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ABSTRACT 
A mechanism found su i tdb le  f o r  p y r i t i c  su l fu r  removal from coal by 

mesophilic organisms has been modified and evaluated f o r  t he  same reac t ion  
by the  thermophile: Sulfolobus acidocaldarius.  The mechanism as modified 
includes d i r e c t  and ind i rec t  mechanistic elements whose magnitudes were 
determined experimentally a t  leaching conditions with and without microbes. 
Chemical leaching of p y r i t e  by Fe( I I1)  ions and t h e  chemical oxiddtion of 
Fe(I1) t o  Fe( I I1)  were found t o  cont r ibu te  s ign i f i can t ly  t o  overa l l  
conversions a t  thermgphilic temperature (72  
temperature (25-37 C ) .  The model thus constructed f i t  ovcrdll  s u l f u r  
leaching data well a f t e r  su i tdb le  assumptions had been rnade for ex ten t  of 
ce l l  attachment; gas (oxygen) t rdnsfer  r a t e s ,  su l fu r  a c c e s s i b i l i t y ,  and 
s u l f d t e  r ep rec ip i t a t ion  r a t e s .  The r e su l t i ng  equation i s  useful fo r  process 
sumulation, control and design. Further w o r k  i s  needed t o  de f ine  addi t iona l  
s u l f u r  leaching e f f e c t s .  

C )  b u t  not a t  mesophilic 

INT?.OOUCTION 
The Sulfolobus acidocaldarius microbe i s  thergophilic .and ac‘do  h i l i c  

with o p t i m u m - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s  between 70-75 C and a pH 2-3’. !hs 
microorganism can grow auto t rophica l ly  on elemental su l fu r ,  mineral 
su l f idef i2and  fe r rous  ions,  while i t  can a l so  grow on glucose and yeas t  
ex t r ac t  . Recent repor t s  claimed the oxid t ’on  of dibenzothiophene ( D B T )  
and organic su l fu r  in coal by t h i s  organism 3,4 . 

The thermophilic organism S. acidocaldarius has  some advantages over 
the  widely used m sophile T h i o b a T i r ~ ~ ~ - f ~ o j 7 i a a n s  f o r  microbial coal 
d e w  1 f u r  i za t i on5 -’. I t s  e x f F G i C T j W i ~ m 6 $ i X ~ d  op h i 1 i c , aero b i c a n d  
autotrophic character make i t  r e s i s t a n t  t o  contamination. The r a t e s  of 
chemical reaction between f e r r i c  iron ions and py r i t e  a re  higher a t  high 
temperature, which bene f i t s  the  process of su l fu r  ranoval. The s o l u b i l i t y  of 
some mineral s u l f a t e s  i s  higher d t  low pH a n d  high temperature, which 
reduces reprec ip i ta t ion  in a process for  su l fu r  reduction. F ina l ly ,  
microbial a b i l i t y  t o  remove organic su l fu r  is very important. 

Mathematical models have e n proposed t o  describe the  k ine t i c s  of 
microbial coal desulfurization”5. The model designed f o r  rnesophi l e s  
neglected chemical reac t ions  wnich occurred in pa ra l l e l  with b io logica l  
reac t ions  in coal-water s lu r ry  system. The model proposed in t h i s  repor t  
considers both chemical and biological reac t ions ,  a s  more r e a l i s t i c  for 
su l fu r  bioleaching a t  elevated temperatures. Microbial oxidation of f e r rous  
ions and of su l fu r  in coal were studied to  provide pa r t i cu ld r  values for  t h e  
model parameters. 

Culture methods 
The medium f o r  microbial growth was a basal s a l t s  so lu t ion  and an energy 
source with o r  without supplements. The basal s a l t s  so lu t ion  had t h e  

MATERIALS AND METHODS 
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f o l l o w i n g  c o m p o s i t i o n  ( g / l ) :  (NH )2S04, 1.3; KH2P0 , 0.28; HgSO 
0.25; CaCl 2H 0 ,  0.07; i n  1 l i t &  o f  t a p  wa te r .  Tde energy sou%e%;'be 
e lementa l  EilfSr, f e r r o u s  i o n s  o r  s u l f u r  i n  c o a l .  Sometimes y e a s t  e x t r a c t  
was a supplement. The pH o f  t h e  medium was ad jus ted  t o  2.0 w i t h  3.0 N H2S04. 

The o r i g i n a l  c u l t u r e  o f  S. a c i d o c a l d a r i u s  (ATCC 53230) f rom D r .  
B r i e r l o y  a t  t h e  New Mexico I n r t i W o f T i f i i  and Technology and t r a n s f e r s  
f r o m  O r .  K a r g i  d t  Leh igh  U n i v e r s i t y  were used th roughou t  t h e  i n v e s t i g a t i o n .  

E i g h t  hundred m l .  o f  t h e  medium were p l a c e d  i n  a t h r e e  necked, round 
bottomed f l a s k  equipped w i t h  a condenser. The system was au toc laved  a t  121 

C f o r  15  min and then  i n o c u l a t e d  w i t h  a c u l t u r e  o f  S. a c i d o c a l d d r i u s .  
M i c r o b i a l  c e l l s  were grown and hd rves ted  f rom a medicm & g r y - e T e x l  
s u l f u r  was the energy sou rce  3-5 days a f t e r  i n o c u l a t i o n .  
f i r s t  c e n t r i f u g e d  a t  lOOOx g f o r  5 min t o  remove t h e  s u l f u r  p a r t i c l e s .  Then. 
t h e  ce l  1 s o l r l t i o n  was c e n t r i f u g e d  a t  4000x g f o r  20 min t o  separate t h e  
c e l l s .  The c e l l s  were resuspended i n  basd l  s a l t s  s o l u t i o n  w i t h o u t  an energy 
source. These c e l l s  were used a s  i nocu lum f o r  f e r r o u s  i o n  o x i d a t i o n  and 
s u l f u r  l e a c h i n g  f r o m  c o a l .  

ana lyses  c a l i b r d t e d  w i t h  v i s u a l  c e l l  coun ts  under a phase c o n t r d s t  
microscope equipped w i t h  a Pe t ro f f -Hausser  coun t ing  chamber. The t o t a l  
p r o t e i n  was assayed by t h e  m o d i f i e d  B rad fo rd  Method suggested by  Peterson . 

Medium w i t h  f e r r o u s  s u l f a t e  a s  t h e  energy source was prepdred by  adding 
9 g / l  o r  3.18 g / l  o f  FeSO 7 H 0 t o  t h e  basa l  s d l t s  medium t o  y i e l d  an 
i n i t i a l  i r o n  c o n c e n t r d t i o d ' o f  2600 o r  700 ppm. Exper iments were conducted 
w i t h  and w i t h o u t  y e a s t  e x t r a c t  supplement. An u n i n o c u l a t e d  c o n t r o l  f l a s k  was 
r u n  i n  p a r a l l e l  t o  show t h e  r a t e  o f  chemical  o x i d a t i o n  o f  f e r r o u s  i r o n  by 
oxygen f r o m  t h e  a i r .  Samples were taken eve ry  12-24 hours f o r ' t h e  assay o f  
f e r r o u s  and f e r r i c  i r o n  c o n c e n t r a t i o n s .  The a n a l y s i s  f o l l o w e d  a procedure 
u s i n g  1,lO p h e n a n t h r o l i n e  h y d r o c h l o r i d e  as t h e  i n d i c a t o r  f o r  i r o n  
c o n c e n t r a t j p n .  D e t a i l s  o f  t h e  a n a l y t i c a l  procedures d r e  a v a i l a b l e  i n  the  
l i t e r a t u r e  . 
Kentucky ii9 coal  and  b a s a l  s a l t s  s o l u t i o n .  
or u n i n o c u l a t e d  w i t h  t h e  c e l l s .  Every 12-24 hours,  3 m l  o f  s l u r r y  were 
taken  from each f l d s k  and f i l t e r e d  through Whatmdn #1 f i l t e r  paper. 
Concen t ra t i ons  o f  s u l f a t e ,  f e r r o u s ,  and f e r r i c  i r o n  i n  t h e  s o l u t i o n  and 
t o t a l  S u l f u r  c o n t e n t  i n  t h e  cod1 were measured. Concentr i o n  o f  s u l f a t e  was 
determined by t h e  t u r b i d i m e t r i c  method s p e c i f i e d  i n  ASTM". The s u l f u r  
content  i n  coa l  was measured by  combustion and t i t r a t i o n  us ing  a LECO s u l f u r  
ana lyze r .  

The c u l t u r e  was 

Accurate c e l l  coun ts  were dchieved f o r  exper imenta l  runs  f rom p r o t e i n  

Other exper imen ts  were conducted w i t h  5% coa l  s l u r r y  canpr i sed  o f  
The s l u r r y  was e i t h e r  i n o c u l a t e d  

1 3  KINE T I C  ELEMENTS 
Tils mechdnism f o r  p y r i t i c  s u l f u r  o x i d a t i o n  was f i r s t  proposed by  S i l ve rman  
f o r  Lh_i_o_b_a_c_ill~ s p e c i e s  as comprised o f  d i r e c t  and i n d i r e c t  o x i d a t i v e  
components. n e  d i r e c t  mechanism r e q u i r e s  d i r e c t  c o n t a c t  between b a c t e r i a  
and p y r i t e  s i n c e  n o  e x t r a c e l l u l a r  enzymes d r e  i n v o l v e d .  I n  t h e  i n d i r e c t  
mechanism, t h e  f e r r i c  i r o n  c h e m i c a l l y  r e a c t s  w i t h  p y r i t e  t o  g i v e  f e r r o u s  
i r o n  and e lemen ta l  s u l f u r .  The b a c t e r i a  t h e n  o x i d i z e  f e r r o u s  i r o n  t o  f e r r i c  
i r o n  and o x i d i z e  e lemen ta l  s u l f u r  t o  s u l f a t e .  
t h e  r e g e n e r a t i o n  o f  f e r r i c  i r o n  i s  t h e  r d t e  l i m i t i n g  s t e p  f o r  p y r i t e  
o x i d d t i o n .  B a c t e r i a  i n c r e a s e  t h e  p y r i t e  o x i d a t i o n  r a t e  by  o x i d i z i n g  f e r r o u s  
i r o n  t o  f e r r i c  i r o n .  P r e c i p i  t d t i o n  o f  i r o n - s u l p h a t e  wds observed when f e r r i c  
i r o n  was p r e s e n t  a t  h i g h  c o n c e n t r a t i o n .  

I n  t h e  absence o f  b a c t e r i a ,  

' I  
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To model t h e  system, k i n e t i c s  o f  t h e  f o l l o w i n g  r e a c t i o n s  were 
cons ide red :  
1. Chemical o x i d a t i o n  o f  f e r r o u s  i ons  t o  f e r r i c  i o n s  b y  d i s s o l v e d  oxygen 

w i t h o u t  b a c t e r i a  
2 .  B i o l o g i c a l  o x i d a t i o n  o f  f e r r o u s  i ons  by  suspended microorganisms w i t h  

b a c t e r i a  
3. Chemical o x i d a t i o n  o f  p y r i t e  t o  i r o n  and s u l f a t e  
4. B i o l o g i c a l  o x i d d t i o n  o f  p y r i t e  by d t t a c h e d  m ic robes  
5. P r x i p i t a t i o n  o f  s u l f a t e  and f e r r i c  i ons  

s t u d i e d  and Honod t ype  models were p r o h ' b X C " T G c G $  i s  t h a t  t h e  
adsorbed c e l l s  grow on p y r i t e  s u r f a c e s  and t h e  suspended c e l l s  grow on 
f e r r o u s  i o n s .  An e q u i l i b r i u m  e x i s t s  between the  f r e e  c e l l s  dnd t h e  adsorbed 
c e l l s  acco rd ing  t o  t h e  Langrnuir isotherm.  However, K a r g i  and Robinson 
p o i n t e d  o u t  t h a t  i n  t h e i r  s tudy  o f  p y r i t e  l e a c h i n g  w i t h  S. a c i d o c a l d d r i u s ,  
t h a t  t h e  njmbe5 o f  f r e e  c e l l s  remained unchanged w h i l e  t E z t - t y c & F d T a l T  
grew i n  number . Recent r e p o r t s  showed t h a t  i n  t h e  s h o r t  term, t h e  c e l l s  
a t t a c h e d  t o  c o a l  p a r t i c l e s  f o l l o w i n g  thi. Ldn jmu i r  i s o t h e r m  and t h a t  
s e l e c t i v e  a d s o r p t i o n  on p y r i t e  su r faces  was e y j d p g t ,  b u t  i r r e v e r s i b l i t y  was 
developed th rough  l o n g  t e r m  c e l l - c o a l  c o n t a c t  ' . 

The a t tached  c e l l s  a r e  assumed t o  have a maximum s p e c i f i c  growth r a t e  
o f A  
e t  ay?, t h e  Monod t ype  o f  model was n o t  s p p r o p r i a t e  h e r e  s i n c e  p y r i t e  i s  
n o t  a s o l u b l e  s u b s t r a t e .  Tine va lue,  XA i s  t h e  d e n s i t y  of a t t a c h e d  c e l l s ,  
d e f i n e d  as ce l l s /mM p y r i t e ,  and Y i s  t h e  y i e l d  f a c t o r  f o r  m i c r o b i a l  
o x i d a t i o n  o f  p y r i t e  d e f i n e d  as ce?ls/mM FeS o x i d i z e d .  The m i c r o b i a l  g rowth  
i s  cons ide red  as o c c u r r i n g  i n  two ways. One'is t h e  g rowth  on p y r i t e  s u r f a c e ,  
t h e  o t h e r  t e r m  i s  t h e  g rowth  on f e r r o u s  i r o n  i n  s o l u t i o n .  Fo r  t h e  g rowth  on 
p y c i t e  su r face ,  t h e  numbgr o f  a t t a c h e d  c s l l s  i s  l i m i t e d  by  a s a t u r a t i o n  c e l l  
d e n s i t y  des igna ted  as XA . For  t h e  g rowth  on f e r r o u s  i r o n ,  t h e  Monod 
e x p r e s s i o n  can b e  a p p l i e d .  The d e n s i t y  of t he  c e l l s  which d i d  n o t  a t t a c h  t o  
t h e  p y r i t e  s u r f a c e  ( c o u l d  be f r e e  suspended o r  a t t a c h e d  t o  s u r f a c e s  o t h e r  
than  p y r i t e )  i s  des igna ted  as X . Based on t h e  assumptions, t h e  r a t e  
e q u a t i o n  f o r  each k g n e t i c  e l m e i t  i s  proposed as f o l l o w :  

Rate of chemical  o x i d a t i o n  of Fe2+= kl [Fe 3 - k-l[Fe 3 ......... ( 1 )  

M i c r o b i a l  o x i d a t i o n  o f  p y r i t e  by Thiob c i l l u  f e r r o o x i d a n s  has been 

which i s  independent o f  t he  amount o f  p y r i t e .  As suggested by Huber 

2+ 3+ 

[Fe2+] 2+ 

[FeS*I,, w 7 1  
Rate o f  chsmical  o x i d a t i o n  o f  FeS2 = ks[Fe3+]( - - - - - - -cg-  - -lFe--l- . . ( 3 j  

/fM * xA*[FeS;1 
- 

( 4 )  Rate o f  b i o l o g i c a l  o x i d a t i o n  o f  FeS2 = ---I-------------- ............ 
y s 

k t e  o f  Fe3+ p r e c i p i t a t i o n  = kp  [Fe3+] ......... .. .... ... .......... (5) 
Based on t h e  r a t e  equa t ions  proposed above, ba lance  equa t ions  f o r  F e ( I I ) ,  
F e ( I I I ) ,  a t t a c h e d  c e l l s ,  f r e e - f l o a t i n g  c e l l s  and p y r i t i c  s u l f u r  can be 
w r i t e n  as:  
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* 
(8) 'A - - - - - - -  = dt LM,S XA when XA < XA ................................ 

* 
= o  when XA = XA 

d XF ,& [Fe2+] dCFeS21 
dt ) .........................( 9)  

+ 'A * ( - - - - - - -  
- - - - - -  = --!LE - - - - - - - - -  

d t  KFe + [Fez+] 

The f a c t o r  3 cdme f r o m  t h e  assumpt ion  t h a t  3 moles o f  f e r r o u s  i r o n  were 
r e l e a s e d  when one mole o f  FeS2 wds o x i d i z e d  w i t h  2 moles o f  f e r r  

RESULTS AND UISCUS5IONS 
O x i d d t i o n  o f  fe r rous_ ions  i n  a ueous s o l u t i o n :  

t h e  p u r e  chemical  o x i d a t i o n  o f  f e r r o u s  i o n s  can be d e r i v e d  s i m p l y  by 
d r o p p i n g  t h e  b i o l o g i c a l  te rms and s u l f u r  turias i n  t h e  b a l a n c e  e q u a t i o n s  f o r  
a genera l  b i o l e d h i n g  system. E q u i l i b r i u m  was reached i n  a few days and no 
more o x u d a t i o n  occur red .  A d r o p  o f  t o t a l  i r o n  c o n c e n t r a t i o n  s i g n i f i e d  
p r e c i p i t a t i o n  o f  f e r r i c  i ons .  

i r o n .  

I n  the  absence o T G ? c x o r i a n i s m  and p y r i t e ,  t h e  e q u a t i o n s  t o  d e s c r i b e  

M i c r o b i a l  o x i d a t i o n  o f  f e r r o u s  i o n s  
F i g u r e  1 demonstrates t h e  d a t a  f rom a r u n  w i t h  i n o c u l a t e d  f e r r o u s  

s u l f a t e  medium. I n  t h e  presence o f  microbes, t h e  b a l a n c e  e q u a t i o n  can be 
d e r i v e d  by d r o p p i n g  t h e  s u l f u r  te rms i n  t h e  general  e q u a t i o n s .  
o f  s i m u l a t i o n  a r e  g i v e n  i n  F i g u r e  1. The exper imenta l  d a t a  i n d i c a t e  t h a t  
f e r r o u s  i o n s  were completed o x i d i z e d  t o  f e r r i c  i ons  w i t h  t h e  h e l p  o f  
mic roorgan isms.  F e r r i c  i o n  c o n c e n t r a t i o n s  i n  t h e  medium i n c r e a s e d  r a p i d l y  
a t  f i r s t  and t h e n  dropped due t o  p r e c i p i t a t i o n  o f  f e r r i c - s u l f a t e  complex. 
The d r o p  o f  f e r r o u s  i o n s  was a s s o c i a t e d  w i t h  growth of t h e  mic roorgan ism.  

O x i d a t i o n  o f  p y r i t e  i n  aqueous s o l u t i o n  

F i g u r e  2. An e q u i l i b r i u m  was d e t e c t e d  beyond which n o  m r e  o x i d d t i o n  
occur red .  Model p r e d i c t i o n  and d a t a  d r e  shown i n  F i g u r e  2. The model f i t s  
t h e  dd td  t o  a s a t i s f a c t o r y  degree. 

__ --_---I--- 

The r e s u l t s  

Exper imentc l - -?emf l j - -  w i t h  u x n o c u l a t e d  5% Cod1 s l u r r y  a r e  shown i n  

642 



' '3 

- M i c r o b i a l  o x i d a t i o n  o f  p r i t e  

f i t t e d  w i t h  t h i s  model. As Case I ,  i t  i s  a s s m e d  t h a t  c e l l s  p r e f e r e n t i d l l v  
The d d t a  f rom batchYl%ing o f  -270+325 mesh Kentucky #9 cod1 was 

adsorbed on t h e  p y r i t e  s u r f a c e .  I n  o t h e r  words, a l l  t h e  a t t a c h e d  c e l l s  weGe 
on p y r i t e  s i t e s  i n  t h e  c o a l .  Case I 1  has o n l y  p a r t  o f  t h e  a t t a c h e d  c e l l s  o n  
t h e  p y r i t e  s u r f a c e  w h i l e  o t h e r s  were on coa l  su r faces .  

c o n c e n t r a t i o n  was h i g h e r  than  t h e  exper imen ta l  d a t a .  F i g u r e  4 shows t h e  
s i m u l a t i o n  r e s u l t s  w i t h  t h e  assumpt ion o f  cdse 11. The p r e d i c t e d  f e r r o u s  
i r o n  c o n c e n t r a t i o n  i n  the  f i r s t  two days o f  l e a c h i n g  was lower  t h a n  t h e  
exper imen ta l  da ta ,  which means t h a t  fewer  c e l l s  were u t i l i z i n g  f e r r o u s  i r o n  
as energy. I n  F i g u r e  4 t h e  number o f  c e l l s  which were a t tached  t o  p y r i t e  
s u r f a c e  was assumsd t o  be 10% o f  t h e  the  c e l l s  a t t d c h e d  t o  coa l  p a r t i c l e s .  
The model p r e d i c t e d  t h e  generd l  t r e n d ,  o r  t he  dynamics o f  t h e  l e a c h i n g  
system, b u t  more i n f o r m a t i o n  i s  r e q u i r e d  t o  deve lop  f u r t h e r  t h e  model f o r  d 
b e t t e r  f i t  t o  t h e  exper imen ta l  data.  

F i g u r e  3 shows t h e  s i m u l a t i o n  f o r  case I .  The p r e d i c t e d  f e r r o u s  i r o n  

LO NLLUS IO N 

system. The c e l l s  a t t a c h e d  t o  p y r i t e  s i t e s  grew o n  p y r i t e  and y i e l d e d  
f e r r o u s  i r o n  and s u l f a t e  as t h e  p roduc ts .  The c e l l s  which were n o t  on t h e  
p y r i t e  s i t e s ,  e i t h e r  a t tached  t o  t h e  c o a l  s u r f d c e  o r  f r e e l y  suspended 
u t i l i z e d  f e r r o u s  i r o n  d s  an energy source.  Chemical o x i d a t i o n  o f  p y r i t e  by  
f e r r i c  i r o n  and chemical o x i d a t i o n  o f  f e r r o u s  i r o n  were a l s o  cons ide red .  The 
model gave a good d e s c r i p t i o n  o f  t h e  dynamics o f  t h e  l e a c h i n g  system. 

made t o  s i m p l i f y  t h e  r a t e  equa t ions .  A lso,  c e l l s  counts  i n  the coal  s l u r r y  
were n o t  d c c u r a t e l y  f o l l o w e d  due t o  i n t e r f e r e n c e  f rom t h e  m a t e r i a l s  leached 
f rom c o a l .  However, t h e  model p r e d i c t s  t h e  t r e n d s  of c o n c e n t r a t i o n  p r o f i l e s  
o f  F e ( I I ) ,  F e ( I I 1 )  and s u l f a t e  i o n s  i n  s o l u t i o n .  More exper iments w i t h  
accu ra te  c e l l  counts  i s  necessary t o  mdke the  model more g e n e r a l l y  
a p p l i c a b l e .  

Nomenclature 

K i n e t i c  e l e m m t s  were p roposed  t o  d e s c r i b e  t h e  b a c t e r i a l  l e a c h i n g  

There d r e  l i m i t a t i o n s  i n  a p p l y i n g  t h i s  model s i n c e  dssumpt ions were 

2 c o n s t a n t  f o r  chemical o x i d a t i o n  of p y r i t e ,  (mMlday ppm ) 
: Rate c o n s t a n t  f o r  chemical  o x i d a t i o n  of f e r r o u s  i r o n ,  ( l l d a y )  
: Rate c o n s t a n t  f o r  r e d u c t i o n  o f  f e r r i c  i ons ,  ( l / d a y )  

Maximum s p e c i f i c  growth r a t e  o f  c e l l s  on f e r r o u s  i r o n ,  l l d a y )  
S a t u r a t i o n  cons tan t  i n  t h e  Monod msdel, 

: Y i e l d  f a c t o r  f o r  c e l l  growth on f e r r o u s  i r o n ,  (ce1lslni. l  Fe)  

q''? Y i e l d  f a c t o r  f o r  g rowth  o n  p y r i t e ,  ( c e l l s l l r M  FeS2) 
: F r e e - f l o a t i n g  c e l l  d e n s i t y ,  ( c e l l s l m l  s o l u t i o n )  

(mg F e l l )  

: S p e c i f i c  g rowth  r a t e  on p y r i t e  ( l l d a y )  

:: : Attached c e l l  d e n s i t y ,  ( c e l l s l g m  c o a l )  
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