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INTRODUCTION 

The e f f e c t  o f  c a t a l y s t s  on t h e  donor s o l v e n t  hydrogenat ion  o f  A u s t r a l i a n  coa ls ,  
b o t h  brown and b l a c k ,  have been i n v e s t i g a t e d  by a number o f  workers ( 1 - 5 ) .  
However, these s t u d i e s  have c o n c e n t r a t e d  m a i n l y  on o b t a i n i n g  convers ion ,  o i l  y i e l d ,  
aspha l tene and preaspha l tene d a t a ,  r a t h e r  t h a n  emphasis ing chemical  s t r u c t u r a l  
a n a l y s i s  o f  t h e  r e s u l t a n t  p roduc ts .  To s o l e l y  use the  fo rement ioned c r i t e r i a  as a 
b a s i s  f o r  c a t a l y s t  e v a l u a t i o n  can and may be m i s l e a d i n g ,  as the  p r o d u c t  q u a l i t y  i s  
an unknown parameter,  which can g i v e  much i n s i g h t  i n t o  b o t h  t h e  e f f e c t i v e n e s s  and 
mechanism o f  c a t a l y s i s .  

The paper r e p o r t s  a s t u d y  comparing t h e  e f f e c t s  o f  a s i n g l e  c a t a l y s t ,  Co/Mo, on 
two A u s t r a l i a n  c o a l s  o f  d i f f e r e n t  r a n k  a t  t h e i r  uncata lyzed o p t i m a l  o i l  y i e l d  
temperatures (4)(8)(9) under donor s o l v e n t  c o n d i t i o n s .  I t  was cons idered more 
a p p r o p r i a t e  t o  compare the  produc ts  f rom t h e  two c o a l s  a t  t h e i r  r e s p e c t i v e  o p t i m a l  
o i l  y i e l d  temperatures r a t h e r  than a t  the  same temperature.  The former accounts 
and compensates f o r  d i f f e r i n g  thermal  r e a c t i v i t i e s  w i t h  rank, thereby  a l l o w i n g  a 
d i r e c t  comparison o f  p r o d u c t  q u a l i t i e s  t o  be made. 

The c o a l s  used f o r  t h e  s t u d y  were a V i c t o r i a n  brown c o a l ,  LY1277, f rom t h e  Loy 
Yang 
from t h e  L i d d e l l  F i e l d .  
p o t e n t i a l .  They were r e a c t e d  a t  375°C and 425°C r e s p e c t i v e l y ,  i n  ba tch  au toc laves  
u s i n g  a s o l v e n t  ( t e t r a l i n )  c o a l  r a t i o  o f  2:1, a c a t a l y s t  c o n c e n t r a t i o n  o f  10% w/w 
cclal and were r e a c t e d  f o r  2 hours a t  tempera ture .  

The t o t a l  l i q u i d  p r o d u c t  (TLP) ( d e f i n e d  as CHZC12 s o l u b l e s )  was f r a c t i o n a t e d  by a 
s e p a r a t i o n  method ( 6 )  designed s p e c i f i c a l l y  t o  separa te  by f u n c t i o n a l i t y  i n t o  
c h e m i c a l l y  d e f i n e d  c lasses  viz. a c i d s ,  bases and n e u t r a l s .  Th is  method u t i l i z e s  a 
sequence o f  ion-exchange r e s i n s  and s i l i c a  a d s o r p t i o n  chromatography. 
of  t h e  method i s  t h a t  i t  does n o t  remove t h e  donor s o l v e n t  u n t i l  a l l  t h e  p o l a r  
m a t e r i a l  i s  absent,  hence a l l e v i a t i n g  t h e  r i s k  o f  thermal  a l t e r a t i o n  o f  the  samples 
as may occur  w i t h  an i n i t i a l  d i s s o l u t i o n  s t e p .  
c l a s s  s e p a r a t i o n .  

The TLP, r e s i d u e s  and t h e  r e s u l t i n g  f r a c t i o n s  have been i n v e s t i g a t e d  by a number o f  
a n a l y t i c a l  and s p e c t r o s c o p i c  methods i n  an a t t e m p t  t o  use chemical  a n a l y s i s  as a 
probe f o r  i n v e s t i g a t i n g  t h e  e f f e c t i v e n e s s ,  mode o f  a c t i o n ,  and s t r u c t u r a l  
dependence o f  the c a t a l y s t .  
component c lasses  t h e  m a j o r i t y  o f  the  da ta  r e p o r t e d  here  concerns m a i n l y  t h e  TLP 
and r e s i d u e .  

F i e l d ,  a med ium- l igh t  l i t h o t y p e ,  and a N.S.W. h i g h  v o l a t i l e  b i tuminous  c o a l  
They were chosen because of  t h e i r  known l i q u e f a c t i o n  

A f e a t u r e  

The method i s  v e r y  e f f e c t i v e  i n  

A l though t h e  TLP has been f r a c t i o n a t e d  i n t o  i t s  

RESULTS AND D I S C U S S I O N  

The e f f e c t  o f  the  Co/Mo c a t a l y s t  on the two c o a l s ,  as judged b y  normal l i q u e f a c t i o n  
c r i t e r i a  i s  shown i n  Table 1. I n  b o t h  cases convers ion  inc reased w i t h  c a t a l y s i s ,  
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however the o i l  y ie lds  f o r  the catalyzed (C) Liddell r u n  was lower than f o r  the  
uncatalyzed (UC), run, the converse of the Loy Yang case.  
uncatalyzed Liddell r u n  was much better than f o r  both the Loy Yang runs, with the 
catalyzed Liddel run being only s l i g h t l y  lower i n  y ie ld  than the  catalyzed LOY Yang 
run. 
to  62% f o r  the uncatalyzed run, and 75% and 60% f o r  the catalyzed and uncatalyzed 
Loy Yang runs respec t ive ly .  
exhib i t  d i f fe ren t  l iquefac t ion  behaviour. 
markedly increases conversion, but decreases o i l  y i e l d .  The  increased conversion 
i s  a t  the  expense of increased H20 production and g a s i f i c a t i o n .  The gases being 
predominantly hydrocarbons. 
Primarily increases o i l  y i e l d  and/or conversion, o r  a c t u a l l y  upgrades the products, 
the r a t i o  of the H20 and gases t o  o i l  y ie ld  must be taken. Clear ly  the r a t i o  of 
H20/oil y ie ld  a n d  gas /o i l  y ie ld  i s  very s i m i l a r  for  the  Loy Yang runs (Table 11, 
while i t  i s  markedly d i f f e r e n t  between the two Liddell runs. 
t h a t  i n  the Loy Yang runs the c a t a l y s t  i s  not removing heteroatoms o r  upgrading 
the product, b u t  ra ther  in te rac t ing  only with the  coal and a s s i s t i n g  i t s  
d i sso lu t ion .  However i n  the Liddell case the marked increase in the two r a t i o s  
ind ica tes  both cleavage of a lkyl  s ide  chains and heteroatom removal ( i . e .  the  
product i s  being a f fec ted  by the c a t a l y s t ) .  

Elemental analysis  (Table 2) gives credence t o  these i n i t i a l  conclusions with H / C  
and O / C  ra t ios  being marginally higher f o r  the uncatalyzed Loy Yang o i l  than the 
catalyzed o i l ,  but s t i l l  very s i m i l a r .  Whereas, the Liddell runs show the 
converse viz., increased H / C  and much decreased O / C  f o r  the catalyzed compared t o  
the uncatalyzed o i l .  
of the LY1277 o i l s  t o  be very s imi la r  ( s i m i l a r  percentages of  the various a c i d i c ,  
basic  and neutral  mater ia l s ) .  This adds f u r t h e r  t o  the hypothesis t h a t  the 
c a t a l y s t  i s  primarily increasing the y ie ld  of product ra ther  than upgrading i t .  
I f  the c a t a l y s t  had acted on the  o i l  i t  would not be unreasonable to  expect 
differences in the composition of the o i l s .  This i s  indeed shown with the 
Liddell o i l s ,  where the uncatalyzed o i l  has 75% of i t s  mater ia l  as  acids  and bases 
(25% and 50% respec t ive ly) ,  whereas in the catalyzed o i l  over 75% of the mater ia l  
i s  neut ra l ,  with l e s s  than 16% being basic .  I t  i s  observed t h a t  near ly  70% of the 
o i l  e x i s t s  as nonpolar neut ra l s  which a re  predominantly a l i p h a t i c  and aromatic 
hydrocarbons ( 7 ) ,  whereas in  the uncatalyzed o i l  t h i s  f rac t ion  represents  only 
14%. This i s  i n  marked cont ras t  t o  the LY1277 o i l s  where t h e i r  respect ive 
percentages of nonpolar neut ra l s  i s  very s i m i l a r ,  as  i s  the  percentage of polar  
neut ra l s .  Obviously t h i s  data  shows qui te  markedly t h a t  f o r  the Liddell o i l s  the 
c a t a l y s t  i s  act ing not only on the coal b u t  a l s o  on the r e s u l t a n t  product, 
upgrading i t  via loss  of f u n c t i o n a l i t i e s  t o  produce hydrocarbon neutral  mater ia l .  
This data reaff i rms the t rends shown by H20/oil y i e l d  and gas/oi l  y ie ld  r a t i o s .  

Spectroscopic and molecular weight data f u r t h e r  confirms these t rends .  
comparison of IR spectra  (Figs .  1,  21, using semi-quant i ta t ive methods reveals  only 
a minor decrease i n  the  -OH absorption f o r  the catalyzed LY1277 o i l ,  whi l s t  there  
i s  a marked reduction in the same absorption in  the catalyzed Liddell o i l .  This i s  
reinforced by the analogous reduction in the H The 
a romat ic i t ies  as determined by I 3 C  nmr (Fig.  3YHof both catalyzed o i l s  increased 
marginally over t h e i r  uncatalyzed counterpar t s ,  with both the  Liddell o i l s  being 
much more aromatic than the LY1277 o i l s .  

'H nmr has shown there  t o  be a reduction in  the amount of aromatic protons (Har) 
for  the  catalyzed compared t o  the uncatalyzed LY1277 o i l ,  the  converse occurred for  
the Liddell o i l s  (Table 4 ) .  Similar ly ,  the percentage of methylene protons (Ho) 
and hence average s ide  chain length increased f o r  the catalyzed LY1277 o i l  compared 
t o  the uncatalyzed o i l ,  whereas there  was a marked reduction in  both f o r  the 
catalyzed Liddell o i l .  This i s  not surpr i s ing  considering the high y ie ld  of 

The o i l  y i e l d  for  the 

On a conversion basis  the catalyzed Liddell run gave 92% conversion compared 

Hence, on an o i l  yield/conversion basis  the  coals  
Cata ly t ic  l iquefac t ion  of Liddell 

To determine the e f f e c t  of c a t a l y s t ,  a s  t o  whether i t  

These data ind ica te  

Data on the o i l s  (Table 3 )  shows the composition ( %  w / w  o i l )  

A 

a s  shown by ' H  nmr. 
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hydrocarbon gases from t h e  l a t t e r ,  most probably formed from s ide  chain cleavage. 
This view i s  fu r the r  subs tan t ia ted  by the  increase in the percentage of protons or 
carbons a t o  aromatic r ings  ( H u )  compared t o  the  uncatalyzed Liddell o i l .  However, 
w i t h  the catalyzed LY1277 o i l  t he re  i s  a marked reduction in the percentage of Ha. 
This observation and the  increase in 110 suggests t h a t  the ca t a lys t  may be operating 
in  e i t h e r  of two ways: ( a )  
cleavage a n d  hence r ing  opening of naphthenic r ings  in the  coal s t r u c t u r e .  
more l i ke ly  the l a t t e r  i s  occurring as the  former was n o t  observed f o r  the  Liddell 
o i l ,  which a l so  contains aromatic r i n g s ,  and the  s t ruc tu re  of brown coal i s  
suggested as having a l a rge  pimoportion of naphthenic r ings  a n d  arene systems (10) .  
This,mode of ac t ion  of the  c a t a l y s t  i s  more cons is ten t  w i t h  the o ther  d a t a ,  
suggesting i t  i s  operating on the decomposition a n d  d i sso lu t ion  of the coal ra ther  
t h a n  upgrading the o i l .  Modified Brown-Ladner equations (11) showed the LY1277 o i l s  
t o  both have a s imi l a r  degree of s u b s t i t u t i o n ,  whereas the Liddell o i l s  were much 
lower in value with the catalyzed o i l  being subs t an t i a l ly  lower t h a n  t h a t  f o r  the 
uncatalyzed o i l .  This trend i s  a l s o  shown by the Har/Car r a t i o ,  from b o t h  the  
modified Brown-Ladner method and d i r e c t l y  from ' H  and 1 3 C  nmr, ( c f .  Table 4 )  where 
the degree of condensation i s  much reduced f o r  the uncatalyzed compared t o  the  
catalyzed Liddell o i l ,  which i n  t u r n  i s  s imi l a r  in value t o  the  LY1277 o i l s  

This i s  suggestive of the catalyzed Liddell o i l  having a smaller average ring s i z e  
a n d  hence molecular weight t h a n  the o ther  o i l s .  Molecular weight d a t a  proves t h i s  
t o  be the case,  with the catalyzed Liddell  o i l  having a MW l e s s  t h a n  half  t h a t  of 
the uncatalyzed o i l  (169 a n d  379 r e spec t ive ly ) .  The l a t t e r  i s  s l i g h t l y  l e s s  t h a n  
t ha t  found fo r  the  LY1277 o i l s  which in  turn have s imi l a r  MIIs ( 4 9 8  fo r  the 
uncatalyzed a n d  512 f o r  the catalyzed o i l ) .  

The semi-quantitative IR data agrees very well with t h a t  from ' H  nmr. 
C-H bending region in the IR increases  only marginally fo r  the catalyzed Loy Yang 
o i l  (F ig .  1)  b u t  i s  markedly increased fo r  the catalyzed Liddell o i l  (Fig.  2 ) .  
The differences in the  r e l a t i v e  amounts  of -OH s t r e t ch ings  are  a l so  reaffirmed by 
the amount of -C-0- IR spec t ra l  i n t e n s i t y ,  with the Liddell o i l s  being l e s s  than 
the LY1277 o i l s ,  a n d  the catalyzed Liddell o i l  being markedly reduced in the  
amount  of -C-0- s t r e t ch ing  while the LY1277 i s  only marginally reduced. Similarly 
the I3C nmr a l so  agreed with the  ' t i  nmr d a t a ,  ind ica t ing  t h a t  the Cali ha t i c /  
Caromatic r a t i o  decreases qui te  markedly between the LY1277 a n d  Liddely o i l s  
(Fig.  31, b u t  only s l i g h t l y  between the  uncatalyzed and catalyzed o i l  from the same 
coa l .  

I R  inves t iga t ions  of the res idues  revealed t h a t  the contribution of a l ipha t i c  -CH2- ,  
-CH3 bending regions were g rea t e r  in  the  catalyzed than in the uncatalyzed res idues .  
CP-MASS 1 3 C  nmr of LY1277 catalyzed res idue  (Fig.  4 )  showed i t  t o  have a lower 
aromaticity than the uncatalyzed res idue ,  b u t  s t i l l  higher t h a n  the parent coal.  
For the Liddell case ,  hower, b o t h  res idues  had  the same aromaticity which again 
were higher t h a n  the parent coa l .  The  d a t a  fromthe LY1277 residues ind ica tes  t h a t  
the c a t a l y s t ,  may in f a c t  be hydrogenating aromatic r ings  whi l s t  dissolving the 
coa l .  Why th i s  occurs only f o r  LY1277 and n o t  for  Liddell may be due t o  t he  
s e l e c t i v i t y  of the c a t a l y s t ,  displaying s t ruc tu ra l  dependence fo r  the chemically 
very d i f f e ren t  s t a r t i n g  ma te r i a l s .  The r e s u l t  i s  surpr i s ing  considering the 
previous d a t a  on the  o i l s  and the  s imi l a r  a romat i c i t i e s ,  b u t  n o t  i f  the d i f f e r ing  
s t ruc tu res  of the  two coals a r e  taken i n t o  account. 

Pyrolysis-Gas Chromatography of the res idues  a n d  the parent coals reaffirms 
previous observations t h a t  the  c a t a l y s t  does a l t e r  the  organic s t ruc tu re  of the 
res idues .  
Liddell residue, while they a re  present in the uncatalyzed residue. 
with the marked increase in hydrocarbon gas production in the former. 
Pyrograms o f  the Loy Yang res idues ,  although d i f f e r ing  in some components between 

hydrogenating aromatic rings or ( b )  enhancing the 
I t  i s  

The aromatic 

A m a i n  observation i s  the l o s s  of  the alkane/alkenes in the catalyzed 
This agrees 

The 
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unca ta l yzed  and c a t a l y z e d  res idues ,  a r e  n o t  d i s s i m i l a r ,  d i f f e r i n g  m a i n l y  i n  
r e l a t i v e  q u a n t i t i e s  o f  components. 

Th is  paper has at tempted t o  show t h a t  t h e r e  are d e f i n i t e  advantages and 
disadvantages assoc ia ted  w i t h  t h e  c a t a l y t i c / n o n  c a t a l y t i c  l i q u e f a c t i o n  behaviour  
o f  coa ls  Possessing a wide v a r i a t i o n  i n  rank .  
t o  o n l y  i nc rease  t h e  o i l  y i e l d / c o n v e r s i o n  f o r  Loy Yang c o a l ,  markedly  upgraded t h e  
p roduc t  from L i d d e l l  coa l  - the reby  i n d i c a t i n g  a q u i t e  d i f f e r e n t  mode o f  a c t i o n  
( r e f l e c t i n g  a s t r u c t u r a l  dependence) i n  each case. 
O f  a c t i o n  and r e a c t i v i t y  o f  t he  c a t a l y s t  may be temperature dependent (as  the  o i l s  
were produced a t  two d i f f e r e n t  temperatures)  cannot  be ove r looked .  
purpose o f  t h i s  paper t o  i n v e s t i g a t e  such a p o s s i b l e  phenomena. 
show, and i t  c l e a r l y  has, t h e  problems t h a t  may a r i s e  i n  p roduc t  q u a l i t y  and 
upgrading i f  the o n l y  c r i t e r i a  f o r  l i q u e f a c t i o n  are o i l  y i e l d  and convers ion based. 

The use o f  c a t a l y s t ,  w h i l e  appear ing 1 
The p o s s i b i l i t y  t h a t  t he  mode 

Rather  i t  was t o  

! 
I t  was n o t  t h e  
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TABLE 1: PRODUCT DISTRIBUTION 

I 

i 

60.30 45.92 6.52 40.72 6.84 0.14 0.15 

74.63 55.89 8.02 25.37 10.37 0.14 0.19 

LY1277 
(uncat . )  
LY1277 
(ca t . )  

Liddell 62.22 59.57 1.48 37.78 1.17 0.03 0.02 (uncat . )  
Liddell 91.75 54.71 8.25 8.25 29.53 0.15 0.54 ( c a t . )  

A - g/100 g OAF c o a l  
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TABLE 2: ELEMENTAL ANALYSES 

Sample C H O* N S H / C  O / C  N / C  ASH 
(DAF) 

LY1277 
L i d d e l l  

T o t a l  O;!c 

LY1277 
(unca t .  ) 
LY1277 
( c a t . )  
L i  d d e l l  
( unca t  . ) 
L i d d e l l  
( c a t . )  

Residues 

LY1277 
(unca t . )  
LY1277 
( c a t . )  
L i d d e l l  
( unca t  .) 
L i d d e l l  
( c a t . )  

65.66 4.48 31.34 0.80 0.20 0.819 0.358 0.010 ~ 1 . 0  
80.1 5.9 10.90 2.03 1.0 0.883 0.102 0.022 28.1 

81.72 7.49 9.79 1.00 - 1.10 0.089 0.010 

85.08 6.85 7.83 0.24 - 0.966 0.069 0.002 

87.80 6.15 3.94 2.11 - 0.841 0.033 0.021 

90.71 6.53 1.53 1.23 - 0.863 0.013 0.015 

80.13 4.98 16.93 1.05 - 0.746 0.159 0.011 3.0 

69.66 4.95 24.51 0.889 - 0.853 0.264 0.011 17.9 

82.73 4.85 9.97 2.45 - 0.704 0.090 0.025 25.6 

63.18 4.64 29.38 2.81 - 0.881 0.349 0.038 72.6 

*By d i f f e r e n c e  

TABLE 3: CHEMICAL CLASS COMPOSITION OF TOTAL LIQUID PRODUCT ( w / w  % o f  o i l )  

LY1277 L i d d e l l  
Fraction* Uncata lyzed Cata lyzed Uncata lyzed Cata lyzed 

A 1  22.09 23.51 11.63 1.69 
A2 0.86 0.68 2.72 1.91 
A3 1.03 1.36 2.48 0.42 
A4 6.72 5.62 2.48 0.84 
A5 1.55 1.19 0.01 2.12 
A6 1.38 1.87 2.72 1.06 
B1 2.80 4.77 2.97 0.21 
82 9.00 9.03 50.50 15.25 
TN 54.50 51.97 24.49 76.50 

N PN 31.07 34.76 14.45 69.84 
P N 23.43 17.21 10.04 6.66 

A s e r i e s  - a c i d i c  f r a c t i o n s  f r o m  r e s i n s  
B s e r i e s  - bas ic  f r a c t i o n s  f rom r e s i n s  
TN = T o t a l  n e u t r a l s ,  i .e . ,  NPN + PN: NPN = Nonpolar n e u t r a l s ;  
PR = P o l a r  n e u t r a l s .  
*See Ref. 6. 
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FIG. 1 I.R. SPECTRA ff LY1277 PM, ITS LIWEFACTION PRCDUCTS 
-- 

FIG, 2 I . R .  SPECrKk W L I D U E l l  AND ITS LI(wU'ACT1oN PRODUCTS -__- 
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FIG. 3 25.0 FWr 13C N% CF TOTAL LlQJlD P W C T S  
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FIG. 4 SULlD STATE 13C NIR ff CMLS AND T l f l R  LIGKJCFAflICN RESIDUES 
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