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The premise that a combination of electric current and bacterial action would
remove metals from coal more effectively than either of the factors acting
alone, stemmed from earlier observations of enhanced pyritic ore leaching and
iron corrosion by suspensions of Thiobacillus ferrooxidans in galvanic cells.
Although sulfide minerals are oxidized more slowly than native metals under
acid abiotic conditions, like metals their oxidation can be greatly
accelerated by an imposed voltage in a galvanic cell. The consequent release
of metal ions from pyritic substrates as the result of electrooxidations is
analogous to the solubilization of minerals by the action of chemolithotrophic
microorganisms which catalyze the transport of electrons from oxidizable
cations or sulfide 1igands to oxygen.

When metals are placed at the anode of a galvanic cell, the liberation of
jonic species by electro-oxidation is dependent upon provision of a polarizing
voltage and the presence of electron acceptors that promote current flow by
cathode depolarization. While a metal in elementary form can be
electrolytically oxidized to form a soluble cation, the insoluble metal in a
sulfide mineral is already in cationic form complexed with a sulfur anion. If
a sulfide mineral species conducts electricity, its cations can be released by
electro-oxidation of the reduced sulfur ligands to produce elementary sulfur.
The knowledge that pyritic minerals are good electrical conductors (Decker, R.
F., 1986) as well as substrates for oxidation by thiobacilli, implied that the
two phenomena could operate synergistically. It was visualized that the
Fe(Il) released electrolytically would be oxidized by chemolithotrophic iron
oxidizing bacteria and that the soluble Fe(1l11) produced in an acid
environment would oxidize pyritic sites insulated from electro-oxidation.

Conceptually, a suitable electrical potential, would liberate Fe(II) cations
by oxidizing reduced sulfur anions of pyritic minerals. Electric current
would flow from the source as the cathode is depolarized by hydrogen ions of
the acid lixiviant and Fe(I1) cations move into solution toward the cathode.
In dilute sulfuric acid solution, as the Fe(Il) is oxidized by iron oxidizing
thiobacilli, the resultant Fe(IlI) sulfato complex would have the possibility
of participating in several different reactions depending upon the conditions
existing in the galvanic cell (Figure 1). These include: (1) aggregation
(polymerization) to an insoluble amorphous hydrated Fe(III) sulfate;

(2) reduction at the cathode forming additional substrate for bacterial iron
oxidation in the bulk phase of solution; (3) reduction, after recirculation to
non-anodic sites on pyritic surfaces, liberating oxidized sulfur species and
Fe(I1) from the pyrite; (4) alkaline precipitation; when proton consumption by
cathode reactions occurs to the extent that the environment of the cathode
becomes basic, the Fe(III) sulfato complex decomposes and iron is precipitated
in the form of Fe{Ill) oxides and oxyhydroxides. The proton concentration in
this system is also dependent upon the activities of thiobacilli which oxidize
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sulfides, polythionates and elementary sulfur derived from the oxidation of

pyritic minerals. Acidity produced from those activities counteracts proton f
consumption from cathode depolarization reactions and the reduction of 0, by

chemoolithotrophic oxidation of Fe(I1). At low pH the iron sediments formed i
are those typical of chemolithotrophic iron oxidation, amorphous hydrated i
Fe(IIl) sulfate and jarosites. Consequently, cleaning coal by ordinary :
bacterial Teaching may leave iron sediments remaining on the coal that contain

sulfur in iron sulfato complexes. However, in a galvanic cell the iron and

sulfur of the sulfato-complexes appear to be transported together to the .
cathode and remain undissociated under acid conditions. Therefore, this means

of sulfatic sulfur removal represents further benefit to be gained from

cleaning coal by a combined bacterial and electrolytic leaching process.

The following account describes an exploratory investigation of the
feasibility of using the bacterioelectric phenomenon for metal removal and
recovery from different coals.

Materials and Methods

Bulk leaching was carried out in magnetically stirred glass beakers equipped
with glass cathode and anode chambers fitted with platinum electrodes as shown
in Figure 2. Initially, approximately 0.4 g of a powdered coal sample was
placed at the anode either wrapped in ashless filter paper, such as
Whatman 41, or placed within a cellulose extraction thimble. The powdered
coal was compressed around the platinum foil of the electrode by inserting the
wrapped combination into the tightly fitting perforated glass tube that served
as anode chamber. The leaching system was filled with a lixiviant of pH 2.5
sulfuric acid or some experimental modification thereof. The bacteria that
were used, consisted of suspensions of the Leathen strain of Thiobacillus
ferrooxidans prepared as previously described (Lazaroff, et al. 1982). The
electric current and voltage were monitored by provision of individual
integrated circuits for each bacterioelectric unit. These employed National
Semiconductor LM117 voltage regulators as shown in Figure 2. In subsequent
experiments powdered coal was rapidly circulated around an anode with a
magnetic stirrer and the cathode was inserted in a medium porosity "alundum"
extraction thimble. Usually the cathode chamber sediments were collected in
centrifuge tubes, then washed by sedimentation and decantation; first in
pH 2.5 H,50, then distilled water. Prior to analysis washed sediment or coal
samples were dried overnight at 85°C in a forced draft oven. The pre-weighed
coal samples were ashed in tared porcelain crucibles in an electric furnace
kept at 850°C overnight.

Energy Dispersive X-Ray analysis were used to identify and measure relative
amounts of the different metals in sediments collected from the cathode
chamber, as coatings on the platinum cathodes and from drying the bulk
lixiviant to recover solubilized metals. Conventional methods were used to
?xam;ne the IR spectra.of sediments prepared in KBr discs (Lazaroff et al.
982).

A laboratory scale continuous bacterioelectric reactor was constructed that
utilized a porous alundum cathode chamber contained in a horizontal air-1ift
device that impinges a rapidly stirred coal slurry on a platinum anode. The
system shown in Figures 3 and 4 allows periodic recovery of processed coal and
electrically separated metals, while adding the feedstock coal.
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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. While fron is most abundant in cathode
sediments from pyritic coals, significant amounts of sodium, potassium,
rubidium, magnesium, calcium, strontium, aluminum, titanium, 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,
Tanthanum and neodymium were found usually by inspection of localized deposits
on the platinum cathodes with scanning electron microscopy and ED x-ray
analysis (lLazaroff 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 p]at1num anode (Lazaroff and Dugan, 1989). Table 1 compares the results
of deashing in the presence of bacteria or by increasing the conductivity of
the galvanic cell through addition of 10™M Ui 250,. The enhancement of
conductivity alone, resulted in removal of as much as 75% of the ash from the
PSOC 667 coal in 20 hrs treatment. It was found that comparable results could
be obtained with dispersed stirred coal particles at the anode if the Tithium
solute was present or with slower rates of deashing in the presence of
bacteria in the absence of 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 poss1b1y 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. A good example of this is
observed with PSOC 1322, an I11inois #6 high volatile bituminous coal. The
presence of bacteria s1gn1f1cant1y 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 1ittle iron. The calcium is removed
from the coal in large amounts without the added bacteria but it is found in
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soluble form in the lixiviant rather than precipitated at the cathode
(Figure 5). Figures 6 and 7 are ED-X-ray spectra of additional pyritic
bituminous coals presented in Table 1 {PSOC 1316 and IBCSP #2) that further
illustrate the removal of metals by the bactericelectric effect.

An interesting aspect of this fractionation of metals in different phases of
the system undergoing deashing is shown in Figure 8. As with the PSOC 1322
coal, the cathode chamber sediment from bacterioelectric leaching is 1arge1y
iron while the comparable sediment from galvanic leaching without bacteria is
mainly calcium. However, the calcium can be collected as a solid phase

~separate from the main cathode sediment or the dissolved solutes of the
lixiviant by placing a membrane filter over the cathode chamber port. The
calcium then deposits almost exclusively on the filter along with iron, and
very little calcium enters through the porous membrane to deposit in the
cathode chamber. This does not occur in the absence of added iron oxidizing
bacteria suggesting that the Fe(III) sulfato-complex produced by
chemolithotrophic iron oxidation is in some way responsible for co-
precipitation of iron and calcium on the membrane.

The encouraging results obtained from deashing subbmituminous coal
galvanically in dispersed suspension, in the presence of bacteria or Tithium
sulfate Ted to construction of a system which allows re-use of the lixiviant
and bacteria in a continuously fed laboratory scale reactor (Figures 3 and 4).
In Timited trails, so far, it appears possible to use the horizontal air-1ift
flowing system to remove 80 to 90% of ash from bacterially pre-treated lIowa
subbituminous or I11inois #6 bituminous coal.

Summary

1. Metals can be removed from bituminous and sub-bituminous coals in
galvanic cells at low voltages and currents. Originally this involved
compressing powdered coal at an inert anode in a stirred dilute sulfuric
lixiviant.

2. Pyritic coals may be simultaneously oxidized by acidic iron formed by
iron oxidizing thiobacilli. This results in some coals yielding
enhanced metal deposition at galvanic cathodes.

3. More complete deash1ng of a sub-bituminous coa] LCH accomp11shed at high
current densities in systems containing 107 -> 107 M Li,S0, in the
sulfuric Tixivant. 74% of ash removal has been accomp11shed

4. The galvanic deashing can be carried out with dispersed-suspended coal
particles in the Li,S0, lixiviants or in systems containing cells of
Thiobacillus ferroox1dans or with coal slurries pre-treated with
Thiobacillus ferrooxidans.

5. A continuous 1abdratory-sca1e system for bacterioelectric deashing of
pyritic coals has been developed.
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TABLE 1. ELECTROBACTERIAL DEASHING OF COAL SAMPLES
Ash
Coal Sample Treatment | (% by wt.)
HBY
PSOC 1322 None 12.13
1.98% pyrite S 46 hrs 8V, 2mA + Bact. 9.92
46 hrs 8v, 2mA - Bact. 10.92
Bact. pre-treat 56 hrs. 10V, 5 mA 6.99
HBCB
PSOC 1316 None 11.06
1.47% pyrite S | 91 hrs 16V, SmA + Bact. 10.86
91 hrs 16V, SmA - Bact. 11.16
PSOC 551 None 14.74
4.68% pyrite S 43 hrs 16V, SmA + Bact. 11.10
43 hrs 11V, 5mA - Bact. 4.24
IBCSP 2 None 5.70
2.34% pyrite S | 90 hrs 15V, 5mA + Bact. 4.17
90 hrs 15V, 5mA - Bact. 4.19
Sub-bit. A
PSOC 667 None (as rec.) 18.73
6.0% pyrite S Bact. pre-treat + 45 hrs 7V, 2mA ave 7.04
None (dry basis) 21.23
in thimble, 20 hrs 12V, 5mA 13.04
in thimble, 20 hrs 12V, 35mA + Li,SO, 4.80
dispersed, 14 hrs, 12V, 38mA 7.96
Sub-bit. C
PSOC 637 None 10.41
0.64% pyrite S Bact. Pre-treat + 67V, 3mA ave 4.79
Lignite
PSOC 1489 None 6.90
0.02% pyrite S 41 hrs 17V, 5.0mA + Bact. 3.60
41 hrs 15V, 5.0mA - Bact. 3.20
Spanish Lignite | None 12.48
66 hrs 10V, 2mA - Bact. 9.46
Lignite A
PSOC 245 None 8.89
0.22% pyrite S | 90 hrs 10V, 2.5mA + Bact. 7.14
90 hrs 13V, 2.5mA - Bact. 6.69
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TABLE 2. BACTERIOELECTRIC DEASHING

I Ash %

JTowa 667 Subbituminous Coal
H,S0, pH 2.5

10 volts, 8.75 ma

Untreated control 21.23%
72 hrs- 4.72%
140 hrs 1.22%
10 volts, 21.82 ma
24 hrs 12.72%
96 hrs 7.74%
5 volts, 7.70 ma
24 hrs 15.92%
96 _hrs 5.53%
ITlinios #6 Coal
Argonne ID 301
10 volts, 12.5 ma
Untreated control 25.5%
72 hrs 15.5%
96 hrs 10.68%
168 hrs 10.70%

With 1 x 107M Li,S0,

168 hrs | 8.50%
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~SOLUBILIZATION OF PYRITE AND FORMATION OF
OXIDIZED IRON SEDIMENTS IN A GALVANIC CELL WITH AN
IMPOSED E.M.F., IRON OXIDIZING THIOBACILLI AND H,SO4 pH 2.5

D.C. SOURCE

Thiobacilli
HOH (-) H
1L 2
02 +*OH-
o]
e N,
Fe, O
H*+502= 374
FeOOH
L ALKALINE
s0Z~ ENVIRONMENT
M+
SEDIMENTS
(Sulfato Complex)
MFea(SO‘,')2(O.H)6
Jarosites |
2Fe2 03'503°XH2 (o]
ACID Amorphous Hydrated
ENVIRONMENT Fe ()1) Sulfate
SEDIMENTS
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LABORATORY SYSTEM for CONTINUOUS
BACTERIO-ELECTRIC REMOVAL of METALS FROM COAL

Crude Coal Sturry
& Dilute H2SO4 &

/ Bacteria & Additives

Coal Pretreatment
and Lixiviant
Replenishment

Aspiration of

Metal Sediments
Power
from Cathode s
ource
Chamber &
Current
Voltage

Monitor |} : '
N Magnetic Stirrer

Circulating
Pump

e
Compressed
Air

Recovery of
Bacterized
Lixiviant

Magnetic Stirrers

FIG.3

Clean’ Coal
Slurry Recovery
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26-Jan-1930 11:18:36

13-3.3-29 Presets= 208 secs
Verts= 10880 counts Disp= 1 Elapseds 208 secs
SM 13-3.3
PSOC 1322
HIGH VOLATILE BITUMINOUS Fe

CATHODE CHAMBER SEDIMENT
BACTERIQ-ELECTRIC LEACH

Si
Fe
co Al S Cl Ca
AEe Mk e cu
1 1z 13 T4 5} 3 T7 K] 9
¢4~ B8.080 Range= 10.239 keV 10.110 -»
Integral @ = 439474
26-Jan-1999 11:32:17
13-4.3-20 Preset= 208 secs
Verts 2pPBEO counts Disp= 1 Elapseds 20D secs
SM 13-4.3 (Some Fibers)
PSOC 1322
HIGH VOLATILE BITUMINOUS
CATHODE CHAMBER SEDIMENT
GALVANIC LEACH
Ca
Fe
Si Ca .
co S Cl Mn Fe Cu
1 1z 5] T4 s 6 T7 ] I3
4 @.p0B0 Range= 16.238 keV 19,110 -y
Integral @ = 398224
18-Jan-1994 B839:84:19
13-3.2-29 Presets 289 secs
Verts 28086 counts Disp= 1 Elapsed= 208 secs
SM 13-3.2
PSOC 1322
HIGH VOLATILE BITUMINOUS
MAIN CHAMBER FILTRATE
BACTERIO-ELECTRIC LEACH
S
Ca
[ Fe
I1 Iz 3 T4 5 & 17 E] 5]
4 9.088 . Range= 10.220 keV 10.116 =)
Integral @ = 333948
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20-Mar-1990 09:34:13

62-5.3-20 Preset= 200 secs
Verts 5009 counts Disp= 1 Elapsed= 209 secs
62-5.3 (w/Fibers)
Fe
PSOC 1316
HIGH VOLATILE C BITUMINOUS
CATHODE CHAMBER SEDIMENT
BACTERIO-ELECTRIC LEACH
s
Al
S
cl Ca Fe
co
. T1 2 3 T4 5 I T7 3 9
¢ 0.000. - Ranges 10.230 keV 10.118 -
Integral 8 = 392344
20-Mar-1998 89:40:13
62-6.3-20 Preset= 209 secs
Verts 10080 counts’ Dlspe 1 Elapseds 200 secs
62-6.3 (wsFibers) Fe
PSOC 1316
HIGH VOLATILE C BITUMINOUS
CATHODE CHAMBER SEDIMENT
GALVANIC LEACH
Fe
s1 8 Cl Ca
co Cu
A
1 |13 3 14 L ) 14 K] 153
¢ 9.809 - Range:= 18.230 keV 9.956 -%
Integral @ =« 35281
18-Jan-1990 10:16:31
24~1,2-20 P t= 200
Vert= 28000 counts Disp= 1 Erl‘:::ed- 209 ::g:
SM o 24-02
PSOC 1316
HIGH VOLATILE C BITUMINOUS
s MAIN CHAMBER FILTRATE
BACTERIO-ELECTRIC LEACH
Ca
Al sy fe
0 Ne K o /\ Fe
It 2 <] T4 IS ) 4 1] i
¢= 0.000 Range = 10.230 keVv . 10.110 -y
Integral @ = 374485
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-20-tar-1998 89:14:46

62-3.3-20 Preset= 200 secs
Verts 5000 counts Disp= 1 Elapseds 200 secs
62-3.3 (w/Fibers) Fe
IBCSP #2
HIGH VOLATILE C BITUMINOUS
CATHODE CHAMBER SEDIMENT
BACTERIO-ELECTRIC LEACH
Si S
[ Al
{ cl
\JUU\\J s e
Na Ti
0 Cu
T1 T2 €] T4 13 3 7 8 5]
< @.000 Range= 18.230 keV : 180,110 «)
Intearal 0 = 404414
28-Har~1998 @9:24:49
62-4.3-20 Preset= 200 secs
Yerts= 10000 counts Disps 1 Elapseds 200 secs
62-4.3 (w/Fibers) Fe
IBCSP #2
HIGH VOLATILE C BITUMINOUS
CATHODE CHAMBER SEDIMENT
GALVANIC LEACH
S Fe
Si [of} Ca
co Al
T1 1e 3 T4 IS 6 17 8 ]
4~ 0.000 Range = 16.230 keV 10.110 ~)
. Integral @ = 391107
27-Jan~-1590 14:12:11
62-3.5-20 . Preset= 208 secs
Verti= 100@0 counts Disp= 1 Elapsed: 208 secs
SM 62-3.5 (On Filter)
1BCSP #2
HIGH VOLATILE C BITUMINOUS Fe
DEPOSIT ON CATHODE FILTER
BACTERIO-ELECTRIC LEACH
co Al si Fe
AN \ o
Tt T L] Ta 15 & |4 K] 9
4= ©.000 Range = 10.230 keV 10.110 -
Integral B = 421370
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rlB-!an-lssﬁ 88:50:43

13-1,2-20
Verts 20009 counts Disps= 1

SM 13-1.2

Presets 200 secs
Elapsedn 200 secs
PSOC 637

SUB-BITUMINOUS C i
MAIN CHAMBER FILTRATE
BACTERIO-ELECTRIC LEACH

S
Ca
3 Si
0 NaiMgflSr K Mn Fe
V. d
T . 12 13 T4 TS 3 T7. ™ 15 -
L& 0.000 Ranges 10.230 keV 19.110 =)
Integral 1 = %]
18-Jan-1990 ©8:59:37
13-2.2%28 Presets - 200 secs,
Verts 20980 counts Disp= 1 Elapseds 200 secs|
SM 13-2.2
PSOC 637
SUB-BITUMINOUS C
MAIN CHAMBER FILTRATE
GALVANIC LEACH
S
Ca
Mg St
0 Na K Mn  Fe
A
Tl T2 (5] T4 15 6 17 18 i)
- 6.009 Range« 10.230 kev 10.110 -)
Integral @ = 392144
20-Har-1990 08:47:30 - ’ -
$4-4.3-20 Presets 200 secs
Verts 18000 counts Disp= 1 Elapseds 200 secs
$4-4.3 (u/Fibers) Fe
PSOC 637
SUB-BITUMINOUS C
CATHODE CHAMBER SEDIMENT
BACTERIO-ELECTRIC LEACH
s Fe
Al Si [}
co Cu
11 2 13 T4 TS 13 17 T8 5
€~ 9.000 Range= 10.230 kev 10.118 -)
- Integral @ « 392529
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28-Mar-199@ 13:42:06

Integral 1
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42-1.1-29 Presets 209 secs
Verts 19000 counts Disp= Elapsed 208 secs
SM 42-1.1
Si
SPANISH LIGNITE
ANODE COAL SAMPLE
Al
0
K
Ma S KCa Fe
Na T Cr Fe Cu
1 12 13 T4 5 I 7 8 19
4 9.000 Range=_ 16.230 keV 16.118 -
16-Apr-19598 16:06:57
42-1.2-20 Preset= 208 secs
Verts 10008 counts Disps 1 Elapsed= 200 secs
SH 42-1.2
SPANISH LIGNITE
S MAIN CHAMBER FILTRATE
GALVANIC LEACH
Ca
0
Mg Si
Na (Al Sr K Ca
Fe
TT e 13 Ta I 1) 7 18 19
¢ B.000 . Range= 10.2308 kev 168.110 - FIG lo
. Integral @ = 356182
27-Jan-193@ 13:57:57
62-1.5-26 ! Preset= 200 secs!
Verts 20089 counts Dispe 1 Elapsed= 200 secs
‘SM 62-1.5 (On Filter)
PSOC 245
LIGNITE A
SEDIMENT ON CATHODE FILTER
BACTERIO-ELECTRIC LEACH
Mg
Al S Ca Fe
co Si P M Fe Cu 2Zn
1 2 3 Ta 1S 6 7 K] ]
4= 8.000 Ranges 10.230 kev 10.110 - FIG’ ‘l
4]




