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INTRODUCTION 

Organisms o f  the genus Pseudomonas are w ide ly  d i s t r i b u t e d  i n  the environment and 
are found i n  h igh -su l fu r  content  coals .  
1 i t ho t rophs  which requ i re  minimal organics f o r  growth. 

desu l fu r i za t i on  o f  bituminous coa ls  and l i g n i t e  (1,2). However, P. aemginona was 
much less  e f fec t i ve  than P. putida. Incubat ion o f  these organisms a t  temperatures 
l ess  than 37°C could favo r  growth o f  P. pcLtida over P. aewginona s ince optimum growth 
of P. pLLtida occurs a t  26OC (3) .  Fur ther ,  incubat ion o f  these organisms i n  the  p re -  
sence of semi-pur i f ied sources o f  inorganic  s u l f u r s ,  such as p y r i t e  (PYR), marcas i te  
(MAR), and melanter i te .  (MEL), o r  organic  s u l f u r  such as dibenzothiophene (DBT) could 
r e s u l t  i n  r e s t r i c t e d  growth o f  the organisms. F i n a l l y ,  d i f f e rences  i n  the enzymatic 
p r o f i l e  o f  the organisms could suggest poss ib le  niechanisms o f  s u l f u r  processing. 

The prupose o f  the present study was t o  cha rac te r i ze  P. aauginona and P. pu f ida  
i n  t h e i r  a b i l i t y  t o  desu l fu r i ze  coals  and t o  evaluate t h e i r  performance w i t h  s p e c i f i c  
na tu ra l  sources o f  inorganic  and organic  s u l f u r s  known t o  be cons t i t uen ts  o f  coals .  
The r e s u l t s  show t h a t  P. amg&ona  un i fo rm ly  grows b e t t e r  t h a t  P. pLLtida i n  the p re -  
sence o f  the s u l f u r  sources and coals  and suggest t h a t  the mechanism of d e s u l f u r i z a t i o n  
i s  no t  s i m i l a r  t o  t h a t  o f  the genus Tkiobacieeub. 

These organisms are s t r i c t l y  aerobic  chemo- 

Pre l iminary s tud ies i nd i ca ted  t h a t  P. aehuginosa and P. p d d a  may f u n c t i o n  i n  

EXPERIMENTAL 

Organisms 

Pseudomom aewginosa (ATCC 27853) and Pnuudomonm p d d a  (ATCC 12633) were 
obta ined i n  pure c u l t u r e  from the American Type Cu l tu re  Co l l ec t i on ,  Rockv i l l e ,  ND. 

Media - 
P. a m g i n o s a  and P. plLtida were maintained a t  5°C on minimal agar s l a n t s  con- 

s o l u t i o n  A [potassium dihydrogen phos- t a i n i n  the f o l l o w i n g  i n  g / l ,  f i n a l  volume: 
phate Q3.0), disodium hydrogen phosphate (6.0), ammonium c h l o r i d e  (2.0), sodium 
c h l o r i d e  (5.0), agar (15.0) i n  800 m l  w i t h  deionized, d i s t i l l e d  H z O ] ;  s o l u t i o n  B 
[glucose (&.a), magnesium s u l f a t e  (0.1) i n  200 m l  w i t h  deionized, d i s t i l l e d  HzO]. 
Solut ions A and B were autoclaved a t  15 p s i  f o r  15 minutes and then a s e p t i c a l l y  
combined a f t e r  cool ing.  The f i n a l  pH was 7.0. A l l  reagents were obtained f rom WCB, 
except as noted. For experiments, HPLC-grade H20 (Burdick & Jackson Laborator ies,  
Inc. )  was used, and agar was no t  incorporated. Nhere o the r  ma te r ia l s  were used as 
s u l f u r  sources, magnesium s u l f a t e  was replaced by magnesium ch lo r i de .  
experiments, the organisms were grown i n  a n u t r i e n t  b r o t h  (DIFCO) con ta in ing  beef 
e x t r a c t  (3.0 g / l )  and peptone ( 5  g / l ) .  T r y p t i c  soy b r o t h  (DIFCO) served as a com- 
p l e t e  medium and contained the f o l l o w i n g  i n  g / l :  t r yp tone  (17.0), soytone (3.0), 
dextrose (2.5), sodium ch lo r i de  (5.0), dipotassium phosphate (2.5 g) i n  1.0 1 w l t h  
deionized, d i s t i l l e d  H20 p r i o r  t o  autoc lav ing.  

I n  shaker- f lask 
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Coal and Sulfur Sources 

Samples of I l l i no i s  #6 bituminous coal and l i gn i t e  were obtained from Amax Coal 
Company. The coal samples were ground in a ball-mill and  seived t o  147-1651 pm par- 
t i c l e  size f o r  shaker-flask experiments or to  a fine powder fo r  other experiments. 

Samples of pyrite (FeS2), marcasite (FeSz), and melanterite (FeSOb-7H20) were 
obtained from the Department of Geology, Texas A & I  University. These samples were 
ground to a f i ne  powder equivalent in par t ic le  size t o  the coal samples. 
(>99.9%) pyrite was obtained from the Aesar Group, Seabrook, N t l .  
served as experimental sources of inorganic sulfur.  

a model organic su l fur  source. 

Organism and Enzyme Assays 

was made prior t o  each experiment, using 20 standardized biochemical and carbon assimi- 
lation tes t s .  
assays were obtained from DMS Laboratories, Inc., Farmington, NJ, and  were performed 
according to  standard protocols provided by the manufacturer. 

High-purity 
The forgoing samples 

Dibenzothiophene (DBT)waS obtained from Aldrich Chemical Company and served as 

Positive identifiaction and the purity of cultures of P. aenuginom and P. pLLtida 

Systematic and rapid semi-quantitative microanalysis of 19 enzymatic 

Analytical Procedures 

I l l ino is  #6 coal and l i gn i t e  samples were analyzed for  to ta l  sulfur by the Eschka 
method and py r i t i c  and su l fa te  sulfur content was determined by chemical procedures 
(D-2494-79) described by the American Society of Testing Materials (3,4).  

Filtered coal samples were washed with d i lu te  hydrochloric acid followed by dis- 
t i l l ed  water t o  remove trace adsorbed su l fa te  and iron. 
sulfate and to ta l  iron. The Eschka method was used t o  estimate to ta l  sulfur content 
in coals. Extraction of 1 g coal samples by d i lu te  hydrochloric acid was followed by 
turbidimetric determination of su l fa te  ( 4 ) .  Extraction of weighed coal samples with 
Z N  ni t r ic  acid was followed by t i t r imet r ic  determination of iron (5) as a measure of 
pyrit ic sulfur content. 

Microbial Methods 

The f i l t r a t e  was analyzed for 

Shaker-flask experiments were conducted t o  determine the effectiveness of 
P. U e h u g i n O A U  and P. putLdu in removal of pyr i t ic  sulfur from coals. Weighed samples 
of coal were placed i n t o  250 ml Erlenmayer flasks and suspended i n  75 ml nutrient 
broth. The flasks were charged with 5 ml of bacterial ce l l s  adjusted to  lo9 cells/ml. 
Incubation was allnwed t o  proceed a t  3OoC for  periods between 5-7 days in a shaker-bath. 
Following incubation, to ta l  and pyr i t ic  sulfur content of the coals were determined as 
previously described. 

the i r  response t o  the presence of saturating and d i lu te  levels of pyrite,  marcasite, 
melanterite. and dibenzothiophene. 
t o  their  enzymatic patterns.  

Preliminary growth  experiments were performed in 13 x 100 mn screw-cap tubes con- 
taining 5.0 ml of complete medium and 0.1 g of ovr i te ,  marcasite, or melanterite. The 
tubes containing the medium and sulfur sources were autoclaved (15 psi ,  15 minutes), 
cooled, and inoculated with 0.1 ml of a suspension of an 18-hour mid-log phase culture 
o f  bacreriai c e i i s ,  adjusted to  an optical density o f  0.75 Asso (IO9 cells/ml) u s i n g  a 
Baush and Lomb Zpectronic 20 spectrophtometer. 

P. aekuginosa and P. pLLtidn were evaluated under various growth conditions for 

The organisms were also characterized with regard 

The tubes were incubated with occasional 
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shaking i n  water baths adjusted t o  temperatures between 20°C and 40OC. Growth o f  
the organisms was monitored t u b e r i d i m e t r i c a l l y  by f o l l o w i n g  adsorbance a t  540 nm. 
A f t e r  55 hours, t he  c e l l s  were removed by c o n t r i f u g a t i o n  (10,000 x g) ,  and the  pH 
of t he  medium was determined f o r  each tube. 
P. auug inonn  and P. p d d a  was fol lowed i n  tubes conta in ing chemical ly -def ined 
minimal medium and d i l u t i o n s  o f  the s u l f u r  sources and coals. 0.1 g of p y r i t e ,  
marcasite, me lan te r i t s .  dibenzothiophene, bituminous coal ,  o r  l i g n i t e  was added t o  
10 m l  o f  HPLC-grade H20, autoclaved, and al lowed t o  stand overn ight .  
suspensions was added t o  4.0 m l  o f  s t e r i l e  s o l u t i o n  A. 
f i e d  by c e n t r i f u g a t i o n  and the  saturated supernate used t o  make 10- fo ld  d i l u t i o n s  of 
the su l fu r  sources. 
A. 
ch lor ide.  Each tube received 0.1 m l  o f  P.auuginona o r  P. pLLtida grown t o  mid- log 
phase i n  18 hours a t  3OoC i n  the chemical ly-defined minimal medium con ta in ing  on ly  
magnesium s u l f a t e  as a s u l f u r  source. 
w i t h  s o l u t i o n  A w i thou t  magnesium s u l f a t e  and the inoculous c u l t u r e  was adjusted t o  
an o p t i c a l  dens i t y  o f  1.75 Ask,,. 
organism was fo l lowed spect rophotometr ica l ly  f o r  45 hours. The c e l l s  were then r e -  
moved by c e n t r i f u g a t i o n  and the pH o f  the medium i n  each tube was determined. 

I n  o the r  experiments, growth o f  

0.5 m l  Of these 
The suspensions were c l a r i -  

0.5 m l  o f  these d i l u t i o n s  were added t o  4.0 ml of s t e r i l e  s o l u t i o n  
A l l  tubes received 0.5 m l  o f  so lu t i on  B con ta in ing  autoclaved glucose and magnesium 

P r i o r  t o  i nocu la t i on ,  the organisms were washed 

The tubes were incubated a t  30°C and growth of t he  

RESULTS AND DISCUSSION 

1. Microbia l  Desu l fu r i za t i on  o f  Coals by Organisms o f  the Genus Pneudomonas. 

Pre l iminary i nves t i ga t i ons  were conducted f o r  p y r i t e  d e s u l f u r i z a t i o n  o f  I l l i n o i s  #6 
(Her r i n  Coal),  I l l i n o i s  #6 ( Z i e g l e r  Coal) and Atascosa-McMullen l i g n i t e .  
(As Received) p y r i t i c  s u l f u r  content  o f  I l l i n o i s  #6 (Her r i n  Coal) was 4.9%; I l l i n o i s  #6 
(Z ieg le r  Coal),  4.2%; and Atascosa-McMullen l i g n i t e ,  1.9%. 
PAULdOmOmA auug inana  was found t o  be bare ly  e f f e c t i v e  (about 28%), whereas PneudomoMa 
pLLtida reduced the p y r i t i c  s u l f u r  content o f  I l l i n o i s  #6 (Her r i n  Coal) 147 pin p a r t i c l e s  
and t h a t  o f  Atascosa-McWullen l i g n i t e  147 um p a r t i c l e s  by approximately 75%. The desul -  
f u r i z a t i o n  r a t e  for  t he  H e r r i n  Coal was about 659 m g / l i t e r  x day, f o r  the Z ieg le r  Coal, 
557 m g / l i t e r  x day and t h a t  f o r  Atascosa-McMullen l i g n i t e  about 288 m g / l i t e r  x day f o r  
the i n i t i a l  6 day per iod.  The data on the e f f e c t  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  on the  
r a t e  o f  p y r i t e  d e s u l f u r i z a t i o n  i s  presented i n  Table 1 w i t h  organisms of Genus 
Pneudomonan. 

2. 

The i n i t i a l  

In the l abo ra to ry  experiments 

Character izat ion o f  Organisms o f  Genus Pbeudomonan. 

P. a u u g i n o n a  i s  d i f f e r e n t i a t e d  from P. pLLtida i n  i t s  product ion o r  use o f  n i t r a t e ,  
urease, g e l e t i n ,  n-acetylglucosamine, and adipate. A l l  o the r  biochemical and carbohy- 
drate u t i l i z a t i o n  t e s t s  were i d e n t i c a l  f o r  both organisms. 

Enzyme p r o f i l e s  were prepared on the organisms. No major d i f f e rences  were observed 

Incubat ion o f  the organisms i n  the  pre-  
i n  the  enzymatic p r o f i l e s  o f  the two organisms when grown i n  the  absence o f  t h e  s u l f u r  
o r  coal sources except those l i s t e d  i n  Table 2. 
sence o f  PYR, MAR, MEL o r  DBT as s u l f u r  sources had no marked e f f e c t  on any o f  the 
enzymes tested.  

P. a w g i n o b n  and P. pLLtida were grown i n  complete medium i n  the presence o f  
sa tu ra t i ng  l e v e l s  o f  p y r i t e ,  marcasite, and me lan te r i t e  a t  temperatures between 20 and 
4OOC. 
w i t h  the  growth o f  e i t h e r  organism and, i f  no t ,  what temperatures would permi t  equ iva len t  
growth ra tes  f o r  both organisms. 

An o b j e c t i v e  o f  t h i s  experiment was t o  determine i f  these ma te r ia l s  in terPered 

The r e s u l t s  o f  t h i s  experiment a r e  summarized i n  Table 3. 
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TABLE 2 .  ENZYMATIC DIFFERENCES WITHOUT SULFUR AND COAL SOURCES. 

ENZYME/SUBSTRATE P. aehuginoba P .  p h d a  
ACTI v ITY a 

L ipase  esterase/2-naphthyl-capryl a t e  30 
L i  pase/2-naphthy l  -myri s t a t e  10 
A c i d  phosphatase/Z-naphthy l  -phosphate 5 
All enzymeslno s u b s t r a t e  0 

5 
0 
30 
0 

Nanomoles s u b s t r a t e  h y d r o l y z e d  i n  4 hours.  
a  

TABLE 3. INFLUENCE OF INORGANIC SULFUR SOURCES ON THE GROWTH OF 
P. UehUginOba and P. pu t ida .  

GROWTH 
TEMPERATURE, ("C) 

20 R (PYR, MAR, MEL) N 
25 R (PYR, MAR, MEL) R (PYR, MAR, M E L )  
30 R (PYR, MAR, N E L )  R (PYR, MAR, N E L )  
37 R (MAR, MEL) R (PYR, MAR, M E L )  
4d R (PYR, MEL)  N 

R e l a t i v e  t o  c o n t r o l s ,  w i t h o u t  PYR-, MAR o r  MEL as s u l f u r  sources ,  g r o w t h  o f  
o rgan isms i s  rep ressed  ( R )  o r  n o t  rep ressed  ( W )  by s a t u r a t i n g  l e v e l s  o f  t h e  
s u l f u r  sources  i n  comple te  mediums. 
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A t  20°C, growth o f  P. aauginosa was ~ 0 . 4  A5,0/45 hours and the  presence o f  
p y r i t e ,  marcasite, and me lan te r i t e  f u r t h e r  r e s t r i c t e d  growth 20.2 A,,,/45 hours. 
A t  25"C, the growth o f  P. aehuginosa improved. 
peratures z30°C t y p i c a l l y  1.5 As40/45 hours. Stat ionary phase o f  growth was no t  
reached u n t i l  a f t e r  45 hours o f  incubat ion.  
genera l l y  r e s t r i c t i v e  a t  any incubat ion temperature. 
reached s t a t i o n a r y  phase between 15 and 20 hours o f  incubat ion.  

Maximum growth was reached w i t h  tem- 

The presence o f  the s u l f u r  sources was 
A t  o r  above 37"C, P. aehuginosa 

P. pcLtida grew s lowly  a t  20"C, t y p i c a l l y  reaching S0.4 Asko/45 hours. Above 
2OoC, the presence o f  p y r i t e ,  marcasite, and me lan te r i t e  was no t  r e s t r i c t i v e  t o  growth. 
P. p h d a  grew b e t t e r  a t  25'C w i t h  o r  w i thou t  the s u l f u r  sources. 
P. pLLtida was achieved 130C, t y p i c a l l y  being 21.4 ASk0/45 hours. 
o f  P. p d d a  a t  temperatures 43O0C i n  the presence o f  the s u l f u r  sources was genera l l y  
repressed, be ing  t y p i c a l l y  20.8 A,,,/45 hours. E leva t i on  o f  incubat ion temperature 
above 37OC r e s u l t e d  i n  low- level  growth o f  P. pcLtida (S0.6A540/45 hours) w i t h  o r  w i th -  
o u t  t he  s u l f u r  sources. 

Maximum growth of 
However, the growth 

Fol lowing i ncuba t ion  o f  P. U U L U ~ ~ W A U  and P. p W a  w i t h  o r  w i thou t  t he  s u l f u r  
sources, the pH o f  t he  medium was monitored. The r e s u l t s  are shown i n  Table 4. I n -  
cubat ion o f  t h e  organisms i n  the presence o f  the s u l f u r  sources f o r  45 hours d i d  no t  
r e s u l t  i n  lower ing o f  t he  pH o f  t he  medium r e l a t i v e  t o  con t ro l s  w i thou t  t he  s u l f u r  
sources. 

TABLE 4. EFFECT OF SULFUR SOURCES ON pH OF MEDIUM. 

TREATKENT 

None 
P y r i t e  
Flarcasi t e  
Me lan te r i t e  

'PH OF  MEDIUM^ 
P. aehuginosa P. putAda 

7.2 f 0.1 
7.3 f 0.1 
6.9 f 0.4 
7.2 f 0.1 

7.3 * 0.1 
7.0 f 0.3 
7.3 f 0.1 
7.1 f 0.1 

a Average o f  pH o f  a l l  tubes (n = 20) o f  a g iven treatment f o r  a g iven organism 
incubated between 20 and 4OOC. 

P. a m g i n o s a  and P. pcLtida were grown i n  a chemical ly -def ined minimal medium 
con ta in ing  va r ious  s u l f u r  sources. 
of the s u l f u r  sources o r  coals  was, i n  general,  rep ress i ve  t o  the growth o f  bo th  
organisms and t o  P. pLLtida more than P. a m g i n o m .  
o f  the s u l f u r  sources by d i l u t i n g  from a p o i n t  o f  s o l u t i o n  sa tu ra t i on  d i d  not  r e s u l t  
i n  subs tan t i a l  e f f e c t s  t o  the arowth o f  e i t h e r  organism. 
b e t t e r  when t h e  i n d i v i d u a l  s u l f u r  sources were provided r a t h e r  than the coals .  
pH o f  the medium a f t e r  55 hours o f  incubat ion remained near n e u t r a l i t y  and was no t  
s i g n i f i c a n t l y  d i f f e r e n t  f rom con t ro l s  w i thou t  the s u l f u r  sources. 

The r e s u l t s  a re  shown i n  Table 5. The presence 

An attempt t o  l i m i t  a v a i l a b i l i t y  

Growth o f  P. p d d a  was 
The 

CONCLUSIONS 

The r e s u l t s  f r o m  the  p re l im ina ry  m ic rob ia l  d e s u l f u r i z a t i o n  o f  I l l i n o i s  #6 and 
Texas l i g n i t e  by t h e  organisms o f  the Genus Pseudomonas show t h a t  P. p d d a  was much 
more e f f e c t i v e  than P. aemginosa. 
o f  I l l i n o i s  #6 as w p l l  as l i g n i t e s  hy 69 t o  76% i n  5 t o  7 days fo r  coal p a r t i c l e s  
from 147 pm t o  1397 Whereas P. amuginoda was ha rd l y  e f f e c t i v e  (26 t o  32.5%) i n  
reducing the p y r i t i c  s u l f u r  content  o f  I l l i n o i s  #6. 

The P. pLLtida reduced the p y r i t i c  s u l f u r  content  
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TABLE 5. GROWTH OF ORGANISMS I N  CHEMICALLY-DEFINED MINIMAL MEDIUM. 

AVERAGE G R O Y T H ~  
SA7 URATE D DILUTED 

ME D I UM MEDIUM ORGAN  ISM^  TREATMENT^ 
PYR 

MAR 

MEL 

DBT 

BITU 

LIGN 

P 
A 
P 
A 
P 
A 
P 
A 
P 
A 
P 
A 

0.40 f 0.01 
0.81 f 0.01 
0.40 ? 0.02 
0.68 f 0.01 

0.72 f 0.02 
0.50 i 0.01 

0.39 f 0.01 
0.59 ? 0.03 
0.34 ? 0.01 
0.59 f 0.02 

0.57 ?r 0.01 
0.39 f 0.01 

0.43 f 0.01 
0.58 f 0.01 
0.48 ? 0.01 
0.68 f 0.02 

0.60 f 0.03 

0.63 f 0.02 

0.31 5 0.02 

0.53 f 0.03 

0.38 f 0.01 
0.64 f 0.01 
0.46 f 0.03 
0.64 f 0.01 

a S u l f u r  sources: p y r i t e  (PYR), marcas i te  (MAR), me lan te r i t e  (NEL), dibenzo- 
thiophene (DBT), bituminous coal (BITU), l i g n i t e  (LIGN). 
Organisms: P. aehuginona (A) ,  P. pLLtida (P) .  
A l l  Ask, ,  values averaged along growth curve f o r  55 hours a t  30°C. 
averages then averaged f o r  sa tu ra ted  medium (n=4) conta in  p a r t i c u l a t e  s u l f u r  
sources or  d i l u t i o n s  (n=12) o f  t he  s u l f u r  sources. 

These 

P. aehuginona and P. pLLtida were cha rac te r i zed  by standard enzymatic and carbon 
a s s i m i l a t i o n  t e s t s  t o  assure the  p u r i t y  o f  the microorganisms. 
o f  o the r  enzymatic a c t i v i t i e s  i nd i ca ted  semiquan t i t a t i ve  d i f f e rences  between the  two 
microorganisms which could n o t  exp la in  the observed d i f f e rences  between t h e i r  a c t i v i t i e s  
r e l a t e d  t o  p y r i t i c  d e s u l f u r i z a t i o n  o f  coals. 

P. pLLtida was obtained a t  30"C, and t h i s  temperature was used i n  f u r t h e r  s tud ies.  
presence o f  p y r i t e ,  marcasite, and me lan te r i t e ,  a l though n o t  t o x i c  t o  the organisms, 
was genera l l y  repress ive t o  t h e i r  growth w i t h  P. pLLtida being q u a l i t a t i v e l y  more l a b i l e  
than P. aenuginosa. Incubat ion o f  both P. aenuginona and P. pLLtida f o r  l ong  per iods 
w i t h  o r  w i thou t  the s u l f u r  sources d i d  n o t  s i g n i f i c a n t l y  a l t e r  the pH of t he  medium, 
suggesting t h a t  these organisms process s u l f u r  by d i f f e r e n t  mechanism than t h e  organisms 
o f  t he  genus T k i o b a c i e e u d .  

Pre l im ina ry  screening 

I t  was f u r t h e r  observed t h a t  the equ iva len t  growth f o r  both P. aenuginona and 
The 
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