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INTRODUCTION 

The Bureau of Mines has  been i n v e s t i g a t i n g  the use  o f  h i g h  c o n c e n t r a t i o n s  of 
c a t a l y s t s  i n  t h e  hydrogenat ion of c o a l  t o  o i l .  
aluminum c h l o r i d e  have been screened as p o s s i b l e  c a t a l y s t s .  
l y s t  and c o a l  were used i n  t h e s e  experiments ,  whereas c a t a l y s t  c o n c e n t r a t i o n s  of 
one weight-percent  or less have been used i n  m o s t  p r ev ious  s t u d i e s .  
i s  w e l l  known as a c a t a l y s t  f o r  many o rgan ic  r e a c t i o n s  i n c l u d i n g  hydrocracking.  How- 
e v e r ,  i t  i s  no t  known t o  be a n  e f f e c t i v e  c o a l  hydrogenat ion c a t a l y s t .  I n  t h e  screen-  
i n g  experiment w i t h  aluminum c h l o r i d e  a t  450° C ,  v e r y  l i t t l e  o i l  w a s  produced, bu t  
an e x c e p t i o n a l l y  h i g h  y i e l d  o f  hydrocarbon g a s e s  w a s  ob ta ined .  

A l a r g e  number of mater ia l s  inc lud ing  
Equal we igh t s  of c a t a -  

Aluminum c h l o r i d e  

Hydrogenation of c o a l  t o  hydrocarbon g a s e s  ( h y d r o g a s i f i c a t i o n )  i s  one method 
whereby high-Btu g a s  w i l l  probably be produced i n  t h e  f u t u r e .  Coal  h y d r o g a s i f i c a -  
t i o n  p rocesses  now under developme t a r e  n o n c a t a l y t i c  and a r e  ope ra t ed  a t  tempera- 
t u f e s  of about 700° C and higher .19 High t empera tu res  a r e  used  mainly t o  o b t a i n  
h i g h  g a s  product ion r a t e s .  
needed t o  e l i m i n a t e  t a r r y  p roduc t s  and cak ing  problems a r e  more severe. The re- 
s u l t s  ob ta ined  w i t h  aluminum c h l o r i d e  demonstrated t h a t  c a t a l y t i c  h y d r o g a s i f i c a t i o n  
a t  a p r a c t i c a l  rate w a s  f e a s i b l e  a t  temperatures  c o n s i d e r a b l y  lower t h a n  700° C .  

At lower t empera tu res ,  a much longe r  r e a c t i o n  t i m e  i s  

The p r e s e n t  s tudy  was  made t o  f u r t h e r  e x p l o r e  t h e  use  o f  aluminum c h l o r i d e  i n  
a ba tch  reactor.  It i s  a b r i e f  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  t empera tu re ,  c a t a -  
l y s t  c o n c e n t r a t i o n ,  and type o f  f e e d  material on h y d r o g a s i f i c a t i o n  y i e l d s .  

EXPERIMENTAL 

I 

I 

I Equipment and Materials 

The r e a c t o r  was a 1 . 2 - l i t e r  a u t o c l a v e  t h a t  was p l aced  i n  a h o r i z o n t a l  p o s i t i o n  
and r o t a t e d  du r ing  a n  experime t .  A complete d e s c r i p t i o n  of the vessel and accessory 
equipment has been p u b l i ~ h e d . 5 ~  Charges were con ta ined  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  a u t o c l a v e  w a l l .  The f r e e  volume o f  a charged and assembled au toc lave  
was abou t  1.0 l i t e r .  P r e s s u r e  was measured w i t h  a bourdon-tube t y p e  gage t h a t  was 
connected t o  and r o t a t e d  w i t h  t h e  au toc lave .  
a lumel  thermocouple i n  a thermowell  p o s i t i o n e d  a x i a l l y  w i t h i n  the  a u t o c l a v e .  

Temperature was measured w i t h  a chromel- 

Experiments w e r e  made w i t h  h i g h - v o l a t i l e  A bi tuminous c o a l  from t h e  P i t t s b u r g h  
seam, h i g h - v o l a t i l e  C bi tuminous c o a l  from Rock S p r i n g s ,  Wyoming, a Pennsylvania  
a n t h r a c i t e ,  a Texas l i g n i t e ,  untopped high-temperature  tar produced i n  a commercial 
s l o t - t y p e  oven, t a r  from low-temperature f l u i d i z e d  c a r b o n i z a t i o n  o f  a Texas l i g n i t e ,  
and d i s t i l l a t i o n  r e s i d u e  from a Venezuelan c r u d e  o i l .  Analyses  o f  f e e d  m a t e r i a l s  
are shown i n  t a b l e  1. Coal samples were p u l v e r i z e d  t o  minus 60 mesh (U.S. Sieve)  
and d r i e d  i n  a i r  a t  70' C f o r  about  20 hour s .  

Powdered anhydrous aluminum c h l o r i d e  of 99 p e r c e n t  p u r i t y  was used .  Charges 
of c o a l  and aluminum c h l o r i d e  were premixed i n  the g l a s s  l i n e r  by r o t a t i n g  t h e  l i n e r  
and charge end-over-end f o r  2 hours .  Hydrogen w a s  ob ta ined  from commercial c y l i n d e r s .  
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TABLE 1.- Analyses  of f e e d s  1 
~ 

An - High- Low- Gtro: 

Material c i t e  c o a l  c o a l  l i g n i t e  tar  tar r e s i d u e  
t h r a -  Hvab Hvcb Texas temp. temp. leum 

I 
Analyses , .  p e r c e n t  by weight  

Moisture  ....... 0.3 0 .1  0.9 1.9 
Ash ............ 36.7 7.5 1.7 18,7 
Ultimate., maf 

C .......... 91.1 83.8 76.4 68.3 
H ......... 2.5 5.4 5.3 5.3 
N ......... 1.1 1.6 1.6 1.3 
s ........ 1.0 1.2 0 . 9  2.3 
6 1  ....... 4.3 8.0 15.8 22.8 

t r a c e  t r a c e  0.0 
t r a c e  0 .1  0.1 

92.2 83.3 85.7 
5.3 9.6 10.5 
1.2 0.7 0.6 
1.0 1.0 3.1 
0.3 5.4 0.1 

- 1 1  By d i f f e r e n c e .  

I 

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

A l l  experiments  w e r e  made w i t h  50-gram charges  of c o a l  o r  o t h e r  feed  mater ia l .  
A f t e r  purging a i r  o u t  of a charged and assembled a u t o c l a v e ,  hydrogen w a s  added t o  a 
s p e c i f i e d  i n i t i a l  p r e s s u r e  s e l e c t e d  so t h a t  a p r e s s u r e  of 4,000 p s i  would be a t t a i n e d  
at r e a c t i o n  temperature .  R o t a t i o n  w a s  s t a r t e d  and t h e  a u t o c l a v e  w a s  hea ted  t o  re- 
a c t i o n  temperature  a t  a ra te  o f  about  7O C p e r  minute .  
r e a c t i o n  tempera ture ,  t h e  a u t o c l a v e  was cooled t o  room tempera ture  a t  a somewhat s lower 
ra te .  

, 

( 
A f t e r  a s p e c i f i e d  time a t  

Gases w e r e  d e p r e s s u r i z e d  through s c r u b b e r s  t h a t  removed water vapor  and ac id  
The remaining gases  were g a s e s  (Cog, HgS, and HC1 formed by r e a c t i o n s  o f  A l C 1 3 ) .  

metered ,  c o l l e c t e d  i n  a h o l d e r ,  sampled, and analyzed by m a s s  spec t romet ry .  
exper iments ,  aluminum c h l o r i d e  condensed i n  t h e  a u t o c l a v e  o u t l e t  and obs t ruc ted  the 
f low o f  g a s e s  d u r i n g  t h e  d e p r e s s u r i z i n g  s t e p .  
a r e s u l t ,  r e p o r t e d  g a s  y i e l d s  a r e  low f o r  those  experiments .  L i g h t  o i l  and water 
w e r e  removed by vacuum d i s t i l l a t i o n  t o  about  110' C and 2 t o  3 nrm o f  Hg. 
heavy l i q u i d  products  remaining i n  t h e  a u t o c l a v e  were washed w i t h  water t o  remove 
aluminum c h l o r i d e .  Material i n s o l u b l e  i n  water w a s  s e p a r a t e d  i n t o  benzene-insoluble  
and benzene-soluble  f r a c t i o n s ,  and t h e  ash c o n t e n t  of  t h e  benzene i n s o l u b l e s  was 
determined.  
w a s  s e p a r a t e d  i n t o  n-pentane- inso luble  ( a s p h a l t e n e )  and n-pentane-soluble  (heavy o i l )  
f r a c t i o n s .  

I n  some . 
Some g a s  loss w a s  i n c u r r e d ,  and, a s  

Sol id  and 

When about  2 grams o r  more of benzene-soluble  product  w a s  formed, i t  

, 

Y i e l d s  are expressed  as p e r c e n t a g e s  by weight  of  moisture-  and a s h - f r e e  (maf) 
charge .  Organic benzene i n s o l u b l e s  are d e f i n e d  a s  t o t a l  benzene i n s o l u b l e s  minus 
a s h .  Benzene-soluble o i l  i s  t h e  sum of t h e  a s p h a l t e n e ,  heavy o i l ,  and l i g h t  oil. 
Coal  convers ion  i s  g iven  on  a percentage  b a s i s  and i s  d e f i n e d  as 100 minus the per-  
ceEt of o r g m f c  beazenc i n s c l u b l e s .  

, 

RESULTS AND DISCUSSION I 

The e f f e c t  o f  tempera ture  on t h e  d i s t r i b u t i o n  of  products  from hvab c o a l  is  
Experiments  were made wi th  e q u a l  weights  of c o a l  and aluminum shown i n  t a b l e  2 .  

c h l o r i d e  a t  temperatures  o f  250° t o  450° C f o r  one hour .  
and lover, l i t t l e  o r  no hydrogenat ion  of c o a l  would occur  i n  one hour a t  4,000 p s i  
when u s i n g  low c o n c e n t r a t i o n s  of convent iona l  c a t a l y s t s .  
c h l o r i d e ,  a p p r e c i a b l e  amounts of benzene-soluble  o i l  and hydrocarbon gases  were Pro- 
duced a t  250' C.  
p e r a t u r e  was i n c r e a s e d .  

A t  t empera tures  of 300' c 

I n  t h e  presence of aluminum 

O i l  y i e l d s  decreased  and hydrocarbon gas  y i e l d s  i n c r e a s e d  as  tem- 
Conversion of coal i n c r e a s e d  between 250' and 300° C ,  but 

I 
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TABLE 2 . -  E f f e c t  of temperature  on t h e  d i s t r i b u t i o n  of 
. p r o d u c t s  from hvab c o a l  a t  4,000 p s i  

(50 grams of c o a l ,  50 grams of ALCl3) 

T i m e  Conver- Y i e l d s ,  weight -percent  of maf c o a l  
a t  s i o n ,  Organic  Benzene- Hydro- 

Temp., temp., weight-  benzene s o l u b l e  carbon N e t  A c i d  
' c  h r  . P e r c e n t  i n s o l s .  o i  L g a s e s  water  g a s e s  

2 50 1 60 40 19 27 1 8 
300 1 7 6  2 4  15 42 0 16 
300 2 70 30 19 41 <1 20 
350 1' 81 19 3 59 0 
4 50 1 74 26 <1 68 0 16 

t h e r e  was no s i g n i f i c a n t  t r e n d  i n  convers ion  between 300' and 450" C. 
i n c r e a s i n g  t h e  r e a c t i o n  t i m e  t o  2 hours  r e s u l t e d  i n  no s i g n i f i c a n t  change i n  product  
d i s t r i b u t i o n .  

A t  300° C ,  

Very l i t t l e  l i g h t  o i l  was produced a t  any tempera ture .  Benzene-soluble  o i l s  
prdduced a t  250' and 300' C c o n s i s t e d  of about  two- th i rds  a s p h a l t e n e  and o n e - t h i r d  
heavy o i l .  Hydrocarbon gases  produced a t  250' C conta ined  35 p e r c e n t  methane, 17 p e r -  
c e n t  e t h a n e ,  33 percent  propane,  11 p e r c e n t  propylene ,  3 p e r c e n t  bu tane ,  and 1 percent  
b u t y l e n e  on a volumetr ic  b a s i s .  A s  t empera ture  was i n c r e a s e d ,  t h e  p r o p o r t i o n s  of 
lower hydrocarbons i n c r e a s e d .  Methane and e thane  c o n s t i t u t e d  96 p e r c e n t  of the gas  
produced a t  450' C .  

R e s u l t s  ob ta ined  a t  250' and 300' C may have p r a c t i c a l  s i g n c f i c a n c e  a s  these  
tempera tures  a r e  below t h e  s o f t e n i n g  p o i n t  of cak ing  c o a l s .  I n  cont inuous  hydrogasi-  

, f i c a t i o n  systems,  c o a l  agglomerat ion and s toppage of f lows i s  a problem wi th  both 
caking  and noncaking c o a l s .  Agglomeration is avoided i n  n o n c a t a l y t i c  systems by p r e -  
t r e a t m e n t  of a c o a l  t o  d e s t r o y  i t s  caking  p r o p e r t i e s  o r  by r a p i d  h e a t i n g  and r a p i d  
d e v o l a t i l i z a t i o n  t o  a d r y  r e s i d u e .  It may a l s o  be p o s s i b l e  t o  avoid  agglomerat ion 
i n  a cont inuous system by u s i n g  aluminum c h l o r i d e  a s  a c a t a l y s t  a t  about  300" C .  
The hydrocarbon gas  y i e l d  of  about  40 p e r c e n t  ob ta ined  a t  300' C would be s u f f i c i e n t l y  
h igh  i n  such a process  as t h e  unconverted c o a l  could be used f o r  hydrogen product ion  
and power g e n e r a t i o n .  Product ion  of s m a l l  amounts of heavy l i q u i d s  would probably 
cause  no d i f f i c u l t i e s  i n  a cont inuous  system, but  l a r g e  amounts would be u n d e s i r a b l e ;  
heavy l i q u i d s  would tend t o  bind s o l i d  p a r t i c l e s  and render  such systems i n o p e r a b l e .  

The e f f e c t  of aluminum c h l o r i d e  c o n c e n t r a t i o n  on t h e  d i s t r i b u t i o n  of products  
from hvab c o a l  was determined a t  300' C .  
amount of aluminum c h l o r i d e  charged was v a r i e d  between 1 2 . 5  and 100 grams. A s  can 
be seen i n  t a b l e  3 ,  very  l i t t l e  r e a c t i o n  occurred  w i t h  12.5 grams of  aluminlin c h l o r i d e  
i n  t h e  charge .  HydrocarSon gas y i e i d s  i n c r e a s e d  s h a r p l y  a s  the  amount of aluminum 
c h l o r i d e  was increased  t o  5 G  grams b u t  remained e s s e n t i a l l y  unchanged w i t h  a f u r t h e r  
i n c r e a s e  t o  100 grams. 

Time a t  tempera ture  w a s  one hour .  The  

Aluminum c h l o r i d e  subl imes  a t  180.2' C. It b o i l s  a t  182.7' C under a p r e s s u r e  
Calcu- of  755  nun of Hg. The form of t h e  vapor  i s  t h e  d imer ,  A L Z C ~ , ,  up t o  440' C .  

l a t i o n s  based on a v a i l a b l e  vapor  p r e s s u r e  d a t a  i n d i c a t e  t h a t  100 grams of aluminum 
c h l o r i d e  would be comple te ly  vaporized a t  240" C i n  a 1 - l i t e r  system. A s  complete 
v a p o r i z a t i o n  could occur  a t  t h e  c o n d i t i o n s  used i n  a l l  experiments  L i s t e d  i n  t a b l e  3 ,  
i t  would appear  t h a t  r e s u l t s  i n  t a b l e  3 show a dependence of  hydrocarbon g a s  y i e l d  on 
t h e  amount of  aluminum c h l o r i d e  i n  t h e  g a s  phase. 
a coal-aluminum c h l o r i d e  complex forms b e f o r e  c a t a l y s i s  o c c u r s ,  and t h a t  t h e  amount 

Howeqer, i t  is a l s o  p o s s i b l e  t h a t  



46. 

TABLE 3.- E f f e c t  o f  A l C 1 3  c o n c e n t r a t i o n  on t h e  d i s t r i b u t i o n  

(50 grams of c o a l ,  4,000 p s i ,  1 hour a t  temperature)  
of p roduc t s  from hvab c o a l  a t  300' C 

o f  complex formed depends upon t h e  amount of aluminum c h l o r i d e  charged (up t o  50 grams). 
The l i t e r a t u r e  i n d i c a t e s  that  t h e  formation of an organo-aluminum c h l o r i d e  complex i s  
a p r e r e q u i s i t e  f o r  c a t a l y s i s  o f  many o r g a n i c  r e a c t i o n s  by aluminum c h l o r i d e .  The com- 
p l e x  i s  appa ren t ly  formed by r e a c t i o n  of aluminum c h l o r i d e  w i t h  u n s a t u r a t e d  organic  
s t r u c t u r e s .  No e f f o r t  w a s  made i n  t h i s  i n v e s t i g a t i o n  t o  determine whether  or not  
complexes o f  c o a l  and aluminum c h l o r i d e  were formed. 

'. 

Conver- Y i e l d s ,  we igh t -pe rcen t  o f  maf c o a l  
A l C 1 3  s i o n ,  Organic Benzene- Hydro- 

grams p e r c e n t  i n s o l s .  o i  1 gases  water gases  

1 2 . 5  4 96 4 1 <1 5 
25.0 11 89 6 5 il 9 
3 7 . 5  25 7 5  11 11 1 11 
50.0 76 24 15 42 0 16 

charged,  weight-  benzene s o l u b l e  carbon Net Acid 

100.0 1 3  2 1  16 40 0 
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TABLE 4.- Distribution of hydrogenation products 
from various feed materials 

(50 grams of feed, 50 grams of AlCl3, 4,000 psi, 1 hour at temperature) 

Yields. weight-uercent of maf charge 
Organic Benzene- Hydro- 

Feed Temp., benzene . soluble carbon Acid 
material O C  insols. oi 1 gases gases 

Anthracite ........ 450 
Hvab coal ......... 450 
Hvcb coal ......... 300 
Hvcb coal .... ;.... 450 
Lignite ........... 300 
Lignite ........... 450 

Hvab coal ......... 300 

High- temp. tar .... 315 
High-temp. tar .... 450 
Low-temp. tar ..... 300 
Low-temp. tar ..... 450 
Petroleum residue . 450 

80 
24 
26 
74 
55 
78 
33 
25 
26 
3 
4 
3 

<1 

<1 
5 
3 

<1 
15 
47 
4 
8 

<1 
1 

15 
24 
42 
68 
10 
2 i  
8 
13 
21 
81 
74 
7 1  
91 

6 
16 
16 
26 
34 
35 
44 
1 
1 
9 
10 - 

are other possible products of the reaction with water. 
water probably approached equilibrium as very little water was recovered in any of 
the experiments. 

In this study, reaction with 

Further evaluation of aluminum chloride as a coal hydrogasification catalyst will 
require additional information concerning the chemical and physical changes the alum- 
inum chloride undergoes during hydrogasification. With this information, an estimate 
of catalyst consumption can be made, catalyst recovery procedures can be devised, and 
the feasibility of operating a continuous system can be assessed. 

SUhWRY 

This investigation has shown that aluminum chloride in liigh concentrations is 
an effective catalyst for hydrogasification of various carbonaceous materials. With 
equal weights of hvab coal and aluminum chloride at 4,000 psi and 450' C for one 
hour, a hydrocarbon gas yield of 68 percent and a benzene-soluble oil yield of less 
than 1 percent are obtained. 
the temperature is decreased. 
appreciable. 
with increasing concentrations of aluminum chloride up to a 1:l ratio with coal. In 
general, the amenability of a carbonaceous material to hydrogasification catalyzed by 
aluminum chloride increases with increasing hydrogen content and with decreasing oxygen 
content of the material. 

The oil yield increases and the gas yield decreases as 
However, the gas yield of 27 percent at 250° C is still 

At 300° C, hydrocarbon gas yields obtained from hvab coal increase sharply 
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