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Abstract:
Coal liquefaction by tetramethyl urea (TMli) and hex-amethylphosphoramide (HMPA) has potentially
significant process advantages over coal-liquefaction systems currently under development. In this
investigation, the effects of solvent type, temperature, and time on coal conversion behavior are
determined. Experiments were conducted on Kittanning coal in a batch reactor at atmospheric pressure
under nitrogen purge and temperatures below the boiling points of the solvents.

Coal conversion to 41% was achieved using a 1:1 mixture of the solvents for 40 minutes at 320 degrees
Fahrenheit. The maximum dissolution using pure TMU, 23%, was observed after 12 hours at 320
degrees Fahrenheit. Pure HMPA as the solvent produced a colloidal suspension that blocked separation
of residue and liquid product.

Dissolution and initial dissolution rate tended to increase with increasing run temperature. Dissolution
rate was fast until condensation reactions dominated. Maximum dissolution was achieved at shorter
times with increasing run temperatures.

Solvent retention levels increased with increasing run temperature. Substantial amounts of TMU and
HMPA were incorporated into the residue, probably at least in part as solvent fragments. 
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ABSTRACT\

Coal l i q u e f a c t i o n  by t e t ramet hyl  urea (TMli) and hex-  
amethyl phosphoramide (HMPA) has p o t e n t i a l l y  s i g n i f i c a n t  pro­
c e s s  advantages  over c o a l - l i q u e f a c t i o n  sys tems c ur re nt l y  
under development .  In t h i s  i n v e s t i g a t i o n ,  the e f f e c t s  of  
s o l v e n t  t y p e ,  t e m p e r a t u r e , and t i me  on c o a l  c o n v e r s i o n  
behavi or  are de t er mi ne d. Experiments were conducted on K i t ­
t a n n i n g  c o a l  i n a ba t c h  r e a c t o r  a t  a t m o s p h e r i c  p r e s s u r e  
under n i t r o g e n  purge  and t e m p e r a t u r e s  be l ow t he  b o i l i n g  
po i n t s  o f  the s o l v e n t s .

Coal c onve rs i on  to 41% was achi eved us i ng a 1:1 mixture  
of  the  s o l v e n t s  for  40 mi nutes  at  320 degrees  Fahrenhe i t .  
The maximum d i s s o l u t i o n  us i ng pure TMU, 23%, was observed  
a f t e r  12 hours at  320 degrees  Fahrenhe i t .  Pure HMPA as the  
s o l v e n t  produced a c o l l o i d a l  suspens i on t hat  bl ocked separa­
t i on  o f  r e s i d ue  and l i q u i d  product .

D i s s o l u t i o n  and i n i t i a l  d i s s o l u t i o n  r a t e  t ended to  
i n c r e a s e  wi th i n c r e a s i n g  run t emperature .  D i s s o l u t i o n  rat e  
was f a s t  u n t i l  c ondens at i on r e a c t i o n s  dominated.  Maximum 
d i s s o l u t i o n  was achi eved a t  s hor t e r  t imes wi th i nc r e as i ng  
run t emperat ures .

S o l v e n t  r e t e n t i o n  l e v e l s  i nc re as e d  wi th i n c r e a s i n g  run 
t e m p e r a t u r e .  S u b s t a n t i a l  amounts  o f  TMU and HMPA were  
i nc orporat ed i n t o  the r e s i d u e ,  probably at  l e a s t  in part  as 
s o l v e n t  f ragment s .
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INTRODUCTION

S e a r s  [ 1 ]  has sugges t ed  a c o a l - c o n v e r s i o n  method on 

which t h i s  i n v e s t i g a t i o n  i s  based.  This method has poten­

t i a l l y  s i g n i f i c a n t  process  advantages  over c o a l - I i que f ac t i on  

systems c u r r e n t l y  under development .  In i t ,  coal  i s  d i s ­

s o l ved under mi ld c o n d i t i o n s  o f  temperature and pressure  by 

a c l a s s  o f  s o l v e n t s  r e pre s ent ed  by the formula

0
Il

R - M - N - R  
n i l  3 

R R 
I 2

where M i s  a c a r b o n , phosphorus , or s u l f u r  atom. S p e c i f i ­

c a l l y ,  t e t r a m e t h y l urea and hexamethylphosphoramide were 

found to be e f f e c t i v e  in d i s s o l v i n g  bi tuminous  c o a l .

Tetramethyl urea

Tetramethyl urea ( 1 , 1 , 3 , 3 - Te t r a me t h y l u r e a , t emur, TMU) , 

one of  the  few ureas t ha t  i s  l i q u i d  at  room temperature ,  has 

a wide l i q u i d - p h a s e  temperature range which i s  uncommon for  

urea d e r i v a t i v e s .  Some p h y s i c a l  p r o p e r t i e s  o f  TMU are  

l i s t e d  in Table I .
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Table I .  Phys i ca l  p r o p e r t i e s  o f  t e t r a m e t h y l urea [ 2 ] .

St ruc t ure

Molecular formula

Molecular wei ght  

Boi I i ng  po i n t  ( C) 

Melt ing po i n t  (C) 

Dens i t y  ( g / m l ) 

V i s c o s i t y  ( p o i s e )  

D i e l e c t r i c  c o n s t a n t  

Dipole  moment (Debye)  

B a s i c i t y  ( aqueous pKg

S p e c i f i c  c o n d u c t i v i t y  
( mho/cm)

O
Il

HC C CH 
3 \  /  \  /  3

N N 
I I 
CH CH 

3 3

CH NO 
5 12 2

116.16

176. 5  (I atm)

- 1. 2

0 . 9619  (25 C) 

0. 01401 (25 C) 

23. 45  

3.37  

) 12

-8
< 2 x 10 (25 C)

The s p e c i f i c  c o n d u c t i v i t y  o f  TMU, an a p r o t i c  s o l v e n t ,  i s  

low,  as e xpe c t e d .  An a pr o t i c  s o l v e n t  i s  i nc apabl e  of  donat ­

ing s u i t a b l y  l a b i l e  hydrogen atoms to form hydrogen bonds 

with appropr i a t e  s p e c i e s  [ 3 ] .  A copl anar  mol ecul e  ( i n c l u d ­

ing the four carbon atoms) ,  TMU e xhi b i t s ,  maximum resonance .



The t hree  e l e c t r o n e g a t i v e  hetero-atoms  are symmet r i ca l l y  

bonded to the more p o s i t i v e l y - c h a r g e d  carbon atom due to the  

amide resonance [ 2 ] .  I nc r e as i ng  the s u b s t i t u t i o n  of  hydro­

gen atoms by methyl  groups to form l i n e a r  d e r i v a t i v e s  o f  

urea r e s u l t s  in decre as i ng  both the t o t a l  e l e c t r o n  de ns i t y  

at  the C=O bond and the C-N bond s t rengt h  [ 4 ] .  The absence  

of  the u s u a l l y  s t rong a s s o c i a t i o n  of  amides ( hydrogen bond­

ing i n v o l v i n g  the  hydrogen on the amide n i t r oge n)  makes TMU 

ac t  only as a hydrogen-bond accept or  [ 2 ] .  The r e l a t i v e l y  

high b o i l i n g  po i n t  and d i p o l e  moment, however, i n d i c a t e  a 

s t rong d i p o l e  a s s o c i a t i o n ,  d e s p i t e  the expect ed hindrance by 

the four methyl  gr oups .

The c a p a c i t y  for  ion s o l v a t i o n  i s  determined by the  

d i p o l e  moment and d i e l e c t r i c  c o n s t a n t  o f  a s p e c i e s  [ 2 ] .  

Si nce  TMU has a lower d i e l e c t r i c  c ons t ant  than ot her  s imple  

carboxamides  wi th approxi mate l y  the same d i p o l e  moment, the  

d i s s o l v i n g  power o f  TMU f or  s t r o n g l y  i o n i c  s a l t s  i s  low,  

approximat ing t ha t  o f  a c e t o n e . As e xpe c t ed ,  the d i s s o l v i n g  

power i s  good for  the i o d i d e s ,  moderate f or  the  bromides,  

and poor f or  a l k a l i  and a l k a l i n e  earth c h l o r i d e s  and s u l ­

f a t e s .  The f a c t  t ha t  n i t r a t e s  have good s o l u b i l i t i e s  i n d i ­

c a t e s  t h a t  a n i on  s o l v a t i o n  a l s o  a f f e c t s  t he  d i s s o l v i n g  

power. Al though a l k a l i  c y a n i d e s ,  c y a n a t e s , t h i o s u l f a t e s ,  

and a c e t a t e s  e x h i b i t  low s o l u b i l i t i e s ,  many s a l t s  of  t r a n s i ­

t i on  met a l s  have good s o l u b i l i t i e s  in TMU. The high pi -  

e l e c t r o n  d e n s i t y  i n t he  amide g r o u p , e s p e c i a l l y  in t he

- 3 -
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p i - o r b i t a l  o f  the carbonyl  oxygen, e x p l a i n s  the e xce pt i ona l  

s o l v a t i o n  o f  a l k a l i  metal  i o n s .

Like p y r i d i n e ,  TMU i s  compl e t e l y  m i s c i b l e  with water  

and a l l  common organi c  s o l v e n t s .  The optimum hydrat ion con­

d i t i o n s  occur at  a water:  TMU molar r a t i o  of  6 : 1 ,  which pro­

duce a water/TMU mixture o f  maximum d e n s i t y  [ 2 ] .  TMU has a 

hi gh s o l v e n t  power f o r  a r o m a t i c  h y d r o c a r b o n s .  Al t hough  

s i g n i f i c a n t  e l e c t r o n  d e l o c a l i z a t i o n  occurs  in both s p e c i e s ,  

the i n t e r a c t i o n  i s  not  s t rong  enough to r e s u l t  in charge  

t r a n s f e r .  Lut t r i nghaus  and Dirksen [ 2 ]  s p e c u l a t e  t hat  the  

d i s s o l v i n g  power i s  probably due to the f avor ab l e  mol ecul ar  

s t r u c t u r e  o f  TMU, the van der Waals f o r c e s  o f  the methyl  

groups ,  and the i n t e r a c t i o n s  between the resonance  systems  

of  the s o l v e n t  and s o l u t e .  In i t s  d i s s o l v i n g  power and mi s ­

c i b i l i t y ,  TMU i s  most s i m i l a r  to p y r i d i n e .  However,  TMU has 

the f o l l o w i n g  advantages  over pyr i d i ne :  TMU i s  not  accom­

p a n i e d  by h o m o l o g u e s ,  i t  has  a more c o n v e n i e n t  b o i l i n g  

p o i n t ,  and i t  can be made al most  anhydrous by s i mpl e  d i s t i l ­

l a t i o n .  The good d i s s o l v i n g  power of  TMU can be expl a i ned  

by c o n s i d e r i n g  the e l l i p s o i d  form of  the pol ar  l i q u i d .  An 

e l l i p s o i d  form,  under equal  c o n d i t i o n s  o f  p o l a r i t y  as a 

s phe r i c a l  form,  produces a hi gher  d i s s o l v i n g  power.  The 

s u r f a c e  o f  t he  m o l e c u l e  i s  m o s t l y  formed by t he  methyl  

gr oups  whi ch a c c o u n t s  f o r  t he  hi gh d i s s o l v i n g  power f o r  

h y d r o c a r b o n s  [ 5 ] .  Al t hough  t h e  f o ur  l i p o p h i l i c  methyl  

groups s h i e l d  the carbonyl  oxygen to a l arge  e x t e n t ,  the.
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good s o l u b i l i t y  o f  u n i v a l e n t  and p o l y v a l e n t  hydroxy 

compounds and c a r b o x y l i c  ac i ds  i s  due to the onl y s l i g h t l y  

impaired a b i l i t y  o f  the carbonyl  oxygen to hydrogen bond 

[ 2 3 .  In the  presence  o f  s t rong  a c i d s ,  TMU i s  protonated  

r e a d i l y .  I t  i s  assumed t h a t  prot onat i on on the oxygen atom 

occurs  wi th TMU s i n c e  the mechanism has been demonstrated 

f or  both N , N - d i a l k y l amides and ur e a . The s t rong  s h i e l d i n g  

o f  the carbonyl  group prevent s  r e a c t i o n  wi th Grignard com­

pounds but  can not  wi t hs t and at t ack from l i t h i u m and most  

or g a no s o d i urn compounds,  which are more r e a c t i v e .

TMU has been found to be usef ul  as a non-aqueous medium 

f or  many chemical  r e a c t i o n s .  I t  i s  an e x c e pt i o na l  t i t r a t i o n  

s o l v e n t  s i n c e  i t  has a good d i s s o l v i n g  power f or  ac i ds  and 

b a s e s ,  g i v e s  Targe p o t e n t i a l  b r e a k s , a f f o r d s  good rec over ­

i e s ,  i s  e a s i l y  p u r i f i e d ,  and i s  commerci al l y  a v a i l a b l e  [ 5 ] .  

TMU a c c e l e r a t e s  b a s e - c a t a l y s e d  pr o t o t r o p i c  double-bond 

s h i f t s  by combining a s o l v a t i n g  power for  a l k a l i  i ons  with 

t he  a b i l i t y  t o  hydrogen bond wi t h  t he  i n t e r f e r i n g  f r e e  

al cohol  formed in the r e a c t i o n  [ 2 ] .  Mixtures  of  TMU and 

carbonyl  c h l o r i d e  are s u i t a b l e  as a c y l a t i o n  media;  k i n e t i c  

data i n d i c a t e  t h a t  TMU combines wi th t he  hydrogen c h l or i de  

formed. TMU i s  used to prepare mono- and d i f un c t i o na l  phos-  

phonium s a l t s  from t e r t i a r y  phosphi nes .  In the reduct i on o f  

di a z o n i um h e x a f l u o r o p h o s p h a t e s ,  TMU has been used as a 

source  o f  hydri de  hydrogen in an i o n i c  mechanism.  TMU i s  

recommended as d i l u e n t  in the Ullmann s y n t h e s i s  o f  b i ar y l s
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from ar y l  h a l i d e s  when h i g h e r  r e a c t i o n  t e m p e r a t u r e s  are  

needed,  s i n c e  the b o i l i n g  po i n t  of  TMU i s  23 degrees  Cent i ­

grade hi gher  than t ha t  o f  d i me t hy l formarnide, which i s  norm­

a l l y  u s e d . TMU s i g n i f i c a n t l y  a c c e l e r a t e s  the m e t a l l a t i o n  of

t r i phenyl  methane with sodamide.  Good y i e l d s  of  high pur i t y2)
have been achi eved in the a l k y l a t i o n  of  t e r t i a r y  he t e r o c y ­

c l i c  amines in TMU. TMU has been used as a component o f  

s o l v e n t  systems for  paper chromatography. A p o s s i b l e  use of  

TMU i s  in the  a n a l y s i s  of  p r o t e i n s ,  s i n c e  amino ac i ds  and 

t h e i r  d e r i v a t i v e s  have s i g n i f i c a n t  d i f f e r e n c e s  in s o l u b i l ­

i t y .

Hexamethylphosphoramide

Hexamethyl phosphoramide ( t r i s (di methyl  ami no)phosphine  

o x i d e ,  HMPT, HMPA) i s  t he  b e s t  e l e c t r o n  donor and p o l a r  

a p r o t i c  s o l v e n t  o f  a l l  the common a pr o t i c  s o l v e n t s ,  i n c l u d ­

ing TMU [ 6 ] .  Some phys i ca l  p r o p e r t i e s  of  HMPA are l i s t e d  in 

Tabl e  2.  A p y r i m i d a l  m o l e c u l e ,  HMPA has a l a r g e  d i p o l e  

moment and high b a s i c i t y  ( e l e c t r o n - d o n a t i n g  a b i l i t y )  which 

are  c a u s e d  by t he  s y mme t r i c a l  d i s t r i b u t i o n  o f  p o s i t i v e  

charge over the  NgP grouping and the high e l e c t r o n  de ns i t y  

on the oxygen atom.
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Table  2.  Ph y s i c a l  p r o p e r t i e s  of  HMPA [ 6 ] .

S t r u c t u r e

HC 0 CH
3 \  I l  / 3

N - P - N  
/  I \

HC  N CH
3 /  \  3

HC CH
3 3

Mol e c u l a r  f o r mul a C H N PO 
6 18 3

Mol e cu l a r  we i gh t 179.20

B o i l i n g  p o i n t  (C) 235 (I  atm)

Me l t i ng  p o i n t  (C) 7. 20

D e n s i t y ,  20 C/4 C 1.0253

Dynamic v i s c o s i t y 3.5 CS (60 C)

D i e l e c t r i c  c o n s t a n t 30 (20 C)

Di pol e  moment (Debye) 5.37 (25 C)

Vapor p r e s s u r e 0. 07  mm (30 C)

HMPA i s  m i s c i b l e  wi t h  wa t e r  in a l l  p r o p o r t i o n s  and wi t h  

many p o l a r  and nonpo l a r  o r g a n i c  s o l v e n t s ,  bu t  no t  wi t h  s a t u ­

r a t e d  hyd r o c a r b o n s  [ 6 ] .  U n s a t u r a t e d  h y d r o c a r b o n s , phenol s  

and d i p h e n o l s ,  a l c o h o l s  and a r o ma t i c  ami nes ,  g l y c o l s ,  and 

mono- and d i c a r b o x y l i c  a c i d s  r e a c t  wi t h  HMPA t o  form s t a b l e  

c r y s t a l l i n e  s t o i c h i o m e t r i c  compl exes ,  some wi t h  me l t i n g  

p o i n t s  up t o  200 de g r e e s  C e l s i u s .  HMPA a l s o  forms complexes
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wi th metal  s a l t s  and c h l o r i n a t e d  s o l v e n t s .  Al ka l i  metal  

s a l t s  have very good s o l u b i l i t i e s  in HMPA. HMPA d i s s o l v e s  

a l k a l i  met a l s  ( Li ,  Na, K) by a c c e pt i ng  an e l e c t r o n  to form a 

paramagnet ic  s o l u t i o n  t ha t  c o nt a i ns  r a d i c a l - a n i o n s .  

Bronsted and Lewis ac i ds  r e ac t  wi th HMPA. An a c i d ,  H+A-, 

causes  A to r e p l ac e  one or more N(CH3 ) 2 groups.  Normant [6]  

proposed a mechanism i n v o l v i n g  a 1:1 complex o f  the ac i d ,  

HA, hydrogen bonded to the oxygen atom of  HMPA.

Si nce  i t  i s  one o f  the most powerful  cation^-sol  vators  

known [ 7 ] ,  HMPA has been used as a s o l v e n t  for  e l e c t r o l y s i s .  

Due to the s t e r i c a l l y  easy a c c e s s i b i l i t y  o f  the n e g a t i v e l y -  

p o l a r i z e d  oxygen atom, c a t i o n s  are s t r o n g l y  s o l v a t e d  whi l e  

the s t e r i c  hindrance around the p o s i t i v e l y - p o l a r i z e d  phos­

phorus atom prevent s  s i g n i f i c a n t  anion s o l v a t i o n  [ 6 1. How­

e v e r ,  r e a c t i o n s  i n v o l v i n g  a n i ons ,  such as b i mol ec ul ar  e l i m i ­

nat i on and b i mol ec ul ar  n u c l e o p h i l i c  s u b s t i t u t i o n ,  are a c c e l ­

e rat ed by HMPA s i n c e  anion r e a c t i v i t y  i s  i nc r e as e d  in the  

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

bromo-,  c h l o r o - ,  and f l uorobenzenes  wi th mercaptans ,  second­

ary amines ,  and phenyl  a c e t y l e n e s  have been achi eved under 

mild c o n d i t i o n s  in HMPA. Hydrocarbon d e r i v a t i v e s ,  R1X' ,  in 

which the halogen atom X1 i s  very f i rml y  bound wi l l  r eac t  

with Grignard compounds RMgX onl y in HMPA. Metal k e t y l s  are  

s y n t h e s i z e d  r e a d i l y  in HMPA. The me t a l l a t i o n  o f  ac i ds  as 

weak as t o l ue ne  wi th a l k a l i  metal  occurs  in HMPA. Organome- 

t a T l i c  compounds o f  cadmium, magnesium, t i n ,  and z i nc  can be
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d i r e c t l y  s y n t h e s i z e d  from the metal s  and a l kyl  ha l i de s  in 

HMPA. Addi t i on o f  a small  amount o f  HMPA a c c e l e r a t e s  the  

format ion o f  carbodi i mi des  from i s o c y a n a t e s .  The rate  of  

s u b s t i t u e n t  exchange between t r i a l kylboranes  and 1 - a l kenes  

i s  i nc r e as e d  in HMPA. Di smutat ion o f  c h l o r o s i l anes  occurs  

at  low temperatures  in the presence  of  0 . 5  to 15% of  HMPA. 

E x c e l l e n t  y i e l d s  in a l k y l a t i o n s  and mode r a t e  y i e l d s  in  

a c y l a t i o n  and c a r b o x y l a t i on r e a c t i o n s  are obt a i ned with HMPA 

as the s o l v e n t .  HMPA has been used as a Lewis base with 

p o l y m e r i z a t i o n  c a t a l y s t s .  HMPA i s  used as  an e l e c t r o n -  

t r a n s f e r  agent  in the  d i me r i z a t i o n  o f  s t yr ene  and alpha-  

methyl  s t y r e n e .

Ouchi e t  a l . [ 8]  reduced e i g h t  c o a l s  by HMPA-sodium-t-  

b u t y l al cohol  a t  room temperature  and atmospheric  pr e s s ure .  

Af t er  r e d u c t i o n ,  more than 70 we i ght  percent  o f  the coal  was 

s o l u b l e  in pyr i d i ne ;  the maximum s o l u b i l i t y  (90 weight  per­

c ent )  was e x h i b i t e d  by c o a l s  having about 88 we i ght  percent  

carbon c o n t e n t . The p y r i d i n e - s o l u b l e  mat er i a l  had a higher  

H/C r a t i o  ( t he  carbon c o nt e n t  s l i g h t l y  l ower ,  the oxygen 

c o n t e n t  s l i g h t l y  h i g h e r  and t h e  hydrogen c o n t e n t  a l mo s t  

double t h a t  o f  the o r i g i n a l  c o a l ) ,  was r i c h e r  in a l i p h a t i c  

and o l e f i n i c  s t r u c t u r e s , and had aromatic r i ng  s t r uc t ur e s  

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

al . t h e o r i z e d  t ha t  hydrogenat i on in coal  occurred by the  

s p l i t t i n g  o f  e t h e r  l i n k a g e s  or r e d u c t i o n  o f  qu i none  and 

carbonyl  g r o u p s , where t-BuOH may be source o f  hydrogen.
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Wooton e t  al . [ 9 ]  obt a i ned nuc l e ar - magne t i c - r e s onanc e  data

i n d i c a t i n g  t h a t  HMPA-soluble s o l v e n t - r e f i n e d  coal  (86.0% 

carbon, 5.0% hydrogen, 2.3% ni t r ogen)  i s  approxi mate ly  95% 

aromat ic  in c h a r a c t e r .  A heteroatom such as ni t rogen or 

s u l p h u r  i s  b e l i e v e d  t o  be i n c o r p o r a t e d  in some o f  t he  

aromat ic  s t r u c t u r e s .

Sternberg and Donne [ 10]  d i s cove re d  onl y 3 percent  of  

Pocahontas  ( l ow v o l a t i l e  bi tumi nous)  coal  was s o l u b l e  in 

HMPA whi l e  90 percent  was s o l u b l e  in a s o l u t i o n  o f  l i t h i um  

in HMPA. HMPA by i t s e l f  i s  a poor s o l v e n t  f or  coal  even 

t hough o t h e r  s o l v e n t s  such as d i m e t h y l s u l p h o x i d e  and N- 

m e t h y l - 2 - p y r r o l idone be l ong i ng  to the same c l a s s  o f  d i po l ar  

a p r o t i c  s o l v e n t s  as HMPA are proven to be good coal  s o l ­

v e n t s .  The i n c r e a s e d  s o l u b i l i t y  wi t h  t he  a d d i t i o n  o f  

l i t h i u m i s  b e l i e v e d  to be due to the format ion o f  r e a d i l y  

s o l v a t e d  aromat i c  anions  produced by the t r a n s f e r  o f  e l e c ­

t rons  from l i t h i u m to the aromat i c  nuc l e i  in coal  . This  

"coal  anion" i n t e r me di a t e  r e a d i l y  r e a c t s  wi th a l k y l a t i n g  

a g e n t s ,  c o nv e r t i ng  coal  i n t o  a b e n z e n e - s o l u b l e  ma t e r i a l .

Hombach [ 11]  t r e a t e d  c o a l s  o f  d i f f e r e n t  rank with a 

s e l e c t i o n  o f  common s o l v e n t s ,  i nc l ud i ng  HMPA. Although the  

s o l u b i l i t i e s  o f  the c o a l s  in the pure s o l v e n t s  were low,  

Hombach observed mi xtures  o f  the s o l v e n t s  with enhanced d i s ­

s o l v i n g  power.  S i mi l ar  r e s u l t s  were observed by R e i l l y  as 

c i t e d  by Ki e b l e r  [ 12]  and Rybicka [ 1 3 ] .  Data [ 12 ]  i n d i c a t e  

t h a t  t he  s u c c e s s i v e  e x t r a c t i o n  o f  coa l  w i t h  two or more
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s o l v e n t s  o f  d i f f e r e n t  s o l v e n t  power wi l l  r e s u l t  in the  same 

y i e l d  as would be a c h i e v e d  by t he  b e t t e r  s o l v e n t  a l o n e .  

HMPA was found to be r e l a t i v e l y  i n e f f e c t i v e  as both a coal  

s o l v e n t  and a reducing medium [ 1 1 ] .  I t  was po s t u l a t e d  t hat  

t h i s  behavi or  i s  due to "the poor chemical  s t a b i l i t y  of  t h i s  

reagent  s i n c e  the e l emental  a n a l y s i s  o f  the reduced coal  

g i v e s  e v i d e n c e  f o r  i n c o r p o r a t i o n  o f  s o l v e n t  f ragment s "  . 

However, Hombach did not  e l a b o r a t e  as to the nature  o f  the  

e v i de nc e .

TMU v s .  HMPA

S i n c e  TMU and HMPA belong to the same c l a s s  of  polar  

a p r o t i c  s o l v e n t s ,  many phys i ca l  and chemical  c h a r a c t e r i s t i c s  

of  the s o l v e n t s  are comparable.  S i mi l ar  p r o p e r t i e s  of  TMU 

and HMPA i nc l ude  the f o l l o w i n g  [ 2 ,  5,  6] :

( i )  N(CHg) 2 groups are s ymmet r i ca l l y  arranged about a core  

atom.

( i i )  The oxygen atom bonded to the  core  atom has a high 

e l e c t r o n  d e n s i t y  whi l e  a p o s i t i v e  charge i s  d i s t r i b u t e d  over  

the core  atom and the n i t r ogen  atoms.

( i i i )  TMU and HMPA are m i s c i b l e  wi th many pol ar  and nonpo­

l a r  organi c  and i nor gani c  s o l v e n t s .

( i v) Si nce  the p o s i t i v e  charge de ns i t y  i s  s h i e l d e d  by the  

methyl  groups  and t h e  e l e c t r o n  d e n s i t y  i s  e x p o s e d ,  t he  

s o l v e n t s  are good e l e c t r o n  donors .
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( v ) Cat i ons  are s t r o n g l y  s o l v a t e d  whi l e  the s t e r i c  h i n ­

drance around the p o s i t i v e  charge d e n s i t y  prevent s  s i g n i f i ­

cant  anion s o l v a t i o n .

( v i )  React i ons  i n v o l v i n g  ani ons  ( e . g . ,  b i mol ec ul ar  nuc l e o ­

p h i l i c  s u b s t i t u t i o n  and bi mol ec ul ar  e l i m i n a t i o n  r e a c t i o n s )  

are a c c e l e r a t e d  by the s o l v e n t s .

( v i i )  The s o l v e n t s  are hydrogen-bond ac c e pt or s  and e l e c t r o n  

a c c e pt o r s  and donors but  not  hydrogen-bond donors or hydro­

gen donors .

( v i i i )  In the presence  of  Bronsted or Lewis a c i d s ,  protona­

t i o n  o f  HMPA o c c u r s  by t he  r e p l a c e m e n t  o f  one or more 

N(CH3 ) 2 g r o u p s ;  p r o t o n a t i o n  o f  TMU o c c u r s  e i t h e r  on t he  

ni t r ogen  or oxygen atom.

( i x )  Both s o l v e n t s  are i n e r t  to organomagnesiurn compounds 

and a l k a l i  metal  amides and hydr i des .

The e f f e c t i v e n e s s  o f  TMU r e l a t i v e  t o  HMPA has been 

s t ud i e d  [ 6 ] .  The major d i f f e r e n c e s  between the s o l v e n t s  are 

as f o l l o w s :

( i )  Si nce  the e l e c t r o n  d e n s i t y  on the oxygen atom of  HMPA 

i s  hi gher  than t ha t  o f  TMU, HMPA i s  a more e f f e c t i v e  e l e c ­

tron donor,  hydrogen-bond a c c e p t o r ,  c a t i o n  s o l v a t o r ,  and 

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

( i i )  HMPA i s  not  m i s c i b l e  with sa t urat e d  hydrocarbons .

( i i i )  HMPA i s  noted to form complexes  with both organic  and 

i nor gani c  s o l v e n t s  whi l e  r e l a t i v e l y  l i t t l e  mention in the  

l i t e r a t u r e  i s  made of  s i m i l a r  be havi or  wi th TMU.
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( i v ) At t a c k  by n u c l e o p h i l e s  and b a s e s  can f ragment  TMU 

whi l e  HMPA i s  r a r e l y  d i s r u p t e d .  Nucle o p h i l e s ,  B- ,  i n t r o ­

duced or produced during a r e a c t i o n  at tack the p o s i t i v e l y -  

p o l a r i z e d  carbon atom t h a t  can r e s u l t  in t he  removal  o f  

amide i ons  from TMU. These amide ions  then compete with the  

n u c l e o p h i l e  in a d d i t i o n ,  s u b s t i t u t i o n ,  and a u t o x i d a t i on 

r e a c t i o n s .  Si nce  phosphoramides are much more s t a b l e  than 

amides o f  c a r b o x y l i c  a c i d s ,  the presence  o f  n u c l e o p h i l e s  

r a r e l y  d i s r u p t s  HMPA. The s t e r i c  h i n d r a n c e  around t he  

p o s i t i v e l y - p o l a r i z e d  phosphorus atom makes HMPA s t a b l e  to 

n u c l e o p h i l e s ,  and HMPA i s  not  hydrol ysed in a l k a l i n e  media 

unl i ke  TMU, making HMPA an i dea l  s o l v e n t  for  r e a c t i o n s  with 

n u c l e o p h i l i c  or bas i c  r e a c t a n t s .  HMPA i s  s upe r i or  to other  

pol ar  a p r o t i c  s o l v e n t s  as an a u t o x i d a t i on medium because of  

i t s  s t a b i l i t y  to b a s e s ,  un l i ke  amides and l ac t ams ,  and i t s  

i n a b i l i t y  to form c a r b a n i o n s , t h e r e f o r e  not  a u t o x i d i z i  ng 

i t s e l f .  Al though the s t r o n g l y  bas i c  organometal  I i c  com­

pounds o f  a l k a l i  m e t a l s  and KOH a t t a c k  TMU, HMPA i s  not  

a f f e c t e d  under t y p i c a l  r e a c t i o n  c o n d i t i o n s .  HMPA i s  more 

e f f e c t i v e  than TMU as a s o l v e n t  for  the i s o me r i z a t i o n  o f  

o l e f i n s .  TMU and HMPA l o s e  the hydrogen atoms beta to the  

pol ar  group to bases  onl y  under extreme c o n d i t i o n s .

( v) Act ing as e l e c t r o n  a c c e p t o r s ,  TMU forms an uns t abl e  

r a d i c a l - a n i o n  t h a t  r a p i d l y  decomposes whi l e  the  r a d i c a l - 

ani on  o f  HMPA i s  c o n s i d e r a b l y  more s t a b l e .  An e l e c t r o n  

donor , TMU can a l s o  ac t  as an e l e c t r o n  accept or  to become an
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u n s t a b l e  r a d i c a l - a m ' o n . S i nce  t he  anion of  TMU c anno t  be 

s t a b i l i z e d  by c ha r ge  d e l o c a l i z a t i o n ,  i t  r a p i d l y  decomposes 

i n t o  two i ons  ( F i g u r e  I ) .  Al though HMPA a l s o  decomposes 

when a c t i n g  as an e l e c t r o n  a c c e p t o r ,  t he  r a d i c a l - a n i o n  of  

HMPA i s  much more s t a b l e  t han  t h a t  o f  TMU, making HMPA t he  

on l y  known p o l a r  a p r o t i c  s o l v e n t  t h a t  can be used f o r  s yn ­

t h e s e s  i n v o l v i n g  d i s s o l v e d  r e a c t i v e  m e t a l s .

F i g u r e  I .  Decompos i t i on  of  t he  r a d i c a l - a n i o n  of  TMU.

R - C - N - R  + e  R
I I
0-  R

~ r* -
- C - N - R  —> R - C + N - R

K i  H I
O - R  O R

Pr o c e s s  Advant ages

W h i t e h u r s t  e t  al  . [ 14]  p r e s e n t e d  t he  f o l l o w i n g  g u i d e ­

l i n e s  t h a t  s h o u l d  be c o n s i d e r e d  i n  new o r  i mp r o v e d  c o a l  

l i q u e f a c t i o n  t e c h n o l o g y :

( i )  The key t o  s u c c e s s  of  a p r o c e s s  i s  hydrogen u t i l i z a t i o n  

e f f i c i e n c y .

( I i )  S o l v e n t s  can be o v e r h y d r o g e n a t e d .

( I i i )  The op t i ma l  c o n d i t i o n s  and i n t r i n s i c  s e l e c t i v i t i e s  

f o r  c a t a l y t i c  and thermal  r e a c t i o n s  a r e  d i f f e r e n t .

( i v )  High c o n v e r s i o n  o f  coal  t o  s o l u b l e  p r o d u c t s  in t he

i n i t i a l  d i s s o l u t i o n  s t e p  i s  not  n e c e s s a r y  when h y d r o g e n - r i c h  

l i q u i d s  a r e  t he  f i n a l  p r o d u c t .
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( v ) S o l i d s  s e par at i on  p r e s e n t s  problems in the pr oces s es  

p r e s e n t l y  under development .

( v i )  Temperatures are very high and r e a c t i o n  t imes  are very 

l ong in t he s e  p r o c e s s e s .

( v i i )  De ni t roge nat i on  i s  the most probl emat i c  and l e a s t  

understood r e a c t i o n .

Based on t h e s e  g u i d e l i n e s ,  the proces s  deve loped by Sears  

[ 1 ]  shows p o t e n t i a l  as a commercial  p r o c e s s .  Due to the  

absence o f  hydrogen ove rpre s s ure  and s t rong a c i d s ,  s o l v e n t  

hydrogenat i on i s  u n l i k e l y  in the d i s s o l u t i o n  s t e p .  Hydroge­

nat i on o f  the  coal  hydrocarbons in a s eparat e  hydrogenat ion  

r e ac t or  coul d reduce hydrogen requirements  and would a l l ow  

o p t i mi z a t i o n  o f  the d i s s o l u t i o n  and c a t a l y t i c  hydrogenat ion  

s t e p s .  The mi ld c o n d i t i o n s  o f  temperature and pressure  used 

in Sears '  proc es s  should r e s u l t  in e a s i e r  s o l i d s  s eparat i on  

than c ur re nt  p r o c e s s e s .

Pre l i mi nary  Experiments

S e a r s  [ 1 ]  obt ai ned e x t r a c t i o n  va l ues  o f  42% for  high 

v o l a t i l e  b i t u m i n o u s  S e w i c k l e y  coa l  wi t h  TMU and 62% f o r  

medium v o l a t i l e  b i t u mi n o u s  Bakers t own c oa l  w i t h  HMPA by 

Soxhl e t  e x t r a c t i o n .  Simple e x t r a c t i o n  at  room temperature  

on Bakers t own c o a l  u s i n g  a 1: 1  mi x t u r e  o f  TMU and HMPA 

r e s u l t e d  in a 57% l o s s  in we i ght .  Minimum c o l l o i d a l  organic  

m i c e l l e  format i on occurred when a 1:1 mixture  o f  TMU and 

HMPA was used as  s o l v e n t .  I t  i s  b e l i e v e d  [ 1 ]  t h a t  t h i s
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behavi or  coul d c o r r e l a t e  wi th the tendency o f  the d i s s o l u ­

t i o n  p r o d u c t s  to  i n i t i a l l y  have hi gh oxygen c o n t e n t ,  as  

o b s e r v e d  by t he  Union Car bi de  C o r p o r a t i o n  and c i t e d  by 

Se ar s ,  forming f un c t i ona l  groups t ha t  are l i k e l y  to pre f er  

separ at e  phases  o f  o i l  and s o l v e n t .  Sears  po s t u l a t e d  t hat  

the s o l v e n t s  " s t a b i l i z e  the products  by mo d i f i c a t i o n  of  the  

s o l v e n t  c age  t o  ac comodat e  t he  d i s s o l v e d  m o l e c u l e  in a 

s t a b l e  c o n f i g u r a t i o n " .

Mechanisms o f  Coal L i que f ac t i on

Although many coal  c onvers i on mechanisms have been pro­

posed to d e s c r i b e  d i r e c t  l i q u e f a c t i o n  p r o c e s s e s ,  most i n v e s ­

t i g a t o r s  adopt  one o f  three  i n i t i a l  coal  depol ymer i zat i on  

p r o c e s s e s .  Depol ymeri zat i on i n v o l v e s  breaking bonds in the  

i n s o l u b l e  c o a l ,  de s t r o y i ng  the  coal  macromolecules  to pro­

duce s o l u b l e  p r o d u c t s .  For h i g h - t e m p e r a t u r e  p r o c e s s e s ,  

thermal  de po l yme r i za t i on  i s  u s u a l l y  the depol ymer i zat i on  

mechanism propos ed . During thermal de po l yme r i z a t i on ,  the  

thermal  energy exceeds  the s t r e n g t h s  o f  some coal  bonds, 

caus i ng  the bonds to c l e a v e  h o m o l y t i c a l Iy to produce a r a d i ­

cal  pa i r .  The f r e e  r a d i c a l s  then a b s t r a c t  hydrogen atoms 

from e i t h e r  a hydrogen donor pr e s e nt  in the s o l v e n t  or from 

a donor group which i s  part  o f  the coal  to become s t a b l e  

compounds o f  lower mol ecul ar  wei ght  than the o r i g i n a l  c o a l .  

Cont inuing thermal  c l e avage  o f  coal  bonds produces  s o l u b l e
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f r a g m e n t s  which r e a c t  f u r t h e r .  The s o l v e n t  i s  a h e a t -  

t r a n s f e r  medium and may supply hydrogen to the r e a c t i o n s .  

However,  the depol yme r i za t i on  rat e  i s  almost  independent  of  

t he  s o l v e n t  s i n c e  homol y t i c  c l e a v a g e  p r o d u c e s  uncharged  

i n t e r me d i a t e s  which are not  a f f e c t e d  c o n s i d e r a b l y  by the  

sol  v e n t .

Another depol yme r i za t i on  mechanism commonly proposed 

for  hi gh- t emperat ure  p r o c e s s e s  i s  the thermal  c l eavage  o f  

coal  bonds f o l l owed by a r adi ca l  chain mechanism.  The depo­

l y me r i z a t i o n  rat e  may be dependent  on the donor- so l  vent  con­

c e n t r a t i o n .  Larsen [ 15]  c i t e s  Heredy who concluded t hat  the  

r a t e - d e t e r mi n i n g  s t ep  for  product  format ion i nvo l ved  hydro­

gen by obs er v i ng  a de ut e r i u m- i s o t o p e  e f f e c t  on the amount of  

products  formed us ing t e t r a l i n ,  a hydrogen donor . However,  

a r easonabl e  r a d i c a l - c h a i n  mechanism can not  be proposed 

when the s o l v e n t  i s  not  a hydrogen donor . Si nce  homolyt i c  

p r o c e s s e s  are not  dependent  on the c o n c e n t r a t i o n  o f  non­

hydrogen donor s o l v e n t s ,  data i n d i c a t e  t h a t  an a l t e r n a t e  

proces s  occurs  i n v o l v i n g  the non-hydrogen donor s o l v e n t  in 

the r a t e - d e t e r mi n i n g  s t e p .

Larsen [ 15 ]  i s  c u r r e n t l y  i n v e s t i g a t i n g  a c ompe t i t i ve  

de po l yme r i za t i on  mechanism which i s  c o n s i s t e n t  wi th observed  

data:  de po l yme r i za t i on  by d i r e c t  s o l v e n t  a t t ack  on c ova l e nt  

bonds in the  coal  ( s o l v o l y s i s ) .  During s o l v o l y s i s ,  a s o l ­

vent  mol ecul e  p a r t i c i p a t e s  in the  t r a n s i t i o n  s t a t e  of  the
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r e a c t i o n .  A c har ge d  i n t e r m e d i a t e  may or may not  be i n ­

v o l ve d .  Si nce  the t r a n s i t i o n  s t a t e  i s  more h i gh l y  charged 

than the coal  and s o l v e n t  (assuming t hat  a neutral  s o l v e n t  

mol ecul e  a t t a c k s  a bond in the c o a l ) ,  the r e a c t i o n  should be 

s e n s i t i v e  to the ov e r a l l  p o l a r i t y  o f  the s o l v e n t ,  in addi ­

t i on  to i t s  a b i l i t y  to c he mi c a l l y  a t t a c k . The b e l i e f  t ha t  

d e p o l y m e r i z a t i o n  o f  c o a l  may be due a t  l e a s t  in p a r t  to  

d i r e c t  s o l v e n t  a t t ack  i s  based on the f o l l o w i n g  observa­

t i o n s :  ( i ) the s t rong dependence o f  the e x t e n t  o f  depo l y ­

m e r i z a t i o n  on t he  s o l v e n t  c o n c e n t r a t i o n ,  ( i i ) t he  hi gh  

c onve rs i on  o f  c o a l s  to s o l u b l e  products  at  t emperatures  too  

low f or  t he r mo l y t i c  bond c l e avage  to be the major depolymer­

i z a t i o n  mechanism,  ( i i i )  the decrease  in convers i on with 

d e c r e a s i ng  s o l v e n t  b a s i c i t y  and nucleophi  I i c i t y , and ( iv)  

the probable  c o v a l e n t  bonding o f  s o l v e n t s  to both s o l ub l e  

and i n s o l u b l e  coal  product s .  D e t a i l s  o f  the c i t e d  evidence  

i s  present ed in the f o l l o w i n g :

( i )  Larsen proposed the s o l v o l y s i s  process  a f t e r  observi ng  

the dependence o f  the conve rs i on  o f  c o a l s  to s o l u b l e  pro­

d u c t s  on t h e  c o n c e n t r a t i o n  o f  p y r i d i n e  or p h e n o l .  The 

e x t e n t  o f  s o l v o l y t i c  de po l ymer i zat i on  of  c o a l s  in pyri di ne  

or phenol  was a l s o  found to be s t r o ng l y  dependent  on the  

coal  rank; bi tuminous  c o a l s  e x h i b i t e d  much hi gher  e x t r a c t i o n  

v a l ue s  than subbi tuminous  c o a l s .

( i i ) According to Atherton and Kul ik [ 1 6 ] ,  homol yt i c  c l e a v ­

age should not  occur in pr o c e s s e s  with t emperatures  at  or
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below 550 - 700 degrees  Fahr enhe i t .  Previous  i n v e s t i g a t o r s  

[ 1 2 ,  17,  18,  19,  20,  21] have found s i g n i f i c a n t  e x t e n t s  of  

e x t r a c t i o n  o f  c o a l s  in a v a r i e t y  o f  s o l v e n t s  a t  r e l a t i v e l y  

low t emperatures  which can not  be r a t i o n a l i z e d  by homol yt i c ,  

thermal bond c l e a v a g e .

( i i i )  Co n s i s t e n t  wi th s o l v o l y t i c  de po l ymer i zat i on  p r i n c i ­

p l e s ,  coal  conve rs i on  was found to be enhanced when the s o l ­

v e n t  used has an a v a i l a b l e  e l e c t r o n  p a i r  [ 1 5 ]  . I n d o l e ,  

s i m i l a r  to py r i d i ne  but  having a l e s s  a c c e s s i b l e  e l e c t r o n  

pai r  on n i t r oge n  in the pi sys tem,  g i v e s  much lower coal  

c o nv e r s i o n s  than p y r i d i n e .  Chemical bonding between some 

o x y g e n- c o n t a i n i ng  group and the unshared e l e c t r o n  pair  in 

the s o l v e n t  i s  assumed to occur [ 2 2 ] .  Ki ebl er  [ 12]  observed  

t hat  s o l v e n t s  wi th unshared pa i r s  o f  e l e c t r o n s ,  e s p e c i a l l y  

amine b a s e s ,  are o f t en  so e f f e c t i v e  in de p o l y me r i z i ng coal  

t h a t  s o l v o l y t i c  bond c l e avage  must be o c c u r r i n g .  Anal ys i s  

of  coal  e x t r a c t s  i n d i c a t e d  t h a t  the e x t r a c t s  o r i g i n a t e d  as a 

r e s u l t  o f  both thermal and s o l v e n t  de pol ymer i zat i on  of  the  

c o a l .  Some s o l v e n t s  ( e . g .  pyr i d i ne )  i n c i t e d  a process  of  

p e p t i z a t i o n  or c o l l o i d a l  d i s p e r s i o n  o f  the coal  in addi t i on  

to producing apparent l y  s o l u b l e  coal  p r o d u c t s ; s o l v o l y t i c  

de po l yme r i za t i on  o f  coal  was thought  to probably occur when 

an e x t r a c t  c o n t a i n s  a mixture o f  organi c  compounds i nc l udi ng  

h i g h l y  complex,  h i gh- mol e cu l ar  wei ght  mo l e c u l e s  and c o l ­

l o i d s .
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( i v )  T r e a t i n g  c o a l s  wi t h  ami nes  a t  73 - 520 d e g r e e s  

Fahr enhe i t ,  Co l l i n s  e t  al . [ 23]  found amines bonded to both 

the coal  e x t r a c t s  and r e s i d u e s .  While bound 14C-1abeled  

p y r i d i n e  can be e xc h ange d  wi t h  u n l a b e l e d  p y r i d i n e ,  r e ­

l a b e l e d  t e t r a h y d r o q u i n o l i n e  (THQ) bound to the coal  products  

can not  be exchanged wi th unl abe l ed THQ. From t he s e  obs er ­

v a t i o n s ,  C o l l i n s  e t  a l .  s p e c u l a t e d  t hat  the THQ i s  cova­

l e n t l y  i n c o r p o r a t e d  w h i l e  At h e r t o n  and Kul i k  [ 1 6 ]  went  

f ur t he r  to hy p o t he s i z e  t h a t  THQ p a r t i c i p a t e s  in the chemical  

r e a c t i o n s  in which c o v a l e n t  bonds o f  coal  are broken.

E f f e c t  of  Phys i ca l  P r o p e r t i e s  of  So l ve nt s  on Li que f ac t i on

E x t e n s i v e  r e s e a r c h  has been per f ormed t o  de t e r mi ne  

which,  i f  any,  s o l v e n t  p r o p e r t i e s  r e f l e c t  the e f f e c t i v e n e s s  

o f  the s o l v e n t  in coal  e x t r a c t i o n .  No s i n g u l a r  phys i cal  

property o f  s o l v e n t s  can adequat e l y  account  f or  the i n t e r a c ­

t i o n s  between coal  and s o l v e n t  [ 19 ,  22] .  The phys i ca l  prop­

e r t i e s  most  o f t e n  c o n s i d e r e d  as a c r i t e r i o n  f o r  s o l v e n t  

e f f e c t i v e n e s s  are s ur f ac e  t e n s i o n  [ 12 ,  24,  25] and i nt ernal  

pressure  [ 1 2 ,  22,  2 6 ] .  Int ernal  pressure  i s  de f i ne d  as

(a Hv - RT) p a E
Int ernal  pressure  = P = --------------- - = ----  ( I )

i m V

where m i s  the mol ecul ar  wei ght  o f  the s o l v e n t ,  ^ i s  the den­

s i t y ,  a Hv i s  t he  l a t e n t  h e a t  o f  v a p o r i z a t i o n ,  V i s  the  

mol ecul ar  volume,  and a E i s  the energy of  v a p o r i z a t i o n  per
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mole.  By comparing coal  c onvers i on r e s u l t s  obt a i ned by s e v ­

eral  i n v e s t i g a t o r s ,  Ki ebl er  [ 12 ]  c i t e s  Kreulen e t  al . who 

observed a tendency o f  enhanced y i e l d  wi th s o l v e n t s  having  

high va l ues  o f  sur f ac e  t e n s i o n . However,  s i n c e  the data 

compi led were obt ai ned by var i ous  experimental  procedures  on 

d i s s i m i l a r  c o a l s ,  the theory o f  y i e l d  dependence on surf ace  

t e n s i o n  i s  i n s u f f i c i e n t l y  based [ 1 2 ] .  Ki ebl er  [ 27]  a t t empt ­

ed to determine a r e l a t i o n  between the y i e l d  o f  coal  e x t r a c t  

and the phys i c a l  and chemical  nature o f  s o l v e n t s .  S t a t i s ­

t i c a l  a n a l y s e s  were made o f  y i e l d s  o f  e x t r a c t  obt a i ned from 

150 to 300 degrees  Ce l s i u s  and var i ous  phys i c a l  p r o pe r t i e s  

o f  the s o l v e n t ,  i nc l u d i ng  s ur f ac e  t e ns i on  at  room tempera­

t ure  and t h a t  e x t r a p o l a t e d  to the e x t r a c t i o n  t emperature,  

i n t e r n a l  p r e s s u r e ,  d i p o l e  moment, d i e l e c t r i c  c o ns t a n t ,  

l a t e n t  heat  o f  v a p o r i z a t i o n  at  the b o i l i n g  po i n t  o f  the s o l ­

vent  and a t  the  e x t r a c t i o n  t emper at ur e , r e f r a c t i v e  i ndex,  

s p e c i f i c  r e f r a c t i o n ,  and mol ecul ar  volume.  Based on c o r r e ­

l a t i o n  c o e f f i c i e n t s ,  the i n t e r n a l  pressure  o f  a s o l v e n t  has 

the most s i g n i f i c a n t  c o r r e l a t i o n  to y i e l d ;  t h i s  r e l a t i o n s h i p  

can be expres s ed as Y = a + bP̂  where a and b are c ons t ant s  

dependent  on t emperat ure .  Ki ebl er  noted t h a t  al though the  

i n t e r n a l  pres sure  i s  not  the s o l e  f a c t o r  which determines  

s o l v e n t  power,  the e quat i ons  r e l a t i n g  y i e l d  and i nt erna l  

p r e s s u r e  and t e m p e r a t u r e  do s u p p o r t  the  t h e o r y  o f  y i e l d  

dependence on the e x t e n t  o f  both thermal  depol ymeri zat i on  

and s o l v o l y s i s .  However,  f or  coal  e x t r a c t i o n  systems
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ope r at i ng  at  temperatures  below the normal b o i l i n g  poi nt  o f  

the s o l v e n t ,  no c o r r e l a t i o n  e x i s t s  between y i e l d  and surf ace  

t e n s i o n  and t he  r e l a t i o n s h i p  be t ween y i e l d  and i n t e r n a l  

pressure  was determined to be i n a p p l i c a b l e  [ 1 8 ,  20,  28] .  

Thus,  no s i n g l e  or combinat ion o f  phys i ca l  p r o p e r t i e s  of  

s o l v e n t s  has been found to r e f l e c t  s o l v e n t  power in coal  

c onvers i on sys tems ope r at i ng  under s i m i l a r  . c o n d i t i o n s  of  

moderate temperature  and pr e s sure  as t hose  c ons i dered in 

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

E f f e c t  o f  Chemical St r uc t ur e  o f  So l v e nt s  on Li que f ac t i on

I n v e s t i g a t i o n s  on the e f f e c t  o f  the chemical  s t r uc t ur e  

o f  s o l v e n t s  on e x t r a c t i o n  have produced s u b s t a n t i a l  r e s u l t s .  

Dryden [ 22]  observed t ha t  both the y i e l d  and nature of  the  

c o a l  e x t r a c t  are  a f f e c t e d  by t he  c o a l  c o m p o s i t i o n  and 

e x t r a c t i o n  c o n d i t i o n s ,  as wel l  as the chemical  nature of  the  

s o l v e n t .  Dryden determined t h a t  the b e s t  s p e c i f i c  s o l v e n t s  

for  coal  have s t r u c t u r e s  c o n t a i n i n g  a n i t r ogen  atom with an 

a v a i l a b l e  uns hare d  p a i r  o f  e l e c t r o n s .  S o l v e n t s  o f  t h i s  

chemical  nature  were found to c o n s i s t e n t l y  swel l  the c o a l .  

Si nce  s o l v e n t  power i s  a s s o c i a t e d  wi th the a c c e s s i b i l i t y  of  

t he  uns hare d  e l e c t r o n  p a i r  t o  i n t e r a c t  w i t h  t he  c o a l ,  

i n t e r f e r i n g  i n f l u e n c e s  such as e x c e s s i v e  hydrogen bonding 

[ 29]  and p a r t i c i p a t i o n  o f  the I one pai r  in resonance  of  the  

m o l e c u l a r  n u c l e u s  [ 2 0 ]  are  u n d e s i r a b l e .  Al t hough  many 

i n v e s t i g a t o r s  b e l i e v e  t h a t  the e l e c t r o n - d o n o r  c har ac t er  of  a
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s o l v e n t  r e f l e c t s  s o l v e n t  e f f e c t i v e n e s s  in coal  e x t r a c t i o n , 

Marzec e t  a I . [ 1 8 ]  c o mp i l e d  dat a  i n d i c a t i n g  t h a t  the

e l e c t r o n - a c c e p t o r  property of  the s o l v e n t  i s  o f  the same 

order o f  importance as i t s  e l e c t r o n - d o n o r  property in 

i n f l u e n c i n g  coal  conve r s i on .

E f f e c t  o f  Coal Rank on Li que f ac t i on

In c onj unc t i on  wi th the  chemical  nature of  the s o l v e n t ,  

the coal  rank d i c t a t e s  s o l v e n t  e f f e c t i v e n e s s .  Dryden [ 22]  

observed t h a t  the y i e l d  of  e x t r a c t  de c re as es  r a p i d l y  as the  

coal  rank i n c r e a s e s  from 85 to 89% carbon and becomes n e g l i ­

g i b l e  beyond 92 t o  93% c a r b o n . However,  t h e  t r e nd  o f  

s o l u b l e  coal  c ont e nt  wi th rank a l s o  depends on the s o l v e n t ;  

some s o l v e n t s  such as pyr i d i ne  produce a maximum y i e l d  in 

the bi tuminous  range ( c a .  80 to 93% carbon [ 2 6 ,  30] )  whi l e  

ot he rs  such as e t h y l enediamine e x h i b i t  a s t e a d i l y  decreas i ng  

y i e l d  wi th i n c r e a s i n g  rank through t h i s  r ange . As d i s cus s e d  

p r e v i o u s l y ,  HMPA-s o d i urn-1 - butyl  a l cohol  produces  a maximum 

y i e l d  wi t h  c o a l s  h a v i n g  about  88 w e i g h t  p e r c e n t  carbon  

c ont ent  [ 8 ] .  Based on conve rs i on  r e s u l t s .  Wen and Lee [ 30]  

c i t e d  F i s h e r  e t  a l . who d e t e r m i n e d  t h a t  h i gh  v o l a t i l e  

bi tuminous c o a l s  appear to be the  most d e s i r a b l e  rank for  

coal  l i q u e f a c t i o n  p r o c e s s e s .  Whi tehurst  e t  al . [ 14]  a l s o  

noted the advantage of  low hydrogen requirement  for high 

y i e l d s  when u s i n g  b i t u mi n o u s  c o a l s .  O c c a s i o n a l l y ,  t he  

r e l a t i v e  s o l v e n t  power of  two s o l v e n t s  may be reversed by
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changing the type of  coal  t r e a t e d  [ 3 1 ] .  However,  rank alone  

does  not  d i c t a t e  c o a l  r e a c t i v i t y .  C a t a l y t i c  e f f e c t s  o f  

mineral  mat ter  aid coal  l i q u e f a c t i o n .  S p e c i f i c a l l y ,  pyr i t e  

or p y r r h o t i t e  (a n o n s t o i chi©metri c  mineral  produced by the  

reduct i on o f  p y r i t e )  i s  commonly be l i e v e d  to cause  c a t a l y t i c  

a c t i v i t y  al though i on- e xchange abl e  i ron may have c a t a l y t i c  

p r o p e r t i e s  [ 1 4 ] .

I n f l uence  o f  Coal Pretreatment  on Li que f ac t i on

Coal pre treat ment  a l s o  a f f e c t s  the y i e l d  o f  s o l u b l e  

p r o d u c t s . Clark and Wheeler [ 3 2 ]  preheated two bi tuminous  

c o a l s  b e f o r e  e x t r a c t i o n  w i t h  c o l d  s o l v e n t  f o r  enhanced  

y i e l d s .  However, thermal pretreat ment  o f  a d i f f e r e n t  

b i t u m i n o u s  c o a l  by W h i t e h u r s t  e t  a l . [ 1 4 ]  r e s u l t e d  in  

decreased c o n v e r s i o n . Once degredat i on or r e t r o g r e s s i o n  of  

t he  c oa l  has  o c c u r r e d ,  i t  can not  be r e v e r s e d  even wi t h  

extreme l i q u e f a c t i o n  c o n d i t i o n s  [ 1 6 ] .  Drying coal  in an 

i n e r t  atmosphere to s l i g h t l y  over 212 degrees  Fahrenhei t  may 

promote r e a c t i o n s , al though predominant ly wi th low-ranked 

c o a l s  [ 1 4 ] .  Oxidat ion o f  coal  by exposure to a i r  at  tem­

pe r at ures  up to 212 degrees  Fahrenhe i t  i n f l u e n c e s  the amount 

of  o b t a i n a b l e  e x t r a c t  [ 2 2 ] .  Although o x i d a t i o n  t y p i c a l l y  

l owers  the maximum y i e l d  when us i ng benzene or pyr i di ne  as 

s o l v e n t ,  i t  i s  u n l i k e l y  t ha t  a s i n g l e  rul e  a p p l i e s  to a l l  

c as e s  s i n c e  the e f f e c t  of  o x i d a t i o n  depends on the primary 

o x i d a t i o n  products  and the s o l u b i l i t y  of  c o a l .
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I nf l uence  o f  Ext r ac t i on  Condi t i ons  on Li que f ac t i on

Ext r ac t i on  c o n d i t i o n s  can count er  e f f o r t s  to maximize 

coal  c o n v e r s i o n . The presence  o f  oxygen in the e x t r a c t i o n  

apparatus  tends  to decrease  the y i e l d  obtai ned [ 1 2 ,  22] .  In 

the absence o f  c a t a l y s t ,  hydrogen wi l l  not  appre c i ab l y  r eac t  

with high v o l a t i l e  bi tuminous  coal  at  temperatures  below 500 

degrees  C e l s i u s  [ 3 0 ] .  During e x t r a c t i o n ,  f a s t e r  rat e s  o f  

coal  c onve rs i on  are obt a i ned when the coal  and s o l v e n t  s y s ­

tem i s  a g i t a t e d  [ 2 2 ] .  However,  e x c e s s i v e  shaking sometimes  

r e d u c e s  y i e l d  [ 2 1 ] .  Guin e t  a I . [ c i t e d  in 14 ,  33]  have  

observed t h a t  s t i r r i n g  rat e  a f f e c t s  the breakage of  the coal  

p a r t i c l e s .  Due to the  quick d i s i n t e g r a t i o n  o f  the p a r t i ­

c l e s ,  the i n t e r n a l  pore volume becomes i n s i g n i f i c a n t  in a 

r a p i d l y - s t i r r e d  r e a c t o r .  Al though numerous i n v e s t i g a t o r s  

have examined c o a l - p a r t i c l e - s i z e  e f f e c t s  on coal  convers i on  

and the p o s s i b l e  importance o f  mass t r an s p or t  l i m i t a t i o n s ,  

the r e s u l t s  are i n c o n s i s t e n t .  Based on a l i t e r a t u r e  survey,  

Whitehurst  e t  a l . [ 14]  c i t e d  Kloepper e t  a l . who cons i dered  

p a r t i c l e  s i z e  t o  be a v a r i a b l e  o f  s e c o n d a r y  i m p o r t a n c e .  

Ext r ac t i ng  bi tuminous  c o a l s  o f  72 to 240 mesh B. S . S .  wi th 

amines at  room temperature and near the b o i l i n g  po i n t  of  the  

s o l ve nt *  Dryden [22]  found t ha t  y i e l d  tended to i nc re as e  

wi t h  d e c r e a s i n g  p a r t i c l e  s i z e .  Exami ni ng t h e  be nz e ne -  

pres sure  e x t r a c t i o n  o f  coal  at  temperatures  between 428 and 

560 degrees  Fahr enhe i t ,  Asbury [ 34]  a l s o  observed enhanced 

y i e l d s  when us i ng coal  ground f ur t he r  to micron s i z e .  Using
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a m i c r o - a u t o c l a v e ,  Curran e t  al . [35]  s t ud i e d  the k i n e t i c s

of  coal  c onve rs i on  wi th hydrogen donor s o l v e n t s  in the tem­

perature  range of  715 to 825 degrees  Fahr enhe i t .  Yi e lds

from runs wi th 28 to 48 mesh p a r t i c l e s  were i d e n t i c a l  to 

t hos e  from correspondi ng runs us i ng 100 to 200 mesh p a r t i ­

c l e s .  From shor t  c o n t a c t  t ime runs ( l e s s  than two minutes)  

a t  800 to 850 degrees  Fahrenhe i t  us ing hydrogen-donor s o l ­

vent s  on c o a l s  s i z e d  from 45 to 600 mi crons ,  Whi tehurst  e t  

a l . [ 14]  observed l i t t l e ,  i f  any , e f f e c t  o f  p a r t i c l e  s i z e  on 

coal  c onve r s i on  be hav i or .  I n t r a p a r t i c l e  mass t r ans por t  l i m­

i t a t i o n s  were c o n c l u d e d  t o  appear  i n s i g n i f i c a n t  in coa l  

l i q u e f a c t i o n  sys tems us i ng hydrogen-donor s o l v e n t s .  Al so ,  

no e f f e c t  o f  coal  p a r t i c l e  s i z e  on the chemi s t ry  of  coal  

c onve rs i on  was obs erved.  Within the p a r t i c l e  s i z e  range

g e n e r a l l y  u s e d ,  Lee [ 3 0 ]  s t a t e d  t h a t  t he  r a t e  o f  c oa l  

e x t r a c t i o n  i s  i ndependent  o f  p a r t i c l e  s i z e .  Whi tehurst  e t  

a l . [ 14]  c i t e d  Anderson e t  a l . who i n v e s t i g a t e d  the

e x t r a c t i o n  o f  a high v o l a t i l e  bi tuminous  coal  in t e t r a l in 

with the i n f l u e n c e  o f  u l t r a s o n i c  energy under mi ld condi ­

t i o n s  o f  t emperature (117 - 189 degrees  F a h r e n h e i t ) .

Although the u l t i ma t e  y i e l d s  were i d e n t i c a l ,  a f a s t e r  

i n i t i a l  e x t r a c t i o n  rat e  was observed wi th 220 to 270 mesh 

p a r t i c l e s  t han wi t h  40 to 60 mesh p a r t i c l e s .  S i m i l a r  

r e s u l t s  were  no t e d  by K i e b l e r  as  c i t e d  by Hoffman [ 2 6 ] .  

Using a rocki ng bomb a u t o c l a v e ,  Whi tehurst  e t  a l . [14]  c i t e d  

Jenny who examined coal  conve rs i on  in t e t r a l i n  under
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hydrogen o v e r p r e s s u r e . As p a r t i c l e  s i z e  decreased from 40 

to 100 mesh to -325 mesh, de c r e as i ng  y i e l d s  were observed.  

However,  the  tendency o f  i n c r e a s i n g  we t t i ng  r e s i s t a n c e  wi th 

de c r e as i ng  p a r t i c l e  s i z e  was noted as a f a c t o r , which would 

produce lower y i e l d s  than coul d be observed wi th a b e t t e r  

a g i t a t i o n  sys t em.  Cons i der i ng the f i n d i n g s  o f  t he s e  i n v e s ­

t i g a t o r s ,  no apparent  trend i s  c o n s i s t e n t l y  observed t hat  

would imply mass t r an s p or t  l i m i t a t i o n s  on coal  c onve rs i on .  

Any p a r t i c l e  s i z e  e f f e c t  i s  probably due to v a r i a t i o n s  in 

mineral  or maceral  c o n t e n t s  o f  the s i z e  ranges  caused by 

g r i n d i n g  and s i z i n g  or to d i f f e r e n c e s  in t he  c o n v e r s i o n  

procedures  [ 1 4 ] .

Research Obj e c t i ve

The purpose o f  t h i s  t h e s i s  i s  to examine coal  conver­

s i o n  b e h a v i o r  t hr ough e x t r a c t i o n  by t e t r a m e t h y I urea and 

hexamethyI phosphoramide under atmospheric  pressure  and 

t emperatures  below the b o i l i n g  po i n t s  o f  the s o l v e n t s .  The 

r e s u l t s  obt a i ned wi l l  be used as a b a s i s  by c o - i n v e s t i g a t o r s  

f or  a d d i t i o n a l  s t u d i e s  aimed at  opt i mi z i ng  the  e x t r a c t i o n  

process  in order to u l t i m a t e l y  a s s e s s  the proces s  p o t e n t i a l .
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EXPERIMENTAL

Resources

TMU and HMPA, both 99% p u r e ,  were s u p p l i e d  by t he  

Al dri ch Chemical  Company. Acetone,  98% pure,  was suppl i ed  

by the  Al dr i ch or Bakers Chemical Company. High v o l a t i l e  

b i t u m i n o u s  K i t t a n n i n g  c o a l  c h u n k s ,  r e c e n t l y  mi ned,  were  

o b t a i n e d  from Dr,  S t i l l e r  a t  West V i r g i n i a  U n i v e r s i t y ;  

s p e c i f i c a t i o n s  were not a v a i l a b l e .  The c ho i c e  o f  coal  to be 

used in t h i s  i n v e s t i g a t i o n  was based on pre l i mi nary  d i s s o l u ­

t i o n  e x p e r i m e n t s  u s i n g  s e v e r a l  b i t u mi n o u s  c o a l s .  Only 

Ki t t anni ng  coal  s i g n i f i c a n t l y  d i s s o l v e d  in the s o l v e n t s .  A 

K i t t a n n i n g  c o a l  chunk,  a p p r o x i m a t e l y  7" x 5" x 5",  was 

ground,  s i z e d  to 150 - 200 Tyl er  mesh,  dr i ed a t  100 - 105 

d e g r e e s  C e l s i u s  o v e r n i g h t ,  t he n  s t o r e d  i n a d e s s i c a t o r  

purged wi th n i t r o g e n .  Cyl i nders  o f  99.9% pure (commercial  

grade)  n i t r oge n  were f i l l e d  by Western Welding.  Elemental  

ana l y s e s  and ash c o nt e n t s  of  the three  gr i ndi ng  batches  t hat  

were used are l i s t e d  in Table 3.  Although the  ash cont ent s  

are q u i t e  d i f f e r e n t ,  the e l emental  c o n t e n t s  o f  the three  

b a t c h e s  on a m o i s t u r e -  and a s h - f r e e  b a s i s  a r e  s i m i l a r .  

Micro u l t i ma t e  ana l y s e s  were performed by Mr. Timothy L. 

Ward wi t h  a Car l o  Erba Model 1100 El eme nt a l  A n a l y z e r ,  a 

Carlo Erba DPllO i n t e g r a t o r ,  and an Osborne I computer at
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Montana S t a t e  U n i v e r s i t y .  Phosphorus a n a l y s e s  were per­

formed by Guelph Chemical  L a b o r a t o r i e s  Lt d .  a t  Guelph,  

Ontario.  The d i s s o l u t i o n  apparatus  c o n s i s t e d  o f  a 500 m i l ­

l i l i t e r  Erlenmeyer f l a s k ,  a Cenco h o t p l a t e / ma g ne t i c  s t i r r e r ,  

a condens er ,  and a 20 - 680 degrees  Fahrenhei t  thermometer  

( Figure 2 ) .  *

Table 3.  Ki t t anni ng  coal  chunk a n a l y s e s .  *

Batch % Ash % N % C % H % 0 % P Run numbers

I 9 . 5 1.45
( 1 . 3 1 )

84 . 13
( 76 . 1 4 )

5.61
( 5 . 0 8 )

- 0. 06
( 0 . 0 5 )

14 - 29

2 8 . 9 1.44
( 1 . 3 1 )

85. 47
( 77 . 8 6 )

5.69
( 5 . 1 8 )

6. 30
( 5 . 74 )

0 . 18
( 0 . 1 6 )

30 - 35

3 13.9 1.45
( 1 . 2 5 )

85.01
( 73 . 19 )

5.68
( 4 . 8 9 )

- - 36 - 39

* val ues  Th parent heses  RTve a mols t u r e - f r e e  TmTl b a s i s ;  
ot her  va l ue s  have a moi s t ur e -  and a s h - f r e e  (maf) b a s i s .

Procedure

The batch r e a c t o r ,  purged wi th ni t rogen and c o n s t a n t l y  

a g i t a t e d ,  c ont a i ne d  200 m i l l i l i t e r s  o f  s o l v e n t  and three to 

four grams o f  coal  . The s o l v e n t  was TMU, HMPA, or a 1:1 (by 

volume) mi xture  o f  TMU and HMPA. Two s t a r t up  procedures  

were at tempted:  ( I )  combining coal  and s o l v e n t  before  heat ­

ing the system to run temperature and (2) adding coal  a f t e r  

preheat i ng  the system wi th s o l v e n t  to run t emperature .  The
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Figure 2 Dissolution apparatus.
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h o tp l a t e /m a g n e t ic  s t i r r e r
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temperature o f  the system was maintained to wi t hi n  + / -  5 

degrees  Fahrenhe i t  o f  the de s i r e d  run t emperat ure ,  which was 

e i t h e r  79,  200,  or 320 degrees  F a h r e n h e i t  ̂ Higher run tem­

pe r at ure s  were not  c ons i der ed  to avoid s i g n i f i c a n t  TMU l o s s  

by v a p o r i z a t i o n .  Time and temperature were recorded at  f r e ­

quent i n t e r v a l s .  Immediately a f t e r  each run was o v e r ,  the  

s l u r r y  was quenched and vacuum f i l t e r e d ,  the l i q u i d  product  

was c o l l e c t e d ,  and the r e s i due  was washed wi th acetone  unt i l  

t he  f i l t r a t e  was c l e a r .  The r e s i d u e s  were vacuum d r i e d  

under about  0 . 1  t orr  in a d e s s i c a t o r  a t t ached to a mechani ­

cal  pump f or  approxi mate ly  one week unt i l  d a i l y  wei ghi ngs  

i n d i c a t e d  maximum wei ght  l o s s  had been a t t a i n e d .  The r e s i ­

due was qu i c k l y  weighed (due to the s i g n i f i c a n t  weight  gain  

observed o f  the  vacuumed r e s i due  on exposure to a i r )  before  

being sampled for  carbon,  hydrogen, n i t r o g e n ,  oxygen, phos­

phorus,  and ash a n a l y s e s .  In the ash a n a l y s e s ,  c o a l s  and 

r e s i d u e s  were  we i ghe d  in c r u c i b l e s  a t  room t e mp e r a t u r e  

bef ore  and a f t e r  being ashed in a 700 degree Ce l s i us  oven 

for  a t  l e a s t  24 hours.
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RESULTS

Ext r ac t i on  Re s u l t s

HMPA as t he  s o l v e n t  produced wi t h  a l l  o f  t he  c o a l s  

t e s t e d  an u n d e s i r a b l e  c o l l o i d a l  s u s p e n s i o n  or ge l  t h a t  

g r e a t l y  impeded f i l t r a t i o n .  Of the  two s t ar t up  pr oc edur es , 

the sol  v e n t - p r e h e a t i n g  method i s  pre ferred to the method o f  

s i m u l t a n e o u s  h e a t i n g  o f  s o l v e n t  and c oa l  b e c a u s e  in t he  

l a t t e r  method a lower d i s s o l u t i o n  was t y p i c a l l y  a t t a i n e d  and 

an un pr e d i c t a b l e  t ime was needed for  the system to reach the  

run t e mper a t ur e . Exemplary runs are given in Table 4 for  

c o m p a r i s o n .  For a run t i me  o f  20 m i n u t e s ,  c o n s i d e r a b l y  

hi gher  d i s s o l u t i o n  was obt a i ned wi th preheated s o l v e n t  than 

with s i mul t aneous  he at i ng  o f  s o l v e n t  and c o a l ,  d e s p i t e  the  

a d d i t i o n a l  12 minutes  o f  c o n t a c t  between s o l v e n t  and coal  in 

the l a t t e r  r un . Although ac tual  d i s s o l u t i o n  v a l ue s  became 

s i m i l a r  a f t e r  a run t ime o f  one hour,  s o l v e n t  preheat i ng i s  

s t i l l  the pr e f e rr e d  method because  o f  the lower amount of  

s o l v e n t  r e t a i n e d .  The di s advant age s  o f  high s o l v e n t  r e t e n ­

t i on  are d i s c u s s e d  in the Ret ent i on Resul t s  s e c t i o n . Only 

a f t e r  12 hours did the method o f  s i mul taneous  heat i ng  pro­

duce s i m i l a r  apparent  d i s s o l u t i o n  and hi gher  actual  d i s s o l u ­

t i o n  ( b u t  w i t h  a l m o s t  t w i c e  t he  s o l v e n t  r e t e n t i o n )  than  

c o r r e s p o n d i n g  v a l u e s  produced by t he  method o f  s o l v e n t



Table 4.  E f f e c t  of  s t ar t up  procedure on d i s s o l u t i o n

Sol vent Temp
(F)

He a t i ng 
Procedure

TMU+HMPA 200 sol  vent

TMU+HMPA 200 so l ve nt +coa l

TMU+HMPA 200 sol  vent

TMU+HMPA 200 so l ve nt +coa l

TMU+HMPA 200 sol  vent

TMU+HMPA 200 so l ve nt +coa l

Run Time Heating Apparent  
(min) t lme(min)  Di ss  ( %)

20 + 0 7.4%

20 + 12 1.5%

60 + 0 OO O a*

60 + 10 4.7%

720 + 0 20.5%

720 + 15 20.8%

Actual  
Diss  (%)

Sol vent  
Retent ion*

Run
number

11.6% 0.069 19

6.1% 0.046 14

13.5% 0.068 27

12.6% 0.079 12

27.9% 0. 074 34

**C
U

C
O 0. 134 15

W Units  of  s o l v e n t  r e t e n t i o n  are (g s o l v e n t / g  mar c oa l )
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p r e he a t i n g .  D i s s o l u t i o n  data were accumulated,  t h e r e f o r e , 

us i ng preheated TMU and a 1:1 preheated mixture  o f  TMU and 

HMPA as s o l v e n t .

Apparent d i s s o l u t i o n  ( i e . ,  d i s s o l u t i o n  o f  coal  account ­

ing f or  moi s t ure  and ash but  not  s o l v e n t  i nc or por a t i on)  was 

c a l c u l a t e d  from

(g c o a l - g  wet r e s i due )
Apparent D i s s .  [%)  = --------------------------------------  xlOO ( 2 )

g ash
( i ------------- ) ( g coal  )

g coal

assuming t h a t  i ) drying the coal  at  100 - 105 degrees  Ce l ­

s i u s  removed a l l  o f  the moi s t ure  wi t hout  a l t e r i n g  chemical  

bonds in the c o a l ,  i i ) the actual  ash c ont e nt  of  the coal  

can be determined from the ashi ng method performed, and i i i )  

acet one  has no e f f e c t  e xc e pt  to remove e x c e s s  s o l v e n t  from 

t he  r e s i d u e .  Wet r e s i d u e  r e f e r s  to  r e s i d u e  t h a t  i s  wet  

because  o f  s o l v e n t  i n c o r p o r a t i o n .  From the e l emental  a na l  ̂

y s e s  ( Appendix A) ,  the actual  d i s s o l u t i o n  can be determined 

i f  t h e s e  a d d i t i o n a l  a s s u m p t i o n s  are  v a l i d :  i v ) whole

s o l v e n t  mo l e c u l e s  are i nc orporat ed i n t o  the r e s i due  and v) 

the we i ght  pe r c e nt s  o f  n i t r ogen  and phosphorus in the coal  

remain c o n s t a n t  through the d i s s o l u t i o n  proces s  so t hat  any 

change in n i t r oge n  and phosphorus c ont ent  i s  due to i n c o r ­

porat i on o f  TMU and/or HMPA. Based on t he s e  assumpt ions ,  

the e l emental  c o nt e n t s  o f  dry ( s o l v e n t - f r e e )  r e s i d u e s  can be 

determined and are l i s t e d  in Appendix B. For runs us ing TMU 

as s o l v e n t ,  t he  a c t u a l  d i s s o l u t i o n  was c a l c u l a t e d  from
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( g c o a l - g  dry r e s i due )
Actual  D i s s . ( %)  = --------------------------------------- xlOO (3)

g ash
. ( I --------------- ) ( g coal  )

g coal

where

g dry r e s i due  = g wet r e s i due

g N g N

g s o l v e n t  g wet r e s i due
x ( ............. .............................................) (4)

g N g N

g s o l v e n t  g coal

For runs us i ng a 1:1 mixture of  TMU and HMPA as s o l v e n t ,  the  

actual  d i s s o l u t i o n  was c a l c u l a t e d  from Equation (3)  where

g dry r e s i due  = g wet r e s i due  x

(g N/g wet res )  ( g N/g HMPA) ( g P/g wet res)
[ I ................. .. .................... -  + ( ............... .................... 1 ) ( ....................... ................. ) ] /

( g N/g TMU) ( g N/g TMU) (g P/g HMPA)

(g N/g c o a l )  (g N/g HMPA) (g P/g c o a l )
[ I .............. - .................. + -------- -  1,)( — .............. - - - ) ]

( g N/g TMU) ( g N/g TMU) (g P/g HMPA)

( 5 ) .

Apparent and actual  d i s s o l u t i o n  r e s u l t s  are l i s t e d  in Table  

5; Equat ions  (4)  and (5)  are der i ved in Appendix C. Observ­

ing the expense  o f  phosphorus a n a l y s e s , only h a l f  of  the  

runs us ing a 1:1 mixture  o f  TMU and HMPA were analyzed for  

phosphorus c o n t e n t .  Al I o f  the  actual  d i s s o l u t i o n  r e s u l t s  

from Equat ions  (3)  and (5)  are s i m i l a r  to t hos e  based on a
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Table 5.  Coal d i s s o l u t i o n  r e s u l t s .

So l v e nt  Temp Run t ime Apparent Actual  Run
(F) (min) Di ss  ($)  Di ss  ( %)  number

TMU 79 60 5. 3$ 5. 4$ 21
TMU 79 60 2. 9$ 3. 1$ 35
TMU 79 720 2 . 4$ 5. 2$ 22
TMU 79 2880 4 . 7$ 5. 7$ 31
TMU 200 20 8 . 4$ 13. 1$ 39
TMU 200 40 12. 4$ 18.3$ 38
TMU 200 60 3 . 7$ 9. 9$ 23
TMU 200 720 9. 1$ 15.2$ • 24
TMU 200 2880 15.5$ 21. 2$ 30
TMU 320 20 10.5$ 16.9$ 25
TMU 320 720 16.2$ 22. 8$ 26
TMU 320 2880 10.1$ 19.3$ 32

So l ve nt Temp
(F)

Run t ime  
(min)

Apparent  
Diss  ($)

Actual  
Dis s ($ )#

Actual  
D i s s ($)  +

Run
numb

TMU+HMPA 79 75 0$ 2. 1$ 16
TMU+HMPA 79 735 2. 6$ — 4. 2$ 17
TMU+HMPA 79 2880 6 . 7$ 8 . 0 $ * * 8 . 0$ 33
TMU+HMPA 200 20 7. 4$ — 11.6$ 19
TMU+HMPA 200 60 8 . 0$ 13.6$* 13.5$ 27
TMU+HMPA 200 720 20 . 5$ 27. 8$ 27. 9$ 34
TMU+HMPA 200 2880 1. 4$ 23. 9$ 23 . 7$ 29
TMU+HMPA 320 10 21. 5$ - 40. 2$ 37
TMU+HMPA 320 20 18.2$ 33.9$ 33. 7$ 20
TMU+HMPA 320 40 20. 6$ — 41 . 2$ 36
TMU+HMPA 320 720 15.2$ 30.0$* 29 . 4$ 28

# Based on n i t r oge n  and phosphorus a n a l y s e s .
+ Based on n i t r oge n  ana l y s e s  and assuming 1:1 s o l v e n t  

i n c o r p o r a t i o n .
* Data i n d i c a t e  n e ga t i ve  TMU i nc or por a t i on  i n t o  the r e s i d ue .
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1:1 (by volume) sol  v e n t - i n c o r p o r a t i o n  assumpt ion,  which w i l l  

now be adopted for  t hose  runs us i ng both s o l v e n t s .

D i s s o l u t i o n  va l ues  based On ashi ng r e s u l t s  as wel l  as 

el emental  a n a l y s e s  were c a l c u l a t e d  from Equation (3)  where

g dry res i due
g dry r e s i due  = g coal  x ( --------------------- )

g wet res i due

( g a s h ) / ( g c o a l )
x ( ..................- ................................. ) (6)

(g a s h ) / ( g  wet r e s i due )

and are l i s t e d  in Table 6.  Runs us ing pure TMU as s o l v e n t  

c o n s i s t e n t l y  produced ashes  o f  a l avender  hue very s i mi l a r  

to t ha t  o f  the coal  . However, phosphorus a n a l y s e s  and the

unique c o l o r s  o f  the ashes  from the hi gher - t emperat ure  runs 

us i ng a 1:1 mi xture  o f  the s o l v e n t s  i n d i c a t e d  t h a t  the HMPA 

i nc orporat ed i n t o  the r e s i d u e s  did not  c ompl e t e l y  combust  

(up to 21 wei ght  percent  phosphorus was pr e s ent  in the ashed 

r e s i d u e ) . Al s o ,  d u p l i c a t e  runs ashing approxi mate ly  one 

gram o f  r e s i d ue  did not  c o n s i s t e n t l y  have s i m i l a r  d i s s o l u ­

t i o n  r e s u l t s .  T h e r e f o r e , t he re  i s  doubt t h a t  the ashing  

t echni que  used adequat e l y  r e p r e s e n t s  the true ash c ont ent  of  

the r e s i d u e s .  These c o mp l i c a t i o n s  f orce  the d i s s o l u t i o n  

r e s u l t s  based on ash t e s t s  to be cons i dered secondary to the  

d i s s o l u t i o n  r e s u l t s  based on wei ghi ng the coal  and res i due  

and b a c k - c a l c u l a t i n g  the  net  we i ght  l o s s .
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Table 6.  Residue ashi ng r e s u l t s .

Sol vent Temp
(F)

Run time  
(min)

D i s s o l u t i o n  
( sample 1 , 2)

Ash c o l o r  
(major/minor)

Run
number

TMU 79 60 0%, 6% Lavender / grey 21
TMU 79 60 0$, 0% Lavender 35
TMU 79 720 0%, 0% Lavender 22
TMU 79 2880 0 %, 3% Lavender/orange 31
TMU 200 20 - mm 39
TMU 200 40 - — 38
TMU 200 60 0%, 0% Lavender/grey 23
TMU 200 720 0 %, 4% Lavender 24
TMU 200 2880 7%, 16% Lavender/orange 30
TMU 320 20 8%, 20% Lavender 25
TMU 320 720 1 5 %, 16% Lavender 26
TMU 320 2880 1 2 %, 18% Lavender/grey 32

So l ve nt Temp
(F)

Run time  
(min)

Di s s o l u t i on 
( sample 1 , 2)

Ash c o l o r  
(major/minor)

Run
number

TMU+HMPA 79 75 0$, 0% Lavender 16
TMU+HMPA 79 735 0 $ , 4% Lavender 17
TMU+HMPA 79 2880 3%, 7% Lavender/orange 33
TMU+HMPA 200 20 9%, 11% Lavender/grey 19
TMU+HMPA 200 60 13%, 20% Whit e / p u r p l e 27
TMU+HMPA 200 720 26%, 38% Whit e / p u r p l e 34
TMU+HMPA 200 2880 44%, 45% Whit e / p u r p l e 29
TMU+HMPA 320 10 - — 37
TMU+HMPA 320 20 44%, 45% White 20
TMU+HMPA 320 40 - — 36
TMU+HMPA 320 720 62%, 63% BIue-green 28
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Apparent d i s s o l u t i o n  r e s u l t s  are i l l u s t r a t e d  in Figures  

3 and 4.  The maximum apparent  e x t r a c t i o n ,  21.5%, i s  a c h i e v ­

ed wi th a 1:1 r a t i o  o f  the s o l v e n t s  at  the h i g h e s t  tempera­

ture  c ons i der ed  (320 degrees  Fahrenhei t )  in ten mi nutes .  

The maximum apparent  d i s s o l u t i o n  for  runs us i ng TMU as s o l ­

ve nt ,  16.2%, i s  observed a t  the same t emperature  but a f t e r  

12 h o u r s . Actual  d i s s o l u t i o n  r e s u l t s  assuming a 1:1 r a t i o  

of  s o l v e n t  i nc or por a t i on  for  runs us ing a mi xture  o f  TMU and 

HMPA are i l l u s t r a t e d  in Fi gures  5 and 6.  As e xpe c t e d ,  d i s ­

s o l u t i o n  and i n i t i a l  d i s s o l u t i o n  rate  tend to i nc r e as e  wi th  

i n c r e a s i n g  t emperat ure .  At room temperature ,  d i s s o l u t i o n  

proceeds  s i m i l a r l y  for  both s e t s  of  s o l v e n t  r u n s . However,  

at  200 and 320 degrees  Fahr enhe i t ,  d i s s o l u t i o n  i s  s i g n i f i ­

c a n t l y  i n c r e a s e d  by t he  p r e s e n c e  o f  HMPA. The maximum 

d i s s o l u t i o n  a t t a i n e d ,  41.2%, i s  achi eved us ing a 1:1 r a t i o  

of  the s o l v e n t s  for  40 minutes  at  320 degrees  Fahrenhei t ;  

the  run e x h i b i t i n g  the  maximum apparent  d i s s o l u t i o n  o f  21.5% 

has an ac tual  d i s s o l u t i o n  o f  40.2%. Using TMU as s o l v e n t ,  

the  maximum d i s s o l u t i o n  a t t a i n e d ,  22.8%, i s  observed at  320 

degrees  Fahrenhe i t  a f t e r  12 hours .  Both apparent  and actual  

d i s s o l u t i o n  appear to reach a maximum wi t hi n 12 hours at  320 

degrees  Fahrenhe i t  us ing pure TMU as s o l v e n t  and at  200 and 

320 degrees  Fahrenhe i t  us ing a 1:1 mixture of  the s o l v e n t s .  

Maximum d i s s o l u t i o n  i s  achi eved a t  s hor t e r  t imes with 

i n c r e a s i n g  t e mp e r a t u r e s . The 1:1 mixture o f  TMU and HMPA as 

s o l v e n t  i s  more e f f e c t i v e  than pure TMU in d i s s o l v i n g  c o a l .
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D i s s o l u t i o n  c a l c u l a t i o n s  based on ash t e s t s  are i l l u s ­

t r a t e d  in Figure  7.  The tendency o f  enhanced actual  d i s s o ­

l u t i o n  wi th i nc r e as e d  temperature  i s  corroborat ed by the  

a s h i n g  r e s u l t s .  Whi le  l i t t l e  d i f f e r e n c e  in d i s s o l u t i o n  

versus  t ime t rends  wi th s o l v e n t  type are observed at  room 

t e mper a t ur e , the 1:1 mixture  o f  TMU and HMPA used as s o l v e n t  

again produces  hi gher  d i s s o l u t i o n  than TMU at  e l e v a t e d  tem­

pe r a t u r e s .  The at t a i nment  o f  maximum d i s s o l u t i o n ,  however, 

i s  no t  a p p a r e n t  in t h e  a s h i n g  r e s u l t s  as i t  i s  in t he  

prev i ous  ac tual  d i s s o l u t i o n  c a l c u l a t i o n s  based on s o l v e n t  

r e t e n t i o n . D i s s o l u t i o n  based on ash t e s t s  i s  markedly lower  

f o r  runs  u s i n g  TMU a t  room t e m p e r a t u r e  and 200 d e g r e e s  

Fahrenhe i t  than correspondi ng  d i s s o l u t i o n  c a l c u l a t i o n s  based 

on ni t r ogen  d a t a . At 320 degrees  Fahrenhe i t ,  the c o r r e l a ­

t i on  between the two s e t s  o f  d i s s o l u t i o n  c a l c u l a t i o n s  for  

TMU i s  i mproved. For runs us i ng a 1:1 r a t i o  of  TMU and HMPA 

as s o l v e n t ,  d i s s o l u t i o n  at  room temperature based on ash 

t e s t s  i s  s l i g h t l y  l o we r  but  comparabl e  t o  t h a t  based on 

ni t rogen and phosphorus dat a .  As temperature and run t ime  

are i n c r e a s e d ,  d i s s o l u t i o n  based on ash t e s t s  becomes 

i n c r e a s i n g l y  hi gher  than correspondi ng  d i s s o l u t i o n  c a l c u l a ­

t i o n s  based on e l emental  a n a l y s e s . Maximum d i s s o l u t i o n ,  

63%, i s  observed us ing a 1:1 mixture  of  the s o l v e n t s  at  320 

degrees  Fahrenhe i t  for  12 hours .  However, as pr e v i ous l y  

s t a t e d ,  d i s s o l u t i o n  c a l c u l a t i o n s  based on ash t e s t s  are not
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as accurat e  in d e s c r i b i n g  the  true d i s s o l u t i o n  behavior  as  

those  based s o l e l y  on e l emental  ana l ys es  s i n c e  ( i )  phos­

phorus  a n a l y s e s  o f  t he  u n i q u e l y  c o l o r e d  a s h e s  from t he  

hi gher - t emperat ure  runs us ing a 1:1 mixture o f  the s o l v e n t s  

i n d i c a t e d  t h a t  the HMPA i ncorporat ed i nt o  the r e s i due s  did 

not c o mp l e t e l y  combust ,  i n c o r r e c t l y  e l e v a t i n g  the d i s s o l u ­

t i on  va l ue s  based on ash t e s t s ,  ( i t )  r e produc i b l e  d i s s o l u ­

t i o n  r e s u l t s  could not  be c o n s i s t e n t l y  a t t a i n e d ,  and ( i i i )  

error  in the e l emental  a na l y s e s  i s  t rans mi t t ed  through both 

methods o f  c a l c u l a t i n g  actual  d i s s o l u t i o n .

Cons i de rabl e  d i s s o l u t i o n  o f  coal  can be achi eved wi th  

TMU and HMPA at  t emperatures  below the b o i l i n g  po i n t s  of  the  

s o l v e n t s .  Based on e l emental  a n a l y s e s ,  22.8% d i s s o l u t i o n  

was o b s e r v e d  u s i n g  TMU a t  320 d e g r e e s  F a h r e n h e i t  f o r  12 

hou r s . D i s s o l u t i o n  to 41.2% was observed us i ng a 1:1 mix­

ture  o f  TMU and HMPA f or  40 minutes  at  320 degrees  Fahren­

h e i t .  Al t hough  t he  p r e s e n c e  o f  HMPA in t h e  1:1 s o l v e n t  

mixture enhanced d i s s o l u t i o n  at  the hi gher  t emperatures ,  

us ing pure HMPA in the d i s s o l u t i o n  process  i s  not  f e a s i b l e  

u n t i l  a method i s  d e v e l o p e d  t o  s e p a r a t e  t h e  c o l l o i d a l  

mat er i a l  produced.  So l ve nt  pr e heat i ng  to run temperature  

bef ore  adding coal  was pr e f e rr e d  over s i mul t aneous  heat i ng  

of  s o l v e n t  and coal  because in the l a t t e r  procedure a lower  

d i s s o l u t i o n  was a t t a i n e d  f or  run t imes  under 12 hours and 

a d d i t i o n a l  and v a r i a b l e  sol  v e n t / c o a l  c o n t a c t  t ime was 

unavoi dable  whi l e  heat i ng  the  system to run t emperature.
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D i s s o l u t i o n  and i n i t i a l  d i s s o l u t i o n  rate  tended to i nc re as e  

with i n c r e a s i n g  run t emperature .  Maximum y i e l d s  were 

a t t a i n e d  wi t h i n  12 hours at  320 degrees  Fahrenhe i t  us ing TMU 

as so. lvent  and at  200 and 320 degrees  Fahrenhe i t  us ing a 1:1 

mixture o f  the s o l v e n t s .  Higher run t emperatures  a l l ow max­

imum d i s s o l u t i o n  to be achi eved at  shor t e r  t i me s .  Since a l l  

o f  the runs analyzed f or  phosphorus c ont e nt  had d i s s o l u t i o n  

va l ue s  s i m i l a r  to t hos e  assuming 1:1 (by volume) s o l v e n t  

i n c o r p o r a t i o n ,  the assumpt ion was adopted f or  those  runs 

us ing a 1:1 mixture  o f  TMU and HMPA to l i m i t  e x p e n s e s . The 

purpose o f  the  phosphorus a n a l y s e s  now becomes to subs t an­

t i a t e  the assumpt ions  made to determine d i s s o l u t i o n .

Ret ent i on Re s u l t s

Coupled wi th d i s s o l u t i o n  a n a l y s e s , s o l v e n t  r e t e n t i o n  i s  

another important  f a c t o r  in a s s e s s i n g  the p o t e n t i a l  of  coal  

c onve rs i on  through e x t r a c t i o n  by TMU and HMPA. I f  s i g n i f i ­

cant  r e t e n t i o n  o c c u r s , the e xpe ns i ve  s o l v e n t s  produce a high 

c o s t  pe na l t y  e i t h e r  from s o l v e n t  l o s s  through i r r e v o c a b l e  

i n c o r p o r a t i o n  i n t o  the r e s i due  or from a d d i t i o n a l  pr oces s i ng  

r e q u i r e m e n t s  t o  r e c o v e r  t he  s o l v e n t s ,  or b o t h . In t h i s  

i n v e s t i g a t i o n ,  high s o l v e n t  r e t e n t i o n  i s  a l s o  undes i rabl e  

because  the  assumpt ion made o f  whole s o l v e n t  mol ec ul e s  being  

i nc orporat e d  i n t o  the re s i due  was not  s u b s t a n t i a t e d .  The 

e r r o r  c a u s e d  by t h i s  a s s u mp t i o n  can not  be a d e q u a t e l y  

e s t i m a t e d ,  but  dat a  i n d i c a t e  t h a t  s o l v e n t  f r a g me n t s  are
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i nc or por a t e d .  Sears [1]  observed t hat  a f t e r  e x t r a c t i o n  wi th  

HMPA f o l l owe d  by washing wi th a l c o h o l ,  a f l u o r e s c e n c e  scan 

measurement o f  a res i due  showed only approxi mat e l y  0.4% by 

wei ght  HMPA r e t e n t i o n ,  i n d i c a t i n g  encouraging process  poten­

t i a l .  Based on the same assumpt ion used to determine actual  

d i s s o l u t i o n ,  s o l v e n t  r e t e n t i o n  i s  c a l c u l a t e d  by s ubt r ac t i ng  

the wei ght  o f  dry r e s i due  from the wei ght  of  wet res i due  and 

then d i v i d i n g  the d i f f e r e n c e ,  the wei ght  o f  i ncorporat ed  

s o l v e n t ,  by a normal i z i ng  we i g ht ,  such as the i n i t i a l  wei ght  

of  the c o a l .  Four normal i z i ng  we i ght s  are cons i der ed:  dry 

coal  we i g ht ,  a s h - f r e e  dry coal  we i ght ,  dry r e s i due  we i ght ,  

and a s h - f r e e  dry r e s i due  we i g ht .  Both dry and a s h - f r e e  dry 

bases  are used to observe the e f f e c t  o f  the d i f f e r e n t  ash 

c o n t e n t s  (8.9%, 9.5%, and 13.9%) o f  the t hree  Ki t tanni ng  

coal  gr i nds  used.

Re t e n t i o n  r e s u l t s  for  runs us ing pure TMU as s o l v e n t  

are l i s t e d  in Table 7.  The maximum TMU r e t e n t i o n  (wi th the  

w e i g h t  o f  m o i s t u r e - f r e e  c o a l  as  t h e  b a s i s )  o f  10.3% i s  

observed a f t e r  12 hours a t  the h i g h e s t  t emperature  examined.  

TMU r e t e n t i o n  i s  p l o t t e d  as a f unc t i on  of  t ime in Figure 8.  

As wi th d i s s o l u t i o n ,  s o l v e n t  r e t e n t i o n  i n c r e a s e s  with 

i n c r e a s i n g  t e m p e r a t u r e  and e x h i b i t s  maximums wi t h  t i m e .  

However,  whi l e  actual  di s s o l u t i on - v e r s u s - t i me  p l o t s  (Figure  

5) i n d i c a t e d  the at t a i nment  o f  maximum d i s s o l u t i o n  only at  

320 degrees  Fahrenhe i t  us i ng pure TMU, Figure  8 i n d i c a t e s  

maximum TMU r e t e n t i o n  i s  achi eved in l e s s  than 48 hours at



Table 7.  TMU r e t e n t i o n  r e s u l t s

Sol vent Temp
(F)

Run time  
(min)

g s o l v e n t g s o l v e n t g s o l v e n t g s o l v e nt Run
numbg mf coal g mat coal g dry res i due g at dry res

TMU 79 60 0. 010 0.011 0 . 010 0.011 21

TMU 79 60 0.003 0.003 0.003 0.003 35

TMU 79 720 0.027 0. 030 0.028 0.032 22
TMU 79 2880 0. 009 0.010 0 . 010 0.011 31

TMU 200 20 0. 040 0.047 0. 045 0.054 39
TMU 200 40 0. 050 0.059 0. 060 0.072 38

TMU 200 60 0. 060 0. 066 0. 065 0.073 23

TMU 200 720 0.074 0.081 0. 085 0.096 24

TMU 200 2880 0.051 0.056 0. 064 0.072 30

TMU 320 20 0. 086 0.094 0.101 0.114 25

TMU 320 720 0. 103 0.114 0. 130 0.147 26
TMU 320 2880 0.095 0.104 0.115 0.129 32
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a l l  t emperatures  c o ns i d e r e d .  TMU r e t e n t i o n  i s  p l o t t e d  as a 

f unc t i on  o f  ac tual  d i s s o l u t i o n  in Figure 9.  TMU r e t e n t i o n  

tends  to i n c r e a s e  wi th i n c r e a s i n g  d i s s o l u t i o n ,  wi th maximums 

a t t a i n e d  p o s s i b l y  at  79 and 200 degrees  Fahrenhe i t .  Maximum 

TMU r e t e n t i o n  i s  observed for  the  run e x h i b i t i n g  the h i g h e s t  

d i s s o l u t i o n .

To a s s e s s  the assumpt ions  made to determine actual  d i s ­

s o l u t i o n ,  s o l v e n t  r e t e n t i o n  r e s u l t s  assuming a 1:1 r a t i o  of  

s o l v e n t  i nc o r p o r a t i o n  ( Tabl es  8 - 10)  are compared to those  

us ing phosphorus data ( Tabl es  11-13)  for  runs us i ng a mix­

t ure  o f  TMU and HMPA as s o l v e n t .  As with actual  d i s s o l u t i o n  

r e s u l t s ,  t o t a l  r e t e n t i o n  r e s u l t s  appear e s s e n t i a l l y  i d e n t i ­

cal  ( Tabl es  8 and 11,  Fi gures  TO and 1 1 ) .  Total  r e t e n t i o n  

i s  again observed to i n c r e a s e  wi th i n c r e a s i n g  t emperature.  

However, f ur t he r  a n a l y s i s  uncovers  a c ompl i c a t i on  for  h a l f  

of  the runs ( s t a r r e d  in Table 5) analyzed f o r  phosphorus  

c o n t e n t .  Due to the f i x e d  sequence o f  c a l c u l a t i o n s ,  TMU 

r e t e n t i o n  can be c a l c u l a t e d  onl y a f t e r  HMPA r e t e n t i o n  i s  

determi ned.  To s a t i s f y  both the n i t rogen and phosphorus  

mass ba l ance s  wi th the s t a t e d  assumpt i ons ,  t hr ee  o f  the runs 

l i s t e d  in Table 13 i n d i c a t e  n e g a t i v e  TMU i nc or por a t i on  i nto  

the r e s i d u e  ( i . e . ,  mol ecul es  o f  TMU are produced from the  

c o a l - s o l v e n t  i n t e r a c t i o n )  which i s  improbable c ons i de r i ng  

the r e l a t i v e l y  high ni t r ogen  c o n t e n t  and symmetry of  TMU 

compared to proposed coal  s t r u c t u r e s  and i s o l a t e d  coal  f r a g ­

ments .  The ne g a t i v e  r e t e n t i o n  va l ues  do not  c o r r e l a t e  wi th
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Table 8. Total s o l v e n t r e t e n t i o n  assuming I ::I s o l v e n t  Incor por at i on .

So l vent Temp Run time g s o l v e n t  g sol  vent g s o l v e n t g s o l v e n t Run
(F) (min) g mf coal  g mat coal g dry res i due g ar dry res number

TMU+HMPA 79 75 0. 022 0. 024 0. 022 0. 025 16

TMU+HMPA 79 735 0.015 0.016 0. 015 0 . 017 17

TMU+HMPA 79 2880 0.011 0.012 0.012 0. 013 33

TMU+HMPA 200 20 0. 063 0.069 0. 070 0.078 19

TMU+HMPA 200 60 0. 062 0.068 0.071 0. 079 27

TMU+HMPA 200 720 0.067 0.074 0. 090 0.102 34

TMU+HMPA 200 2880 0. 202 0.223 0 . 257 0.292 29

TMU+HMPA 320 10 0.161 0.187 0.246 0. 312 37

TMU+HMPA 320 20 0.142 0.157 0.204 0.237 20

TMU+HMPA 320 40 0.177 0.206 0.275 0. 350 36

TMU+HMPA 320 720 0. 130 0.143 0. 176 0.203 28
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Table 9.  HMPA r e t e n t i o n  assuming 1:1 s o l v e n t  i n c o r p o r a t i o n .

Run g HMPA g HMPA g HMPA g HMPA
number g mf coal g maf coal g dry res i due g af  dry res

16 0.011 0.012 0.011 0. 013
17 0 . 008 0.008 0. 008 0. 009

33 0. 006 0. 006 0. 006 0.007

19 0 . 032 0.035 0.036 0. 040

27 0 . 032 0. 035 0.036 0.041

34 0 . 034 0.038 0.046 0. 052

29 0 . 104 0.115 0. 132 0. 150
37 0. 083 0. 096 0.126 0.160

20 0 . 073 0.081 0. 105 0.122

36 0.091 0.106 0.141 0.180

28 0 . 067 0. 073 0. 090 0. 104
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Table 10.  TMU r e t e n t i o n  assuming 1:1 s o l v e n t  I ncor por at i on .

Run g TMU g TMU g TMU g TMU
number g mf coal g maf coal g dry res i due g af  dry res

16 0.011 0 . 012 0.011 0. 012

17 0 . 007 0. 008 0.007 0.008

33 0 . 005 0. 006 0.006 0.006

19 0.031 0 . 034 0.034 0.038

27 0 . 030 0 . 033 0. 035 0.038

34 0 . 033 0. 036 0. 044 0.050

29 0 . 098 0 . 108 0. 125 0.142

37 0 . 078 0. 091 0.120 0.152

20 0 . 069 0. 076 0.099 0.115

36 0. 086 0. 100 0.134 0.170

28 0 . 063 0 . 070 0.086 0.099



Table 11. Total  s o l v e n t  r e t e n t i o n  based on phosphorus data

Sol vent Temp
(F)

Run t ime  
(min)

g s o l v e n t 9 sol  vent g s o l v e nt g s o l ve nt Run
numberg mf coal 9 maf coal g dry res i due g at ary res

TMU+HMPA 79 2880 0 . 012 0. 013 0. 013 0.014 33
TMU+HMPA 200 60 0.063 0. 070 0.072 0.081 27
TMU+HMPA 200 720 0.067 0.074 0. 090 0.102 34
TMU+HMPA 200 2880 0. 204 0.225 0. 260 0.296 29
TMU+HMPA 320 20 0. 144 0.159 0. 207 0. 240 20
TMU+HMPA 320 720 0.135 0.149 0. 185 0.212 28



57

Table 12 . HMPA r e t e n t i o n  based on phosphorus d a t a .

Run g HMPA g HMPA g HMPA g HMPA
number g mf coal g maf coal g dry r es i due g af  dry res

33 0 . 028 0.031 0 . 030 0.033

27 0.071 0. 079 0.081 0.091

34 0. 029 0 . 032 0. 039 0.045

29 0 . 174 0. 192 0.222 0.252

20 0.131 0 . 144 0.189 0.219

28 0 . 237 0 . 262 0. 325' 0.373

Table 13 . TMU r e t e n t i o n  based on phosphorus d a t a .

Run • g TMU g TMU g TMU g TMU
number g mf coal g maf coal g dry res i due g af  dry res

33 - 0 . 0 1 6 - 0 . 0 1 8 - 0 . 0 1 7 - 0 . 019

27 - 0 . 0 0 8 - 0 . 0 0 9 - 0 . 0 1 0 - 0 . 011

34 0 . 038 0.041 0.051 0.057

29 0 . 030 0. 033 0.038 0.044

20 0. 013 0.014 0 . 019 0.022

28 - 0 . 1 0 2 - 0 . 1 1 3 - 0 . 1 4 0 - 0 . 161
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t e mper a t ur e , t i m e , or d i s s o l u t i o n .  Only one of  the runs  

a n a l y z e d  f o r  phos phor us  c o n t e n t  has TMU r e t e n t i o n  high  

enough to be comparable to the correspondi ng va l ue s  assuming 

1:1 s o l v e n t  i n c o r p o r a t i o n .  To compensate ,  HMPA r e t e n t i o n  

r e s u l t s  based on phosphorus a n a l y s e s  tend to be higher than 

those  based on a 1:1 s o l v e n t  i nc orporat i on  assumpt i on,  s i nc e  

t o t a l  r e t e n t i o n  r e s u l t s  c a l c u l a t e d  by the two methods are 

s i m i l a r .  TMU and HMPA r e t e n t i o n  trends  wi th t ime and d i s s o ­

l u t i o n  a r e  i l l u s t r a t e d  in F i g u r e s  12 t hr ough  15 .  As 

e xpe c t e d ,  the d i s p a r i t y  between the two s e t s  o f  HMPA r e t e n ­

t i o n  r e s u l t s  and t he  two s e t s  o f  TMU r e t e n t i o n  r e s u l t s  

i n c r e a s e s  wi th i n c r e a s i n g  run temperature ,  s i n c e  s o l v e n t  

r e t e n t i o n  f o l l o w s  the same t re nd .  However,  no c o r r e l a t i o n  

i s  e v i d e n t  between the two s e t s  o f  HMPA r e t e n t i o n  r e s u l t s  or 

the two s e t s  of  TMU r e t e n t i o n  r e s u l t s .

The t rends  o f  s o l v e n t  r e t e n t i o n  based on the four nor­

mal i z i n g  coal  and r e s i due  we i ght s  are shown in a l l  o f  the  

t a b l e s  and graphs .  As e x pe c t e d ,  the b a s i s  chosen makes the  

d i f f e r e n c e  in r e t e n t i o n  v a l u e s  most  pr onounced in high  

r e t e n t i o n  runs .  However,  s o l v e n t  r e t e n t i o n  t rends  with t ime  

and d i s s o l u t i o n  are found to be i ndependent  o f  the  normal i z ­

ing wei ght  chosen.  Total  r e t e n t i o n  i n c r e a s e s  to undesi red  

l e v e l s  in runs with moderate to high d i s s o l u t i o n .  Except  

for  the thorough washing of  the  re s i due  wi th a c e t o ne ,  pro­

cedures  to minimize t h i s  tendency were not at t empt ed.
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Low s o l v e n t  r e t e n t i o n  va l ue s  could not  be a t t a i ne d  in 

t h i s  i n v e s t i g a t i o n  for  runs wi th s i g n i f i c a n t  d i s s o l u t i o n .  

R e t e n t i o n  to  10.3% wi t h  a m o i s t u r e - f r e e  c o a l  b a s i s  was 

observed us i ng  TMU as s o l v e n t  f or  12 hours at  320 degrees  

F a h r e n h e i t .  The maximum d i s s o l u t i o n  u s i n g  TMU was a l s o  

a t t a i n e d  at  t he s e  c o n d i t i o n s .  TMU r e t e n t i o n  i n c r e a s e s  wi th  

i n c r e a s i n g  temperature and e x h i b i t s  maximums wi th t ime  

wi t h i n  48 hours at  a l l  t hree  t emperat ures .  Cons i derat i on of  

run t i m e s  g r e a t e r  than 48 hours  a t  79 and 200 d e g r e e s  

Fahrenhe i t  to determine maximum d i s s o l u t i o n  va l ues  i s  

encouraged when not i ng t h a t  TMU r e t e n t i o n  p o s s i b l y  pas ses  

through a maximum wi th i n c r e a s i n g  d i s s o l u t i o n ,  i n d i c a t i n g  

t hat  low r e t e n t i o n  may be a t t a i n e d  wi th maximum d i s s o l u t i o n .  

However,  run t imes  g r e a t e r  than 48 hours were not  i n v e s t i ­

gated because  e x t r a c t i o n  t ime must be short  for  commercial  

f e a s i b i l i t y  [ 1 4 ] .  For runs us i ng  a mixture o f  TMU and HMPA 

as s o l v e n t ,  r e t e n t i o n  c a l c u l a t i o n s  assuming a 1:1 r a t i o  o f  

s o l v e n t  i nc o r p o r a t i o n  compared to those  us i ng  phosphorus  

data produced c o n f l i c t i n g  r e s u l t s .  As wi th actual  d i s s o l u ­

t i o n  r e s u l t s ,  t o t a l  r e t e n t i o n  r e s u l t s  are e s s e n t i a l l y  i d e n t ­

i c a l .  Ret ent i on i s  again observed to i nc r e as e  wi th i n c r e a s ­

ing t emperat ure .  However,  for  three  runs n e g a t i v e  s o l v e nt  

r e t e n t i o n  va l ue s  are c a l c u l a t e d  based on phosphorus cont e nt ,  

which can not  be modeled by any assumption o f  sol  v e n t - i n c o r ­

porat i on r a t i o .  No c o r r e l a t i o n  i s  apparent  between the two
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s e t s  o f  HMPA r e t e n t i o n  r e s u l t s  or t he  two s e t s  o f  TMU 

r e t e n t i o n  r e s u l t s .

H/C and 0/C Rat i os  in Residue

Al t hough the d i s s o l u t i o n  mechanism i s  not  known, an 

i n d i c a t i o n  o f  what i s  oc curr i ng  during the process  may be 

given by micro u l t i ma t e  a n a l y s i s  data c or r e c t e d  for  s o l v e n t  

r e t e n t i o n  ( Tabl es  16 and 18 in Appendix B).  However,  t he s e  

r e s u l t s  must be cons i der ed  q u e s t i o n a b l e  because  they are  

based on the same assumpt ions  made t ha t  produced negat i ve  

s o l v e n t  r e t e n t i o n  v a l u e s .  Al s o ,  error  in the e l emental  ana­

l y s e s  may c o n t r i b u t e  to produce anomalous H/C and 0/C r a t i o s  

[ 3 6 ] .  Ca l c u l a t ed  carbon,  hydrogen, and molar H/C c ont e nt s  

o f  t he  dry r e s i d u e s  a s s umi ng  1:1 s o l v e n t  i n c o r p o r a t i o n  

(Table  17 in Appendix B) are wi t h i n  4% o f  t hos e  based on 

phosphorus data (Table 18) whi l e  the two s e t s  o f  oxygen and 

molar 0/C c o n t e n t s  d i f f e r  by l e s s  than 18%. Hydrogen/carbon 

r a t i o s  tend to decrease  as a f un c t i o n  of  t ime from the ave r ­

age i n i t i a l  va l ue  o f  0 . 793 f or  coal  ( the H/C v a l ue s  for the  

t h r e e  g r i n d s  range  from 0 . 7 9 0  t o  0 . 7 9 4 )  f o r  runs a t  320 

degrees  Fahr enhe i t .  For runs us i ng pure TMU at  200 degrees  

Fahr enhe i t ,  H/C va l ue s  o s c i l l a t e  between 0 . 767 and 0 . 792 ,  

the range be i ng below the i n i t i a l  H/C value f or  Ki t tanni ng  

c o a l .  However,  the remaining runs us ing TMU at  room temper­

ature  or a 1:1 mixture  o f  the s o l v e n t s  at  room temperature  

or 200 degrees  Fahrenhe i t  produce H/C va l ues  ranging from
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0. 737 to 0 . 8 4 0 ,  n e i t h e r  c o n s i s t e n t l y  lower nor higher than 

t h a t  o f  c o a l .  S i mi l ar  behavi or  i s  noted for  H/C as a func­

t i o n  o f  ac tual  d i s s o l u t i o n .  Oxygen/carbon r a t i o s  e x h i b i t  no 

apparent  t rend wi th t emperature ,  t ime,  or d i s s o l u t i o n .  No 

c o n c l u s i o n  can be made as to  whet her  or not  t he  s o l u b l e  

products  i n i t i a l l y  have high oxygen c o nt e n t s  as proposed by 

the Union Carbide Corporat ion and c i t e d  by Sears  [ I ] .
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DISCUSSION

Based on the r e s ourc es  a v a i l a b l e  to the aut h o r , the  

f o l l o w i n g  assumpt ions  are made in order to c a l c u l a t e  d i s s o ­

l u t i o n  and r e t e n t i o n  v a l u e s :  i )  drying the coal  a t  100 - 105 

degrees  C e l s i u s  ove r n i ght  removed a l l  of  the water wi thout  

a l t e r i n g  chemical  bonds in the coal  , i i )  the t rue  ash con­

t e n t  o f  the coal  can be determined from the ashi ng method 

performed, i i i )  ace t one  has no e f f e c t  o t her  than to remove 

e x c e s s  s o l v e n t  from the r e s i d u e , i v) whole s o l v e n t  mol ecul es  

are i nc orporat ed i nt o  the r e s i d u e ,  and v) the wei ght  per­

c ent s  o f  n i t r oge n  and phosphorus in the coal  remain cons t ant  

through the d i s s o l u t i o n  proc es s  so t hat  any change in n i t r o ­

gen and phosphorus c o nt e n t  i s  due to i nc or por a t i on  of  TMU 

and/or  HMPA. For runs us ing a mixture  o f  TMU and HMPA, the  

a dd i t i o n a l  assumpt ion o f  a 1:1 r a t i o  of  s o l v e n t  i ncorpora­

t i o n  i n t o  the r e s i due  was adopted a f t e r  not i ng  s i m i l a r  d i s ­

s o l u t i o n  t rends  to t hose  based on elemental  a n a l y s e s .  How­

e ve r ,  the r e s u l t s  based oh t he s e  assumpt ions  were found to 

be i n a c c u r a t e  in d e s c r i b i n g  the coal  d i s s o l u t i o n  p r o c e s s .

Al though the d i s s o l u t i o n  r e s u l t s  appear s a t i s f a c t o r y ,  

the s o l v e n t  r e t e n t i o n  r e s u l t s  i n d i c a t e  t hat  the error  caused 

by one or more o f  t he  f i v e  i n i t i a l  a s s u m p t i o n s  i s  l a r g e  

enough to produce ne ga t i ve  s o l v e n t  r e t e n t i o n  v a l u e s .  Since  

the wei ght  pe r c e nt s  o f  n i t rogen in TMU and HMPA are s i mi l a r
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(24.12% v s .  23.45%, r e s p e c t i v e l y ) ,  d i s s o l u t i o n  c a l c u l a t i o n s  

are v i r t u a l l y  independent  o f  the r a t i o  o f  s o l v e n t s  i n c o r ­

porated i n t o  the res i due  and can be model led by any assump­

t i on  o f  r e t e n t i o n  r a t i o .  Although the phosphorus ana l ys es  

do not  s i g n i f i c a n t l y  a f f e c t  d i s s o l u t i o n  r e s u l t s ,  they are  

e s s e n t i a l  in det ermi ni ng s o l v e n t  r e t e n t i o n . Contrary to the 

f i f t h  a s s u m p t i o n ,  Tsao and L o s i n s k i  [ 3 7 ]  have r e c e n t l y  

observed t ha t  the we i ght  per ce nt  of  n i t r ogen  in the coal  

f l u c t u a t e s  during e x t r a c t i o n  by TMU and HMPA. However,  the  

maximum error  caused by t h i s  assumption wi l l  r e ve r s e  only  

two o f  the t hr ee  n e ga t i ve  r e t e n t i o n  va l ue s :  i f  a l l  of  the  

ni t rogen i n i t i a l l y  in the coal  i s  assumed to be e x t r ac t e d  

bef ore  the run t ime i s  ove r ,  TMU r e t e n t i o n  i s  - 0 . 063  grams 

s o l v e n t  per gram of  m o i s t u r e - f r e e  coal  for  run 28 which had 

the most n e g a t i v e  r e t e n t i o n  va l ue  o f  the three  r u n s . Making 

the f i r s t  t hree  assumpt ions  and the f i f t h  assumption with 

r e s p e c t  to the  phosphorus c o n t e n t  probably c o n t r i b u t e s  l i t ­

t l e  t o  t he  e r r o r  t h a t  produced t he  n e g a t i v e  r e t e n t i o n  

v a l u e s .  Al though experi mental  t echni que  and the i naccuracy  

o f  t he  e l e m e n t a l  a n a l y s e s  c o u l d  a c c o u n t  f o r  some o f  the  

e r r o r , p r e v i o u s  r e s e a r c h  o f  HMPA as a c oa l  s o l v e n t  [ 1 1 ]  

i n d i c a t e s  t ha t  making the f ourth assumption produces  c o n s i d ­

e r a b l e  u n c e r t a i n t y .  I f  f r a g m e n t s  o f  HMPA wi t h  h i g h e r  

phosphorus / n i t rogen r a t i o s  than the whole s o l v e n t  mol ecul e  

are a l s o  i nc or por a t e d ,  TMU r e t e n t i o n  (as  whole and/or
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f r a g me nt  s o l v e n t  m o l e c u l e s )  c o u l d  be c a l c u l a t e d  as non-  

n e gat i ve  f or  a l l  runs .  Examples of  HMPA fragments  s a t i s f y ­

ing t h i s  c o n d i t i o n  have o n e , t wo , or a l l  t hree  amide groups  

c l e aved  (which can occur in the  presence o f  an acid [ 6 ] )  

b e f o r e  i n c o r p o r a t i o n  o f  t he  r e ma i n i n g  f r a g me n t  i n t o  t he  

r e s i d u e .  TMU r e t e n t i o n  would i n c r e a s e ,  HMPA l o s s  would be 

unchanged (assuming fragments  are formed onl y wi th i n c o r ­

p o r a t i o n )  or i n c r e a s e d  ( i f  t he  f r a g m e n t a t i o n  s t e p s  are  

i ndependent  o f  the i nc o r p o r a t i o n  s t e p s ) ,  and t o t a l  r e t e n t i o n  

would i n c r e a s e  or de c r e a s e ,  depending on the c h a r a c t e r i s t i c s  

and amounts  o f  i n c o r p o r a t e d  TMU a n d / o r  HMPA f r a g m e n t s . 

Actual  d i s s o l u t i o n  may be hi gher  or lower than the c a l c u ­

l a t e d  v a l ue s  based on i nc or por a t i on  o f  whole s o l v e n t  

mo l e c u l e s ,  the l owes t  l i m i t  being the apparent  d i s s o l u t i o n  

v a l u e s .  However,  the e l emental  ana l ys es  i n d i c a t e  c o n s i d e r ­

abl e  |re t e n t  ion o f  s o l v e n t  as whole and/ or  fragmented 

mol ec ul e s  which would make actual  d i s s o l u t i o n  higher than 

apparent  d i s s o l u t i o n ,  whatever the c o n s t i t u t i o n  of  the  

i nc orporat ed mo l e c u l e s .

For runs us i ng pure TMU as s o l v e n t ,  adopt i ng the fourth  

and f i f t h  assumpt ions  i s  again expected to account  for  a 

major part  o f  the e r r o r , D i s s o l u t i o n  and r e t e n t i o n  val ues  

would vary depending on ( i )  the f l u c t u a t i o n  of  the ni t rogen  

c o n t e n t  o f  t he  r e s i d u e  d u r i n g  l i q u e f a c t i o n  and ( i i ) t he  

f u n c t i o n a l i t y  o f  TMU f r a g m e n t a t i o n  and r e t e n t i o n  in t he  

r es i due  on t emperat ure ,  t i m e , and d i s s o l u t i o n .  For example.
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i f  TMU a c t s  as an e l e c t r o n  accept or  during l i q u e f a c t i o n ,  

i o n i c  fragments  formed from the decompos i t i on of  the  

r a d i c a l - a n i o n  o f  TMU could be i ncorporat ed i n t o  the r e s i d u e .  

Provi di ng an a l t e r n a t e  source  o f  s o l v e n t  f r a g me nt s , nuc l e o ­

p h i l e s  produced during e x t r a c t i o n  could remove amide ions  

from TMU [ 6 ] .  However , s i n c e  a n a l y t i c a l  t e c h n i q u e s  to  

determine the  presence  of  i ncorporat ed s o l v e n t  fragments  

were not  a v a i l a b l e ,  the s t a t e d  actual  d i s s o l u t i o n  va l ues  are  

taken to be the be s t  r e p r e s e n t a t i o n s  o f  the t rue  v a l ue s .

Rigorous mass ba l ances  can not  be app l i e d  unt i l  the  

c o n s t i t u t i o n s  and amounts o f  d i s s o l v e d  product  and i n c o r ­

porated s o l v e n t  have been e s t a b l i s h e d .  To obt a i n  r e s u l t s  

t ha t  a c c u r a t e l y  de s c r i b e  the l i q u e f a c t i o n  p r o c e s s ,  the error  

caused by making each assumpt ion needs to be a s s e s s e d  so 

m o d i f i c a t i o n s  o f  the assumpt ions  can be made which b e t t e r  

model the p r o c e s s .  Si nce  n e g a t i v e  s o l v e n t  r e t e n t i o n  va l ues  

do not  c o r r e l a t e  wi th t emper at ur e , t i m e , or d i s s o l u t i o n ,  any 

t rends  o f  the magni tude o f  error  wi th t h e s e  v a r i a b l e s  can 

not  be d e t e r m i n e d . Al t hough  commonly a d o p t e d  in c oa l  

conve rs i on  s t u d i e s ,  the f i r s t  assumption made in the  

a n a l y s i s  p r o b a b l y  i s  not  t r u e .  The e r r o r  in making t he  

f i r s t  a s s u m p t i o n  can be e s t i m a t e d  by a n a l y z i n g  by gas  

chromatography the vapor r e l e a s e d  during drying and perform­

ing an e x t e n s i v e  a n a l y s i s  o f  the coal  us ing nuc l e ar  magnet ic  

resonance  ( nmr) , e l e c t r o n  paramagnet ic  resonance  ( e p r ) ,  and 

other  s p e c t r o s c o p i c  t echni ques  during the dryi ng process  to
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determine ( i ) the types  o f  bonds between water and c o a l ,  

( i i )  i f  the water i s  c ompl e t e l y  removed during the drying  

p r o c e s s ,  and ( i i i )  i f  any bonds other  than t hose  i nvo l v i ng  

water removal are a l t e r e d .

Error in the second assumption can be determined with 

l e s s  d i f f i c u l t y  than t ha t  in the ot her  assumpt ions  by s e c u r ­

ing a r e s p o ns i v e  oven capabl e  of  ashing samples according to 

ASTM D3174 (1973)  s tandards  [ 3 8 ] :  m o i s t u r e - f r e e  coal  i s  

heated in a co l d  muf f l e  furnace to 500 degrees  Ce l s i us  in 

one hour and 750 degrees  Ce l s i u s  in two hours ,  f o l l owed by 

heat i ng  to c o n s t a n t  we i ght  at  750 degrees  C e l s i u s .  At t h i s  

heat i ng  r a t e ,  p y r i t e  i s  c ompl e t e l y  o x i d i z e d  and s u l f ur  i s  

e x p e l l e d  be f ore  the c a l c i t e  i s  decomposed.  D i s c u s s i o n s  pro­

moting the s t a n d a r d i z a t i o n  of  the ashing temperature  at  700 

-  750 d e g r e e s  C e l s i u s  f o r  c o a l  have been underway s i n c e  

1978.  Al though higher ash c o n t e n t s  may be recorded and the  

ashi ng t ime would be i n c r e a s e d ,  the l o s s  o f  the v o l a t i l e  

mi ne r a l  c o n s t i t u e n t s  would be r e d u c e d .  Low- t e mpe r a t ur e  

ashi ng  to determine y i e l d s  on a m i n e r a l - m a t t e r - f r e e  (mmf) 

b a s i s  was not  at tempted due to the l a r g e r  error  a n t i c i p a t e d  

in us i ng an oven rather  than an oxygen-plasma as her .  I f  the  

appropr i a t e  equipment for  I ow-temperature ashi ng were a v a i l ­

a b l e ,  d i s s o l u t i o n  va l ues  on a mmf b a s i s  would be higher than 

correspondi ng  va l ues  on an a s h - f r e e  b a s i s  and the  t h e o r e t i ­

cal  maximum conve rs i on  of  100% coul d be achi eved .
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S i n c e  acet one  has been observed to be an i n a c t i v e  coal  

s o l v e n t  [ 2 8 ] ,  e rror  caused by adopt ing the t h i r d  assumption 

i s  e x p e c t e d  t o  be s m a l l .  However,  i t  i s  p o s s i b l e  t h a t  

acetone  wi th the r e s i dua l  TMU and/or  HMPA f ur t he r  e x t r a c t s  

products  during the washing s t e p ,  s i n c e  mi xt ures  o f  s o l v e n t s  

can have enhanced d i s s o l v i n g  power [ 1 1 ,  12,  13 ] .  Error in 

the t h i r d  assumpt ion can be a s s e s s e d  by determi ni ng the com­

ponents  e x t r a c t e d  by var i ous  wash l i q u i d s ,  ana l yz i ng  the  

r e s i d u e  f o r  r e t e n t i o n  o f  wash l i q u i d ,  and compari ng  t he  

y i e l d s  obt a i ned us ing the var i ous  wash l i q u i d s  ( i n c l u d i n g  

none a t  a l l ) .  Before the error  can be e s t i m a t e d , however, 

knowledge o f  the c o a l - s o l v e n t  i n t e r a c t i o n s  i s  required to  

modify the f ourt h and f i f t h  as sumpt i ons ,  so accurat e  y i e l d s  

and r e t e n t i o n  va l ue s  can be c a l c u l a t e d  for  compari son.  Roy 

e t  a l . [ 1 9 ]  a l s o  assumed whol e  s o l v e n t  m o l e c u l e s  to be 

i ncorporat e d  i n t o  the r e s i due  ( t he  fourth assumpt ion)  when 

s t udyi ng  coal  l i q u e f a c t i o n  us i ng DMSO, a pol ar  a pr o t i c  s o l ­

vent  in the  same c l a s s  o f  s o l v e n t s  as TMU and HMPA. The 

f i f t h  assumpt ion was adopted by Ki ebl er  [ 12]  in order to 

c a l c u l a t e  y i e l d s .  However, Pul l en [39]  c i t e d  Whi tehurst  and 

Mi t che l l  who found t ha t  n i t r ogen  in coal  was not  s i g n i f i ­

c a n t l y  reduced during s o l v e n t  e x t r a c t i o n ; in c o n t r a s t ,  Ath^ 

ert on and Kul ik [ 16]  c i t e d  r e s e a r c he r s  at  the Mobil Research 

and Development  Corporat ion who found t ha t  n i t r o g e n - r i c h  

compounds were concent r a t ed  in the coal  during the e ar l y  

s t a g e s  of  s o l v e n t  e x t r a c t i o n  wi th the trend r eve rs i ng  at
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extended l i q u e f a c t i o n  t i m e s . Error in the f ourt h and f i f t h  

assumpt ions  can be determined a f t e r  performing an e x t e n s i v e  

a n a l y s i s  us i ng s p e c t r o s c o p i c  t echni ques  on the c o a l , r e s i ­

dues ,  l i q u i d  product s ,  and model compounds. S i nce  error in 

t he  f o u r t h  a s s u mp t i o n  a l s o  p r o p a g a t e s  t hr ough  t he  f i f t h  

as s umpt i on , s p e c i a l  emphasis  should be placed on understand­

ing the mode o f  s o l v e n t  r e t e n t i o n .

C o n d e n s a t i o n  o f  t h e  c o a l  p r o d u c t s  due t o  c ompe t i ng  

r e a c t i o n s  i s  i n d i c a t e d  by the maximum d i s s o l u t i o n  l i m i t s  o f  

t he  h i gh t e m p e r a t u r e  runs  and by t he  l o we r  d i s s o l u t i o n  

r e s u l t s  obt a i ned when coal  and s o l v e n t  are heated t oge t he r  

to run temperature  rat her  than when the s o l v e n t  i s  preheated  

bef ore  adding c o a l .  Dryden [ 22]  c i t e d  Tebbet t  e t  al . who 

s t a t e d  t h a t  the  e x t r a c t i o n  y i e l d  may pass through a maximum 

during the he at i ng  o f  s o l v e n t  and coal  t o g e t h e r  to run tem­

perature  due to aggr egat i on  or r e s or pt i on  o f  the e x t r a c t .  

Whether or not  t h i s  o c c u r s ,  o p t i mi z a t i o n  o f  heat i ng  c ondi ­

t i o n s  i s  important  because d i f f e r e n c e s  in preheat er  products  

can a f f e c t  a l l  subsequent  r e a c t i o n s  [ 3 9 ] .  S o l v o l y t i c  

c l e a v a g e  i s  probably occurr i ng  in the pr eheat ers  o f  present -  

day d i r e c t  c o nv e r s i o n  p l a n t s  [ 1 5 ] .  Since e x t r a c t  r e s or pt i on  

a l t e r s  the coal  s t r u c t u r e  and can i nvo l ve  s o l v e n t  mol ecul es  

[ 1 4 ] ,  conde ns at i on  r e a c t i o n s  a f f e c t  s o l v e n t  r e t e n t i o n .  

Since d e g r e g a t i o n / r e t r o g r e s s  ion o f  coal  i s  an i r r e v e r s i b l e  

proces s  [ 1 6 ] ,  s o l v e n t  pr e heat i ng  proves to be the  preferred  

p r o c e d u r e  bot h t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  Other
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i n v e s t i g a t o r s  have a l s o  noted the occurrence  o f  repolymer­

i z a t i o n  r e a c t i o n s .  Ki e bl e r  [ 12]  c i t e d  J o s t e s  who observed  

the tendency o f  coal  e x t r a c t s  to repol ymeri ze  when exposed 

to l i g h t .  Although not  e xpe r i me n t a l l y  conf i rmed,  J o s t e s  

proposed t h a t  r epo l yme r i z a t i on  o f  coal  e x t r a c t s  upon c o o l i ng  

does occur;  l a t e r ,  Clarke e t  al . [ 40]  supported the theory  

e x p e r i m e n t a l l y .  Yi e l ds  are then dependent  on the tempera­

t ure  a t  which the  e x t r a c t s  are separated from the r e s i d u e s .  

Pul l en [ 39]  noted t ha t  i n i t i a l  convers i on r e a c t i o n s  proceed 

e q u a l l y  wel l  in hydrogen-  and nonhydrogen-donor s o l v e n t s ,  

i n d i c a t i n g  t h a t  an e x t e r n a l  s o u r c e  o f  hydrogen i s  no t  

i n i t i a l l y  r e qui r e d .  Af t er  observ i ng  decreased y i e l d s  with 

extended r e a c t i o n  t imes  in non-donor s o l v e n t s ,  Neavel [ 41]  

concluded t h a t  recombi nat i on o f  coal  products  i n t o  i n s o l u b l e  

high mol ecul ar  wei ght  subs t anc es  was oc c u r r i n g .  Based on 

Ne a v e Vs  f i n d i n g s ,  Whi tehurst  [ 40]  proposed t h a t  the conden­

s a t i o n  r e a c t i o n s  i n v o l v e d  hydrogen a b s t r a c t i o n  from t h e  

hydroaromat ic  coal  s t r u c t u r e .  Hoffman [ 26]  b e l i e v e d  coal  

conve rs i on  i nvo l ved  a s e r i e s  o f  de po l ymer i zat i on  s t e ps  

f o l l owed by r e p o l yme r i z a t i on  s t e p s .  At a given temperature ,  

e qui l i br i um was b e l i e v e d  to e x i s t  between depol ymer i zat i on  

and r e p o l yme r i z a t i on  p r o c e s s e s .  In t h i s  i n v e s t i g a t i o n  of  

coal  c onve rs i on  by TMU and HMPA, e qui l i br i um does not  appear 

to be a t t a i n e d  wi t hi n 48 hours a t  any xof  the temperatures  

c o n s i d e r e d .



76

The c o n s i d e r a b l e  y i e l d s  obt ai ned a t  t emperatures  too 

low for  e x t e n s i v e  t he r mol y t i c  bond c l e avage  and the depen­

dence o f  y i e l d  on s o l v e n t  type i n d i c a t e  t hat  s o l v o l y s i s  i s  

the major depol yme r i za t i on  mechanism.  However, a d i s s o l u ­

t i on  mechanism based on the  g i ven data and s t a t e d  assump­

t i o n s  can not  be de r i ve d .  I n i t i a l  a c t i v a t i o n  e n e r g i e s  were 

not  eva l ua t ed  due to the l a r g e  error  t ha t  would be i n t r o ­

duced by assuming t ha t  the t rue  i n i t i a l  r e a c t i o n  rate  i s  

t ha t  based on a 10 - 60 minute run.  Shorter  run t imes were 

not at tempted due to the u n c e r t a i n t y  in d i s s o l u t i o n  caused  

by the f i l t r a t i o n  t i me .  The d i f f e r e n c e s  in a b i l i t y  of  TMU 

and HMPA to d i s s o l v e  coal  are e x e mpl i f i e d  by the  d i s s o l u t i o n  

and r e t e n t i o n  r e s u l t s .  Pure HMPA appears to s o l v a t e  coal  

but the apparent  format ion o f  c o l l o i d a l  mat er i a l  prevent s  

the de t er mi nat i on  o f  the magni tude of  s o l v e n t  e f f e c t i v e n e s s .  

Although no mention was made o f  c o l l o i d  f ormat i on,  previous  

i n v e s t i g a t o r s  [ 1 0 ,  11] have noted t hat  HMPA by i t s e l f  i s  a 

poor coal  s o l v e n t .  I t  i s  p o s s i b l e  t hat  s a t u r a t e d  hydrocar­

bons,  i mmi s c i b l e  in HMPA, are produced which prevent  s o l i d -  

l i q u i d  s e pa r a t i o n  by f i l t r a t i o n ,  al though HMPA may a l s o  be 

complexing wi t h ot her  coal  p r o d u c t s . The c o l l o i d a l  material  

i s  apparent l y  d i s pe r s e d  by the presence o f  TMU, which i s  

m i s c i b l e  wi th s a t urat e d  hydrocarbons . TMU by i t s e l f  i s  not  

as e f f e c t i v e  as  a m i x t u r e  o f  TMU and HMPA in d i s s o l v i n g  

coal  . Because o f  c o l l o i d  format ion when us ing pure HMPA as 

s o l v e n t ,  i t  was not  determined i f  the e x t r a c t i o n  y i e l d  us ing
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the s o l v e n t  mixture  i s  g r e a t e r  than or equal  to the sum of  

the y i e l d s  us i ng the pure s o l v e n t s ,  which would i n d i c a t e  

whether or not  TMU and HMPA ac t  i ndependent l y  in s o l v a t i n g  

c o a l .  Other i n v e s t i g a t o r s  have proposed coal  d i s s o l u t i o n  

mechanisms which may be a p p l i c a b l e  to t h i s  p r o c e s s .  Roy e t  

al . [ 19]  b e l i e v e d  s o l v a t i o n  i s  an e l e c t r o s t a t i c  phenomenon 

with "the coulombic f o r c e s  ( i o n - d i p o l e ,  d i p o l e - d i p o l e )  and 

hydrogen bond provi di ng  a major c o n t r i b u t i o n  to the s o l v a ­

t i on  p r o c e s s .  S o l v a t i o n  proceeds  through donor and accept or  

p r o p e r t i e s  in one extreme through the i n t e r me di a t e  d i po l e  

a s s o c i a t i o n  and format ion o f  uns t ab l e  c o o r d i n a t i o n  compounds 

to van der Waal 's  i n t e r a c t i o n " .  Although Atherton and Kulik 

[ 16]  noted t h a t  some coal  r a d i c a l s  probably r e a c t  with the  

s o l v e n t  ( t he  f re e  r adi ca l  c o nc e n t r a t i o n  i s  about  2 x 1019 

f r e e  r a d i c a l s  per gram of  coal  in a high v o l a t i l e  bi tuminous  

coal  [ 4 2 ] ) ,  h e t e r o l y s i s ,  not  homol ys i s ,  i s  most  l i k e l y  the  

primary means by which coal  i s  decomposed in pr oc es s e s  wi th 

t e m p e r a t u r e s  a t  or  be l ow 550 - 700 d e g r e e s  F a h r e n h e i t .  

Since TMU and HMPA s t r o n g l y  s o l v a t e  and then s h i e l d  c a t i o n s  

to a c c e l e r a t e  r e a c t i o n s  i n v o l v i n g  ani ons ,  h e t e r o l y s i s  would 

be encouraged in the s o l v e n t s .  Af t er  o b t a i n i n g  data from 

s t r o n g l y  bas i c  sys tems at  635 degrees  Fahrenhe i t  using a 

hydrogen-donor s o l v e n t  t h a t  coul d not be e xp l a i ned  by the  

radi ca l  chai n mechanism,  Ross and B l e s s i n g  [ 17 ]  sugges ted  

t ha t  the o p e r a t i v e  mechanism of  coal  c onvers i on was i on i c  in 

n a t u r e , i n v o l v i n g  hydride donat i on by the s o l v e n t  fo l l owed
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-by proton t r a n s f e r . Hydrogen could be suppl i e d  by the coal  

i t s e l f  [ 4 3 ] .  The reduct i on mechanism and net  r eac t i on  are

i l l u s t r a t e d  in Figure 16 where coal  -H- and coal -H2 are an 

ani on i c  i n t e r me di a t e  and reduced coal  , r e s p e c t i v e l y .  They

hypot he s i z e  t hat  the major r o l e  o f  hydride donors in coal  

l i q u e f a c t i o n  p r o c e s s e s  i s  t he  r e d u c t i o n  o f  qui  nones  and 

other  ox i da n t s  in coal  to unr e ac t i ve  compounds; the coal  

then l i q u e f i e s  t hermal l y  wi th no hydrogen a d d i t i o n .  In the  

r educt i on o f  a r y l d i azoniurn he xaf l uor ophos phat es ,  TMU was 

used as a source  o f  hydride hydrogen [ 4 4 ] .  Formed from the  

i o n i c  decompos i t i on o f  a r y l d i azoniurn h e x a f l uorophosphate in 

TMU, h i g h l y - r e a c t i v e  aryl  c a t i o n s , Ar+, a b s t r a c t  hydride  

from the s o l v e n t  accordi ng to Figure 17.  The r e s u l t a n t  urea 

carbonium ion i s  b e l i e v e d  to r e a c t  with a PFg .  Jorrt o  y1e l  d 

ppg and f l u o r i n a t e d  TMU. Al t hough i t  i s  p o s s i b l e  t h a t  

hydride t r a n s f e r  occurs  between TMU and coal  , no documented 

e v i d e n c e  was found r e g a r d i n g  HMPA as a h y d r i d e  t r a n s f e r  

agent  or support i ng  the hydride t r a n s f e r  mechanism with the  

sol  vent s  and c o a l .
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Figure 16. Ioni c  mechanism of  coal  r e duc t i on .
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Figure 17. TMU as a hydride t r a n s f e r  a g e n t .
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S i n c e d i s s o l u t i o n  and i n i t i a l  d i s s o l u t i o n  rat e  tend to

i nc r e a s e  wi th i n c r e a s i n g  t emper at ur e , hi gher  d i s s o l u t i o n  

va l ues  and r a t e s  are expect ed at  t emperatures  above those  

examined in t h i s  i n v e s t i g a t i o n .  Kiebl er  [ 12]  c i t e d  Pott  e t  

a l . who found t h a t  maximum y i e l d s  are  o b t a i n e d  when t he  

e x t r a c t i o n  temperature i s  s l i g h t l y  below the decomposi t i on  

temperature  ( d e f i n e d  as t hat  temperature where a rapid evo­

l u t i o n  o f  gas o c c u r s ) of  the r e s i d u e ,  approxi mate ly  700 to
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750 degrees  Fahrenhe i t .  However,  higher r e a c t i o n  tempera­

t ur es  can promote un de s i r ab l e  s i d e  r e a c t i o n s  ( e . g . ,  exces s  

gas and coke p r o d u c t i o n ) , make y i e l d s  much more s e n s i t i v e  to 

ot her  r e a c t i o n  v a r i a b l e s  such as hydrogen o v e r p r e s s u r e , and 

pose equipment  problems.  Whi tehurst  e t  a l . [ 14]  and Pot t  e t  

a l . ,  as c i t e d  by Ki e bl e r  [ 1 2 ] ,  found l i t t l e  advantage in 

us ing r e a c t i o n  t emperatures  above 800 degrees  Fahrenhei t  on 

bi tuminous  c o a l s .  Al s o ,  r e t e n t i o n  r e s u l t s  i n d i c a t e  a l arge  

amount o f  i n t e r a c t i o n  between coal  and s o l v e n t :  r e t e n t i o n  

l e v e l s  i n c r e a s e  wi th i n c r e a s i n g  temperatures  and the i n c o r ­

porat i on o f  s o l v e n t  fragments  i n t o  the r e s i due  i s  i n d i c a t e d .  

Unable to remove i ncorporat ed s o l v e n t  from coal  r e s i d u e s ,  

ot her  i n v e s t i g a t o r s  [ 1 2 ,  16,  23]  have a l s o  noted l arge  quan­

t i t i e s  o f  s o l v e n t  r e t e n t i o n .  Dryden [28]  hypot hes i zed t hat  

the unpaired e l e c t r o n s  o f  n i t r oge n  or oxygen in s p e c i f i c  

s o l v e n t s  form complexes  wi th coal  mo l e c u l e s ,  caus i ng  s o l v e n t  

i n c o r p o r a t i o n .  The s w e l l i n g  o f  coal  has been pos t u l a t e d  

[ 1 6 ]  as  a r e s u l t  o f  t h e  f o r m a t i o n  o f  t h e s e  c o m p l e x e s .  

Although b a s i c  n i t rogen s o l v e n t s  have been found to be o u t ­

s tandi ng in d i s s o l v i n g  c o a l ,  most o f  the i n v e s t i g a t o r s  have 

a l s o  noted t h a t  the c o n s i d e r a b l e  s o l v e n t  l o s s  v i a  i ncorpor­

a t i on  makes t h e i r  use i mpr ac t i ca l  in a commercial  process  

[ 1 6 ] .  Unless  measures can be taken to reduce i r r e v e r s i b l e  

s o l v e n t  i nc or por a t i on  to ac c e pt a b l e  l e v e l s ,  economic t r ade ­

o f f s  w i l l  d i c t a t e  the optimum d i s s o l u t i o n ,  which may be much 

l e s s  than t h e  maximum d i s s o l u t i o n  t h a t  can be o b t a i n e d .
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Th e r e f o r e , the r e t e n t i o n  r e s u l t s  i n d i c a t e  the need f o r : ( i )

a d d i t i o n a l  proces s  modi f i c t i o n  to minimize s o l v e n t  r e t e n t i on  

and ( i i ) ac c e s s  to a n a l y t i c a l  i ns truments  not  a v a i l a b l e  to  

the author to e v a l u a t e  the error  in each assumption made to 

c a l c u l a t e  ac tual  d i s s o l u t i o n  and r e t e n t i o n .

To maximize the proc es s  p o t e n t i a l ,  the f o l l owi ng  

procedures  should be c ons i der ed:

( i )  The a s s u m p t i o n s  made to  c a l c u l a t e  y i e l d s  s h oul d  be 

modi f i ed to b e t t e r  model the l i q u e f a c t i o n  p r o c e s s .  In par­

t i c u l a r ,  the  c o a l - s o l v e n t  i n t e r a c t i o n  needs to be determined 

so ac curat e  y i e l d s  and r e t e n t i o n  va l ues  can be c a l c u l a t e d .  

H i )  Maximum y i e l d s  should be determined.  The number of  

e x t r a c t i o n  s t a g e s  should be maximized s i nc e  complete  e x t r a c ­

t i o n  can never be obt ai ned in a s i n g l e  s t a g e .  To prevent

the e x t r a c t i o n  y i e l d  from pas s i ng  through a maximum due to  

c ondens at i on r e a c t i o n s  during coal  and s o l v e n t  pr e he a t i n g ,  

Dryden [ 2 2 ]  c i t e d  T e b b e t t  e t  a l . who recommended t h a t  a 

Soxh l e t  or c ount e r c ur r e nt  method be used when p o s s i b l e .

( i i i )  So l v e nt  recovery should be maximized.  Condi t i ons

promoting s o l v e n t  l o s s  by fragmentat i on or i ncorporat i on  

i n t o  the r e s i d ue  should be avoided when p o s s i b l e .  So l v e nt /  

r es i due  s e par a t i on  and r es i due  washing t ec hni ques  should be 

thorough and s t andar di z e d .  D i f f e r e n t  wash l i q u i d s  should be 

c o n s i d e r e d .

( i v )  Re s u l t s  us i ng o t her  bi tuminous c o a l s  should be 

c o mp a r e d . I f  v a r i o u s  p a r t i c l e  s i z e s  are  c o n s i d e r e d  to
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observe  p o s s i b l e  m a s s - t r a n s f e r  r e s t r i c t i o n s , a t t e n t i o n  

should be g i ven to minimize a t t r i t i o n .

( v ) I nexpens i ve  s o l v e n t s  bl ended wi th TMU and HMPA have 

been used and should be f ur t he r  e xpl ore d .  Ward has prepared 

l e s s  c o s t l y  s o l v e n t  combi nat i ons  and obt a i ned encouraging  

d i s s o l u t i o n  r e s u l t s  [ 3 7 ] .  A maximum d i s s o l u t i o n  of  55% was 

observed f or  Bakerstown coal  us ing 80% t e t r a l i n ,  10% TMU, 

and 10% HMPA in 10 m i n u t e s  a t  320 d e g r e e s  F a h r e n h e i t .  

Atherton and Kul ik [ 16]  noted t ha t  whenever ba s i c  ni t rogen  

s o l v e n t s  are  used in c o n j u n c t i o n  wi t h  o t h e r  s o l v e n t s  in 

d i s s o l v i n g  c o a l , they d i s p r o p o r t i o n a t e l y  cont ro l  the chemis­

t ry  o f  the p r o c e s s .  Un f o r t u na t e l y ,  c o a l s  have been found to 

s e l e c t i v e l y  absorb the n i t r oge n  bases  [ 1 4 ] .  Ward e t  al .. 

[45]  proposed t h a t  "TMU and HMPA a c t  most i mport ant l y  as 

swel l  i n g / a t t a c k i ng agent s  and t ha t  s o l v a t i o n / s t a b i l i z a t i o n  

o f  product  s p e c i e s  can be done wi th aromat i c / hydroaromat i c  

s o l v e n t s  which,  by t h e ms e l v e s ,  are r e l a t i v e l y  i n a c t i v e  

towards coal  a t  t he s e  c o n d i t i o n s " .
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SUMMARY

I • A 1:1  mixture  o f  TMU and HMPA i s  more e f f e c t i v e  than 

pure TMU in d i s s o l v i n g  Ki t t anni ng  c o a l .  Coal conver ­

s i on to 41% can be achi eved us ing a 1:1 mixture  of  the  

s o l v e n t s  f or  40 minutes  at  320 degrees  Fahrenhe i t .  The 

maximum d i s s o l u t i o n  u s i n g  TMU as s o l v e n t ,  23%, was 

o b s e r v e d  a f t e r  12 hours  a t  320 d e g r e e s  F a h r e n h e i t .  

HMPA as the s o l v e n t  apparent l y  produced a c o l l o i d a l  

s us pens i on t ha t  could not  be i s o l a t e d .

2.  D i s s o l u t i o n  and i n i t i a l  d i s s o l u t i o n  rat e  tend to 

i n c r e a s e  wi th i n c r e a s i n g  run t emperature .

3.  D i s s o l u t i o n  ra t e  i s  f a s t  i n i t i a l l y  but  t ape rs  o f f  when 

conde ns at i on  r e a c t i o n s  begin to dominate.

4 .  Maximum d i s s o l u t i o n  i s  achi eved a t  s hor t e r  t imes  wi th  

i n c r e a s i n g  run t emperat ures .

5.  S o l v e n t  r e t e n t i o n  l e v e l s  i n c r e a s e  with i n c r e a s i n g  run 

t emperat ure .

6.  Su b s t a n t i a l  amounts o f  TMU and HMPA are incorporated  

i n t o  the r e s i d u e ,  probably at  l e a s t  in part  as s o l v e nt  

f r a g me n t s .
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APPENDIX A 

RAW DATA



T«bl« 14. Raw data for TMU runs.

0) O < # 3 Temp
(F)

Run tim e  
(min)

Coal wt
(p)

R esidue  
wt ( g ) %N

Wet R esidue  
XC XH XO

Run
number

TMU 79 60 3. 9925 3. 8361 I. 54 77. 16 5. 12 6. 14 21
TMU 79 60 4. 0029 3. 9016 I. 38 76. 65 5. 42 5. 82 35
TMU 79 720 3. 9850 3. 9068 I. 94 77. 14 5. 20 6. 09 22
TMU 79 2880 3. 9937 3. 8233 I. 54 76. 57 5. 08 5. 73 31
TMU 200 20 4. 0033 3. 7142 2. 24 72. 14 4. 95 39
TMU 200 40 3. 9310 3. 5105 2. 54 71. 55 5. 01 38
TMU 200 60 3. 8833 3. 7674 2. 71 75. 54 5. 31 6. 42 23
TMU 200 720 3. 9705 3. 7172 3. 10 70. 16 5. 21 6. 23 24
TMU 200 2880 4. 0085 3. 4417 2. 68 71. 15 5. 06 6. 51 30
TMU 320 20 3. 9884 3. 7205 3. 40 68. 04 5. 01 6. 57 25
TMU 320 720 4. 0397 3. 6207 3. 93 69. 40 5. 16 6. 66 26
TMU 320 2880 4. 0099 3. 6863 3. 67 70. 75 5. 15 6. 52 32



Table 19. R«w data for TMU+HMPA runs.

S o lv e n t Temp
(F)

Run tim e 
(min)

Coal wt
<g>

R esidue  
wt ( g )

TMU+HMPA 79 79 4. 0060 4. 0187
TMU+HMPA 79 739 4. 0019 3. 9079
TMU+HMPA 79 2880 3 9970 3. 7921
TMU+HMPA 200 20 2. 9938 2. 8289
TMU+HMPA 200 60 4. 0077 3. 7679
TMU+HMPA 200 720 3. 9999 3. 2509
TMU+HMPA 200 2880 3. 9979 3. 9461
TMU+HMPA 320 10 3. 9784 3. 2407
TMU+HMPA 320 20 3. 0139 2. 5219
TMU+HMPA 320 40 3. 9881 3. 2797
TMU+HMPA 320 720 3. 9869 3. 4422

%N
Wet

XC
R esidue  

XH XO XP
Run

number

I. 80 77. 82 9. 23 6. 04 16
I. 69 75. 79 5. OS 6. 14 17
I. 98 76. 33 5. 44 9. 72 0. 67 33
2. 78 74. 43 5. 26 6. 37 19
2. 79 72. 15 9. 36 9. 88 I. 36 27
3. 17 73. 66 5. 67 6 13 0. 77 34
5. 90 67. 40 5. 93 6. 48 3. 08 29
9. 70 64. 93 9. 62 37
5. 12 63. 19 5. 43 6. 75 2. 74 20
6. 11 62. 03 5. 62 36
4. 68 60. 82 5. OO 6. 94 4. 78 28
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APPENDIX B

RAW RESULTS



T«bl» 16. Raw results for TMU runs.

S o lv e n t Temp
(F)

Run tim e 
(min) %N XC

Dry
XH

R esidue
XO H/C OZC

Run
number

TMU 79 60 I. 31 77. 42 5. 07 6. 06 0. 780 0. 059 21
TMU 79 60 I. 31 76. 72 5. 41 5. 80 0. 840 0. 057 35
TMU 79 720 I 31 7 7 .8 6 5. 05 5. 87 0. 773 0. 037 22
TMU 79 2880 1 .31 76. 82 3 .0 3 5. 65 0. 780 0. 055 31
TMU 200 20 I. 25 73. 06 4. 70 0. 767 39
TMU 200 40 I. 23 72. 74 4. 69 0. 768 38
TMU 200 60 I. 31 77. 10 4. 98 5. 94 0. 769 0. 058 23
TMU 200 720 I. 31 71. 73 4. 77 3. 59 0. 792 0. 059 24
TMU 200 2880 I. 31 7 2 .3 9 4. 72 6. 05 0. 777 0. 063 30
TfIU 320 20 I. 31 69. 69 4. 47 5. 84 0. 764 0. 063 23
TMU 320 720 I. 31 71. 70 4. 48 5. 74 0. 744 0. 060 26
TMU 320 2880 I. 31 72. 94 4. 54 5. 69 0. 742 0. 059 32



Table 17 Raw results for TMU+HMPA runs assuming 1:1 solvent incorporation.

S o lv e n t Temp
(F)

Run tim e 
(min) XN XC

TMU+HMPA 79 73 I. 31 78. 33

TMU+HMPA 79 733 I. 31 7 6 .21

TMU+HMPA 79 2880 I. 31 76. 69

TMU+HMPA 200 20 I. 31 76. 43

TMU+HMPA 200 60 I. 31 74. Ol

TMU+HMPA 200 720 I. 31 76. 17

TMU+HMPA 200 2880 1.31 72. 93

TMU+HMPA 320 10 1 .2 3 69. 14

TMU+HMPA 320 20 1.31 66. 74

TMU+HMPA 320 40 I. 23 66. 49

TMU+HMPA 320 720 1 .31 63. 47

Dry R esidue  
XH XO XP H/C OZC

Run
number

3. 12 5. 92 0. 05 0. 777 0. 037 16
5. OO 6. 06 0. 03 0. 782 0. 060 17
5 .3 8 3. 65 0. 16 0. 836 0. 033 33
4 .9 1 6. 03 0. 05 0. 765 0. 039 19
3. Ol 5. 50 0. 05 0. 807 0. 036 27
5. 26 5. 67 0. 16 0. 822 0. 036 34
4. 82 3. 23 0. 05 0. 787 0. 034 29
4. 48 0. 772 37
4. 44 5. 83 0. 03 0. 793 0. 066 20
4. 34 0. 778 36
4. 07 6. 17 0. 05 0. 764 0. 073 28



T«b U  18. Raw results for TMU+HMPA runs based on phosphorus data.

S o lv e n t Temp
(F)

Run tim e  
(m in) %N XC

TMU+HMPA 79 2880 I. 31 76. 52

TMU+HMPA 200 60 I. 31 74. 55

TMU+HMPA 200 720 I. 31 76. 09

TMU+HMPA 200 2880 I. 31 74. 03

TMU+HMPA 320 20 I. 31 67. 73

TMU+HMPA 320 720 I. 31 66. 23

Dry r e s id u e  
XH XO XP HZC OZC

Run
number

5. 38 5. 76 0. 16 0. 839 0. 037 33
5. 02 5. 71 0. 05 0. 803 0. 038 27
5. 25 5. 63 0. 16 0. 823 0. 056 34
4. 83 5. 66 0. 05 0. 777 0. 057 29
4. 45 6 .2 1 0. OS 0. 783 0. 069 20
4. 10 7. 25 0. OS 0. 737 0. 082 28
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APPENDIX C 

EQUATION DERIVATIONS
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DERIVATION OF EQUATION (4)

Ni trogen mass bal ance:

g N in dry res  = g N in wet res  -  g N o f  s o l v e n t  i ncorp.

Assuming t h a t  the wei ght  percent  o f  n i t r ogen  in the coal  

remains c o n s t a n t  through the d i s s o l u t i o n  proces s  so that  any 

change in n i t r ogen  c o nt e n t  i s  due to i nc or por a t i on  of  TMU, 

then

9 N in dry r e s i due  = ( g N/g coal  H g  dry res i due )

I f  X i s  de f i ne d  as the grams o f  a c t u a l l y  d i s s o l v e d  coal  pro­

duct  per gram o f  coal  , then

9 dry r e s i due  = (I  - X) (g c o a l )

Si nce

9 N in wet r e s i due  = (g wet r e s ) ( g N/g wet res)

and, assuming whole s o l v e n t  mol ec ul e s  are i nc or por a t e d ,

g N in s o l v e n t  i ncorporat ed =

(g wet re s i due  - g dry r e s i d u e ) (g N/g s o l v e n t )  =

[ g  wet  r e s i due  - (I - XMg c o a l ) ]  (g N/g s o l v e nt )

then a l l  terms in the n i t rogen balance can be s u b s t i t u t e d  to 

g i ve :



9 9
(g N/g c o a l ) ( I - X) ( g c o a l )  =

(g wet r e s i d u e ) ( g N/g wet res i due )  - 

[ g wet r e s i due  - (I - X) ( g c o a l ) ]  ( g N/g s o l v e nt )

So l v i ng  f or  X g i v e s :

(g wet r e s ) ( g N/g s o l v e n t  - g N/g wet r e s )
X = I - --------------------------- ------------------------------- - ................

(g c o a l ) ( g N/g s o l v e n t  -  g N/g c o a l )

Thus, the equat i on for  g dry r e s i due  becomes:

g dry r e s i due  = (I - X) (g c o a l )  =

( g N/g s o l v e n t  - g N/g wet res i due )
g wet r e s i due  x --------------------------------------------------------------

(g N/g s o l v e n t  -  g N/g c o a l )
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DERIVATION OF EQUATION (5)

Phosphorus mass bal ance:

9 P o f  s o l v e n t  i n c o r p . = g P in wet res  - g P in dry res

Si nce  TMU c o n t a i n s  no phosphorus , a l l  i nc orporat ed P i s  from 

HMPA. Assuming t ha t  the wei ght  percent  of  phosphorus in the  

coal  remains c o n s t a n t  through the d i s s o l u t i o n  process  so 

t h a t  any change in phosphorus c o nt e n t  i s  due to i ncorpora­

t i o n  o f  HMPA, then

g P in dry r e s i due  = (g P/g c o a l ) ( g dry r e s i due )

Assuming whole s o l v e n t  mo l e c u l e s  are i nc or por a t e d ,  then

. g P in s o l v e n t  i nc orporat ed = (g HMPA i nc or p . ) ( g P/g HMPA)

S u b s t i t u t i n g  t h e s e  equat i ons  i n t o  the phosphorus balance  

g i v e s :

g HMPA i ncorporat ed = ( g HMPA/g P) x

[ ( g P/g wet r e s ) ( g wet res )  -  (g P/g c o a l ) ( g dry r e s ) ]

Ni trogen mass bal ance :

g N in s o l v e n t  i ncorp.  = g N in wet res  - g N in dry res

Assuming t h a t  the wei ght  percent  o f  n i t r ogen  in the coal  

remains c o n s t a n t  through the d i s s o l u t i o n  proces s  so t hat  any 

change in n i t r oge n  c ont e nt  i s  due to i nc or por a t i on  of  TMU
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and/ or  HMPA, then

g N in dry r e s i due  = ( g N/g c o a l ) ( g dry res i due )

Assuming whole s o l v e n t  mo l e c u l e s  are i nc or por a t e d ,  then

g N in s o l v e n t  i nc orp .  =

( g N/g TMU) ( g TMU) + (g N/g HMPAHg HMPA)

S u b s t i t u t i n g  t he s e  equat i ons  i n t o  the n i t r oge n  balance  

g i v e s :

g TMU i nc orporat ed = (g TMU/g N) x

C(g N/g wet res )  ( g wet res )  - ( g N/g coal  H g  dry res )

 ̂ ( g  N/g HMPAHg HMPA)]

S u b s t i t u t i n g  the (g HMPA) term with the e x p r e s s i o n  der i ved  

from the phosphorus mass bal ance  g i v e s :

g TMU i nc orporat e d  = (g TMU/g N) x

{ ( g N/g wet  r e s ) ( g wet res )  - . ( g N/g c o a l ) ( g dry res)  - 

(g N/g HMPA)( g HMPA/g P) [ ( g P/g wet r e s ) ( g wet res )  - 

(g P/g c o a l ) ( g dry r e s ) ] }

Overal l  mass bal ance:

g dry r e s i due  = g wet re s i due  - g TMU - g HMPA

S u b s t i t u t i n g  the f i n a l  equat i ons  der ived from the phosphorus  

and n i t r oge n  mass ba l ances  g i v e s :
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g dry r e s i d ue  = g wet r e s i due  x

(g N/g wet res )  (g N/g HMPA) (g P/g wet res)
[ I -------------------------------- + ( ----------------------------- ! ) ( - - - ...................................) ] /

(g N/g TMU) ( g  N / g  TMU) (g P/g HMPA)

(9 N/g c o a l ) (g N/g HMPA) (g P/g c o a l )
[ I -------------------------- + ( ............ ..........................I M ............... - ............... ) ]

( g N/g TMU) (g N/g TMU) (g P/g HMPA)
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