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In 1921 Fischer' reported the use of carbon monoxide and water i n  coal  dehydro- 
genat ion.  The y i e l d s  of e ther -so luble  material recovered (13 t o  35%) were 
a c t u a l l y  higher than those  obtained wi th  hydrogen a t  the same temperatures and 
pressures .  Other i n v e s t i g a t o r s  following t h i s  lead confirmed the  resul ts  w i t h  
~ o a l , ~ - ~  but d id  not  succeed i n  hydrogenating asphal t  with carbon monoxide and 

Although the  e a r l y  r e s u l t s  looked promising, the r e l a t i v e l y  low con- 
vers ions ,  the emphasis on a one s t e p  process f o r  converting c o a l  t o  gasol ine,  
and the  impact of the Fischer-Tropsch r e a c t i o n  caused the carbon monoxide plus 
v a t e r  approach t o  c o a l  hydrogenation t o  be ignored a f t e r  1925. This method of 
hydrogenation has been c l a s s i f i e d  under hydrogenation with nascent  hydrogen' 
because of the be l ie f  t h a t  a c t i v a t e d  hydrogen was being formed by the water-gas 
s h i f t  reac t ion .  

The hydrogenation of c o a l  with carbon monoxide and water was re inves t iga ted  with 
t h e  objec t ive  of preparing an o i l  which could then be converted t o  more v o l a t i l e  
f u e l s  by known hydrocracking techniques. Bituminous coal  (Bruceton, hvab), a 
North Dakota l i g n i t e ,  and a Texas l i g n i t e ,  a l l  -100 mesh, were used i n  t h i s  work. 
The bituminous c o a l  and t h e  North Dakota l i g n i t e  were b a l l  mil led and s tored  
under ni t rogen.  The Texas l i g n i t e  powder had been s tored  i n  loosely capped 
cans for two years  p r i o r  t o  use .  The hydrogenations were conducted i n  a 500 m l  
s t a i n l e s s  steel rocking au toc lave .  The ex ten t  of reac t ion  was determined by 
e x t r a c t i n g  the product wi th  benzene and weighing the dry residue.  
conversion is  100 less t h e  percent  of benzene-insoluble residile (maf b a s i s ) .  

An equal weight of phenanthrene was used a s  a solvent  i n  the runs with bitumi- 
nous c o a l .  
of  1:l a-naphthol-phenanthrene as so lvent .  For purposes of comparison, several  
run8 were made without a so lvent .  

The percent 

Most o f  the  work with l i g n i t e  was conducted with an equal  weight 

RESULTS 

The e f f e c t s  of temperature, pressure and time on the  conversion of coal  to benzene- 
so luble  and v o l a t i l e  m a t e r i a l s  using carbon monoxide and water a r e  shown i n  f igures  
1 t o  4. The conversion increases  with temperature, in  the range inves t iga ted ,  f o r  
bituminous coal  ( f igure  1). Conversions of bituminous coal  a r e  increased consider- 
ably by the phenanthrene so lvent .  About 10% of the  solvent  i s  hydrogenated, mainly 
t o  dihydrcphenaxthrene . 

In the  case  of l i g n i t e  ( f i g u r e  2 ) ,  the anount of conversion Zoes through a maximum 
between 375' and 400'C. 
r e s u l t  o f  conversion of some of the so luble  product t o  insoluble  high molecular 
weight mater ia l .  
is smaller  than t h a t  observed with bi tuainous coa l .  
o f  the  phenanthrene, some of the a-naphthol i s  converted t o  naphthalene and t e t r a -  
hydronaphthalene during t h e  r e a c t i o n .  

The conversions of bituminous coal  and l i g n i t e  increase sharply with pressure UP 
t o  about 1,000 ps ig  i n i t i a l  pressure ( f i g u r e  3). Above 14000 p s i c  the increases 
in  conversion with increases  i n  pressure a r e  smal le r .  

The decrease i n  y i e l d  above 400'C i s  believed to be a 

Conversions of l i q n i t e  a r e  improved by a so lvent  but the e f f e c t  
In addi t ion  t o  hydrogenation 
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A s t r i k i n g  fea ture  of the s o l u b i l i z a t i o n  of l i g n i t e  w i t h  carbon monoxide and water 
is the r ap id i ty  of the r eac t ion  ( f igu re  4 ) ;  conversion t o  benzene-solubles a t  the 
optimum conditions seems t o  be e s s e n t i a l l y  complete i n  about 10 minutes. After 
the i n i t i a l  rapid r eac t ion ,  the small amount of remaining s o l u b i l i z a t i o n  may be 
masked by carbonization of some of the  so luble  product. Mass spectrometric 
ana lys i s  of the benzene so luble  product taken a t  d i f f e r e n t  times i n d i c a t e s  t h a t  
the rapid so lub i l i za t ion  r eac t ion  is accompanied by a slow cracking r eac t ion  
which leads to an increase  i n  the  lower molecular weight components of the 
product. 

The reac t ion  of l i g n i t e  with hydrogen i s  slower. Af te r  10 minutes of reac t ion ,  
the so lub i l i za t ion  is l e s s  than ha l f  t h a t  obtained with carbon monoxide and water. 
A t  longer residence times the  ex ten t  of s o l u b i l i z a t i o n  approaches, but does not 
reach, the value obtained with carbon monoxide and water. 

The u l t imate  ana lys i s  and physical appearance of the  benzene-soluble o i l  is very 
similar with e i t h e r  method of hydrogenation. 
go the water-gas s h i f t  r eac t ion  so t h a t  hydrogen is present  during the  r eac t ion .  
A t  the completion of the l i g n i t e  runs us ing  carbon monoxide and water ,  the cm- 
pos i t ion  of the gas is usual ly  wi th in  the  l i m i t s :  COP 25-45%; C h ,  35-5CR; &, 
15-25%; Cb, 0.6-1.5%; and t r a c e s  of h igher  pa ra f f in s  and o l e f i n s .  

The increase  i n  hydrogen and the reduction in s u l f u r  and oxygen contents  during 
s o l u b i l i z a t i o n  is s h o w  i n  t a b l e  1. There is l i t t l e ,  i f  any, reduct ion  in the 
n i t rogen .  This run was conducted with more water and a h igher  carbon monoxide 
pressure than u s u a l  in order  t o  ob ta in  a high conversion without a so lvent .  
The brown-black product was a pourable o i l .  
the s u l f u r  content of the benzene-soluble product averaged near 0.2%. 

The carbon monoxide and water under- 

In t e s t i n g  a number of l i g n i t e s ,  

TABLE 1. Analysis of l i g n i t e  and products 

i n i t i a l  GO pressure ,  2 h r .  38OoC) 
(1:l Lignite-water,  2,000 ps ig  

Benzene -solub l e  
Lignite '  tara Residue 

C 64.6 84.8 51.4 
A 4.8 7.9 3.1 
N 1.0 1.0 0.9 
S 0.7 0.2 1.1 
Ash 7.2 0.5 36.2 
0 21.7 5.6 8.2 
H/C mole ratio 0.89 1.1 0.7 

' Burke County, North Dakota, -100 mesh, a n a l y s i s  
water-free b a s i s .  
Obtained i n  87% conversion, maf bas i s .  

Aged l i g n i t e s  were l e s e  r e a c t i v e  than f r e s h l y  ba l l -mi l led  l i g n i t e  ( t a b l e  2). An 
i r r e v e r s i b l e  change occurs in the  l i g n i t e  on aging in air. The l a r g e  decrease 
in  r e a c t i v i t y  obtained by hea t ing  powdered l i g n i t e  a t  105OC and the  minor decrease 
obtained on drying under vacuum suggest t h a t  the  deac t iva t ion  i s  l a rge ly  a r e s u l t  
of ox ida t ion  of the  l i g n i t e .  A small increase  in  the conversion of a deac t iva ted  
l i g n i t e  can be obtained by increas ing  the  amount of water used i n  the  r eac t ion .  
This procedure is genera l ly  app l i cab le  when a modest i nc rease  i n  the  conversion 
of a low r e a c t i v i t y  coa l  is des i r ed .  



222. 

U B L E  2. Solubilization of aged lignites 
(10 minutes 8t 380°C. 1,SOO psig 
CO pressure) 

water content,' Conversion, 
Aging conditions percent percent 

Fresh' 19 89 
4 *eke in air' 13 77 
lOS'C, 24 hr. ,' in air < 1 54 

2 years in storage' 6 77 
2 years in storage's' 6 83 

lOO'C, 0.5 hr., vacuum' -2 1 86 

North Dakota lignite. 

1:l - vater:lignite used in place of the standard 
0.3:l - vater:lignite ratio. a mxaa lignite. 

' Determined in a stream of N. at 110°C. for 1 hour. ) 
\ 

BIBLIOGRAPHY 
0 

1. 
2. 
3. 
4. 

5. 
6. 

P. Piecher 8nd €lane Schrader, Brennetoff-Ch&. 2 257. (1921): 
E. I. Waterman and P. Uortland, Rec. trav. Chh. 9 238 (1924). 
8. 1. Waterman 8ad P. Kortland, Rec. trav. Chin. 9 691 (1924). 
8. I. Waterman and J. N. J. Pertpin. Proc. h a d .  Sci. Amsterdam, 2 132 
(1924); C.A. 18 1903 (1924). 
8. 1. Waterman and P. Uortland, Rec. trav. Chin. 9 249 (1924). 
W. Kr8nlg @@Die Iutalytische Druckhydriering von Uohlen Teem umd~Minerol~len.@' 
Springer-Verlag. Berlin 1950. 

I 

P 

I 



223. 

e 
C 

2 

i 
0 
a 

0 

v) 

W 
1 
2 s 

TEMPERATURE, "C 

Figure 1.-Effect of temperoture on bituminous cool conversion (2 hrs, 2.000 psi9  
init ial  pressure, 1:1:0.5 = cool : phenonthrene: water ) .  
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Figure 2.- Effect of temperature on lignite conversion (1:1:05 = cool : solvent: water) 
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Figure 3 --Effect of pressure on cool conversion(1 I 05=cool  phenanthrene woter) 
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