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' Ii~XRODLCTICii 

The removal of s u l f u r  from high-sulfur containing petroleum has loa8 
presented a problem. 
o i l  low i n  s u l f u r  conten t ) ,  t h e  problem has escalated i n t o  major pro- 
pomions t o  contend with a c lean and l i vab le  environment of our biosphere. 
The development of p r a c t i c a l  methods of decreasing, o r  eliminating t h e  
s u l f u r  content  of petroleum has  repeatedly proved an economical obstacle  
t o  t h e  industry.  
is phenomenal (1) 

l i t t l e  a t t en t ion  i n  t h e  l i t e r a t u r e  a t  t h i s  t i m e  (2) .  
is  t h e  removal of p y r i t e  from coa l  by Thiobac' l l u s  so. and Ferrobaci l lus  sp. 
(3). 
t o  i n  s i t u  r e a l i t y  are of g r e a t  value, inves t iga t ions  of pure systems should 
form t h e  foundations of t hese  more de t a i l ed  inves t iga t ions .  

With t h e  depletion of so-called "sweet" o i l  ( i .e . ,  

The amount of d o l l a r s  spent  on corrosion technology alone 

Rudimentary inves t iga t ions  of microbial  desu l fur iza t ion  have received 
A successful  example 

While s tud ies  of t h e  complex h y d r o c a r 5 h f u r  systems, being c loser  

Lur present s tudy was intended t o  explore the  a b i l i t y  of a micro- 
organism as a possible  desu l fur iz ing  agent. To t h i s  end, a pure system was 
employed tha t  would g ive  u s  some idea  a s  t o  t h e  ease with which such an 
agent could abs t r ac t  organically-bound su l fur .  '6ihile t h i s  program i s  pre-  
l iminary i n  scope, it  is hoped t h a t  fu tu re  inves t iga t ions  may lead t o  a 
f e a s i b l e  i n d u s t r i a l  appl ica t ion .  

1L4TERIAb ki;;U IsAETHODS 

a i  Hedia and Cult= 

The s t r a i n  of Thiobac i l lus  a i z x w  used i n  these experiments was 
o r i g i n a l l y  obtained from the National Type Cultures Collection. Inoculate 
s t r a i n  w a s  obtained by f u r t h e r  clllture i n  t h i s  laboratory ( 4 ) .  For growth 
of the  organisms, a v a r i a t i o n  of \.laksman's medium w a s  prepared; it contained 
t h e  following concentrations of s a l t  i n  grams per liter ( a l l  Kallinckrodt 
"AR': grade): (NZ-i4)2SG4, 0.20; Ni2F'(;4, 3.00; 191gSC4*71-I2f~, 0.50; CaC12 *2H2G, 
0.25. The medium w a s  prepared with d i s t i l l e d  water. In place of t h e  
elemental su l fu r  subs t r a t e  of Xaksman's medium, d i f f e r e n t  symmetric organic 
s u l f i d e s  of t h e  t e r t i a r y  b u t y l  c l a s s  with a normalized su l fu r  equivalent of 
10.Og/lj.ter were u t i l i zed .  In  order t o  provide a greater sur face  a rea ,  the 
normally viscous su l f ides  were emulsified with 1-2 drop(s)  of Tr i ton  X-100 
su r fac t an t  (J. T. Saker Chemical Co.) added t o  the  medium, The pH was then 
adjusted t o  3.5 Kith 1 .O 1.1 H3PC4 (Plallinckrodt ' :kR'*  gradei . S t e r i l i z a t i o n  
of t h e  media was accomplished by autoclaving and t y  membrane f i l t r a t i o n .  

b) Su l f id s  Samples 

The t e r t i a r y  bu ty l  s u l f i d e  and the  t e r t i a r y  bu ty l  d i su l f ide  used i n  
these  experiments w e r e  obtained from t h e  Aldrich Chemical Company. 
pu r i ty  of t h e  monosulfide, molecular weight: 146.30, was i n  excess of 97%. 
The d i s u l f i d e ,  molecular weight: 
assayed t o  be 88% pure d i s u l f i d e  with the  remainder consis t ing of tertiary 
bu ty l  t r i s u l f i d e  . 

The 

178.36, being " technical"  grade w a s  
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The t e r t i a r y  buty l  polysulfide employed was kindly supplied by 
P h i l l i p s  Petroleum Company. 
weight averaged out t o  be 190.00 was  greater than 90%. 
contained an average of four  and f i v e  s u l f u r  at- per molecule. 
tCeatmsnt of the s u l f i d e s  was performed. 

The pur i ty  of t h e  polysulf ide whose molecular 
The polysulf ide 

NO pre- 

e )  A n a l v t i f a l M e t e g p B  

Insoluble barium s u l f a t e  p r e c i p i t a t e ,  one of the two &t&a by 
which growth of the bacter ia  was establ ished was determined by standard 
gravimetric methods. 
t o  t h e  amount of s u l f i d e  t h a t  has been oxidized by the s u l f u r  bacter ia .  

growth of t h e  b a c i l l i  was established. S u l f u r i c  ac id  is a n a t u r a l  meta- 
bo l ic  by-product of t h e  ac idophi l l ic  (5); and as 
sulfur is u t i l i z e d ,  acid build-up i n  t h e  medium is t o  be expected---thus 
lowering t h e  pH. 
bacter ia  grow w e l l  i n  a p€i a s  low as 0.5. 

Fernbach culture flasks ( P y r e x ,  2800 ml) containing 1 .o liter of 
modified Waksman's medium were prepared i n  duplicate.  
f l a s k s  received 49.0 m l  t -bu ty lsu l f ide  and one drop T r i t o n  X-100 each. 
The second p a i r  of f l a s k s  received 28.0 ml t -bu ty l  d i s u l f i d e  and one drop 
of Tr i ton  X-100 each. The t h i r d  p a i r  of f lasks  received 17.0 m l  t-butyl-  
polyrulf ide and two drops of Tr i ton  X-100 each. 
elemental sulfur and f l a s k s  of organic sulfur subs t ra tes  were prepared t o  
act as controls .  After  sterilization, ell f l a s k s  containing s u l f u r  o r  
organic s u l f u r  compounds with t h e  exception of t h e  organic s u l f u r  cont ro l  
f l a s k s ,  were inoculated with 10.0 cc x. suspensions. A l l  
f l a s k s  were incubated at  room t e m p e z a t u r v  

Samples f o r  t h e  barium s u l f a t e  determinations were prepared by 
removing a 5.0 m l  a l i q u o t  portion from each f l a s k  and then submitting 
the80 t o  centr i fugat ion on an Adams cent t i fuge  for 15 minutes a t  3,000 rpm. 
TO the supernatant of each was added two drops concentrated HC1, ~ L I  acid 
buffer;  and eleven drops of a .saturated so lu t ion  of barium chlor ide 
(Mallinckrodt "AR" grade). 
apparatus (Pyrex); washed with d i s t i l l e d  water and then allowed t o  dry 
thrae days i n  an evacuated dessicator .  The samples were then igni ted and 
the weight of barium s u l f a t e  established. The organic s u l f u r  controls  
were handled i n  the  same manner t o  avoid discrepancy. 
barium s u l f a t e  produced from t h e  organic su l f ides  less t h e  controls  was 
averaged and then plot ted (Fig. 1). 
Beckman t 'Zeromatic ,"  SS-3 pH m e t e r  (Fig. 2 ) .  

The amount of barium s u l f a t e  is  d i r e c t l y  proportional 

Hydrogen ion  concentration (pH) was t h e  second criterion by Which 

Studies  done i n  t h i s  laboratory has shown t h a t  the  

The f i r s t  p a i r  of 

'In addi t ion,  f&rks of 

The prec ip i ta ted  was f i l t e r e d  on a "Millipore" 

The amount of 

The pH was read d i w c t l y  with a 

PROCEDURE 

Modified Haksman's medium was prepared i n  a Fernbach culture f lask.  
An amount of organic s u l f i d e  normalized t o  an equivalent s u l f u r  content 

' of t h e  standard medium (10g/ l i te r )  was added; followed by the  addi t ion 
of an emulsif ier-  
(121OC) or subjected t o  membrane f i l t r a t i o n .  Upon cool ing,  the  medium 
was inoculated with 10 cc pure s t r a i n  -. The 
c u l t u r e l s  i n i t i a l  pH value was read,  and an i n i t i a l  gravimetric s u l f a t e  
assay was performed on it. Thereafter,  pH and s u l f a t e  values w e r e  detamined 
a t  two day i n t e r v a l s  for a period of 25 days. 

The  medium was  then autoclaved f o r  30 minutes a t  15 p s i  

! 
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RESULTS 

The model was so designed as to study the ability of sulfur-oxidizing 
bacteria to utilize the organically bound sulfur as substrate. 
metry of the sulfides provided an insight into the sulfur abstracting 

The gym- 

prowess of x. d -  

It can be aeen that the oxidizing potential of the organism is 
enhanced by the availability of unshielded sulfur in the molecular structure. 
The sulfur-sulfur bonds of the di- and poly-sulfides are easily disrupted 
while the sulfur-carbon bond of the mono-sulfide seem questionable. 
While sane sulfate ion is produced by the organism on the monosulfide, it 
is unknown at this point how much of the sulfate is due to residual sulfur 
previously incorporated by the bacteria. 
this ht. 
and poly-sulfides, as shown by sulfate ion and pH values. 

The values of pH seem to bear 
There is no question that the organism is growing on the di- 

DISCUSSION 

This study indicates that the sulfur of our sulfide samples was 
susceptible to bacterial attack in two of the three cases. 
suxfides could be dnked in the order of their ease of oxidation as: 
di -evantyi po xyitilf Zde $idiie -but91 di GGifiae > di- t-iu€yi*sirfiae. 

Seemingly, T. fhiooxidans i s  able to attack the sulfur-sulfur bond 
quite readily and the sulfur-carbon bond with more time and difficulty. 
Since a large portion of the sulfur compounds in petroleum are of the 
monosulfide-aromatic type more attention will be paid to this facet. 

The aliphatic 

The simplest scheme of the bacterial oxidation would be: 

A few mechanisms have been postulated for this reaction (6). 
what mechanism is considgred, the oxidation of elemental sulfur or thio- 
sulfate is accompanied by reductive cleavage of the sulfur-sulfur bridges. 
In the case of sulfur, the intermediate involved is Kcyclic form of sulfur, 
probably s8; althoum there is little difference observed for d i f f e m t  
allotrophic forms of sulfur, such as rhombic, precipitated,and amphorous. 
These cyclic sulfides form the basis of polysulphanes as well as poly- 
thionates which could be metabolized readily by Thiobacilli. 

No matter 

,’a, €3 
p-. s, s - s  

-?3&S/ ‘s- s’ 

SH’ --+ 1 HS - f  ‘l 1 -b 

polysulphanes 

polythionates 
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Actual ly ,oxidat ion of s u l f u r  begins with i t s  reduct ion,  i n  e i c h  t h e  
glutathione-sulhydryl groups located near t h e  cell sur face  take par t  

DPN - H + G-S-S-G + PPB + PG-SH 

SO + P G - S H + H P S  + G-S-S-G. 

The SH''bvo1ved or the S 0 3 2 -  performs t h e  a t t ack  and the  cleavage. 

On the c e l l  surface i n i t i a t e s  t he  formation O+ polpfhiosulfonic  ac id  and 
consequently s p l i t s  t K r t e r m b m 1  SO3- as su l f a t e ,  
evolve the  intermediate of mixed anhydride -S-0-PO4- 

For the  th iosu l f a t e  ox ida t ion , i t  is hypothesized t h a t  an e n m  system 

from p h o s p h o ~ l a t i m :  
This process may 

Thrrefore 

Tho w e r a l l  reac t ion  is one of e lec t ron  t r ans fe r  in t h e  enzyme system: 

Tho c r i t i c a l  s t e p  i n  the  u t i l i z a t i o n  of mult iple  s u l f u r  l inkages is tho 
avai labi l i ty  of HS* from the reduced enzyme system. The HSO could possibly 

the cyc l i c  or the acyc l ic  mult iple  s u l f u r  linkages through a nuclro- 
xmch.nism. The s u l f i d e  linkages thus cleaved w i l l  undergo ox ida t im  
i te  OT th iosu l fa te .  This holds t r u e  for the  present case of 
de a d  POPyPtiIf i d s  
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.Finally, removal of t h e  su l f ace  ion creates  a new problem of contamina- 

t i on .  Ln connection w i t h  this, an examination of sulfate-reducing bac te r i a  
f o r  the complete removal of s u l f u r  i s  being undertaken. The conversion of 
t h e  organic su l f ide  i n t o  inorganic s u l f i d e  w i l l  be one future  objective.  
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Fig. 2. \ l a t i a t ion  of pH a f t e r  inoculat ion of s u l f u r  bac te r i a :  
from t o p  t o  bottom, the long dashed l i n e  represents  di-t-butyl 
monosulfide; t h e  s o l i d  l i n e  represents  di-t-butyl d i su l f ide ;  
the dash-dot l ine represents  di- t -butyl  polysulfide,  and the  
short dashed l i n e  represents  control  of elemental sulfur. 
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