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Abstract  

Following e a r l i e r  work, s t u d i e s  have been continued i n  examining t h e  ghysical  
and chemical changes which occur i n  c o a l s  fol lowing low-temperature (( 400 C) 
c a t a l y t i c  hydrogenation. Reactions were conducted with a s e r i e s  of c o a l s  ranging i n  
rank from subbituminous t o  low v o l a t i l e  bituminous and using a d i spe r sed  Mo c a t a l y s t  
i n  t h e  absence of solvent .  With progressive hydrogenation, the  y i e l d  of e x t r a c t a b l e  
l i q u i d s  s u b s t a n t i a l l y  increased f o r  a l l  coa l  samples except the low v o l a t i l e  
bituminous coal. 
Low-temperature hydrogenation was a l s o  found t o  negate  the  adverse e f f e c t s  of a i r  
ox ida t ion  on coal  f l u i d  behavior. 

There were corresponding inc reases  i n  t h e  c o a l  f l u i d  p rope r t i e s .  

Although hydrogenation improved coa l  f l u i d i t y ,  i t  e s s e n t i a l l y  e r a d i c a t e d  any 
swel l ing proper t ies  of the  parent  coal .  Experiments using blends of hydrogenated 
c o a l s  and hydrogenated c o a l  e x t r a c t s  w i th  parent  c o a l s  showed t h a t  d i l a t a t i o n  could 
be g r e a t l y  improved f o r  a bituminous coa l  by the  add i t ion  of hydrogenated bituminous 
coal  ex t rac t .  No o t h e r  blends exh ib i t ed  swe l l ing  propert ies .  I t  i s  suggested t h a t  
the phenomenon of swel l ing is  due t o  a p a r t i c u l a r  chemical i n t e r a c t i o n  between the  
mobile l i q u i d s  (indigenous o r  extraneous)  and t h e  chemical s t r u c t u r e  of t h e  coa l  
macromolecular network. 

In t roduc t ion  

It has  been known f o r  s e v e r a l  decades t h a t  hea t ing  c e r t a i n  c o a l s ,  a t  or near  
t h e i r  so f t en ing  p o i n t ,  may r e s u l t  i n  a s e v e r a l  fo ld  inc rease  i n  the  content  of 
e x t r a c t a b l e  l i q u i d s  (1-8). Furthermore, i t  has  been demonstrated t h a t  t h e  f l u i d  
p rope r t i e s  of the parent  coa ls  c o r r e l a t e  with the  y i e l d  of e x t r a c t a b l e  l i q u i d s  from 
the  hea t  t rea ted  coa ls  (most o f t e n  when chloroform w a s  used a s  t h e  e x t r a c t i n g  
so lvent )  and t h a t  both of these  c h a r a c t e r i s t i c s  passes  through a maximum i n  coa ls  
between 85 t o  88% carbon content  (5,6.9,10).  

The e f f e c t  of t h e  low molecular weight, hydrogen-rich, chloroform-soluble 
ma te r i a l  on t h e  p l a s t i c  behavior of coa l  has been explained by t h e  hypothesis  t h a t  
the development of p l a s t i c i t y  i s  a t r a n s i e n t ,  i n - s i t u ,  hydrogen-donor process  (11).  
These l i g h t e r  molecular weight substances not only play an e s s e n t i a l  r o l e  i n  
p l a s t i c i t y  development, but a l s o  a r e  i n f l u e n t i a l  i n  c o a l  l i q u e f a c t i o n  (12.13).  

A decrease i n  t h e  y ie ld  of e x t r a c t s  (14) and a s i g n i f i c a n t  decrease i n  p l a s t i c  
p rope r t i e s  (14,15) can be e f f e c t e d  by mild oxidation. 
suggested t h a t  the inco rpora t ion  of r e a c t i v e  oxygen groups ( a s  phenol ic ,  a c i d i c ,  or 
k e t o l i c  oxygen) may a c t  a8  the  agen t s  r e spons ib l e  f o r  the  formation of 
cross- l inkages during the  hea t ing  of t h e  coa l ,  l ead ing  t o  an o v e r a l l  reduct ion i n  
the i n t e r n a l  mob i l i t y  of the  coa l  molecules. Conversely, hydrogenation of oxidized 
or h igh  oxygen content  coa ls  can r e s u l t  i n  t h e  development of p l a s t i c  p r o p e r t i e s  
(17-19). 

Ignasiak e t  a l .  (16)  have 

I n  e a r l i e r  reported r e sea rch  (13.20).  which waa d i r e c t e d  towards d e r i v i n g  c o a l  
s t r u c t u r a l  information through l o r s e v e r i t y  c a t a l y t i c  coal  l i q u e f a c t i o n  i n  the 



absence of s o l v e n t ,  it was found t h a t ,  a s  the y i e l d  of e x t r a c t a b l e  l i q u i d s  
inc reased ,  t h e  coa ls  became p rogres s ive ly  more f l u i d .  Fu r the r  i n v e s t i g a t i o n s  have 
s i n c e  been made of t h e  r e l a t i o n s h i p  between t h e  c a t a l y t i c a l l y  generated l i q u i d s  and 
c o a l  f l u i d  p r o p e r t i e s  for a series of coa ls  of d i f f e r e n t  rank. The f ind ings  a r e  
presented i n  t h i s  paper. 

Experimental 

1) Coal P r o p e r t i e s  and P repa ra t ion  

The coa ls  s tud ied  were obtained from the Pennsylvania S t a t e  Coal Sample Bank 
and were se l ec t ed  t o  cover  a range of rank from subbituminous t o  low v o l a t i l e  
bituminous; each con ta in ing  ove r  80% v i t r i n i t e .  P r o p e r t i e s  of t h e  c o a l s  a r e  shown 
i n  Table 1. 

The coa ls  were ground t o  -20 mesh under cond i t ions  t o  minimize ox ida t ion  and 
were subsequently s t o r e d  under n i t rogen  and used without drying. 
hydrogenation experiments, t h e  coa ls  were impregnated wi th  1% u t  (dmmf) Mo by 
s l u r r y i n g  with an aqueous s o l u t i o n  of ammonium tetrathiomolybdate .  Af t e r  s lur ry ing ,  
t h e  excess  water  was removed by drying under vacuum below 100°C. 

For c a t a l y t i c  

A h igh f l u i d i t y  c o a l  (PSOC-1296) was chosen f o r  s t u d i e s  t o  examine t h e  e f f e c t s  
The coal  was oxidized under mild cond i t ions  by of oxidat ion on p l a s t i c  proper t ies .  

passing a i r  through a bed of t h e  f i n e l y  ground coal  (-40 mesh) a t  50°C f o r  four  
days. 

2) C a t a l y t i c  Hydrogenation 

Hydrogenation r e a c t i o n s  were conducted i n  tubing bomb r e a c t o r s  under an i n i t i a l  
(co ld)  hydrogen p res su re  of 7 MPa and a t  temperatures between 250 and 4OO0C f o r  
t imes of 5 t o  60 min. 
measurement and gas  chromatographic ana lys i s .  

The y i e l d s  of l i g h t  gases  were determined by volumetric 

I n  some cases .  t h e  r eac t ed  coa ls  were e x t r a c t e d  i n  chloroform, using a Soxhlet 
apparatus ,  t o  ob ta in  a p a r t i t i o n  i n t o  so luble  e x t r a c t  and residue.  More d e t a i l e d  
desc r ip t ions  of t h e  experimental  procedures have been reported (13,20,21). 

3) Analy t i ca l  

The f l u i d  p r o p e r t i e s  of coa ls .  hydrogenated coa ls  and blends of c o a l s  with coal  
e x t r a c t s  were s tud ied  using a n  automated Giese l e r  plastometer ,  fol lowing the  ASTM 
standard procedure (22) and a pressure microdilatometer. The l a t t e r  was operated 
a t  a heat ing r a t e  of 20 C min-' from ambient under 0.1 MPa of ni t rogen.  

Resul ts  and Discussion 

d 

The y i e l d s  of g a s e s  and chloroform-soluble e x t r a c t  obtained upon c a t a l y t i c  
hydrogenation of. the  c o a l s  f o r  60 min a t  350 and 4OO0C a r e  given i n  Table 2. 
Reaction a t  350°C caused a s i g n i f i c a n t  i nc rease  i n  t h e  y i e l d s  of c h l o r o f o m s o l u b l e  
e x t r a c t  over t h a t  obtained from the parent  c o a l ,  the  g r e a t e s t  response being 
obtained with the  subbituminous coa l ,  PSOC-1403. T h i s  obse rva t ion  i s  cons is ten t  
w i th  reported d a t a  showing t h a t ,  under these  r e a c t i o n  condi t ions ,  low-rank coa ls  
were more r e a c t i v e  than  bituminous coa ls  (13). A t  4OO0C, high e x t r a c t  y i e l d s  were 
obtained with a l l  of t h e  c o a l s  except the low v o l a t i l e  bituminous coa l ,  PSOC-1325. 
It is supposed t h a t  t h e  s t r u c t u r e  of a c o a l  a t  t h i s  s t a g e  of metamorphism contains  
such h igh  p ropor t ion  of s t r o n g  covalent  bonds t h a t  i t  i s  d i f f i c u l t  t o  break down 
i n t o  lower molecular weight spec ies ,  even i n  t h e  presence of an a c t i v e  c a t a l y s t .  
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Mild oxida t ive  treatment of t h e  hvA bituminous coa l ,  PSOC-1296, reduced the 
y i e l d  of e x t r a c t a b l e  l i q u i d s ,  a commonly observed phenomenon. However, t h e  
subsequent c a t a l y t i c  hydrogenation of t h i s  coal  appeared t o  have more than 
counteracted t h e  e f f e c t s  of oxidation. 

The r e s u l t s  of G i e s e l e r  plastometer measurements on c a t a l y t i c a l l y  hydrogenated 
and unextracted c o a l s  a r e  shown i n  F igures  I ( a )  - (c) .  The e f f e c t  of r e a c t i o n  t i m e  
on t h e  f l u i d i t y  of an  hvA c o a l  can be seen i n  Figure l ( a ) .  
t i m e  a t  4OO0C, which corresponds t o  a progress ive  i n c r e a s e  i n  t h e  conten t  of 
e x t r a c t a b l e  l i q u i d s ,  t h e  c o a l  sof ten ing  temperature was lowered and t h e  maximum 
f l u i d i t y  was increased. For t i n e s  longer  than  15 min, t h e  maximum f l u i d i t y  exceeded 
t h e  measurable range of t h e  instrument.  
introduced f l u i d  behavior t o  subbituminous c o a l s  which, i n  t h e i r  paren t  s t a t e ,  
produced no response i n  t h e  G i e s e l e r  plastometer,  Figure I(b) .  

With i n c r e a s i n g  r e a c t i o n  

S i m i l a r l y ,  r e a c t i o n  for 60 min a t  4OO0C 

I n  p a r a l l e l  wi th  t h e  measured e f f e c t s  of ox ida t ion  of t h e  hvA bituminous coal  
i n  lowering the  y i e l d  of chloroform-extractable l i q u i d s ,  t h e  f l u i d  p r o p e r t i e s  were 
a l s o  suppressed, Figure l ( c ) .  C a t a l y t i c  hydrogenation of t h e  oxidized coa l  was 
ins t rumenta l  i n  increas ing  t h e  f l u i d i t y  above t h a t  of the  o r i g i n a l  coal .  

The development of f l u i d i t y  i n  these  c o a l s ,  a s  measured by the  G i e s e l e r  
plastometer,  is not  t o  be confused wi th  t h e  swel l ing  behavior shown by coking coals .  
Examination of the  t r e a t e d  c o a l s  i n  the  microdilatometer showed t h a t ,  c o n s i s t e n t  
wi th  t h e  G i e s e l e r  measurements, t h e  c o a l  s o f t e n i n g  temperature had been reduced. 
However, a l l  of t h e  samples underwent a volume c o n t r a c t i o n  with i n c r e a s i n g  
temperature,  even those which had exhib i ted  a n e t  volume expansion or d i l a t a t i o n  
p r i o r  t o  treatment.  These r e s u l t s  were i n t e r p r e t e d  t o  mean t h a t  the  c a t a l y t i c  
hydrogenation had increased  t h e  c o a l  f l u i d i t y  t o  such an ex ten t  t h a t ,  i n  t h e  melted 
s t a t e ,  t h e  v i s c o s i t y  was so reduced t h a t  v o l a t i l e  pyro lys i s  products could f r e e l y  
escape without causing t h e  c o a l  t o  swel l .  
t h a t ,  upon becoming f l u i d ,  t h e  d e n s i t y  of t h e  coa l  sample had increased. 

I n  e f f e c t ,  t h e  volume c o n t r a c t i o n  meant 

A number of experiments were then  conducted, us ing  a bituminous and a 
subbituminous c o a l  (PSOC-1266 and PSOC-1403, respec t ive ly)  t o  determine whether 
blending t h e  hydrogenated products wi th  unt rea ted  c o a l s  could inf luence  swel l ing  
behavior. 
t h e  concent ra t ion  of t h e  former was increased up t o  50% u t  d i d  n o t  apprec iab ly  
inf luence  t h e  swel l ing  behavior of e i t h e r  c o a l ,  al though, f o r  t h e  bituminous coa l ,  
t h e r e  was a s teady  reduct ion  i n  s o f t e n i n g  temperature wi th  increas ing  concent ra t ion  
of the  t r e a t e d  coal .  

Mixtures of unextracted hydrogenated c o a l s  wi th  t h e  parent  c o a l ,  i n  which 

Blending t h e  e x t r a c t  from the  hydrogenated bituminous c o a l  w i t h  t h e  parent  coal  
had a dramatic e f f e c t  upon swel l ing  p r o p e r t i e s ,  Table 3. This  e f f e c t  was not  found 
with any o t h e r  combination of the  parent  bituminous or subbituminous c o a l  wi th  
e i t h e r  e x t r a c t  from the  hydrogenated coa ls ,  a l though blending d i d  reduce the  i n i t i a l  
sof ten ing  temperature and increase  t h e  volume cont rac t ion  i n  each case. 

It i s  assumed t h a t  t h e  e x t r a c t s  from t h e  hydrogenated c o a l s  and i n  p a r t i c u l a r  
t h e  bituminous c o a l  w i l l  conta in  a reasonable propor t ion  of hydroaromatic 
s t ruc tures .  The presence of H-donor compounds is thought t o  enhance t h e  p l a s t i c  
behavior of c o a l s  (11). 
swel l ing  is a t t r i b u t a b l e  t o  a p a r t i c u l a r  combination of (poss ib ly)  H-donor 
p r o p e r t i e s  of t h e  mobile l i q u i d s  w i t h i n  c o a l s  (and added l i q u i d s  such a s  t h e  e x t r a c t  
from the  hydrogenated bituminous c o a l )  t o g e t h e r  w i t h  t h e  s t r u c t u r a l  conf igura t ion  of 
t h e  c o a l  macromolecular network. 

The r e s u l t s  presented here  suggest t h a t  t h e  phenomenon of 
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TABLE 3 

DILATOMETRIC PARAMETERS FOR MIXTURES OF BITUMINOUS COAL (PSOC 1266)  
WITH THE CHLOROFORM-SOLUBLE EXTRACT OF THE HYDROGENATED COAL 

wt% hydrogenated extract in 
mixture 

0 5 10 

Softening temperature, "C 4 35 410 395 

Temperature of maximum 
contraction, OC 

Temperature of maximum 
expansion, ,OC 

477 460 450 

500 487 480 

500 Resolidification temperature, OC --- --- 
% maximum volume* contraction 21 24 21 

x maximum volume* expansion (net) 23 52 129 

% volume expansion* on 
resolidification (net) 

* 
measured relative to original coal volume 

117 

20 

367 

435 

485 

495 

26 

349 

349 



Fluidity Change with Progressive 
Catalytic Hydrogenation (4000C) 

. .  

230 290 350 410 470 
Temperature OC 

la) 
Coal: PSOC-1266, hvA 

Fluidity of Subbituminous Coals Catalytically Hydrogenated 
at 400% (Parent coals have no fluidity.) 

+ 

I 

1 
220 280 340 400 460 

Temperature OC 
(b) 

Eflects of Mild Oxidation and Subsequent Catalytic 
Hydrogenation on Coal Fluidity 

1 
250 312 375 437 500 

Temperature OC 
Coal: PSOC-1296, hVA 

(C) 

Figure 1.GIESELER PLASTOMETRY MEASUREMENTS OF HYDROGENATED 
AND PARENT COALS 
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