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The r e l a t i o n s h i p  of  c o a l  l i q u e f a c t i o n  behavior t o  coa l  s t r u c t u r e  has  been a 
s u b j e c t  of  s tudy f o r  s e v e r a l  years ,  p a r t i c u l a r l y  wi th  respec t  t o  l o s s  of c o a l  oxygen 
(1) .  
of i ts product s o l u b i l i t y  i n  a p a r t i c u l a r  so lvent  such as pyridine.  benzene. or  
te t rahydrofuran .  
t o  l iquefac t ion .  def ined i n  terms of product s o l u b i l i t y .  is t h a t  a v a r i e t y  of  
f a c t o r s  cont r ibu te  t o  t h e  product ' s  o v e r a l l  s o l u b i l i t y  i n  a given so lvent  

T r a d i t i o n a l l y ,  t h e  l i q u e f a c t i o n  behavior of  a c o a l  has  been def ined i n  terms 

However. an. inherent  complicat ion i n  t r y i n g  t o  r e l a t e  r e a c t i v i t y  

The chemical na ture  of t h e  product. i.e.. t h e  sum of  i t s  aromat ic i ty .  
heteroatom content .  and f u n c t i o n a l  group d i s t r i b u t i o n .  w i l l  determine i ts  s o l u b i l i t y  
t o  a l a r g e  degree. 
an important role .  
combinations of  these  s p e c i f i c  f a c t o r s  thus  r u l e  out  t h e  development of  any 
reasonably simple c o r r e l a t i o n  between s t r u c t u r e  and r e a c t i v i t y .  And i t  fol lows t h a t  
product  s o l u b i l i t y  i s  not  n e c e s s a r i l y  a good r e l a t i v e  measure of a c o a l ' s  r e a c t i v i t y  
i n  a given conversion medium. p a r t i c u l a r l y  among a set of  c o a l s  of  s u b s t a n t i a l l y  
d i f f e r e n t  chemical c o n s t i t u t i o n .  

The molecular weight d i s t r i b u t i o n  of t h e  product w i l l  a l s o  p lay  
The complex i n t e r a c t i o n s  evolving from t h e  var ious  poss ib le  

This  work i s  d e a l t  wi th  here  in  work with t h e  s e p a r a t e  CO/water and N2/water 
t rea tments  of s e v e r a l  c o a l s  from the  Eastern Province of  t h e  U.S. The research  
focuses  on a development of  some i n s i g h t  i n t o  e f f e c t s  of  oxygen f u n c t i o n a l i t y  on 
conversion, wi th  p a r t i c u l a r  focus on phenol ic  f u n c t i o n a l i t y .  - 

Two requirements f o r  a s tudy aimed a t  developing a c o r r e l a t i o n  between coa l  
s t r u c t u r e  and r e a c t i v i t y  a r e  ( i )  a d i a g n o s t i c  f o r  conversion t h a t  i s  f r e e  from 
problems assoc ia ted  with s o l u b i l i t y .  and ( i i )  a means o f  separa t ing  t h e  reduct ive  
conversion chemistry from t h e  p a r a l l e l  p y r o l y t i c  chemistry a l s o  i n  e f f e c t .  

Most common l i q u e f a c t i o n  media employ an E-donor component such a s  t e t r a l i n .  
which t r a n s f e r s  hydrogen t o  t h e  coa l .  I n  such a medium t h e  coa l  i s  reduced and 
degraded t o  y ie ld  a more soluble .  lower molecular weight product. I n  p r i n c i p l e .  t h e  
more hydrogen added t o  t h e  coal .  t h e  g r e a t e r  t h e  o v e r a l l  s o l u b i l i t y  of  t h e  products .  
Rovever. given t h e  complexi t ies  o f  s o l u b i l i t y  j u s t  noted. t h e  q u a n t i t y  of hydrogen 
t r a n s f e r r e d  t o  t h e  coa l  would seem t o  be a b e t t e r  measure of  i t s  r e a c t i v i t y .  o r  its 
propensi ty  toward reduct ion.  

Yet even wi th  t h i s  approach there  a r e  complicat ing f a c t o r s .  
course.  always accompanies thermal t reatment  of c o a l  i n  8-donor media. 
t h e r e  is  no way t o  separa te  o r  d i s t i n g u i s h  products  t h a t  a r e  a r e s u l t  of  p y r o l y t i c  
processes .  and independent of  conversion. Addit ional ly .  conversions i n  such media 
y i e l d  products contaminated by t h e  so lvent  through chemical incorporat ion.  

Conversion. o f  1/ Accordingly 
i 
k 
i 
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Conversions conducted i n  a carbon monoxide/water system circumvent both of  
F i r s t .  t h e  medium is t o t a l l y  inorganic  and provides an organic  

Second. N2 can be used i n  p lace  of CO t o  
these  problems. 
groduct der ived  s o l e l y  from t h e  coal .  
provide a product t h a t  has  n o t  been reduced. bu t  has  been otherwise subjected t o  the 
same time-temperatute condi t ions  a s  t h e  product  obtained us ing  CO. This  product can 
be considered a6 a Fina l ly ,  and 
perhaps most s i g n i f i c a n t l y .  carbon monoxide/water and t e t r a l i n  share  some 
mechanis t ic  f e a t u r e s ;  t h u s  i n s i g h t s  gained from s t u d i e s  using CO/H20 can be 
conf ident ly  appl ied  t o  conversion i n  t e t r a l i n  ( 2 ) .  

blank run" and can provide a b a s i s  f o r  comparison. 

The r e s u l t s  of  s e v e r a l  publ ished s t u d i e s  show t h a t  conversions i n  CO/R 0 2 genera l ly  decrease  wi th  increas ing  carbon conten t  of t h e  s t a r t i n g  coe l .  
a l . .  using s y n t h e s i s  gas  (E2 and CO) and water. found t h a t  a l i g n i t e  gave higher  
conversion than a bituminous coa l  (3) .  
cobalt-molybdenum c a t a l y s t .  found t h a t  conversion decreased wi th  
content  f o r  a s e r i e s  of  c o a l s  ranging from 50% t o  90% carbon (4) .  Oeler t  and 
Siekmann found t h a t  conversion increased wi th  increas ing  O/C r a t i o  of  t h e  s t a r t i n g  
mater ia l  ( 5 ) .  These r e s u l t s .  taken toge ther .  suggest t h a t  oxygen f u n c t i o n a l i t i e s  
s t rongly  inf luence  t h e  conversion behavior  of t h e  coa l .  These pas t  s t u d i e s  have 
d e a l t  with m a t e r i a l s  of widely d i f f e r e n t  o r i g i n  and geologic  age. however. and any 
s t r u c t u r e - r e a c t i v i t y  r e l a t i o n s h i p  der ived from such s t u d i e s  can provide only l imited 
mechanis t ic  i n s i g h t .  I n  t h e  work repor ted  here  we have confined our  e f f o r t  t o  a 
s e r i e s  of Eas te rn  Province c o a l s  t o  minimize t h i s  f a c t o r .  

Appell e t  

Ouchi and Takemura. using CO/A 0 and a 
incraas ing  carbon 

The elemental  ana lyses  o f  t h e  coa ls  are shown i n  Table 1. The coa ls  were 
ground and s ieved under dry  N2 u n t i l  a l l  c o a l  passed a 100-mesh s ieve.  
were then d r i e d  under vacuum a t  105OC overn ight  before  use. 
performed i n  a 300-mL Magne-Drive-stirred Has te l loy  C autoclave.  The autoclave was 
loaded with 5 g of d r y  c o a l  and 30 g of  AZO t h a t  was previously ad jus ted  to  a pH of 
13.0 with s o l i d  KOA. 
e i t h e r  N2 o r  CO. and then f i l l e d  with e i t h e r  N2 o r  CO (500 p s i g ) .  

The c o s l s  
A l l  r e a c t i o n s  were 

The system was sea led .  purged wi th  N2. purged again w i t h  

Table I 

ELEMENTAL ANALYSIS (Wt%) OF EASTERN PROVINCE COALS (dmmf)' 

PSOC Mineral 
No. Seam C H N S Ob OOBC Matter 

278 Ohio No. 9 81.5 6.0 1.1 5.4 6.0 4.7 18.0 
306 Ohio No. 12 82.4 6.1 1.8 2.6 7.1 3.4 34.1 
307 Ohio No. 12A 83.1 5.9 1.7 3.6 5.7 3.9 25.6 
1099 P i t t s b u r g h  86.8 5.7 1.4 2.2 3.9 2.8 12.8 
26 a Lyons 88.0 5.3 1.4 1.6 3.7 2.5 6.2 

:Our determina t ions .  

'Determined by Given and coworkers by 0-ace ty la t ion  (8) .  
By d i f f e r e n c e .  

The c o a l  w a s  conver ted  by hea t ing  t h e  au toc lave  t o  4OO0C tk  5OC)  f o r  20 min. 
Maximum pressures  a t t a i n e d  ranged from 3500 t o  4000 psig.  
t imes were each  about  one hour. 

The heat-up and cool-down 

Q u a n t i t a t i v e  ana lyses  of t h e  product gases  CO, C02. and H2 were made by gas 
chromatography using known standards.  The aqueous phase was p i p e t t e d  from t h e  
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autoclave.  and suspended m a t e r i a l  w a s  f i l t e r e d  i f  necessary.  The n o n v o l a t i l e  Coal 
products  were q u a n t i t a t i v e l y  removed from t h e  au toc lave  wi th  te t rahydrofuran  (TEF) 
and t r a n s f e r r e d  t o  a round-bottom f l a s k .  
400 mL of toluene was added. and t h e  mixture  was ref luxed f o r  2 h wi th  a Dean-Stark 
t r a p .  

The TEF was removed by r o t a r y  evaporat ion.  

Azeotropic d i s t i l l a t i o n  removed any water. A f t e r  cool ing.  t h e  mixture  was 
f i l t e r e d  t o  separa te  t h e  to luene  so luble  material (TS) from t h e  to luene- inso luble  
material (TI) .  
Both t h e  TS and TI f r a c t i o n s  were d r i e d  overn ight  a t  80°C and veighed. 
hydrogen. and n i t rogen  a n a l y s i s  of t h e  products  were made using a Control  Equipment 
241 microanalyzer. 

m 

The toluene vas  removed from t h e  f i l t r a t e  by r o t a r y  evaporat ion.  
Carbon. 

I n  e a r l i e r  work we descr ibed our  use of CO/water conversion f o r  bituminous 
coa ls  and discussed how t h e  conversions t o  toluene-soluble  products  were dependent 
on t h e  i n i t i a l  pE of  t h e  aqueous medium (6 ) .  
I l l i n o i s  No. 6 coal .  about 50% of t h e  s t a r t i n g  oxygen i n  t h e  coa l  is  l o s t  under 
conversion condi t ions (7). This  0 i s  loose ly  bound and i s  l o s t  rap id ly  whether CO 
o r  N2 i s  used. 
produced pyro ly t ic  product, which i s  then  t h e  t r u e  precursor  to  subsequent ly  formed 
upgraded products. 

We have found t h a t ,  a t  l e a s t  f o r  

We concluded t h a t  under conversion condi t ions  there  is a r a p i d l y  

The CO/water conversion p a r a l l e l s  t h e  water-gas-shif t  r e a c t i o n  (WGSR) s 

CO + E20 --> C02 + E2 1 )  

An intermediate  i n  the  WGSR. most l i k e l y  formate. i s  p r i n c i p a l l y  respons ib le  f o r  
conversion. r a t h e r  than t h e  H2 derived from t h e  s h i f t  reac t ion .  

In  t h e  work discussed here. both t h e  t o l u e n e - s o l u b i l i t i e s  and t h e  R/C of t h e  
products  from runs i n  both N2/R20 and CO/E20 were measured and compared f o r  each 
coa l .  
coa ls .  

The r e s u l t s  a r e  i n t e r p r e t e d  i n  terms of t h e  phenol ic  conten ts  of t h e  s t a r t i n g  

A l l  c o a l s  were converted by hea t ing  t o  4OO0C f o r  20 
min i n  e i t h e r  CO/E 0 o r  N /E 0 a t  a s t a r t i n g  pE of 13.0. 
toluene-soluble  mazerial tTS3 i n  both N2/E20 and CO/E20 were measured f o r  each coal .  
The r e s u l t s  a r e  shown i n  Table 2. 
mat te r - f ree  b a s i s  and is ca lcu la ted  as 

The conversions t o  

Conversion t o  XTS i s  def ined on a dry. mineral-  

XTS (wt TS/wt dmmf c o a l )  x 100 2 )  

The N -runs y ie ld ing  r e s u l t s  due t o  only p y r o l y t i c  chemistry. s u r p r i s i n g l y  show 
f o r  some 01 t h e  coa ls  s u b s t a n t i a l  l i b e r a t i o n  of  TS mater ia l .  
conversions i n  t h e  two media y i e l d s  t h e  n e t  conversion due t o  reduct ion alone:  

The d i f f e r e n c e  i n  

%TS(net) = %TS(CO/E20) - %TS(N2/R20) 3 )  

The conversions do not  take i n t o  account product ion of l i g h t  hydrocarbon gases. 
The major hydrocarbon gases  were always methane and ethane;  however. they accounted 
f o r  less than 2% of t h e  t o t a l  amount of carbon charged t o  t h e  r e a c t o r  i n  both  CO/E20 
and N /E 0 runs. a s  determined by gas  chromatography. 2 2  

nf TS and TI  -. Carbon recover ies  based on 
t h e  C-content of the  s t a r t i n g  coa l  ranged from 70% t o  94% f o r  runs i n  N2/E 0 and 
from 89% t o  98% f o r  runs i n  CO/E20. Thus. r e c o v e r i e s  were c o n s i s t e n t l y  b e f t e r  i n  
CO/E20 runs. 
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The H / C  r a t i o s  of t h e  products  a r e  l i s t e d  i n  Table 2. 

Based on our view t h a t  t h e  t r u e  precursor  of the  conversion products  is 

For t h e  N2/R20 runs. 
t h e r e  is a ne t  loss of hydrogen r e l a t i v e  t o  carbon, whereas i n  CO/R20 runs  t h e r e  i s  
a n e t  gain.  
t h e  i n i t i a l l y  formed product  from pyro lys is .  w e  can c a l c u l a t e  the  n e t  g a i n  i n  
hydrogen per  100 carbon atoms by t h e  composite va lues  f o r  the  TS and TI f r a c t i o n s .  

AH/lOOC ~H/Ccomp(CO/R20) - H/Ccomp(N2/€120)1 x 100 4 )  

The y i e l d s  of TS i n  t h e  runs with N /water shown i n  Table 2 a r e  unexpected. 
p a r t i c u l a r l y  i n  view of some of t h e  pyro ly t i ;  hydrogen losses .  The N2-resul t  wi th  
PSOC 278 y ie ld ing  a product wi th  21% to luene  s o l u b i l i t y  is s t r i k i n g .  a s  is t h e  h igh  
R/C r a t i o  of  t h e  TS f r a c t i o n .  
t h e r e f o r e  i n  p a r t  due t o  t h e  l a r g e  component r e s u l t i n g  from pyro lys is .  This  r e s u l t  
demonstrates t h e  important r o l e  pyro lys i s  can p lay  i n  conversion and t h e  need t o  
s e p a r a t e  pyro lys i s  and reduct ion  i n  l i q u e f a c t i o n  s t u d i e s .  

The very high TS va lue  f o r  the  CO/vater runs  i s  

For PSOC 278 t h e  l o s s  of s t a r t i n g  hydrogen i n  t h e  N2-runs is  minimal. 
suggest ing a poss ib le  r e c i p r o c a l  r e l a t i o n s h i p  between p y r o l y t i c  E-loss and p y r o l y t i c  
conversion. The r e s u l t s  f o r  PSOC 306. however. r u l e  a g a i n s t  any d i r e c t  l i n k  between 
t h e  tvo. s ince  t h e r e  i s  a s i g n i f i c a n t  16% TS f r a c t i o n  from N2/water. v h i l e  t h e  H/C 
r a t i o  decreases  by about 11%. 

The phenolic conten ts  of  a number of c o a l s  including those s tudied  here  have 
been es tab l i shed  by Given and coworkers (8) .  Figure 1 p l o t s  the  %TS s o l u b i l i t i e s  
(right-hand ord ina te)  f o r  t h e  C O / w a t e r  conversions of t h e  Eastern Province c o a l s  as 
a func t ion  of these  values .  The f i g u r e  shows a rough c o r r e l a t i o n  between t h e  two 
components. However. t h e  t rend  of increas ing  TS va lues  with increas ing  0 i s  s e t  
by the  extreme s o l u b i l i t y  va lue  of  around 80% f o r  PSOC 278. 
excluded. t h e r e  appears  t o  be no r e a l  c o r r e l a t i o n  over an OOH spread of almost a 
f a c t o r  of 2. 

I f  t h a t  resu%! is 

One problem wi th  t h i s  a t tempted c o r r e l a t i o n  i s  t h e  narrow range of TS va lues  
f o r  most of t h e  coa ls .  
s o l u b i l i t y  as the  d i a g n o s t i c  is  c l e a r l y  apparent  here .  Another p a r t  of t h e  problem 
i s  t h e  use of the  f u l l  s o l u b i l i t y .  and ignoring t h e  f a c t  t h a t  t h e r e  a r e  s i g n i f i c a n t  
l e v e l s  of pyro ly t ic  formation of TS f r a c t i o n s  f o r  some of  t h e  coa ls .  

The complicat ion introduced through consider ing product  

A b e t t e r  view of t h e  conversion due s o l e l y  t o  reduct ion  can be der ived  from 

For t h e  
consider ing t h e  H/100C va lues  from i n  Table 2. These da ta  a r e  a l s o  presented i n  
Figure 1. and i n  t h i s  case  a very good l i n e a r  r e l a t i o n s h i p  is obtained.  
Eas te rn  Province coals .  t h e  l i n e  f i t s  t h e  equat ion 

A R / ~ O O C  = 4.8 OH/lOOC + 0.5 5 )  

with  a c o r r e l a t i o n  c o e f f i c i e n t  of 0.97. The e x c e l l e n t  f i t  confirms t h e  need t o  
avoid s o l u b i l i t y  as t h e  d i a g n o s t i c  f o r  conversion.  and t o  c o r r e c t  l i q u e f a c t i o n  d a t a  
f o r  pyro ly t ic  reac t ions .  
c h a r a c t e r i s t i c  f o r  comparison. 

Thus t h e  H/C r a t i o  of t h e  o r i g i n a l  coa l  i s  not  a proper  

The f a c t  t h a t  t h e  extended l i n e  passes  near  t h e  o r i g i n  suggests  t h a t  a 
mechanis t ic  c o r r e l a t i o n  e x i s t s  between t h e  hydrogen uptake by t h e  coa l .  and t h e  
phenol ic  content .  
reduct ion  chemistry. 
t h e  coa l  s t r u c t u r e  f o r  each phenol ic  group, and a t  p resent  we have no scheme t o  
expla in  t h a t  value.  
cons tan t  with conversion and tha t  unaccounted o r  loose ly  bound oxygen represented  
t h e  major source of l o s t  oxygen ( 7 ) .  It t h e r e f o r e  seems t h a t .  a l though phenol 
func t ions  in  the  coa l  may be t h e  key t o  t h e  in t roduct ion  of hydrogen i n t o  c o a l  
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Phenol func t ions  thus  seem t o  p lay  a d i r e c t  r o l e  i n  t h e  s p e c i f i c  
The s lope  of  t h e  l i n e  d i c t a t e s  t h a t  5 hydrogens a r e  added t o  

We have noted t h a t  t h e  phenol ic  content  s t a y s  reasonably 



dur ing  C O h a t e r  conversion.  they a re  not  d i r e c t l y  removed by t h e  conversion 
chemistry.  
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FIGURE 1 PLOT OF HYDROGEN UPTAKE AND % TS 
VERSUS PHENOLIC OXYGEN 

The circler refer to AH1100 C: the souarer refer to % TS 
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