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A process i n  d e s c r i b e d  f o r  t h e  enzymat ic  ( n o t  m i c r o b i o l o g i c a l )  removal  o f  
o r g a n i c  s u l f u r  f r o m  c o a l .  The process eva lua ted  u t i l i z e s  u l t r a  ground c o a l  (<50 
m ic rons )  and f r o t h  f l o t a t i o n  t o  f i r s t  removal p y r i t i c  s u l f u r .  I n  t h i s  d e s i g n  
concep tua l  m i l d  a l k a l i  o x i d a t i o n  f o l l o w e d  b y  enzymatic t r e a t m e n t  i s  t h e n  used t o  
reduce t h e  o r g a n i c  s u l f u r .  A p r e l i m i n a r y  economic a n a l y s i s  f o r  p r o c e s s i n g  20,000 
m e t r i c  t ons  o f  coa l /day  i s  b e i n g  c a r r i e d  o u t  f o r  reduc ing  4.5% s u l f u r  c o n t e n t  
b i t um inous  c o a l  ( c o n t a i n i n g  an assumed 50:50 W/W p y r i t i c / o r g a n i c )  t o  under  1% 
s u l f u r  i n  o r d e r  t o  meet c l e a n  a i r  s tandards.  The background work l e a d i n g  t o  t h i s  
concep tua l  process i s  encouraging.  Lxper imen ta l  work i s  now p roceed ing  and 
p r e l i m i n a r y  r e s u l t s  a r e  encouraging.  
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l h e  use o f  f o s s i l  f u e l s  f o r  power g e n e r a t i o n  i s  expec ted  t o  i n c r e a s e ,  
d e s p i t e  d i m i n i s h i n g  w o r l d  rese rves  o f  h i g h  q u a l i t y  crude o i l  and c o a l .  The 
demand f o r  l o w - s u l f u r  and low-n i t rogen f o s s i l  f u e l s  has been i n t e n s i f i e d  by  
i n c r e a s i n g l y  s t r i n g e n t  r e g u l a t o r y  s tandards f o r  reduced l e v e l s  o f  s u l f u r -  and 
n i t r o g e n - o x i d e s  i n  re leased  atmospher ic  emiss ions.  Amendments t o  t h e  1964 Clean 
A i r  A c t  r e q u i r e  n o t  o n l y  compliance w i t h  emiss ion  s tandards b u t  a l s o  a pe rcen tage  
r e d u c t i o n  i n  emiss ions t h a t  o t h e r w i s e  would occu r  f r o m  t h e  b u r n i n g  o f  u n t r e a t e d  
f u e l ,  r e q u i r i n g  t h a t  l o w - q u a l i t y  f u e l s  be s u b j e c t e d  t o  e i t h e r  p re -  o r  p o s t -  

1 1  combustion d e s u l f u r i z a t i o n .  

Post -combust ion processes,  e.g., f l ue -gas  d e s u l f u r i z a t i o n ,  a r e  g e n e r a l l y  
i n c o n v e n i e n t ,  expensive, and d e f i n i t e l y  l i m i t e d  w i t h  r e s p e c t  t o  t h e  scope o f  
t h e i r  remed ia l  a c t i o n .  l h e s e  p ro iesses  u s u a l l y  i g n o r e  o t h e r  aspects  o f  ( s u l f u r )  
con tamina t ion  which a r e  c e r t a i n l y  as economica l l y  i m p o r t a n t  as emiss ions  c o n t r o l ,  
e.g., c o r r o s i o n  o f  m i l l s  and conveyors due t o  p y r i t i c  s u l f u r .  Pre-combustion 
c l e a n i n g  processes,  on t h e  o t h e r  hand, can o t f e r  s i g n i f i c a n t  advantages o v e r  

pre-combust ion schemes can e l i m i n a t e  problems a s s o c i a t e d  w i t h  b o t h  env i ronmen ta l  
p o l l u t i o n  and equipment c o r r o s i o n .  

l r a d i t i o n a l  pre-combust ion processes e x p l o i t  e i t h e r  p h y s i c a l  o r  chemica l  
methods. P h y s i c a l  methods i n c l u d e  f l o t a t i o n  o r  magnet ic  s e p a r a t i o n  o f  t h e  p y r i t e  
f r o m  c o a l .  As compared t o  chemical  methods, t hese  a r e  g e n e r a l l y  more economical .  
l h e  drawbacks t o  t h e s e  p h y s i c a l  methods, however, l i e  i n  t h e  l i m i t e d  removal  o f  
t h e  o v e r a l l  s u l f u r  and t h e  n o t a b l e  energy l o s s e s .  Chemical p re -combus t ion  
c l e a n i n g  methods u s u a l l y  employ some s o r t  o f  o x i d i z i n g  agent ,  e.g., f e r r i c  s a l t s ,  
c h l o r i n e ,  o r  ozone, o r  r e d u c i n g  agent ,  e.g., so l ven t -hyd rogen  m i x t u r e s .  I n  
c o n t r a s t  t o  p h y s i c a l  methods, chemical  methods can be reasonab ly  e f f e c t i v e  i n  
removal O f  Some o f  t h e  o r g a n i c  s u l f u r  a long  w i t h  t h e  p y r i t e .  Some o f  t h e  
d isadvantages wh ich  have an impact  on t h e  e f f i c i e n c i e s  a s s o c i a t e d  w i t h  chemical  

1 

I pos t - combus t ion  processes,  such as f l u e  gas d e s u l f u r i z a t i o n ,  because t h e s e  
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c l e a n i n g  o p e r a t i o n s  i n c l u d e  c o r r o s i o n  problems r e s u l t i n g  f rom t h e  use o f  h i g h  
c o n c e n t r a t i o n s  o f  t h e  chemical  agents ,  t h e  energy i n t e n s i v e n e s s  o f  t h e  h i g h  
tempera tu re /h igh  p r e s s u r e  opera t i ons .  and t h e  c o s t l i n e s s  o f  reagen t  recove ry .  

Thus, t h e r e  i s  a need f o r  methods o f  c o a l  d e s u l f u r i z a t i o n  which improve upon 
t h e s e  t r a d i t i o n a l  p rocess .  O f  p a r t i c u l a r  need i s  a method f o r  removal o f  o r g a n i c  
s u l f u r ,  a con taminan t  wh ich  o f t e n  i s  o n l y  s e c o n d a r i l y  removed. l h i s  paper  
focuses on a p r o c e s s i n g  concept  f o r  t h e  r e s o l u t i o n  o f  t h a t  need. Drawing upon 
t h e  exper iences  d e r i v e d  from t h e  aforement ioned t y p e s  o f  c l e a n i n g  opera t i ons ,  t h e  
t e c h n i c a l  f e a s i b i l i t y  o f  a nove l  concept  i s  cons ide red  w i t h i n  t h e  c o n t e x t  o f  
process e f f i c i e n c y .  Reagent c o s t s ,  r e c o v e r y  ope ra t i ons ,  waste p roduc ts ,  and 
o p e r a t i n g  c o n d i t i o n s  a r e  a l s o  under  c o n s i d e r a t i o n  i n  t h i s  new p l a n  f o r  c o a l  
b e n e f i c i a t i o n  w h i l e  t h e  t e c h n i c a l  concepts a r e  researched.  Development goa ls  and 
research  goa ls  a r e  o f  c o i n c i d e n t  i n t e r e s t ,  as  i s  necessary f o r  programs 
address ing  new c l e a n i n g  processes.  

Background t o  B i o d e s u l f  u r i  z a t i o n  

An obv ious means t o  t h e  c i r c u m v e n t i o n  o f  some o f  t h e  c o s t  problems found i n  
t r a d i t i o n a l  c o a l  c l e a n i n g  processes l i e s  i n  t h e  use o f  b i o l o g i c a l  methods because 
o f  t h e  i n h e r e n t l y  l o w e r  c a p i t a l  and o p e r a t i n g  c o s t s .  
d e s u l f u r i z a t i o n  a l r e a d y  has a h i s t o r y .  E a r l y  i n t e r e s t s  i n  t h i s  f i e l d  focused 
upon microorganisms f o r  p y r i t i c  s u l f u r  removal; t hese  microorganisms were 
" n a t u r a l l y "  s u i t e d  t o  t h i s  t a s k  h a v i n g  themselves adapted t o  s u l f u r  u t i l i z a t i o n  
i n  mine waters  (e.g., as  w i t h  T h i o b a c i l l u s )  o r  s u l f u r  s p r i n g s  (e.g., as w i t h  
S u l f o l o b u s ) .  However. w h i l e  i n t e r e s t i n g  f r o m  t h e  s t a n d p o i n t  o f  p rocess - t ype  
man ipu la t i ons ,  t hese  microorganisms do n o t h i n g  f o r  o rgan ic  s u l f u r  removal. l h u s ,  
i f  s u b s t a n t i a l  s u l f u r  removal i s  o f  i n t e r e s t ,  b i o l o g i c a l  methods must do more 
t h a n  remove o n l y  t h e  i n o r g a n i c  s u l f u r .  

Indeed, m i c r o b i a l  c o a l  

Severa l  more r e c e n t  e f f o r t s  have focused upon t h e  a d a p t a t i o n  and use o f  
v a r i o u s  s t r a i n s  o f  microorganisms t o  a c t  upon and remove t h e  o r g a n i c  s u l f u r  
(e .g . ,  t hose  p r o j e c t s  a t  t h e  A t l a n t i c  Research C o r p o r a t i o n ( l . Z ) ,  l h e  I n s t i t u t e  o f  
Gas lechno logy (3 ) ,  and t h e  U n i v e r s i t y  o f  Georg ia (4 ) .  These " c o a l  bugs" a r e  
becoming well-known and  have been shown t o  have " a p p e t i t e s "  f o r  o r g a n i c  s u l f u r .  
O x i d a t i o n  o f  s u l f u r  f o r  removal as  o rgan ic  s u l f a t e  has been t h e  most commonly 
demonstrated mechanism f o r  m i c r o b i a l  removal o f  o r g a n i c  s u l f u r ;  as a r e s u l t ,  some 
of t h e  o rgan ic ,  i . e . ,  t h e  energy, c o n t e n t  i s  o f t e n  l o s t  as p a r t  o f  t h e  s u l f a t e .  
W h i l e  encouraging demons t ra t i ons  o f  t h e  f e a s i b i l i t y  o f  o r g a n i c  s u l f u r  removal v i a  
b i o l o g i c a l  means have been shown, these  p r o j e c t s  by no means r e p r e s e n t  o p t i m i z e d  
s o l u t i o n s .  M i c r o b i a l  e f f i c i e n c i e s  and process o p e r a t i o n s  a w a i t  improvements. 
l h e s e  works con t inue ,  f o r  t h e  most p a r t ,  i n  t h a t  v e i n  w h i l e  a d d i t i o n a l  lessons i n  
c o a l  c l e a n i n g  a r e  made a v a i l a b l e  f o r  f u r t h e r  conceptual  developments o f  t h e  s o r t  
b e i n g  e x p l o i t e d ,  as d e s c r i b e d  h e r e i n .  

A c o n s i d e r a t i o n  i n  ,these m i c r o b i a l l y - b a s e d  c l e a n i n g  o p e r a t i o n s  l i e s  i n  t h e  
p o t e n t i a l  f o r  some degree  o f  process s e n s i t i v i t y .  
t i o n s  e x p l o i t  l i v e  organisms, t h e r e  i s  concern as  t o  t h e i r  maintenance as b o t h  
v i a b l e  and s e l e c t i v e  p o p u l a t i o n s .  
based t r e a t m e n t  systems,  e.g., wastewater  t r e a t m e n t ,  t h e r e  a re  recognized 
s e n s i t i v i t i e s  i m p l i c i t  i n  t h e  use o f  l i v e  systems, such as m u t a t i o n a l  problems, 
r e a c t o r  upsets ,  s u b s t r a t e  v a r i a t i o n s ,  e t c .  
use o f  an enzyme-based c l e a n i n g  process,  t h a t  i s ,  a process which s o l e l y  uses t h e  
" a c t i v e c  e x t r a c t "  o f  t h e  m i c r o b i a l  process t o  e f f e c t  d e s u l f u r i z a t i o n ( 5 ) .  The 
concep t  o f  enzymat ic  removal o f  s u l f u r  from coa l  i s  d i scussed  i n  t h e  f o l l o w i n g .  

That i s .  because these opera-  

Wh i le  ample p receden t  e x i s t s  f o r  m i c r o b i a l l y -  

A p o s s i b l e  s o l u t i o n  may l i e  i n  t h e  

624 

4 



Enzvmes f o r  Removal o f  Orqanic S u l f u r  From Coal 

An enzymatic ( n o t  m i c r o b i o l o g i c a l )  process f o r  o r g a n i c  s u l f u r  removal f r o m  
c o a l  would f i r s t  r e q u i r e  t h e  i d e n t i f i c a t i o n .  c h a r a c t e r i z a t i o n  and p r o d u c t i o n  o f  
an enzyme known t o  c l e a v e  s u l f u r  f r o m  a r e p r e s e n t a t i v e  polymer.  These enzymes 
would t h e n  be immob i l i zed  o r  " t e t h e r e d "  on a s tandard  pack ing  m a t e r i a l  such as i s  
used t o  suppor t  c o n v e n t i o n a l  c a t a l y t i c  m a t e r i a l s  i n  t h e  b iop rocess  i n d u s t r i e s  
( t h e  enzymes may be i n  s o l u t i o n ,  as d i scussed  l a t e r ,  b u t  immob i l i zed  enzymes a r e  
used i n  t h i s  exp lana t ion . )  Upon p a s s i n g  t h e  c o a l / w a t e r  s l u r r y  th rough  t h e  
pack ing  m a t e r i a l ,  t h e  immob i l i zed  enzymes t e t h e r e d  on t h e  pack ing  would c l e a v e  
t h e  o r g a n i c  s u l f u r ,  a c t i n g  as a t y p e  o f  b i o c a t a l y s t .  Coal p a r t i c l e s ,  f r e e  o f  
o r g a n i c  s u l f u r ,  would t h e n  be recovered;  s u l f u r  c o u l d  a l s o  be r e a d i l y  recove red .  

W i th  t h i s  i n t r o d u c t i o n ,  some o f  t h e  p e r t i n e n t  t e c h n i c a l  background i s  g i v e n  
i n  t h e  f o l l o w i n g  s e c t i o n .  

Overview 
TECHNICAL BACKGROUND 

The s u b j e c t  o f  s u l f u r  removal f rom f o s s i l  f u e l s  by  b i o l o g i c a l l y  based means 
has been r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n  i n  r e c e n t  yea rs (6 ) .  T h i s  i s  due, i n  
p a r t ,  t o  t h e  enhanced a b i l i t y  o f  c o n t r o l l i n g  t h e  g e n e t i c  make-up o f  v a r i o u s  
organisms, b u t  a l s o  t o  t h e  p o s s i b i l i t y  of s e l e c t i v e l y  removing t h e  o b j e c t i o n a b l e  
s u l f u r  compounds a t  t h e  f ron t -end  o f  a power g e n e r a t i o n  process and w i t h o u t  
a f f e c t i n g  t h e  hydrocarbon s t r u c t u r e  (hence, t h e  the rma l  va lue )  o f  f u e l .  O the r  
advantages i n c l u d e  m i l d  o p e r a t i n g  c o n d i t i o n s ,  p o s s i b l e  use o f  n a t u r a l  e a r t h  
f o r m a t i o n s  as r e a c t o r  systems, and p o s s i b l e  l o n g e r  b i o c a t a l y s t  l i f e  under  
concen t ra ted  s u l f u r  and heavy me ta l  c o n d i t i o n s  observed i n  r e f i n i n g  and c r a c k i n g  
o p e r a t i o n s .  

P v r i t e  Removal 

S u l f u r  c o n t e n t  o f  c o a l  has been r e p o r t e d  t o  be a t  l e a s t  4.5%, a p p r o x i m a t e l y  
e q u a l l y  d i s t r i b u t e d  between o r g a n i c  and i n o r g a n i c  compounds. The l a t t e r ,  
p redominan t l y  i n  t h e  form o f  p y r i t e ,  have been i n v e s t i g a t e d  r e c e n t l y ,  w i t h  
rega rds  t o  t h e i r  d i s s o l u t i o n  p o t e n t i a l  t h r o u g h  t h e  m e d i a t i o n  o f  s o i l  a c i d o p h i l i c  
b a c t e r i a l .  A l a r g e  number o f  such organisms have been i s o l a t e d  t o  da te ,  t h e  most 
i m p o r t a n t  among them b e i n g  members o f  t h e  genera o f  T h i o b a c i l l u s  and S u l f o l o b u s .  
Ex tens i ve  s t u d i e s  w i t h  such organisms, i n  pu re  as w e l l  as i n  mixed c u l t u r e s ,  
demonstrated t h e  f e a s i b i l i t y  o f  o x i d a t i v e  d i s s o l u t i o n  o f  t h e  p y r i t e  s u l f u r  f r o m  
coa1(7,8,9). D i s s o l u t i o n  k i n e t i c s  were found t o  be f i r s t  o r d e r  w i t h  r e s p e c t  t o  
t h e  s p e c i f i c  su r face  a rea  of t h e  c o a l ,  and, based on these  p r e l i m i n a r y  k i n e t i c  
da ta ,  a f e a s i b i l i t y  assessment o f  a c o a l  w a t e r  s l u r r y  p i p e l i n e  was c a r r i e d  o u t  
f o r  t h e  s imul taneous t r a n s p o r t  and p y r i t i c  s u l f u r  removal f r o m  t h e  c o a l .  

Orqanic S u l f u r  Removal 

The removal o f  o r q a n i c  s u l f u r  f rom coa l  i s  a s i g n i f i c a n t l y  more demanding 
t a s k  than  p y r i t i c  s u l f u r  removal m a i n l y  because o f  two reasons. Foremost, 
o rgan ic  s u l f u r  i s  deep ly  embedded i n  t h e  coa l  m a t r i x  r e q u i r i n g  a v e r y  f i n e  
p u l v e r i z a t i o n  of coa l  i n  o r d e r  t o  expose t h e  s u l f u r  compounds t o  t h e  a c t i o n  o f  
chemicals  o r  c a t a l y s t s .  Second, t h e  p r i m a r y  s u l f u r  compounds a re  f a r  more 
r e s i s t a n t  t o  deg rada t ion  o r  a s s i m i l a t i o n  by o r g a n i c  o r  b i o l o g i c a l  c a t a l y s t s  and 
o f t e n  poisonous o r  t o x i c  t o  t h e i r  a c t i v i t y .  

The p o s s i b i l i t y  o f  u s i n g  microorganisms f o r  o r g a n i c  s u l f u r  removal f rom c o a l  

I 
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has been examined i n  t h e  p a s t  f o r t y  years .  
i m a g i n a r y  and i n c o n c l u s i v e .  
model compounds r e p r e s e n t a t i v e  o f  t h e  t h r e e  t y p e s  o f  o r g a n i c  compounds t h a t  t h e  
a p p r o x i m a t e l y  195 s u l f u r  substances i n  c o a l  can be c l a s s i f i e d  i n t o ,  namely, A)  
s u l f i d e s ,  B) t h i o l e s ,  and C )  t h i o p h e n e s ( l 0 ) .  
ease o f  removing a l i p h a t i c  s u l f i d e s  and o t h e r  s u l f u r  compounds o f  l o w  b o i l i n g  
p o i n t  by s i m p l e  c h e m i c a l  means, most o f  t h e  a t t e n t i o n  has been focused on 
a r o m a t i c  s u l f u r  compounds such as th iophenes,  e s p e c i a l l y  benzothiophene (BT) and 
d ibenzoth iophene (DBT)(10). At tempts t o  i s o l a t e  mic roorgan isms capab le  o f  
d e g r a d i n g  s i m p l e  t h i o p h e n e  a e r o b i c a l l y  have been u n s u c c e s s f u l ( l 1 ) .  
m i c r o b i a l  d e g r a d a t i o n  o f  t h e  nuc leus  o f  s u b s t i t u t e d  th iophenes has been 
d e m o n s t r a t e d ( l 2 ) .  
and DBT. For example, a mixed c u l t u r e  o f  A r t h r o b a c t e r  sp. and Pseudomonas SP. 
was shown t o  b e  a b l e  t o  grow on DBT and r e s i d u e  o i l  w i t h  p roduc ts  b e i n g  c e l l u l a r  
mass and i n o r g a n i c  s u l f a t e ( l 3 ) .  DBT c o u l d  a l s o  be conver ted  t o  w a t e r  s o l u b l e  
oxygenated d e r i v a t i v e s  w h i c h  accumulated d u r i n g  metabol ism, b u t  t h e  s u l f u r  i n  
t h e  t h i o p h e n e  n u c l e u s  remained untouched b y  t h i s  a c t i o n ( l 4 ) .  Severa l  o t h e r  
s t u d i e s  have c o n f i r m e d  t h e s e  f i n d i n g s  showing t h a t  ET, DBT. and r e l a t e d  o r g a n i c  
s u l f u r  compounds can b e  conver ted  i n t o  s o l u b l e  s u l f u r  compounds t h r o u g h  t h e  use 
o f  p u r e  c u l t u r e s  or m i c r o b i a l  c o n s o r t i a ( l 5 - 1 7 ) .  

organisms i n  c o n s i d e r i n g  l a r g e  s c a l e  o r g a n i c  s u l f u r  removal f r o m  coa l .  F i r s t ,  
t h e  c o n d i t i o n s  wh ich  a r e  o p t i m a l  f o r  t h e  g r o w t h  and a c t i v i t y  o f  such organisms 
a r e  u s u a l l y  i n c o m p a t i b l e  w i t h  t h e  concept  o f  t h e  e n v i s i o n e d  l a r g e - s c a l e  p rocess  
o r  r e q u i r e  expens ive  a d d i t i v e s  so t h a t  t h e y  can b e  m a i n t a i n e d  f o r  extended 
p e r i o d s  o f  t i m e .  
sources  a r e  needed w h i c h  c o u l d  cause i n s u r m o u n t a b l e  economic d i f f i c u l t i e s .  
T h i r d .  t o x i c  by-  p r o d u c t s  o r  o t h e r  compounds i n  a r e a l i s t i c  process environment 
c o u l d  be t h e  source  o f  severe  p o i s o n i n g  problems t h a t  render  t h e  microorganisms 
i n c a p a b l e  o f  p e r f o r m i n g  t h e  t a s k s  f o r  w h i c h  t h e y  were i s o l a t e d .  
c u l t u r e  s t a b i l i t y  i s  a lways  a s e r i o u s  concern  e s p e c i a l l y  i n  open, c o n t i n u o u s  
f l o w  ecosystems. Fo r  t h i s  reason, t h e  concept  c o n s i d e r e d  here  i s  a combina t ion  
of chemical  p r e t r e a t m e n t  w i t h  an enzymatic p rocess  which c o u l d  be a v i a b l e  
a l t e r n a t i v e  t o  t h e  above ment ioned p o s s i b i l i t i e s .  

Enzvmati c '  Desul f u r i  z a t i o n  Process 

The p a t e n t  l i t e r a t u r e  i s  r a t h e r  
The m a j o r i t y  o f  t h e s e  s t u d i e s  were c a r r i e d  o u t  w i t h  

I n  p a r t i c u l a r .  due t o  t h e  r e l a t i v e  

However, 

O t h e r  s t u d i e s  have addressed t h e  p o s s i b i l i t y  o f  degrad ing  BT 

There are .  however, some s e r i o u s  problems a s s o c i a t e d  w i t h  t h e  use o f  l i v i n g  

Second, o b j e c t i o n a b l e  amounts o f  g rowth  f a c t o r s  and carbon 

F i n a l l y ,  

I t  i s  assumed t h a t  i t  i s  f e a s i b l e  and economical  t o  p u l v e r i z e  coa l  down t o  
1 0  t o  50 m i c r o n  f i n e  p a r t i c l e s  so t h a t  most o f  t h e  o r g a n i c  s u l f u r  compounds 
become e i t h e r  exposed t o  o r  reachab le  by  t h e  chemica l  reagents  i n v o l v e d  i n  t h e  
p r e t r e a t m e n t  and t h e  subsequent enzymatic p rocess .  I f  t h i s  i s  n o t  s o ,  
s i g n i f i c a n t  carbon o x i d a t i o n  may t a k e  p l a c e  b e f o r e  t h e  s u l f u r  compounds can be 
a c t e d  upon by t h e  o x i d i z i n g  agents .  

The coa l  p a r t i c l e s  a r e  mixed w i t h  w a t e r  f o r  t h e  p r e p a r a t i o n  o f  a c o a l / w a t e r  
s l u r r y  ( a v a i l a b l e  t e c h n o l o g y )  which i s  subsequent ly  s u b j e c t e d  t o  a chemica l  
o x i d a t i o n  p r e t r e a t m e n t  w i t h  a h o t  a l k a l i n e  r e a g e n t .  The o b j e c t i v e  i s  t o  
p a r t i a l l y  o x i d i z e  t h e  maximum p o s s i b l e  amount o f  t h e  o r g a n i c  s u l f u r  compounds t o  
s u l f a t e .  F u l l  o x i d a t i o n  t o  SO4 i s  o b v i o u s l y  u n d e s i r a b l e  and so a r e  many 
d e s t r u c t i v e  e f f e c t s  o f  t h e  o x i d i z i n g  agent  on t h e  carbon o f  t h e  coa l  m a t r i x .  
There i s  c l e a r l y  an opt imum f o r  t h e  degree o f  o x i d a t i o n ,  and t h i s  can be 
ach ieved by v a r y i n g  t h e  tempera ture ,  s t r e n g t h  o f  a l k a l i ,  and d u r a t i o n  o f  
p r e t r e a t m e n t ,  f o l l o w e d  by  t i t r a t i o n  f o r  t h e  f r a c t i o n  o f  o v e r a l l  s u l f u r  conver ted  
t o  s u l f a t e  f o r  each c o m b i n a t i o n  of  o p e r a t i n g  c o n d i t i o n s .  
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The n e x t  s t e p  i s  t o  remove t h e  s u l f a t e s  f r o m  t h e  c o a l  p a r t i c l e s .  One way t o  
s e l e c t i v e l y  accompl ish t h i s  i s  by c o n t a c t i n g  t h e  c o a l / w a t e r  s l u r r y  w i t h  a 
s u l f a t a s e  enzyme> s o l u t i o n .  Enzymes a r e  commerc ia l l y  a v a i l a b l e  t h a t  have t h e  
p r o p e r t y  o f  c a t a l y z i n g  t h e  d i s s o l u t i o n  o f  s u l f u r  compounds by  c l e a v i n g  t h e  
s u l f a t e  an ions  f rom t h e  a l i p h a t i c  a romat i c  backbone. The r e s u l t i n g  s u l f a t e  
s o l u t i o n  can be f u r t h e r  t r e a t e d  wi th  l i m e  t o  f i n a l l y  c o n t a i n  s u l f u r  i n  t h e  form 
o f  c a l c i u m  s u l f a t e  s o l i d s .  

Concept Presented 

The p resen t  work addresses the  f e a s i b i l i t y  o f  o r g a n i c  s u l f u r  removal f r o m  
c o a l  v i a  s e l e c t  enzymatic methods. These methods focus  upon t h e  s tepw ise  
b iochemica l  t r a n s f o r m a t i o n  o f  t h e  c o a l  m a t r i x  f o r  e x t r a c t i o n  o f  t h e  o r g a n i c  
s u l f u r  as s u l f u r  ox ides  such as s u l f a t e .  These t r a n s f o r m a t i o n s  proceed v i a  
enzymat ic  p re t rea tmen t  o f  t h e  coa l  t o  b o t h  ( b i o ) c h e m i c a l l y  o x i d i z e  t h e  a v a i l a b l e  
o r g a n i c  s u l f u r  and ( b i o ) p h y s i c a l l y  " l oosen"  t h e  m a t r i x  f o l l o w e d  by  enzymat ic  
c leavage  abou t  t h e  p r e t r e a t e d  s u l f u r  m o i e t i e s .  

Thus, t h i s  concept  f o l l o w e d  f rom t h e  b a s i c  demonstrat ions o f  m i c r o b 4 a l  
d e s u l f u r i z a t i o n  i n  t h a t  t e c h n i c a l  sense which suppor t s  o x i d a t i v e  methods f o r  
removal o f  o r g a n i c  s u l f u r .  However, t h i s  concept  focused on a unique approach t o  
c i r c u m v e n t i o n  o f  t h e  process i n e f f i c i e n c i e s  a s s o c i a t e d  w i t h  m i c r o b i a l  
d e s u l f u r i z a t i o n  methods by  t e s t i n g  t h e  use o f  o n l y  t h e  " a c t i v e '  f r a c t i o n s  o f  
m i c r o b i a l  p o p u l a t i o n s ,  i . e . ,  t h e  enzymes, t o  e f f e c t  t h e  necessary c o a l  c h e m i s t r y  
f o r  s u l f u r  t r a n s f o r m a t i o n s  and removal. T h i s  e v a l u a t i o n  was conducted w i t h i n  t h e  
c o n t e x t  o f  c o n s i d e r i n g  a f e a s i b l e  process temp la te  f o r  an enzymat ic  c o a l  c l e a n i n g  
o p e r a t i o n .  A b r i e f  d i s c u s s i o n  o f  t h e  enzymatic removal o f  o r g a n i c  s u l f u r  f r o m  
c o a l ,  t h e  concept  on which o u r  concept  i s  based, i s  as f o l l o w s .  

ENZYMATIC COAL BIODESULFURIZATION 

R a t i o n a l e  For  Process inq ConceDt 

The i n t r i c a c i e s  o f  c o a l  s t r u c t u r e s  and t h e i r  c h e m i s t r i e s  a r e  t h e  s u b j e c t  o f  
c o n t i n u i n g  s tudy .  However, some of  t h e  b a s i c  e lements o f  c o a l i f i c a t i o n  and 
d e p o l y m e r i z a t i o n  c h e m i s t r i e s  can be cons ide red .  Coal i s  formed v i a  d e h y d r a t i o n  
processes and coa l  i s  broken down v i a  comb ina t ions  o f  h y d r o l y t i c ,  o x i d a t i o n ,  and 
o t h e r  d isp lacement  c h e m i s t r i e s .  The unders tand ing  o f  t hese  t y p e s  o f  chemica l  
t r a n s f o r m a t i o n s  i n  coa ls  forms t h e  b a s i s  f o r  v a r i o u s  processes address ing  c o a l  

chemical  desu l  f u r i  z a t i o n .  
I upgrad ing  o r  b e n e f i c i a t i o n  v i a  t r a d i t i o n a l  methods, e.g.. l i q u e f a c t i o n  o r  

Microorganisms which have been shown capab le  o f  i n t e r a c t i n g  w i t h  c o a l  a l s o  
t a k e  advantage o f  t hese  c o a l  c h e m i s t r i e s .  B a s i c a l l y .  microbes e s t a b l i s h  an 

use or, a t  l e a s t ,  t o l e r a t e .  The microorganism r e q u i r e s  i t s  "ba lanced d i e t "  f o r  
g rowth  and s u r v i v a l .  I f  g i v e n  coa l  as t h e  ma ins tay  o f  t h a t  " d i e t " ,  t h e n  i t  has 
t o  a c c l i m a t e  i t s  b i o l o g i c a l  machinery i n  such a way so  as t o  be a b l e  t o  u t i l i z e  

I i n t e r a c t i o n  w i t h  t h e  c o a l  because t h e  c o a l  has something which t h e  m ic robe  can 

I t h e  c o a l .  T h i s  means ' tha t  t h e  m ic roo rgan ism 's  c o n s p r t i a  o f  a v a i l a b l e  reagen ts  

I o rgan ism uses e s t a b l i s h e d  c h e m i s t r i e s .  There i s  no reason t o  suggest  t h a t ,  i n  
I t h e s e  ins tances ,  coa l  i s  e x t r a c t e d  o r  c leaved  i n  a manner any d i f f e r e n t  t han  

I 1 ( e . 9 . .  wa te r )  and c a t a l y s t s  ( i . e . ,  enzymes) must go t o  work t o  s e l e c t i v e l y  
e x t r a c t  and/or  c leave  t h e  n u t r i e n t s  i t  needs, and, i n  do ing  s o ,  t h i s  m i c r o -  

t h o s e  demonstrated v i a  conven t iona l  chemical  p rocess ing .  Indeed.  some o f  t h e  
e a r l y  work which has been done on t h e  mechanisms o f  m i c r o b i a l l y - m e d i a t e d  c o a l  
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p r o c e s s i n g  shows ( t h r o u g h  p r o d u c t  a n a l y s i s )  t h a t  t h i s  i s  c e r t a i n l y  so. S t u d i e s  
o f  m i c r o b i a l  l i q u e f a c t i o n ,  f o r  example, demonstrate o x i d a t i o n  and h y d r o l y s i s  o f  
t h e  c o a l  m a t r i x .  

Cur ren t  knowledge o f  m i c r o b i a l  d e s u l f u r i z a t i o n  processes l ends  f u r t h e r  
suppor t  t o  t h e  c i t e d  mechanism f o r  coa l  breakdown. Those m i c r o b i a l  processes 
s p e c i f i c a l l y  i n t e n d e d  f o r  o rgan ic  s u l f u r  removal f rom c o a l  i m p l i c a t e  o x i d a t i o n  of  
t h e  c a r b o n - s u l f u r  l i n k a g e s  t o  y i e l d  s u l f u r  o x i d e s  ( i n  most cases, s u l f a t e s )  which 
t h e n  a r e  s u s c e p t i b l e  t o  a h y d r o l y s i s  t o  l i b e r a t e  t h e  s u l f u r  ox ides  f rom t h e  
remainder  o f  t h e  coa l  m a t r i x .  There have been, however, some s e r i o u s  problems 
a s s o c i a t e d  w i t h  t h e  use o f  t hese  l i v i n g  organisms i n  l a r g e - s c a l e  o r g a n i c  s u l f u r  
removal f rom c o a l .  F i r s t ,  t h e  c o n d i t i o n s  wh ich  a r e  o p t i m a l  f o r  t h e  g rowth  and 
a c t i v i t y  o f  such organisms a r e  u s u a l l y  i n c o m p a t i b l e  w i t h  t h e  concept  o f  t h e  
e n v i s i o n e d  l a r g e - s c a l e  process o r  r e q u i r e d  expensive a d d i t i v e s  so t h a t  t h e y  can 
be ma in ta ined  for  extended p e r i o d s  of  t i m e .  Second, o b j e c t i o n a b l e  amounts o f  t h e  
g rowth  f a c t o r s  and carbon sources a r e  needed which c o u l d  e v e n t u a l l y  cause 
insurmountable economic d i f f i c u l t y .  T h i r d ,  t o x i c  by-products  or o t h e r  compounds 
found i n  a r e a l i s t i c  p rocess  env i ronment  c o u l d  be t h e  source o f  seve r  p o i s o n i n g  
problems t h a t  r e n d e r  t h e  microorganisms i n c a p a b l e  o f  p e r f o r m i n g  t h e  
d e s u l f u r i z a t i o n  t a s k  f o r  which t h e y  were i s o l a t e d .  F i n a l l y ,  c u l t u r e  s t a b i l i t y  i s  
always a s e r i o u s  concern  p a r t i c u l a r l y  i n  an open, con t inuous - f l ow  ecosystem. 

Given m i c r o b i a l  a b i l i t y  t o  e f f e c t  t h e  c o a l  c h e m i s t r i e s  necessary f o r  
d e s u l f u r i z a t i o n ,  b u t  a l s o  g i v e n  t h e  concerns o f  a " l i v i n g "  p rocess ing  system, o u r  
team e a r l y  cons ide red  a n  a l t e r n a t i v e  b i o l o g i c a l l y - b a s e d  d e s u l f u r i z a t i o n  scheme. 
I n  t h i s  a l t e r n a t i v e  concep t  was seen t h e  advantages o f  b i o p r o c e s s i n g  i n  perhaps 
a n  e v e n t u a l l y  more e f f i c i e n t  manner. S p e c i f i c a l l y ,  t h e  concept  i n v e s t i g a t e d  has 
focused on t h e  s o l e  use o f  t h e  " a c t i v e  e x t r a c t s "  o f  t h e  microbes w i t h  t h e  
c o n s i d e r a t i o n  t h a t  t h e  problems assoc ia ted  w i t h  r e a c t o r  upse t  can be min imized.  
The concept  s u b j e c t  t o  t h e  i n v e s t i g a t i o n  i s  an enzymat ic  d e s u l f u r i z a t i o n  process.  

Whi le  enzymat ic  processes have been proven i n  l a r g e - s c a l e  i n d u s t r i a l  
a p p l i c a t i o n s ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e i r  use i n  c o a l  c l e a n i n g  i s  n o t  
mere l y  a t r a n s f e r  o f  t echno logy  t o  a new process s u b s t r a t e .  S p e c i f i c  enzymatic 
a c t i o n  about  t h e  o r g a n i c  l i n k a g e s  o f  i n t e r e s t ,  as w e l l  as t h e  e f f i c i e n c i e s  o f  any 
demonstrated a c t i o n ,  must  be i n v e s t i g a t e d .  The i ssues  o f  enzymatic a c c e s s i b i l i t y  
must  a l s o  be addressed.  
s u b s t r a t e  must be i n c o r p o r a t e d  i n t o  des ign  c o n s i d e r a t i o n ,  p a r t i c u l a r l y  i f  t h e  use 
of raw coa l  i s  t h e  m a j o r  i n t e r e s t .  Thus, b o t h  s c i e n t i f i c  and e n g i n e e r i n g  
f e a s i b i l i t i e s  a r e  i m p o r t a n t  components t o  process development. 

Process inq Concept 

I n  a d d i t i o n ,  t h e  c o n s t r a i n t s  imposed by a s o l i d  

O v e r a l l ,  t h e  p r e s e n t  concept  i s  a d e s u l f u r i z a t i o n  system t h a t  d e r i v e s  i t s  
p rocess ing  reagen ts  f r o m  b i o l o g i c a l  sources.  I n  c o n t r a s t  t o  chemical  o p e r a t i o n s ,  
p rocess ing  c a t a l y s t s  ( i . e . ,  enzymes) a r e  o f  n a t u r a l  o r i g i n  thus ,  p o t e n t i a l l y ,  
p rocess ing  may be more benign.  I n  c o n t r a s t  t o  m i c r o b i a l  ope ra t i ons ,  t h e  a c t i v e  
agents a re  m o l e c u l a r l y  d i s c r e t e ;  t hus ,  p o t e n t i a l l y ,  p rocess ing  may be l e s s  
s e n s i t i v e  t o  t h e  r e a c t o r  upse ts  a s s o c i a t e d  w i t h  " l i v i n g "  m i c r o b i a l  systems. 

a f f e c t  t he  removal o f  t h e  o rgan ic  s u l f u r  f rom c o a l .  The c o a l  c h e m i s t r i e s  a r e  
those  o f  o x i d a t i o n  and h y d r o l y s i s .  "Oxidases"  a r e  be ing  used t o  c a t a l y z e  t h e  
o x i d a t i o n  abou t  t h e  s u l f u r  bond; "hyd ro lases "  a r e  b e i n g  used t o  c a t a l y z e  t h e  
h y d r o l y s i s  about  the  p repared  s u l f u r .  I n  o t h e r  words, b iochemica ls  a r e  b e i n g  

I n  t h i s  concept  enzymes a r e  being used as p rocess ing  t o o l s  i n  an e f f o r t  t o  
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i n v e s t i g a t e d  f o r  t h e i r  p o t e n t i a l  t o  d i r e c t  t h e  c h e m i s t r y  o f  d e s u l f u r i z a t i o n  t h u s  
l e a d i n g  t o  a p o t e n t i a l l y  more e f f i c i e n t  c l e a n i n g  process.  The o v e r a l l  o b j e c t i v e  
i s  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  a p r a c t i c a l ,  b io reac to r -based  enzymat ic  
d e s u l f u r i z a t i o n  process s p e c i f i c a l l y  i n t e n d e d  f o r  o r g a n i c  s u l f u r  removal from 
c o a l .  

Techn ica l  Cons ide ra t i ons  

The b a s i c  premise o f  o u r  concept  f o r  enzymat ic  d e s u l f u r i z a t i o n  o f  coa l  i s  
t h a t  t h e  use o f  s p e c i f i c  hyd ro lases  w i l l  reduce t h e  o rgan ic  s u l f u r  c o n t e n t .  F o r  
example, t h e  r e a c t i o n  t o  remove o r g a n i c  s u l f u r  may use one t y p e  o f  hyd ro lase ,  

t h e  h y d r o l y s i s  o f  o r g a n i c  s u l f a t e  compounds t o  o r g a n i c  phenols  i s  c a t a l y z e d .  The 
s u l f u r  i s  e f f e c t i v e l y  i s o l a t e d  f rom t h e  o r g a n i c  s t a r t i n g  components and i s  
r e t r i e v a b l e  as w a t e r - s o l u b l e  s u l f a t e .  As ide  f r o m  t h e  i s s u e s  o f  b i o c a t a l y s t  
s e l e c t i v i t y  and o p e r a t i n g  e f f i c i e n c y ,  t h e  use o f  an a r y l s u l f a t a s e  f o r  o r g a n i c  
s u l f a t e  removal i s  f a i r l y  s t r a i g h t f o r w a r d .  

o r  s u l f u r  removal l i e s  i n  t h e  c o n s i d e r a t i o n  o f  t h e  forms o f  s u l f u r  i n  c o a l .  The 
t h r e e  ma jo r  forms o f  o r g a n i c  s u l f u r  i n  c o a l  are:  (1) th iophenes  ( a p p r o x i m a t e l y  
65% o f  t h e  t o t a l  o r g a n i c  s u l f u r ) ,  ( 2 )  s u l f i d e s  ( a p p r o x i m a t e l y  25%). and ( 3 )  
t h i o l s  (app rox ima te l y  10%). 
be i n  t h e  f o r m  o f  o r g a n i c  s u l f u r  ox ides ,  such as s u l f a t e .  However, i t  i s  
p o s s i b l e  t o  survey these a v a i l a b l e  s u l f u r  forms and propose t h e i r  c o n v e r s i o n  t o  
o x i d e s  f o r  removal v i a  hyd ro lase ,  e.g., s u l f a t a s e ,  enzymes. S p e c i f i c a l l y ,  i t  i s  
o u r  concept  t o  o x i d a t i v e l y  p r e t r e a t  c o a l  f o r  conve rs ion  o f  as much o f  t h e  o r g a n i c  
s u l f u r  t o  ox ides ,  such as s u l f a t e ,  t h e n  e f f e c t  t h e  a c t u a l  d e s u l f u r i z a -  
t i o n  v i a  enzymat ic  h y d r o l y s i s  o f  t h e  s u l f u r  o x i d e .  

Thus, o u r  concept  f o r  enzymatic d e s u l f u r i z a t i o n  o f  c o a l  p r e s e n t l y  o rgan izes  
t h e  p rocess ing  e f f o r t  i n t o  two areas:  ( 1 )  o x i d a t i v e  p r e t r e a t m e n t ,  and ( 2 )  a c t u a l  
d e s u l f u r i z a t i o n .  The fo rmer  has as i t s  g o a l  t h e  o x i d a t i o n  abou t  t h e  s u l f u r  
m o i e t y  and i n c l u d e s  i n v e s t i g a t i o n  o f  b o t h  chemical  and enzymat ic  methods. 
l a t t e r  has as i t s  goa l  t h e  a c t u a l  removal of t h e  prepared s u l f u r  f rom t h e  o r g a n i c  
m a t r i x  and focuses on enzymatic methods o n l y .  The r e s u l t s  i n  each a rea  a r e  
i n t e n d e d  f o r  use i n  a reasonable process model, t h e  t e m p l a t e  o f  which has been 
prepared.  
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