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INTRODUCTION .-__ 

Modern synthesis gas chemistry has evolved from technology f i r s t  developed in 
Germany early th i s  century. 
of liquid fuels  from coal has gone through cycles reflecting the perceived 
, jvai labi l i ty  of petroleum. 

I n  the U . S . ,  the Department of Energy ( D O E )  h a s  supported an indirect  coal 
liquefaction program to investigate new techniques for  the production of liquid 
hydrocarbon and alcohol fuels. 
feedstock of low hydrogen content synthesis gas  generated by advanced, more 
e f f i c i e n t ,  coal gas i f ie rs .  Research topics include improved reactor and catalyst  
developments as  well as more fundamental studies of the reaction chemistry. This 
presentation sumnarizes resu l t s  of a number of these projects and provides some 
comparisons with exis t ing comnercial l iquid synthesis technology. Fuels of 
i n t e r e s t  include gasoline, diesel and  j e t  fuel ,  methanol and higher alcohols. 
Achievements in 1 iquid phase synthesis o f  hydrocarbons and mthanol are described 
along with the Methanol t o  Gasoline (MTP,) process. Catalyst research i s  br ief ly  
:-eviewcd and a n  assessment made o f  needs and prospects for future research. 

Alcohol Fuels 

Alcohols can perform well as fuels in b o t h  internal conbustion and diesel engines, 
under appropriate conditions. 
direct  replacement for petroleum derived gasoline. and  the worldwide trend t o  low 
lead content gasoline provides a continuing in te res t  i n  various oxygenates for use 
as octane enhancers in gasoline. Chem Systems, Inc. has developed a l iquid phase 
reactor system to improve the thermal efficiency o f  methanol production ( 1 ) .  This 
Liquid Phase Nelhanol process i s  being further investigated under a cost shared 
contract i n  a 5 TPD process development u n i t  (PDU) which i s  located a t  La Porte, 
Texas, on a s i t e  owned by the prime contractor Air Products and  Chemicals, Inc. 
The P D U  has operated very successfully with a C u / Z n  catalyst  powder less  t h a n  50 
microns in diameter slurried in an  iner t  o i l  in the reactor t h r o u g h  which t h e  
synthesis gas i s  passed. Operating conditions are 5.27 MPa (765 ps ia )  and 25OoC 
(482 F ) .  
a nominal 25 w t .  percent ca ta lys t  s lurry and the catalyst  ac t iv i ty  declined 0.34 
percent per day. Th; process i s  being developed for  use w i t h  a modern coal 
g a s i f l e r  t o  produce once through" methanol to be available as a peak fuel while 
the unconverted gas i s  a baseload turbine fuel in an e lec t r ic  power plant. 
di f ferent  feed gas  (Table 1 ) .  the reactor can be used t o  produce "al l  methanol. 

The production of higher alcohols requires more selective ca ta lys t s  than are 
currently available. Union Carbide Corp. (S. Charleston, W.VA) i s  investigating 
homogeneous ca ta lys t s  for  t h i s  purpose under a cost sharing contract. 
exis t ing comnercial systems for production o f  chemicals require excessive 
operating pressure (20.78 MPa, 3015 p s i a ) ,  a successful catalyst  will provide 
?xCellent se lec t iv i ty  and simple operations, particularly i f  the pressure can be 

Since t h a t  time worldwide interest  in the production 

The l iquid synthesis is based on ut i l iz ing  a 

Methanol i s  available now for  evaluation as a 

During its most recent 40-day run (May-June 1985) the PDU operated with 

wit! a 

Although 
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reduced. A t  Lehigh U n i v e r s i t y  mod i f i ed  heterogeneous Cu/Zn c a t a l y s t s  are be ing 
i nves t i ga ted  i n  the pressure range o f  3.45 MPa t o  7.58 MPa (500 ps ia  to  1100 ps ia )  
f o r  t he  product ion o f  m ix tu res  o f  methanol and h igher  a lcohols .  
product t y p i c a l l y  conta ins 40 percent  methanol and about 25 percent isobutanol .  
f o r  example ( 2 ) .  

L f q u i d  Hydrocarbons 

H i s t o r i c a l l y ,  1 i q u i d  hydrocarbons have been synthesized from hydrogenlcarbon 
mnox lde  mixtures v i a  Fischer-Tropsch technology us ing  i r o n  based c a t a l y s t s .  
Another o p t i o n  i s  now be ing  demonstrated commercial ly i n  New Zealand where 
methanol i s  produced from synthes is  gas and i m e d i a t e l y  converted t o  h igh octane 
gasol ine v i a  the Methanol t o  Gasoline (MTG) process. 
Development Corporation has developed t h i s  process based on a ZSM-5 c a t a l y s t ,  
under a cos t  shared con t rac t  w i t h  DOE. 
developed w i t h  y i e l d s  as shown i n  Table 2. I n  recent  years, a more e f f i c i e n t  
f l u i d  bed concept has been demonstrated i n  a 100 bpd (methanol feed) p i l o t  p l a n t  
l oca ted  i n  West Germany. The p l a n t  operated very w e l l  a t  a l l  l e v e l s  i n c l u d i n g  a 
much h ighe r  than designed throughput. Most recen t l y  operat ing c o n d i t i o n s  f o r  the 
p i l o t  p l a n t  were changed i n  order  t o  produce l i g h t  o l e f i n s  r a t h e r  than gasol ine.  
The o l e f i n s  can be converted commercial ly t o  d iesel  f ue l  and/or gasol ine t o  o f f e r  
the market another opt ion.  
equa l l y  by the U.S. Government, the W. German Government and an i n d u s t r i a l  
c o n s o r t i m  cons is t i ng  o f  two German f i rms  w i t h  Mobil .  

Mobil  a l so  has been a c t i v e  i n  a cost-shared p r o j e c t  us ing a l i q u i d  phase 
Fischer-Tropsch reac to r  fo l lowed by a second stage reac to r  w i t h  z e o l i t e  c a t a l y s t  
t o  produce gasol ine and wax which can r e a d i l y  be cracked t o  produce d iese l  f u e l  
( 3 )  ( 4 ) .  Table 3 provides data on y i e l d  s e l e c t i v i t y  from the f i r s t  stage i n  low 
wax mode o f  operation. This  p r o j e c t  prov ided an empir ica l  c o r r e l a t i o n  between 
methane and wax y i e l d s  us ing  a p r e c i p i t a t e d  i r o n ,  copper, potassium c a t a l y s t .  
M o b i l ' s  bench scale research has a l s o  i nc luded  f i r s t  stage reac to r  ope ra t i on  i n  a 
h igh  wax mode. 

The base l i n e  technology aga ins t  which process improvements are measured i s  t h a t  
found a t  the Sasol p lan ts  i n  South A f r i ca .  These comnercial p lan ts  owned by the 
South A f r i c a n  Coal, O i l ,  and Gas Corp.. L td .  produce an est imated 90.000 bpd o f  
d iese l  f u e l  and gasol ine. Lu rg i  d ry  bottom coal g a s i f i e r s  prov ide the synthes is  
gas wh i l e  Arge f i x e d  bed reac to rs ,  and Synthol f a s t  f l u i d  bed reac to rs ,  produce a 
broad mixture o f  f ue l s  and chemicals which have t o  be f u r t h e r  processed t o  
marketable products ( 5 ) .  

Dur iny recent  years, the MITRE Corp. McLean, VA, has pu t  the 5asol and o the r  
process schemes on a common bas is  so t h a t  product  costs  can be compared. Table 4 
prov ides r e l a t i v e  costs  f o r  d i e s e l  f u e l  o r  gasol ine (both having the same market 
va lue) .  A l l  p l an ts  are considered t o  be l oca ted  i n  the U.S. and the  feed coal i s  
Western subbituminous. For the advanced processes, the B r i t i s h  Gas Corp. (BGC) 
L u r g i  g a s i f i e r  i s  used. 
t he  l i q u l d  phase data repo r ted  by Prof .  H. Kolbe l  from operat ions i n  Germany 
durlng the 1950's ( 4 ) .  

The a lcohol  

Mobil Research and 

A f i x e d  bed reac to r  system was f i r s t  

Th is  p r o j e c t  i n  West Germany has been supported 

The l i q u i d  phase Mobi l  two-stage process i s  compared w i t h  

C a t a l y s t  Research 

P r a c t i c a l  ca ta l ys ts  must meet several c r i t e r i a  b u t  one proper ty  has eluded 
researchers i n te res ted  i n  producing hydrocarbons w i t h  more than one carbon atom. 
That  proper ty  i s  s e l e c t i v i t y  t o  produce p r e c i s e l y  the des i red product. When one 
th inks  0 1  s e l e c t i v i t y ,  one t h i n k s  o f  shape s e l e c t i v e  supported ca ta l ys ts ,  
homogewous c a t a l y s t s  and enzymes or o the r  b i o l o g i c a l  approaches. While work ing 



w i t h  a synthes is  gas feedstock, one i s  tempted a l so  by the p o s s i b i l i t y  o f  
combining the carbon monoxide ac t i va t i on lhyd rogena t ion  steps w i t h  shape 
s e l e c t i v i t y  i n  one c a t a l y s t  formulat ion.  i n  one reac to r .  A l l  o f  these concepts 
a re  being i nves t i ga ted  i n  a con t inu ing  research e f f o r t  w i t h  the expectat ion t h a t  
the r e s u l t s  w i l l  b e t t e r  descr ibe the r e a c t i o n  chemist ry  leading i n  t u r n  t o  new and 
g rea t l y  improved c a t a l y s t s .  

Reactor Technology 

l i q u i d ,  o r  s l u r r y  phase, reac to rs  are recognized as having a p o t e n t i a l  t o  
s i g n i f i c a n t l y  improve thermal e f f i c i e n c y  over more t r a d i t i o n a l  reac to r  designs f o r  
h i g h l y  exothermic reac t i ons .  
l i q u i d  phase reac to rs ,  b u t  we need much more data descr ib ing the hydrodynamics o f  
such systems under process cond i t i ons .  Actual ope ra t i ng  data are requ i red  f r o n  a 
reactor  which can be operated i n  a commercial ly v iab le  churn t u r b u l e n t  f l ow  
regime. Resul ts  f rom research t o  date a re  encouraging i n  processing a lower H2/C0 
r a t i o  syngas and producing a f l e x i b l e  product  s la te .  The l i q u i d  phase 
Fiscber-Tr8psch r e a c t o r  a l so  operates a t  a h igher ,  more product ive,  temperature 
(260 C-270 C) than i s  f e a s i b l e  w i t h  the Arge or Synthol reac to rs  us ing the cu r ren t  
i r o n  c a t a l y s t  a t  Sasol. 

A number o f  e x i s t i n g  p r o j e c t s  are i n v e s t i g a t i n g  

CONCLUSION - 

It i s  a p leasuw t o  repo r t ,  however b r i e f l y ,  the progress being made i n  new 
approaches t o  the synthes is  o f  l i q u i d  f u e l s  from coal der ived syngas. 
recen t l y  demonstrated s e l e c t i v i t y  and e f f i c i e n c y  of producing hydrocarbon f u e l s  
from mwthanol i s  outs tanding.  Improvements are being demonstrated i n  s e l e c t i v i t y  
for higher a lcohol  product ion and i n  making e f f i c i e n t  use o f  l i q u i d  or  s l u r r y  
phas:’ re.?ctors. 

k .e , the less ,  we have t o  conclude t h a t  no one has the technology today t o  produce 
i i q u i d  f u e l s  f r o n  coal de r i ved  synthes is  gas a t  a cos t  compet i t ive w i t h  near term 
p e t r n l e m  der ived f u e l s  i n  a t y p i c a l  i n d u s t r i a l  environment. Although the feed 
gas accounts f o r  about two- th i rds  o f  the cos t  o f  the l i q u i d  fue l  i n  a 
Fischer-Tropsch p lan t ,  the l i q u i d  synthes is  can be g rea t l y  improved t o  c o n t r i b u t e  
major savings. E x i s t i n g  technology t o  d i r e c t l y  conver t  synthesis gas t o  l i q u i d  
hydrocarbons i s  non-se lect ive r e q u i r i n g  extens ive downstream processing. L i q u i d  
fue l  product ion v i a  methanol uses two s e l e c t i v e  process schemes, b u t  they cannot 
be c lose ly  i n teg ra ted ,  a t  present, f o r  maximum e f f i c i e n c y .  N e w  approaches may 
prov ide so lu t i ons  b u t  u n t i l  then we need t o  pursue avenues suggested by cu r ren t  
research. A s l u r r y  reac to r  o f f e r s  constant  temperature operat ion w i t h  c a t a l y s t  
a d d i t i o n  and wi thdrawal  c a p a b i l i t y .  Can p r o d u c t i v i t y  be improved w i t h  h igher  
c a t a l y s t  loading? Can wax produced i n  the reac to r  be e f f i c i e n t l y  removed and 
separated from the c a t a l y s t ?  What i s  the p o t e n t i a l  f o r  new reac to r  designs? For 
continuous s t i r r e d  tank reac to rs?  Does c a t a l y s t  metal p a r t i c l e  s i ze  a f f e c t  o r  
Contro l  s e l e c t i v i t y ?  Do homogeneous c a t a l y s t s  have any r o l e  i n  hydrocarbon, as 
d i s t i n c t  from a lcohol ,  synthes is? Can p r a c t i c a l  b i - f u n c t i o n a l  c a t a l y s t s  be 
developed t o  conver t  syngas t o  hydrocarbon l i q u i d s ?  Can by-product methane be 
converted d i r e c t l y  and e f f i c i e n t l y  t o  l i q u i d  f u e l ?  

Successful r e s u l t s  from research e f f o r t s  now underway w i l l  go f a r  i n  answering 
these questions, and the  data w i l l  be a v a i l a b l e  f o r  use by i ndus t r y  whenever i t  i s  
requ i red  i n  the Un i ted  States. 

The 
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TABLE 1. L i q u i d  Phase Methanol Process 
Typica l  Reactor Feed Gas Compositions (6)  

Methanol / Power Production A1 1 -Methanol Product 
(CO-Rich Feed) (Balanced Feed) 

"2 

co7 
co 

35.0 Mole % 
51 .O 
13.0 

55.0 Mole % 
19.0 

5.0 
3.0 co, -- 

I n e r t s  1.0 18.0 
100. or: 100.OL 

H2/C0 0.69 2.89 

TABLE 2. MTG Process - Typica l  Y ie lds  from Methanol 
i n  F ixed Bed Reactor System ( 7 )  

-__I____ 

Yields, w t .  percent  o f  methanol charged 

Met ha no 1 
Hydrocarbons 
Water 
co, cop 

0.00 
43.66 
56.15 
0.04 

Coke, oxygenates 0.15 
Tota l  100.00 

Yie lds,  w t .  percent  o f  hydrocarbon product  

Gasoline ( i n c l u d i n g  a l ky la te * )  85.0 
LPG 13.6 
Fuel gas 1.4 

Tota l  100.0 

93 unleaded RO no. Wi thout  a l k y l a t e  gaso l i ne  i s  80.0%. 
A l k y l a t e  i s  process de r i ved  f r o m  propyleng butenes and 
isobutane. 
2.17 MPa (314 ps ia ) .  

Reactor i n l e t  temperature 316 C; pressure 
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TABLE 3. Mobil Liquid Phase Fischer-Tropsch 
Summary of Data from Low-k'ax Operation* 

.- 

Yields, w t .  percent product 

C1 
cz/cz = 

c3/c3 = 

c4/c4 = 

C4 oxygenates 

'5-'11 
c12-c18 
'1 9-'2 3 
CZ3+ wax 

Total 

7.5 
1.6/3.0 
2.0/8.0 
2.116.6 

5.1 
39.4 (2.5)** 
14.3 (0.8)** 
2.9 (0.04)** 

7.5 
100.0 

Bubble column reactor ,  26OoC 1.52 MPa, H / C O  = 0.67, Fe/Cu/K catalyst .  
2.75 NL syngas/gFe/hr. 86 mole X syngas $onversion, 800 g hydrocarbonslg Fe 
ca t a lys t  l i f e .  

'* Numbers in parenthesis a r e  oxygenates. 

TABLE 4. Comparative Costs fo r  Fischer-Tropsch 
Synthesis ( 4 )  

.- -~ 

llnit product cost*, market basis,  a l l  l iquid output 

- Case Relative Cost 

Modified Sasol (BGC Lurgi/Synthol) 0.83 
L i q u i d  Phase Fischer-Tropsch (6GC Lurgi/Kolbel) 0.69 
Liquid Phase Fischer-Tropsch (BGC/Mobil)** 0.73 

** Upgrading of Fischer-Tropsch l iquids  to  marketable fuels  based 

Sasol (dry LurgilSynthol) 1 .oo 

All l iquid hydrocarbon fuels valued the same. 

on ZSM-5 ca t a lys t .  
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