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Hydrogenation of Asphaltene From Coal Using Hal ide C a t a l y s t s  
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INTRODUCTION 

The Bureau of  Mines has been i n v e s t i g a t i n g  t h e  use of high c a t a l y s t  concentra- 
t i o n s  i n  the  hydrogenation of c o a l  to  o i l  as  a p o s s i b l e  means of lowering hydrogena- 
t i o n  c o s t s .  The o b j e c t i v e  has  been t o  f i n d  o r  develop c a t a l y s t s  t h a t  would p e r m i t  
the  use o f  milder  condi t ions  than were used i n  t h e  convent ional  (Bergius-I.G. Farben) 
process ,  or c a t a l y s t s  t h a t  would cause an increase  i n  o i l  y i e l d ,  a decrease  in  hydrogen 
consumption, o r  o t h e r  b e n e f i t .  

Conditions used i n  commercial-scale opera t ions  of convent ional  p l a n t s  depended on 
t h e  r e a c t i v i t y  of  the  c o a l  being hydrogenated and on t h e  c a t a l y s t  used. Temperatures 
ranged from 450' t o  490' C and pressu,res were 3,500 t o  10,000 p s i .  
used i n  suspended form i n  concent ra t ions  of  from less than one-tenth p e r c e n t  t o  about 
t h r e e  percent .  These h igh  temperatures  and p r e s s u r e s  w e r e  no t  needed f o r  t h e  i n i t i a l  
c o a l  l i q u e f a c t i o n  r e a c t i o n s  b u t  were needed t o  hydrocrack asphal tenes  a t  reasonable  
rates. Asphaltene i s  a high-molecular weight n o n d i s t i l l a b l e  substance t h a t  is formed 
as a p r i n c i p a l  in te rmedia te  i n  the  c o a l - t o - o i l  r e a c t i o n  sequence. I n  a k i n e t i c s  s tudy  
made with bituminous c o a l  a t  about 6,000 p s i  with a convent ional  c a t a l y s t  (SnS p l u s  
& C l ) ,  Weller obtained s p e c i f i c  r e a c t i o n  rate cons tan ts  f o r  c o a l  hydrogenation t o  a s -  
pha l tene  and o t h e r  l i q u i d  and gaseous products  t h a t  w e r e  25 times g r e a t e r  a t  400' C 
and 10 t i m e s  g r e a t e r  a t  440° C than t h e  s p e c i f i c  r e a c t i o n  r a t e  c o n s t a n t s  f o r  asphal- 
tene hydr0genation.L' The r e a c t i o n s  w e r e  f i r s t  o rder  w i t h  r e s p e c t  t o  c o a l  or  asphal- 
t ene  concent ra t ion .  It thus became evident  t h a t  the hydrogenation of  coal t o  o i l  a t  
p r a c t i c a l  r a t e s  a t  mild c o n d i t i o n s ,  e.g., 400' C and 1,500 p s i ,  would r e q u i r e  the use 
of  c a t a l y s t s  t h a t  a r e  h ighly  e f f e c t i v e  f o r  hydrogenating asphal tene .  

The Bureau r e c e n t l y  made a coa l  hydrogenation c a t a l y s t  s tudy i n  which a wide 

C a t a l y s t s  were 

' v a r i e t y  o f  m a t e r i a l s  were screened as p o t e n t i a l  c a t a l y s t s .  
m a t e r i a l s  and c o a l  were used a t  one set of  condi t ions .  
o f  sc reening  experiments made w i t h  t e n  h a l i d e  c a t a l y s t s  t h a t  were e f f e c t i v e  f o r  pro- 
ducing high y i e l d s  of  o i l  wi th  low asphal tene  conten ts .  
f o r  experiments i n  which the  s a m e  c a t a l y s t s  w e r e  used i n  the  hydrogenation of asphal- 
t ene  produced by mild hydrogenation o f  t h e  c o a l .  

Equal weights  of  these 
This  paper p r e s e n t s  r e s u l t s  

Resul t s  are a l s o  presented , 

EWERDENTAL 

EquiDment and M a t e r i a l s  

The r e a c t o r  used was a 1 . 2 - l i t e r  batch au toc lave  t h a t  w a s  p laced i n  a hor izonta l  
p o s i t i o n  and r o t a t e d  during an experimen . 
accessory equipment has  been pub1ished .d  Charges were contained i n  a g l a s s  l i n e r  
t h a t  f i t t e d  c l o s e l y  t o  the  au toc lave  w a l l .  Pressure  was measured w i t h  a bourdon-tube 
type gage t h a t  was connected to  and r o t a t e d  with t h e  autoclave.  
measured wi th  a thermocouple pos i t ioned  a x i a l l y  i n  the  au toc lave  i n  a therrnowell. 

A complete d e s c r i p t i o n  of  t h e  v e s s e l  and 

Temperature was 

Pittsburgh-seam h i g h - v o l a t i l e  A bituminous c o a l  from t h e  Bureau's experimental 
mine a t  Bruceton, Pennsylvania and asphal tene  produced by uncatalyzed hydrogenation 
of  t h e  same c o a l  were used as feeds .  The c o a l  was pulver ized  t o  minus 60 mesh (U. S. 
Sieve)  and d r i e d  i n  a i r  a t  JOo C f o r  about  20 hours .  
genat ing 200-gram charges of c o a l  i n  the ba tch  au toc lave  a t  4,000 p s i  and 425' C f o r  
2 hours. Asphaltene produced i n  35 runs was combined and used as a feed n a t e r i a l .  

Asphaltene was produced by hydro- 

, 
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It i s  t h e  f r a c t i o n  o f  product  t h a t  i s  s o l u b l e  i n  benzene and inso luble  i n  n-pentane. 
The y i e l d  was about 35 percent  by weight of moisture- arid ash- f ree  (maf) c o a l  used. 
By labora tory  a n a l y s i s ,  i t  was found t o  c o n t a i n  8.5 percent  benzene i n s o l u b l e s ,  83.6 
percent  asphal tene ,  and 7.9 percent  n-pentane-soluble  o i l .  Ultimate ana lyses  of the  
feeds a r e  shown i n  t a b l e  1. 

Table  1.- Analyses of c o a l  and asphal tene  feeds 

Analys is ,  w t  p c t  
Mois- Elemental composition. maf b a s i s  

Mater ia l  t u r e  Ash C H N S 0 ( d i f f . )  

Coal, hvalk!.. 0.4' 7.5 83.7 5.4 1.6 1.2 8.1 
Asphaltene ... 0.9 0.0 88.7 6.4 1.9 0.4 2 . 6  

- 1 / 

? 

High-vola t i le  A bituminous c o a l ,  P i t t s b u r g h  seam. 

Hal ide  c a t a l y s t s  were e i t h e r  t e c h n i c a l  o r  reagent  grade chemicals and were used 

Hydrogen was obta ined  from commercial cy l inders .  
i n  powdered form. C a t a l y s t s  and c o a l  o r  asphal tene  w e r e  premixed i n  t h e  g l a s s  liners 
before  charging i n t o  a n  au toc lave .  

Operat ing and A n a l y t i c a l  Procedures  

A l l  experiments were made w i t h  50-gram charges o f  c o a l  o r  asphal tene .  Af te r  
purging a i r  out of  a charged and assembled au toc lave ,  hydrogen was added t o  an i n i -  
t i a l  p r e s s u r e  s e l e c t e d  s o  t h a t  t h e  d e s i r e d  pressure would be reached on hea t ing  t o  
r e a c t i o n  temperature. Rota t ion  was s t a r t e d ,  t h e  au toc lave  was heated a t  about 7"  C 
per  minute t o  r e a c t i o n  temperature ,  temperature  was maintained f o r  a s p e c i f i e d  time, 
then the. autoclave was cooled t o  room temperature. Rota t ion  was cont inued u n t i l  the  
temperature was 250" C o r  less. The cool ing  r a t e  t o  250" C was about  4' C per  minute. 

Gases were depresaur ized  through a c o l d  t r a p  where l i g h t  o i l  and water  vapors 
were condensed and then  through scrubbers  t h a t  removed a c i d  gases  (COe, HzS, and any 
hydrogen h a l i d e  formed by c a t a l y s t  r e a c t i o n s ) .  
l e c t e d  i n  a holder ,  sampled, and analyzed by mass spectrometry.  L ight  o i l  and water 
were then removed by vacuum d i s t i l l a t i o n  t o  about llOo C and 2 t o  3 m of Hg. These 
condi t ions  are e q u i v a l e n t  t o  an atmospheric d i s t i l l a t i o n  t o  about  290" C .  
remaining i n  t h e  a u t o c l a v e  was washed o u t  wi th  benzene and' then cont inuously ex t rac ted  
with benzene i n  a Soxhle t  appara tus .  
water  washed t o  remove the  h a l i d e  c a t a l y s t s .  An a s h  de te rmina t ion  was made on the 
product i n s o l u b l e  i n  benzene and water .  A f t e r  water  washing, the  benzene so lubles  
were separa ted  i n t o  n-pentane i n s o l u b l e  (asphal tene)  and n-pentane s o l u b l e  (heavy o i l )  
f r a c t i o n s .  

The remaining gases  were metered, co l -  

Mater ia l  

The i n s o l u b l e  and so luble  f r a c t i o n s  were both 

. 

The autoclave was weighed on a b u l l i o n  balance b e f o r e  charging with hydrogen, 
a f t e r  d e p r e s s u r i z i n g ,  and a f t e r  vacuum d i s t i l l a t i o n .  
was es t imated  from previous  au toc lave  c a l i b r a t i o n s  o f  hydrogen weight versus  pressure.  
Bul l ion  balance weighings p e r m i t t e l  a c c u r a t e  determinat ions t o  be made of  t h e  weights 
of  groups of products  as fol lows:  (1) Gases and vapors  depressur ized ,  (2) vacuum d i s -  
t i l l a t e ,  and (3)  heavy l i q u i d s  and s o l i d s .  
respond t o  v a l u e s  determined by b u l l i o n  balance weighings by assuming t h a t  losses  (Or 
ga ins)  i n  each group o f  products  were d i s t r i b u t e d  among the components o f  t h a t  group 
in t h e  s a m e  propor t ions  a s  a c t u a l  recover ies .  

The weight  of  hydrogen charged 

Actual  r e c o v e r i e s  were adjus ted  to, cor -  

Yie lds  a r e  expressed a s  weight-percent  of maf charge.  Organic benzene inso lubles  
a r e  def ined as benzene and water  i n s o l u b l e s  minus ash ;  coa l  conversion on a percentage 



I 

7 ZnCl2 1.0 12 2 16 45 14 4 11 
8 SnC12.2H20 1.0 18 7 40 29 6 4 1 

I 9 CdI2 1.0 17 3 24 37 13 1 12 
10 FeI2.4H20 1.0 20 9 13 4 1  10 2 5 
11 SnI2 1 .o 8 14 42 20 6 5 5 
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b a s i s  i s  100 minus the  percent  of organic  benzene i n s o l u b l e s .  
recovered by vacuum d i s t i l l a t i o n ,  o i l  condensed from gases  during depressur iza t ion ,  
and small  amounts of  pentanes i n  t h e  scrubbed gases .  
Cl t o  C, hydrocarbons. 

L ight  o i l  includes o i l  

Hydrocarbon gases  c o n s i s t  of 

RESULTS AND DISCUSSION 

Coal Hydrogenation Yie lds  

Table  2 shows y i e l d s  obtained i n  c a t a l y s t  screening experiments made w i t h  equal  

Table  2,- D i s t r i b u t i o n  of products  from t h e  
hydrogenation o f  Pi t tsburph-seam coal  

(50 grams of c o a l ,  4,000 p s i ,  425O C ,  1 hour) 

- 1 /  
- a /  

Does not  include water  of  hydra t ion .  
T h i r t y  minutes a t  480° C .  

' weights of h a l i d e  c a t a l y s t s  and c o a l  a t  4,000 p s i  and 425O C f o r  1 hour. 
conversions of 88 t o  92 percent  were obtained wi th  4 of t h e  c a t a l y s t s .  
were 77 t o  83 percent  with the  remaining c a t a l y s t s  a s  compared t o  63 p e r c e n t  without  
a c a t a l y s t .  However, assuming t h a t  asphal tene  was a p r i n c i p a l  in te rmedia te  product, 
a l l  o f  t h e  ha l ides  were very e f f e c t i v e  f o r  a s p h a l t  hydrogenation. 
of the  benzene-soluble o i l s  (sum of asphal tene ,  heavy o i l ,  and l i g h t  o i l )  ranged from 
1.6 percent  with ZnI2 t o  18 percent  wi th  Sn12. 

H i g h  coal  
Conversions 

Asphaltene contents 

The l a s t  t h r e e  experiments l i s t e d  i n  t a b l e  2 w e r e  made w i t h  a convent ional  ca ta -  
l y s t  concent ra t ion  of 1.0 percent .  
Coal conversion was only 4 percent  h igher  than without  a c a t a l y s t ,  and asphal tene was 
t h e  p r i n c i p a l  l i q u e f a c t i o n  product. 
c a t a l y s t s .  With 1.0 percent  SnC12 a t  425O C ,  a high conversion of  88 percent  was ob- 
t a i n e d ,  b u t  the product  o i l  was high i n  asphal tenes .  The l a s t  experiment ,  which was 
made w i t h  SnCl2 a t  480' C ,  demonstrates  t h a t  a high c o a l  conversion and l o w  asphal tene 
y i e l d  a r e  obtained a t  convent ional  c o n d i t i o n s .  I t  a l s o  i l l u s t r a t e s  t h e  advantage of 

ZnClg a t  1.0 percent  w a s  a very poor c a t a l y s t .  

SnCl2 is one of  t h e  b e s t  of t h e  convent ional  
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lower temperature hydrogenat ion from t h e  s tandpoin t  of  hydrocarbon gas  production 
and consequent hydrogen consumption. 
c e n t  a s  compared t o  14 t o  17 p e r c e n t  a t  425O C w i t h  the most e f f e c t i v e  of t h e  h a l i d e  
c a t a l y s t s .  

Asphaltene Hydropenation Yie lds  

\ 

The hydrocarbon gas  y i e l d  a t  480' C w a s  26 p e r - \  

Experiments wi th  c o a l  and high concent ra t ions  o f  h a l i d e  c a t a l y s t s  showed these  
c a t a l y s t s  t o  be e f f e c t i v e  f o r  producing o i l s  low i n  asphal tene  when s t a r t i n g  with c o a l .  
Experiments with a primary asphal tene  and t h e  same c a t a l y s t s  were made t o  determine 
whether the  h a l i d e  c a t a l y s t s  were e q u a l l y  e f f e c t i v e  when t h e  s t a r t i n g  m a t e r i a l  was 
asphal tene .  Condi t ions used were 4,000 p s i ,  425' C ,  and 1 hour a t  temperature with 
a ca ta lys t - to-asphal tene  r a t io  of 1.0 by weight .  R e s u l t s  a r e  shown i n  t a b l e  3 along 

\ 

Table 3.- D i s t r i b u t i o n  of products  from t h e  .hydrogenation o f  a s p h a l t e n d '  
(50 grams a s p h a l t e n e ,  50 grams c a t a l y s t ,  5'4,000 p s i ,  425O C, 1 hour) 

Exp . 
No. C a t a l y s t  
15 None 
16 NiIg.6H20 
17 N i B r z  
18 ZnI2 
19 12 
20 Z n B r 2  

Y i e l d s ,  w t  p c t  of  mois ture- f ree  asphal tene  charged 
Acid 

Organic  Hydro- gases  
benzene Asphal- Heavy L i g h t  carbon and N e t  
i n s o l s .  t e n e  o i l  o i l  gases  CO water  

5 67 20 2 5 1 1 
7 1 37 43 10 1 3 
3 5 48 31 11 2 3 
6 2 22 50 14 3 4 
4 5 25 58 13 2 2 
8 2 20 57 10 1 3 

Percent  
r educ t ion  
of  i n s o l s .  

plus  
asphal tene 

22 
91 
91 
91 
90 
89 

21 ZnCla 4 7 31 37 14 1 4 88 
22 SnC12.2H20 6 10 50 21 8 1 0 83 
23 CdI2 4 14 63 18 7 <1 3 80 
24 FeI2.4H20 2 1  5 9 49 17 1 5 72 
25 SnIg 5 23 48 19 6 1 3 70 

- I /  

\ 

The asphal tene  feed composition was 0.9 p e r c e n t  mois ture ,  7.6 percent  organic  
benzene i n s o l u b l e s ,  83.6 p e r c e n t  a s p h a l t e n e ,  and 7.9 p e r c e n t  o i l  on a weight 
b a s i s .  
Does not  i n c l u d e  water of hydrat ion.  - a /  

with  r e s u l t s  obtained wi thout  a c a t a l y s t .  A l l  of  t h e  c a t a l y s t s  were very  e f f e c t i v e  \ 

f o r  asphal tene  r e d u c t i o n .  
ness is the e x t e n t  of  r e d u c t i o n  of both the  organic  benzene i n s o l u b l e s  and the asphal-  
tene.  
c e n t  without  a c a t a l y s t  and 7 0  t o  91 p e r c e n t  w i t h  c a t a l y s t s .  
obtained with SnI2 and FeI2. I n  the  experiment with Fe12, the y i e l d  of  asphal tene  
was low a t  5 p e r c e n t ,  b u t  t h e  y i e l d  of hydrocarbon gases  w a s  h i g h e s t  and a n  appre- 
c i a b l e  amount of i n s o l u b l e s  was produced, presumably by condensat ion r e a c t i o n s .  
formation of  u n d e s i r a b l e  s o l i d s  and gases  i s  i n d i c a t i v e  of an imbalance i n  cracking 
and hydrogenation a c t i v i t i e s  w i t h  FeI2. S i g n i f i c a n t  amounts o f  i n s o l u b l e s  were not  
formed i n  any of the o t h e r  experiments inc luding  t h e  experiment without  a c a t a l y s t .  

However, a more s i g n i f i c a n t  measure of  c a t a l y s t  e f f e c t i v e -  

A s  shown i n  t a b l e  3, reduct ion  o f  t h e s e  t w o  components o f  t h e  feed was 22 per-  
Lowest reduct ions  were 

The 

The e f f e c t s  o f  r e a c t i o n  v a r i a b l e s  on a s p h a l t e n e  hydrogenat ion y i e l d s  were invest11 
ga ted  b r i e f l y .  Using r e s u l t s  obtained w i t h  e q u a l  weights  o f  ZnC12 and asphal tene  a t  



1. 

c' 
.4,0 

1 15 0.0 4,000 425 60 5 67 20 2 5 22  
33 0.01 4,000 425 60 2 4 1  44 7 6 53 

35 2 .0  4,000 425 60 7 2 14 48 28 90 
34 0.5 4,000 425 60 4 7 52 26 11 88 

1 

of experiments which were made a t  2,000, 4,000, and 8,000 p s i ,  t h e  p r e s s u r e  dependence 

0 p s i  and 4 
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' C f o r  1 hour a s  a b a s i s  f o r  comparison, experiments were m,:de a t  

higher- and lower pressures ,  temperatures ,  and c a t a l y s t  concent ra t ions  and w i t h  longer 
,, and s h o r t e r  times a t  temperature. Resul t s  a r e  shown i n  t a b l e  4 .  I n  t h e  f i r s t  group 

Table 4 . -  Asphaltene hydrogenation y i e l d s  using ZnClp c a t a l y s t .  
E f f e c t s  of p r e s s u r e ,  temperature ,  t ime,  and ZnCl? concent ra t ion .  I' 

(50 grams of asphal tene)  

1' 
Yields ,  w t  p c t  of mois ture- f ree  Percent  

ZnClg- to-  asphal tene  charged reduc t . 
asphal .  Organic A s -  Hydro- of i n s o l s .  

~ E x p .  weight P r e s s . ,  Temp., Time, benzene pha l -  Heavy Light  carbon p l u s  
No. r a t i o  p s i  ' C min. i n s o l s .  t ene  o i l  o i l  gases  asph. 
26 1.0 2,000 425 60 5 9 2 9  39 13 83 
2 1  1.0 4,000 425 60 4 7 31 37 14 88 
27 1.0  8,000 425 60 2 3 45 34 15 95 
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a c t i v i t y .  
concent ra t ion  of  s t r u c t u r a l  types more r e s i s t a n t  to hydrogenation progress ive ly  i n -  
c r e a s e d  i n  the s o l i d s  and heavy l i q u i d s  remaining. 

To some e x t e n t ,  i t  i s  a l s o  l i k e l y  t h a t  a s  hydrogenation progressed the  

\ 

The l a s t  group of experiments i n  t a b l e  4 shows t h e  e f f e c t  of increas ing  t h e  ca ta -  
l y s t - t o - a s p h a l t e n e  r a t i o  from 0.01 to  2 . 0 .  With a r a t i o  of. 0.01, reduct ion  of inso luble  
p l u s  asphal tene  was apprec iab le  a t  53 percent .  The reduct ion  reached a value of 88 \ 

p e r c e n t  w i t h  a . r a t i o  of 0 .5  and remained e s s e n t i a l l y  cons tan t  with f u r t h e r  increases  
t o  1.0 and 2.0 .  However, the  e x t e n t  of heavy o i l  conversion t o  l i g h t  o i l  continued 
t o  i n c r e a s e  with i n c r e a s i n g  c a t a l y s t  concent ra t ion .  The d a t a  from t h i s  group of ex- 
per iments  show t h a t  a l though the  depth of hydrogenation increased  over  t h e  e n t i r e  
range of  c a t a l y s t  c o n c e n t r a t i o n s  used, very h igh  concent ra t ions  may not  be necessary 
t o  o b t a i n  high conversions of asphal tene  t o  heavy o i l  i n  r e l a t i v e l y  s h o r t  reac t ion  
t imes.  

Composition of Hydrogenation Products  

\ 

Ultimate  ana lyses  of asphal tenes  and heavy o i l s  i n  t h e  products  of  s e v e r a l  as- 
The p r i n c i p a l  d i f f e r e n c e s  p h a l t e n e  hydrogenation. experiments a r e  shown i n  t a b l e  5 .  

Table 5.- 1 
asphal tene  hydrogenation 

(50 grams of a s p h a l t e n e ,  50 grams of c a t a l y s t ,  4,000 p s i ,  425' C ,  1 hour) 

Exp . Elemental composition, weight-percent 
No. C a t a l y s t  C H N S 0 ( d i f f . )  

Asphaltene 

20 ZnBr2  89.0 5.8 1.0 - - 
21 ZnCl2 91.2 6.0 0.6 0.2 2 .o 
22 SnC12.2H20 89.9 6.7 0 . 9  0.1 2.4 

Heavy O i l  \ 

16 Ni12.6H20 8 9 . 1  10.9 0.0 0.05 0.0 
20 ZnBra 89.7 9.7 0.3 0.05 0.25 
2 1  ZnCl2 90.3 8.5 0 .3  0.1 0.8  
22 SnC12.2H20 88.1 8 .8  0.05 . 0.1 2.95 

between t h e  compositions of the r e s i d u a l  asphal tenes  and the  asphal tene  feed was the  
lower n i t rogen  and s u l f u r  conten ts  of the  unconverted asphal tenes .  
t a i n e d  apprec iab ly  more hydrogen than the  feed  and much l e s s  n i t r o g e n  and s u l f u r .  
Percentages  of oxygen v a r i e d  cons iderably .  
ence ,  t h e i r  va lues  a r e  n o t  h i g h l y  meaningful. 

Heavy o i l s  con- 

As oxygen determinat ions were by d i f f e r -  

Ult imate  and f l u o r e s c e n t  i n d i c a t o r  adsorp t ion  (FIA)  analyses  of l i g h t  o i l s  pro- 
duced i n  s e v e r a l  experiments  w i t h  both c o a l  and asphal tene  are presented i n  tab le  6. 
A l l  o f  t h e  o i l s  conta ined  less than 0 .1  p e r c e n t  each of n i t rogen  and s u l f u r .  Con- 
s i d e r i n g  the  high a r o m a t i c i t y  o f  t h e  c o a l  from which the  o i l s  were produced, t h e i r  
a romat ics  conten ts  of about 17 t o  36 percent  by volume were s u r p r i s i n g l y  low. The 
aromatics  and s a t u r a t e s  f r a c t i o n s  of  the  l i g h t  o i l s  produced i n  c o a l  experiments with 
ZnBrz and ZnClz were analyzed completely by gas- l iqu id  chromatography. More than 



- 25 - 
Table 6.- Analyses of l i g h t  o i l s  from coal  and asphal tene  hydrogenation 

I (50 grams coa l  o r  asphal tene ,  50 grams c a t a l y s t ,  4,000 p s i ,  425O C ,  1 hour) 

N 

Exp . 
No. C a t a l y s t  - 2 Ni12.6H20 
16 NiI2.6H20 

6 ZnBr2 
20 .ZnBr2 

7 ZnC12 
2 1  ZnC12 

FIA a n a l y s i s ,  vo l  p c t  

Aro-  
mat ics  

Elemental composi,tion, w t  p c t  and oxy- S a t u r -  
Feed C H N S 0 ( d i f f . )  genates  a t e s  

Coal 86.7 13.2 0.0 cO.1 0.0 20.9 78.6 
Asph. 86.5 13.3 0.0 <0.1 0.2 17.4 82.5 
Coal 87.2 12.7 <0.1 CO.1 0.0 30.9 68.6 
Asph. 86.5 12.7 0.0 <0.1 0.8 30.7 69.0 
Coal 8 7 . 1  12.7 <0.1 <0.1 0.1 32.8 66.8 
Asph. 86.6 12.2 <0.1 <0.1 1.1 35.6 64.0 

Ole- 
f i n s  

0 .5  
0.1 
0.5 
0.3 
0.4 
0.4 

90 percent  of  the  o i l s  cons is ted  of compounds having b o i l i n g  p o i n t s  under 200° C .  
s a t u r a t e s  were mainly p a r a f f i n s ,  b u t  the  r a t i o  of iso-to-normal p a r a f f i n s  was about 
9 t o  1 i n  both o i l s .  T o t a l  c y c l i c s  (aromatics  and naphthenes) amounted t o  about 47 

f o r  nuc lear  hydrogenation and r i n g  opening r e a c t i o n s .  

The 

’ percent .  These ana lyses  c l e a r l y  i n d i c a t e  t h a t  t h e  h a l i d e  c a t a l y s t s  a r e  h i g h l y  a c t i v e  

Light  o i l s  produced from c o a l  and from asphal tene  using the same c a t a l y s t  d i f -  
fe red  i n  composition by only s m a l l  amuunts. The d i f f e r e n c e s  a r e  probably w i t h i n  the 
l i m i t s  of  the r e p r o d u c i b i l i t y  of  experiments and the  a n a l y t i c a l  accuracy.  This s i m i -  
l a r i t y  o f  compositions provides  a d d i t i o n a l  evidence i n  support  of the premise t h a t  a s -  
phal tene i s  a p r i n c i p a l  in te rmedia te  i n  t h e  hydrogenation of coa l  to  o i l .  

Elemental balances were made f o r  t h e  experiment wi th  ZnCle and asphal tene .  The 
amounts of  n i t r o g e n ,  s u l f u r ,  and oxygen e l imina ted  were found ta be 90, 80, and 68 p e r -  
c e n t ,  respec t ive ly .  
charged. 

Hydrogen consumption w a s  4 . 5  percent  by weight of asphal tene  

P r a c t i c a l  U t i l i z a t i o n  of  High Concentrat ions of Hal ide  C a t a l y s t s  

Process  advantages t h a t  apparent ly  would be achieved by using high concent ra t ions  
of h a l i d e  c a t a l y s t s  inc lude  opera t ion  a t  lower p r e s s u r e  and temperature and product ion 
of less hydrocarbon gas wi th  a r e s u l t a n t  decrease  i n  hydrogen consumption. 
technica l  and economic problems t h a t  would be expected i n  commercial-scale coa l  hydro- 
genat ion a r e  cor ros ion  problems and problems a s s o c i a t e d  wi th  economic recovery  and 
regenerat ion of  t h e  c a t a l y s t .  

Ser ious ‘ 

Of t h e  t e n  h a l i d e s  used i n  t h i s  s tudy ,  only N i I 2 ,  N i B r 2 ,  Fe12, and Zn12 have 
melting poin ts  above 425O C and could be used a s  components of so l id-phase  c a t a l y s t s . .  
Iodine would be a vapor ,  whi le  the  remaining c a t a l y s t s  would b e  l i q u i d s .  I n  a process ,  
t h e  use of gaseous o r  l i q u i d  c a t a l y s t s  would n e c e s s i t a t e  continuous feeding  and with- 
drawal of  such c a t a l y s t s .  I n  t h e  preserice of  t h e  amounts of hydrogen, hydrogen s u l -  
f i d e ,  and water  t h a t  would be expected a t  c o a l  hydrogenation c o n d i t i o n s ,  reduct ion  of 
the  metal  h a l i d e  c a t a l y s t s  t o  the corresponding meta ls  and conversions t o  oxides  and 
s u l f i d e s  a r e  p o t e n t i a l  c a t a l y s t  consuming r e a c t i o n s .  Avai lab le  f r e e  energy d a t a  f o r  
these reac t ions  i n d i c a t e  t h a t  t h e  metal  h a l i d e  is the  thermodynamically favored form 
i n  each ins tance  i n  t h e  absence of an organic  l i q u i d  phase. The h a l i d e s  may a l s o  r e a c t  
wi th  ammonia t o  form complexes such a s  those  formed w i t h  ZnClg dur ing  c o a l  e x t r  c t  
hydrogenation,g’ o r  they may i n t e r a c t  wi th  and be r e t a i n e d  i n  t h e  product  oil.%’ Some 
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of  the c a t a l y s t  r e a c t i o n s  might poss ib ly  be avoided through the  u s e  of scavengers 
o r  by  o ther  c o n t r o l s  of  t h e  p a r t i a l  p ressures  of gaseous r e a c t a n t s  and products .  
The a d d i t i o n  of a metal o r  oxide t h a t  p r e f e r e n t i a l l y  r e a c t s  w i t h  hydrogen s u l f i d e  
might prevent c a t a l y s t  loss  through s u l f i d i n g  r e a c t i o n s ,  w h i l e  r e a c t i o n  of a h a l i d e  
c a t a l y s t  with hydrogen might be suppressed by adding a small  amount of the cor res -  
ponding hydrogen h a l i d e  t o  the  feed gas. 
p r e s e n t l y  not known. 

The p r a c t i c a b i l i t y  of such measures i s  

\ 

, SUMMARY 

Iodine  and h a l i d e s  of N i ,  Zn, Sn, Cd, and F e y  when used a s  c a t a l y s t s  i n  high 
~ 

concent ra t ion  a t  4,000 p s i  and 425' C ,  were found t o  be very e f f e c t i v e  f o r  hydrogen- 
a t i n g  bituminous c o a l  t o  o i l s  conta in ing  only  smal l  amounts of  asphal tene ,  When the 
feed m a t e r i a l  was an a s p h a l t e n e  produced by mild hydrogenat ion of the  same c o a l ,  these 
c a t a l y s t s  were e q u a l l y  e f f e c t i v e  f o r  convert ing the asphal tene  t o  o i l .  Low-boiling 
o i l s  produced from b o t h  c o a l  and asphal tene  were very  s i m i l a r  i n  composition. These 
d a t a  show t h a t  t h e  h a l i d e s  used a r e  h ighly  s e l e c t i v e  f o r  hydrogenating asphal tene t o  
o i l .  This  is  t h e  slow and r a t e - c o n t r o l l i n g  s t e p  when hydrogenating c o a l  i n  the  pre- 
sence of convent ional  c a t a l y s t s .  A pressure  of 3,500 p s i  o r  h igher  and a temperature 
of a t  l e a s t  45OoC a r e  requi red  i n  convent ional  c o a l  hydrogenat ion t o  reach low l e v e l s  
of  asphal tene product ion  i n  r e l a t i v e l y  s h o r t  r e a c t i o n  t i m e s .  
of ZnCln, asphal tene  hydrogenat ion t o  o i l  was r e a d i l y  accomplished i n  t h i s  study a t  
2,000 p s i  and 425' C and a l s o  a t  4,000 p s i  and 400' C .  
h i g h  concent ra t ion  o f f e r  some process  advantages,  t h e i r  p r a c t i c a l  u t i l i z a t i o n  w i l l  
r e q u i r e  e f f i c i e n t  and low-cost recovery and regenera t ion  of the  c a t a l y s t s .  

With h i g h  concentrat ions 

Although h a l i d e  c a t a l y s t s  i n  
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