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Abs t rac t  

I n  a t tempt ing  t o  g a i n  i n s i g h t  i n t o  the r e a c t i o n s  involved i n  c o a l  l i q u e f a c t i o n  
and t h e i r  r e l a t i o n s h i p  t o  c o a l  s t r u c t u r e ,  an approach has  been adopted in which 
c o a l s  a r e  r e a c t e d  o n l y  wi th  hydrogen g a s  in t h e  presence  oE an impregnated 
molybdenum c a t a l y s t .  
c h a r a c t e r i z e d  i n  terms of t h e  y i e l d s  of l i g h t  g a s e s  and chloroform-soluble  e x t r a c t s .  
The composi t ion of t h e  l a t t e r  h a s  been examined by a number of a n a l y t i c a l  
techniques.  The e x t e n t  of conversion h a s  been measured a s  a f u n c t i o n  of t ime and 
temperature .  Unlike l i q u e f a c t i o n  in a s o l v e n t  medium, conversion i n c r e a s e s  
p r o g r e s s i v e l y  wi th  r e a c t i o n  t i m e .  Cons is ten t  wi th  o t h e r  r e s e a r c h ,  t h e  molybdenum 
should be p r e s e n t  i n  t h e  s u l f i d e d  form f o r  high a c t i v i t y .  
unext rac ted  c o a l  samples  were examined by r e f l e c t e d  f l u o r e s c e n t  l i g h t  microscopy. 
The v i t r i n i t e  f l u o r e s c e n c e  was  found t o  c o r r e l a t e  wi th  the  y i e l d  of 
chloroform-soluble  e x t r a c t  and, e s s e n t i a l l y ,  t o  o r i g i n a t e  from t h e s e  m a t e r i a l s .  
This microscopic  technique  provided a d i r e c t  v i s u a l  observa t ion  of t h e  chemical  
changes t a k i n g  p l a c e  w i t h i n  t h e  c o a l  s t r u c t u r e .  

The products  from r e a c t i o n  a t  400°C and lower have been 

Following r e a c t i o n ,  

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

Ear ly  p r o p o s i t i o n s  concern ing  t h e  s t r u c t u r e  of have formed t h e  b a s i s  
f o r  the  development of a concept  i n  which c o a l  is considered as a three-dimensional  
macromolecular network c o n t a i n i n g  lower molecular  weight s p e c i e s  ( t h e  s - c a l l e d  
mobile phase)  accommodated i n  open, c losed  o r  p a r t i a l l y  closed  pore^.^-^ We have 
i n i t i a t e d  r e s e a r c h  t o  i n v e s t i g a t e  t h i s  concept  and have adopted an approach used by 

5 o t h e r  workers in c o a l  l i q u e f a c t i o n  s t u d i e s .  To avoid compl ica t ions  i n  d a t a  
i n t e r p r e t a t i o n  only  d r y  c o a l ,  hydrogen and c a t a l y s t  were changed t o  t h e  r e a c t o r .  

In t h e  p r e s e n t  r e s e a r c h ,  c o a l  samples have been impregnated wi th  molybdenum 
sal ts  and r e a c t e d  in t u b i n g  bombs a t  t empera tures  up t o  4OO0C, t h e  o b j e c t i v e  be ing  
t o  a t tempt  t o  conver t  t h e  macromolecular s t r u c t u r e  i n t o  a s o l u b l e  form whi le  
minimizing condensa t ion  and c r a c k i n g  r e a c t i o n s .  

Experimental 

C a t a l y t i c  Hydrogenat ion 

Samples of a h i g h - v i t r i n i t e  hvAb c o a l  from t h e  Lower K i t t a n n i n g  seam were 
obtained undried as lumps 12 mm top s i z e  from t h e  Penn S t a t e  Coal Sample Bank 
(PSOC-1266). P r o p e r t i e s  of t h e  c o a l  a r e  shown i n  Table  1. The c o a l  was crushed in 
a glove box under oxygen-free n i t r o g e n  t o  0.8 mm top  s i z e  and a number of 
approximately 20 g r e p r e s e n t a t i v e  s p l i t s  were s e a l e d  in v i a l s  wi thout  drying.  

The procedure f o r  c a t a l y s t  impregnat ion was t o  mix a sample of c o a l  wi th  the  
q u a n t i t y  of ammonium heptamolybdate ,  (NH ) Mo 0 4H 0 (suppl ied  by c o u r t e s y  o f  t h e  
Climax Molybdenum Co. ) necessary  t o  give4tf?e ~e~$;ed2molybdenum loading ,  and 
s u f f i c i e n t  de ionized  water  t o  form a t h i c k  s l u r r y .  
min a t  room tempera ture  and t h e  excess  water  was then removed i n  a vacuum d e s i c c a t o r  
overnight .  

The mixture  was s t i r r e d  f o r  30 
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For some exper iments ,  t h e  ammonium molybdate s o l u t i o n  was f i rs t  conver ted  t o  

one of ammonium t e t r a th iomolybda te  by bubbl ing  through H S a t  room tempera ture .  
Impregnation wi th  t h i s  s a l t  should l ead  d i r e c t l y  60 t h e  $ormation of XoS which i s  
cons idered  t o  be the  a c t i v e  form of the  c a t a l y s t .  2 

Hydrogenations were c a r r i e d  ou t  i n  tub ing  bomb r e a c t o r s .  The gaseous  products  
were analyzed by gas  chromatography t o  de te rmine  the  y i e l d s  of CO,  CO 
hydrocarbons.  
i n t o  chloroform-soluble and ch oroform-insoluble f r a c t i o n s .  The procedure has  been 
desc r ibed  i n  d e t a i l  e l sewhere .  

and C1-C4 , 

The nongaseous r e a c t i o n  products  were sepa ra t ed  by S o x i l e t  e x t r a c t i o n  

3 
Fluorescence  Microscopy 

Samples of hydrogenated unext rac ted  c o a l s ,  t he  chloroform-soluble e x t r a c t s  and 
ch loroform-insoluble  r e s i d u e s  were examined us ing  s p e c t r a l  f l uo rescence  photometry. 
D e t a i l s  of t h e  sample p repa ra t ion  and the  exper imenta l  arrangement have been 
desc r ibed .  

Resu l t s  and Discuss ion  

a 

Product Y ie lds  

The y i e l d s  of gaseous  and ch loroform-soluble  p roduc t s  from d ry  c a t a l y t i c  
hydrogenation a t  d i f f e r e n t  tempera tures  a r e  summarized i n  Table  2. 
ch loroform-soluble  e x t r a c t  from the  unreac ted  c o a l  was 2.0% dmmf. The mass ba lances  
were obta ined  from t h e  d i f f e r e n c e s  between the  combined y i e l d  of gas  and l i q u i d s ,  
c a l c u l a t e d  from the  weight o f  i n s o l u b l e  r e s i d u e ,  and the  sum of the  g a s  and e x t r a c t  
y i e l d s  determined exper imenta l ly .  In cons ide r ing  the  i n s o l u b l e  r e s idue  i t  was 
assumed t h a t  t h e  molybdate s a l t  had been conver ted  t o  Moo3 a l though some of t he  
molybdenum probably exists as MoS .9 
t h i s  assumption i s  less than  1%. 'As t he  e x t r a c t  y i e l d  i n c r e a s e s  s o  does the  mass 
ba lance  d e f i c i t ,  sugges t ing  t h a t ,  a t  h igh  e x t r a c t  y i e l d s ,  p ropor t iona te ly  more 
low-boiling l i q u i d s  a r e  produced by r e a c t i o n  and l o s t  du r ing  product work-up. 

The y i e l d  of 

The p o t e n t i a l  e r r o r  i n  convers ion  a r i s i n g  from 

I n  a l l  cases  the  gas  y i e l d s  were low, the  maximum t o t a l  be ing  2.38% dmmf coa l .  
Carbon d iox ide  was de t ec t ed  i n  a l l  r e a c t i o n s  and i t s  y i e l d  inc reased  wi th  r eac t ion  
temperature.  
hydrocarbons were not  de t ec t ed .  
i n v e s t i g a t e d ,  t he re  w a s  a sha rp  i n c r e a s e  i n  e x t r a c t  y i e l d ,  which was accompanied by 
a change i n  c o a l  p a r t i c l e  morphology; t he  p a r t i c l e s  l o s t  t h e i r  o r i g i n a l  shape and 
tended t o  form s t i c k y  agglomerates.  

The e x t r a  t s  were cha rac t e r i zed  by e l emen ta l  a n a l y s i s ,  h igh  r e s o l u t i o n  mass 
spec t romet ry ,  'H n.m.r. and Four i e r  Transform I n f r a r e d  Spectroscopy. Reac t ion  i n  
the  presence  of c a t a l y s t  produced a h ighe r  concent ra ion  of mono-aromatic phenols 
than would o therwise  be produced, sugges t ing  t h a t  one of  the  c a t a l y s t  func t ions  
involves  e t h e r  cleavage. In  g e n e r a l ,  however, no  major composi t iona l  changes were 
observed a s  the  y i e l d  increased  from 2.0 t o  over  30% of  dmmf coa l .  Th i s  i s  n o t  t o  
s t a t e  t h a t  t he  products  a r e  s i m i l a r  a t  a l l  l e v e l s  of convers ion  o r  t h a t  impor tan t  
changes are no t  occur r ing .  A s  more of the c o a l  i s  conver ted  t o  s o l u b l e  form. 
composi t iona l  d i f f e r e n c e s  i n  success ive  convers ion  increments  w i l l  be d i f f i c u l t  t o  
d e t e c t  because of the  weight ing  e f f e c t  of the  m a t e r i a l  which has  a l r eady  been 
conver ted  t o  s o l u b l e  form. 

Methane w a s  on ly  found i n  d e t e c t a b l e  q u a n t i t i e s  a t  40OoC; h ighe r  
Above about 350°C, under the  cond i t ions  

The e x t r a c t  y i e l d s  obta ined  us ing  t h e  ammonium hept fEolybdate  s a l t  a r e  
s u b s t a n t i a l l y  lower than  those  r epor t ed  i n  e a r l i e r  work. One of the  more l i k e l y  
r easons  f o r  t h i s  behavior  is t h a t  on ly  a f r a c t i o n  of Mo i s  conver ted  t o  MoS by 
r e a c t i o n  with s u l f u r  i n  the  coa l .  
ammonium t e t r a th iomolybda te  was employed a s  the  c a t a l y s t  p recu r so r .  The product 

To ensure  complete s u l f i d i n g  of t he  metat .  
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y i e l d s  obta ined  from d r y  hydrogenat ion  a t  (rOO°C w i t h  1% Mo loading  a r e  summarized i n  
Table  3 f o r  r e a c t i o n  a t  d i f f e r e n t  t i m e s .  

A comparison o f  t h e  r e s u l t s  ob ta ined  a f t e r  60 min a t  4OO0C, Tables  2 and 3 ,  
shows the much g r e a t e r  e f f e c t i v e n e s s  o f  i n t r o d u c i n g  Mo a s  ammonium 
te t ra th iomolybdate ;  t h e  e x t r a c t  y i e l d  was increased  by about 70% whi le  t h e  Mo 
loading  was  reduced from 5 t o  1%. In o t h e r  experiments  it has been found t h a t  t h e  
a d d i t i o n  of a small q u a n t i t y  of CS 
w a s  equal ly  as e f f e c t i v e  as l o a d i n g  w i t h  t h e  t h i o - s a l t .  

t o  c o a l  impregnated wi th  ammonium heptamolybdate 2 

It can be seen  from Table  3 t h a t  a h i g h  p r o p o r t i o n  of c o a l  can be converted t o  
s o l u b l e  form, wi th  low a t t e n d a n t  gas  make, by r e a c t i o n  wi th  an a c t i v e  d i s p e r s e d  
c a t a l y s t  under c o n d i t i o n s  of much lower s e v e r i t y  than  normally used in l i q u e f a c t i o n  
systems. Conversion i n c r e a s e s  p r o g r e s s i v e l y  with t ime, u n l i k e  so lvent  l i q u e f a c t i o n  
which is u s u a l l y  c h a r a c t e r i z e d  by two regimes;  an i n i t i a l  r a p i d  convers ion  of p a r t  
of t h e  c o a l  fol lowed by a much s lower  conversion r a t e .  The mechanism of 
l i q u e f a c t i o n  by d r y  c a t a l y t i c  hydrogenat ion  is n o t  a t  a11 c l e a r  a l though presumably 
t h e  l i b e r a t e d  l i q u i d s  p lay  an i n t e g r a l  r o l e  in the  conversion of the  remaining c o a l .  

Fluorescence Microscopy 

A s  t h e  temperature  of c a t a l y t i c  hydrogenat ion  was r a i s e d ,  t h e r e  was a n  i n c r e a s e  
in t h e  maximum f l u o r e s c e n c e  i n t e n s i t y  (Irna 
c o a l s .  
F igure  1. 
chloroform-solubles  sugges ts  t h a t  t h e  i n c r e a s e  in f luorescence  is d i r e c t l y  r e l a t e d  
t o  t h e  l i b e r a t i o n  of e x t r a c t a b l e  l i q u i d s ,  which presumably occurs  through breakdown 
of t h e  macromolecular s t r u c t u r e  oE t h e  coa l .  A f t e r  removal of t h e  
chloroform-solubles ,  t h e  r e s i d u e  e x h i b i t e d  only  a low l e v e l  of f luorescence .  

of t h e  v i t r i n i t e  i n  the  unext rac ted  
T h i s  i n t e n s i t y  change c l o s e l y  p a r a ' f l e l s  t h e  i n c r e a s e  i n  e x t r a c t  y i e l d ,  

The c l o s e  correspondence between Imax and t h e  y i e l d  of 

The f luorescence  s p e c t r a  f o r  t h e  hydrogenated v i t r i n i t e s ,  normalized t o  a peak 
i n t e n s i t y  of loo%, show 8 red s h i f t  i n  the  wavelength a t  peak i n t e n s i t y ,  A 
t h e  runs between 350-400 C ,  a s  shown i n  F igure  2. 
i n c r e a s e  in t h e  c o n c e n t r a t i o n  of condensed aromat ics  i n  t h e  e x t r a c t a b l e  l i q u i d s .  

, f o r  
The s h i f t  may c o r r e s p o n t a f o  an 

The f luorescence  s p e c t r a  of t h e  hexane-soluble  (oil) and hexane-insoluble  
( a s p h a l t e n e )  f r a c t i o n s  of the  e x t r a c t  ob ta ined  a t  4OO0C were found t o  be q u i t e  
d i f f e r e n t .  The peak f l u o r e s c e n c e  i n t e n s i t y  of t h e  oil f r a c t i o n  occured a t  about 550 
nm whereas t h a t  f o r  t h e  a s p h a l t e n e  f r a c t i o n  w a s  g r e a t e r  than 700 nm. These 
d i f f e r e n c e s  sugges t  t h a t  t h e  r e d - s h i f t  observed in Amax f o r  t h e  s p e c t r a  of the  whole 
e x t r a c t s  on going from 350-450°C may be  due t o  an i n c r e a s e  i n  a s p h a l t e n e  
c o n c e n t r a t i o n .  

Summary and Conclusions 

D r y  c a t a l y t i c  hydrogenat ion of c o a l ,  us ing  an impregnated Mo c a t a l y s t ,  has  been 
found t o  cons iderably  i n c r e a s e  t h e  y i e l d  of chloroform-soluble  e x t r a c t  a t  
temperatures  of 400°C and l e s s .  
s u l f i d e  form. 
shown t h a t  t h e  i n t e n s i t y  of v i t r i n i t e  f l u o r e s c e n c e  i n c r e a s e s  i n  a p a r a l l e l  manner 
w i t h  e x t r a c t  y ie ld .  In t h e  c o n t e x t  of the  mobile phase-network concept of c o a l  
s t r u c t u r e ,  i t  is cons idered  t h a t ,  a t  h i g h  y i e l d s ,  a cons iderable  p r o p o r t i o n  of the  
chloroform-solubles  is der ived  from t h e  breakdown of t h e  macromolecular s t r u c t u r e .  
The enhanced f luorescence  would cor respond t o  t h e  l i b e r a t i o n  of s m a l l e r  molecular  
f ragments  from a hiRhly c ross - l inked  network. 

For  h i g h  a c t i v i t y  the  ?io should be p r e s e n t  i n  
Examination of t h e  hydrogenated c o a l s  by f luorescence  microscopy has  
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TABLE 1 

COAL PROPERTIES 

Seam 
County 
State 
Province 

ASTM rank class 

Moisture content % wt (a.r.) 
Mineral matter % wt dry coal 

Elemental Composition % dmrnf 

C 
H 
0** 
N 
S 

Sulfur Forms % Dry Coal 

Organic 
Sulfate 
Pyritic 

Maceral Group Analysis % Vol. 

Vi t r ini t e 
Lip t ini te 
Inert init e 

r 

** Determined by low-temperature ashing 

By difference 
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PSOC-1266 

L. Kittanning 
Mahoning 
Ohio 
Eastern 

hvAb 

3.4 
6.1 

83.2 
5.0 
8.6 
2 . 1  
1.3 

0.51 
0.02 
0.87 

9 1  
3 
6 



TABLE 2 

PRODUCT YIELDS FROM DRY CATALYTIC HYDROGENATION 
(5% Ha as ammonium heptamolybdate. 1 h, 7 %a 

cold H2 pressure) 

Yields ( X  vt  dmmf coal) 
Reaction Temperature CHC13-soluble1 Yass Balance 

Cas extract Gas+Ex t rac E- ('C) - 
250 COX 0.39 1.5 1.8 100.1 

C1-Ca -- 

300 

350 

COX ,0.52 2.3 
cl-c -- 4 

cox 0.52 8.6 

C1-C4 -- 

5.3 

13.0 

97.5 

96.1 

I/ 
I/ 

400 COX 2.03 31.6 
C1-C4 0.35 

66.5 a7.6 

'De [ermined directly 
'Calculated from CHCl -insoluble residue 3 

'CABLE 3 

PRODUCT YIELDS FROM DRY CATALYTIC HYDROGLUTION 
(1% 30 as ammonium tetrathiomolybdate, 

400'C. 7 XPa cold H2 pressure) 

Yields ( %  w t  d m f  coal) 
Reaction Time CHC13-solublel , !?ass Balance 

Gas' extract Gas+Extract- % - (ruin) 

5 cox 0.11 7.3 4 . 8  102.6 

C1-Cq 0.02 

15 COX 0.31 23.4 

Cl-Cg 0.72 

30 cox 0.81 35.6 
cl-c4 0.78 

60 COX 0.32 53.9 

cl-c4 0.80 

'De [ermined directly 
'Calculated from CHCl -insoluble residue 3 

24.0 

35.8 

60.3 

99.6 

98.8 

94.7 
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Figure 1. Correspondence between yield of chloroform-soluble extract and maximum fluorescence intensity of 
vitrinitc. 

350°C 
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-- -_- /' 
'I I I I I 1 

Wovelcnpth (nm) 

Figure 2 .  Fluorescence speccra of unucracted conla after dry catalytic 
hydrogenation. 
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