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ABSTRACT 

Pret reatment  o f  subbituminous coal w i t h  an approp r ia te l y  formulated mix o f  
carbon monoxide and water, i n  presence o f  bitumen o r  heavy o i l ,  r e s u l t s  i n  ve ry  
f a s t  reac t i ons  cha rac te r i zed  by a h i g h  degree o f  coal s o l u b i l i z a t i o n  and deoxy- 
genation. The r e a c t i o n  i s  ca ta l ysed  by a m ix tu re  o f  a l k a l i  metal carbonates 
and proceeds r e a d i l y  a t  380-400OC. The f i r s t - s t a g e  reac t i on  product  appears t o  
be suscept ib le  t o  f u r t h e r  c a t a l y t i c  hydrogenation a t  420-460T w i t h  gaseous 
hydrogen y i e l d i n g  65-70% ( o n  da f  feed)  o f  hydrogen-rich d i s t i l l a b l e  o i l ,  com- 
posed main ly  o f  naphtha and middle o i l .  

The process f lowsheet  i s  presented and the  comparative economics o f  two-stage 
carbon nonoxide/steam-hydrogen and hydrogen-hydrogen coprocessing schemes are 
discussed. 

INTRODUCTION 

A lbe r ta  i s  endowed w i t h  immense reserves o f  subbituminous coals  (11, bitumen 
and heavy o i l  ( 2 ) .  The concept o f  coprocessing coal and petroleum der i ved  
so l ven ts  i s  n o t  a new one (3 .4 )  and the re  i s  a consensus t h a t  t h i s  approach i s  
more a t t r a c t i v e  economical ly than convent ional  coal 1 ique fac t i on  (5). The most 
a t t r a c t i v e  f e a t u r e  o f  the coprocessing concept i s  i t s  po ten t i a l  f o r  e l i m i n a t i o n  
o f  o i l  r e c y c l e  which may increase t h e  o u t p u t  o f  t he  i n s t a l l a t i o n  by up t o  th ree  
t imes. 

It has t o  be emphasized t h a t  under A lbe r ta  condi t ions the economics o f  a 
coprocessing p l a n t  have t o  be compared t o  a heavy o i l  and/or bitumen hydro- 
c rack ing  p l a n t .  The major advantage o f  coprocessing as  opposed t o  bitumen o r  
heavy o i l  hydrocrack ing i s  t he  low c o s t  o f  coal .  This has t o  be weighed 
aga ins t  t he  increased hydrogen consumption, increased p l a n t  complex i ty  
(convers ion o f  coal  t o  d i s t i l l a t e  o i l  r e q u i r e s  more severe cond i t i ons  compared 
t o  bitumen) and the  element of r i s k  associated w i t h  implementation o f  t he  new 
coprocessing technology. 

A f a c t o r  which may have a subs tan t i a l  e f f e c t  on the economics o f  coprocessing 
as compared t o  bitumen o r  heavy o i l  hydrocrack ing i s  t h a t  o f  pu re l y  chemical 
nature. I t  has n o t  been f i r m l y  es tab l i shed  whether the  i n t e r a c t i o n  among coa l -  
and bitumen-derived r a d i c a l  in termediates leads t o  an increase o r  a reduc t i on  
i n  o i l  y i e l d  o r  i t s  q u a l i t y .  

On the o the r  hand, i t  has been demonstrated t h a t  hydrocracking o f  bitumen i n  a 
one-stage process i n  the  presence o f  small  (1-3% by weight) q u a n t i t i e s  o f  sub- 
bituminous coal  r e s u l t s  i n  s i g n i f i c a n t  improvement i n  o i l  y i e l d  ( 6 ) .  S i m i l a r  
r e s u l t s  can be obta ined by employing cha rs  generated from brown coals  ( 4 , 7 )  and 
t h i s  furn ishes a s t rong  evidence t h a t  c a t a l y t i c  e f f e c t s  and n o t  t h e  chemist ry  
of the components o f  t he  subs t ra te  p l a y  a dominant r o l e  i n  a one-stage b i t u e n  

* To be presented a t  the Fuel D i v i s i o n  "Reactions o f  Coal i n  Novel Systems", 
Anaheim ACS Meeting, September 7-12. 1986 
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hydrocracking process w i t h  low coal  concent ra t ions .  However, t h e  o h j e c t i v e  o f  
coprocessing i s  t o  naximize t h e  coal  concent ra t ion  i n  the feedstock w i t h o u t  
s a c r i f i c i n g  t h e  d i s t i l l a b l e  p roduc t  y i e l d  and q u a l i t y .  

The two-stage process developed a t  A l b e r t a  Research Counci l  i s  based on so lub i -  
l i z a t i o n  o f  h igh  oxygen subbituminous coa l  i n  bitumen (heavy o i l )  u s i n g  a mix- 
t u r e  o f  carbon monoxide/steam a t  380-409OC i n  presence o f  a l k a l i  metal  cata- 
l y s t .  f o l l o w e d  by c a t a l y t i c  hydrocracking a t  temperatures o f  420-460'C and 
pressures up t o  18.0 MPa. 

EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  standard batch autoclave system and i n  a 
h o t  charge/discharge u n i t  ( a  system developed f o r  s tudy ing  two-stage l i q u e -  
f a c t i o n  processes). 

Batch Autoclave Simulated Two-Stage Studies 

The ba tch  autoclave experiments were c a r r i e d  ou t  i n  1 l i t r e  magnedrive auto- 
c laves  (manufactured by Autoclave Engineers L td . )  w i t h  i n t e r n a l  c o o l i n g  c o i l s .  

The coal /b i tumen s l u r r y  was charged i n t o  an autoclave a t  room temperature 
fo l lowed by p ressu r i z ing  the  system w i t h  carbon monoxide (5.2 MPa) o r  hydrogen 
(8.3 MPa). The autoclave was heated up t o  390°C. maintained a t  t h i s  tempera- 
t u r e  f o r  30 min. and depressur ized a t  e leva ted  temperatures. Gas samples were 
analysed us lng  a CARLE gas chromatograph. The second stage (hydrogenat ion) 
c a t a l y s t  and s u l f u r  add i t i ve  were then introduced t o  t h e  c o l d  r e a c t o r  which was 
subsequently repressur ized t o  8.3 MPa w i t h  hydrogen. The r e a c t o r  was heated t o  
440°C and he ld  a t  t h i s  temperature f o r  60 min. Subsequently, t h e  r e a c t o r  was 
depressur ized as before, cooled t o  room temperature and discharged. The pro- 
d u c t  work-up procedure was t h e  same as descr ibed b e f o r e  (8).  

Ho t  Charge/Discharge U n i t  (HCOU) 

The HCDU cons is ts  o f  two m a g n e t i c a l l y  s t i r r e d  reac to rs  o f  one and two l i t r e  
c a p a c i t y  and a h igh  pressure vessel t o  c o l l e c t  t he  produc t  s l u r r y .  The f i r s t  
r e a c t o r  operates i n  batch mode and the  second one i n  a semi-continuous mode. 
D e t a i l s  regarding c o n s t r u c t i o n  and opera t ion  o f  the  system were g i v e n  elsewhere 
(8).  The product work-up procedure and produc t  analyses were t h e  same as f o r  
ba tch  autoclave tests.  

D I KUSSION 

S u f f i c i e n t  evidence has been accumulated t o  show t h a t  two-stage coal  l i q u e f a c -  
t i o n  process y i e l d s  b e t t e r  r e s u l t s  conpared t o  convent ional  s ing le -s tage pro- 
cesses ( 9 ) .  

The importance o f  the f i r s t  ( s o l u b i l i z a t i o n )  stage i n  the  o v e r a l l  l i q u e f a c t i o n  
process had been ignored u n t i l  i t  became ev ident  t h a t  depending on t h e  r e s u l t s  
o f  t h e  so lub i l i za t i on .  the second (hydrogenat ion) stage proceeds more o r  l e s s  
e f f i c i e n t l y .  Though no r e s u l t s  o f  systemat ic research on t he  s o l u b i l i z a t i o n -  
hydrogenation re la t i onsh ip  a re  ava i l ab le ,  one can speculate t h a t  t h e  mechanism 
o f  t h e  i n i t i a l  d i s i n t e g r a t i o n  o f  coa l  and the  charac ter  and p r o p e r t i e s  o f  t he  
in te rmed ia te  so lub le  p roduc t  may have a major i n f l uence  on t h e  e f f e c t i v e n e s s  o f  
t h e  hydrogenation step. 

The inf luence o f  s o l u b i l i z a t i o n  o f  low rank coa ls  on t h e i r  hydrogenat ion may be 
p a r t i c u l a r l y  important due t o  t h e i r  h igh  oxygen content and h igh  r e a c t i v i t y  o f  
a major f r a c t i o n  o f  t h i s  oxygen a t  temperatures s i g n i f i c a n t l y  below t h e  
hydrogenation tenperature. Presence o f  h i g h l y  reac t i ve  oxygen i n  t h e  coal may 
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r e s u l t  i n  r e t r o g r e s s i v e  r e a c t i o n s  t a k i n g  p lace du r ing  s o l u h i l  i z a t i o n  a t  Cig$er  
temperatures. Therefore, f o r  A lbe r ta  subbituminous coals  a m i x t u r e  o f  carbon 
monoxide/steam o r  hydrogen was t e s t e d  i n  low temperature s o l u b i l i z a t i o n  
s tud ies.  The work c a r r i e d  o u t  a t  A lbe r ta  Research Counci l  on s o l u b i l i z a t i o n  o f  
indigenous subbituminous c o a l s  i n  CO/steam i n  bitumen and/or heavy o i l  showed 
t h a t  these c o a l s  a r e  r e a d i l y  s o l u b i l i z e d  a t  a low temperature o f  38O-40O0C w i t h  
conversion 85-96s ( 1 0 , l l ) .  Although the conversion was accompanied by l ow  
hydrocarbon gas genera t i on  and advanced deoxygenation f o r  both gases t e s t e d  
(see Table 1). CO/steam appeared t o  be super io r  compared wi th hydrogen i n  terms 
o f  reac t i on  k i n e t i c s  measured as coa l  conversions a t  390°C (see Table 2).  

The s u s c e p t i b i l i t y  o f  t he  coa l  s o l u b i l i z e d  under m i l d  cond i t i ons  w i t h  e i t h e r  
hydrogen o r  carbon monoxide/steam t o  f u r t h e r  hydrogenation i n  presence o f  
potassium molybdate i s  presented i n  Table 3. 

Analys is  o f  t he  r e s u l t s  obta ined i n  simulated two-stage autoc lave experiments 
and presented i n  Table 3 i n d i c a t e s ,  t h a t  i n  terms o f  d i s t i l l a b l e  o i l  y i e l d  the 
s o l u b i l i z a t i o n  o f  coa l  i n  bitumen i n  presence o f  CO/H 0-K C03 fo l lowed by 
c a t a l y t i c  hydrogenation y i e l d s  s l i g h t l y  b e t t e r  r e s u l t s  c&pa?ed t o  s o l u b i l  i z -  
a t i o n  i n  hydrogen and f o l l o w e d  by c a t a l y t i c  hydrogenation. Furthermore, two- 
stage co-processing where s o l u b i l i z a t i o n  was accomplished by a c t i o n  o f  e i t h e r  
CO/H 0 o r  CO/H 0-K CO seems t o  r e s u l t  i n  sovewhat l ower  genera t i on  o f  gaseous 
hydr%carbons ibmpaqed t o  s o l u b i l i z a t i o n  w i t h  hydrogen (Table 3 ) .  The coal 
conversion va lues a r e  by f a r  t he  h ighes t  (98%) f o r  t h e  sample s o l u b i l i z e d  us ing 

I n  conclusion, on t h e  bas i s  o f  autoc lave s tud ies t h e  two-stage CO/H 0-K CO 
H rou te  appears t o  be m a r g i n a l l y  more appealing than t h e  H2-H2 r o u t 6  in’tehn; 03 product  y i e l d s  and conversion. 

The Alber ta  Research Counci l  r o u t e  requ i res  t h a t  CO be used as reducing gas i n  
t h e  f i r s t  s tage o f  the l i q u e f a c t i o n  process. I t  i s  notewor thy t h a t  the 
refonning technology f o r  conversion o f  na tu ra l  gas (CH t o  e i t h e r  H o r  CO i s  
we l l  known and i n  b o t h  cases i s  equa l l y  e f f i c i e n t  i n  t e h s  o f  the q u a h i t i e s  o f  
t he  reducing gas produced. 

CO/H20-K,C03. 

CH4 + 2H20 C02 + 4H2 (1) 

CH4 + 3C02 ~ 4CO + 2H20 (2 )  

The conversion o f  methane t o  CO i ns tead  o f  H i s  more a t t r a c t i v e  i n  view o f  the 
e l i m i n a t i o n  o f  the demand f o r  water and tt?e p o t e n t i a l  f o r  r e c y c l i n g  the CO 
produced i n  t h e  f i r s t  stage o f  t he  coprocessing. The disadvantage o f  re formins 
w i t h  C02 l i e s  i n  endothermic nature o f  t h i s  reac t i on  and i n  a need f o r  separa- 
t i o n  of gases (namely CO, C02 and H2). 

The block diagram o f  t he  coprocessing p l a n t  based on the concept o f  C0/H20- 
K2C03 - H2 r e a c t i o n  i s  presented i n  F i g u r e  1. 

The Process i s  composed o f  t h ree  t r a i n s :  1 )  d i s t i l l a t i o n  o f  bitumen and 
agglomeration o f  coal ;  2 )  generat ion and separation o f  r e a c t i o n  gases; and 3 )  
s o l  ub i1 i z a t i  on, hydrogenation, d i s t i l  1 a t i o n  and r e f i n i n g  o f  v o l  a t i  1 e products . 
E a r l i e r  work showed t h a t  bitumen based b r i d g i n g  l i q u i d  was very e f f e c t i v e  i n  
removal of a major p o r t i o n  o f  minera l  mat ter  ( p a r t i c u l a r l y  s i l i c a  and c lays)  
from subbituminous c o a l s  du r ing  t h e i r  agglomeration (12) .  It i s  expected t h a t  
deashing of coa l  may have a b e n e f i c i a l  i n f l uence  on l i q u e f a c t i o n  c a t a l y s t  per- 
formance and reso lve  t h e  problems associated w i t h  e ros ion  o f  pressure let-down 
va lves (13). 

I ‘~ 
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The ove ra l l  mass balance o f  t he  opt imized two-stage CO/H 0-K CO - H coa l /  
bitumen process i s  presented i n  Table 4. The s o l u b l e  e x t r a s t  (3523°C) &counts 
f o r  12.3% o f  the feedstock ( coa l  + bitumen) as compared w i t h  about 19% (see 
Table 3) obtained from s imulated two-stage autoc lave t e s t s .  The reduc t i on  i n  
generation o f  e x t r a c t a b l e  ma t te r  was achieved through more advanced hydrogena- 
t i o n  compared t o  autoc lave t e s t s .  As a r e s u l t  t h e  d i s t i l l a b l e  o i l  y i e l d  a f t e r  
op t im iza t i on  was increased t o  70.1% (see Table 5) compared t o  66.2% obtained i n  
an autoclave (Table 3). Equa l l y  important, t h e  process generates main ly  l i g h t  
(-375OC) o i l .  which accounts f o r  about 90% o f  t o t a l  o i l  produced. It i s  expec- 
t e d  t h a t  i n  a continuous opera t i on  h igher  y i e l d s  o f  d i s t i l l a b l e  o i l s  can be ob- 
tained. 
c a t a l y s t  should have a major  impact on f u r t h e r  improvement o f  t he  ARC process 
concept. 

Recently completed economic f e a s i b i l i t y  s t u d i e s  on two-stage coal/bitumen 
coprocessing (14) i n d i c a t e  t h a t  t h e  Alber ta  Research Counci l  concept t o  c a r r y  
o u t  the s o l u b i l i z a t i g n  stage i n  CO/steam atmosphere adds about $100 m i l l i o n  t o  
the  cos t  o f  the coprocessing p l a n t  and t h i s  accounts f o r  approximately 8% o f  
t o t a l  p l a n t  cost .  However, when the  f e a s i b i l i t y  s tud ies  were completed ( e a r l y  
1985) the data i n d i c a t i n g  t h a t  t he  CO/steam-K C O  s o l u b i l i z a t i o n  r e s u l t s  i n  
h igher  y i e l d  o f  d i s t i l l a b l e  o i l s  compared t o  hy&og%n s o l u b i l i z a t i o n  (see Table 
3 )  were not  ava i l ab le .  I t  i s  noteworthy t h a t  4% h igher  o i l  y i e l d  i n  p l a n t  
product ion could r e a d i l y  o f f s e t  t he  a d d i t i o n a l  c o s t  assoc iated w i t h  CO/steam 
s o l u b i l i z a t i o n .  Furthermore, t h e r e  are o t h e r  f a c t o r s  ( l i k e  r e a c t i o n  k i n e t i c s )  
which seem t o  favo r  CO/steam s o l u b i l i z a t i o n  and which do n o t  seem t o  be f u l l y  
accounted f o r  i n  the f e a s i b i l i t y  studies. 

Under the circumstances i t  i s  concluded t h a t  t h e r e  i s  a need f o r  f u r t h e r  
v e r i f i c a t i o n  o f  t he  e f fec t i veness  o f  t h e  CO/steam-K CO versus H s o l u b i l i z -  
a t i on .  It i s  essen t ia l  t o  c a r r y  o u t  continuous two-s?ag$ coa l /b i t&en  t e s t s  i n  
both (CO/steam-K CO - H versus H -H modes i n  o rde r  t o  o b t a i n  more r e l i a b l e  
y i e l d  data and cbnv&sior? values f& Aonomic ana lys i s .  
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Table 1 

DEOXYGENATION OF THE FEEDSTOCK (COAL AND BITUMEN) AND 
HYDROCARBON GAS YIELDS ON SOLUBILIZATION OF HIGHVALE COAL 

I N  BITUMEN USING CO/STEAM OR He AT 390°C 

CO/Steam H, 

Hydrocagbon Gas Y i e l d  
(C1-C4) (XI 

1 .o 0.9 

Deoxygenationb ( % )  86 94 

a) on d a f  feedstock 
b) d e f i n e d  as: _. 

- 0 i n  ( d i s t i l l a b l e  + e x t r a c t a b l e )  products 
0 i n  (coal  + bitumen) feedstock 
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Table 2 

THE EFFECT OF RESIDENCE TIME ON 
CONVERSION FOR THE SOLUBILIZATION OF 

HIGHVALE COAL I N  BITUMEN WITH 
CO/STEAM OR H2 AT 390°C 

Time (min') Coal Conversion 
( o n  d a f  coal ) 

H7 CO/Steam 

0 
15 
30 
60 

58 10 
65 34 
85 65 
86 68 

Table 3 

PRODUCT YIELDS AND COAL CONVERSIONS FROM THE 
TWO-STAGE CO-PROCESSING OF BITUMEN AND HIGHVALE COAL 

2nd Stage C a t a l y s t  

1 s t  Stage Reducing Gas H2 CO/H20 CO/H20-K2C03 

K2Mo04 - CH3SSCH3 

Y ie lda  - 
Hydrocarbon Gas (C,-C5) 7.2 (20.8) 5.2(+0.2) 5.3c 
D i s t i l l a b l e  O i l  (IBP-525"C) 62.3(+0.9) 57.7 (+0.8 ) 66.2 (20.7 ) 
Solub le E x t r a c t  18.0 (20. 2 ) 19.3 (20. 9) 18.7 (+O .3 ) 
Ma te r ia l  Balance 94.1 (23.1 ) 90.4 (20.2) 96.1' 

Coal Conversion ( X  d a f  c o a l )  90 (21 ) 91 (21) 98 (20 1 
~ 

a) Y ie lds  a re  presented as % da f  organic  feed (bitumen + coa l ) .  
b) A l l  data are quoted as  the  average va lues of two dup l i ca te  experiments. 

F igu res  i n  b racke ts  show t h e  spreads f o r  t he  two experiments. 
c) S ing le  data po in t .  
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Table 4 

OVERALL MASS BALANCE FOR THE OPTIMIZED ARC TWO-STAGE 
CO/H2O-K2CO3 - H2 COALDITUMEN PROCESS 

Bitumen Coal - 2.5/1 
Bas is  100 k g  - feed ( d a f )  

Component I n p u t  o u t p u t  

10.26 

0.6 
26.1 

2.7 
1.84 

c5-2000c 3.1 11.0 

200-375OC 15.0 40.1 

375-525OC 16.1 19.0(2) 

+ 525OC 37.2 12.3 

Coal 28.6 

Ash 1.5(1) 
Unconverted Coal 
Residue 

Water 

co 
44.7 

1.5 
c02 
H2S 

NH4 0.46 

'1-'4 5.2 
C a t a l y s t  0.34 

138.8 138.8 

( 1 )  Ash reduced t o  5% by deashing. 
( 2 )  Es t imate  o f  y i e l d  a f t e r  o p t i m i z a t i o n .  
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SteaE (Optional) Natural Gas 

GAS GENERATION 
AND SEPARATION 

COAL 
SOLUBILIZATION 
HYDROGENATION 

DISTILLATION 

AGGLOMERATION 
AND 

co Rich 

Recycle Mater 
Bi t w n  B i  t m e n  

(andlor 
heavy oi 1 ) 

(andlor 
heavy of1 1 Coal 

Figure 1: Block Diagram o f  the ARC Two-Stage CO/Steam-K2C03 - H2 
Coal/Bitumen Process Concept 
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