c ing  t h e  e x t r a c t i o n  o f  c o a l .

O th e r  i n v e s t i g a t o r s  have documented th e  h ig h  r e a c t i v i t y  o f  t h e  

n a s c e n t  hyd rogen formed in  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  ( 4 , 5 , 6 ) .  Sears 

( 7 ) p o s t u l a t e d  t h a t  enhanced e x t r a c t i o n  o f  coa l  may be p o s s i b l e  by u s i n g  

t h e  w a te i—gas s h i f t  r e a c t i o n  in  c o n j u n c t i o n  w i t h  s u p e r s o l v e n t  e x t r a c  

t i o n .  T h i s  p ro c e s s  wou ld  have a d i s t i n c t  a d v an ta ge  o v e r  o t h e r  

e x t r a c t i o n  p ro c e s s e s  in  t h a t  bo th  t h e  e x t r a c t i o n  and h y d r o g e n a t i o n  o f  

t h e  coa l  c o u l d  be a c c o m p l i s h e d  in  one o p e r a t i o n .

W h i t e h u r s t  e t  a I . (8)  i d e n t i f i e d  s e v e r a l  f a c t o r s  t h a t  s h o u ld  be 

c o n s i d e r e d  when e v a l u a t i n g  a new o r  improved c o a l - I i q u e f a c t  ion 

t e c h n o l o g y .  The most i m p o r t a n t  o f  t h e s e  f a c t o r s  a r e :  

a  hydrogen  u t i l i z a t i o n  e f f i c i e n c y  

a  s o l v e n t  o v e r h y d r o g e n a t i o n

A g e n e r a t io n  o f  h y d ro g en - r ich  f i n a l  products  

a  ease o f  s o l i d s  sep ara t io n s  

A red u ct io n  o f  r e a c t i o n  t ime  

A red u ct io n  o f  process tem perature

P r e l i m i n a r y  e x p e r i m e n t a l  wo rk  pe r fo rm e d  by Sears ( I )  i n d i c a t e s  t h a t  t h e  

s u p e r s o l  v e n t  c o a l - I i q u e f a c t  ion p ro c e s s  may have s i g n i f i c a n t  advan ta ges
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o v e r  e x i s t i n g  c o a l - I i q u e f a c t  ion  p ro c e s s e s  based on t h e  f a c t o r s  i d e n t i ­

f i e d  by W h i t e h u r s t .

The pu rpose  o f  t h i s  i n v e s t i g a t i o n  was t o  examine t h e  e x t r a c t i o n  o f  

c oa l  u s i n g  s u p e r s o l v e n t s  i n  c o n j u n c t i o n  w i t h  t h e  w a t e r - g a s  s h i f t  

r e a c t i o n . The e f f e c t s  o f  r e a c t i o n  p a ra m e te rs  such as t e m p e r a t u r e ,  

p r e s s u r e , s o l v e n t , and pH o f  t h e  s o l v e n t  were t o  be c h a r a c t e r i z e d .

Coal S t r u c t u r e

Coal d e p o s i t s  were  fo rmed  by t h e  a c t i o n  o f  p r e s s u r e  and hea t  on 

p l a n t  m a t t e r  o v e r  long  p e r i o d s  o f  t i m e .  D u r in g  t h e  c oa l  i f i c a t i o n  

p ro c e s s  p r o g r e s s i v e  e l i m i n a t i o n  o f  o x y g e n , p r i m a r i l y  in  t h e  fo rm  o f  

ca rbon  d i o x i d e  and w a t e r , leads  t o  c o a l s  o f  h i g h e r  r a n k  ( 9 ) .  On a 

g e o l o g i c  t i m e s c a l e  p l a n t  m a t t e r  i s  f i r s t  c o n v e r t e d  t o  p e a t  and then  t o  

l i g n i t e ,  s u b - b i t u m i n o u s ,  b i t u m i n o u s ,  and f i n a l l y  a n t h r a c i t e  c o a l .  

S eve ra l  e x c e l l e n t  r e f e r e n c e s  a r e  a v a i l a b l e  on t h e  o r i g i n  and f o r m a t i o n  

o f  c oa l  ( 9 , 10 , 11) .

I t  has been found t h a t  t h e  m o r p h o l o g i c a l  n a t u r e  o f  coa l  i s  v e r y  

c om p lex .  M i c r o s c o p i c  e x a m i n a t i o n  o f  c oa l  r e v e a l s  t h a t  i t  i s  n o t  

homogeneous,  b u t  i n s t e a d  i s  a m i x t u r e  o f  s e v e r a l  d i f f e r e n t  i d e n t i f i a b l e  

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

c h e m ic a l  p r o p e r t i e s .  Some o f  t h e  I i t h o t y p e s  a r e  p r i m a r i l y  i n e r t  m i n e r a l  

m a t t e r ,  w h i l e  o t h e r s  c o n t a i n  h ig h  q u a n t i t i e s  o f  e x t r a c t a b l e  m a t e r i a l .

The chemical ,  makeup o f  coa l  has been s t u d i e d  by many s c i e n t i s t s  

( 1 2 , 1 3 , 1 4 )  . S eve ra l  pe rsons  have p roposed  s t r u c t u r e s ,  i n c o r p o r a t i n g  

e x p e r i m e n t a l  I y  o b s e rv ed  f u n c t i o n a l  g r o u p s , t h a t  p o r t r a y  an " a v e r a g e "  

c oa l  m o l e c u l e .  The s t r u c t u r e  f o r . a  b i t u m i n o u s  coa l  proposed  by Shinn
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(15)  i s  shown in F i g u r e  I .  As can be seen f rom  t h e  model s t r u c t u r e ,  

c oa l  i s  a h i g h l y  c r o s s  I inked  a r o m a t i c  compound w i t h  a l a r g e  number o f  

o x y g e n - c o n t a i n i n g  f u n c t i o n a l  g r o u p s .  Most o f  t h e  n i t r o g e n  in th e  c oa l  

m o le c u l e  i s  t i e d  up in  t h e  a r o m a t i c  r i n g s  and as such i s  p r o b a b l y  immune 

t o  low s e v e r i t y  l i q u e f a c t i o n  r e a c t i o n s .  There  a r e  s e v e r a l  r e l a t i v e l y  

weak bonds in  t h e  coa l  s t r u c t u r e ,  p r i m a r i l y  e s t e r  and e t h e r  bonds ,  and 

i t  i s  t h o u g h t  t h a t  l i q u e f a c t i o n  r e a c t i o n s  a r e  i n i t i a t e d  a t  t h e s e  s i t e s

( 1 6 )  .

S o l v e n t  T heo ry

S ev e ra l  app roaches  have been p r e s e n t e d  t o  e x p l a i n  t h e  c o r r e l a t i o n  

between 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 i r  e x t r a c t i v e  p r o p e r t i e s  on c o a l .  

Most s o l v e n t  t h e o r y  approaches  have o r i g i n a t e d  f r o m  one o f  two d i s s o l u ­

t i o n  m ode ls :  t h o s e  o f  Dryden and van K r e v e le n  ( 1 7 , 1 8 ) .

Dryden (17)  a s s e r t s  t h a t  coa l  c o n s i s t s  o f  ' m i c e l l e s '  t h a t  can be 

assumed t o  be r i g i d  and r e l a t i v e l y  i n d e s t r u c t i b l e .  Coal e x t r a c t i o n  

s o l v e n t s  a c t  by s w e l l i n g  t h e  m i c e l l e  n e t w o r k  so t h a t  s m a l l e r  m o l e c u l a r  

u n i t s  c o n t a i n e d  w i t h i n  t h e  m i c e l l e  may d i f f u s e  t h r o u g h  t h e  new ly  

e n l a r g e d  p o r e s .  A s u i t a b l e  s o l v e n t  ,must t h e r e f o r e  s w e l l  t h e  coa l  

s t r u c t u r e  and s t a b i l i z e  t h e  coa l  f r a g m e n t s  t h a t  a r e  t r a n s p o r t e d  t o  t h e  

s u r f a c e  v i a  o s m o t i c  d i f f u s i o n .

Van K r e v e le n  (18)  con tend s  t h a t  coa l  can be v iewed  as a 

c r o s s - l i n k e d  po lym er  and hence t h e  p r i n c i p l e s  o f  po ly m e r  t h e o r y  a p p l y .  

He b e l i e v e s  t h a t  t h e  amount o f  e x t r a c t a b l e  m a t e r i a l  d i s s o l v e d  by a 

s o l v e n t  i s  d e t e r m in e d  by t h a t  s o l v e n t ' s  s o l u b i l i t y  p a r a m e t e r ,  

S2 q = S2 d + 62 p + S2 h , a th e rm odynamic  p r o p e r t y ,  and t h e  s o l u b i l i t y
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F i g u r e  I .  S h i n n ' s  Model o f  B i t u m in o u s  Coal S t r u c t u r e
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p a r a m e te r  -o f  t h e  c o a l .  The o v e r a l l  s o l u b i l i t y  p a ra m e te r  i s  c om pr ised  o f  

a d i s p e r s i o n  c o m ponen t , a p o l a r  c o m p o n e n t , and a hydrogen  bond ing  com­

p o n e n t ;  Maximum s o l u b i l i t y  o f  t h e  c oa l  i s  o b t a i n e d  when t h e  s o l u b i l i t y  

p a ra m e te rs  o f  t h e  c oa l  and s o l v e n t  a r e  e q u a l .

I t  i s  p o s s i b l e  t h a t  Hombach (19)  has made a s i g n i f i c a n t  c o n t r i b u ­

t i o n  t o  t h e  w o rk  o f  van K r e v e l i n  by s u g g e s t i n g  t h a t  t h e  o v e r a l l  

s o l u b i l i t y  p a ra m e te r  may be a d j u s t e d  by u s i n g  a m i x t u r e  o f  s o l v e n t s .  By 

u s i n g  a m i x t u r e  o f  s o l v e n t s  i t  wou ld  t hen  be p o s s i b l e  t o  t a i l o r  t h e  

s o l u b i l i t y  p a ra m e te r  o f  t h e  s o l v e n t  t o  t h a t  o f  t h e  t a r g e t  c o a l .

Ward (2)  has s ugges te d  t h a t  t h e  o v e r a l l  s o l u b i l i t y  pa ra m e te r  may 

n o t  be t h e  i d e a l  c r i t e r i a  f o r  s e l e c t i o n  o f  an e x t r a c t i o n  s o l v e n t .  He 

has p r e s e n t e d  e v i d e n c e  t h a t  i n d i v i d u a l  s o l u b i l i t y  p a r a m e t e r s , f u n c t i o n s  

o f  t h e  o v e r a l l  s o l u b i l i t y  p a r a m e t e r , s h o u ld  be t a i l o r e d  so t h a t  t h e y  

match t h e  i n d i v i d u a l  s o l u b i l i t y  p a ra m e te rs  o f  the  t a r g e t  c oa l  .

TMU and HMPA

H e x a m e th y lp h o s p h o r a m id e , HMPA, and t e t r a m e t h y l u re a  , TMU , a r e  t h e  

s o l v e n t s  o f  i n t e r e s t  in t h i s  i n v e s t i g a t i o n .  HMPA and TMU a r e  members o f  

a c l a s s  o f  s o l v e n t s  c a l l e d  d i p o l a r  a p r o t i c  s o l v e n t s .  The s t r u c t u r e s  o f  

each a r e  shown in F i g u r e  2 and some o f  t h e i r  p h y s i c a l  p r o p e r t i e s  a r e  

I i s t e d  In T a b le  I .

HMPA i s  a c o l o r l e s s  m o b i l e  l i q u i d ,  w h ic h  i s  m i s c i b l e  w i t h  w a t e r  in 

a l l  p r o p o r t i o n s .  I t  i s  a l s o  m i s c i b l e  w i t h  many p o l a r  and n o n p o l a r  

o r g a n i c  s o l v e n t s ,  bu t  n o t  w i t h  s a t u r a t e d  h y d r o c a r b o n s  ( 2 0 ) .  HMPA i s  

p r e p a r e d  by r e a c t i n g  phosphorous  o x i d e  t r i c h l o r i d e  w i t h  an excess  o f
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F i g u r e  2.  S t r u c t u r e  o f  TMU and HMPA

T a b le  I .  P h y s i c a l  P r o p e r t i e s  o f  TMU and HMPA

P h y s i c a l  P r o p e r t i e s TMU HMPA

M o l e c u l a r  W e igh t 116.16 179-20

B o i l i n g  P o i n t  ( ° C ) (1  atm) 176.5 235

M e l t i n g  P o i n t  (°C) - 1.2 7.20

Densi t y  ( g / m l ) (25°C) 0.9619 1.0253

D i e l e c t r i c  C o n s ta n t 23 .45 30.00

D i p o l e  Moment (debye) 3 .37 5-37
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d i m e th y l  am ine .  The s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  i s  shown in E q u a t io n

OPCi3 + 6 HN(CH3 ) 2 — > OPfN(CH3 ) 2 X3 + 3 H2N(CH3 ) 2^ r  ( I )

The chem ic a l  p r o p e r t i e s  o f  HMPA a r e  p r i m a r i l y  due t o  t h e  p a r t i a l  

i o n i c  c h a r a c t e r  and p o l a r i t y  o f  t h e  m o l e c u l e .  A h ig h  e l e c t r o n  d e n s i t y ,  

p a r t i a l  n e g a t i v e  c h a r g e , i s  l o c a t e d  around  t h e  oxygen  atom, and a 

p a r t i a l  p o s i t i v e  cha rg e  i s  d i s t r i b u t e d  o v e r  t h e  n i t r o g e n  and phosphorous  

a toms.  The cha rg e  s e p a r a t i o n  and u n h in d e r e d  e l e c t r o n  c l o u d  abou t  th e  

oxygen atom make HMPA an e x c e l l e n t  hyd rogen  bond a c c e p t o r  and a poor  

hydrogen  bond d o n o r .  HMPA i s  v e r y  s t a b l e  a t  t e m p e r a t u r e s  be low i t s  

normal b o i l i n g  under  b a s i c  c o n d i t i o n s ,  b u t  can r e a d i l y  be a t t a c k e d  by 

Lewis  o r  B ro n s te a d  a c i d s .  The p r o d u c t s  o f  a c i d i c  a t t a c k  a r e  shown in 

E q u a t io n  ( 2 ) .

QP(N(CH ) 2 ) + H-A — > OP(H(CH ) 2 ) 2A + HN(CH3) 2 (2)

TMU i s  a l s o  a c o l o r l e s s  l i q u i d  t h a t  i s  m i s c i b l e  w i t h  a l l  common 

o r g a n i c  s o l v e n t s  as w e l l  as w i t h  w a t e r .  TMU is  p r e p a r e d  by r e a c t i n g  

phosgene and d im e t h y I  amine  as i l l u s t r a t e d  in  E q u a t io n  ( 3 ) .

2 (CH3 ) 2NH + COCl3 — -> OC(NfCH3 ) 2 X2 + (CH3 ) 2NH2V r  (3)

TMU i s  s t a b l e  a t  t e m p e r a t u r e s  be low  i t s  normal  b o i l i n g  p o i n t  under  

most c o n d i t i o n s .  L u t t r i n g h a u s  (21)  has documented t h e  p r o t o n a t i o n  o f  

TMU under  se v e re  a c i d i c  c o n d i t i o n s ,  b u t  c o n tend s  t h a t  TMU i s  an e x c e l ­

l e n t  r e a c t i o n  medium f o r  many c o n d i t i o n s  and i s  v e r y  u n r e a c t i ve w h i l e  

b e in g  an e x c e l l e n t  s o l v e n t .
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The a u t h o r  r e f e r s  t h e  re a d e r  t o  t h e  works  o f  Normant (20)  f o r  

e x h a u s t i v e  i n f o r m a t i o n  c o n c e r n i n g  t h e  c hem ic a l  p r o p e r t i e s  o f  HMPA and t o  

L u t t r i n g h a u s  (21)  f o r  t h e  p r o p e r t i e s  o f  TMU.

The p h y s i c a l  and chem ic a l  p r o p e r t i e s  o f  HMPA and TMU a r e  s i m i l a r  in 

many ways.  Some o f  t h e  most n o t a b l e  s i m i l a r i t i e s  a r e :

a  Both a r e  m i s c i b l e  w i t h  w a t e r  in  a l l  p r o p o r t i o n s .

a  Bo th  s o l u b i l i z e  a w id e  range  o f  o r g a n i c  compounds,  p a r t i c u l a r l y

a r o m a t i c  compounds.

a  Both m o le c u le s  have an oxygen atom t h a t  c a r r i e s  a n e g a t i v e  

cha rg e  and a p o s i t i v e  c h a rg e  t h a t  i s  d e l o c a l i z e d  by resonance 

o v e r  a c e n t r a l  atom and n i t r o g e n  atoms.

A Both have h i g h  d i e l e c t r i c  c o n s t a n t s  and l a r g e  d i p o l e  moments.

a  Both a r e  l i q u i d  a t  room t e m p e r a t u r e  and have a w id e  l i q u i d - s t a t e

t e m p e r a t u r e  r a n g e .

A word o f  c a u t i o n  i s  p r o b a b l y  in  o r d e r  c o n c e r n i n g  t h e  h a n d l i n g  o f  

TMU and HMPA. The p a t h o l o g i c  consequences o f  e x p o s u re  t o  th e s e  c h e m i ­

c a l s  have n o t  been v e r y  w e l l  docum en te d . I t  i s  s p e c u l a t e d  t h a t  HMPA in  

p a r t i c u l a r  may be a s k i n - c o n t a c t  c a r c i n o g e n .

Water -Gas  S h i f t  R e a c t io n

S ev e ra l  s c i e n t i s t s  have documented th e  enhanced r e a c t i v i t y  o f  t h e  

n a s c e n t  hydrogen  fo rmed  f ro m  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  o v e r  e le m e n t a l  

hyd rogen in  t h e  h y d r o g e n a t i o n  o f  c oa l  and coa l  d e r i v e d  p r o d u c t s  (2 2 , 2 3 ,  

2b ) . T h i s  p ro c e s s  has s i n c e  been named 1 C o s te a m . ' The w a t e r - g a s  s h i f t  

r e a c t i o n  i n v o l v e s  t h e  r e a c t i o n  o f  ca rbon  monoxide and steam t o  p roduce  

hydrogen  and ca rbon  d i o x i d e  and d e r i v e d  i t s  name f ro m  i t s  i n d u s t r i a l  use
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t o  i n c r e a s e  the hydrogen  c o n t e n t  o f  w a t e r  gas produced f ro m  the  r e a c t i o n  

o f  s team w i t h  h o t  coke o r  c o a l .  The s t o i c h i o m e t r y  o f  th e  r e a c t i o n  is  

shown in E q u a t i o n  ( 4 ) .

CO + H2O ----- » CO2 + H2 C+)

For  t h e  c o n d i t i o n s  i n v o l v e d  in  t h i s  e x p e r i m e n t a t i o n ,  low te m pe ra ­

t u r e  and low t o  m odera te  p r e s s u r e ,  th e  thermodynamic  e q u i l i b r i u m  o f  t h i s  

r e a c t i o n  l i e s  f a r  t o  th e  r i g h t  as w r i t t e n  in  E q u a t io n  ( 4 ) .  The re a d e r  

i s  r e f e r r e d  t o  Sm i th  and Van Ness (25)  f o r  a d d i t i o n a l  i n f o r m a t i o n  

r e g a r d i n g  th e  the rmodynamics  o f  the  w a t e r - g a s  s h i f t  r e a c t i o n .

The mechanism o f  t h e  w a t e r - g a s  s h i f t  i s  n o t  v e r y  w e l l  d e l i n e a t e d  

and t h e r e  i s  some c o n t r o v e r s y  o v e r  t h i s  m a t t e r .  There  a r e  s e v e r a l  

c a t a l y s t s ,  homogeneous and nonhomogeneous, t h a t  a r e  known t o  c a t a l y z e  

th e  r e a c t i o n .  The a l k a l i  c a t a l y z e d  w a t e r - g a s  s h i f t  mechanism proposed 

by E l l i o t  (26)  i s  shown in  F i g u r e  (3)  • Because a l m o s t  a l l  o f  th e  

e x p e r i m e n t a t i o n  o f  t h i s  i n v e s t i g a t i o n  was conduc te d  under  a l k a l i n e  

c o n d i t i o n s ,  i t  i s  b e l i e v e d  t h a t  t h i s  mechanism may be o f  im p o r ta n c e  t o  

th e  p r e s e n t  i n v e s t i g a t i o n .

2H„0H0CO

2HC0

H0CO

F i g u r e  3. Proposed Mechanism o f  Aqueous A l k a l i  C a ta l y z e d  
Water-Gas S h i f t  C o n v e r s io n .



R e la te d  Work

To th e  a u t h o r ' s  k now ledg e ,  p r i o r  t o  t h i s  work  no one has a t t e m p te d  

t o  e x t r a c t  c oa l  w i t h  a s t r o n g l y  r e a c t i v e  s o l v e n t  in  c o n j u n c t i o n  wL t h t h e  

w a t e r - g a s  s h i f t  r e a c t i o n . The s o l u b i l i t y  o f  w a t e r  in  TMU and HMPA makes 

p o s s i b l e  t h e  c o n t a c t  o f  c o a l  w i t h  b o th  w a t e r  and a good c oa l  s o l v e n t  in 

a s i n g l e  phase .  A g r e a t  dea l  o f  wo rk  has been p e r fo rm e d  on t h e  s o l v e n t  

e x t r a c t i o n  o f  coa l  and a good deal  o f  wo rk  has been p e r fo rm e d  on t h e  

h y d r o g e n a t i o n  o f  c oa l  u s i n g  t h e  w a t e r - g a s  s h i f t  r e a c t i o n ,  bu t  t h e  

combined e f f e c t s  o f  u s i n g  b o th  a t  one t i m e  have n o t  been i n v e s t i g a t e d .

As d i s c u s s e d  e a r l i e r  in t h i s  t h e s i s ,  Dryden (17)  and van K re v e le n  

(18)  have f o r m u l a t e d  many o f  t h e  c u r r e n t l y  acc e p te d  t h e o r i e s  r e g a r d i n g  

t h e  s o l v e n t  e x t r a c t i o n  o f  c o a l .  The r e a d e r  i s  r e f e r r e d  t o  t h e i r  works 

f o r  a d e t a i l e d  s t u d y  o f  s o l v e n t  e x t r a c t i o n  o f  c o a l .

Work pe r fo rm e d  by s c i e n t i s t s  subsequ en t  t o  t h a t  o f  Dryden and 

van K r e v e le n  have c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  u n d e r s t a n d i n g  o f  t h e  

s o l v e n t  e x t r a c t i o n  o f  c o a l .  Hombach (19)  was a b l e  t o  d e m o n s t r a t e  t h a t  a 

c o r r e l a t i o n  e x i s t e d  f o r  t h e  d i s s o l u t i o n  o f  coa l  between t h e  s o l u b i l i t y  

p a ra m e te r  o f  t h e  coa l  and th e  s o l u b i l i t y  pa ra m e te r  o f  t h e  s o l v e n t .  

Us ing s o l u b i l i t y  p a ra m e te r  t h e o r y ,  he was a b l e  t o  e x p l a i n  t h e  l o n g ­

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

l a r g e s t  deg ree  o f  d i s s o l u t i o n  f o r  most  o f  t h e  good c o a l  e x t r a c t i o n  

s o l v e n t s .  Good c oa l  e x t r a c t i o n  s o l v e n t s  have s o l u b i l i t y  pa ra m e te rs  

c l o s e  t o  t h o s e  o f  b i t u m i n o u s  c o a l s .  Hombach was a l s o  t h e  f i r s t  pe rson  

t o  d e m o n s t r a t e  t h a t  a m i x t u r e  o f  poo r  s o l v e n t s  f o r  c oa l  can a c t  as a 

b e t t e r  s o l v e n t  when chosen w i t h  r e s p e c t  t o  t h e  s o l u b i l i t y  p a r a m e t e r .
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The work  o f  Ward (2)  and I c h i o k a  (3)  s u b s t a n t i a t e  t h a t  o f  Hombach 

in  t h a t  t h e y , t o o , were  a b l e  t o  o b s e r v e  enhanced d i s s o l u t i o n  o f  coa l  by 

u s i n g  a m i x t u r e  o f  a p p r o p r i a t e l y  chosen s o l v e n t s .  Ward s u g g e s ts  t h a t  

i n d i v i d u a l  s o l u b i l i t y  pa ra m e te rs  i n s t e a d  o f  th e  o v e r a l l  s o l u b i l i t y  

p a ra m e te r  s h o u ld  be t h e  c r i t e r i a  f o r  e n g i n e e r i n g  th e  i d e a l  coa l  e x t r a c ­

t i o n  s o l v e n t .  He con te n d s  t h a t  i n d i v i d u a l  s o l u b i l i t y  p a r a m e te r s  o f  t h e  

s o l v e n t  m i x t u r e  s h o u ld  match t h e  i n d i v i d u a l  s o l u b i l i t y  p a ra m e te rs  o f  t h e  

t a r g e t  c oa l  .

I .  S a h i n , a c o - w o r k e r , u n s u c c e s s f u l l y  t r i e d  t o  h y d r o g e n a t e  coa l  in 

t h e  p resence  o f  TMU and HMPA u s i n g  a packed bed r e a c t o r  and hydrogen 

o v e r p r e s s u r e .  He was t h w a r t e d  by m a t e r i a l s  h a n d l i n g  p r o b le m s .  Coal 

s w e l l i n g ,  w h ic h  Dryden (17)  i d e n t i f i e d  as t h e  f i r s t  s t e p  o f  t h e  e x t r a c ­

t i o n  p r o c e s s ,  caused th e  packed bed r e a c t o r  t o  p lu g  up and v i r t u a l l y  no 

s o l v e n t  c o u l d  permea te  t h e  coa l  p l u g .  Sah in  d e t e r m in e d  t h a t  some o t h e r  

c o a l - s o l v e n t  c o n t a c t  method must  be i n c o r p o r a t e d  i f  t h e s e  m a t e r i a l s -  

h a n d l i n g  p rob lem s  were t o  be e l i m i n a t e d .

Many s c i e n t i s t s  have s t u d i e d  h y d r o g e n a t i o n  o f  c oa l  u s i n g  th e  w a t e r -  

gas s h i f t  r e a c t i o n .  F i s c h e r  (27)  i s  c r e d i t e d  w i t h  f i r s t  docum en t ing  t h e  

use o f  ca rbon  monoxide and w a t e r  f o r  t h e  h y d r o g e n a t i o n  o f  c o a l . L a t e r ,  

Appel  I (28)  i n i t i a t e d  a s u b s t a n t i a l  r e s e a r c h  e f f o r t  t o  s t u d y  t h e  

s o l u b i l i z a t i o n  o f  low ra n k  coa l  w i t h  ca rbon  monoxide  and w a t e r .  The 

work  o f  Appel  I i s  o f t e n  quo te d  in c u r r e n t  w a t e f - g a s  s h i f t  r e a c t i o n  

l i t e r a t u r e  on c oa l  h y d r o g e n a t i o n .

The work  o f Appel  I e t a I . on c oa l  h y d r o g e n a t i o n  i s f a r  t o o

e x t e n s i ve t o  be cove red i n any d e t a i l  in  t h i s  t h e s i s , bu t  some

o b s e r v a t i o n s  he has made s h o u ld  be p r e s e n t e d .  For  c oa l  h y d r o g e n a t i o n



u s i n g  t h e  wate i—gas s h i f t  r e a c t i o n  w i t h  ca rbon  monoxide  o v e r p r e s s u r e s  o f  

4500 p s i  and r e a c t i o n  t e m p e r a t u r e s  in  th e  range  o f  375_400°C,  A p p e l l  has 

documented t h e  f o l l o w i n g  f a c t s :

A C o n v e rs io n  o f  coa l  t o  s o l v e n t - s o l u b l e  p r o d u c t s  i s  g r e a t e s t  f o r  

low ra n k  c o a l s .

a  C o n v e rs io n  i n c r e a s e s  w i t h  ca rbon  monoxide  o v e r p r e s s u r e  up t o  

1000 p s i  and then  i n c r e a s e s  o n l y  s l i g h t l y  w i t h  a d d i t i o n a l  

p r e s s u r e .

a  C o n v e rs io n  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .

a  C o n v e rs io n  i s  t w i c e  as g r e a t  w i t h  ca rbon  monox ide  o v e r p r e s s u r e  

as w i t h  hydrogen  o v e r p r e s s u r e .

A Exposu re  o f  coa l  t o  a i r  causes  c o n v e r s i o n  t o  d r o p .

From Appel  I 1s o b s e r v a t i o n s  he has conc lu d e d  t h a t  t h e  w a t e r - g a s  

s h i f t  r e a c t i o n  may i n h i b i t  c o n d e n s a t i o n  r e a c t i o n s  t h a t  le ad  t o  i n s o l u b l e  

p r o d u c t s .  He has a l s o  c o n c lu d e d  t h a t  t h e  most  s i g n i f i c a n t  c o n t r i b u t i o n  

t o  t h e  s o l u b i l i z a t i o n  o f  low  ra n k  c o a l s  i s  p r o b a b l y  due t o  t h e  a c t i v a t e d  

hyd rogen s p e c i e s  fo rmed  by t h e  w a t e r - g a s  s h i f t  r e a c t i o n .

Ross e t  a l  . (23)  have a l s o  p e r fo rm e d  e x p e r i m e n t a t i o n  on th e  h y d r o ­

g e n a t i o n  o f  c oa l  u s i n g  t h e  w a t e r - g a s  s h i f t  r e a c t i o n .  R o s s ' s  i n v e s t i g a ­

t i o n s  have r e v e a le d  some i m p o r t a n t  f a c t s  n o t  documented by Appel  I .  The 

most p e r t i n e n t  o f  t h e s e  f a c t s  r e l a t i v e  t o  t h i s  i n v e s t i g a t i o n  a r e :

a  T he re  i s  a d r a m a t i c  i n c r e a s e  in  t h e  s o l v e n t - s o l u b l e  f r a c t i o n  o f  

c oa l  when th e  pH o f  t h e  w a t e r  f o r  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  

i s  g r e a t e r  than  12 . 6 .

A B a s ic  w a t e r  s o l u t i o n s  a l o n e  do n o t  enhance s o l u b i l i t y .

13
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a  The use o f  hydrogen  i n s t e a d  o f  ca rbon  monox ide under  b a s i c  

c o n d i t i o n s  does n o t  p rom ote i n c r e a s e d  s o l u b i l i t y .

Ross has sugges te d  t h a t  t h e  f o r m a t e  ion may a c t  as a c a t a l y s t  f o r  t h e  

h y d r o g e n a t i o n  o f  c oa l  under  w a t e r - g a s  s h i f t  c o n d i t i o n s .

Takemura and Ouchi  (24)  have i n v e s t i g a t e d  t h e  c a t a l y t i c  l i q u e f a c ­

t i o n  o f  c o a l  u s i n g  ca rbon  monoxide and w a t e r  in t h e  p resence  o f  a 

c o b a l t - m o ly b d e n u m  c a t a l y s t .  The r e s u l t s  o f  t h e i r  s t u d y  r o u g h l y  p a r a l l e l  

t h o s e  o f  Appel  I and Ross. Takemura and Ouchi  have proposed  t h a t  h y d r o -  

g e n o l y s i s  o f  t h e  coa l  o c c u r s  by t h r e e  r o u t e s :  h y d r o g e n o l y s i s  by t h e  

n a s c e n t  h y d ro g e n ,  s o l v o l y t i c  r e a c t i o n  w i t h  w a t e r , and s t a b i l i z a t i o n  o f  

c oa l  f r a g m e n t s  in a v e h i c l e  o i l .

Hydrogen can be fo rmed  i n - s i t u  by methods o t h e r  than  th e  w a t e r - g a s  

s h i f t  r e a c t i o n .  Mondragon e t  a l . (27)  have s t u d i e d  t h e  h y d r o g e n a t i o n  o f  

coa l  u s i n g  t h e  z i n c - w a t e r - c o a l  r e a c t i o n .  Mondragon has documented t h a t  

t h i s  method works  b e s t  w i t h  low ra n k  c o a l s  and w orks  b e t t e r  a t  h i g h e r  

t e m p e r a t u r e s .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  o b s e r v a t i o n s  made by 

p r e v i o u s l y  m e n t ioned  i n v e s t i g a t o r s  w o r k i n g  w i t h  t h e  w a t e r - g a s  s h i f t  

r e a c t i o n  and lend  c r e d i b l e  e v id e n c e  t o  t h e  s p e c u l a t i o n  t h a t  t h e  n a s c e n t  

hyd rogen s p e c i e s  i s  t h e  key t o  enhanced coa l  d i s s o l u t i o n .

S e v e ra l  s t u d i e s  have been made t h a t  a t t e m p t  t o  c h a r a c t e r i z e  t h e  

r e a c t i v i t y  o f  t h e  n a s c e n t  hydrogen fo rmed  in t h e  w a t e r - g a s  s h i f t  

r e a c t i o n  on coa l  by u s in g  model compounds ( 2 7 , 2 8 , 2 9 , 3 0 )  . The re a d e r  i s  

r e f e r r e d  t o  t h e s e  s t u d i e s  f o r  i n f o r m a t i o n  r e g a r d i n g  t h e  model compounds 

and t h e  r e a c t i o n  p r o d u c t s  i d e n t i f i e d .
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Research O b j e c t i v e  :

The o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  e v a l u a t e  t h e  a c t i o n  o f  t h e  

d i p o l a r  a p r o t i c  s o l v e n t s  TMU and HMPA unde r  w a t e r - g a s  s h i f t  c o n d i t i o n s  

on th e  e x t r a c t i o n  o f  c o a l .  The t o t a l  e x t r a c t i o n  o f  t h e  c oa l  obse rved  

was t o  be c o r r e l a t e d  w i t h  t h e  e x p e r i m e n t a l  r e a c t i o n  v a r i a b l e s  o f  t e m p e r ­

a t u r e ,  ca rbon  monox ide o v e r p r e s s u r e ,  s o l v e n t  b l e n d ,  and pH o f  t h e  

i n i t i a l  s o l v e n t .  A d d i t i o n a l l y ,  t h e  q u a n t i t y  o f  s o l v e n t  r e t a i n e d  in  t h e  

r e s i d u e  a f t e r  e x t r a c t i o n  was t o  be e v a l u a t e d .  Designed t o  be a p r e l i m ­

i n a r y  s t u d y ,  t h i s  r e s e a r c h  was n o t  i n t e n d e d  t o  be e x h a u s t i v e  in 

c h a r a c t e r i z i n g  each r e a c t i o n  v a r i a b l e ,  b u t  t o  d e t e r m i n e  t h e  g e n e r a l  

e x t r a c t i o n  t r e n d s  a s s o c i a t e d  w i t h  each v a r i a b l e .  The. v i a b i l i t y  o f  t h i s  

p ro c e s s  and i d e n t i f i c a t i o n  o f  p r o m i s i n g  r e s e a r c h - w o r k  d i r e c t i o n s  were to

be e v a l u a t e d .
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EXPERIMENTAL

Raw M a t e r i a l s  and Chemica l  Reagents

C o l s t r i p  s u b - b i t u m i n o u s  coa l  was used a lm o s t  e x c l u s i v e l y  in  t h e  

work  p e r fo rm e d  in  t h i s  i n v e s t i g a t i o n .  The c oa l  sample was o b t a i n e d  f r o m  

t h e  c r u s h i n g  m i l l  o f  Wes tern Energy C o r p o r a t i o n  l o c a t e d  in  Col s t r i p ,

M on tana . As r e c e i ved , t h e  c oa l  c o n s i s t e d  o f  p a r t i c l e s r a n g in g  in

d i a m e t e r f rom ab o u t  one i nch t o  a p p r o x i m a t e l y  60 mesh. W h i l e  in

t r a n s  i t , t h e c oa l  was s t o r e d under  a t m o s p h e r i c  c o n d i t i o n s .  When

r e c e i v e d  a t  Montana S t a t e  U n i v e r s i t y ,  t h e  sample was p l a c e d  unde r  n i t r o ­

gen t o  p r e v e n t  any f u r t h e r  o x i d a t i o n .  The t i m e  t h a t  t h e  c oa l  sample was 

exposed t o  t h e  a tm osphe re  i s  e s t i m a t e d  t o  be abou t  one week.

Savage l i g n i t e  and Bakers town coa l  were  used on a l i m i t e d  b a s i s  in 

t h i s  i n v e s t i g a t i o n .  The Savage l i g n i t e  sample was o b t a i n e d  f rom  a 

f e l l o w  s t u d e n t  a t  Montana S t a t e  U n i v e r s i t y .  I t  was s t o r e d  under  

a t m o s p h e r i c  c o n d i t i o n s ,  and i t  i s  n o t  known how much t i m e  had e la p s e d  

s i n c e  th e  sample'  was m ined .  The Bakers town coa l  was o b t a i n e d  d i r e c t l y  

f r om  t h e  mine  in  P re s to n  C oun ty ,  West V i r g i n i a ,  and was s t o r e d  unde r  

a t m o s p h e r i c  c o n d i t i o n s  w h i l e  in  t r a n s i t .

Al  I o f  t h e  coa l  samples were s i z e d  f o r  e x p e r i m e n t a l  use u s in g  th e  

same m e th o d . Each sample was loaded  i n t o  a t w o - l i t e r  p o r c e l a i n  b a l l  

m i l l  w h i l e  under  a n i t r o g e n  a tm o s p h e re .  A f t e r  t h e  b a l l  m i l l  had o p e r ­

a te d  f o r  abou t  2k hou rs  t h e  sample was removed , w h i l e  unde r  a n i t r o g e n  

a tm o s p h e re ,  and s i z e d  u s i n g  s ta n d a r d  T y l e r  s c r e e n s .  On ly  sample m a t e r i a l
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r a n g i n g  in  s i z e  f rom  60 t o  100 mesh was r e t a i n e d .  The s i z e d  sample 

m a t e r i a l  was s t o r e d  unde r  a n i t r o g e n  a tm osphe re  u n t i l  used f o r  e x p e r i -  

m e n t a t i o n .

The m a n u f a c t u r e r  and p u r i t y  o f  t h e  s o l v e n t s ,  r e a g e n t s , and gases 

used in  t h i s  i n v e s t i g a t i o n  a r e  shown in  T a b le  2.  No a d d i t i o n a l  t e s t i n g  

was p e r fo rm e d  t o  c o n f i r m  t h e  p u r i t y  o f  t h e s e  c h e m i c a l s .

T a b le  2.  Chemical  Reagents Used

Chemi ca l Source P u r i t y

TMU A l d r i c h  Chemical 99%

HMPA A l d r i c h  Chemical 99%

T e t r a l ine A l d r i c h  Chemical 99%

Sodium H y d r o x id e Chemical  Stock room Unknown

H y d r o c h l o r i c  A c id Chemical  Stock room Unknown

Ace tone VanWaters S Rogers 99.5%

Carbon Monoxide A i r c o 99-9%

N i t r o g e n L i q u i d  A i r  C o r p . 98 . 6%

E x p e r im e n t a l  A p p a r a tu s

The a p p a r a t u s  used in t h i s  e x p e r i m e n t a t i o n  was a m o d i f i e d  m a g n e t i ­

c a l l y  s t i r r e d  c a t a l y t i c  r e a c t o r  m a n u f a c t u r e d  by A u t o c l a v e  E n g in e e r s .  A 

d e t a i l e d  d r a w in g  o f  t h e  r e a c t o r  v e s s e l  i s  shown in F i g u r e  4 ,  and the  

p e r t i n e n t  m echan ica l  c h a r a c t e r i s t i c s  a r e  l i s t e d  in  T a b l e  3- An a d d i ­

t i o n a l  a g i t a t i o n  vane was added t o  t h e  r e a c t o r  t o  enhance t h e  t u r b u l e n c e  

o f  m i x i n g  w i t h i n  t h e  r e a c t o r .  A f l o w  scheme f o r  t h e  r e a c t a n t s  in  t h e  

a p p a r a t u s  i s  shown in  F i g u r e  5•
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VENT L IN E

THERMOCOUPLE PORT-----

NITROGEN INLET CARBON MONOXIDE INLET

MAGNETICALLY DRIVEN SHAFT

SOLVENT INLET

F i g u r e  4.  M a g n e t i c a l l y  S t i r r e d  R e a c t o r .



PRESSURE GAUGE

THERMOCOUPLE

REACTOR

P O S IT IV E  DISPLACEMENT PUMP

F i g u r e  5- F low Diagram f o r  E x p e r im e n ta l  R e a c to r .

NITROGEN TANK
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T a b le  3. S p e c i f i c a t i o n s  o f  M a g n e t i c a l l y  S t i r r e d  R e a c t o r .

I tern Spec I f i c a t i o n

R e a c to r  M a t e r i a l S t a i n l e s s  S te e l  S A - I 8 2 - F 3 16

R e a c to r  Volume 19 .4  c u b i c  i nc hes

W ork ing  P r e s s u r e O -36OO pounds p e r  squa re  inc h

W ork ing  T em pe ra tu re 72-1000  degrees  F a h r e n h e i t

A g i t a t o r  Speed 0-2500  r e v o l u t i o n s  pe r  m in u t e

An a d j u s t a b l e  p o s i t i v e  d i s p l a c e m e n t  pump m a n u fa c tu r e d  by Mi I r o y a l  

c a p a b le  o f  d e l i v e r i n g  70.0  c c / h r  was used t o  i n t r o d u c e  s o l v e n t  t o  t h e  

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

Coal r e s i d u e s  were  s e p a r a t e d  f r o m  t h e  e x t r a c t i o n  s o l v e n t s  u s in g  a 

vacuum f i l t r a t i o n  f l a s k  f i t t e d  w i t h  a c o n i c a l  f u n n e l  and Whatman #1 

f i l t e r  p a p e r .  The in - h o u s e  vacuum was used as t h e  vacuum s o u r c e .

The pH measurements o f  t h e  s o l v e n t  m i x t u r e s  and e x t r a c t i o n  p r o d u c t s  

were  made u s i n g  an O r io n  Model 901 m i c r o p r o c e s s o r  i o n a l y z e r  f i t t e d  w i t h  

a r e s e a r c h  g rade  pH e l e c t r o d e  and a d o u b le  j u n c t i o n  r e f e r e n c e  e l e c t r o d e .  

A two s o l u t i o n  b u f f e r  system was used t o  c a l i b r a t e  t h e  a p p a r a t u s .

The p r e p a r a t i o n ,  s t o r a g e ,  and h a n d l i n g  o f  t h e  c oa l  samples were 

c a r r i e d  o u t  under  n i t r o g e n  in  a D r i L a b  HE-43-2 g l o v e  box m a n u fa c tu re d  by 

Vacuum/Atmospheres C o r p o r a t i o n .  The samples were a l s o  weighed  in  t h e  

g l o v e  box.

Ash a n a l y s e s  were pe r fo rm ed  u s i n g  a h ig h  t e m p e r a t u r e  oven c a p a b le  

o f  a t  l e a s t  750°C. The w e i g h t s  o f  t h e  samples were measured u s in g  a 

M e t t l e r  H80 a n a l y t i c a l  b a la n c e .
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Elem en ta l  a n a l y s e s  (C,H,N)  o f  t h e  coa l  and coa l  r e s i d u e s  were 

pe r fo rm e d  u s i n g  a C a r l o  Erba E lem en ta l  A n a l y z e r  f i t t e d  w i t h  a DP 110 

i n t e g r a t o r  and i n t e r f a c e d  w i t h  an Osborne I m i c r o c o m p u t e r .  The samples 

were  weighed  f o r  t h e  e le m e n t a l  a n a l y s e s  u s i n g  a. Cahn 29 e l e c t r o b a l a n c e .

E x p e r im e n t a l  P rocedu re

A p r e - w e ig h e d  coa l  sample w e i g h i n g  a p p r o x i m a t e l y  f i v e  grams was 

i n t r o d u c e d  t o  a r e a c t o r  v e s s e l  a t  room t e m p e r a t u r e .  The r e a c t o r  was 

i m m e d i a t e l y  s e a le d  and purged w i t h  n i t r o g e n ^  A f t e r  a n i t r o g e n  purge  o f  

a p p r o x i m a t e l y  f i v e  m i n u t e s , t h e  power  t o  t h e  h e a t i n g  m a n t l e  o f  t h e  

r e a c t o r  was t u r n e d  on .  Because o f  t h e  l a r g e  th e rm a l  mass o f  t h e  system, 

a p p r o x i m a t e l y  12 t o  15 hou rs  were r e q u i r e d  a f t e r  a p p l y i n g  power t o  t h e  

r e a c t o r  f o r  t h e  i n t e r n a l  t e m p e r a t u r e  t o  app roach  s te a d y  s t a t e .

D u r in g  t h e  t i m e  t h a t  t h e  r e a c t o r  was h e a t i n g  up,  t h e  s o l v e n t  was 

p r e p a re d  by add in g  143 ml o f  TMU, o r  TMU-HMPA m i x t u r e ,  t o  7 ml o f  w a t e r .  

Sodium h y d r o x i d e  o r  h y d r o c h l o r i c  a c i d  was then  added t o  t h e  s o l v e n t  

m i x t u r e  t o  a d j u s t  t h e  pH. The pH o f  t h e  s o l v e n t  was measured a t  room 

t e m p e r a t u r e ,  j u s t  p r i o r  t o  i t s  i n t r o d u c t i o n  t o  t h e  r e a c t o r .

A f t e r  t h e  r e a c t o r  warm-up p e r i o d , 150 ml o f  s o l v e n t  was i n t r o d u c e d  

t o  t h e  r e a c t o r  a t  a v o l u m e t r i c  f l o w  r a t e  o f  abou t  15 m l / m i n ,  u s in g  t h e  

p o s i t i v e  d i s p l a c e m e n t  pump. The m a g n e t i c  s t i r r e r  was a c t i v a t e d  and t h e  

speed a d j u s t e d  t o  1000 rpm,. Carbon monoxide was i n t r o d u c e d  t o  t h e  

sys tem and t h e  p r e s s u r e  in t h e  r e a c t o r  was g e n e r a l l y  a d j u s t e d  t o  500 

p s i g .  The r e a c t o r  was a l l o w e d  t o  o p e r a t e  f o r  one h o u r .
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A f t e r  t h e  r e a c t o r  had o p e r a t e d  f o r  one h o u r , t h e  m a g n e t i c  s t i r r e r  

was t u r n e d  o f f  and t h e  power  t o  t h e  h e a t i n g  m a n t l e  was a l s o  t u r n e d  o f f .  

The r e a c t o r  was a l l o w e d  t o  c oo l  f o r  a p p r o x i m a t e l y  ten  h o u r s .

The gases in t h e  r e a c t o r  were v e n te d  and t h e  r e a c t o r  was purged 

w i t h  n i t r o g e n  f o r  10-15 m i n u t e s .  The r e a c t o r  was opened and th e  

c o n t e n t s  removed u s i n g  a v a c u u m - s u c t i o n  d e v i c e .  The r e a c t o r  was washed 

w i t h  a c e to n e  t o  remove and r e c o v e r  sm a l l  amounts o f  r e m a in in g  r e s i d u e .

The s o l v e n t  c o a l - e x t r a c t  r e s i d u e  m i x t u r e  was then f i l t e r e d  in  a 

vacuum f i l t r a t i o n  f l a s k  f i t t e d  w i t h  p rew e ighed  Watman #1 f i l t e r  p ape r .  

The a c e to n e  wash used t o  c l e a n  t h e  r e a c t o r  was f i l t e r e d  to. r e c o v e r  t h e  

sm a l l  amount o f  c oa l  r e s i d u e  i t  c o n t a i n e d .  The coa l  r e s i d u e  f i l t e r - c a k e  

was then  washed w i t h  a c e to n e  u n t i l  t h e  e f f l u e n t  appeared c l e a r  and t h e  

f i l t e r - c a k e  appeared  d r y .

The f i l t e r - c a k e  was p la c e d  in  a vacuum d e s i c c a t o r  t h a t  was a t t a c h e d  

t o  a vacuum pump c a p a b le  o f  a p p r o x i m a t e l y  0.1 t o r r . The r e s i d u e  was 

we ighed  p e r i o d i c a l l y  and deemed, d r y  when no s i g n i f i c a n t  w e i g h t  change 

was d e t e c t e d  between w e i g h i n g s  a t  d a i l y  i n t e r v a l s .  Most  o f  th e  coa l  

r e s i d u e  f i l t e r - c a k e s  were c o n s i d e r e d  d r y  a f t e r  a p p r o x i m a t e l y  one week in 

t h e  d e s i c c a t o r .

A n a l y t i c a l  P r oc edu re

Water  a n a l y s e s  on t h e  c oa l  samples were c a r r i e d  o u t  in  an a i r -  

a v a i l a b l e  oven o p e r a t i n g  a t  103°C. The coa l  samples were  p la c e d  in 

p o r c e l a i n  c r u c i b l e s  and weighed on a M e t t l e r  H80 a n a l y t i c a l  b a la n c e .  

The samples were p la c e d  in  t h e  d r y i n g  oven f o r  24 h o u r s .  The samples 

were  th en  removed f ro m  t h e  o v e n , a l l o w e d  t o  coo l  t o  room t e m p e r a t u r e .
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and w e ig h e d .  The l o s s  ^ in  w e i g h t  o f  t h e  samples was a t t r i b u t e d  t o  w a t e r  

l o s s .  The a s s um p t ion  o f  w a t e r  l o s s  w i l l  be add ressed  l a t e r  in t h i s  

t h e s i s .

Ash a n a l y s e s  on c oa l  samples were  pe r fo rm e d  by p l a c i n g  p rewe ighed  

samples in p o r c e l a i n  c r u c i b l e s  and i n s e r t i n g  them in an a i r - a v a i l a b l e  

a s h in g  oven o p e r a t i n g  a t  750°C. The samples were a l l o w e d  t o  remain in 

t h e  oven f o r  2h h o u r s .

E lem en ta l  a n a l y s e s  (C ,H,N)  o f  t h e  c oa l  and c oa l  r e s i d u e s  were 

p e r fo rm e d  by t h e  a u t h o r  u s i n g  s t a n d a r d  q u a n t i t a t i v e  p ro c e d u r e s  a s s o c i ­

a te d  w i t h  t h e  o p e r a t i o n  o f  a C a r l o  Erba e l e m e n t a l  a n a l y s i s  machine .
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RESULTS AND DISCUSSION

T o t a l  e x t r a c t i o n  on a m i n e r a l - m a t t e r  and w a t e r - f r e e  b a s i s  f o r  

C o l s t r i p  s u b - b i t u m i n o u s  c oa l  and o t h e r  c o a l s  used in  t h i s  i n v e s t i g a t i o n  

ranged f ro m  10 t o  35 p e r c e n t .  The range  o f  r e a c t i o n  c o n d i t i o n s  used t o  

a c h i e v e  t h e s e  r e s u l t s  a r e  l i s t e d  be low :  

a  T e m p e ra tu re  - -  25 -205°C 

a  CO o v e r p r e s s u r e  - -  250-1000  p s i g  

A R e a c t i o n  t im e  - -  I hour

A S o l v e n t  b le n d s  - -  TMU-H2O, TMU-HMPA-H2O, TM U -H M PA-T e t ra l in -H 2O 

a  S o l v e n t  pH - -  7 - l k

B ec a u s e • o f  h i g h  n i t r o g e n  c o n c e n t r a t i o n s  in t h e  r e s i d u e ,  i t  was 

a p p a r e n t  t h a t  s i g n i f i c a n t  amounts o f  s o l v e n t  were r e t a i n e d  in  t h e  c oa l  

r e s i d u e  and somewhat c o m p l i c a t e d  th e  i n t e r p r e t a t i o n  o f  t h e  e x t r a c t i o n  

r e s u l t s .  A s sum pt ions  r e g a r d i n g  t h e  c o n c e n t r a t i o n  o f  n i t r o g e n  in  t h e  

r e s i d u e  had t o  be made in  o r d e r  t o  c a l c u l a t e  t h e  e x t r a c t i o n  in  t h e  c o a l .

I t  was a l s o  d i s c o v e r e d  t h a t  a t  t e m p e r a t u r e s  o f  100- 103° C , c o n d i ­

t i o n s  n o r m a l l y  a s s o c i a t e d  w i t h  t h e  d r y i n g  o f  c o a l ,  compounds o t h e r  than  

w a t e r  must be v o l a t i l i z e d  f rom  t h e  c o a l .  The s p e c i f i c s  o f  t h i s  

d i s c o v e r y  and d o c u m e n t a t i o n  w i l l  be p r e s e n t e d  l a t e r  in  t h i s  s e c t i o n .

C a l c u l a t i o n s  and Assum pt ions

A b s o l u t e  e x t r a c t i o n  o f  t h e  o r g a n i c  m a t t e r  o f  c oa l  samples was 

c a l c u l a t e d  u s i n g  E q u a t i o n  ( 5 ) .
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AE = WC* CWA -  WR-'-RWA-RS (5)
WC* CWA

w here :

AE = a b s o l u t e  e x t r a c t i o n

WC = w e i g h t  o f  c oa l  on an a s h -  and w a t e r - c o n t a i n e d  
has i s

CWA = c o r r e c t i o n  f a c t o r  t o  c o r r e c t  f o r  w a t e r  and ash 
in  t h e  coa l

WR = w e i g h t  o f  s o l i d  r e s i d u e

RWA = c o r r e c t i o n  f a c t o r  f o r  w a t e r  and ash in  t h e  
res !due

RS = c o r r e c t i o n  f a c t o r  f o r  s o l v e n t  in  t h e  r e s i d u e

The v a l u e  o f  CWA, t h e  c o r r e c t i o n  f a c t o r  f o r  t h e  w a t e r  and ash in 

t h e  c o a l ,  was c a l c u l a t e d  u s i n g  E q u a t i o n  ( 6 ) .  I t  was assumed t h a t  o n l y  

m a t t e r  c o n v e n t i o n a l  I y  d e s c r i b e d  as " m o i s t u r e "  was v o l a t i l i z e d  f rom  t h e  

c oa l  when l e f t  in  an a i r - a v a i l a b l e  oven a t  I 03°C f o r  24 h o u r s . I t  was 

a l s o  assumed t h a t  c o m bus t ion  o f  t h e  c oa l  was c o m p le te  a f t e r  24 hours  in 

an a i r - a v a i l a b l e  a s h in g  oven o p e r a t i n g  a t  750°C.

CWA = I - M W -  MA ( 6 )

where :

MW = mass f r a c t i o n  o f  w a t e r  i n  t h e  coa l  on a 
w e t - c o a l  b a s i s

MA = mass f r a c t i o n  o f  ash on a w e t - c o a l  b a s i s

The v a l u e  o f  RWA, t h e  c o r r e c t i o n  f a c t o r  f o r  t h e  w a t e r  and ash in 

t h e  r e s i d u e ,  was c a l c u l a t e d  u s i n g  E q u a t i o n  (7)  • Aga in  i t  was assumed 

t h a t  o n l y  w a t e r  was v o l a t i l i z e d  f r o m  t h e  r e s i d u e  when l e f t  in  an
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a i r - a v a i l a b l e  oven a t  103OC f o r  24 h o u r s .  Ash ing  was assumed c o m p le te  

a f t e r  c o m bus t ion  in  an a i r - a v a i l a b l e  oven f o r  24 hou rs  a t  750°C.

RWA = I - M W R -  MAR (7)

where :

MWR = mass f r a c t i o n  o f  w a t e r  in  th e  r e s i d u e  

MAR = mass f r a c t i o n  o f  ash in  t h e  r e s i d u e

Because o f  t h e  e x c e s s i v e l y  h i g h  n i t r o g e n  c o n t e n t  o f  t h e  r e s i d u e ,  i t  

became e v i d e n t  t h a t  s o l v e n t  a n d / o r  s o l v e n t  f r a g m e n t s  were  r e t a i n e d  in 

t h e  r e s i d u e .  I n c o r p o r a t i o n  o f  s o l v e n t  in  t h e  coa l  r e s i d u e  m a n i f e s t s  

i t s e l f  as a l o w e r i n g  o f  t h e  o b s e rv e d  deg ree  of. e x t r a c t i o n .  The use o f  

t h e  s o l v e n t  c o r r e c t i o n  f a c t o r , RS, was an a t t e m p t  t o  q u a n t i f y  t h e  amount 

o f  s o l v e n t  r e t a i n e d  in t h e  coa l  r e s i d u e  m a t r i x  so t h a t  t h e  t o t a l  amount 

o f  m a t e r i a l  e x t r a c t e d  f rom  t h e  co a l  c o u l d  be e s t i m a t e d .

S ev e ra l  a s s u m p t io n s  were r e q u i r e d  so t h a t  t h e  s o l v e n t  r e t e n t i o n  

c o r r e c t i o n  f a c t o r  c o u l d  be c a l c u l a t e d .  The f i r s t  as s u m p t io n  was t h a t  

t h e  r e s i d u e  on a s o l v e n t - f r e e  b a s i s  w ou ld  have t h e  same mass f r a c t i o n  

n i t r o g e n  as t h e  o r i g i n a l  c o a l .  T h i s  assum p t ion  i s  p r o b a b l y  v a l i d  

because most  o f  t h e  n i t r o g e n  in  t h e  c oa l  i s  t i e d  up in  a r o m a t i c  r i n g s .  

Model compound s t u d i e s  pe r fo rm e d  by Lynch (30)  have d e m o n s t ra te d  t h a t  

a r o m a t i c  r i n g s  c o n t a i n i n g  n i t r o g e n  a r e  h y d rogen a ted  und e r  w a t e r - g a s  

s h i f t  c o n d i t i o n s ,  b u t  h y d r o l y s i s  o f  t h e  r i n g  does n o t  o c c u r .  I t  i s  

t h o u g h t  t h a t  n i t r o g e n  w i l l  be n e i t h e r  c o n c e n t r a t e d  in  t h e  p r o d u c t s  n o r  

in  t h e  r e s i d u e  because  o f  i t s  d i s t r i b u t i o n  w i t h i n  t h e  c oa l  m a t r i x .  The 

. r e a d e r  i s  r e f e r r e d  t o  t h e  p roposed  c oa l  s t r u c t u r e  shown in  F i g u r e  I t o  

v e r i f y  t h e  e x p e c te d  p o s i t i o n  o f  n i t r o g e n  in  t h e  coa l  m a t r i x .
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The second a s s um p t ion  made in t h e  c a l c u l a t i o n  o f  th e  s o l v e n t  r e t e n ­

t i o n  f a c t o r  was t h a t  t h e  s o l v e n t  does n o t  f r a g m e n t  unde r  t h e  r e a c t i o n  

c o n d i t i o n s  e n c o u n te r e d  in  t h i s  i n v e s t i g a t i o n  and was r e t a i n e d  in t h e  

r e s i d u e  as a c o m p le te  m o l e c u l e .  As r e p o r t e d  by L u t t r i n g h a u s  and Normant 

( 2 0 , 21 ) ,  t h e  r e a c t i o n  c o n d i t i o n s  e n c o u n t e r e d  in .  t h i s  e x p e r i m e n t a t i o n  

s h o u ld  n o t  be s e v e r e  enough t o  f r a g m e n t  TMU and HMPA, b u t  t h e  a u t h o r  was 

u n a b le  t o  v e r i f y  t h i s  in  h i s  e x p e r i m e n t a t i o n .

I t  was f u r t h e r  assumed t h a t  when m i x t u r e s  o f  s o l v e n t s  were used ,  

t h e  s o l v e n t s  were r e t a i n e d  in  th e  same m o la r  r a t i o  in  t h e  r e s i d u e  as 

were  a v a i l a b l e  in  t h e  b u l k  s o l v e n t .  T h i s  as s u m p t io n  i s  d u b io u s  a t  b e s t .  

A more t h o r o u g h  d i s c u s s i o n  o f  t h e  p o s s i b l e  e r r o r s  a s s o c i a t e d  w i t h  each 

a s s um p t ion  used in  t h e  c a l c u l a t i o n s  i s  p r e s e n te d  in  t h e  e r r o r s  and 

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

The s o l v e n t  c o r r e c t i o n  f a c t o r  has t h e  u n i t s  o f  grams o f  s o l v e n t -  

f r e e  r e s i d u e  pe r  gram o f  s o l v e n t - c o n t a i n i n g  r e s i d u e .  The s i m u l t a n e o u s  

s o l u t i o n  o f  f o u r  e l e m e n t a l  b a la n c e  e q u a t i o n s  and a c o n s t r a i n t  e q u a t i o n  

a r e  r e q u i r e d  t o  g e n e r a t e  t h e  s o l v e n t  c o r r e c t i o n  f a c t o r . The re a d e r  

w i s h i n g  a d d i t i o n a l  i n f o r m a t i o n  on t h e  s o l v e n t  r e t e n t i o n  f a c t o r  c a l c u l a ­

t i o n s  i s  r e f e r r e d  t o  Append ix  B , where a sample c a l c u l a t i o n  i s  

i I  l u s t r a t e d .

Al  I o f  t h e  raw data, g e n e r a te d  d u r i n g  t h e  co u rs e  o f  t h i s  i n v e s t i g a ­

t i o n  a re  p r e s e n t e d  t o  t h e  re a d e r  in  A ppend ix  A. A sample c a l c u l a t i o n  

t h a t  d e t a i l s  t h e  e n t i r e  c a l c u l a t i o n  sequence f o r  one e x p e r i m e n t a l  run i s  

shown in  Append ix  B. The r e s u l t s  o f  a l l  o f  t h e  e x t r a c t i o n  runs  as 

c a l c u l a t e d  a r e  shown in  A ppend ix  C.



28

E r r o r  and R e l i a b i l i t y  o f  Measurements

T h i s  i n v e s t i g a t i o n  was d e s igne d  t o  be c u r s o r y  in  n a t u r e ,  and as 

s u c h ,  more em phasis  has been p la c e d  on d e t e c t i n g  t r e n d s  in  e x t r a c t i o n  

c h a r a c t e r i s t i c s  f o r  s p e c i f i e d  r e a c t i o n  p a ra m e te rs  than  in  docum ent i ng

t h e  e x a c t  m a g n i tu d e  o f  e x t r a c t i o n .

G rea t  c a r e  was taken  d u r i n g  t h e  e x p e r i m e n t a l  p r o c e d u r e  and a n a l y t i  

c a l  methods used in  t h i s  e x p e r i m e n t a t i o n  t o  o b t a i n  a c c u r a t e  d a t a .  In 

s p i t e  o f  t h e  f a c t  t h a t  c a u t i o n  was t a k e n ,  s e v e r a l  a s s u m p t io n s  t h a t  were 

s u b j e c t i v e  in  n a t u r e  were used in  th e  c o u r s e  o f  c a l c u l a t i n g  t h e  coa l  

e x t r a c t i o n  v a l u e .  Each te rm  used in  t h e  a b s o l u t e  e x t r a c t i o n  e q u a t i o n ,  

E q u a t i o n  (5). ,  has an i n h e r e n t  r e l a t i v e  e r r o r  and t h o s e  a r e  shown in 

T a b le  4.  The re a d e r  i s  r e f e r r e d  t o  A ppend ix  D f o r  i n f o r m a t i o n  on how 

t h e  r e l a t i v e  e r r o r  v a l u e s  were  e s t a b l i s h e d .

T a b le  4.  R e l a t i v e  E r r o r  o f  Measurements.

V a r i a b l e R e l a t i v e  E r r o r

WC ±0.1%

WR ±2.0%

CWA ±0.5%

RWA ±0.2%

RS ±1.9%

U s ing  t h e  e r r o r  p r o p a g a t i o n  method o u t l i n e d  by M i c k l e y  e t  a I . (31)>  

i t  has been c a l c u l a t e d  t h a t  t h e  e x t r a c t i o n  v a l u e  f o r  run 17,  w h ic h  i s  

c o n s i d e r e d  a v e r a g e ,  may be h ig h  o r  low by as much as 4 . 0  p e r c e n t a g e
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p o i n t s .  The e r r o r  ba r  f o r  a l l  i l l u s t r a t i o n s  showing run 17 s h o u ld  

ex te n d  4 . 0  p e r c e n t a g e  p o i n t s  above and be low  t h e  c a l c u l a t e d  v a l u e .  The 

l e n g t h  o f  t h e  e r r o r  ba rs  i s  a weak f u n c t i o n  o f  t h e  e x t r a c t i o n , bu t  t h e  

a u t h o r  has chosen t o  c o n s i d e r  t h e  e r r o r  c o n s t a n t  o v e r  t h e  range o f  

e x t r a c t i o n  v a l u e s  in  t h i s  i n v e s t i g a t i o n .

The Coal D r y i n g  Anomaly

I t  has long  been known t h a t  low ra n k  c o a l s  c o n t a i n  a s i g n i f i c a n t  

amount o f  m o i s t u r e .  The amount o f  m o i s t u r e  in a c oa l  sample has 

t r a d i t i o n a l l y  been c h a r a c t e r i z e d  by d r y i n g  a f r e s h l y  g round  sample o f  

c oa l  in an oven a t  10 0 - 1 03°C f o r  2k hou rs  and a t t r i b u t i n g  t h e  w e i g h t  

l o s s  t o  t h a t  o f  w a t e r  l o s s .  E lem en ta l  a n a l y s i s  o f  a C o l s t r i p  coa l  

b e f o r e  and a f t e r  t h e  s t a n d a r d  d r y i n g  p r o c e d u r e  has r e v e a l e d  t h a t  

compounds o t h e r  t han  w a t e r  must be v o l a t i l i z e d .  The e l e m e n t a l  a n a l y s e s  

f o r  t h e  wet  and d r y  c oa l  samples a r e  shown in  T a b le  5.

T a b le  5• E lem en ta l Ana l y s i s f o r  Wet and Dry C oa l .

W e igh t  P e rc e n t

E lem en ta l  A n a l y s i s Ash
C onten tC o l s t r i p  Coal N C H

Wet 0 .92 56 .6 ? 4 . 4 8 8 .04

Dry 1.13 67 -55 4 .5 8 ( 9 . 7 8 ) *

“ C a l c u l a t e d '

Us ing a 100 -g ram ,  w e t - c o a l  b a s i s  and a measured " m o i s t u r e "  c o n t e n t  

o f  17.8  p e r c e n t , t h e  g ram-mo le  l o s s  o f  each e lem en t  can be c a l c u l a t e d .  

I t  was assumed t h a t  no ash was l o s t  d u r i n g  d r y i n g  and t h e  oxygen c o n t e n t
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o f  t h e  coa l  c o u l d  be c a l c u l a t e d  

c a l c u l a t i o n  a r e  shown in  T a b le  6 .

by  d i f f e r e n c e . The r e s u l t s o f  t h a t

T a b le  6 . Gram-Mole E lem en ta l  Loss (gm ole/ lOOg wet c o a l ) .

N C H 0

Gram-Mole 0 .0 0 0 0 .0 9 5 0.720 0 .997

As can be seen f ro m  T a b le  6 , t h e r e  i s  i n s u f f i c i e n t  hydrogen  l i b e r ­

a te d  t o  a c c o u n t  f o r  a l l  o f  t h e  oxygen i f  t he  o f f - g a s  p r o d u c t s  a r e  

assumed t o  be w a t e r .  In r e a l i t y ,  a complex  m i x t u r e  o f  gases a r e  

p r o b a b l y  g i v e n  o f f  d u r i n g  t h e  d r y i n g  p r o c e s s .  A l t h o u g h  n o t  v e r i f i e d , i t  

i s  sus p e c te d  t h a t  m e th a n e , w a t e r ,  ca rb o n  d i o x i d e ,  and sm a l l  amounts o f  

o t h e r  compounds a r e  d r i v e n  o f f  o f  t h e  c oa l  d u r i n g  t h e  d r y i n g  p r o c e d u r e .  

See A ppend ix  E f o r  t h e  d e r i v a t i o n  o f  a c o m b i n a t i o n  o f  compounds w h ic h  

w i l l  s a t i s f y  t h e  e l e m e n t a l  l o s s  v a l u e s  shown in  T a b le  6 .

Research d i r e c t e d  a t  i d e n t i f y i n g  e x a c t l y  what  m a t e r i a l s  a r e  v o l a ­

t i l i z e d  in  t h e  d r y i n g  p r o c e d u r e  i s  recommended by t h e  a u t h o r .  I t  i s  

c o n c e i v a b l e  t h a t  p r o d u c t s  o f  v a l u e  may be i d e n t i f i e d  in  t h e  o f f - g a s  and 

r e c o v e r e d  a t  m in im a l  expense .

T em pera tu re  E f f e c t s

A s e r i e s  o f  e x p e r i m e n t s  was run t o  assess  t h e  e f f e c t  o f  t e m p e r a t u r e  

on t h e  e x t r a c t i o n  o f  ,Col s t r i p  coa l  und e r  w a t e r - g a s  s h i f t  c o n d i t i o n s .  

The s o l v e n t  c o n s i s t e d  o f  143 ml o f  TMU and 7 ml o f  w a t e r .  The pH o f  t h e  

s o l v e n t  was a d j u s t e d  w i t h  sodium h y d r o x i d e  and in a l l  cases  was g r e a t e r  

th an  12 . In a l l  runs  t h e  ca rbon  monox ide o v e r p r e s s u r e  was m a i n t a i n e d  a t
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500 p s i g .  A p l o t  o f  t h e  r e s u l t s  i s  shown in  F i g u r e  6 . As can be seen,  

t h e r e  i s  l i t t l e  o r  no ob s e rv e d  t e m p e r a t u r e  e f f e c t . T h i s  r e s u l t  appea rs  

c o n t r a r y  t o  t h a t  o b s e rv ed  by Appel  I ( 2 2 ) .  Under  w a t e r - g a s  s h i f t  c o n d i ­

t i o n s ,  he o b s e rv e d  an i n c r e a s e  in  t h e  e x t r a c t i o n  o f  c oa l  w i t h  i n c r e a s i n g  

t e m p e r a t u r e  f o r  t e m p e r a t u r e s  in t h e  range  o f  400°C . Van Bodegom (16)  

has documented cases o f  no t e m p e r a t u r e  dependence f o r  some s o l v e n t s  

under  pu re  s o l v e n t  e x t r a c t i o n  c o n d i t i o n s .

S ev e ra l  f a c t o r s  have been i d e n t i f i e d  t h a t  may a c c o u n t  f o r  t h e  f a c t  

t h a t  no t e m p e r a t u r e  e f f e c t  was o b s e r v e d .  In t h e  cases where a t em pe ra ­

t u r e  e f f e c t  has been documented ( 22) ,  t h e  r e a c t i o n  t e m p e r a t u r e  was a t  o r  

above t h e  s o f t e n i n g  p o i n t  o f  c o a l .  T em pe ra tu res  e n c o u n t e r e d  in t h i s  

e x p e r i m e n t a t i o n  were w e l l  be low  th e  s o f t e n i n g  p o i n t  o f  c o a l ,  and i t  i s  

s u s p e c te d  t h a t  a d i f f e r e n t  e x t r a c t i o n  mechanism may be i n v o l v e d .

T he re  i s  a l s o  t h e  p o s s i b i l i t y  t h a t  s o l u b i l i t y  l i m i t s  o f  t h e  coa l  

e x t r a c t  in  t h e  s o l v e n t  have been reached  and a t e m p e r a t u r e  e f f e c t  would 

n o t  be o b s e r v e d .  The e x p e r i m e n t a l  a p p a r a t u s  used in  t h i s  i n v e s t i g a t i o n  

has a v e r y  l a r g e  th e rm a l  mass, and i t  i s  n o t  p o s s i b l e  t o  i s o l a t e  t h e  

r e a c t i o n  p r o d u c t s  im m e d i a t e l y  a f t e r  t h e  r e a c t i o n .  The r e a c t o r  v e s s e l  

was c o o le d  f o r  a p p r o x i m a t e l y  12 hours  b e f o r e  t h e  r e a c t i o n  p r o d u c t s  were 

removed . The s o l v e n t - c o a l - r e s i d u e  m i x t u r e  in  a l l  cases was f i l t e r e d  a t  

room t e m p e r a t u r e .  I t  i s  p o s s i b l e  t h a t  some o f  t h e  e x t r a c t e d  m a t e r i a l  

may have p r e c i p i t a t e d  because o f  a l i m i t e d  s o l u b i l i t y  c a p a c i t y  o f  t h e  

s o l v e n t ,  in w h ic h  case  t h e  s o l v e n t  c o u l d  be s a t u r a t e d  w i t h  c oa l  e x t r a c t .  

The obse rved  e x t r a c t i o n  would then  be o n l y  a measure o f  t h e  s o l u b i l i t y  

o f  t h e  v a r i o u s  coa l  e x t r a c t  m o le c u le s  in  t h e  s o l v e n t  a t  room t e m p e r a t u r e  

and n o t  a measure o f  t o t a l  e x t r a c t i o n  o c c u r r i n g  d u r i n g  t h e  r e a c t i o n .
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C o a l :  C o l s t r i p  S u b - b i t u m i n o u s  
S o l v e n t :  143 ml TMU, 7 ml HgO 
pH:  > 1 2 . 0
CO o v e r p r e s s u r e :  5 0 0  p s i  

♦Number  i n d i c a t e s  r u n  number

X  ( 1 4 )

X ( 2 )

X  ( 1 5 )

( 1 7 )  X X  ( 1 6 )

X ( 4 )

. 0 0  5 0 . 0 0  10 0 .0 0  15 0 .00  2 0 0 . 0 0
REACTION TEMPERATURE (C)

Figure 6. Temperature Dependence of Extraction.
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A d d i t i o n a l  r e s e a r c h  s h o u ld  be p e r fo rm e d  t o  e v a l u a t e  the s o l u b i l i t y  

l i m i t  o f  t h e  coa l  e x t r a c t  p r o d u c t s  in  t h e  s o l v e n t .  The a u t h o r  recom­

mends t h a t  a s o x h l e t  e x t r a c t i o n  u s i n g  s o l v e n t  hea ted  t o  t h e  r e a c t i o n  

t e m p e r a t u r e  be used t o  remove a l l  c o a l - e x t r a c t  m a t e r i a l  f rom  t h e  

r e s i d u e .  The a p p a r a t u s  wou ld  need t o  be o p e r a t e d  under  p a r t i a l  vacuum 

t o  a c h i e v e  th e s e  c o n d i t i o n s .  Us ing  t h i s  s y s t e m , a t r u e  measure o f  t h e  

e f f e c t i v e n e s s  o f  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  can be d e t e r m i n e d .

P r e s s u r e  E f f e c t s

■ A s e r i e s  o f  e x p e r i m e n t s  was run t o  assess  th e  e f f e c t s  o f  ca rbon  

monoxide  o v e r p r e s s u r e  on t h e  e x t r a c t i o n  o f  C o l s t r i p  coa l  unde r  w a t e r - g a s  

s h i f t  c o n d i t i o n s .  ' In each run th e  t e m p e r a t u r e  was m a i n t a i n e d  a t  I 60°C 

and t h e  pH o f  t h e  s o l v e n t  was g r e a t e r  than  12. The s o l v e n t  aga in  was 

143 ml o f  TMU and 7 ml w a t e r .  A p l o t  o f  t h e  r e s u l t s  i s  shown in  F i g u r e  

7.  To t h e  s u r p r i s e  o f  t h e  a u t h o r ,  t h e r e  i s  a pronounced  n e g a t i v e  

p r e s s u r e  e f f e c t .  T h i s  r e s u l t  i s  c o n t r a r y  t o  r e s u l t s  documented by 

A p p e l l  ( 2 2 ) .  He o b s e rv ed  a p o s i t i v e  e f f e c t  . f o r  p r e s s u r e s  up t o  abou t  

I OOO p s i g ,  b u t  h i s  r e a c t i o n  t e m p e r a t u r e s  were  near  4 0 0 ° C.

I t  was o r i g i n a l l y  t h o u g h t  t h a t  i n c r e a s i n g  t h e  ca rbon  monoxide  o v e r ­

p r e s s u r e  wou ld  i n c r e a s e  t h e  c o n c e n t r a t i o n  o f  t h e  n a s c e n t  hydrogen  

a v a i l a b l e  t o  t h e  c oa l  and hence lead  t o  g r e a t e r  e x t r a c t i o n .  Due t o  t h e  

p h y s i c a l  l i m i t a t i o n s  o f  t h e  r e a c t o r  sy s tem ,  i t  was n o t  p o s s i b l e  t o  

measure t h e  e x t e n t  o r  t h e  r a t e  o f  j u s t  t h e  w a t e r - g a s  s h i f t  r e a c t i o n ;  

t h e r e f o r e ,  i t  was n o t  p o s s i b l e  t o  d e t e r m i n e  i f  t h e  n a s c e n t  hydrogen 

c o n c e n t r a t i o n  i n c r e a s e s  w i t h  p r e s s u r e .

J
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C o a l :  C o l s t r i p  S u b - b i t u m i n o u s  
S o l v e n t :  143  ml TMU, I  ml HgO 
pH:  > 1 2 . 0
R e a c t i o n  T e m p e r a t u r e :  160° C  

♦Number  i n d i c a t e s  r u n  number

X  ( 1 1 )

X ( 1 7 )

X  ( 9 )

2 0 . 0 0  4 0 . 0 0  6 0 . 0 0  8 0 .0 0
CO OVERPRESSURE ( p s i )

i o o .  o o

*  1 0 '

Figure 7• Pressure Dependence of Extraction.



35

A d d i t i o n a l  r e s e a r c h  s h o u ld  be p e r fo rm e d  t o  e v a l u a t e  t h e  e x t e n t  and 

r a t e  o f  t h e  w a t e r - g a s  s h i f t  r e a c t i o n . .  Carbon monox ide and carbon 

d i o x i d e  can e a s i l y  be s e p a r a t e d  by gas ch ro m a to g ra p h y  methods .  By p e r i ­

o d i c a l l y  d e t e r m i n i n g  t h e  r e l a t i v e  amounts  o f  ca rbon  d i o x i d e  and ca rbon  

monoxide in  t h e  v a p o r  phase ,  b o th  t h e  r a t e  and e x t e n t  o f  r e a c t i o n  c o u l d  

be measured.

The n e g a t i v e  p r e s s u r e  e f f e c t  ob s e rv e d  may be due t o  a chem ica l  

s p e c ie s  w h ic h  a l t e r s  t h e  e x t r a c t i o n  c h a r a c t e r i s t i c s  o f  t h e  s o l v e n t .  I t  

i s  p o s s i b l e  t h a t  i n c r e a s e d  c o n c e n t r a t i o n s  o f  f o r m a t e  ion in  th e  s o l v e n t  

w i l l  de c re a s e  t h e  s o l u b i l i t y  o f  t h e  c oa l  e x t r a c t  in  t h e  s o l v e n t .  

Formate ion  i s  g e n e r a te d  in  a r e a c t i o n  between ca rbon  monoxide  and 

w a t e r .  An i n c r e a s e  in  t h e  ca rbon  monox ide  o v e r p r e s s u r e  w ou ld  p roduce  a 

c o r r e s p o n d i n g  i n c r e a s e  in  t h e  c o n c e n t r a t i o n  o f  th e  f o r m a t e  ion in t h e  

s o l v e n t  m i x t u r e .  Because t h e  TMU m o l e c u l e  i s  so h i g h l y  p o l a r ,  i t  may be 

p o s s i b l e  t h a t  i t s  e f f e c t i v e n e s s  as a c o a l  s o l v e n t  w ou ld  be dec reased  in  

t h e  p r es enc e  o f  t h e  f o r m a t e  i o n .

Appel  I (22)  may n o t  have e n c o u n te r e d  t h e  n e g a t i v e  p r e s s u r e  e f f e c t  

due t o  t h e  f a c t  t h a t  h i s  r e a c t i o n  c o n d i t i o n s  were d i f f e r e n t  than th o s e  

o f  t h i s  i v n e s t i g a t  i o n . He pe r fo rm e d  t h e  w a t e r - g a s  s h i f t  h y d r o g e n a t i o n  

o f  coa l  in t h e  p r es enc e  o f  a v e h i c l e  o i l  w h ic h  d i d  n o t  d i s s o l v e  coa l  t o  

any a p p r e c i a b l e  d e g r e e . Appel  I then  e x t r a c t e d  t h e  c oa l  r e s i d u e  w i t h  

p y r i d i n e  and b e nz en e . H is  r e s u l t s  were  p r i m a r i l y  by p y r i d i n e  and 

benezene e x t r a c t i o n s  and n o t  t h a t  o f  a o n e - s t e p  h y d r o g e n a t i o n  and 

e x t r a c t i o n  method.

I t  i s  a l s o  p o s s i b l e  t h a t  a change in  t h e  c h a r a c t e r  o f  t h e  e x t r a c ­

t i o n  p r o d u c t s  due t o  a change o f  r e a c t i o n  c o n d i t i o n s  i s  r e s p o n s i b l e  f o r



t h e  n e g a t i v e  p r e s s u r e  e f f e c t . I f  t h e  c oa l  h y d r o g e n a t i o n  p r o d u c t s  a r e  

s o l u b i l i t y  l i m i t e d ,  then  r e a c t i o n  c o n d i t i o n s  t h a t  p rom o te  th e  most 

s o l u b l e  p r o d u c t s  w i l l  show t h e  g r e a t e s t  ob s e rv e d  e x t r a c t i o n .

The obse rved  e x t r a c t i o n  f o r  ca rbon  monox ide o v e r p r e s s u r e  o v e r  t h e  

range  o f  250-1000  p s i g  i s  g r e a t e r  than  th e  o b s e rv ed  e x t r a c t i o n  when 

t h e r e  i s  no ca rbon  monox ide o v e r p r e s s u r e .  T h e r e f o r e ,  a maximum e x t r a c ­

t i o n  v a l u e  f o r  t h e  coa l  sample s h o u ld  e x i s t  f o r  a ca rbon  monoxide o v e r ­

p r e s s u r e  in  t h e  range  o f  0 -250  p s i g .  The a u t h o r  recommends t h a t  f u t u r e  

r e s e a r c h  be d i r e c t e d  so t h a t  t h e  op t imum ca rbon  monox ide o v e r p r e s s u r e  i s  

i d e n t i f i e d .
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pH E f f e c t s

I t  has been r e p o r t e d  by o t h e r  r e s e a r c h e r s  t h a t  a t  low  t e m p e r a t u r e s  

p r o p e r  r e a c t i o n  pH i s  e s s e n t i a l  f o r  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  t o  

p roceed a t  any a p p r e c i a b l e  r a t e  ( 3 0 ) .  B a s ic  c o n d i t i o n s  a r e  g e n e r a l l y  

r e p o r t e d  t o  be s u p e r i o r  w i t h  t h e  b e s t  r e s u l t s  o b t a i n e d  when th e  pH i s  

g r e a t e r  th an  1 2 . 6 .  For  t h i s  re a s o n ,  t h e  pH o f  t h e  r e a c t i o n  s o l v e n t  

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

s o l v e n t  pH v e r s u s  p e r c e n t  e x t r a c t i o n  i s  shown in  F i g u r e  8 , and a p l o t  o f  

f i n a l  s o l v e n t  pH v e r s u s  p e r c e n t  e x t r a c t i o n  i s  shown in  F i g u r e  3.  In a l l  

runs  Col s t r i p  coa l  was used ,  ca rbon  monox ide o v e r p r e s s u r e  was 500 p s i ,  

and t h e  s o l v e n t  was TMU and w a t e r .  The runs  encompassed a range o f  

r e a c t i o n  t e m p e r a t u r e s ,  b u t  t h i s  i s  n o t  t h o u g h t  t o  be s i g n i f i c a n t  s i n c e  

e x t r a c t i o n  i s  a weak f u n c t i o n  o f  t e m p e r a t u r e .

As can be seen f ro m  F i g u r e  8 , most  o f  th e  e x p e r i m e n t a l  runs were 

p e r fo rm e d  a t  h ig h  pH. One run was p e r fo rm e d  under  a c i d i c  c o n d i t i o n s  and
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C o a l :  C o l s t r i p  S u b - b i t u m i n o u s  & ( 3 )
S o l v e n t :  143 ml TMU, 7 ml HgO
CO O v e r p r e s s u r e :  500  p s i
T e m p e r a t u r e :  2 5 - 2 0 5 ° C

♦Number  i n d i c a t e s  r u n  number

( 1 5 )

( 1 4 )

( 2 ) X

: ( 1 6 )
' ( 1 7 )

X  ( 7 ) > ( 4 )

0 . 0 0  4 . 0 0  8 . 0 0  12 .00  1 6 .0 0
ORIGINAL SOLVENT pH

Figure 8. pH of Solvent Before Reaction Versus Observed Extraction.
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C o a l : C o l s t r i p  S u b - b i t u m i n o u s
S o l v e n t :  143 ml TMU, 7 ml H2O
CO O v e r p r e s s u r e :  5 0 0  p s i g
T e m p e r a t u r e :  2 5 - 2 0 5 ° C

♦Number  i n d i c a t e s  r un  number

{4
X  ( 1 5 )

X ( 1 7 ) X  ( 1 6 )

( 7 ) X  ( 4 ) X

4 . 0 0  6 . 0 0  8 . 0 0  10 .00
FINAL SOLVENT pH

12 .00

Figure 9• pH of Solvent After  Extraction Versus Observed Extraction.
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was o n l y  m a r g i n a l l y  s u c c e s s f u l . A l t h o u g h  s p e c u l a t i v e ,  i t  appea rs  t h a t  

e x t r a c t i o n  may r i s e  d r a m a t i c a l l y  when t h e  pH o f  t h e  s o l v e n t  i s  g r e a t e r  

than  12 .6  t o  1 3 . 0 .  Ross (23)  documented t h a t  a p ronounced  i n c r e a s e  In 

e x t r a c t i o n  was obse rved  when t h e  s o l v e n t  pH f o r  the  w a t e r - g a s  s h i f t  

r e a c t i o n  was g r e a t e r  than  12 . 6 .

Based upon e x a m i n a t i o n  o f  F i g u r e  9 ,  i t  appea rs  t h a t  a rough c o r r e ­

l a t i o n  e x i s t s  between t h e  f i n a l  pH o f  t h e  s o l v e n t  and t h e  e x t r a c t i o n  o f  

t h e  c o a l .  In g e n e r a l  , i f  appea rs  t h a t  e x t r a c t i o n  i n c r e a s e s  w i t h  

i n c r e a s i n g  f i n a l  s o l v e n t  pH. The a u t h o r  f i n d s  t h i s  o b s e r v a t i o n  i n t e r ­

e s t i n g  in  l i g h t  o f  t h e  f a c t  t h a t  t h e r e  was o n l y  a weak c o r r e l a t i o n  

between o r i g i n a l  s o l v e n t  pH and e x t r a c t i o n .

I t  i s  p o s s i b l e  t h a t  t h e  pH e f f e c t  and th e  n e g a t i v e  p r e s s u r e  e f f e c t  

may be r e l a t e d .  As p o s t u l a t e d  in  t h e  p r e s s u r e  e f f e c t s  s e c t i o n  o f  t h i s  

t h e s i s ,  t h e  f o r m a t e  ion c o n c e n t r a t i o n  may d i c t a t e  t h e  c oa l  e x t r a c t  

s o l u b i l i t y  in  t h e  s o l v e n t .  I n c r e a s i n g  t h e  f o r m a t e  ion  c o n c e n t r a t i o n  

w i l l  l o w e r  t h e  pH o f  t h e  s o l v e n t  and hence c o u ld  p o s s i b l y  l o w e r  t h e  

s o l u b i l i t y  o f  c oa l  e x t r a c t  in  t h e  r e s i d u e .

Because o f  t h e  a p p a r e n t  b u f f e r i n g  e f f e c t  o f  t h e  c oa l  in  t h e  r e a c ­

t i o n ,  one run was p e r fo rm e d  where s o l i d  sodium h y d r o x i d e  was added t o  

t h e  c o a l .  I t  was b e l i e v e d  t h a t  i f  enough sodium h y d r o x i d e  were  p r e s e n t , 

th en  t h e  s o l v e n t  pH wou ld  remain  h i g h  d u r i n g  th e  r e a c t i o n .  T h i s  r u n , 

run number 3 , i s  r e p r e s e n t e d  by t h e  h i g h e s t  obse rved  e x t r a c t i o n  v a l u e  

shown in F i g u r e  9.  The r e s u l t  o f  t h i s  run would i n d i c a t e  t o  f u t u r e  

r e s e a r c h e r s  t h a t  methods o f  r u n n in g  t h e  r e a c t i o n  s h o u l d  be a n a l y z e d  

whereby  t h e  r e a c t i o n  pH i s  m a i n t a i n e d  a t  a h i g h  l e v e l  t h r o u g h o u t  t h e  

r e a c t i o n .
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One r u n , run number 20 ,  was a l s o  p e r fo rm e d  where sodium c a r b o n a t e  

i n s t e a d  o f  sodium h y d r o x i d e  was used t o  a d j u s t  t h e  pH o f  t h e  s o l v e n t .  

Observed e x t r a c t i o n  w i t h  t h e  sodium c a r b o n a t e  was o n l y  13 p e r c e n t ,  w h ic h  

was s i g n i f i c a n t l y  l o w e r  than  f o r  sodium h y d r o x i d e  under  t h e  same c o n d i ­

t i o n s .  T h i s  r e s u l t  i s  i n t e r e s t i n g  in  l i g h t  o f  th e  f a c t  t h a t  th e  f i n a l  

pH o f  10 .2  i s  r e l a t i v e l y  h i g h .  One wou ld  p r e d i c t ,  based upon F i g u r e  9,  

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

t i o n  r a t e .  I t  i s  u n c e r t a i n  w h e th e r  t h i s  r e s u l t  i s  due t o  d i f f e r e n c e s  in 

t h e  s o l u b i l i t y  o f  sodium c a r b o n a t e  in t h e  s o l v e n t  o r  i t s  chemica l ,  

c h a r a c t e r .  A d d i t i o n a l  r e s e a r c h  s h o u ld  be pe r fo rm ed  t o  i d e n t i f y  w h ich  

bases w o rk  b e s t  u s i n g  t h e  w a t e r - g a s  s h i f t  s o l v e n t  e x t r a c t i o n  method.

Coal Rank E f f e c t s

A s e r i e s  o f  t h r e e  e x p e r i m e n t a l  runs  was pe r fo rm ed  t o  e v a l u a t e  t h e  

e f f e c t  o f  coa l  r a n k  on e x t r a c t i o n  r e s u l t s  under  w a t e r - g a s  s h i f t  

c o n d i t i o n s .  Savage l i g n i t e ,  Col s t r i p  s u b - b i t u m i n o u s ,  and Bakerstown 

h i g h - v o l a t i l e  b i t u m i n o u s  c o a l s  were u s e d ; t h e  s o l v e n t  was 143 ml TMU and 

7 ml w a t e r  f o r  each r u n . Al I e x p e r i m e n t s  were run a t  16 0 ° C , 500 ps i  

ca rbon  monoxide o v e r p r e s s u r e ,  and w i t h  a s o l v e n t  pH g r e a t e r  than 12 .6 .  

The r e s u l t s  a r e  shown in  F i g u r e  10.

As can be seen f rom  F i g u r e  10, t h e r e  appea rs  t o  be a s i g n i f i c a n t  

c o r r e l a t i o n  between t h e  ra n k  o f  c oa l  and th e  t o t a l  d i s s o l u t i o n .  Low 

rank  c o a l s '  appea r  t o  be s o l u b i l i z e d  t o  a g r e a t e r  deg ree  than  h i g h e r  rank  

c o a l s .  Appel  I (22)  and Takemura (24)  have a l s o  documented t h a t  low rank  

c o a l s  a r e  more r e a c t i v e  under  w a t e r - g a s  s h i f t  c o n d i t i o n s .
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X

* 7 0 . 0 0

( 2 1  ) - - S a v a g e  l i g n i t e

I ( ( I T ) - - C o l s t r i p  s u b - b i t u m i n o u s

X ( S ) - - B a k e r s t o w n  h i g h -
v o l a t i l e  b i t u m i n o u s

7 5 . 0 0  8 0 . 0 0  8 5 . 0 0  9 0 . 0 0
PERCENT C IN  COAL

Figure 10 I n i t i a l  Carbon Content Versus Observed Extraction.
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R es ea rc he rs  w o r k i n g  on c oa l  e x t r a c t i o n  u s i n g  s o l v e n t s  a lo n e  

g e n e r a l l y  r e p o r t  t h a t  the  b e s t  r e s u l t s  a r e  o b s e rv ed  w i t h  b i t u m i n o u s  coa l

( 1 7 ) .

Coals  o f  low rank  a r e  a p p a r e n t l y  more r e a d i l y  a t t a c k e d  by n a s c e n t  

hyd rogen than  c o a l s  o f  h i g h e r  r a n k .  T h i s  no doub t  i s  due t o  a d i f f e r ­

ence in a t t a c k  s i t e s  o r  f u n c t i o n a l  g ro u p s  w i t h i n  t h e  c oa l  m a t r i x ,  e s t e r  

and e t h e r  l i n k a g e s  be in g  t h e  p r im e  c a n d i d a t e s .  The c o r r e l a t i o n  between 

c oa l  rank  and o b s e rv ed  e x t r a c t i o n  lends  c r e d i b l e  e v id e n c e  t o  t h e  

p r es enc e  o f  n a s c e n t  hydrogen  a t t a c k  unde r  t h e  c o n d i t i o n s  used in t h i s  

e x p e r i m e n t .

S o l v e n t  R e t e n t i o n

When i t  was o b s e rv ed  t h a t  a s i g n i f i c a n t  amount o f  s o l v e n t  was 

r e t a i n e d  in  t h e  r e s i d u e ,  i t  was p o s t u l a t e d  t h a t  a c o r r e l a t i o n  may e x i s t  

between th e  o b s e rv ed  e x t r a c t i o n  and t h e  amount o f  s o l v e n t  r e t a i n e d  in  

t h e  c oa l  r e s i d u e .  In F i g u r e  11, t h e  amount o f  e x t r a c t i o n  i s  p l o t t e d  

v e r s u s  s o l v e n t  r e t e n t i o n  f o r  C o l s t r i p  c o a l .  In each case  th e  s o l v e n t  

was TMU and w a t e r ,  and t h e  ca rbon  monox ide  o v e r p r e s s u r e  was 500 p s i .  

The r e a c t i o n  t e m p e r a t u r e  and s o l v e n t  pH v a r i e d  c o n s i d e r a b l y .

Dryden (17)  s t a t e s  t h a t  f o r  s p e c i f i c  s o l v e n t s , and TMU i s  

c o n s i d e r e d  a s p e c i f i c  s o l v e n t ,  a c e r t a i n  amount o f  t h e  s o l v e n t  i s  

c hem iso rbed  on th e  c oa l  a t  room t e m p e r a t u r e .  A p p a r e n t l y  t h e  chemica l  

n a t u r e  o f  t h e  s u r f a c e  o f  th e  co a l  r e s i d u e  does n o t  change a p p r e c i a b l y  

w i t h  i n c r e a s e d  e x t r a c t i o n .  A change in  t h e  s o l v e n t  r e t e n t i o n  would be 

e x p e c te d  i f  t h e  s u r f a c e  c h a r a c t e r i s t i c s  o f  t h e  coa l  changed.
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C o a l :  C o l s t r i p  s u b - b i t u m i n o u s
S o l v e n t :  TMU/HgO
CO O v e r p r e s s u r e : 5 0 0  p s i

♦Number  i n d i c a t e s  r u n  number

X  (ID

( 2 ) X  

( 4 )  

( 9 ) > d

X  ( 1 6 )

X  X ( 7 )

0Or OS o! 10 o'. 15
SOLVENT RETENTION

o/  20
g/ g

x d )

0. 25
r e s i d u e

Figure 11. Solvent Retention Versus Extraction.



The r e a d e r  sh o u ld  n o t e  t h a t  a c e r t a i n  amount o f  v a r i a t i o n  in th e  

s o l v e n t  r e t e n t i o n  can p r o b a b l y  be a t t r i b u t e d  t o  e x p e r i m e n t a l  t e c h n i q u e .  

Each r e s i d u e  was washed w i t h  a c e to n e  u n t i l  t h e  e f f l u e n t  f r om  t h e  r e s i d u e  

f i l t e r - c a k e  appeared c o l o r l e s s .  The c o l o r l e s s  e n d p o i n t  was s u b j e c t i v e ,  

and i t  i s  known t h a t  some r e s i d u e s  were  washed w i t h  c o n s i d e r a b l y  more 

a c e to n e  than  o t h e r s .

The v i a b i l i t y  o f  t h e  w a t e r - g a s  s h i f t  s o l v e n t  e x t r a c t i o n  p rocess  i s  

in  g ra v e  j e o p a r d y  u n l e s s  methods can be d e v i s e d  t o  remove t h e  s o l v e n t  

f r o m  t h e  r e s i d u e  o r  d r a m a t i c a l l y  i n c r e a s e  th e  e x t r a c t i o n .  Because o f  

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

must be r e c o v e r e d  f r o m  t h e  c oa l  r e s i d u e  f o r  th e  p ro c e s s  t o  be ec onom i ­

c a l l y  f e a s i b l e .  R esea rche rs  must  s o l v e  t h i s  s i g n i f i c a n t  p rob lem  i f  t h e  

w a t e r - g a s  S h i f t  s o l v e n t  e x t r a c t i o n  method i s  t o  become c o m m e r c i a l l y  

f e a s i b l e .  The a u t h o r  f e e l s  t h a t  t h e  chances  f o r  c o m p le t e  r e c o v e r y  o f  

t h e  s o l v e n t  a r e  v e r y  s i  im .

A d d i t i o n a l  E x p e r i m e n t a t i o n

Some e x p e r i m e n t s  were pe r fo rm e d  t h a t  were d e s ig n e d  t o  t e s t  a 

h y p o t h e s i s  o r  s u b s t a n t i a t e  da ta  t h a t  o t h e r  r e s e a r c h e r s  have p r e s e n t e d .  

These e x p e r i m e n t s  were  pe r fo rm ed  f o r  two r eas ons .  The f i r s t  was to  

ens u re  t h a t  t h e  r e a c t i o n  pa ra m e te rs  and c o n d i t i o n s  used in  t h i s  e x p e r i ­

m e n t a t i o n  had a r e a s o n a b le  chance f o r  success  and th e  second was t o  

i d e n t i f y  s u b j e c t  a reas  w i t h  adequa te ,  p o t e n t i a l  t o  j u s t i f y  a d d i t i o n a l  

r e s e a r c h  w o r k .  The r e s u l t s  o f  th e s e  e x p e r i m e n t a l  runs and t h e  p e r t i n e n t  

r e a c t i o n  c o n d i t i o n s  a r e  shown in T a b le  7 , w i t h  s p e c i f i c ,  c o n d i t i o n s  g i v e n

in A ppend ix  A.
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T a b le  7• E x t r a c t i o n  R e s u l t s  f o r  I n d i v i d u a l i z e d E x p e r i m e n t s .

Wei g h t  %
Run No. S o l v e n t E x t r a c t i o n

12 TMU/T e tra l in /H MPA/H gO 35

13 tmu / hmpa / h2 o 23

19 T M U / T e t r a l InZH2O 20

15 TMUZH2O Z a d d i t i o n a l  H2O 19

17 TMUZH2O (normal  run ) 17

18 TMUZH2OZh2 o v e r p r e s s u r e 11

To h e l p  d e t e r m i n e  i f  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  p l a y s  an i m p o r t ­

a n t  r o l e  in  t h e  e x t r a c t i o n  o f  C o l s t r i p  coa l  , one e x p e r i m e n t  was 

p e r fo rm e d  where hydrogen o v e r p r e s s u r e  was used in  p l a c e  o f  carbon 

monox ide o v e r p r e s s u r e .  As shown in  T a b le  7 f o r  run 18, s u b s t a n t i a l l y  

l e s s  e x t r a c t i o n  was obse rved  under  hydrogen  o v e r p r e s s u r e  than f o r  any 

run where ca rbon  monoxide was used .  W h i l e  n o t  c o n c l u s i v e ,  t h e  r e s u l t s  

o f  run 18 a r e  e v id e n c e  t h a t  t h e  n a s c e n t  hydrogen  fo rmed  v i a  th e  w a t e r -  

gas s h i f t  r e a c t i o n  i s  more r e a c t i v e  in h y d r o g e n a t i o n  o f  C o l s t r i p  sub-  

b i t u m i n o u s  coa l  than  e l e m e n t a l  hy d rogen .

Ward (2)  p r e s e n t e d  s u b s t a n t i a l  e v i d e n c e  t h a t  enhanced coa l  e x t r a c ­

t i o n  c o u ld  be obse rved  when a m i x t u r e  o f  s o l v e n t s  was u s e d . He 

documented h i s  g r e a t e s t  e x t r a c t i o n  v a l u e  f o r  a run u s i n g  a s o l v e n t  m i x ­

t u r e  o f  TMU, HMPA, and t e t r a l i n .  The a u t h o r  s u rm ised  t h a t  t h i s  m i x t u r e  

o f  s o l v e n t s  may a l s o  work  under  w a t e r - g a s  s h i f t  c o n d i t i o n s .  As shown in 

T a b le  7 f o r  run 12, t h e  o b s e rv ed  e x t r a c t i o n  was q u i t e  h i g h .  In f a c t ,
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t h i s  was t h e  h i g h e s t  e x t r a c t i o n  v a l u e  documented d u r i n g  t h e  c o u rs e  o f  

t h i s  i n v e s t i g a t i o n .

Runs 13 and 19 were a l s o  pe r fo rm e d  u s i n g  a m i x t u r e  o f  s o l v e n t s .  In 

run 13, a m i x t u r e  o f  TMU and HMPA was used ,  and t h e  o b s e r v e d  e x t r a c t i o n  

was s i g n i f i c a n t l y  b e t t e r  t h a n ,  i f  j u s t  TMU, run 17, were  used as a 

s o l v e n t .  In run 19, a m i x t u r e  o f  TMU and t e t r a l  in was used and t h e  

o bs e rv ed  e x t r a c t i o n  was o n l y  s l i g h t l y  g r e a t e r  than i f  j u s t  TMU were used 

as a s o l v e n t .  I t  appea rs  t h a t ,  i f  chosen p r o p e r l y ,  a m i x t u r e  o f  

s o l v e n t s  may be more e f f e c t i v e  in  t h e  e x t r a c t i o n  o f  coa l  u nde r  w a t e r - g a s  

s h i f t  c o n d i t i o n s  than  any one s o l v e n t  a l o n e .

One run was a l s o  pe r fo rm e d  t o  d e t e r m i n e  i f  ad e q u a te  w a t e r  was 

p r e s e n t  in  t h e  s o l v e n t  m i x t u r e  t o  s a t i s f y  t h e  r e q u i r e m e n t s  f o r  t h e  

w a t e r - g a s  s h i f t  r e a c t i o n .  In a l l  o t h e r  r u n s ,  7 .5 ml o f  w a t e r  was used 

w i t h  t h e  s o l v e n t .  In run 15 , an a d d i t i o n a l  7 •5 ml o f  w a t e r  was added t o  

t h e  s o l v e n t .  I t  was t h o u g h t  t h a t  i f  w a t e r  was a l i m i t i n g  r e a c t a n t  under  

normal e x p e r i m e n t a l  c o n d i t i o n s ,  then  an i n c r e a s e  in t h e  e x t r a c t i o n  wou ld  

be o b s e rv ed  when a d d i t i o n a l  w a t e r  was added.  The a d d i t i o n a l  7 •5  ml o f  

w a t e r  p r e s e n t  in t h e  s o l v e n t  f o r  run 15 had no s i g n i f i c a n t  e f f e c t  on th e

e x t r a c t i o n  v a l u e .



SUMMARY AND CONCLUSIONS

1. The l a r g e s t  e x t r a c t i o n  obse rved  f o r  Col s t r i p  s u b - b i t u m i n o u s  coa l  was 

35 p e r c e n t . To a c h i e v e  t h i s  r e s u l t ,  w a t e r - g a s  s h i f t  h y d r o g e n a t i o n  

was used in  c o n j u n c t i o n  w i t h  a s o l v e n t  m i x t u r e  o f  50 ml TMU, 50 ml 

HMPA, 50 ml t e t r a l i n , and 5 ml w a t e r  on 4 .9 2  g o f  c o a l .

2.  S o l v e n t  e x t r a c t i o n  under  w a t e r - g a s  s h i f t  c o n d i t i o n s  i s  g r e a t e r  than  

s o l v e n t  e x t r a c t i o n  a l o n e  o r  s o l v e n t  e x t r a c t i o n  in  t h e  p resence  o f  

hyd rogen  o v e r p r e s s u r e .

3 . T he re  appea rs  t o  be no t e m p e r a t u r e  e f f e c t  f o r  t h e  w a t e r - g a s  s h i f t  

r e a c t i o n  s o l v e n t  e x t r a c t i o n  in t h e  range o f  25 t o  20 0 ° C . Some e v i ­

dence e x i s t s  t h a t  s o l u b i l i t y  l i m i t s  o f  coa l  e x t r a c t  in t h e  s o l v e n t  

may have masked a t e m p e r a t u r e  e f f e c t ,

4 .  There  appea rs  t o  be a n e g a t i v e  p r e s s u r e  e f f e c t  f o r  e x t r a c t i o n  r e l a ­

t i v e  t o  ca rbon  monoxide o v e r p r e s s u r e  in  t h e  range  o f  250 t o  1000 

p s i g .  However ,  t h i s  may be an a r t i f a c t  f rom  chem ic a l  f o r m a t i o n  f o r  

t h e  c o n d i t i o n s  In t h e s e  e x p e r i m e n t s .

5. A c o r r e l a t i o n  e x i s t s  between t h e  f i n a l  s o l v e n t  pH and th e  obse rved  

e x t r a c t i o n .  As th e  f i n a l  s o l v e n t .  pH i n c r e a s e s ,  t h e  obse rved  

e x t r a c t i o n  a l s o  i n c r e a s e s .  I t  appea rs  t h a t  i n i t i a l  s o l v e n t  pH must 

be g r e a t e r  than  ab o u t  12.6 f o r  s i g n i f i c a n t  e x t r a c t i o n  t o  o c c u r .

6 . S o l v e n t  i s  r e t a i n e d  in  t h e  c oa l  r e s i d u e .  For  t h e  c o n d i t i o n s  

e n c o u n te r e d  in t h i s  e x p e r i m e n t a t i o n ,  6 t o  17 p e r c e n t  o f  t h e  w e i g h t  

o f  t h e  r e s i d u e  c o u ld  be a t t r i b u t e d  t o  i n c o r p o r a t e d  s o l v e n t .
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7.  Lower rank  c o a l s a r e  more e a s i l y  e x t r a c t e d  under  w a t e r - g a s  s h i f t  

s o l v e n t  e x t r a c t i o n  c o n d i t i o n s  than  h i g h e r  rank  c o a l s .

8 . Compounds o t h e r  than  w a t e r  a r e  v o l a t i l i z e d  under  c o n d i t i o n s  n o r m a l l y  

a s s o c i a t e d  w i t h  t h e  d r y i n g  o f  c o a l .
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RECOMMENDATIONS FOR FUTURE RESEARCH

1. T e s t s  sh o u ld  be run t o  d e t e r m i n e  th e  e x t e n t  and r a t e  o f  t h e  w a t e r -  

gas s h i f t  r e a c t i o n  f o r  t h e  c o n d i t i o n s  employed in  t h i s  e x p e r i m e n t a ­

t i o n .

2.  An e f f o r t  s h o u ld  be made t o  i s o l a t e  t h e  e x t r a c t i o n  p r o d u c t s  f r om th e  

s o l v e n t  and c h a r a c t e r i z e  t h e i r  chem ic a l  n a t u r e .  T h i s  wou ld  h e l p  t o  

c l a r i f y  i f  t h e  s o l v e n t  r e t e n t i o n  a s s u m p t io n s  used in  t h i s  s t u d y  a r e  

v a l i d .  i t  i s  r e c o g n i z e d  t h a t  t h i s  i s  e x p e r i m e n t a l  I y  v e r y  d i f f i c u l t .

3. The r e l a t i v e  e f f e c t i v e n e s s  o f  d i f f e r e n t  bases used t o  c o n t r o l  t h e  pH 

o f  t h e  r e a c t i o n  s h o u ld  be e v a l u a t e d .

4.  M u l t i p l e  e x t r a c t i o n  e x p e r i m e n t s  s h o u ld  be run t o  d e t e r m i n e  i f  

s o l v e n t  s o l u b i l i t y  l i m i t a t i o n s  c o n t r o l  th e  e x t e n t  o f  t h e  r e a c t i o n .

5. T e s ts  s h o u ld  be run t o  e v a l u a t e  t h e  ca rbon  monox ide o v e r p r e s s u r e  

c o n d i t i o n s  t h a t  m ax im ize  c oa l  e x t r a c t i o n .

6 . T e s t s  s h o u ld  be run t o  c h a r a c t e r i z e  t h e  o f f - g a s  p r o d u c t s  f rom  t h e  

d r y i n g  o f  c o a l .
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APPENDIX A

RAW DATA FROM. EXTRACTION EXPERIMENTS



Table 8. Experimental Conditions for Each Extraction Run.

Run
No.

1

2

3

4 

6

7

8

9

11 

12

13

14

Coal S o l v e n t
P r e s s u r e

(ps ig )
T em pera tu re

(0 C) pH Be fo re pH A f t e r

Col s t r i p TMUZH2O 600 167-5 13-30 7-72

C o l s t r i p TMUZH2O 480 5 9 .0 12.02 9 .0 0

Col s t r i p TMUZH2O ad.  NaOH 500 169.5 - 1 4 I 1 .74

Col s t r i p TMUZH2O 490 177-0 13.62 8 .5 4

Col s t r i p TMUZH2O 550 161.5 6.89 8 .7 0

Col s t r i p TMUZH2OZHCl 500 158.0 NZA 7 .6 0

Bakers town TMUZH2O 500 157.0 12.78 7-75

Col s t r i p TMUZH2O 1000 150.0 12.78 9 .0 5

Col s t r i p TMUZH2O 250 158.5 12.92 9 .6 4

C o l s t r i p TMUZHMPAZTETZH2O 500 162.0 13.12 10.67

C o l s t r i p TMUZHMPAZH2O 500 160.0 —14 11.01

C o l s t r i p TMUZH2O 500 2 5 .0 12.44 9-40

C o l s t r i p TMUZH2OZad. HgO

OOL
A 157-5 13-46 10.2715



Table 8 - -c o n t inued.

Run
No. Coal S o l v e n t

P r e s s u r e
( p s i g )

T em pera tu re
( ° c ) pH B e fo re pH A f t e r

16 C o l s t r i p TMUZH2O 500 2 0 5 . 5 1 3 . 6 8 11 . 2 7

17 Col s t r i p TMUZH2O 5 0 0 1 5 3 . 0 1 3 . 6 9 9 . 6 5

18 C o l s t r i p TMUZH2O SOO(H2 ) 158 .0 1 2 . 5 3 9 . 9 8

19 Col s t r i p TMUZTETZH2O 500 1 5 8 . 5 1 2 . 4 6 9 .2 2

20 Col s t r i p TMUZH2 OZNaCO3 500 1 5 7 - 5 1 2 . 8 9 10.21

21 Sav . L i g . TMUZH2O 500 1 5 2 . 5 1 3 . 4 3 11.00



Table 9• Raw Data for Experimental Extraction Runs.

Run
No.

I n i t i a l  W t . 
Coal (g)

F i n a l  W t . 
Res idue  (g)

E lementa l A n a l y s i s Resi due
% Ash 

ResidueNi t r o g e n Carbon Hydrogen

I 4.8848 2 .8 216 1.88 66 .07 4 .80 10.55

2 5.0654 3 .8 890 1.82 66 .90 4 .92 9-54

3 5.0680 3.2118 I .26 64 .6 0 4.51 11.26

4 5.0219 4.0324 1.85 67.21 4 .65 10.22

6 4 .9 910 3.8205 4 .2 7 66 .8 6 5 .40 10.42

7 4.9051 3.9721 1.97 63 .02 4 .64 10.17

8 5-2574 4 .8 928 1.75 75 .05 4 .76 10.21

9 5.0043 4 .1 049 1.83 65 .12 4 .6 9 9-59

11 4 .9893 3-7349 2 .02 64 .88 4 .8 0 9-87

12 4 .9 190 3 .4738 3 6 3 64 .60 5 .27 12.04

13 4 .7062 3-8941 4 .2 7 62 .18 5 .27 13-93

14 5-5857 4 .9 807 3 .53 64 .97 5-29 10.26

15 5 .7302 4 .2123 1.93 66 .66 4 .82 10.06



Table 9- - continued.

Run
No.

I n i t i a l  W t . 
Coal (g)

F i n a l  W t . 
Res idue  (g)

E lementa l A n a l ys i s Res!due
% Ash 

Res!dueN i t r o g e n Carbon Hydrogen

16 5 .8376 4 .6 545 2 .3 6 65-51 4 .63 9-97

17 5 .3344 4 .0886 I .85 66.22 4 .7 6 10.61

18 5.2971 4 .2 758 1.86 67-83 4 .92 9-60

19 5 .2327 3.6494 1.54 67 .16 4 .92 9 .68

20 4.9143 3.8501 I .94 67.23 5 .06 9-75

21 4 .8204 3.4953 3-70 64.18 4 .57 8 .65



Table 10. Chemical Analysis of Coal Used in Experimentation.

Elem en ta l  A n a l y s i s  (%)

Coal N i t r o g e n Ca rbon Hydrogen
% Ash 

C on ten t
% Water 
C on te n t

C o l s t r i p  (we t) 0 .92 56 .67 4 .48 8 .04 17.80

Col s t r i p  ( d r y ) 1.13 67 .55 4 .58 N/A 0 .0

Savage L i g n i t e  (wet ) 1 .07 52.01 3-35 6 .50 27 .96

Savage L i g n i t e  ( d r y ) 1-35 65 .58 3-85 N/A 0 . 0

Bakers town (wet ) 1.62 77 .4 9 4 .8 6 10.25 0 .27
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SAMPLE CALCULATION

T h is  a p p e n d ix  shows the  c a l c u l a t i o n  sequence f o r  run 13-

Needed e x p e r i m e n t a l  d a t a :

S o l v e n t :  68 ml TMU, 75 ml HMPA

C o l s t r i p  c o a l :  i n i t i a l  w t  4 .7 062  g
mass f r  H2O 0 . 178 
mass f r  ash 0 .0 804
e l e m e n t a l  a n a l y s i s  ( d r y , ash c o n t a i n i n g )
N 1.13% C 67.55% H 4.58%

R es idue :  w e i g h t  3*8941 g
mass f r  H2O .0242 
mass f r  ash . I 393
e l e m e n t a l  a n a l y s i s  ( w e t , ash c o n t a i n i n g )  
N 4.28% C 62.18% H 5.27%

C a l c u l a t e e l e m e n t a l  ana l y s i s  o f  coa l o r g a n i c  m a t t e r on an ash and

w a t e r - f r e e b a s i s .

W a t e r - F r e e Ash C o r r e c t e d % O rg a n ic

Element We igh t C o r r e c t i on Weigh t Ash S W a te r - F r e e

N i t r o g e n 0 .0 093 0.0093 1.25

Carbon 0.5553 0 .5553 74 .8 8

Hydrogen 0 .0 377 0 .0377 5 .08

Ash 0.0804 -0 .0 8 0 4 - 0 . 0 - - 0 . 0 -

Oxygen 0.1393 0 .1393 18.78

T o t a l 0 .8 220 0.7416 99*99

Next  the  r e s i d u e  a n a l y s i s  i s  c a l c u l a t e d  on a d r y ,  a s h - f r e e  b a s i s .  
Assume t h a t  m a t e r i a l  v o l a t i l i z e d  a t  I 03°C i s  w a t e r .

Hydrogen l o s s  due to  w a t e r  = . 0 2 4 2 " ( 2 g H / l8 g H 2 0 )  -  .00279

Oxygen l o s s  due t o  w a t e r  = .02159
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Element
Wet

Ana l y s i s
C o r r e c t  ion 

Weigh t
C o r r e c t e d

Weight
% Ash & 

W a te r - F r e e

N i t r o g e n 0 .0 428 0 .0 428 5 .12

Carbon 0 .6 218 0 .6218 74 .33

Hydrogen 0 .0 527 - 0 . 0 0 2 7 0 .0 500 5 .98

Ash 0.1393 -0 .1 3 9 3 - 0 . 0 - - 0 . 0 -

Oxygen 0 .1 434 - 0 . 0 2 1 5 0 .1 219 14.57

T o ta  I I .0000 0 .8 365 100.00

A d j u s t  e l e m e n t a l  a n a l y s i s  by remov ing s o l v e n t  m o le c u le s  u n t i l  t h e  n i t r o ­
gen c o n c e n t r a t i o n  i s  th e  same as the  o r i g i n a l  coa l  ( 1 . 2 5 ) .

Assume t h a t  s o l v e n t  i s  r e t a i n e d  in t h e  r e s i d u e  in t h e  same m o la r  r a t i o  
as in th e  b u l k  s o l v e n t .

Assume t h a t  s o l v e n t  m o le c u le s  do n o t  f r a g m e n t .

68 ml TMU *  .9687g TMU/ml = 65.879  TMU 
78 ml HMPA *  1 .02539 HMPA/ml = 76 .9 0g  HMPA

C a l c u l a t e  e l e m e n t a l  mass f r a c t i o n  f o r  s o l v e n t .

H C N O

TMU 6 .8 6 34 .06 15.91 9 .07

HMPA 7-73 30 .9 3 18.04 20 .1 9

T o t a l 14.59 64 .9 9 33 .95 29-26 14 2 . 79g t o t a l

MF 0.1022 0.4551 0 .2 378 0 .2 049 I .000 t o t a l

Set up f o u r  mass b a la n c e  e q u a t i o n s  and a c o n s t r a i n t  e q u a t i o n  so t h a t  t h e  
f i n a l  n i t r o g e n  c o n c e n t r a t i o n  i s  equa l  t o  1.25%.

H = t o t a l  w e i g h t  o f  hyd rogen in c o r r e c t e d  r e s i d u e  
C = t o t a l  w e i g h t  o f  ca rbon  in  c o r r e c t e d  r e s i d u e  
0 = t o t a l  w e i g h t  o f  oxygen in c o r r e c t e d  r e s i d u e  
N = t o t a l  w e i g h t  o f  n i t r o g e n  in  c o r r e c t e d  r e s i d u e  
S = t o t a l  w e i g h t  o f  s o l v e n t
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The e q u a t i o n s  a r e :

H = .0512 -  S ( . I 022)
C = .7433 -  S ( .4 5 5 1 )
0 = . 1457 -  S ( . 2 0 4 9 )
N = .0512 -  $ ( . 2 3 7 8 )

N / (H+C+O+N) = .0125

S im u l ta n e o u s  s o l u t i o n  o f  t h e  above e q u a t i o n s  y i e l d s :

H = .0422 
C = .6651 
0 = .1105 
N = .0104

.8282 ( s o l v e n t  r e t  f a c t o r )

The above r e s u l t s  y i e l d  a c o r r e c t e d  r e s i d u e  e le m e n t a l  a n a l y s i s :

H =  5.10%
C = 8 0 . 3 1 %
0 = 13.34%
N = 1.25% ( t h e  v a l u e  e x p e c te d )

A l l  o f  th e  i n f o r m a t i o n  f o r  c a l c u l a t i n g  th e  a b s o l u t e  e x t r a c t i o n  as pe r  
E q u a t i o n  (5)  o f  th e  t h e s i s  i s  now a v a i l a b l e .

WC = 4.7062  
CWA = .7416
WR = 3.8941 
RWA = .8365
RS = .8282

Based on th e  above d a t a , AE = 22.5%
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T a b le  11. A b s o l u t e  E x t r a c t i o n  Va lues  and S o l v e n t  R e t e n t i o n  f o r  Each 
E x p e r im e n t  Run.

A b s o l u t e  S o l v e n t  I: A b s o l u t e  S o l v e n t
Run E x t r a c t i o n  R e t e n t i o n  Il Run E x t r a c t i o n  R e t e n t i o n
No. (%) ( g / g  r e s )  I! No^_________ (%)__________ ( 9 / 9  r e s )

35 .87 0.0412 13 2 2 .5 0 0 .1 718

16.05 0.0681 14 18.46 0 .2237

29 .62 0.0201 15 19-46 0 .0 758

12.81 0 .0712 16 16.78 0 .1 159

3 5 . 5 7 * 0.2893 17 16.50 0.0702

12.92 0 .0 816 18 11.04 0.0696

13.00 0.0201 19 19.78 0.0435

9 -99 0 .0 679 20 12.74 0 .0742

19-66 0 .0862 21 21 .8 5 0 .2142

34 .8 4 0 .2 02812
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ERROR ANALYSIS

T h i s  e r r o r  a n a l y s i s  uses t h e  p r o c e d u r e  p r e s e n t e d  by H. M i c k l e y  (31)  in 
t h e  A p p l i e d  M a th e m a t i c s  in  Chemical  E n g i n e e r i n g  t e x t b o o k .

The e q u a t i o n  used t o  compute t h e  a b s o l u t e  e x t r a c t i o n  o f  c oa l  used in 
t h i s  t h e s i s  i s :

AE = WCj-CWA -  WR-RWA--RS 
WC5-CWA

where :

WC = w e i g h t  o f  t h e  coa l
CWA = c o r r e c t i o n  f a c t o r  f o r  w a t e r  and ash in  t h e  coa l  
WR = w e i g h t  o f  t h e  r e s i d u e
RWA = c o r r e c t i o n  f a c t o r  f o r  w a t e r  and ash in  t h e  r e s i d u e  
RS = c o r r e c t i o n  f a c t o r  f o r  s o l v e n t  r e t a i n e d  in  th e  

r e s i due

The c o r r e c t i o n  f a c t o r  f o r  w a t e r  and ash in  t h e  coa l  , CWA, i s  g i v e n  by 
t h e  f o l l o w i n g  e q u a t i o n :

CWA = I - M W - MA

where :

MW = mass f r a c t i o n  w a t e r  in  t h e  coa l  
MA = mass f r a c t i o n  ash in  t h e  coa l

The c o r r e c t i o n  f a c t o r  f o r  w a t e r  and ash in  t h e  r e s i d u e ,  RWA, i s  g i v e n  by 
t h e  f o l l o w i n g  e q u a t i o n :

RWA = I -  MWR -  MAR

w h e r e :

MWR = mass f r a c t i o n  w a t e r  in  t h e  r e s i d u e  
MAR = mass f r a c t i o n  ash in  t h e  r e s i d u e

I d e n t i f i c a t i o n  o f  R e l a t i v e  E r r o r  o f  E x p e r im e n t a l  V a r i a b l e s

Because t h e  r e s u l t s  o b t a i n e d  f r o m  run 17 appea r  t o  be a v e r a g e ,  t h e  e r r o r  
a n a l y s i s  c a l c u l a t i o n  w i l l  be based upon t h a t  r u n .  The f o l l o w i n g  e x p e r i ­
men ta l  d a t a  were  o b t a i n e d :
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O r i g i n a l  C o l s t r i p  C o a l :  w e i g h t  = 5-3344  g
mass f r a c t i o n  w a t e r  = 0 . 1 78 
mass f r a c t i o n  ash = 0 .0804

E x t r a c t i o n  R es idue :  w e i g h t  = 4 .0 8 8 6  g
mass f r a c t i o n  w a t e r  = 0.0272 
mass f r a c t i o n  ash = 0.1061 
s o l v e n t  r e t e n t i o n  f a c t o r  (as c a l c u l a t e d  

u s i n g  p r o c e d u r e  found  in  A ppend ix  B) = 
0 .9 298

The w e i g h t  o f  th e  c oa l  i n t r o d u c e d  t o  t h e  r e a c t o r  was measured on a 
M e t t l e r  H80 a n a l y t i c a l  b a la n c e  w i t h  s e n s i t i v i t y  a t  t h e  0.1 mg l e v e l .  
Assuming t h a t  no coa l  was l o s t  upon i n t r o d u c t i o n  t o  t h e  r e a c t o r , t h e  
a u t h o r  f e e l s  c o n f i d e n t  t h a t  t h e  t r u e  w e i g h t  o f  th e  c oa l  sample i s  w i t h i n  
5 mg o f  t h e  measured v a l u e .

The r e l a t i v e  e r r o r  t h e r e f o r e  i s :

r e l a t i v e  e r r o r  WC = *  100 = ±0.09%
5.3344

The w e i g h t  o f  t h e  r e s i d u e  was measured u s i n g  th e  same a n a l y t i c a l  b a la n c e  
as used t o  measure t h e  c oa l  sam p les .  A l t h o u g h  th e  w e i g h t  o f  t h e  r e s i d u e  
re c o v e r e d  i s  l i k e l y  a c c u r a t e  t o  ±0.1%,  mass l o s s  in  f i l t e r i n g  and 
h a n d l i n g  i s  s u s p e c t e d .  The a u t h o r  f e e l s  c o n f i d e n t  t h a t  no more than  2% 
was l o s t  and t h e r e f o r e  s e t s  t h e  c o n f i d e n c e  l i m i t  a t  ±2%.

r e l a t i v e  e r r o r  WR = ±2.0%

S ev e ra l  w a t e r  a n a l y s e s  were  pe r fo rm e d  on t h e  coa l  sample and t h e  a u t h o r  
has d e t e r m in e d  t h a t  a l l  measured w a t e r  c o n t e n t  v a l u e s  l i e  w i t h i n  ±1.4% 
o f  t h e  ave rage  v a l u e .

S eve ra l  ash a n a l y s e s  were  a l s o  p e r fo rm e d  on th e  c oa l  sample and th e  
a u t h o r  has d e t e r m in e d  t h a t  a l l  measured ash c o n t e n t  v a l u e s  l i e  w i t h i n  
±1.0% o f  t h e  ave rage  v a l u e .

Us ing t h e  a c c u r a c y  l i m i t s  s p e c i f i e d  above ,  t h e  r e l a t i v e  e r r o r  o f  t h e  
w a t e r  and ash c o r r e c t i o n  f a c t o r  f o r  t h e  c oa l  i s :

r . e .  CWA
( ( ! - . 1 7 8 0 - . 0 8 0 4 )  -  ( 1 - . 1 7 8 0 * 1 . 0 1 4 - . 0 8 0 4 * 1 . 0 1 ) )  *  ]00 

( 1 - . 1 7 8 0 - .08 04 )

= ±0.5%

A l t h o u g h  o n l y  one ash and w a t e r  d e t e r m i n a t i o n  was p e r fo rm e d  f o r  each 
c o a l - r e s i d u e ,  i t  was assumed t h a t  t h e  c o n f i d e n c e  l i m i t s  o f  each measu re ­
ment wou ld  be t h e  same as f o r  t h e  c o a l .  The r e l a t i v e  e r r o r  o f  t h e  c oa l  
r e s i d u e  w a t e r  and ash c o r r e c t i o n  f a c t o r  i s :
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( ( l - . 0 2 7 2 - . 1 0 6 l )  -  ( 1 - . 0 2 7 2 * 1 . 0 1 4 - . 1 0 6 1 * 1 . 0 1 ) )  *  ]00 
r ' e ' RWA ( I - . 0 2 7 2 - . 1061)

= ±0 . 2%

The f a c t o r  used t o  c o r r e c t  f o r  s o l v e n t  r e t a i n e d  in t h e  c o a l  r e s i d u e  i s  
based upon s e v e r a l  a s s u m p t io n s  f o r  w h ic h  no v e r i f i a b l e  p r o o f  e x i s t s .  A 
c o n f i d e n c e  l i m i t  was e s t i m a t e d  u s i n g  l o g i c a l  c o n t r a i n t s  f o r  t h e  system . 
I f  no s o l v e n t  were  r e t a i n e d ,  then  th e  c o r r e c t i o n  f a c t o r  wou ld  be 1 .0 .  
I f  s o l v e n t  were r e t a i n e d  as w ho le  m o l e c u l e s ,  then  t h e  c a l c u l a t e d  s o l v e n t  
c o r r e c t i o n  f a c t o r  s h o u ld  be v e r y  a c c u r a t e .  For  run 17» t h e  s o l v e n t  
c o r r e c t i o n  f a c t o r  was c a l c u l a t e d  t o  be 0 . 9 2 9 8 .  I t  s h o u ld  be r e a s o n a b l y  
c e r t a i n  t h a t  t h e  s o l v e n t  c o r r e c t i o n  f a c t o r  f o r  run 17 w i l l  be l o c a t e d  
between 1.0  and 0 . 9 2 9 8 .  I f  i t  i s  assumed t h a t  t h e  s o l v e n t  c o r r e c t i o n  
f a c t o r  i s  a c c u r a t e  t o  25% o v e r  t h e  range in  w h ic h  i t  must l o g i c a l l y  be 
l i m i t e d ,  th en  i t  can be c a l c u l a t e d  as f o l l o w s :

r e l a t i v e  e r r o r  RS = ( I - . 9 2 9 8 )  *  .25 *  100 = ±1.9%

A p p r o x im a t e  v a l u e s  o f  t h e  d a ta  and t h e  e s t i m a t e d  maximum e r r o r s  a r e  then  
t h e  f o l l o w i n g :

V a r i a b l e
A p p r o x im a te  

Va I ue
Measured

To

WC 5.3344 ±0 .005  g

WR 4.0 886 ±0 .082  g

RWA 0.8 667 ± 0 .0 02

CWA 0.7 416 ±0 .0 04

RS 0 .9 298 ±0 .018

The a b s o l u t e  v a l u e s  o f  t h e  p a r t i a l  d e r i v a t i v e s  f o r  AE w i t h  r e s p e c t  t o  
•each v a r i a b l e  a r e :

9AE RWA*RS
0.2037

9WR WC*CWA

9AE WR*RS 0 .9 610
9 RWA WC* CWA

9AE WR*RWA 0.8 958
9 RS WC* CWA

9AE WR*RWA*RS = 1.1
9CWA WC*CWA2
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The maximum d e v i a t i o n  from the c a l c u l a t e d  v a lu e  f o r  the a b s o lu t e  e x t r a c  
t i o n  is then:

SAE = 100 *  ( . 2 0 3 7 * . 0 8 2 + . 9 6 1 0 * . 0 0 2 + . 8 9 5 8 * . 0 1 8 + 1 . 1 2 3 * . 0 0 4 )

=  ± 3 - 9 %

T h e r e f o r e ,  the e r r o r  bar f o r  the e x t r a c t i o n  f o r  run 17 should extend  
3.9% above and below the c a l c u l a t e d  v a l u e .  Although i t  is obvious t h a t  
the e r r o r  bar  is a f u n c t i o n  o f  each o f  the  experim enta l  v a r i a b l e s ,  i t  
works out  t h a t  they a re  o f  a p p ro x im ate ly  the same len g th  f o r  each run.  
The au thor  has chosen to use e r r o r  bars o f  b% on a l l  graphs.



APPENDIX E

"WATER" LOSS JUSTIFICATION



73

"WATER" LOSS JUSTIFICATION

The e le m e n t a l  l o s s  in  gmoles pe r  IOOg wet  coa l  i s :

C 0 .0 9 5  H 0 .7 2 0  0 0 .9 97

W i l l  any c o m b i n a t i o n  o f  compounds s u s p e c te d  o f  be in g  v o l a t i l i z e d  f rom  
t h e  coa l  a c c o u n t  f o r  t h e  obse rved  mass lo s s ?

I f  i t  i s  assumed t h a t  H2O, CO2 , and CH^ a r e  v o l a t i l i z e d ,  t h e n :

L e t :  W = moles o f  w a t e r
C = moles o f  ca rbon  d i o x i d e
M = moles o f  methane

E lem en ta l  Ba lance  E q u a t i o n s :

C b a la n c e :  C + M = 0 .095
H b a la n c e :  2W + 4M = 0 .720
0 b a la n c e :  W + 2C = 0 .997

S im u l ta n e o u s  s o l u t i o n  y i e l d s :  i m p o s s i b l e  s o l u t i o n  n e g a t i v e  v a l u e
f o r  methane.

I t  i s  assumed t h a t  H2O, CO2 , and O2 a r e  v o l a t i l i z e d ,  t h e n :

L e t :  W = moles o f  w a t e r
C = moles o f  ca rbon  d i o x i d e
0 = moles o f  oxygen

E lem en ta l  Ba lance  E q u a t i o n s :

. C b a l a n c e :  C = 0 .0 95
H b a l a n c e :  2W = 0 .7 2 0
0 b a l a n c e :  W + 2C + 20 = 0 .9 9 7

S im u l ta n e o u s  s o l u t i o n  y i e l d s :

C = 0 .0 9 5  W = 0 . 3 6  0 = 0 .2 2

T h i s  appea rs  t o  be a p l a u s i b l e  s o l u t i o n .



MONTANA STATE UNIVERSITY LIBRARIES

stks N378.L897
Extraction of Colstrip coal using supers

3 1762 00190254 I

Main ,N3T8 Losinski, Sylvester J.
I 1Q gtJ Extraction of Colstnp
cop.2 coal using supersolvents

D ATE
IS S U E D  TO

Main
N 3 7 8
L 8 9 T
cop. 2


