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The premise t h a t  a combination o f  e l e c t r i c  current  and bac te r ia l  ac t i on  would 
remove metals from coal more e f f e c t i v e l y  than e i t h e r  o f  the fac to rs  ac t i ng  
alone, stemmed from e a r l i e r  observations o f  enhanced p y r i t i c  ore leaching and 
i r o n  corros ion by suspensions o f  Jh iobac i l l us  ferrooxidans i n  ga lvanic  c e l l s .  
Although s u l f i d e  minerals are ox id ized more s lowly  than na t i ve  metals under 
ac id  a b i o t i c  condit ions, l i k e  metals t h e i r  ox ida t i on  can be g r e a t l y  
accelerated by an imposed voltage i n  a galvanic c e l l .  The consequent release 
o f  metal ions from p y r i t i c  substrates as the r e s u l t  o f  e lect roox idat ions i s  
analogous t o  the s o l u b i l i z a t i o n  o f  minerals by the ac t i on  o f  chemoli thotrophic 
microorganisms which cata lyze the t ranspor t  o f  e lect rons from ox id i zab le  
cat ions o r  s u l f i d e  l igands t o  oxygen. 

When metals are placed a t  the anode o f  a galvanic c e l l ,  the l i b e r a t i o n  o f  
i o n i c  species by e lec t ro -ox ida t i on  i s  dependent upon prov is ion o f  a p o l a r i z i n g  
voltage and the presence o f  e lect ron acceptors t h a t  promote cu r ren t  f l ow  by 
cathode depolar izat ion.  While a metal i n  elementary form can be 
e l e c t r o l y t i c a l l y  ox id ized t o  form a soluble cation, the inso lub le metal i n  a 
s u l f i d e  mineral i s  already i n  c a t i o n i c  form complexed w i th  a s u l f u r  anion. I f  
a s u l f i d e  mineral species conducts e l e c t r i c i t y ,  i t s  cations can be released by 
e lec t ro -ox ida t i on  o f  the reduced s u l f u r  l igands t o  produce elementary s u l f u r .  
The knowledge t h a t  p y r i t i c  minerals are good e l e c t r i c a l  conductors (Decker, R .  
F., 1986) as we l l  as substrates f o r  ox idat ion by t h i o b a c i l l i ,  impl ied t h a t  the 
two phenomena could operate synerg i s t i ca l l y .  
Fe(I1) released e l e c t r o l y t i c a l l y  would be ox id ized by chemoli thotrophic i r o n  
ox id i z ing  bac te r ia  and t h a t  the soluble Fe( I1 I )  produced i n  an ac id  
environment would ox id i ze  p y r i t i c  s i t e s  insu lated from e lec t ro -ox ida t i on .  

Conceptually, a su i tab le  e l e c t r i c a l  po ten t i a l ,  would l i b e r a t e  Fe(1I) cat ions 
by o x i d i z i n g  reduced s u l f u r  anions o f  p y r i t i c  minerals. E l e c t r i c  cu r ren t  
would f l o w  from the source as the cathode i s  depolarized by hydrogen ions o f  
the ac id  l i x i v i a n t  and Fe(I1) cat ions move i n t o  so lu t i on  toward the cathode. 
I n  d i l u t e  s u l f u r i c  ac id  so lut ion,  as the  Fe(I1) i s  oxidized by i r o n  ox id i z ing  
t h i o b a c i l l i ,  the resu l tan t  Fe ( I I1 )  s u l f a t o  complex would have the p o s s i b i l i t y  
o f  p a r t i c i p a t i n g  i n  several d i f f e r e n t  react ions depending upon the condi t ions 
e x i s t i n g  i n  the galvanic c e l l  (Figure 1). These include: (1) aggregation 
(po lymer izat ion)  t o  an i nso lub le  amorphous hydrated Fe( I I1)  su l fa te ;  
( 2 )  reduc t i on  a t  the cathode forming add i t i ona l  substrate f o r  b a c t e r i a l  i r o n  
ox idat ion i n  the bu lk  phase o f  so lu t ion;  (3)  reduction, a f t e r  r e c i r c u l a t i o n  t o  
non-anodic s i t e s  on p y r i t i c  surfaces, l i b e r a t i n g  ox id ized s u l f u r  species and 
Fe(I1) from the py r i t e ;  (4) a l k a l i n e  p r e c i p i t a t i o n ;  when proton consumption by 
cathode react ions occurs t o  the extent t h a t  the environment o f  the cathode 
becomes basic, the Fe ( I I1 )  s u l f a t o  complex decomposes and i r o n  i s  p rec ip i t a ted  
i n  the  form o f  Fe ( I I1 )  oxides and oxyhydroxides. The proton concentrat ion i n  
t h i s  system i s  also dependent upon the a c t i v i t i e s  o f  t h i o b a c i l l i  which ox id ize 
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su l f ides ,  polythionates  and elementary su l fur  derived from the oxidation of 
p y r i t i c  minerals. Acidi ty  produced from those a c t i v i t i e s  counteracts proton 
consumption from cathode depolarization react ions and the reduction of 0, by 
chemoolithotrophic oxidat ion of Fe(I1). A t  low pH the i ron sediments formed 
are  those typical  of chemol i thotrophic  iron oxidation, amorphous hydrated 
Fe(II1) s u l f a t e  and j a r o s i t e s .  
bacter ia l  leaching may leave i ron sediments remaining on the  coal t h a t  contain 
sulfur  i n  i ron  s u l f a t o  complexes. However, i n  a galvanic  c e l l  t h e  iron and 
sulfur  of the sulfato-complexes appear t o  be t ransported together  t o  the  
cathode and remain undissociated under acid conditions. Therefore, th i s  means 
of s u l f a t i c  s u l f u r  removal represents  fur ther  benefi t  t o  be gained from 
cleaning coal by a combined bacter ia l  and e l e c t r o l y t i c  leaching process. 

The following account descr ibes  an exploratory invest igat ion of the  
f e a s i b i l i t y  of  using t h e  bac ter ioe lec t r ic  phenomenon f o r  metal removal and 
recovery from d i f f e r e n t  coals. 

Materials and Methods 

Bulk leaching was car r ied  out i n  magnetically s t i r r e d  g l a s s  beakers equipped 
with g lass  cathode and anode chambers f i t t e d  with platinum electrodes as  shown 
i n  Figure 2 .  I n i t i a l l y ,  approximately 0.4 g of a powdered coal sample was 
placed a t  the anode e i t h e r  wrapped in ashless f i l t e r  paper, such as 
Whatman 41, o r  placed within a ce l lu lose  extract ion thimble. The powdered 
coal was compressed around the  platinum f o i l  of t h e  e lec t rode  by inser t ing the 
wrapped combination i n t o  the  t i g h t l y  f i t t i n g  perforated g lass  tube t h a t  served 
as anode chamber. 
su l fur ic  acid o r  some experimental modification thereof .  The bac ter ia  t h a t  
were used, consis ted o f  suspensions of  the Leathen s t r a i n  of Thiobacillus 
ferrooxidans prepared as previously described (Lazaroff, e t  a l .  1982). The 
e l e c t r i c  cur ren t  and voltage were monitored by provision of individual 
integrated c i r c u i t s  f o r  each bacter ioelectr ic  u n i t .  These employed National 
Semiconductor LM117 vol tage regulators  as  shown i n  Figure 2 .  In subsequent 
experiments powdered coal was rapidly circulated around an anode w i t h  a 
magnetic stirrer and t h e  cathode was inserted i n  a medium porosi ty  "alundum" 
extract ion thimble. Usually the cathode chamber sediments were col lected i n  
centr i fuge tubes,  then washed by sedimentation and decantat ion;  f i r s t  i n  
pH 2 . 5  H,SO, then d i s t i l l e d  water. Pr ior  t o  analysis  washed sediment o r  coal 
samples were dr ied  overnight a t  85'C i n  a forced d r a f t  oven. The pre-weighed 
coal samples were ashed in tared porcelain crucibles  i n  an e l e c t r i c  furnace 
kept a t  850'C overnight .  

Energy Dispersive X-Ray analysis  were used t o  ident i fy  and measure r e l a t i v e  
amounts of t h e  d i f f e r e n t  metals i n  sediments col lected from the  cathode 
chamber, as coat ings on the platinum cathodes and from drying the  bulk 
l i x i v i a n t  t o  recover solubi l ized metals. Conventional methods were used to  
examine the IR spectra  of sediments prepared i n  KBr d i s c s  (Lazaroff e t  a l .  
1982). 

A laboratory s c a l e  continuous bac ter ioe lec t r ic  reac tor  was constructed t h a t  
u t i l i zed  a porous alundum cathode chamber contained i n  a horizontal a i r - l i f t  
device t h a t  impinges a rapidly s t i r r e d  coal s l u r r y  on a platinum anode. The 
system shown i n  Figures 3 and 4 allows periodic recovery of  processed coal and 
e l e c t r i c a l l y  separated metals, while adding the feedstock coal .  

Consequently, cleaning coal by ordinary 

The leaching system was f i l l e d  w i t h  a l i x i v i a n t  o f  pH 2.5 
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Results 

The metals deposited on the cathode or in the cathode chamber following 
galvanic treatment of coal qualitatively reflect the metal- composition of the 
heterogeneous starting material. 
sediments from pyritic coals, significant amounts o f  sodium, potassium, 
rubidi um, magnesi urn, calcium, stronti urn. a1 uminum, titani um, copper, 
manganese, zinc, lead, nickel and chromium have also been recovered there, 
depending upon the coal sample studied. Although the univalent cations, 
sodium and potassium are found in the cathode sediments, often larger 
quantities are found in soluble form in the acid lixiviant along with much 
aluminum, calcium and magnesium as well as smaller amounts of heavier metals 
such as iron. In some coal samples, the rarer elements, lutecium, yterbium, 
lanthanum and neodymium were found usually by inspection of localized deposits 
on the platinum cathodes with scanning electron microscopy and ED x-ray 
analysis (Lazaroff and Dugan, 1989). The non-metallic elements found at the 
cathode, presumably complexed with cations, include sulfur, phosphorous, 
silicon and less frequently chorine. One coal sample yielded significant 
amounts of bromine. Not all of the metals leaching from coal samples 
deposited at the cathodes of the galvanic systems. 

PSOC 667, a sub-bituminous Iowa coal containing approximately 6% pyrite, was 
found to be particularly suitable for studying bacterioelectric deashing. 
Earlier studies had shown that bacterial presence during galvanic treatment 
resulted in more complete removal of metals from the slurried coal compacted 
at a platinum anode (Lazaroff and Dugan, 1989). Table 1 compares the results 
o f  deashing in the presence of bacteria or by increasing the conductivity of 
the galvanic cell through addition of 10-3M Li,SO,. 
conductivity alone, resulted in removal of as much as 75% of the ash from the 
PSOC 667 coal in 20 hrs treatment. 
be obtained with dispersed stirred coal particles at the anode if the lithium 
solute was present or with slower rates of deashing in the presence of 
bacteria in the absence o f  lithium sulfate. With protracted bacterioelectric 
leaching of stirred PSOC 667 coal slurries, over 90% of ash has been removed 
(Table 2). 

Examination of the leachability of other coals by the bacterioelectric system 
indicated that most pyritic bituminous and subbituminous coals were 
susceptible to galvanic deashing but with considerable variation in efficiency 
of metal removal. The lignites investigated were not enhanced in deashing by 
the presence of bacteria which was possibly correlated with the absence of 
Pyrite (Table 1). 

Although pyritic coals show the effect of bacterial enhancement of metal 
removal, there is no clear indication that the only metals removed from the 
coal are associated with pyritic inclusions. 
observed with PSOC 1322, an Illinois #6 high volatile bituminous coal. The 
presence of bacteria significantly contribute to metal removal. The cathode 
chamber deposit is mainly iron when the iron oxidizing bacteria are present 
but copper, calcium, silicon, manganese and aluminum are present as well. 
Without the additional iron oxidizing thiobacilli, the smaller cathode 
accumulation is qualitatively similar in metal composition but is 
predominantly calcium with comparatively little iron. 
from the coal in large amounts without the added bacteria but it is found in 

While iron is most abundant in cathode 

The enhancement of 

It was found that comparable results could 

A good example of this is 

The calcium is removed 
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solub le form i n  the l i x i v i a n t  ra the r  than p rec ip i t a ted  a t  the cathode 
(Figure 5).  
bituminous coa ls  presented i n  Table 1 (PSOC 1316 and IBCSP #2) t h a t  f u r t h e r  
i l l u s t r a t e  t h e  removal o f  metals by the b a c t e r i o e l e c t r i c  e f f e c t .  

An i n t e r e s t i n g  aspect o f  t h i s  f r a c t i o n a t i o n  o f  metals i n  d i f f e r e n t  phases o f  
t he  system undergoing deashing i s  shown i n  Figure 8. As w i t h  the PSOC 1322 
coal, the cathode chamber sediment from b a c t e r i o e l e c t r i c  leaching i s  l a rge l y  
i r o n  whi le  t h e  comparable sediment from galvanic  leaching wi thout  bacter ia  i s  
mainly ca lc iua.  However, t he  calcium can be co l l ec ted  as a s o l i d  phase 
separate from the main cathode sediment o r  the d isso lved solutes o f  the 
l i x i v i a n t  by p lac ing  a membrane f i l t e r  over the  cathode chamber po r t .  The 
calcium then deposits almost exc lus ive ly  on the  f i l t e r  along w i t h  i ron,  and 
very l i t t l e  calcium enters  through the porous membrane t o  deposi t  i n  the 
cathode chamber. 
bac te r ia  suggesting t h a t  the Fe( I I1)  sulfato-complex produced by 
chemoli thotrophic i r o n  ox ida t i on  i s  i n  some way responsible f o r  co- 
p r e c i p i t a t i o n  o f  i r o n  and calcium on the membrane. 

The encouraging r e s u l t s  obtained from deashing subbmituminous coal 
ga l van ica l l y  i n  dispersed suspension, i n  the presence o f  bac te r ia  o r  l i t h i u m  
s u l f a t e  l e d  t o  const ruct ion o f  a system which al lows re-use o f  the l i x i v i a n t  
and bacter ia  i n  a cont inuouf ly  fed laboratory  scale reac to r  (Figures 3 and 4 ) .  
I n  l i m i t e d  t r a i l s ,  so f a r ,  i t  appears poss ib le  t o  use the  hor izonta l  a i r - l i f t  
f lowing system t o  remove 80 t o  90% o f  ash from b a c t e r i a l l y  pre- t reated Iowa 
subbituminous o r  I l l i n o i s  #6 bituminous coal. 

Figures 6 and 7 are ED-X-ray spectra o f  add i t i ona l  p y r i t i c  

This does no t  occur i n  the absence o f  added i r o n  ox id i z ing  

Summary 

1. 

2 .  

3 .  

4 .  

5. 

Metals can be removed from bituminous and sub-bituminous coals i n  
ga lvanic  c e l l s  a t  low voltages and currents .  
compressing powdered coal a t  an i n e r t  anode i n  a s t i r r e d  d i l u t e  s u l f u r i c  
1 i x i v i a n t .  

P y r i t i c  coals  may be simultaneously ox id ized by a c i d i c  i r o n  formed by 
i r o n  o x i d i z i n g  t h i o b a c i l l i .  
enhanced metal deposi t ion a t  ga lvanic  cathodes. 

More complete deashing o f  a sub-bituminous coal wa$ accomplished a t  high 
c u r r e n t  dens i t i es  i n  systems conta in ing 
s u l f u r i c  l i x i v a n t .  74% o f  ash removal has been accomplished. 

The galvanic  deashing can be c a r r i e d  out w i t h  dispersed-suspended coal 
p a r t i c l e s  i n  the Li,S04 l i x i v i a n t s  o r  i n  systems conta in ing c e l l s  o f  
Th iobac i l  lus fer roox idans o r  w i t h  coal s l u r r i e s  pre- t reated w i t h  
Th iobac i l  lus ferrooxidans. 

A continuous laboratory-scale system f o r  bacter ioe lec- t r ic  deashing o f  
p y r i t i c  coals  has been developed. 

O r i g i n a l l y  t h i s  involved 

This r e s u l t s  i n  some coals y i e l d i n g  

-> 10- M Li,S04 i n  the 
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Coal Samole 

PSOC 1322 

46 h r s  8V, 2mA - Bact. 

Treatment 

- HBCB 
PSOC 1316 
1.47% p y r i t e  S 

None 
91 h r s  16V, 5mA t Bact. 
91 h r s  16V, 5mA - Bact. 

PSOC 551 
4.68% p y r i t e  S 

None 
43 h r s  16V, 5mA + Bact. 
43 h r s  11V, 5mA - Bact. 

I None (d ry  bas is)  

IBCSP 2 
2.34% p y r i t e  S 

i n  thimble, 20 hrs  12V, 5mA 
i n  thimble, 20 hrs  12V, 35mA + Li,SO,, 
dispersed, 14 hrs, 12V, 38mA 

None 
90 h r s  15V, 5mA + Bact. 
90 h r s  15V, 5mA - Bact. 

Sub-b i t .  C 
PSOC 637 
0.64% p y r i t e  S 

L i a n i  t e  
PSOC 1489 
0.02% p y r i t e  S 

Sub-b i t .  A 
PSOC 667 
6.0% p y r i t e  S 

Spanish L i g n i t e  

None (as rec.) 
Bact. p r e t r e a t  t 45 hrs  7V, 2mA ave 

L i a n i t e  A 
PSOC 245 
0.22% p y r i t e  S 

None 
8act. P re - t rea t  t 67V, 3mA ave 

None 
41 h r s  17V, 5.0mA t Bact. 
41 h r s  15V, 5.0mA - Bact. 

None 
66 h r s  l O V ,  2mA - Bact. 

None 
90 h r s  l O V ,  2.5mA t 8act. 

190 h r s  13V, 2.5mA - Bact. 

Ash 
(% by w t . )  

12.13 
9.92 

10.92 
6.99 

11.06 
10.86 
11.16 

14.74 
11.10 
4.24 

5.70 
4.17 
4.19 

18.73 
7.04 

21.23 
13.04 
4.80 
7.96 

10.41 
4.79 

6.90 
3.60 
3.20 

12.48 
9.46 

8.89 
7.14 
6.69 - 
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TABLE 2 .  BACTERIOELECTRIC DEASHING 
1 

Untreated contro l  

72 hrs 

140 hrs 

24 hrs 

96 hrs  

24 hrs 

96 hrs  

Ash % 

Iowa 667 Subbituminous Coal 
H,SO, pH 2.5 

10 v o l t s ,  8 . 7 5  ma 
21.23% 

4.72% 

1.22% 

10 v o l t s ,  21.82 ma 

12.72% 

7.74% 

5 v o l t s ,  7 .70  ma 

15.92% 

5.53% 

168 hrs  8.50% 
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SOLUBILIZATION OF PYRITE AND FORMATION OF il , 
I 
1 
! 

OXIDIZED IRON SEDIMENTS IN A GALVANIC CELL WITH AN 
IMPOSED E.M.F., IRON OXIDIZING THlOBAClLLl AND H,SO, pH 2.5 

Amorphous Hydrated 
ENVIRONMENT F e  (111) Sulfate 

SEDIMENTS 

FIG I 
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ALKALINE 
ENVIRONMENT 

SEDIMENTS 
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LABORATORY SYSTEM for CONTINUOUS 
BACTERIO-ELECTRIC REMOVAL of METALS FROM COAL 

Crude Coal Slurry 
Diiute H,SO, & ! 

. . -P.- . . . - .  

I 
from Cathode 

Aspiration of 
Metal Sediments 

Chamber 

ing 

t Clean Coal 

FIG. 3 

Slurry Recovery 
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-- .~ . . . . 
6-Jan-1930 11: 16: 36 

3-3.3-20 
C P ~ =  18000 counts D l r p -  1 

preret. 200 *FC! 
E l a o r e d .  2Q0 secI  

SM 13-3.3 

PSOC 1322 
HIGH VOLATILE BITUMINOUS 
CATHODE CHAMBER SEDIMENT 
BACTERIO-ELECTRIC LEACH 

SI 

i e  

3-4.3-20 beret= 2QQ sec:  
e r t s  213800 counts D L S P -  1 E l a p s e d .  2013 sec:  

SM 13-4.3 ( S o o c  F i b e r s )  

PSOC 1322 
HIGH VOLATILE BITUMINOUS 
CATHODE CHAMBER SEDIMENT 

GALVANIC LEACH 

fol ,; CI 13 1: , 5  M n l A  ; ;; 19 

- 0.QQW R a n g e =  10.230 keV 10.110 -b 
I n t e g r a l  0 : 390224 

8-Jan-1998 03:04: 19 

3-3.2-20 preret. 200 rec! 
e r f *  208013 counts D i f p =  1 E l a p s e d .  2813 s e c ?  

SM 13-3.2 

PSOC 1322 
HIGH VOLATILE BITUMINOUS .. ~ 

MAIN CHAMBER FILTRATE 
BACTERIO-ELECTRIC LEACH 

0 f e  * 
10.110 -b 

-11 12 13 1 4  I S  16 17 18 19 - 0.080 . R a n g e -  10.230 k e V  
~ I n t e g r a l  0 = 393948 FIG. 5 
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E-mar-1990 09:34:13 

ert. 5000 c o u n t s  D l s p -  1 E l a p s e d -  2E0 t e c  
2-5.3-20 Pre*rt. 208 aec 

62-5.3 (w/Flbcrsl 

PSOC 1316 
HIGH VOLATILE C BITUMINOUS 
CATHODE CHAMBER SEDIMENT 
BACTERIO-ELECTRIC LEACH 

s 

R I  I 

Pre*rt. 200 s c c  
Elapsed- 200 t ~ c  

,2-6.3-20 
'ert. l00E0 E0""tS D l r p .  1 

62-6.3 ( W F i b e r r )  Fe 

9 . 9 5 6  - 
Integral 0 - - -  35281h 

- 0.000 . Range. 10.230 keV 

8-Jan-1998 18:10:31 

4-1.2-28 Preset. 
ert. 2E000 c o u n t s  Disp- 1 Elaptcd- 

SM 2 4 - 1 2  

200 ECC 
200 O C E  

PSOC 1316 
HIGH VOLATILE C BITUMINOUS 

BACTERIO-ELECTRIC LEACH 
5 MAIN CHAMBER FILTRATE 

JL ,5 N"16; ; I B  19 

- 0.880 Range- 10.230 L c V  10.110 -b 
Integral 0 - 374485 FIG. 6 
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0-Elar-1990 Q9:14:46 

2-3.3-20 
e r r .  5000 c o u n t s  D I r p *  1 

P r c r c t -  200 P C C  
E l a p s e d .  200 I F C  

6 2 - 3 . 3  C d F i b c r r I  

IBCSP 62 
HIGH VOLATILE C BITUMINOUS 
CATHODE CHAMBER SEDIMENT 
BACTERIO-ELECTRIC LEACH 

S I  5 
I 

6 1 7  i a  19 
10.110 - j  

I 1  12 13 14 15 I 

I n t e g r a l  B = 40441z 
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