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Introduction

A major problem associated with direct combustion of high sulfur coal is the emission of sulfurous
gases into the atmosphere. To address this problem, a number of pre- and post combustion processes,
including bacterial leaching, have been proposed. Economically, microbial desulfurization requires
low capital output and consequently, has the potential to be significantly less expensive than other
methods. '

A number of chemolithotrophic bacteria (eubacteria) readily obtain energy by oxidizing elemental
sulfur and sulfide minerals. The sulfidic mineral, pyrite, is a major sulfur contaminant in many coals
and the conditions governing rates of bacterial pyrite oxidation in coal have been extensively
studied(123.), Although iron and sulfur oxidizing microorganisms may remove up to 97% of the
pyrite from coal in approximately 8 days(4) they are unable to remove the organic sulfur fraction(5).

Recently, several coal leaching studies using archaea(6) belonging to the genus Sulfolobus have
reported the oxidation of both inorganic (pyritic)(78) and organic sulfur(9-10.11) in coal and also, the
oxidation of dibenzothiophene (12) by Sulfolobus acidocaldarius. Because of these studies, we
compared Sulfolobus acidocaldarius strains 98-3 and DSM 639 and S. solfataricus ATCC 35091
with Thiobacillus ferrooxidans to determine how effectively sulfolobus could remove organic and
inorganic sulfur from a pyritic Illinois coal and a washed (low pyrite) Llinois coal. In addition, the
oxidation of sulfur to sulfate by Sufolobus spp.was determined for elemental sulfur, thiosuifate and
dibenzothiophene.

Experimental Methods

Sulfolobus acidocaldarius strains DSM 639 and 98-3, were provided by Carl Woese (University of
Illinois, Urbana-Champaign). S. solfataricus ATCC 35091 was purchased from the American Type
Culrure Collection . Cultures were maintained at 70 °C in Allen's (13) mineral salts medium (SMS) as

imodified by Brock et al.(14) and amended with sucrose (0.2%) and yeast extract (0.1%). To adapt

cells to chemolithotrophic growth, yeast extract was replaced with either pyrite at § g L-! or with
elemental sulfur at 10 g L-}. Elemental sulfur was sterilized by tyndallisation and added separately to
autoclaved medium. The type strain of Thiobacillus ferrooxidans was obtained from A. Harrison,
University of Missouri, Columbia, MO, and maintained at 28°C on ATCC medium 64 with pyrite
(0.5%) replacing FeSO4.7H20 as a growth substrate.

Coal sample IBC-104, obtained from the Ilinois Basin Coal Bank Program, Champaign, IL, is a high-
sulfur, run of mine Herrin coal which was deslimed to lower the ash yield to 15% and ground to -200

‘mesh. Coal sample FCC-103 was prepared from Illinois Bank Coal IBC-103 (a blend of 80%

Springfield no.5 and 20% Herrin no.6) by froth flotation to sulfur contents of 1.76% total, 0.42%
pyritic, and 1.26% organic. Forms of sulfur in coal were determined using ASTM standard methods
(1), Mineral pyrite (Sargent-Welch, Skokie, IL), approximately 85% pure, dibenzothiophene (DBT),
elemental sulfur and sodium thiosulfate (analytical grade) were used as sulfur sources. Coal at 5%
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pulp density, was added to 125 mL Erlenmeyer flasks containing 50 mL SMS medium without yeast
extract for Sulfolobus spp. or to TMS medium without pyrite for T. ferrooxidans. Sulfate salts in the
media were replaced with their chloride equivalents. The pH was adjusted to 2.5 with HCl and the
flasks autoclaved at 121°C for 20 minutes. T. ferrooxidans inocula consisted of 0.5 ml of exponential
phase culture. Sulfolobus inocula (10%) consisted of 48 h cultures washed with unammended SMS )
and with OD's adjusted to 0.5 at 620 nm. T. ferroxidans cultures were incubated at 28°C with
shaking at 150 rpm;-Sulfolobus spp. were incubated at 70°C in a waterbath shaker. Uninoculated
controls containing the sterile media and target substrates were incubated with all experiments and all
experiments were performed in duplicate. Periodically, 1.0 ml samples were withdrawn, centrifuged
to remove particulates, and analyzed turbidometrically for sulfate (16). At this time, flasks were

weighed to determine evaporation, which was never more than 5% during the course of an experiment.

At the conclusion of the experiments, coal was retrieved by vacuum filtration, rinsed with 0.1 N HCI,
air dried, and analyzed for forms of sulfur.

Results

After 27 days of leaching by T. ferrooxidans , 90.9% of the inorganic sulfur in the IBC-104 coal was
solublized to sulfate, decreasing the total sulfur content of the coal from 4.78% to 2.58%. Assuming
that all of the original sulfate in the coal (0.12%) was leached into the supernatant, T. ferrooxidans
removed atleast 89.6% of the pyritic sulfur at a maximum rate of about 12% day!. In the concomitant
controls, pyrite decreased by approximately 24%. Most probable number (MPN) estimates of viable
cells increased from 1.9 x 106 to 2.4 x 109 cells mi-! in the inoculated coal cultures; no cells were
observed in the sterile controls. .

After 22 days of leaching coal samples IBC-104 and FCC-103 with S. acidocaldarius 98.3 and DSM
639 and S. solfataricus , organic sulfur content (2.38% and 1.26% respectively) remairied unchanged
and pyrite decreased by approximately 80 to 83% in all cases (including controls) implying Sulfolobus
spp. did not oxidize either the pyritic or the organic sulfur in these coals. The observed decreases in
pyrite were not from microbial activity but are a result of the increased oxidation occuring at 70°C ata
pHof2t0 3. Asdetermined from MPN estimates, viable cells on the order of 1.9 x 10% cells mL-1
were present after 22 days both in cultures with coal and in inoculated controls without coal.
Sterilized, uninoculated controls showed no cell growth after 22 days. These results demonstrate that
neither the pyrite nor the organic sulfur in the coal supported growth of Sulfolobus spp. and also that
" the coals had no deleterious effects on the organisms.

In experiments with pyrite (-150 mesh), sulfate was produced at the same rate in both the inoculated
and the uninoculated flasks and there was no evidence that any of the three strains of Sulfolobus
oxidized pyrite. Additional experiments in which pyrite was amended with sucrose or yeast extract,
gave similar results. Sulfolobus spp. were also unable to utilize elemental sulfur or thiosulfate.. After
15 days of incubation, 4.6 - 5.6% of the elemental sulfur in the cultures was oxidized to sulfate and in
experiments with thiosulfate as the sole energy source, only 3.0 - 3.6% of the thiosulfate (1 mg mL1)
was oxidized to sulfate.

Experiments with dibenzothiophene (DBT) as sole substrate indicated that S. solfataricus and both
strains of §. acidocaldarius converted approximately 10-15% of the sulfurin DBT to sulfate.

However, based on protein analyses(17) and cell counts by light microscopy, DBT did not appear to be
utilized as a growth substrate. - )

From our data, we question the ability of S. acidocaldarius 98-3 and DSM 639 and S. solfataricus

ATCC 35901 to oxidize pyritic minerals or organic sulfur in coals at a demonstrable rate or 10 grow
lithotrophically using elemental sulfur, pyrite or thiosulfate.
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