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IXTKODUCTION 

COSTEGM is a process f o r  l i q u e f y i n g  l i g n i t e  i n  t h e  presence oi: added c a t a l y s t s  
us ing  s y n t h e s i s  gas  as t h e  reducing agent  and the  n o i s t u r e  i n  the c o a i  as the 
source  of hydrogen. Tnis  deve lcpnent  has  i t s  r o o t s  i n  thi. e a r l y ,  l a r g e l y  
ignored work of F .  F i s c h e r  ( L ) .  T h i s  work was extended a t  the Bureau cf Xines 
and brought  t o  a p o i n t  where i t  now appears  t o  have commerciai p o s s i b i l i c i e s  
(2-5). 
c o a l  l i q u e f a c t i o n  us ing  carbon monoxide ( 6 , L ) .  
The product formed i n  the  e a r l y  work was too v iscous  t o  be e a s i l y  r i l t e r e d  o r  
used as a vehic le  o i l  f o r  prepar ing  pumpable l i g n i t e - o i l  s l u r r i e s .  The work 
descr ibed  here  had t h e  o b j e c t i v e  of  rep lac ing  the  carbon monoxide with lower 
c o s t  s y n t h e s i s  gas  and f i n d i n g  o p e r a t i n g  c o n d i t i o n s  where the product is o i  
s u f f i c i e n t l y  low v i s c o s i t y  t o  be used a s  a recyc le  o i l  and a1.c be r e a d i l y  f i l t e r e d  

L .  Berg and h i s  group a t  Nontana S t a t e  Univers i ty  have a l s o  repor ted  on 

EQUIPMENT AND PROCEDURES 

The experimental  work was conducted i n  a 300-ml s t a i n l e s s  s t e e l  rocking au to-  
c l a v e .  
below which l i t t l e  r e a c t i o n  occurred ,  t o  the o p e r a t i n g  temperature .  A f t e r  t he  
d e s i r e d  h e a t i n g  per iod  a g i t a t i o n  was s topped.  No b e n e f i c i a l  r e a c t i o n  was 
observed a f t e r  a g i t a t i o n  ceased .  The repor ted  r e a c t i o n  times do not  inc lude  
h e a t i n g  and cool ing t imes.  Product workup included decanta t ion  o f  t h e  f r e e  
water  i n  t h e  autbclave fol lowed by f i l t r a t i o n  a t  about  95OC through a Buchner 
funnel .  The residue was r i n s e d  wi th  benzene. This  wash s o l u t i o n  was c o l l e c t e d  
s e p a r a t e l y  and s t r i p p e d  f r e e  of s o l v e n t  before  adding t o  the hot  f i l t r a t e .  The 
conversion i s  100% l e s s  t he  percent  of res idue  on a d r y ,  ash- f ree  (maf) b a s i s .  
The o i l  y i e l d  i s  t he  a c t u a l  recovered y i e l d ,  a l s o  on a n  maf b a s i s ,  wi thcut  
c o r r e c t i o n  f o r  mechanical l o s s e s .  

In experiments  s tudying m a t e r i a l  ba lances ,  the au toc lave  was weighed on a 
b u l l i o n  balance having a s e n s i t i v i t y  of 50 mg. This  enabled the weight ,  as wel l  
a s  volume of the gas  charged t o  the au toc lave  and discharged from the au toc lave ,  
t o  be measured a c c u r a t e l y .  Mater ia l  balances b e t t e r  than 98% were obta ined .  

Unless  noted otherwise,  Nor th  Dakota l i g n i t e s  were used i n  t h i s  work. 
labora tory-gr ind  m a t e r i a l  w a s  prepared by b a l l  m i l i i n g  under n i t rogen  and then 
s t o r i n g  under  r e f r i g e r a t i o n  u n t i l  used.  The l a b o r a t o r y  l i g n i t e  conta ined  33% 
water .  The p lan t -gr ind  m a t e r i a l  from the  Beulah mine was p a r t i a l l y  d r i e d  i n  
a i r ,  pulver ized i n  a hammer m i l l  under i n e r t  g a s ,  and then put through a b u l l -  
r i n g  m i l l ,  a l s o  under  i n e r t  gas .  Seventy percent  of  t h i s  m a t e r i a l  was minus 
200 mesh. Composition: m o i s t u r e ,  15 .4%;  a s h ,  9.5%; B t u ' s / l b  3930 on an as- 
rece ived  b a s i s .  On an  maf b a s i s :  H, 4.9%; C ,  7 1 . 2 % ;  N ,  1.0%; s ,  1.2%; 0 (by 
d i f f e r e n c e ) ,  21.7%; B t u ' s j l b ,  11,890. 

T h i s  autoclave r e q u i r e d  0.4-0.5 h r  t o  b r i n g  t h e  temperature  from 3OO0C, 
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The l i g n i t e  used i n  most of t h i s  work was t h e  l a b o r a t o r y  prepara t ion  from t h e  
Beulah Mine, u n l e s s  noted o therwise .  Twelve grams of t h i s  m a t e r i a l ,  on an mf 
(mois ture- f ree)  b a s i s  and 28 g of R e i l l y  c u t  No. 4 anthracene o i l  were charged 
t o  the au toc lave ,  u n l e s s  noted o therwise .  

RESULTS AND DISCUSSION 

E f f e c t  Of Gas Composition. A major change from e a r l i e r  work i n  l iquefy ing  low 
rank c o a l s  with carbon monoxide and water  was the  replacement of thq carbon 
monoxide with s y n t h e s i s  g a s .  This  was done n o t  only because of the  lower c o s t  
o f  the s y n t h e s i s  gas  but  because hydrocracking occurs  more i n  the presence of 
hydrogen than carbon monoxide, 4lthough e x t e n s i v e  c racking  i s  n o t  d e s i r a b l e ,  
some is needed t o  reduce the  molecular  weight and viscosi:y o f  the  ?roduct .  
The somewhat h igher  reac t iv iLy of  c a r b m  monoxide is counterbalanced by t h e  
lower Cost  o f  the s y n t h e s i s  gas  and by the  n e c e s s i t y  t o  i n c r e a s e  the  e x t e n t  of  
c racking  s u f f i c i e n t l y  t o  o b t a i n  a l i q u i d  m a t e r i a l .  

A comparison of  hydrogen and carbon monoxide f o r  the  hydrogenat ion o f  a c e t o -  
phenone (Table l )  shows t h a t  carbon monoxide i s  s e l e c t i v e  wi th  r e s p e c t  t o  
reduct ion  of the  carbonyl  group,  whereas hydrogen causes  more c racking .  The 
high a c t i v i t y  of carbon monoxide f o r  reducing carbonyl  groups is bel ieved  t o  be 
the  reason t h a t  low rank c i a l s  a r e  l i q u e f i e d  more r e a d i l y  i n  t h e  presence of 
carbon monoxide than hydrogen (1,:). 
carbonyl  groups t h a n  h igher  rank c o a l s  but  a l s o  c o n t a i n  the  a l k a l i n e  m a t e r i a l s  
t h a t  a r e  converted t o  formates ,  the probable  a c t i v e  reducing agents  (E) .  

Low rank c o a l s  n o t  on ly  c o n t a i n  more 

TABLE 1. Reduction of acetophenone 

(100 g acetophenone, 2 5  g water ,  5 g Na2C03, 1000 ps ig  i n i t i a l  p r e s s u r e ,  1 h r )  

I 

T y p ,  Product composi t ion,  percent  
C Gas PhCOCH3 PhCHOHCH3 CgHg PhMe PhEt S tyrene  

300 co 57 43 - Trace 

350 co 55 40  .5 .2  1.6 1.8 

380 co 54 27 3.2 1.8 6.0 2.0 
380 H2 61  2.3 8.6 5.2 10.5 0.4 

Hydrogen becomes more e f f e c t i v e  i n  hydrogenat ing c o a l  a s  t h e  temperature  i s  
increased .  The d i f f e r e n c e  i n  behavior  between carbon monoxide and hydrogen 
decreases  a s  the  temperature  i n c r e a s e s .  Never the less  the  d a t a  i n  Table  2 show 
higher  conversion wi th  carbon monoxide a t  a l l  temperatures ,  over  t h e  range of  
375' to  425'C, d e s p i t e  t h e  h igher  pressures  used wi th  hydrogen. 
Table  2 were obtained i n  the  absence o f  a s o l v e n t  i n  o r d e r  t o  keep the 
conversion low where t h e  d i f f e r e n c e s  a r e  l a r g e  enough t o  be meaningful .  

Table  3 shows q u a n t i t a t i v e  d a t a  f o r  t h e  i n i t i a l  g a s ,  product g a s ,  g a s e s  con- 
sumed and gases  genera ted  dur ing  a t y p i c a l  run .  The moles of  carbon oxide 
gases  recovered i s  s l i g h t l y  lower than  t h e  moles charged (98.52 of charged 
CO + C02) .  Experiments u s i n g  pure hydrogen have shown t h a t  some Cog i s  s p l i t  
from t h e  l i g n i t e  dur ing  process ing .  Some C02 may have been l o s t  a s  a resul t  of 
r e a c t i n g  with a l k a l i n e  ash  components to  form bicarbonates .  Some CO may have 
been converted t o  methane by hydrogenat ion promoted by i r o n  i n  the  l i g n i t e .  

3 00 H2 98.8 1.2 - 
350 H2 92 1.7 3 .1 1.6 0.1 

The d a t a  in 
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TABLE 2. E f f e c t  of temperature  on the  r e l a t i v e  e f f e c t i v e n e s s  
of carbon monoxide and hydrogen 

(30 g Elkol Nine subbituminous c o a l ,  no s o l v e n t )  

Water, P r e s s u r e ,  psig Time, Temp, Conversion, 
Gas m l  I n i t i a l  Maximum min O C  percent  

co 15 1500 4200 15 31 5 43 

co 30 1000 3970 30 4 00 60 
H 2  None 2500 5400 15 375 27 

H 2  None 2000 4670 30 400 G O  

co 30 1000 4200 30 425 70 
H 2  None 2000 4650 30 425 63 

TABLE 3 .  Reducing gas  halance 

(10.65 g maf l i g n i t e ,  2 8  g anthracene o i l ,  5 . 9  g H20, 0.87:l H,:CO, 30 ml 
a u t o c l a v e ,  0.46:l weight r a t i o  g a s : c o a l - o i l  s l u r r y ,  4000 ps ig ,  15 min a t  45OoC) 

Gas i n  

1900 psig 
1.034 s t d  f t 3  

Gas out  Difference 

1760 ps ig  140 ps ig  
1.010 s t d  f t 3  0.024 s t d  f t 3  

Composition : 

G r a m  - Mole-pct G r a m  Mo le-pc t G r a m  

H2 46.73 1.23 47.36 1.22 0.01 

C1 1.90 .39 -0.391 

CO 51.57 18.88 30.54 10.92 7.37 
co2 0.10 0.06 19.10 10.73 -10.66l 

0.20 0.08 0.55 0.21 -0.311 - - C2 

20.25 23.49 

' 
Figure  1 shows t h a t  as the  opera t ing  pressure  i n c r e a s e s  i t  is  p o s s i b l e  t o  i n -  
c r e a s e  the concent ra t ion  o f  hydrogen i n  s y n t h e s i s  gas  and s t i l l  o b t a i n  h igh  
convers ions .  
range i n v e s t i g a t e d ,  an  improvement i n  conversion was obta ined  a t  the h igher  
pressures  with r e l a t i v e l y  smal l  percentages of carbon monoxide i n  the reducing 
g a s .  The high conversions were obta ined  by us ing  an excess  of gas  and good 
a g i t a t i o n  i n  t h e  rocking a u t o c l a v e .  Under c o n d i t i o n s  where gas- l iqu id  c o n t a c t  
is poor ,  higher  pressures  a r e  needed t o  o b t a i n  convers ions  near  90%. The 
a d d i t i o n  of t e t r a l i n ,  a hydrogen donor, increased  t h e  conversion but t h e  same 
improvement was a l s o  obta ined  by i n c r e a s i n g  the  o p e r a t i n g  pressure  a few 
hundred pounds. 
t he  curves  i n  F igure  1 would be expected t o  be f l a t t e r  a t  higher  temperatures  
and s t e e p e r  a t  lower tempera tures .  

A negat ive  v a l u e  i n d i c a t e s  weight of gas  produced. 

Although 100% hydrogen gave poor r e s u l t s  a t  420'C i n  t h e  pressure  

Because o f  t he  i n c r e a s e  of hydrogen a c t i v i t y  with temperature ,  
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E f f e c t  of Temperature. I n c r e a s i n g  the temperature  causes  an i n c r e a s e  i n  gas  
consumption and a decrease i n  product v i s c o s i t y  (Figure 2) .  Based on o m  
experience with recyc le  opera t ion  a v i s c o s i t y  of 50 c e n t i s t o k e s  ( c s )  a t  6OoC 
w a s  chosen a s  an upper l i m i t  f o r  a d e s i r a b l e  product obtained using 1 2  g of  
l i g n i t e  t o  28 g anthracene o i l .  
i n d i c a t e s  t h a t  a t  3000 ps ig  the minimum opera t ing  temperature i s  about  430'C. 

In order  t o  minimize the  r e a c t i o n  time necessary f o r  d e s i r a b l e  v i s c o s i t y ,  
temperatures near  450°C a r e  recommended. 
r e a c t i o n  time the  product v i s c o s i t y  cont inues  t o  drop with increased  o p e r a t i n g  
temperature but  t h a t  the  o i l  y i e l d  drops s i g n i f i c a n t l y .  A t  the  s h o r t e r  c o n t a c t  
times poss ib le  a t  the  h igher  temperatures ,  gas consumption a l s o  d e c r e a s e s .  The 
consumption of carbon monoxide i s  r e l a t i v e l y  c o n s t a n t  with temperature  between 
450° and 475OC. Most o f  the increase  i n  gas use i s  due t o  g r e a t e r  consumption 
of  hydrogen a t  the  h igher  temperatures .  A breakdown of the gas  consumption i n  
Table  4 shows t h a t  cons iderably  more hydrogen i s  formed, v i a  the water-gas 
s h i f t  r e a c t i o n  than i s  consumed i n  a l l  but  the  h ighes t  temperature  experiments .  

Using t h i s  v i s c o s i t y  c r i t e r i o n ,  F igure  2 

Table 4 shows t h a t  a t  c o n s t a n t  

TABLE 4. E f f e c t  of teinperature and t i m e  (4000 p s i g )  

O i l  Kinematic 
Temp, Time, Conversion, y i e l d ,  v i s c o s i t y ,  Gas used ,  f t 3  

O C  min percent  percent  cs a t  6OoC CO % 

450 15 96 62  39 .250 -.07S1 
460 15 94 43 36 .229 -.014' 
475 15 94 42 28 .259 .019 
450 3 94 56 52 . 2 2 1  -.018' 
460 3 92 53 48 .217  -.010' 
475 3 94 50 44 . 222  .031 

\ 

Minus f i g u r e s  i n d i c a t e  hydrogen formation.  

E f f e c t  of Pressure .  Table  5 sugges ts  t h a t  the minimum opera t ing  pressure  f o r  
ob ta in ing  a product  of d e s i r a b l e  v i s c o s i t y  is 3000 ps ig .  
a r e  good a t  a l l  o f  the c o n d i t i o n s  l i s t e d  i n  Table  5 but  the  b e s t  o i l  y i e l d s  and 
v i s c o s i t i e s  were obtained a t  the  h ighe r  pressures .  Gas consumption a l s o  i n -  
c r e a s e s  with pressure .  S u r p r i s i n g l y ,  the e x t e n t  of cracking to  C 1  t o  C4 hydro- 
carbons does n o t  appear t o  i n c r e a s e  s i g n i f i c a n t l y  with an i n c r e a s e  i n  pressure  
from 3000 psig t o  4000 ps ig .  When the  temperature  i s  near  450' C ,  w i th  about  a 
15 minutes r e a c t i o n  per iod ,  the percent  of l i g n i t e  converted t o  hydrocarbon 
gases  i s  7 t o  8% (Table 6). 

Conversions of l i g n i t e  

TABLE 5. E f f e c t  of o p e r a t i n g  pressure (1  h r  r e a c t i o n  t ime)  

Operating O i l  Kinematic 
Tzmp, Pressure ,  Conversion, y i e l d ,  v i s c o s i t y ,  Gas used ,  f t 3  

C PS i g  percent  percent  a t  6OoC CO + H2 

430 2000 95 52 79 .186 
430 3000 96 55 53 .189 
430 4000 98 62 39 .210 
450 2000 a5 44 76 .186 
450 3000 93 54 45 .263 
450 4000 96 55 36 .311 
460 2000 87 39 73 .187 
460 3000 94 48 42  .296 
460 4000 94 52 31 .299 
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TABLE 6 .  E f f e c t  of opera t ing  v a r i a b l e s  on gas  product ion 

Temp, P r e s s u r e ,  Time C&,, C2-4,  
O C  ps ig  h r  gram gram 

400 
425 
450 
450 
450  
425 
450 
450 
450 

3000 
3000 
3000 
3000 
3000 
4000 
4000 
4000 
4000 

1 .15 .18 
1 .33 .28 
1 .66 .58 

. 5  .43 .33 

.25 .42 .41 
1 . 30  .29 

.5 .52 .37 

.25 .43 .34  

.OS .32 .25 

L i g n i t e  
gas i f  fed , '  

percent  

3.1 
5.7 

12 .4  
7 . 1  
7 . 7  
5 . 5  
8 . 4  
7 . 2  
5 . 3  

I 

' To C 1 4 4  hydrocarbons. 

Recycle Operation. In o r d e r  f o r  a p o t e n t i a l  c o a l  l i q u e f a c t i o n  process  t o  have 
commercial p o s s i b i l i t i e s ,  t h e  product  should be capable  of being used as a 
r e c y c l e  vehic le  oil f o r  p repa r ing  pumpable c o a l - o i l  s l u r r i e s .  In a d d i t i o n ,  
t h e  product  oil must have s u f f i c i e n t  r e a c t i v i t y  o r  solvency power f o r  c o a l  so 
t h a t  conversions and product  v i s c o s i t i e s  do  not  d e t e r i o r a t e  with extended 
r e c y c l e  opera t ion .  Table 7 shows t h a t  even a t  the border l ine  condi t ions  of 
3000 ps ig  and 43OoC, u s i n g  f r e s h  l i g n i t e ,  i t  was poss ib le  t o  use the product  
oil as so lvent  in 10 consecu t ive  runs with no s i g n s  of  i n o p e r a b i l i t y .  
i n i t i a l  run used an th racene  o i l  as a s o l v e n t  and t h e  product from t h i s  f i r s t  
run had a kinematic  v i s c o s i t y  n e a r  50 c e n t i s t o k e s  a t  60'C. 
c reased  t o  110 c s  a t  82OC by t h e  completion of the  e leventh  run where over  90% 
of  the  v e h i c l e  oil was l i g n i t e  d e r i v e d .  
and t h e  product f i l t e r e d  r e a d i l y  a t  about  95'C. 

The a d d i t i o n  of a small amount of formic ac id  caused the  product v i s c o s i t y  t o  
remain lower. However, improvement i n  product v i s c o s i t y  can be obtained more 
inexpensively by modest i n c r e a s e s  in temperature and/or  pressure .  

Recycle opera t ion  us ing  a s a m p l e  of l i g n i t e  t h a t  had been i n  s t o r a g e  about  two 
y e a r s ,  under n i t r o g e n ,  a f t e r  being a i r  d r i e d  and ba l l -mi l led  in a drum s i z e d  
m i l l  showed poor behavior .  By t h e  e leventh  run ,  the  product was so viscous  t h a t  
i t  could barely be f i l t e r e d  and t h e  y i e l d  of recovered oil was low. Despi te  the  
high v i s c o s i t y  of the  product  from t h i s  last  run, a not  unreasonable  conversion 
of 78% was obta ined .  

An a d d i t i o n a l  s e t  o f  experiments  was conducted t o  f u r t h e r  eva lua te  labora tory  
v e r s u s  la rge  scale m i l l i n g  of l i g n i t e .  The d a t a  in Table 8 show t h a t  i f  
reasonable  precaut ions  are taken t o  prevent  ox ida t ion  during m i l l i n g ,  the  
pulver ized  l i g n i t e  is a c c e p t a b l e  as a COSTEAM feeds tock .  
s e t s  of condi t ions  shows very l i t t l e  loss of a c t i v i t y  of the p lan t -gr ind  l i g n i t e .  
A small increase  in v i s c o s i t y  and a small i n c r e a s e  i n  gas consumption may have 
r e s u l t e d  from the  a i r - d r y i n g  s t e p  t o  which the  l i g n i t e  was subjec ted  p r i o r  t o  
gr inding  under i n e r t  gas .  
The aged p lan t -gr ind  l i g n i t e ,  however, gave a product of dec ide ly  g r e a t e r  
v i s c o s i t y  and consumed more t o t a l  gas .  Because of  the loss of a c t i v i t y  during 
dry ing  (L), it is recommended t h a t  the l i g n i t e  be dr ied  under i n e r t  gas ,  o r  i f  
p o s s i b l e ,  the dry ing  s t e p  omi t ted .  

The 

The v i s c o s i t y  in- 

The v i s c o s i t y  appeared t o  have leve led  

A comparison a t  two 

This l i g n i t e  was t e s t e d  about a month a f t e r  gr inding .  

i 

I 
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TABLE 7.  Liquefac t ion  of  l i g n i t e  us ing  r e c y c l e  o i l  

(1  h r  430°C, 1:l s y n t h e s i s  g a s ,  3000 p s i g ,  H20:coal :oi l  r a t i o  9:30:70) 

Fresh labora tory-gr ind  l i g n i t e ’  Aged l i g n i t e a  
Average of Average of Average of 

11 th  Run 11 runs 11th  Run 11 runs  11th Run 11 runs 

Addit ive 
Conversion, % 
O i l  y i e l d ,  % 
Product: 

C 
H 
N 
S 
0 

Ash 
Kinematic 

v i s c o s i t y ,  
cs a t  6O0C 
cs a t  8z0c 

Btu / lb  c a l c d .  

190 -- 598 -- 12,800 -- 
46.8 -- 110 -- 1,030 -- 

17,056 -- 16,886 -- 16,906 11 

North Dakota l i g n i t e  (Zap Mine, 29.5% H 2 0 ,  9 . a  ash}’. North Dakota l i g n i t e  
(Beulah Mine, 20.3% H20, 7.3% a s h ) ,  p lan t -gr ind .  

TABLE 8. E f f e c t  of g r i n d i n g  method and l i g n i t e  a g i n g  
(4000 ps ig ,  mois ture  ad jus ted  t o  5.9 g f o r  1 2  g m f  l i g n i t e )  

O i l  Kinematic 
Grinding Time, Temp, Conversion,  y i e l d ,  v i s c o s i t y  , Gas used,  f t3 

method h r  O C  percent  percent  c s  a t  6OoC CO HO L 

B a l l  m i l l  .25 450 96 60 30 .723 -.015’ 
B a l l  m i l l  1.00 425 95 61 37 .246 .OW 

Plant -gr ind  .25 450 96 62 39 .750 -.075’ 
P lan t -gr ind  1.00 425 95 63 39 .245 .003 
Plant-gr inda 1.00 425 96 60 45  .242 . l o 8  

Minus f i g u r e s  i n d i c a t e  i n c r e a s e  i n  gas. a Aged l i g n i t e ,  s t o r e d  s e v e r a l  y e a r s  
under N2. 

CONCLUSION 

Autoclave work has  e s t a b l i s h e d  t h e  f e a s i b i l i t y  of processing low rank c o a l ,  i n  
the  absence of added c a t a l y s t s ,  t o  a low-sulfur ,  low-ash f u e l  o i l ,  us ing  s y n t h e s i s  
gas and moisture  i n  t h e  c o a l  a s  the  source of hydrogen. Using o i l  y i e l d s ,  product 
v i s c o s i t i e s ,  and gas consumption as c r i t e r i a ,  opera t ing  v a l u e s  have been found 
which can  be used a s  a s t a r t i n g  p o i n t  f o r  l a r g e r  s c a l e  cont inuous o p e r a t i o n  
s t u d i e s .  

v‘ 
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