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ABSTRACT

As an alternative to post-combustion desulfurization of coal and pre-combustion desulfurization
using physicochemical techniques, the microbial desulfurization of coal may be accomplished
through the use of microbial cultures that, in an application of various microbial species, may
remove both the pyritic and organic fractions of sulfur found in coal. Organisms have been
isolated that readily depyritize coal but often at prohibitively low rates of desulfurization.
Microbes have also been isolated that may potentially remove the organic-sulfur fraction present
in coal (showing promise when acting on organic sulfur model compounds such as
dibenzothiophene).

The isolation and study of microorganisms demonstrating a potential for removing organic sulfur
from coal has been undertaken in this project. Additionally, the organisms and mechanisms by
which coal is microbially depyritized has been investigated.

Three cultures were isolated that grew on dibenzothiophene (DBT), a model organic-sulfur
compound, as the sole sulfur source. These cultures (UMX3, UMX9, and IGTS8) also grew on
coal samples as the sole sulfur source (from which greater than 95% (w/w) of the pyritic sulfur
had been previously removed).

Numerous techniques for pretreating and "cotreating" coal for depyritization were also evaluated
for the ability to improve the rate or extent of microbial depyritization. These include
prewashing the coal with various solvents and adding surfactants to the culture broth. Studies
showed that in low slurry concentrations (e.g. 2% w/v), organic inhibition of the depyritization
rate existed as a result of organic by-products. In contrast, in more concentrated slurries (20%
w/v) the accumulation of leachable organics from the coal may have been the strongest limiting
phenomenon to depyritization.

Using a bituminous coal containing 0.61% (w/w) pyrite washed with organic solvents at low
slurry concentrations (2% w/v), the extent of depyritization was increased approximately 25%
in two weeks as compared to controls. At slurry concentrations of 20% w/v, a
tetrachloroethylene treatment of the coal followed by depyritization with Thiobacillus
ferrooxiclans increased both the rate and extent of depyritization by approximately 10%.
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INTRODUCTION

o

Research on microbial desulfurization has been active at Louisiana Tech since the late seventies.

Several papers and theses have resulted (see references 3 and 14) as well as the sponsoring of
a national symposium on "Biological and Chemical Removal of Sulfur and Trace Elements in
Coal and Lignite" (44) in November of 1982. In 1982, three microorganisms with thiophenic
sulfur oxidizing characteristics were isolated (Arrowood [3]). One organism, designated as OC7-
A, was separated from an oil sludge pond in Oil City, Louisiana. OC7-A was found to reduce
the organic sulfur content of some coals by 25% in preliminary shaker flask tests in a 24 to 48
hour period at neutral pH and 25 °C. Organisms have also been isolated and tested that oxidize
pyritic sulfur (Franklin [14]). A Thiobacillus ferrooxidans strain separated from an acid mine
drainage in W. Virginia reduced pyritic sulfur by 95% in 10 to 14 day treatments.

Expertise was therefore considered present at Louisiana Tech to launch a major effort in the
biodesulfurization area. Concentration in this current project was focused on organic sulfur
removal and initially involved further application of the OC7-A microorganism. The problems
of reliably quantifying organic sulfur were also addressed at Louisiana Tech. Research was
conducted with Scanning Electron Microscopy combined with Energy Dispersive X-Ray
Spectroscopy (EDS-SEM). Analyses of National Bureau of Standards samples were used to
develop an analytical method for determining organic sulfur directly. With this method, resident
atoms are excited from the application of an electron beam. As these atoms subsequently decay,
the wavelengths for the various atoms are monitored.

The research also involved a search for and isolation of new bacterial species exhibiting organic
sulfur oxidizing abilities. Selected organisms were examined for the presence of DNA plasmids
(extrachromosomal rings of DNA that replicate autonomously in bacteria) responsible for
producing organic sulfur oxidation. Upon identification, it was planned that selected plasmids
would be introduced into organisms capable of thriving at economically conducive conditions.

Final evaluation of OCT-A and other microorganisms were to be evaluated for their application
in batch or continuous bench-scale coal treatment systems.

The proposed research was divided into five tasks: (1) project planning, (2) coal procurement and
preparation, (3) development of analytical techniques for determining organic sulfur content of
coal directly, (4) isolation and deployment of microbes for removing organic sulfur (including
plasmid studies) and (5) project management. Each task is addressed independently in the
following discussion. Individual introductions and literature citations are provided for major
tasks. Explanations of the proposed objectives and procedures for the major tasks are outlined
through a series of subtasks.

'IIIIII I I -----



Task 1. Project planning.

This task was completed by Dr. Joseph Fernandes. The finN, corrected copy of the Project Work
Plan was submitted on December 13, 1988.

Task 2. Coal Procurement and Preparation.

Subtask 2-1: Grinding, Sieving. and Storage

The objective of this task was to grind and sieve all the coal to be utilized in this investigation.

The coal was ground to various mesh sizes in a ball-mill grinder. The ground coal was separated
into mesh sizes ranging from 50 to 270. After grinding a single batch of coal (coal was received
in 20 pound batches), the coal to be used in the various tests was riffled to ensure homogeneity
of all samples. The coal was then stored (prior to and following microbial treatment) in plastic
bags in an inert environment of argon or nitrogen until further use. Analysis and characterization
of the coal followed m-inding and biotreatment according to the ASTM methods prescribed.

Subtask 2-2: Microbial Pyrite and Sulfate Removal

This project was concerned primarily with addressing the problems of microbial organic sulfur
removal. The coal was therefore further processed after grinding and sieving to remove a
majority of the pyritic and sulfate forms of sulfur. This simplified the sulfur analyses and
allowed a focus on eliminating the organic sulfur remaining.

The pyritic sulfur was initially removed utilizing Thiobacillus species in a process developed by
Franklin (14) at Louisiana Tech. As the project progressed, stock cultures of Thiobacillus species
were supplemented by cultures of Thiobacillus ferrooxidans and Thiobacillus thiooxidans
obtained from the Americal Type Culture Collection (ATCC). A large batch process was used
to depyritize the coal to be used throughout the duration of organic sulfur removal studies of the
project. The coal was well mixed and stored dry, under inert gas (argon) to prevent further
biological oxidatidn. A pyritic sulfur removal of greater than 90% was achieved in most
instances.



Task 3. Analytical Procedures for Total Organic Sulfur

Back_ound

The removal of organically bound sulfur from coal prior to combustion offers many technical
challenges. One of the most difficult is the development of an analytical procedure for
organically bound sulfur that is: specific, accurate, precise, and fast. The method of reference
is the American Society of Testing Materials (ASTM) procedure D-2492, Standard Test Methods
for the Forms of Sulfur in Coal (2). This is an established procedure that is well accepted. It
was originally published in 1966. It involves wet chemical procedures and determines the
organic sulfur indirectly. The difference between the sum of the pyritic and sulfate sulfur and
the total sulfur is attributed to organically bound sulfur.

This method provides a common reference point for other analytical methods. However, it is not
a perfect procedure. It has been shown to yield a lower value for pyritic sulfur than other more
direct analyses (24). Mossbauer spectroscopy provides a non-destructive assay of the pyritic
sulfur in coal. This method uses a radioactive isotope of iron (Fe-57) and provides a specific
value. The concentrations measured by this method are generally higher than those from ASTM
D-2492.

Scanning Electron Microscopy combined with Energy Dispersive X-Ray Spectroscopy (EDS-
SEM) has been used to provide a direct determination of organic sulfur in raw and chemically
treated coals (39). In this method, coal regions free of mineral inclusions were identified. A few
cubic micrometers of this material were excited with the electron beam as the wavelengths for
sulfur, iron, calcium, silicon, and aluminum were monitored. This enabled the exclusion of any
data point that included any finely divided mineral matter. The reported results agree with the
ASTM values for most samples if the counting statistics are considered.

The sulfur content of two Canadian coals were analyzed by several recently developed analytical
techniques including EDS-SEM (1). However, the authors did not attempt to provide quantitative
values for the organic sulfur by this method. They also conducted Fourier Transform Infra-Red
spectroscopy with photoacoustics and electrophoresis in their study. This analysis found
considerable differences between the coals even though their proximate analyses were similar.

They attributed the differences to the incorporated clay and pyrite variations.

Instrumental neutron activation analysis (INAA) has been used in our laboratories to determine
the trace element concentration in lignite (40) and in many other laboratories for the analysis of
coals (24). INAA is an extremely sensitive method that provides data for many elements. The
sulfur values are obviously total values. This method requires a large neutron flux and
specialized handling equipment. Data reduction is accomplished in most cases by using the
comparison method in this procedure. National Bureau of Standards (NBS) Standard Reference
Materials (SRM) are included with each set of samples during the exposure times. Their known
values are used to calculate the concentrations of the unknown samples.



Objectives

There have been many volumes ofanalytical procedures written for coal. It is an important fuel
that has been used for centuries. We know many things about it. The one thing that all coal
investigators seem to agree on is that coal composition is a variable. This fact requires that
any study that attempts to measure the reduction of organic sulfur concentration by various
procedures must begin with a sufficient quantity of coal that has been homogenized and analyzed
as thoroughly as possible.

Subtask 3-1" Characterization of Starting Material

Sufficient quantifies of coal that had been ground into desired particle sizes (but prior to any
microbial treatment) were obtained from Task 2. This material was stored in large plastic bags
under an inert gas environment. Parameter variation resulting from storage was evaluated by an
ultimate and proximate analysis characterizing each portion. ASTM D-2492 was followed to
determine the forms of sulfur in the starting material. A sufficient number of analyses were
conducted to insure that the deviations between samples and lots were within the ASTM limits
for precision and repeatability.

Subtask 3-2: Oualiw Assurance and Testin_

An overall QC/QA plan covering all phases of the project was submitted and approved after
award of the contract.

Quality control for sulfur determination was maintained by running the same procedures on NBS
S1LM 1632a and 1635. At least 1 out of each 25 samples was randomly selected as a standard.
The data generated was used to construct and maintain quality control charts that were stored on
the laboratory computer. If any standard samples fell out of the control limits, the analyses of
that period were repeated and the cause of the error was corrected.

Subtask 3-3: Analytical Procedures

Pyritic and sulfatic sulfur were determined via ASTM D-2492, organic suffur by ASTM D-3177.
and total sulfur by the Eschka method using a LECO Total Sulfur analyzer.
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Subtask 3-4: Mi,:roscomc Analysis

Initially, EDS-SEM analyses of N'BS-SRM 1632a were conducted to determine the number of
spots that must be excited and averaged in order to provide direct data that has no more variation
than the ASTM procedure. The SEM was also used to photograph the macerals of the coal
before and after the treatment procedures.

The distribution of pyritic and organic sulfur of a sample was mapped before and after biological
treatment. An infrared analysis of the s_xing material was performed using a new sampling
procedure that was developed at Louisiana Tech to minimize the strong absorption bands that
interfere in the carbon sulfur bond stretching region.

Task 4. Organic Sulfur Removal

Backm'ound

Organic sulfur makes up 1/2 to 1/3 of the sulfur found in domestic coal. Model compounds
representative of coal organic sulfur species are diphenylsulfide, benzothiophene,
dibenzothiophene, and thianthrene. Although mercaptans, aliphatic sulfides, and disulfides are
present in coal, the hetero-aromatic sulfur compounds are found in predominating concentrations
(43). The heterocyclic sulfur compounds are recalcitrant to most chemical desulfurization
processes and represent the species expected to be most resistant to microbial attack.

Expensive chemical desulfurization processes are not as limited by the internal inaccessibility, of
organic sulfur as are the biological processes. Even at the small panicle sizes effective in the
biological removal of inorganic sulfur, much of the organic sulfur is inaccessible to the microbiai
enzymes responsible for the oxidation of the model organic sulfur species. Only the sulfar
compounds residing at the surface of the particle would be vulnerable to enzymatic attack.

The metabolism of condensed thiophene compounds in the environment is not well known. Few
microorganisms have been characterized as dibenzothiophene (DBT) oxidizers, but those that do
are strongly oxidative. Most of the research conducted to date has been oriented toward the
potential application of the DBT degrading microorganisms in removing organic sulfur from
petroleum, with some reports on coal biodesulfurization. DBT degradation has been
demonstrated to be a product of cometabolism; and for some microorganisms, DBT may serve
as the sole carbon, energy, or sulfur source. The rate of its metabolism is lowered when fighter,
less carbon-condensed aromatic compounds are available to the bacteria. Bailey et al. (5) showed
that when the benzene series of compounds are present, the disappearance of DBT is inhibited.



Microbial. desuIfurization processes have been reported since 1935 when Maliyantz described
the bacterial desulfurization of petroleum with the concomitant accumulation of hydrogen sulfide.
In 1950 and 1951, Strawinsky patented procedures for microbial desuffurization. In order to
reduce carbon loss, i.e. petroleum BTU loss, the former patent involved a two step oxidation and
reduction procedure. Pse:Momonas, Alcaligenes, and Bacillus species initiaUy converted the
sulfur compounds in petroleum to oxidized inorganic forms. Desulfovibrio sp., of the sulfate-
reducing bacteria, reduced the oxidized sulfur to sulfide. Desulfovibrio desulfuricans was used
in 1953 in a reductive procedure patented by Zobell. Kirshenbaum patented a new procedure in
1951 utilizing Thiobacillus thiooxidans, Thiobacillus thioparus, and Thiophyso volutans _o
convert sulfur in petroleum to water soluble inorganic forms, especially sulfates. The attempted
microbial desulfurization with Arthrobacter sp. by Isenburg in 1961 showed little success (40,).

Yamada et al. (43) reported on the isolation and identification of DBT-utilizing bacteria. Ideally,
they sought bacteria that would oxidize the DBT without the loss of hydrocarbon. Their intent
was to apply the bacterial system in petroleum desulfurization. Six DBT active strains were
isolated, including Pseudomonasfragii. Two new taxonomic strains were named: Pseudomonas
abikonensis and Pseudomonas fianii. DBT utilization was evident in the culture medium when
brightly celored ring-fission products were formed. Two water soluble degradation products were
also found. One was an aromatic compound with sulfur, phenolic, and enolic hydroxyl groups;
and the second was an aromatic with an enolic hydroxyl group and a mercaptan group.

Nakatani et al. (35) described culture conditions optimal for DBT oxidation by Pseudomonas
abik,onensis and Pseudomonas jianii. The mineral-salts meat extract base was supplemented with
DBT dissolved in light oil. Dissolving the DBT in fight oil enhanced the oxidation process. The
DBT degradation products had absorption maxima at 395 and 470 nm. Since a correlation was
observed between optical density and aqueous sulfur content, soluble sulfur concentration was
determined spectrophotometrically. Meat extract as a nitrogen source was optimal at a
concentration of 0.4%, with DBT at 10%, a pH of 7.3, and a temperature of 28 °C. Vigorous
aeration was favorable for DBT conversion. A 40% conversion ratio was attained within a period

of 3 days. Optical density, representing growth, peaked on the second day.

Kodama et al. (27) reported on the isolation and identification of oxidation products by
Pseudomonas jianii. Five water soluble organic sulfur compounds were detected as degradation
products of DBT. Three of these compounds were identified: 3-hydroxy-2-formyl-
benzothiophene, dibenzothiophene-5-oxide, and 3-oxo-2(3'hydroxy-thionaphthenyl-(2)-methylene)
dihydrothionaphthene. Ultraviolet spectra, infrared spectra, and nuclear magnetic resonance data
were used in the identification of the isolated products.

Kodama et al. (26) reported further identification of the DBT oxidation products and proposed
an oxidation pathway for DBT. The newly identified compounds were trans-4(2-(3-hydroxy)-
thionaphthenyl)-2-oxo-3-butenoic acid and the second as the hemiacetal form of the first.

6
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Kodama (25) reported that DBT was oxidized by resting cells of Pseudomonas fianii in the
presence of lactate or glycerol as energ3, sources. This finding agrees with the assessment of
DBT oxidation as a phenomenon of co-metabolism. Induction of the DBT oxidizing enzymes
occurred in the presence of compounds containing benzene rings having no side chains, such as
DBT, naphthalene, and anthracene. Kodama concluded that DBT was practically unusable as a
carbon source for energy and without a co-substrate, like lactate or glycerol, could not induce
specific enzymes.

Sagardia et al. (36) reported that Pseudomonas aeruginosa PRG- 1 degrades benzothiophene _'F)
and related compounds. Oxidation of the BT was measured spectrophotometrically by the
disappearance of the 225 nm peak. The oxidation pathway was not elucidated, but it was
suggested to be similar to that reported by Kodama. The organism was isolated from oil-
contaminated soil. BT as a sole nutritive source would not support growth. Yeast extract was
required for BT oxidation to occur. As in Yamada's DBT research, the BT was dissolved in light
oil and added to a basal-salts yeast extract medium. The oH-aqueous system reduced the toxic
effects of the substrate.

Hou and Laskin (16) reported on the oxidation of DBT by Pseudomonas aeruginosa ERC-8.
Degradation products appeared as red pigments within the bacterial ceUs. The products identified
were 4(2-(3-hydroxy)-thionaphthenyl)-2-hydroxy-3-butenoic acid. The second compound was a
tetradecane ester of the first compound with an hydroxylated hydrocarbon moiety. DBT was not
degraded unless n-paraff'm was supplied in the enrichment screening medium. The paraffin
apparently acted as the energy source. The DBT degradative enzyme action of Pseudomonas
aeruginosa ERC-8 attacked only the benzene ring and did not alter the sulfur moiety.

Laborde and Gibson (31) reported on the metabolism of DBT by the mutant Beijerincla'a B8/36
in the presence of succinate. The two initial water soluble de_adation products that accumulated
before ring-fission products appeared were: (+)-cis-1,2-dihydroxy-1,2-diiaydrodibenzo-thiophene
and dibenzothiophene-5-oxide. The organisms were culturect at 30 °C in 10-liter quantifies of a
mineral-salts medium supplemented with 0.2% succinate and 0.05% DBT. Air was supplied at
12 liters per minute. The culture was stirred at 600 rpm. Yellow-ring fission products were
observed but not: identified (30).

Chandm et al. (9) reported on the microbial removal of organic sulfur from coal. Following the
screening technique reported by Yamada et al. (43) an unidentified mixed bacterial culture was
isolated exhibiting DBT utilization where DBT was the sole carbon source. A coal sample was
ground to 240 mesh and suspended in a mineral-salts beef extract medium (pH 7.5) at a
concentration of 6.6%. The coal suspension was inoculated with 5 ml of a culture containing
10E9 cells/rnl and incubated on a rotary shaker for 10 days at 30 °C. Sterile coal was shown
to lose 17.9% organic sulfur following bacterial treatment and unsterile coal lost 14.9%. Activity
of the culture on coal. previously treated to remove the inorganic sulfur was not reported.
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Finnerty (13) reported on the degradation of DBT by a mixed-culture bacterial system. The
sulfur-containing aromatic compeands DBT, BT, thioxanthine, thianthrene, and benzene disulfide
were oxidized but would not serve as a soIe source of energy, carbon, or sulfur. The culture
converted 97% of the DBT to water-soluble compouncks within 24 hours. The degradation
products were identified as 1,2-di,hydroxy-dibenzothiophene, 3-hydroxy-2-formyl-benzothiophene,
trans-4(2-(3-hydroxy)-thionaphthenyl)-2-oxo-3-butenoic acid and an unidentified product. It was
found that DBT was oxidized by Pseudomonas putida, which would grow on naphthalene as a
sole carbon and energy source. Observing that the degradation products of DBT from different
bacterial strains were similar, and in some cases the same, Finnerty was led to examine and
determine whether the genes coding for DBT oxidation were located on plasmids. It was
discovered that the plasmid containing the genes for naphthalene oxidation also contained the
genes for DBT oxidation. No taxonomic identification of the mixed-culture system was reported.

]'erusik (21) working with Finnerty, reported the tentative identification of the microorganisms
in the x,zixed culture responsible for oxidation of DBT. The Gram-negative rod was tentatively
designated as an Acetobacter sp. and the Gram-positive coccus as a mem_r of the
Micrococcaceae. The possible environmental impact of the DBT degradation products was
studied using nonspecialized and specialized bacteria. Lit-de toxic effect was observed when
Shigella flexneri, Pseudornonas aeruginosa, or Escherichia coli were cultured in a liquid medium
supplemented with DBT degradation products at 90% concentration. No change in the lag or
logarithmic phases was observed, although the stationary cell mass did decrease. E. coli
continued to grow in the presence of the cell products after attaining the stationary phase,
suggestive of diauxic growth. The exact nature of the observed stimulation was not determined.

Eckart et al. (12) reported on the isolation of bacteria exhibiting desulfurizing activity on crude
Romashldno oil. The bacterial strains were isolated from oil polluted water, soft, and remnants
in oil tanks. DBT was used as the model organic sulfur species in the screening media. All
strains were aerobic, strongly oxidative, and tentatively identified as species of Pseudomonas.
The most active strains were capable of removing 50 to 55% of the sulfur within 5 days. The
incubation was carried out in discontinuously running laboratory fermentors. There was no
mention of applying the cultures to desulfurize coal.

Kurita et al. (29) reported the isolation of a bacterial culture that reductively degraded thiophene,
producing hydrogen sulfide. The anaerobic culture was isolated from oil well sludges or crude
oft reservoir bottoms. The thiophene decomposing bacterial cells were Gram-negative rods that
grew optimally at pH 7.2-7.8 at 38 °C in a mtrogen or hydrogen environment. Polypeptone was
required for growth. Hydrogen sulfide production was enhanced by the addition of FeSO(. Cell-
free extracts of the culture catalyzed the production of I-_S from thiophene when supplied with
methyl viologen in hydrogen gas. The culture did not utilize thiophene as a sole source of
carbon, sulfur, or energy. Cripps (11) reported the isolation of a Flavobacterium sp. capable of
using thiophene-2-carboxylate as a sole source of carbon, energy, and sulfur for growth. The
sulfur atom of the thiophene nucleus was oxidized to sulfate and accumulated in the culture
medium.



An'owood (3) described a bacterial isolate designated OCT-A, a naturally occurring soil
microorganism which degraded DBT. OCT-A, found in oil samples collected around an off weLl
slush pond near Oil City, Louisiana, was tentatively identified as a species of Anhrobacter.
Desulfurization by OC'7-A occurred in nature at 25-28 °C and pH of 7.0. It required relatively
low cost nutrient additives of secondary carbon sources. Coal samples with a total sulfur content
of 5.1% were treated with OCT-A in i% and 5% slurries. A calculated percent organic sulfur
lost from coal was reported as 25.78 in 48 hours. The levels of organic sulfur reduction varied
with the slun'y concentration and the added carbon source. Succinate as an added carbon source
showed the highest level of organic sulfur reduction. As a model organic sul.fm"compound,
An'owood also studied desulfurization of DBT by OCT-A using Humcr's vitamin free-mineral
base; 18% organic sulfur reduction was found. An AE mineral-salts solution gave even bet'mr
results. In deterrm-_ing whether co-metabolism would enhance organic sulfur degradation, a
secondary carbon source was added. Napthalene was found to be inhibitory while yeast extract
showed a reduction'of 18.67-24.43%.

The ambient conditions and the effectiveness of organic sulfur removal from coal by the
organisms reportedby Arrowood, especially the naturally occurring OC7-A, show promise for
an economically feasible large-scale process of coal cleaning.

Isbister and Kobylinski (20) found what they called a unique desulfurizing microorganism. This
organism, designated CB I, is a DBT degrading organism that was developed by mutagerdcally
altering the DNA of the naturally occurring parent organism. The parent organism degraded
DBT minimally. CB i was initially grown in a basic mineral-salts medium. CB 1 reduced organic
sulfur in a bench model coal reactor at pH 7.0 over a temperature range of 25-35 °C for 48 hours.
The treatment process was then moved to a continuous pilot plant capable of treating i000 to
2500 pounds of coal per day. Using _4C-DBT and 3SS-DBT, the action of CB I in DBT was
traced. CB I was found to be different than other microorganisms that oxidize DBT, because it
released 2,2 di-hydroxybiphenyl instead of breaking the carbon ring to yield 3-hyroxy-2-
formylbenzothiophene. Cleaned coals containing approximately 90% organic sulfur were used
in the initial research to bypass problems associated with organic sulfur analysis. The total sulfur
content of these coals was determined using the Fisher Total SuLfur Analyzer before and after
treatment. The organic sulfur content was reduced 18-25% when treated with CB I. When run
of the mine coals were used with CBI treatment, the organic sulfur removed varied from 25%
to 34%. The variations in the data may be attributed to differences in particle sizes
(desulfurization increases as particle size decreases), surface characteristics of the coal
(desulfurization is inhibited by surface oxidation), or differing amounts of thiophene sulfur in the
coals. Using a direct method of organic sulfur determination, which involved energy-dispersive
x-ray microanalysis combined with scanning election microscopy 0EDS-SEM), pulverized coal
of 140 mesh was tesmd for organic sulfur content before and after treatment with CB1. The
reduction in organic sulfur was 32.9% to 34%. Initial cost estimates for enough medium to
produce the microorganisms capable of treating 1 ton of coal was $11"7. Further studies showed
that at a much lower level of microorganism dose and using a less expensive carbon source, the
medium cost estimate was reduced to $2.34/ton. The overall cost estimate, depending on whether
the final product was dried or used with 30% moisture, was calculated to be $25.50 or $21.09
per ton of product coal. Of this cost, $11.39 was estimated as the cost/ton for organic sulfur
removal.

.,.
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Murphy et al. (34) used the microorganism Sulfolobus acidocaldarius to reduce sulfur from coal.
They adapted r.heorganism to grow on high sulfur coal without the addition of nutrients. They
believe that a 50-60% reduction in organic sulfur is possible in 3-6 days when the coal used was
200 mesh, temperature 55-80 °C, and pH 1-2. The estimatzd cost was given at $10-14/ton or
about $12. S. acidocaidarius must have oxygen to be viable so air must be pumped or stirred
in. S. acidocaldarius also utilizes the CO2 in air as its carbon source. Surfactants were added
with varying results, from increased to decreased efficiencies.

Kargi and Robinson (23) also used Sulfolobus acidocaldarius to oxidize sulfur in treated coal.
They found that S. acidocaldarius used Fez+ and reduced sulfur as energy sources. They used
coal of 100-150 mesh at a temperature of 75 °C and pH 2.5. Initially a double strength mineral-
salts medium was used. Yeast extract, FeCI_, and other nutrients were added as needed. When
the yeast extract was added, both the rate and the amount of sulfur reduction decreased. When
the initial coal was11% total suLfrar,15.6 mgS/(L h) was removed. When the total sulfur was
4%, 3.1 mgS/(L h) was removed. On the average, there was a total sulfur removal of 40%.
Total sulfur was determined using tt_e Eschka method. Inorganic sulfur was determined using
standard methods of ASTM. Organic sulfur levels were found by subtracting the inorganic sulfur
content from the total sulfur content.

Monticello et al. (33) conducted a study that linked plasmids to the oxidation of DBT. They
used plasmids of two strains of Pseudomonas that oxidized DBT. Each of the plasmids has a
molecular weight of approximately 55 x 106. The products of the DBT oxidation appeared to
be identical to products of other DBT reducing microorganisms, substantiating their f'mdings.

Vaseen (41) reported that Thiobacillus ferrooxidans may be used to reduce organic sulfur from
coal under certakn conditions. It requires a temperature of 20-35 °C and a pH of 1.2-2.5. This
pH is very corrosive so moving parts must be minimized. For effective sulfur reduction, the coal
must be pulverized to a uniformly-reduced particle size. Oxygen is a requirement of T.
ferrooxidans, it may be sparged or added through a#tation. Thiobacillus ferrooxidans also gem
needed carbon from the CO2 in the air. Vaseen believed that with a bioreactor he had designed.
100,000 metric tons of coal with 2.3% total, sulfur could be processed in a year.

Kublek and Clark (28) reported that mutagens of Escherichia coli degraded thiophene and several
other organic and inorganic sulfur compounds. These mutants can hydrolize DBT on a minimal
medium of yeast extract, peptone, and 0.5% glucose at pH 7.0. Mutant generations of E. colt
were tested in an effort to produce an efficient thiophene degrader.
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Objectives

In the past twenty years, genetic engineering and recombinant DNA work with bacteria has
created the potential for altering microorganisms to perform new and different metabolic
reactions. One area that has more recently received attention is the use of bacterial plasmids,
extrachromosomal entities, in mediating the parent cells to metabolize difficult, recalcitrant
substrates. One of these substmtes is the sulfur-containing heterocyclic organic compounds found
in coal, coal tars, and crude oil. Plasmid-mediated degradation of dibenzothiophene (DBT) by
Pseudomonas species has been reported by several workers as referenced in the above section
on Background of organic sulfur removal. Plasmid-mediated degradation also has promise for
application to several species of bacteria that live in the environments of coal mining operation
areas, coal mines, and in acid-mine drainage from such areas.

Based on the information to date, the following objectives and approaches were pursued to
accomplish the removal or reduction of organic sulfur from coal by biodesulfurization with
selected microorganisms in precombustion treatments.

Subtask 4-1: Desulfurization with OC7-A

Objectives and methodology in Subtask 4-1 were to utilize the bacterial isolate reported by
Arrowood (3), OC7-A, to reduce the organic sulfur in DBT and coal, in a series of laboratory
experiments designed to enhance the levels of organic sutfur removal found in Arrowood' s work.
Substrate modification and co-metabolic additives were screened to determine the best

combinations for maximum organic sulfur reduction. (Note: While this objective existed in the
original proposal, difficulties in observing any organic sulfur removal from coal with this culture
arose shortly after the commencement of the project. Work with OC7-A then ceased and
isolation and identification efforts shifted to other cultures).

Subtask 4-2: Search for New Biodesulfurizin_ Microorganisms

Objectives and methodology in Subtask 4-2 were to screen softs, coals, waters, and acid-mine
drainage samples in a search for new microorganisms capable of removing organic sulfur from
coal/water slurries. Shake-culture techniques were used to screen large numbers of samples to
detect the rnierobial populations containing organic sulfur oxidizers. Techniques employing
enrichment and isolation procedures reported by other researchers (3, 33) were used to search for
microorganisms that remove organic sulfur from coals. Emphasis was given to the autotropkic
bacteria in order t0 reduce the need for expensive substrates, since this group of bacteria utilize
CO2or simple organic compounds as carbon sources. A part of this subtask was also concerned
with techniques for maintenance of the active bacterial organic sulfur oxidizers once they had
shown potential for use in coal biodesulfurization.

11



Subtask 4-3: Plasmid-mediated Techniques

The main objective and methodology of Subtask 4-3 involved the use of plasmid mediation of
the most promising and most active organic sulfiar oxidizers. By using the procedures reported
by Kado and Liu (22) and MonticeLlo et al. (33), a search for plasmids coded for organic sulfur
oxidation was made. Some effort was planned for determining whether cell-flee extracts could
be used in biodesulfurization as effectively as whole ceU preparations. In order to determine the
role of plasmids in organic sulfur removal, a program of screening the selected isolates for
extrachromosomal DNA was planned to determine which parent cells were most productive of
plasmids. The f'mal phase of Subtask 4-3 was concerned with regulation of organic sulfur
oxidation by the plasmid-mediated strains for maximum performance in biodesulfurization of
selected coal samples prior to attempts at continuous bench-scale treatment of coal.

The report on.this Task as received from the subcontractor, the University of Mississippi, is
presented as Attachment B to this Final Report.

Task 5. Project Management and Reporting

This task consisted of coordination of aZl tasks, procurement of supplies and equipment,
maintenance of ledger of expenses, record keeping of results, preparation of reports and
publications.

It should be noted that shortly after the initiation of the project, Dr. Joseph Femandes left
Louisiana Tech University. The project management then shifted to Dr. Brace Boyden who was
also in the Department of Chetrdcal Engineering. In February, 1990, Dr. Boyden also left the
university and was replaced by Dr. Gary Zumwalt in the Department of Petroleum Engineering
and Geosciences. Dr. Zumwalt served as the Project Manager and Principal Investigator undl
the arrival of Dr. Bill Elmore in May, 1990-a newly hired Assistant Professor of Chemical
Engineering. Dr. Elmore then served as PM and PI throughout the remainder of the 36-month
project period and the subsequent 12-month, no-cost, contract extension.

The following account of the work accomplished in this project generally follows a task-by-task
chronology of events proceeding in a task-by-task analysis. Task 2 (Coal Procurement and
Preparation) was expanded in scope (with DOE Project Manager approval) under the direction
of Dr. Elmore during the 12-month, no-cost extension obtained iv. the latter stages of the project.
While originally in_nded as a preparation step only for the subsequent study of microbially
removing the organic sulgur fraction, the microbial pyrit, and sulfate removal (Subtask 2-2)
became the subject of research focus with the intention of enhancing the pyritic removal process.
Analytical procedures (Task 3) were conducted at Louisiana Tech and are also presented. The
microbial studies for isolating and identifying microorganisms capable of removing organic sulfur
were conducted jointly by Louisiana Tech and the University of Mississippi.
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ATTACHMENT A

Attachment A contains a chronological description of Task 2--Coal Procurement and Preparation
and Task 3--Analytical Procedures for Total Organic Sulfur in three Appendices. The contents
of the Appendices are as follows:

Appendix I covers the project period from August 1, 1988 to March 15, 1989. Task 2 was
conducted primarily as a "service" task for preparing coal for organic sulfur removal studies.
Initial work consisted of setting up detailed procedures for coal pretreatment (e.g. microbial
depyritization) and storage. EDS-SEM equipment troubles slowed establishment of Task 3. A
transition occurred in the Project Management and Principal Investigator positions from Dr.
Joseph Femandes through Dr. Brace Boyden to Dr. Gary Zumwalt.

Appendix II covers the project period from March 15, 1989 to March 15, 1990. During this
stage of the project, Tasks 2 and 3 were completed as per the original contract requirements.
Project Management and Principal Investigator responsibilities again changed in May, 1990 from
Dr. Gary Zumwalt to Dr. Bill Elmore--a new faculty member entering the Chemical Engineering
Department. A complete presentation of the work for analytically measuring organic sulfur by
EDS-SEM is provided in the thesis, "Advanced Scanning Electron Microscopy and Energy
Dispersive Spectroscopy Techniques for Sulfur Analysis in Coal", Sandeep Sayai, M.S.Ch.E,
Louisiana Tech University, May, 1991. This thesis is available through the Louisiana Tech
University library.

Appendix III covers the project period from March 15, 1990 to April 20, 1992. While Tasks
2 and 3 had been completed, an ongoing literature survey revealed the need for additional
research into the depyritization process, the findings of which are contained in the thesis,
"Studies and Methods for Increasing the Desulfurization Activity of Thiobacillus
ferrooxidans on Bituminous Coal", David Krueger, M.S.Ch.E., Louisiana Tech University,
August, 1993. This thesis is also available through the Louisiana Tech University library.
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ATTACHMENT A
APPENDIX I

Activity from Project Initiation (August 1, 1988) to March 15, 1989
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3._D--'_.'.a--._.iON TEC:{iIQUES • ........... " ,_

M__,_CCR_M.SMS FOR ORG.QN_ ?._MOVAL FRCM COALS

Projec'. ?,e._ortfrom Augus< I, 1988, to September 16, !988

Task i: Projec= Planning

The draft of the work plan was prepared and submitted t_ T3C on

August i0, i988. _nsun from _.O =nto the dr_f: _ian _s included in the

at:ached _.op.v.

Task l: Coal Procurement and Pr=._aranion

.% sample of illinois No. 6 cza! (!BCEP #l, !'01600) has been re-

=_::=_ =tom ii'ir.cis _-eo!cglcai _....icy Or:_inatlon informal!on has beo_
:ecuesned from :._,CS_.

Subtask 1-!: _,:ndin_, =:evln_, and Storage

Ball-mill _rlnder (ceramic "_ith stones, Paul O. Abhe, inc. #_1343)

a.-.Z?.o-_.apTes:inE sieve shaker (!'l!02g) have bean ==r UO and cleaned.

.=vstem for £cai S_or_e in a Nitrogen lnvlrzr-_-enn
To _revent oxidation reactions in :he coal samoles, "_e induc_ a

_=:asis csniiti=n by olacln== ".hem in a ni-rcgen a=mosohere.

The svsnem consists of a dessica_ion chamber, a vac'_'_n,pump, a

nitrogen source, three valves, and a pressure gauge as sho,,: in

=igure i. [A "T" conner=or is threaded in__o a connection on the
side of the dessicator. Connected to the branches of =he "T" are a

valve and tubing leadin_ to a vacuum pump, and a pressure gauge and
valve with _ubing leading to a nitrogen cylinder and regulator.

Also in place between the valves is a pressure release valve. ]

Procedure for Storage

The coal samples are placed in loosely capped vials in =he

chamber and the lid is sealed airtight. Air is removed by opening

the vacuum valve and running the vacuum pump for five minutes. The
valve is closed and the nitrogen valve is opened to fi!! =he chamber

with i.5 psi of ni_rosen. This is repeated once to ._usn our re-
maining oxygen, if any.

After one hour at 1.5 psi =he nitrogen is released and the lid

is removed. The vial caps are quickly =igh_-ened and the chamber is
resea!ed. The air is a_ain r_moved and reolaced wi_h !.5 psi of

nitrogen.
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Subtask 2-2: Microbial Pyrite and Sulfate Removal

Emmples of acid mine waters were collec_ed from ponds near _>.e

._m.delexResources coal mine at Madisonvi!le, Kenuuck 7. Shaker flasks are

bein_ set up to determine the operatinB conditions of either pure or
mixed cultures of Thiobacillas ferrooxidans, such as medium tTpe and

strength, pH, and leachin_ time, to remove at least 90% of the pyrite
sulfur from coal.

Task 3: Analytical Procedures for Total Organic Sulfur

Subtask 3-i: Characterization

ASTM procedures of moisture, ash, total sulfur, pyritic sulfur,
sulfate sulfur, heating value and volatiles are bein_ set up. A set of

suifur/coal calibration samples have been received. Accuracy and repro-

iuclbi!ity of the above procedures wi!! be determ,ined by usin_ the
szandards.

Subtask 3-2: Oua!itv Assurance/Quality Control

QC/QA plan prepared by Dr. john Rowley is attached for approval.

Eubtask 5-_: Microscopic Anaivses

.-he first month was dedicated to acquirin_ a c=mplete set of con-

urzls and calibratinB equipment. A sat of su!ohur/coal ca!ibra=icn

sar.oies ranBin B from 1.05% sulphur to 4.39% sulphur was acquired from
LECO. Mineral calibration samples for iron sulfide have been ordered. A

Zeiss vitrinite reflectance microscope was received from Mobil Oil

Corporation. This microscope was set up and the process of ca!ibratinB

it has beBun. The scanninB electron microscope was cleaned and rebuilt,

and the energy dispersive x-ray spectrophotome_er was calibrated.

Task a: OrBanic Sulfur Removal

Subtask A-i: Desulfurization with OCA7

Strain OC7A was delivered by Joseph B. Fernandes (Project Manager)

t_ Dr. Ward as a suspension of cellular material kept for several years
in a frozen state (at Louisiana Tech University). Routine surface

piatin_ revealed that several apparently different organisms were present
in the culture. Each of the co-contaminants were isolated and studies

wer_ beBun on each to determine if indeed it had OCTA, and if i= (or one
or more of the other strains) s=i!l would deErade DBT as described by
Arrowood.
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Subtask a-l: isolation and Screenin_ Tests for 4S Pathway 3coterie

Versus DBT

A_ou_ t_o dozen apparentl7 uniaue bacterial _so!anes were derived

from two sources of weathered coals and from one source of weathered

motor oil from a dump. Serial dilutions of derived isolates yielded

oia_e cultures containing scattered, isolated colonies. Developed

colonies were sprayed with a i% (w/v) ethanolic solution of DBT which,

after evaporation of the solvent, left a thin coatin B of crTsta!!ine DBT

_ver the colonies and the agar surface. Controls consisted of colonies

_Tra':ed. w..n'_"e_hanoi_ on_v_ or unsora':ed.. cultures. Aft:__. incubation at
]O'C =or A-6 hours, lO-iZ ho_cs, 2& hours, 48 hours, and i!0 hours, the

piazas were tested for long-wavelenBth UV fluorescence to indicate

form..ation of biphenT! from DBT via the 4S Pathway. Several DBT-coated
_ _Scu _....= showed fluorescence from the colonies, but so did the controls

of each of these false positive isolates. No tested isolate exhibited

__O..sc.nce:_,, _= = that could be attributed to DBT deBradation A series of

isolations and screeninB of new orBanisms derived from different source

sar.o!es collected from a varlet7 of weathered coals or petroleum deposits

has _usz begun. TestinB of new me_hods of screenin_ isolates for &$

aati':iz': has also begun.

The process of establishing the A5_ D 516 method for determination
of su!fa_e dens has been s:arzed. Standard reaBents were prepared and

fide!it_z of calibration curves are beinB tested usin_ a Spectronic 70

spectrophotometer.

Dr. Ward worke/ full time on the project durinB the first t_o weeks

0= AuBusz (the planned be_inninB date for the projecz to be Au_usz l,

!_E) with his solar'/ oaid from another account, which he plans :o reim-

burse =rcm the subczntrac: account when it is acziva=ad (The Universi_7

of :.[ississippi academic year contracts began during mid-AuBust). I"ne

.e_=. in fundin_ of the subcontract has created problems wi_h ob_aininB

personnel to work on the project. Dr. Ward was able to employ two

Sra/uta students par: time durin_ September by "borrowinB" from other

acczunts, which he will need to reimburse.

Dr. Ward had planned for the project to be funded earlier in the

year, allowinB him to work on the project full time durin_ the summer

months to _et the research off to a solid start. Ee received no release

time from his academic year duties, thus he now cannot devote as much

t_e to the project as he would wish. He had planned _o have employed a

full-time postdoctoral research associate =o be_in in August or

September, so that the work could continue without interruption. Sow-

ever, because of the delay in funding, the timin_ was such that he could

no= make a monetary commirJnent to a prospective pos=doc=ora! associate,

who was forced to accept another position. He advertised the post-

doctoral research associate position durinB AuBus_ by direct national

mailin_ to a few hundred universities. Every applicant was expected to

complete deBree requirements by the end of this (fall, 1988) enrollment

period. Ee has offered the position to one of _he applicants, and hopes
that he can have her on board no later than January 1989.
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Task 3: Projec" Management and Reporting=

-uo..._..--_:=--._anager co____1=ctedsamples _= ac__ mine .....=_=_r in Kentuck':
ani at-ended the Contractor's Revie,_ MeetinB in ?;t-sbur_h from luBus_

Z= AuBust !l, !988. Status reports of other researchers in the a_=a of

.__c;=± of organic sulfur and individual discussions w__th peers were

useful for a good s_=_ of the project. Enroute zo Tvson's Corner,

Vienna, the project manaBer stopped on August l! and AuBus= i2, 1988, a=

_.o.--_n=ownto meet peers attendinB the Consortium for Coai Li_uefac-.ion

Sci__nce. Par, ici?ated in the ace_ workshop "BicDrocessin=. cf Coals" ac

TTs-_n's Corner from AuBust 15 _o August 18, i988. Enroute to ?,uszon,
Lculsiana, czi!ected soil and wee:herod coal s_.-D-es in _Jir_inia and

Weste_ KentuckT. Also stopped at Oxford, Mississippi, to deliver the

s---.ies=,to _.._._Ward and to review the contents cf the meeEin_s.

Dr. Be,/den and Dr. Zumwait began their tasks on Sep_=_mber l, !9B8.
Cne research assistant was hired on September !, 1988, and is wcrkin B on

Task 3 with Dr. 5oyden. Another research assiszant (her waBes provided

by Louisiana Tech Universit7 as mauzhinB) he,an "_orkinB on the project
.re--ember 8. T'.'ostuden_ workers started work cn Task _ on =ecnember

--_ Dr John Kc'.'le7s_ar -=_ _= "_'cr_.or.= _ ar.o_her 'co,an cn September !9 ........

_ _ and "_s wcrkir._ 'r-=t is included in this -=_crt
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Project Report from 9/15/88-12/15/88

I . KOJEC _ PLA_NNiNG

A corrected l=rojec= =!an with hours demarca-=_ as per the

categories of labor, task, and month for each year of the prcjec-
was -cr_a_-e_ Decemhe _ !2, 1988 Th±s Task sho ,,_; _'---=_er= he

completed.

2 COAL PROCUR_EM.ENT A_ND P._EP._.P_%TION

2.1 Grinding, sieving, and Storage

Mc_= T_linois #6 cca! is being cround (200 mesh) and stcr=_d

under nitrogen. Grinding will continue until several ccunds are

stored for use throuchouu the duration of the c-zjecz.

2.2 .Microbial Pyrite and Sulfate Remove!

. . q

C.,rl.... ,mhe. r-=mcva! cf pyrite, is _ _-,'_-c._..__...So-;=-= _'-='.-=-- =_;-
inoculated w __th Thicbac ___us__ ferrccxldans :- LC FC SC mec:'_-."

(szaccered in two-wee.< cvc'_es) a£i :___-no's #', =--- .....=--";. '-

opera=ton. ---=!!miner? esu!ts have indl _=,=; r..r_ e eczi';e
remcva! "i h _ - " _-gai"w t .baker flasks than w _th zhe aerated, con;ca_

reacucr.

3 A_NALYTIC__L PRCCEDU2ES FCK TOTAL ORG$_Vi_C S_== _z.

3.1 Charzc-.e-_.zation

A!_ =rocedures for de_=_-_'a:icn cf mc _=-ure, __ ," . ......... _ =oh VC" =-" -

ma=-er, :cue _ sulfur, sulfa= = and zvri-= cc-c =_--=-_- =-;

hea_inc value via ASTM me_hcds have been checked '_±::'. cca_
standards for accuracy. When Sub=ask 2.! and 2.2 are ccmpie-ed,
the c_a! w±ll be homogenized and charac-erized. .=.e-
charac=e _4 _ . ........ ":"__zation of the stored coalwi! _ be _erfo_-m.ed =e -_eM_=

to evaluate the effec'-s of prolonged storage. C:a! from Sub=a-ok
2.! & 2.2 (before and after micr:bia! de-pvri'iza=icn) are

cur -=--_y beinq checked for sulfur ccnzen: (AE-.:4 mechcds_ -_

eva!ua-e pyre_tic removal pr=cedures.

3.2 Qua!it7 Assur_nc=-/Control

The QA/CC masze_- -'_'e (c:m.=_a-i-,. cf ana!y-ica i rcc--_'-'---:--"
is a=cuz ccm=_ete and u=cn ccm=ie_-icn wi'" be -c:-.'ar_.ed-- --
Rcw!ey f:r evaluation.
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3.3 Other .'--nal'_i_=_ =--cow'.'-=_

Cca! from Sub,ask 2,1 & 2,2 (befor e and af=er mlzr=h±__'.

de-py-_-_.-=-icn, res.zec-ive!y) at:_ ¢urr.:nu!'! beinq checked _-'or

sulfur ccnzenZ (AS_ A. procedures) fzr evz!uauicn cf _"o pvrl-e

remcva! process (on an as needed has:s).

3.4 _Micrzsczpic ._.alysis

.:.4.!-DS-SZM

EDS-$EM experienced a series cf equl.zmen_ =-_,,_os. The

. =_ to achieve -he bach v-cuum) _-_-_=::vdiffus _:n pump (r:_cui- " . .
_a= ......_ _ed. _s was fi:_=; and zu- "2acx"i,.-t_. s_r"±c==........ T _--_ .-.c',"
_= an =_=_--cnic "cii --_'' v _-'- -==-=' '= "(--

.:.emedla-lzn cf t'-_= --^b'=n_.. _-- .....---"; "-;=-a".. ,
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Project Report for 12/i5/88-3/15/89

i PROJECT PLANNLNG

This Task was completed as cf 12/13/88.

2 COAL PKOCU?_M]_NT AND P._2._N._TION

2.1 Grinding, Sieving, and Storage

Ten pounds of Illinois #6 coal are ground, homogenized and szored

under nitrogen. A.rrangements are being made to procure quantities of
Kentucky .#i!and Pit1:sbur=_ #8 coals. S,,i:_,_"contents are such in the

__iinois ,#5coal (see below) that higher su_'ur c=n=en_s are desired.

2.2 Microbial Pyrite and Sulfate Removal

Treatment of the Illinois #6 coal for pyrite and sulfate removal is

proceeding. Some delay was encountered due to inac'.ive (i.e.old, !ysed,
few viable cells) cultures cf Thiobaci!lus ferrooxidans and Thiobac_fulus

t.hiooxidans. New cultures wet _. ootaine_ from Dr. Stevens at the Univer__iz'/
:-- _CC.of Mississippi as well as ...m .._

The f:_-s:shipment of zvri-e and sulfate :-°o ccai (ap_rox_mat=:y _

grmms) =o Dr. Ward at U.M. Shcu!d occur, _-'-;-the nexz two weeks.
*" underw to increase our treatmen:Design a.nd cznsz.-.Ic-.ionis .... °__f ay

capacizy to remove pv-tibiaand sulfate sulfur. !mmediaze plans will utiliz._
20 liter czntainers anchored tc a recizroca! _ _ ". s,_a.'<e,bed. Each container is

f'11!ledwi-.h _: liters of sen ....,,i_0 grams cf coal, and I z !izers of Lnccu!u__
of the _ "°_ _ _ "_ '__o ....e..t.one.,organ_-_ms. Plans fc. an even lar_er reac-or syszam

are bein_ developed. (see At-azhment r) and =-_ "_' ._:__.... w.tn_n :'_'c
weeks of zhis reDcr-. Desuif"-_-=-:zn _-:the curr=-n: c._a! batch (des_g-=-=-

, --_

,#!00!)is he;-g..,monitor°; _'_:---_a <_ec........:_ _'_spec-.rczho_._metar to ana-

lyze for sulfa_.erelease.

3 ANALYTICAL PROCEDURES FCK TCT.__L CRGANIC SULFUR

3.1 Characze__zation

A typical proximate analyses of the Illinois ,#6under nitrogen szorz_e

before pyrite and sulfate removal is as follows:

Total Sulfur: 3.39 wz% -/- 0.05 wt%

Pyrite SuLfur: 1.59 w_% ./- 0.04 w_%

S_:ifate Sulfur: 0.25 w_% ,/- 0.02 wt%

Organic Sulfur: 1.55 wt% ,/- 0.05 wt%

Mois_:ure: 8.98 w:% _/- 0.09 w:%

Voiat_es: 37.8 wt% -/- 0.6 wz%

Ash: 9.Z6 w:% _/- 0.13 wt%
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These analyses czu!d chs_,ge siigh::y as ;,':_;-'_ ,=_,_ were cznduc-.e£ cn

"" c_a! before i: was ccmpie:e!,7 hcmo_er.ize/. Caloric vziue cf :he coal,

, parzic!e size diszribu_icn, and ultimaze analyses will be deter-mined in "de
he:---fu-ure.

3.2 Quallz7 .:_ssur_nce and C_n_roi

.:I_!cf -he ana!yzical prcc__dures have been -'crwa-/ed to Dr. Row!e,/ for

review. Az:zchments of two approved :rzcedures (as examples) are
included as Azzachmen_ ,.qand Trr. A numbering scheme for each anal',-ic-:_i'

zrccedure has been devised and these -rcc:_dures are being k:_.zzin a
cmnzrz!l file.

3.3

3.& Mi_zsczpic ,_.na!ysis

3.4.! EES-SEM

Work in this ar:,a has been ale'.aTe/-c equicmez: "cr:__<dcw,-._:.
"- _ "" =..... = :-i --cre an-iv!-'/-cwev:_r, csz _f :in_ zr__c:ems ha';: - - :....

_'_= ='':ask should he f:r-.'-.ccmi.-._:" "': f'_'zu.-_..
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A_zac.hmentil

QCUQA PROGRAm,V(
LOLqSL_WA TECH D_RS ITY

DOE COAL BIODE_UIIT/R/ZATION TE_QLr£S:
A.=P_CATION OF $IK.E_ N{ICROORGANISNtS FOR ORGA,VIC

SI/L=URI_/__OVALFROM COAL

DE-AC2_-881:_C_8._4

PROCEDLrR.EDESI(3NATION T?-00!,Rey.0: P_0_edurefor Adiaba_i& ......

r._ln_.._mpea,.

EEVIEW DATE '4a¥_mber 29, [988_

R.EV_W'ER. ,JohnC. Rowlev

CONC,,ZE_._q'S

DISPOSITION

,/

.<gPRO_ ___/____ DISAPPROVED

:LPPROVED COND[TIONAIi.Y

CONDgTIONS TO BE MET FOR A2PP.OVAJ.

No_: _-eetv_o anr_suooest_dnumberI d_sianatorsys1:em.
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7P-;30_, Roy.0
_tovem_er _'.., "9a8

Atzac,hmen= li CCan:inued) P_ge _ of 3

A

Read and understand A3_'I_, P'.acsdu:s D i0i5-77.

Turn on water supply made= counter.

Turn on ware= heata=, water cooler, disti!!ed ware= tang, taste=

::nt=oller, and calorimeter.

Se_ _ure_ s=_pcock _o di.-ac: water through bu=at. _.e su:_ hat and c=--
water Lights cycle even when the _ank _empera_u:e stabili=es. (S sec_nds;'cyc!e
see page 6 o_ Manual No. 156).

L,=adin_, 3omb.

Place .oreigni_-ad stainless steel c.-:clble on balance and :are weight.

Place sample pellet in c.--'cibleand note weight.

Install i0 c.uof a_,_.,_ wire on the bomb head e!ec*..-odesas shc',_ on oa_

5 of opera,ions manual.

_ c_cib!e in ring wi_h the wita- in c_n_a¢= wi-.h sa_.le..ac_

Pipet I mi of distilled water into boc'_-m of bomb.

_at top on bomb, hand tighten ring and _icse valve.

Attach cx'!gen line := bomb and prassuri:e t= !0 arm.

Release prassur-- in line wi'.h toggle and .-zuove ....a.

Place bomb in corresponding bucket and ...,.;. bucket wi:h l_O0 _ of
distilled water from buret.

Open calorimeter by =aisinE thermome--er (pull black ball) and releasing

(pull black ball and lift) cover and slide to .-isht.

Place filled bucket in opening and at'.achwires to elec--=odes. Close
cove_ and lower thermometers.

$ _andardizat ion

Load bomb wi_h benzoic acid pellet and place in calorimeter. Se_ _g!e
r_itches on Master Controller c_ Ref., Stand., and BTU/Ib.

P-.ass reset, then star', and respond to lights.

CAL. :D. requires a number for _he bomb and bucket c_mbina_ion--! or i.

SA.H_L/. ID is a number for this _-_n.
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TP-0(]L, _e,/.3

Novemcer '.:, ':.

Atzac}'_ent Ii (Ccn:±m_ed) Page 2 of 3

SAH_!/ W'T. is _.5e welght in g.-_s of benzoic acid.

Masse." C_ntrol!er will now conduc'. %he "_es_ and _ive a pre!iminar7 .'_c.-'..

.ease _heAf'_a."the .-'epor-.is t)_intad, remove r.habomb and slowly re _

._essure. Cpen the bomb and rinse the inside with mmthTi red solution into a.
_er.

Ti_.-ata this so_utlon till the red colo.-_isappears.

Mul'-ipl7 _he m!. used by _O _o get acl! cor,ec'.ion.

Measure the length of unburned wire on _he _ar!. This is the wire
co_.-.:ec-.!on.

Press Samgle ID, its numeral, and Enter.

Enter =ha acid and wire corzmc'.ion an/ -eceiva =he fi.nai re,or% which

contains the enerzy equivalen=.

Average ten energy equiva!en_ .-_ns for each bomb and bucka _- czmbinazi-_n.
.--"..e s_andari ievia=ion of each series must r.o_be z.-eater than 6.5 5TJ/'C (see
_5%Y..D2015 TABLE Xl).

Check s_andar/ization a_ !eas_ once a -onth i-_ the new s_andard value

exceeds old value by : 6 BTU/'C, see ASTY..D_i- c :.ec.9.

_.npu_ _he average of the energy equiva:en_ ._cr each bomb and hucke _-
czm=ina_ion by pressln_ _, O, Lnter; the nu=Der ."ou se!ec-.ad =or.the bomb and
':ucxec combination, Lnter; and _he corr_spondinB energy equivalent.

._."_-.nin_a _.a.-_ole

Use _he pe!!e_ press _o make a coal _eL'_et _rom i _ram c._ coal, and !ca/
_he bomb as previously described.

Set the toggle switches to Ref., Def. and BTU/!b.

_ress reset and s_a_.

Respond _o lishts - CAL. iD and SAM2T..2.",_IG_-T..

After preliminary repot'- is prin_ed, open bomb, ti'..-a_econ_en= and
measure wire.

Press SAM2r-_" _.D, enter iD NO. and .-espond to li_hts with fuse correc--icn.

% sulfur of sample, and acid corTec'.ion. Final repot', will _hen prln_.

_'hen ._inished ._or the day, _urn off hea_er, buckeu ::__.n_ sys_z.n,

ca!orime_er and wa_er supply.

Leave Master Can_rol!er on bu_ se_ _.-._cs_.'.!cnswitch to Xan. and _ress

s_ar'. _o go _o standby s_a_us.
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QC./QAPROGRAM
LOUISIA_A TE_-_bqNIVERSr_'£'Y

DOE COAL BIODESULz"I_.IZATION TE_QUES"
APPLICATION OF SI_I._CI'r:_ MICRCORGAI_SL'_S FOR ORG_C

SLTI.FI_ REMOVAL FROM COAL

DE.AC_.2.88PC_8._4

TEC-L_C._J. PROCEDURE REVIEW FOR_M

PRO__-..DUREDESIGNATION T_-Qn2._v_O: _!r-_ia! Pyr,i,t_and Sulfate .....

o_m_v_! ............

P,.E'V'mWDA'rE Noyembe. 29, 1988 .,......

R..k'V_W'E.R .]o_It!C.,RQ'.Iev

CO_.._N-£"S

D[SPOS I'!'ICN

A.PPROVIED v/ DISAPPROVED

.a_PPROVED CONI) ['I"IONAI.LY

CONDITIONS TO BE _ FOR A.PPROVAJ.

No::: _ ..g't_.. _.,,,o_,. ,,z_-uJ/ _:,,...,,,_,_'s_'._'_ ,'_,v_' f _,,-
....,'../,,.,.,_,_'---__'C- -- " "' ......... _
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,4/_ _, I/,'
At_ac_'_nent Ii! (Cont_nued)

__ / D _ /

MICROBIAL ._f_ITX AND SLr'_AT-. _OVAi

Sampl_s of acid min_ water and pond .-udfrom Madi_nvi!!e, Kan_'-'ck7,

were se= up in shaka f!askas of iSP medium =o sc-een for iron-oxidizin_

and inorganic sulfur utiliza=s. Incubation was at room =emDeratur_ on a

r_ciproca! shakar at i00 shakin_s/min until _he medium showed an oran_e-

brDwn color. .=!m_es of iSP &_ar wera sz.-eaked from the f!askes showin_

=he pressure of i-on-oxidi.-in_ and inorganic sulfur u=i!izers to deter-

mLne the bac'.arial t'/pes. Pla=as o_ ISP a_ar we._ also s=.-eaked di=ec'.iy

from _he aclg mine watar samgles and the p_n ad to detect inorganic

sulfur uti!i:ers.
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Azzachment ili (CcncLuued)

PRCC.ESSL_G_.':'._.TLn CS._ SAMPLES --

k. Sb_ka sa==ies vigorously as in #I, Method i.

i. Can=ri="-'_ethe coAl-watt: s_sp_r_siona: I.G_GX g _or ._=in. C_GO .%

may _!so "_o=k.)

3. A.spi.-aza=r £ac_u= =he r_.me.-na=An=.

A. Rasus=e_c _ha _e!!a= in waua.-an_ =_.... ".. ..A_.=.as in _7, Meuhcd ,

5 " "=_'-. _r_.ns. sample as in _8, Me_hcd r for dr'yin_.

6. T.-_r.s_e--sample _=c anal'/sisas in !Ig,Method r.
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_NV!F_C_!_AL SA_I'.! LNV'LNT_Y

L_uls lama Tech

SAm_ie
Numbt= T'___m S£_a TAken Yrcm

i Sol! Highway L a_ i/_ mile sou=h
of ViviAm at a tAr_ bat'-e:7

smmcm_e a.-'ea(Oil Ci'.y)

Z Soil _/2 mile nowmh of highway !
on hiNhway i a= new tar_

ba==az-I s=:cagm area (Qi _

ci=7)

3 Soil SAme as above _= _==m o1£
bat'-e.':ys==r=_e ar..a (Oil

a Eci" Siu_iBe pi'-on highway _, N--
of Vivian, I mile befora

Cacdo LAke (Oil Ci=y)

5 Liqui! Oil pi_ on the same si'-e as
samg.Yes _-aml 3 (Oil Ci'-7)

o

6 Liquil Same si'.e as samg!e !--

7 Liquid Same site as sam_.le Z

"'-,,_ Same si:a as sample _ - (=il =JUT)

, , ,.,,.,._..: Eame siva aS Sam_e &

10 Liquid Same si_-e as sample =

II Wma_hewed !i_nite Dole_ Hi!! in Mans_ie!d,
La.

IZ Wea_he:e_ li_ni'-a Doieu =.ill in Mansfield,
an4 soi! La.

I_ P.--is_ineii_ni'.e Doie_ Kill mine, .:-i ranKe,
Mansfield, La.

i& Soil Oil seepaBe in Ca!i-_arr.ia
(Ca!i__mrr.ia$_ane

Universi:y, Nor".hsdie)

•,_ Emil F.':cm!.5 pH _mni, Ken_uck'.:



16 We.a_hered coal Near pond in sz_. le 15
--- Andelex

I7 Liquid pH Z.5 pond, _antuc_'7

I_ Liquid pE I.3A pond.,Kantuck7

!g Liquid !/Z mi!a sou=h of 1-70 cn
indiana E'_Z_.Al

l_ Liquid Kanuucky Kw_y. 813 E.xi: _7

Z! Liquid Ac'.ive slur.'-/pond in

ZE Liquid Runoff _ P_aS_dy s==i._ =ize
slur='./

!5 Liquid i/_. mi!a scuuh of Z-70 on
Indiana KwT.. &l

l& Soil Hot Sulf_u-- S._ri.uEs
C_!orado=

l_= Soil Kot Sulfur Sgrin_s
Ca !orado

15 Soil Hoc Su!_-'u:.=.=-.in_s
C_iorzdo

Z7 Soil Hot Su!fu: S.=r_-_$s
Colorado

15 Soll Hot Su.lfuz Sprin_s
Colorzdo

Z9 Soil _ot S_ifur Sprinss
Coiorzdo

30 Soil Pressboard Plan=
(Dr._o_en)

31 Soil Chevron Oil .ReZine-"/,PoT=
Ar'.hur, Texas -- Wes= La_ccn
Cond.ui'-Bank

_ Soil Che,rr._nOil ._e._inery,.=or=
Ar'.hu:, Texas -- f/6 Tar"<
hold
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ATTACHMENT A
APPENDIX II

Project Activity from March 15, 1989 to March 15, 1990
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Project Report for 3/15/89-6/15/89

I PROJECT PLA_NNING

Task Completed.

2 COAL P._OCDq%E.MENT A_ND PR.EP._R._T!ON

2.1 Grinding, Sieving, and S_orage

Additional Illinois coal (from Illinois Geological Su..-'n _.-_ mC-

i01) has been procured, ground to 200 mesh, homogenized, a,,u s:ored

under nitrogen atmosphere. This coal is in addition to what was previously
cn hand from a previous coal shipment. ._,.alyseson the new coal will he

in subsequent report,s.

2.2 Microbial Pyrite and Su/fate Removal

Microbial reac'.ers have been se_. u= for the removal cf pyritic sulfur.

Cultures employed for this purpose include ATCC Thiobaci!lus thiooxida_-.s
and Thicbaciilus ferrooxidans, and a mL_ed environmental cu!:ure ex-rzc-.ad

from a South ._uze._.canmining site, denoted Sero de Pasco. The firsz be:-_

cf "depyritlzed" coal was sent to U. of Mississippi, with apprc._ima_e!y _0%

of the residenz pyrite removed. Addi:icna! shipments will be made as :he
coal becomes available.

3 ._NALYTICAL P._OCEDURXS FOR TOTAL ORGA_NIC SD'LFUR

3.1 Charac:e._.zation

Addiziona! charac:a.-_.zationwill be for'_hczming on :he coal recently

ground and pu_ under nitrogen. These analyses will include a sulfur
bre__kdown, ash, vola_iles, mois=ure, BTU con_ent, and a C:H:N:O br_-akdcwn.

The effec-.scf s:orage on t._iscoai will also be monitored by same above

analyses.

3.2 Quality Assurance and Control

A!l of _he ana!y_ical prcceduro-s have been r_-viewed and accrcve!.. __:"-_"

Dr. Rowley) and incorporated into :he cen_rai file.

3.3

3.4 Microscopic Analysis

3.4.! EDS-SEM

Work involving the use of this technique for _he direc_ analysis cf

organic sulfur in coal is continuing. The mresent ar_.as of emmhasis = °
(1) sample prepare:ion, (2) optimum magnification, and (3) minimized!on cf

the number of required shots. Wi_h respec', to sample pr_parz_icn, "he
traditional 24-hour epoxy moun_ing has been replaced by a pe!le_izz:ion

procedure. A sample of homogenized, 200 mesh coai is c:mpressed under
several _housand psi into an one-half inch diame'.er pellet. The su-"-fac_-

cf the pellet appears "glassy:'_o _he eye and, under magnification, .zrz-
vides a reasonably planer surface _.nwhich C--Tszalline pyrite can be
ident_ied (and therefor-- avoided). A view graph of a representative
surface has been [nc!uded wi_h the areas of pyrite isolated. Kesciu_icn

was iosz when _he view graph is photocopied, however, _he c.--ysza!!ne

pvT.itecan he identified by looking for sigz-sof a c.--/szal!inematrix, e._
szra/gh_ edges, triangular areas, cubics, eK c_-tera.
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Project Report for 6/15/89-9/15/89

i PROJECT P_G

Task Ccm.cleted.

2 COAL PRCCL-R_L%fENT ._ND P.W.EPARATION

Z.l Grinding, Sieving, and S_orage

Of :he approximate 15 ibs of __lincis #6 coal originally ground to -200
mesh and szored under nitrogen, approxima:e!y 6 ibs are sz_! to be deny.-;.'°-

_ed via Tl_iobaci!lus sp. The coals (both _ncis basin coals) being ur/-

)d.zed in the projec: include lots 1002 and 1003 as defL-.ed below:

lot 2,_00Z lot #i00._

Com?onen_ __w_% Deviatlcn -/- __w-% Deviation -/-

Total Su_-f'_Lr 3.72 0.06 4.22 0,!0

._.tic Sulfur pending 0._E 0.01

SuLfate Sulfur 0.27 0.0Z 0.!6 0.0Z

Organic Su/_1_ur(via diff.) pending 3.21 0,I0

•# J.,._,Volati!es 41.S 0.7 =" _ 0._0

_ I 0.19._sh .0.. 0.. !0._i

Mcis1:ure 8.98 0.09 !!._8 0.19

Carbon 64.9! 0.97 =ending

Hydr= gen 4.S2 0.20 cending

Nitrogen 0.7! 0.0! pen '_cing

Oxygen ('_.adiff.) pending pending

Heating Value (BTU/!b_) !1,950 -.8 "1,!45 _8

2.2 Microbial Pyrite and Sulfate Removal

The microbial !eachin_ of pvri:e _via -.hlcbaci!!us sp.) from ccai /c:

!00Z is via a se._.es of 5 gallon reac-crs (2 w:% slur-./). Each differen:
bat:oh is denoted as 1002A, 100ZB, et cetera. Because of zhe smaller

batches, final ultimace aJ:d proximate analyses will no_ be per.formed ,until

the coal is _reated, recombined, and homogenized. However, the reac-.or

used for depyritizi_g coal 1oi:1003 is approximately 50 gallons and can _r_-a:

up to i0 !hs of coal per batch (a _yp.ical batch las_ing anywhere from 2 :c
3 weeks). The large size of the 100_ batches allows the ec=nomic (u!_-
mate/proximate) analyses of each reac-or voiume or t.hrcughput.

Some of 1002 coal was left on an ex:ra week (batch 100ZA) to remove

essenr.iaily all of the pyrite. This czal is for use as one of _he szar.dar/s
for EDS/SEM analyses. As a result of cza! i00ZA being used in this man-
ner, corr.obora_ive ultimate/proximate analyses of _his c=al was sougn_

_d_rough a commercial laboratory (copies included), The analyses of :0OZ.'-.
were as follows (moiszure. free):
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Cur Anaiyses: Commercial Teszing LAP.:
lot _!002A lot #1002A

w-.% Deviation -/- "w_% Dev_-ati°n "/"
Cc=?cnen_ ___ ----

_5 0 02 7.46 0,i0Total Sulfur .-

=,_-_,_c Sulfur 0.09 0.01 0.05 0.05

Su.].fate Sulfur 0.i7 0.01 0.18 0.02

Organic Su/-_ur (via diff.) 2._9 0,04 2.23 0.17

Volaci!es 37.72 0.3 ............

Ash _.9! 0.09 9.14 0.30

Mois:ure _..90 0.09 2.97

Carbon 68,78 pending 68.T8 0.30

Hydrogen 4.77 .-.endLng 4.77 0.07

Nixro gen I.49 pendir,g i.49 0.05

OXTgen (via diff.) .3.,6 pendLng !3,!6

'.qeacingValue (BTU/!b_) 11,902 !3 .............

3 ANALYT.IC_-L PRCCEDSq_-ES FCR T@T-_-L CRG$,NIC SL-LFL_

3.! Charac "-e-_-zaticn

Much cf the coal cha.-zc-.erizaticnis inc!uded Ln _he above sec-.icns.

However, eric=her experimen: which was cf :.n=ereszwi=h respec- to suLk'at

analyses was the= of c!eznin_ (or no= c!ezning) the cza! after "-°_"='"
wi=h Thiobaci_us sp. for .z'r:.i:eremove!. There was some concern by :his

:earn -ha_ micrccr==zn isms =_/herin==to :he .our-faceof zhe czal c_uld czn:aln
_°,-_ _ =,_:.,_"(c =erhaps :nc!usicn hcdles) which, de?ending on Zhe

__n.....a_ ...... r . :u!d a:-'=_'-:he sulfur analyses, rn juiy:s
de_ree -'e .ca_ was washed, z ....
re?c:"- several coai washin.= .zrocedures were presen:ed, inc!udin== u!=rzscnic
_oan_-= -_o uizrzsonic _io=-_,= was "eszed and -.he resul_s are _abu!a:ed

below:

Kesulus of Ultrasonic Clez_-2-_

Suif',.=" Con=en= Mois:ure Sulfur Con=e=:

(We_.,mass %) (mass %) (Dry, mass %)

Before Washing 2._0 " 0.06 4.Z0 - 0.23 2.T! _ 0.06

A._ter Washing 2.33 - 0.03 "5._2 - 0.55 2.79 - 0.03

_ased cn t_is procedure (and the fac-.thac the cza! was so ti_roughi7

washed), we detec-e'd no iiscerT.abie dlffer=-nc-=becween washed and
unwashed c:al wizh respec'. _o sulfur analyses.

3.2 Qua!icy Assurance and Control

.__lof the ana!y-.iczi zrccedures have been reviewed and approved <by

Dr. _owley) and incorporated in=o the cen_.rz!file.

44



3.4 Mi_osc=pic A.naJ.7_is

2.4.1 EDS- SZ."4

........ -'.4 .::- r.cni-cr!-_'dcri<"_:-'--o_=ec= =_ :he use _: --o -C_ -=-_ _:

cr_zr.ic sulfur ccncen: in micrcbizil': :r_-azad ccais Ls c=nzin,ui.ng. Cur-
ten:iF, _nois #6 cza! sza.zdards (wi-h va_-/Ln_ de_ro.es c; sulfur czn-

tent) are being Lncorp-cr&ced into a sz_.ndard !hra.--I. S_a.ndards are

.....=t-.tarsal by removing essentially _ cf :he resident :v_.'.-.e.-_--.m:he ccai
via :he use cf Thiohaci_u9 sp. and :bus cL--.umvencLng any prmhlems

associated wi:h the possibie presence cf mi_=-py_.'.-e, Coai sample IOOZA
is one of _-he coals to he used as a szandar_-. I

The szzndard analysis technique i-_ z k.-.cwn (el-hough nc_ necessar-

_7 widely [<.-.owncr aczepcsd) wzy "hrzugh which :he resui:s from z

zar-.ic'_!a.-coal EDS-_E:4 -._-'_........, ac-.c:m=ared. _w4-_._..szec'.r&,cf "-.c.c'w-'..
. . :_.ncwr..andorEzr.ic sulfur czncencs, _ sza:iszical czmua---scn between c.he '

un.k.ncwn speczra de_a.--mLnes _he cr_'.ic su_ur ccm_:e=c _cr _he unk.-cwn

sample. The closer :he unknown cr_.-_:c su!._urc:n:en: :c :ha: of C'.e
_brz_-I szzr'.dard,t_'e., mcr _.accura:e "_'*...._na!ysis. c..;.-o._. ,.,,,,,_,',.,_-
Warren S_ra._zhei_ (who did ccnsiderzhle work wi:h :_is :echnicue _- his

Ph.D, s:udies) az :he rec-ont P_-.-.sbu.-_hc:nferenc_ has helped ccnsider-

ahiy, " " " . --pa__.cu_,ar:7 wi:h wcrlcin_ cu: _vs:a_-n_ugs." "_e szandard _naly-
sis w_ he _hzc used in cznjunc-.izn w_.:h AST:4 zrccedur_-s :c astern.a/.-.

cha.n_es k-.crz_nic sulfur ccnzen_s as a r_.su!:cf -he use cf
env__-cnmenza! iscla:es.
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COMMERCIAL TESTING & ENGINEERING CO.
G_NERAL, _F!IC3S. '_19 _I.J'I'H HIGMI,_NO AV_.. SUIT_ 2i0-8, "OMSAFIO. IL'.,INCIS _O148 • I:31=} g_3-g_CO

,,_;I '_N_l Mlmott OI Inl SG5 _/QUD IS¢¢l _eneqlll de SuP_emtln¢ll

_._SE AOORES$ ALL CC_ESPC:_CE._aC_ ,'C
_epte_e: 2, 1989 _t :AMES:_vS 'NES':._. =¢SE,_ ::oa:

TULEP*CNE: :'.0_ _7.S9_

P. 0. 50X 10348
RUSTON L_ 71272 _;Luple idenCificatiou by
BRUCZ H. BOYDLN LA. TZCE

P.O. 12_11!

Lind.of sample 32-4111 _OE COAL PROJECT
repot_ed to u_ SU_/TTZD $A/_LZ

Sample taken at _U_TON, .LA.

Sample taken by LTNE_OVN

DaCe sampled .....

Date received Augus_ 23, 1989

Enalysis &epoch: No. 89-_4726

_s _eceived D_7,Basis

Noisture 2.97 ._-u_.x
Carbon 66.74 63.78

_ydro_en 4.63 4.77
Nitrogen !.45 !.49
Sulfur 2.39 2.46

ksh 8.87 9.14

Oxygen (d/ff) 12.95 13.36
100.00 100.00

BCull.b rxxxx ru_x_ _ :oo=x

;=eSOeC':_illy suoml_te_,
C_MME._C:AL TESTING &'¢.NGINE=RINGC_,

_anaqer. St. _ou La_ota;orv

CVER _0 _F_ANCH_.ASCRATORIESSTRATEGICALLYLCCATEOIN _qlNC:PAI. C_AL ,MININGARF.a_S.
_CEWATER ANO GREAT tAKES _CRT$. AN0 RIVERLOACING FAC;LJTIES

Cnqlnal Copy 'Natetmart_e 46 :'otectlon



I • _

COMMERCIAL TESTING & ENGINEERING CO.
GIN|RAt,.,, QFImlCI_S;lglg SOU'I�-t MIGHL,.ANOAVI_..SUi'_ 210,.t.t.,,_MIBARO. II.L,INCIS 601.¢,1• (012) g6,3-Q:300

...........

_,,,.cl . .,I,oe MtmoqN'ot _fle,,_S Group_h ?._,wI.m_e$_)

P=L,_SEACORES,SALL CCRI=IESP,'JNCEP4C_.TC:
'51 ;,UdES _IVE WEST, ST. _CSE, _ :'0C87

T1ELE_:,_1_ _ Ul

_epte_be.," !6, 1989

LOUISIANA -r , ---,_.CH UNIVERSe,.
P. O. BOX 10348

RUSTON LA 71272

RE: SUBMITTED SA_.PLE IDE_rrlFIZD AS 32-4111 DOE COAL PROJECT

P. O. NO. 12,-9111
SGS/CTE FILE: 89-54726

SULFUR FO_S - ASTM D 2492 PRECISION

As _a_e_':ed _r? Bas:_ L_boritc_y 5abor_c:7

?YR:TIZ ........ O 9= _ _c

Coal, under 2% .................... 9.95 0.30
Coa _. :';e: 1% ..................... 0.10 0.40

% SULFAT: ........ O.'" 3.1_ 0.32 0.04

% OKG ''" '......

% _ULFUR ......... 2.39 2.46

SGS/COMMERCIA5 ,ESTING & ENGINEER:NG C0.



tli$/ COMMERCIAL TESTING & ENGINEERING CO.
GI|NIRAL (_FPlCZS; Igle SOUTH HIGPtL.ANO AVE.. SUITI 210-a, I.OMIBARO, ILLINOIS _1d.8 * (312) g63-g300

I _

=._.¢t ,_¢I MemtMit of Ule SGS _touo i_¢mUl _ _ S_la.cml

P,¢.KASEA_0RES_ALLCCRI_ESPCNCF__C_7C:
151,;AMESDRIVE'NEST,.ST..:_CS¢'..A7_.87

TEL_PHCNE:1504)_67-'.J_._

September 16, 1989

LOUISIANA TECH UNi_IERSITY

P. O. BOX 10348

RUSTON Li 71272

RE: _UBMiTT_D SAMPLE IDENTIFIED AS 32-4111 DOE COAL PROJECT

P. O. NO. 12-9111

SGS/CTE FILE: 89-54726

ULTIMATE ANALYSIS - _$TM D 3176, TABLE 3 PRECISION

PERMISSIBLE DIFFERENCES, %

ULY_HATE ANALYSIS Same 9ifferen:

As Re..._o"tee"D,'-.Basl:'- Laboratory. Labor,tot'!.

H_iZTURZ ....... 2.97 :<xz_:¢ ........

% CA£BOH ......... 66.74 _8.78 0.30 ....
% _'/DROGE:; ....... 4.63 4.77 0.97 ....

;IIT_GGE:; ....... !.45 1.49 0.05 ....
_ULFU_ ......... 2._? 2.46 ........

C_al, unde: 2% .................... 0.05 0.i_

"_a'. =':e: !% ..................... 0.i0 0.20

ASH ............ 8._7 9.14

_4o carbona:es present ............. 0.20 0._0
0.30 0.50Carbonates present ................

. 2% ' 00CoaJs wi_h mot a than i ash ...... 0.50 ..

contamning carbonates and

pyrites
% OXYGEn! (DiFF)... _!2.._._9_ .._3._..!§

I00.00 iO0.O0

SGS/COMMERCIAL TESTII!G _ ZNGINEZRING CO.

,_obert _. _ephens, S_.._ose Branch H.;:.

P._cD

OVER _0 BRANCH t.ABOR._TORI_S _I'RATEGIC_ 48" "'"_.D IN _RINC:PAL COAL MINING A.ClF.A_.TIDEWATERANDGREATLAKES ) RIVERLOAOINGFAC:UTIES
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I I I IIII ,,, I_" ,,

Lo_IBa_ch Numbers

1003 1003A Z003(A&B)
L I I III II Ill I ||1 III I I IIII ....'l_ I I IIIII

I

_-.i_ s_:_z,=Io.96 o.o! 1o.!3 Io._ i I J

s_,_ s_,_=Io.la 0.02 Io.oo to.o! I

vol_:_. 151.! o.._ 13_.95to.!_ {
_h lzosl o!9 18a6 foal I l
Moil==, I!_-._8 Io._-9 I_.2._a1o.__4I t t

-:y_:o,e_ Is._-2 to.o7 t_.._ io.o: l I (
Ni::-=_._ I_.._9 !o.o'. i_-.33 to.o-" I I J

ference) i I

•.%11 W -=.__ _ =_-ecn a moiszur ° =-oo basis.

25 ta.ndar/ /e_.a_icn.

_-.Nctana!yzed.

3.1 Quaiity .__ssurance and Conr,-ol

All of the analyzical procedures have been previously approved by :he

Quality ._ssurance Officer, Dr. John Rowley. Moreover, to assure con_=uec

acu'urKcy of az_aly_icalresults, periodic analysis have been routinely fa-_med
ouz to other labs for verifica_.ion. Two such labcr_tor_-es included Commer-

cial Tes_/mg & Engineer4mg Co. of St.. Rose, LA (used r=ur/.ne!y for ultimates)

a_d Guelph Chemical Laborz_ories L_d. of Cn_ar4-c, Canada. To date cur
Ln-hcuse analyses have been well wi_.hin accept-able in_er-labor_=ory da:a

reporting.

3.3

3.4,Microscopic Amalysis

Studies du_,ng t.hisquau-'.erhave czncentr_ed cn developing and
using a szandardless analysis (as opposed to a sza_ndard analysis) to moni-

tor organic sulfur removal. The coals h use, two ZL;lincis_6 coals !OO2 &
1003, have been cleaned of p.vr4.-tezo where _ha_ remaining cznszi_u_es

approximately 0.I0 percent by weight; .-esiden_suifate ranges from 0.'0 z_.
0.!0 percent. This translates (via the di/'ferenceformula) into an or_-r-c
sulfur czn_en_ of ca. 2.5 to 3.0 w_%.
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Because of the special nature of our czais, the EDS-SE:4 standard

az_alysis (as deineated Ln the !terature) was considered :co laborious (ccn-
sider__n_ the number of samples involved) and perhaps not _.heoptimum

rou1:e to pursue or dupiicate. A szandard!ess ana/ysis cn the or.her hand

offered more P.exibility. T.his procedure however for c_a_ sulfur analysis

. s.=.-_.c=.._ pro .....has yet t_ be deve!oned; tc :.hisend, we have made _="_:: "_ gr.°_-

Extensive -DS-S_M analyses have been made cn cca! i002, before (-i_-

u.re !) and a_ter pyrite remov_ (FiEure 2). L-.Figure i _w_ analyses are

presented from left tc ._._h'.,down the page, by decreasin_ ma_.n/.ficzticns.
._STM fatal su!f'_r analyses are reflec-.ed m each plot by ".he szrzigh-. _ine.

The average perzent sulfur and standard deviation for each magnificat/on is

presented in =inebottom plot. .__sexpec-ed, =he average de,/.ation dec.-=.=-.sad

prouc_ionaily wi_h decreased _ "_-=':. mag.u ......on. One would ex=ec-, the aver=__e
sulfur concentration to he more of an "average:' as the area of excltar/cn is

i,ncreased. In the szot mode, where the area cf excite=ion is small (or -.he

• -o=--;_-=_ lar==er de-r.a:icns :n S czncen-.ra-r_sZer of the elec'.rcn beam :s .......... ,,
• .

ticn were expec-.ed and :n_s was -o_ - " exzer_en==_v. As more cf :he
coal surlace (i.e.vciume) is L-.c_.udedin :he _naiysis, -he S average shows

less tendenc7 tc va_--I drzszic=_--!7.

Each cf :he _lcts in Fi_'_.-ei is czmccsed of !5 shc_s. This number
was random in choice, however, a sza_iszlz=-ianalysis (szucen:s t-'.esz)is

. _czsc-,_rr.en_lyunder_ay to minimize the nu__cer cf recuired s_ a_. each =ag-
_ica_icn to f=___!wit._in aczepted AETM [eveis a: a 9=.%cznf'dence !eve!.

The apparent, almost !near, :rend (in :he bcz-.cm mcsz zlc_) cf increasin_
s_ur concentration wi:h de:-===:-_ r.ag-:::'='!cn is aisc '.-ein_fur-.her
eiucida=ed.

m m "_

F!==u.-=_Z consists cf :he EbE-EZ>_ _hc:s -: "_ same -_:e_ia_:---r..z.cl"=

removal. Additional pio=s were inciuded "= auzhen=icaze a.-_=aren=:unca_.-.en-
:a! behavior or anomalies. -or instance in :he .-:=_'.=.._mcs: bc=-om .nic_

(average % sulfur and szandarl deviation as a .runt=ion cf =a_-_-ifica=ic"_

_here appea-_=-d _o be a _rend from 220X _o 70X in _he fcrm cf decreasL_
sulfur concentration with decreasing ma_ni:'icar/on. However, fu_--_heri--.ve-_-

riga=ion (i.e.additional shots) revealed no such hehav%or. P!o_s c=n=ai.-.in_

]us_: 5 point.s are other examples of romans a= pa_,-_icularmagnifications.

._l_.hou_h the causes and effec'.s are by no means fi.-z_!yestablished
(or for that matter, the deductions and hypotheses ccn,.pcsed),what _=" -e

said of the data in Figures I and 2 _o da=e is t_is:

: .As ex=eczed, _here is less standard devia_icn ("dri_:t"_ you wil
in the data as the magnification _s decreasee cr -he volume [cf

czai] of excitation is increased.

ii. The optimum ma_rifica=icn (a: the .N_;schcsan) seems :o be ar-.un_
3Z0X.
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;'_i.The mesa aprcucs .N_Is,although origLnai!y czm_csed frz_ !00 - %C
- %H - %0 - %N - %mois:ur _- (scmetimes) cr _-_.csee!eme.-._aw_!¢h

-'-S ca._-_.o_de_.ac"- wit_bout:a special winciow, seem to czr:-.__s.zczd

=izsely wiz.h _.heperz_n_ ash (see coal analyses). Eowever, :-.isis

a.-.early suppcsiZicn.

iv. Ea.-!7 Lndica_icns ccnf---m _ha _- :he szandard!ess analysis i___-
-r.ahie aiterT.a_iv_ to the s:andard a,_a!ysis for :._is :?-9.-e"- _"':"-

analysis in cza!.

F_-ur. dir_-c-.ionscf ex-e._.men:a_icn wi:.h _he -_ :.nc!uie the .:z_zwln_

ccnce.--r._:
• .._

!. "cmple_.a shcc_:-._ of cza!s !002 a_d !00_(A&_) and/cr iOO.'-A:- -:--.
_:.:alc_cus fashion as was dcne wir-h coals !0OZ and !002.__

_.:" .-'_-.aiyzeres'_i-- z.:"zc_h cza!s z: ie:e-"tn-_ne 'c:_':--.um_ _-.-_n:_:"'za--=
:ion(s) cr ccrr_-c'-icn-ac:crs az any magr_=icz:icn.

::: Zc=:[e_.a sza:is:izai ana!vses :z mL-_i_ni=e.-.u=.hercf shcz- -.:

achieve a defendab_-e (and r_-vrzciucihle)!eve! cf ac--'-'rzc'i.

iv. C':_-_i.-.mcr _- de:=- far the se;.ec-icn cf apr=._cs .N-v's.

v. -_-.aivzeL-z.-.czn'.enz ia'.a:perhaps, _z hack cu- r_sidenz .:.i-a
:zz.cen_rzzicn?

":i. -e=_-. -=uz_-e-7 _'sinx:he zechnique/przc_-iur °-in :a-nde-_ "_':'"

-.=TM pr=ceiur°--_ zn ;.nvenz:ri__dczais hein_ '_sad := :as .......

:r_anic sulfur -_.__cvai.
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:It COMMERCIAL TESTING & ENGINEERING CO.
GENEFIAL OFfiCe.S. 1919 SOUTH MIGP_L.ANO ,.%VE.. SUITE 210-_, LCMSARO. ILLINOIS 60148 * (312} 953-93C0

•. - Memoer Ol me 533 ,_rGu;3_Scc=eteGe_ermece ._ur'_e.Jancal

PL=ASE ACDRESS ALL CCF,_E._FC,_JCE,_JCE TO:

J&2.'13:'; _ 3 _90 :.¢; JAMES DRIVE WEST. ST. =CSE. _ 7C087. , TELEPHONE, _SC,t_._67-._522

> TEL.E;(: -_0135 CTE Ul

LCUZ_II;I_ TECH UN'VE,ISITY .=AX:(=.C-)_4-;_20
P. O. BOX 10348

RUSTON LA 71272 Sample identificaticn by
LA. TZCH.

SA],!PLEIDENTIFIED AS" lO02BCD

Kind of sample COAL - SUSHITTED SAICPLE

re_orted to us

Sample take_ at UNKNOWN

Sample taken by UNKNOWN

Date sam;led

Date received January 2, !990

Analysis leport No. 39-57]90

% N_.-.,,.,E:i<DEY 5"..:-:- = .-'.2

_esoecffully 5uom=ttl_.
CCMME_C:AL TE._T',NG &'E;"JG;NE--.=ING C3

Manager. St. _ose Laooracory

OVER 40 SRANCH LABORATORIES STRATEGICAL.I V ' -'"'""'3 IN PRINCIPAL COAL MINING AREAS.
TIDEWATER AND GREAT LAKES ;=(3R'_ 54 tER LOADING FACILITIES

Cr_qlnal Cc.cv ',',/a{ermar,_ea ;_r Ycur =,otec:'.on



_a__ COMMERCIAL TESTING & ENGINEERING CO.
GENERAL OFt=ICeS. 1919 SOUTH HIGP,IL.ANO AVE.. SUITE 210-B. t,.OMBARO. ILLINOIS 6014,8 = (31;1 953-9300

", , " • ,Memoer ot :f_e SG3 Grcuo {Soc:e_eGenef_=ecl SuP_emance)

PL=._SE ADCF:iESS ALL CCRAESPCNCENCE TO:

-- --- _9.0Jc,..U_.. z " _ _ c_ 15! JAMES C,_IVE 'NEST. ST, _CSE. _ 7C087- ' TELEPHONE: _.¢(_4_467.-3522

• I"EL_-'X:460135 CT¢. !JI

LOUISIA;I;,TECH UNIVE2SITY _AX:(so4!.=_;'z2o
?. O. BGX 10348

RUSTON 5i 71272 Sample identific._tiou by
LA. TZCH.

SA_ZPLE IDENTIFIZD AS" IOO2AB

Kind of sample COAL - SUBI,!ITTEDSAMPLE

reported to us

Sample taken at UNKNOWN

Sample taken by UNKNOWN

Date s__1-___ed

Date received January 2, !990

Analysis Report No. 39-_7_9!

% C"'-_," " = 6% 9&:._:_J (DRY BASI_,
i

% HYDKCGEZI (DRY BIS-_ = 4._

% NIT_CGEN (DRY BAS-_ = 1.2_

_esoecffullv suomtllea,
CCMME_C:AL TESTING A'ENG;NEE.=JNG CC

Manager. St. Nose _,ccratory

OVER ,tO BRANCH LABORATORIES STRATEGICAL' ...... '3 IN PRINC;PAL COAL MINING AREAS.

_DEWATER AND GREAT LAKES POR --_ 'ER LOADING FACILITIES

C_ngmm C,_=y Wacermarkea For "cur _=,c:ec'_cr,



Project Report for 12/15/89-3/15/90

TASK 1 Project Planning

Task complete.

TASK 2 Coal Procurement and Preparation

2.! Grinding, Sieving, and Storage

Task complete.

Furore: We have ordered 20 pounds of Illinois ,#6 (IBC-101). Half of this
coal will be homogenized, ground to pass through a #200 sieve, and
rehomogenized, l_ivepounds each Mll be ground to .30/0 and
100/0.

2.2 Microbial Pyrite and Sulfate Removal

Task comolete.

The removal of pyritic sulfur from Illinois #6 and the Freepor: coal is
comeleted.

Dep.v'ritizedCoal Available:

Illinois #6 (IBC 101)

1002E (Freeport) 2270_.
1003AB (Illinois #6) ........ 2._60g

minus 300 g to David Boron DOE
minus 300 _ to John Kiibane IGT

Furore: Depyridzed coal will be available as batch removal continues.

1. The large reactor will be started with 200/0 coaI. This batch
should be available by April 30, 1990.

We will run a mass balance with a degeneraLion carve while
monitoring pH, temperature, and bacteria count.

2. Efforts to optimize the batch reac:ion should generate addinonal
depyritized coal. The resultant coal by-product may vary in grain
size. Two small (5 gal.) reactors have been construc:ed to tes_
reactor conditions. The _st two runs of these smalI reactors (st)
will be used to compare the efficient/of reactor sizes.

sr 1 Duplicate large reactor run discussed above.

st2 Control run without bacteria to evaluate oxidation of coal
matrix. The next runs will be used to evaluate the effects of
coal size on the eificien_ oi depyritiza_ion.
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TASK3 Analytical Procedures for Total Organic Sulfur

3.1 Characterization

Analyses of the stock and depyritize coal are included in Table 1. Further
analyses of the most recently treated coal (1002E) await the return of carbon
analysis from the commercial laboratory. These analyses will be available
for the next report. All treated coals are stored under nitrogen.

3.2 Qualiv ctasurance and Control

• che,.., in house accurac/asWe continue to run multiple samNes to ""
prescribed by Quality. ,_surance Officer, Dr. John Rowley. ,Moreover, to

assure continued accuracy of analytical results, periodic analysis have beenroutinely farmed out to othe, labs for verification. To date, our in house
analyses have been well within acceptable inter-laborator7 data reporting.
Commercial analyses of carbon, hydrogen, and nitrogen are inc!uded in
Appendix A.

_.4 Microscope Analysis

We finished basic data coiiection with the SEM/EDS system this last
auar_er..Most of our efforts have been dedicated to statistical analysis of
these data. Our flu'stconcern was to find a s_atistical measure that fit the
distribution of our data. We analyzed the data for normal, lognormal,
truncated lognorrnal, maximum-minimum umform, and standard uniform
distribution. The result of these analyses for the _o end points and a
middle value are included in Table 2. We used a Kolomo_orov-Smirnov
K-S) test to evaluate the fit of each of our data sets to these dis;ributions
Table 2). Our data is best described as having a normal or !o2normal

distribution. Normal and lo_ormal plots of spot mode and ?()0Xare
included in Figure 1.

Once we had a reasonable representation oi our data distribution, we we:-_.
able to ask how many samples were necessary to predict the mean with a 95

. . . .r ,m I! I!

percent certmnty to fall w_thmASTM toleranc,.s. We ran student t test on
each distribution. Again the results for spot mode, 100X and 30X are
reported (Table 3). These analyses suggest that four to five spectra should
predict the mean within ASTM tolerances as long as we keep the
magnification at or below 100X (Fibre 2).
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Table I. Batch Analyses of Micr,obiA DepyridzM Cod

I 1002 IOOZA lOOZ{_&C) 1002(_,:_) 1002_

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

.......................... ....--.. ...... ........ ...... ....,..................'......,........_ "''*'°

(via difference) t

I Volatiles 41.5 0.7 37.72 0.3 NAJ NA CO._O -.I_ l

l _sn 10.2 0.1 S._I 0.09 _ _A 7.02 ._3 ]
I

_is:ure _.98 0.09 2.90 0.09 Z_.Z_ O.1 12.5_ ._5 1

Car_,_n _q, 18 0.97 6,<I.78 0.3 WA _A 6_. _9 _,3

•...,w..--..._ _,I' ......

_ydrogen 5.0] 0.2 _.7"7' 0.07 NA _A 4.43 0.07

Nitrogen 1.51 0.01 1._9 0.05 NA NA 1._2 0,05

_..L_l......

Oxygen (via difference) 10.36 1.34 13.20 0.53 MA HA 1_.94 0.57

Hea(_ng Value, 13,129 53 11,902 13 _A MA 11,_X_S 60

_TU/Lb_

I == l=IllI==I==IllI =I==l===1 = =I= ==I==II===_====I =I = = == = = == = = == =1

1
_LL wt= are on I ,_oisture free basis.

2S=ar_ard oeviation.

3_ot analyzed.
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I

TableI(cont'd)BatchAn_lys_sofN[ic:'.obinlDepvddz_ Co_

LoC/hcc_ W_rs

I00_ 1003A 100_(_&_) 1004 1004_

w_ I SO2 wt_ SO w¢_ I SO w_ SO w¢_ SO

..................... .... . .....°.. ...... ........ ...... ........}....°. ...-.... ...°.. .......° ......

Total Sulfur &,22 0.10 3.22 0.03 3._& IZ_.37 2.79 _,05 1.07 Z.02
I

Pyri:ic Sulfur 0.96 0.01 0,13 0.01 0.130 _.'_.:P._ I.Z5 .*,03 ,25 .+'03
I

i
Sulfa:e Sulfur 0.18 0.02 0,C9 0.01 0.117 I0.C02 0.554 Z.03 ._17 IZ.009

Or;anic Sulfur 3.08 0.10 3.3_ 0.05 3.39 _.19 O.&_= :.:X ._O I Z.C5

(via :ifference) ]
, j

,<_ _

! I
'Voia:iles "¢I.......I 0.5 3_,9_ 0.13 '_ _ i Z...._ _0.39 I :.15 _5.07 I * _

xs_ _0,_1 0.19 8._ 0.31 5._5 ! ,39 -!5._7 -.;8 12._9 -._

;

I
Car:on 89.00 0.3 6_1._SI 0.3 _<1.9_ ;.3 ,"3.57 ._ 7_.97 ._0

Hycr:_en 5.12 0.07 _.59 ] 0.07 _.50 0,07 _._ .07 _._4 .07

I
Wi:rogen 1._9 0.05" 1.33 I O.OS 1._ 0.05 1,30 .05 1.39 .05

I
Oxygen (via difference) 9.66 0.71 13._4 I 0.76 15.02 0._a 2._ 1._s 5.s_ .s8

____ ___ _____1_--_ 1.....
1 I

Heating Value, 12,6,47 6_ 11,732 ] 537 11,599 1_9 12,962 I Z52 "13,_60 _9

a_u/_b. I I
I I

1ALl w¢_ are on a ,_oisture free basis.

23tanclard deviation.

3Mo¢ analyze¢l.

"Conf4rmed.

59



I

Table 2. Statistical Tes_ of Best Fit of SEM/EDS Data

A. Spot Mode

Truncated Mm_like Sam,pdata
Normal Lognormal LognormaI Uniform Unitorm

Mean 3.4687 3.42,30 0.0,355 3.6a00 3.-*687
Variance 0..3470 0.0282 0.0.303
Stand. Dev. 0.5890 0.1680 0.!741
Range 2.3314 2.0405
K-S test 0.125202 0.094013 0.095i.32 0.2!.3,848 0.136609

B. Magnification = 100X

Truncated .Ma._ike ¢_,-.,,,,4._--_
Normal Lognormai Lognormal Uniform U:",ir%rm

Mean -'.'.!.573 4.a,51i 0._66 a.4300 -'.-'573
Variance 0.0591 0.0030 0.0033
Stand. Dev. 0.2431 0.0547 0.0573
Range 0.891,L 0.$42!

A IK-S test 0.168889 0.168,6. 0.168465 0.175320 0.1277.-3

C. Mag.n.iEcation: 30X

Truncated Mz'dike Sam_da:a
Normal Lognormal Lognormai U,"dform Uni{orrn

Mean ,1.8613 4.8564 0.0510 a,.9200 ,t.8613
Variance 0.0527 0.0022 0.0024
Stand. Dev. 02296 0.0467 0.0491
Range 0.8457 0.7954
K-S test 0.183656 0.174524 0.174998 0.268807 0.197294
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Table 3. Student "T' Tolerance Test or"Normal Distribution of SEM/EDS Data

Sample #

A. Spot Mode

Tolerance = 0.3469

Normal distribution = 15 '
Lognormal distribution = 15
Doubly truncated lognormal distribution = 16
Unifol:m distribution using ran:dream likelihood = 13
Uniform distribution using sample data = 12

B. Magnifica'ion = I00X

Tolerance = 0.4457

Normal disz:ibution = 5
Lognormal distribution = 5
Doubly trancated lognormal distribution = 5
Uniform diszribution using maximum likelihood = 6
Unifonm dis;ribution using sample data = 6

C. .Magnification = 30X

Tolerance = 0.4861

Normal distribution = 4
Lognormal distribution = 4
Doubly truncated lognormal distribution = 4
Uniform distn'bution using maximum likelihood = 5
Uniform distribution using sample data = 5

.... NOTE: 9999 indicates >31....
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Figure 1. StatisdcalAnalysesof SEM/EDS Sukr'urData
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Figure 1(cont'd) Stafistica!AnalysesofSEM/EDS Sulfur Dam
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__K COMMERCIAL TESTING & ENGINEERING CO.
GENERAl. OF=IC._S, _919 SCUT_ HtG_L._NO ,_VE,. SLJITE 210-8, LGMS,AFI{::), ILLINOIS 601#.8 • (31 _.) 953-9300

•.., ,:. Merncer of :_e SGS _rou:_ _So::;e_e Ge_eraJe ¢e 3ur,,e,,lancel

PLF._SE AOORE$3 ALL CC_,_ES;CNCENC_'.- "C

1-.¢_ .;AMES _F_IVE 'NEST, ST. ,=,CSE, LA TCCS"I p
JaP.,.'_r'f _-0, 1_9_0 TELEFHCNE: 15¢,41 -'67..5,=2Z

TELEX: 460135 CTE 'jr

LOUISIANA TECH UNiVE.ZS"_v,L,. FAX:(=.,_).'_.;_::
P. O. BOX 1034S
RUSTOH LA 71272 Sample identification by

, • ,m.-- ,-' ".."

_,_,_"r .': IDENTIFIED IS" "_O02BCD

Kind of sample COAL - SUBMITTED SAMPLE

reported to us

Sample taken at UNKNOVN

Sample tzken by UNKNCVN

Date sampled

Date received Januar? 2, 1990

Analysis Re;oft No. _9-57:90

% C_R=OJ (DRY 3kSl3) = _9 _

% EYDRCG'.J (DR'."_A2-2 = 4.-_

_'-_._,_,,_'"r'_'_'"'"r(DRY =" _" " = _ " _'

i::le$cec:futly _u:mtl:_¢.

C_,'.IME,_C',AL TE._T;,NG &'c..NGINEE,=,_;;G .'C

_ _..;:,_.¢,._
Manac;er. St, _¢se Lacota|cry

OvER 40 _I:tANCH LABORATORIE_ STRATEG;C._ 66 "EO iN P=INC:PAL COAL MINING A_EAS,
TIDEWATER ANO GREAT LAKES PC ......... :_JVER LOAE)ING FACII.JT1ES

! Crt_;mal C,.3Ov ,Vaterr_&r_.e_ F,3t ":.u_ :="3 ',e 'J: , .:r



COMMERCIAL TESTING & ENGINEERING CO.
GENE=_L CF_IC.._S 1919 $OUT',-t _tG_LANO AVE.. 5MITE 210.8. LOMBAF_O. ILLINOIS 6014.8 , (312)953-93(30

.; _- Merni:er of '_e S_3 Grcu= ;5o¢:ece Ge_e,a=, :e Su_,e,,oanc=l

PL'-..ASE ACC_ES3 ALL CCR_E_.;=CNCE,NC. = TC
1¢1 JAMES 0RIVE WEST. ST. _CSE. '.A 7CC87

January 16, 1_n.... TELEPHCNE; (=.¢4) _67._522
TELEX: 4601_.15CTE UI

LOUZSI._NA TECH UNITL_SITY _x:(.=_)_-;2__o
?. O. BOX 10348

RUSTON LA 71272 Sample identification by
u,..TZCH.

S,V=,= !DE_ITI.'-IZDAS: IGO3AB

Kind of sample COAL _ ,_=,..e:--,T--.-n,,..SAMPLE

reported to us

:ample takes at UNKNOWN

:ample t_kes by UNKNOWn!

Date sampled

Date receive_ January 2, i990

Analysis ReporZ No. 39-57_91

_" " ' = 5"-_4% _RBCN (D?.YBAS SI ..

% z':DF,CG=:_.... (]ZY _'',_':.:..,= -'._0

% NIT._CGE.';(D,_.YBASZS) = ".25

CC,MME.-_C:AL _'EST:NG *.'E'_G;NEE_NG CC

Manatee, SI. _o_e LlooralcPf

OVER 4_ _RANCH LASCI_ATORIES STF_ATEC=;CALL" ' ,_P_T:,'_ tN PCIINC:PAL COAL MINING AREAS.
T_0EWATER ANO GREAT LAKES ;=(_RT 67 E., LOAOING FAC:LITIES



I I

__1_ COMMERCIAL TESTING & ENGINEERING CO.
GEN|ERAI, OF=IC,,_: _919 SOUTPt I-_.IGPIL._NO _%vE.. SUITE 210-,-3. LCMeARO. ILLINOIS _Q148 • (31:} 9_3.-_3CQ

,.,._t '_:v Memcet Ot {_le SG3 GI'CUO {S(_'i{l G_l_.oiiQ _.e SUP, IIII_t_Cli

_a._ch "9, 1990 PL_S_ AOCFES3ALLCC,_ESFCNCENCE TC
151 "AMES DRIVE WEST. ST. ,_OS_.. LA 7CC87

LOU_'ST.._._,,r2-. T._C:-_ UNT'_'_S[,T v TELEPHONE; (.c04) -{67-'_22
TELEX: 46C135 CTE Vl

P. O, BOX !0348 FAX:(:,O_)_6_.T;.-.o
RUSTON u^ 71272 Sample identiLicatio_ by

LA .TZCH

Kind of s_mple COAL - SUBXZTTED £1X?LES

repor=ed to us

Sample taken at UNKNOWI{

Sample t_ken by UNKNOWN

Date sam_ied

Date receiTed March 16, 1990

Analysis Regort No. 89-59273

:IO._.004 :ZC. " ..... V --.c'.

% CARBO_{ (DR" BASIS) = 73.57 7-'...:"

"' ' '2 " :'% HYDROGE!Z (D.:,'."B'S'-:) = -..--

% _IITROGEN (DRY BISIS) = !.30 1.2.:

% SULFUR (DRY BASIZ) = 2.65 1.25

_escec:!ully su@m_c,u,¢.
CCMME_C:AL T._.T:NG &'_.._G;,N:-Z._ING C"

Man:,ge,. Sl. _ose Lac_r_mr_

OVER 40 8RANCH LABORATORIES STRATEG_CALL_ (_''"m IN PRINC:P4L COAL MINING AFF..AS.
TIDEWATER AND GPIEAT LAKES PORT. E.=lLOA{DING FAC:L_TIES

Oflgln_l,I C._2y WaIer.'_,a:,,aQ -'.jr '/,Our :_'C':':.::Cn
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Project Report for 3/15/90-6/15/90

INTRODUCTION',

On May 21, 1990, Dr. Michael Hsieh and I formally assumed responsibility for :he
microbial coal desulfurization project. I will be serving as Project Director throughout the
remainder of the contract period, while Dr. Hsieh is providing expertise in the area of
biological coal treatment.

The following discussion summarizes the work done over the last quarter and outlines
planned activities in the upcoming months in relation to the Tasks as outlined in the
contractual agreement.

TASK OVERVIEW.

Ta_k 1 - project Planning,

Task Complete.

Task 2 - Coal Procurement and Preparation.

2.1 Grinding, Sieving, and Storage.

Task Complete.

Current coal supplies (raw and depyritized) are being inventoried to determine
amounts available for further treatment. All of the raw coal on hand (Illinois #(J iBC-101)

is being gound to 200 mesh partic!e for subsequent depyritization. As described in the
April 20 report (Task 2.1) the remaining unground coal comprises approximately 10 pounds
of the initial 20 pounds ordered. Portions of this lot of coal have previousiy been ground
to 200 mesh and treated for pyrite removal (Batch Runs 1005A & B) and are currently
being tested for sulfur content.

Additionally, 20 pounds of Illinois #6 IBC-101 have been ordered (arrival of
this shipment is expected in July). This coal will be riffled and portions of the lot will be
ground to various particle sizes (including 200 mesh) for future evaluations of the kinetic
rates and extent of depyritization as a function of particle size. Literature sources have
reported successful microbial attack upon pyritic inclusions on particles sized up to 60 mesh
(Andrews et al., 1987).
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2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

Depyritization of Illinois #6 (IBC-101) coal remains an ongoing procedure in
order to provide a supply of depyritized coal for various organic sulfur removal studies. All
anal.v'ticand coal handling procedures are currently under review to ensure reliability and
continuity of the project with the recent change of personnel (including most of the staff of
student workers conducting analytic procedures).

Previous depyritization runs for each of the three batch reactors (April and
May monthly reports, Task 2.2) are being analyzed for the extent of pyrite removal. The
apparent cessation of microbial depyritization for Reactors 1005A& B is being investigated.
For future batch runs, the operating conditions and parameters monitored will include
agitation rate (rpm), pH levels, initial cell concentrations of inocula, inoculum sizes, etc.
Close monitoring of batch runs offers the potential for conducting studies for developing a
kinetic model describing the depyritization rate for the Thiobacillus consortium usecl in this
project.

Task 3 - Anal_ical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.2 Quality. Assurance and Control.

As with previous raw and treated coals, in-house analytical results will be
checked periodically with outside lab testing.

3.4 Microscope Analysis.

Task complete.

T_a_',f.4 - Organic Sulfur Removal.

The folio,ring discussion outlines the activities and procedures which have been
initiated as an effort to isolate organic sulfur utilizers.
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Forty-one samples of natural inocula, obtained from various sources including soils,
slurry, ponds, coals, and oil sludges (collected samples were refrigerated to minimize
microbial activity) were inoculated onto 82 petri plates of screening medium, T rypticase Soy
Agar with dibenzothiophene (DBT) added in solution. DBT was dissolved in glycerol and
added to the medium to give a final concentration of 1 g/L DBT (0.1% w/w). Inoculum
dilutions were prepared by adding 1 g of sample to 4 mL of sterile, distilled water. For each
sample prepared, streaks were made onto two plates, each with a different pH value (2.4
and 6.7, respectively). The plates at the lower pH were prepared to screen for strong
acidophiles (considering the attractiveness of having an organism operating in the same pH
range as Thiobacillus sp.). A control plate was prepared for the medium at pH 6.7. Of
course, this procedure only screens for organisms that are capable of growing in the
presence of DBT, though not necessarily utilizing it.

The plates were incubated a minimum of 72 hours at room temperature. Specific
colonies showing strong growth were then selected from each plate. These colonies were
again streaked onto fresh plates containing the same medium in order to purify the working
culture and eliminate the presence of contaminants. Again, plates were incubated for a
minimum of 72 hours at room temperature.

Organisms from the purified colony-separation plates were placed in a broth
screening medium identical to the Tryptic Soy/DBT medium (but without agar)to produce
a workable quantity, of the purified strains. This procedure was carried out for each of the
cultures isolated. These broth cultures were also incubated for at least 72 hours.

Planned work.

For each culture isolated, a preparation of 150 mL or2basal salts medium containing
depyritized coal will be inoculated with t5 mL of seed culture from the Tryptic Soy broth
culture. The basal medium with 3 g of coal will be added to a 250 mL Erlenmever flask,
autoclaved at 121 °C for 15 minutes to sterilize the culture environment. The 15 mL of seed
inoculum will be added following cooling of the autoclaved medium. Once inoculated, the
flask will be placed on a shaker bed at an agitation rate of 180 rpm and at room
temperature (approximately 27 °C). The culture will be incubated in this environment for
at least two weeks after which the coal will be filtered from the culture broth, treated for
biomass removal from the coal particles, dried and analyzed for organic sulfur content. It
is possible that the incubation period may have to be increased in order to observe
significant changes in the sulfur content, provided that strong microbial activity is observed,
and that supplemental medium additions may be necessary, to prevent nutrient limitations
over such a long incubation period.

For cultures which show positive results, the shaker bed inoculation procedure will
be repeated. However, it is proposed that two samples be run for each positive culture --
one with glucose and one without to examine the potential of increasing the extent of
microbial attack on organic sulfur in the presence of high ener_ substrates. Positive
cultures can then be identified and characterized.

72



Throughout this process, measures are being taken to maintain stock cultures in a
viable state until they have been proven positive or negative in their ability to attack the
organic sulfur fraction in coal. Regular transfers of cultures into similar, fresh medium will
be carried out. Cultures which show positive performance will carefully be preserved with
standard microbiological techniques (e.g. lyophilization, refrigeration, ultra-freezing, etc.) in
addition to periodic transfer and incubation of stock cultures.

Finally, plans are underway for the construction of equipment which would enable
testing of these cultures in fed batch or continuous flow reactors. This will allow further
optimization of process operating conditions.

Andrews, G., M. Darroch, and T. Harmson, "Bacterial Removal of Pyrite from Concentrated
Coal Slurries", Biotech. and Bioeng., 32:813-320, 1988.
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Table I. BatchAnalyses of Microbial DepvritizeciCoal

Lot/Sa¢:n _ucc4rs

1002 1002.A 1002(a&C) I002(B,¢;0) 1002S

w_ I so2 I wt_ so I w_= So wt_ so I wt= so

........................................l..............I............................l..............
I

Tota_ Sulfur 3.72 0,06 2._5 0.02 I Z._ 0._ 3.00 .02 2._ ,020

?yri_i¢ Sulfur 0.9_ 0.01 0.09 0.01 0.;8 0,01 0.2(>/. .02 .119 .006

Sulfate Sulfur 0.30 0.02 0.17 0.01 O.:S 0.01 0.232 .01 .133 .001

I Or;anic Sulfur 2,_8 0.09 2.59 0.0_ 2.5_ 0.10 2.50 0,05 2.50 ,027

I (via difference)

i
I Votat_les _1.5 0.7 37.72 0.3 HA3 NA 40._0 :.14 40.47 .4_

Ash 10.2 0.1 _._1 0,0_ _A _A 7.02 .13 ?._0 .62

Hois:ure 8.98 0.09 2._0 0,09 ZS.25 0.1 12,_5 ._6 18.16 .56

Car,-'_n 69.18 0.97 _.7_ 0.3 HA HA 69,19 0._ 57.79 ._

Hydrogen 5.03 0.2 G.77 0.07 NA NA _._3 0.07 _._2 0.0

m _ ..=_..,..=,_ .=.,.........=.._ =.==.=...._ _ m ,.m=,.-=-_....=.,._ ,-==_==--_,

_ttrogen 1.$1 0.01 1._9 0.05 HA NA 1.;2 O.OS 1.32 .028

_

Oxygen (via dlffer_ncm) 10.36 1.34 13.20 0,53 MA HA I_.9_ 0.57 13.52 .9_6

,,.m,......,_...._,,...,,.-._.--,-,....,--.--_ -','---''" _ '''-'''" _ '''''''"

Heating Value, 1],1_9 53 11,902 13 WA NA 11,_5 60 10,771 130

BTU/Ib_

IAII vt% are on a _oisture free basis.

2Standard deviation.

3_ot analyzed.
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Table 1(cont'd) Batch Analyses of MicrobialDepyritizedCoal

_Im_mms_i8sWN8s_l_t_sI_aiI1amu_i_smiIm_8sjg_i8_itmBtB1m7mI8Nm_l_I_sI8w1_IzmmI_ms2_zzm81_1_Imnm_zJmm_

l
Lot/galen _urc_rs

1003 1003A lO03(_&g) 100_ ,_0_
=

_gl SO2 _t_ SO _t_ ( SO _t= SO _ SO

L
Total Sulfur ;.22 0.10 3.23 0.03 3.34 100.07 2.T9 _.OS 1.07 :.02 ,

I..... I --__- ____-
I

Pyritic Sulfur 0.96 0.01 0.13 0.01 0.130 IO.:C8 1.2_ ,- 03 .2S -*,03
._____1_._._._---.- .___1

I
Su(fate SuLfur 0.18 0.02 0.09 0.01 0.117 I0._02 0.55_ Z,03 ._17 z.O09

Or;an(c SuLfur 3.08 0.10 3.01 0.05 3,09 0.09 0._ Z.11 .iO :.06

(via difference)

Volat_les "S1.1 0.5 35.95 0.13 _5._3 .*.2_ 30.09 Z,15 35.07 _..*_

AS_ 10.51 0.19 8._ 0.31 6.95 09 "15._7 "._8 '2._9 - "

............

..... - :.o3 I _ :o '_ 'Hois:_re 11._8 0.19 12.S8 0.34 12.20 _ 2 _' • :. -

I
Car_cn 69.00 0.3 68._5 0.3 68.96 0.3 I 7'3.57 .30 7C.97 .30

•..=..mm....=.mm _===.=._,=-_ .=.,,=.,-_=--,-=-. J

I
_y_ro_e_ S.12 0.07 _.S9 0.07 4.50 0.07 I 4._3 .07 _.5_ .07

I __._ .... I....
I
I Nitrogen 1._9 O.OS 1.33 O.OS 1.25 0.05 1.30 .05 1.30 .05

I -- mm.,,mm._ __ ,',m., ''-" _ ''''m'_

I
I Oxygen (via difference) 9.66 0.71 13.S_ 0.76 15.02 O.S8 2._ 1._5 5.5_ .S6
' ._._... 1

I Heatin_ Value, 12,6/,7 (>6 I 11,732 537 11,S_) 1_9 12,962 Z_2 1-13,_60 89

1 I 1
=_==a70700_=:_7_077== =:===_:_:==_:_07 =:= =:_=:==:7 := 7===7 ======:ffi 7 =:======== :=::: : ::7=: : ::

1ALL _t_ are on a ,_isture free basis.

2Star_ar_ deviation.

3_ot anaLyzecl.

,Conf;rmed.
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TASK 3 A.nal_ical Procedures for Total Organic Sulfur

3.1 Characterization

Task complete.

Final analyses of the stock and depyridzed coal are included in Table I. All
treated coals are stored under nitrogen.

3.2 Quality.._surance and Control

To assure continued accurac7 of analgical results, each of the depyritized
coal samp!es were sent out to "Commercial Testing and Engineering
Company. These final analyses are inc!uded in the Avuen_ix A. To date,our in-h(_useanalyses have be,,n well within ASTM acceptable error for
inter-laboratory data reporting.

3.4 Microscope A.nalysis

Task complete.

Statistical analyses of the data sets for i002 and 1002a were completed. Our
first concern was to find a statistical measure that fit the distribution of our
data. We analv'zed the data for normal, tognormal, truncated lo_normal,
maxJmum-,.-ninlmumuniform, and standard uniform distrioudon." The results
of these tests are included in Tables 2 and 3. We used a Kolomogorov-
Smirnov (K-S) test to evaluate the fit of each of our data sets to these
distributions (also Table 2). While there is some variation, our data is best
described as having a normal or lognormal distribution. Normal and
lognormal plots for each data set are included in Fibres 1 and 2.

Once we had a reasonable regresentation of our data distribution, we were
able to askhow many samNes were necessary to predict the mean with a 95
percent ce,,'taintyto t'alIwiihin ASTM tolerances. We ran studen_ "t" tests oa
each distrioution to discern the minimum sample size. The results of these
tests are summarized in Tables 4.and 5. These analyses suggest that four to
five spectra should predict the mean within ASTM tolerances as long as we
keep the magnification at or below 100X (Figure _).
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Table 2. Statistical Test of Best Fit of SEM/EDS Data for C002

A. Spot ,',,lode
Truncated Max.like Samodata

Normal Lognormal Lognormal Uniform Unit'orm

Mean 3.4687 3.4230 0.0355 3.6400 3.4687
Variance 0.3470 0.0282 0.0303
Stand. De';. 0..7390 0.1680 0.1741
Range 2.3314 2.0405
K-S test 0.125202 0.094013 0.095132 0.213848 0.136609

B. Magnification = 420X
Truncated Maxlike SamDdata

Normal Lognormal Lognormal Uniform Uniform

Mean 3.7_00 3.7228 0.0387 3.6650 3.7400
Variance 0.!342 0.0100 0.0t08
Stand. Dev. 0.3664 0.1000 0.1038
Range 1.¢7_3 1.2691
K-S test 0.132631 0.150090 0.149428 0.181298 0.134533

C. Magnification = 320X
Truncated .Max!ike Sa.'..,_da:a

Normal Lognormai Lognormal Uniform Ur',i:*orm

Mean 3.8987 3.8805 0,0404 3.7600 3.8987
Variance 0.1461 0.0102 0.0110
Stand. Dev. 0.3822 0.1011 0.1050
Range 1.5086 1.3239
K-S test 0.143063 0.159826 0.159167 0.221212 0.131221

D. Magnification = 220X
Truncated Maxlike Sam_data

Normal Lognormal Lognormal Uniform Uni{orm

Mean 4.0667 4.0524 0.0422 4.0000 4.0667
Variance 0.1215 0,0076 0.0083
Stand. Dev. 0.3485 0.0873 0.0909
Range 1._,.,_1 1._.0_
K-S test 0.094872 0.107409 0.106708 0.196591 0.137110
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Table 2. Statistical Test of Bes: Fit or"SEM/EDS Data for C002 (Cont.)

E. Magnification = 100X
Truncated Maxtike Samt_data

Normal Lognormal Lognormal Uniform Uniform

Mean 4.4573 4.4511 0.0466 4.4300 4.4573
Variance 0.0591 0.0030 0.0033
Stand. De,;. 0.2431 0.0547 0.0573
Range 0.8914 0.8421
K-S tesz 0.168889 0.168461 0.168465 0.175320 0.127733

F. Magnification = 70X
Truncated Maxlike Sampdata

UniformNorma[ Lognormal LognormaI Uniform

Mean 4.5413 4.536 i 0.0475 4.4750 4.5413
Variance 0.0504 0.0025 0.0027
Stand. De','. 0.2245 0.0498 0.052i
Range 0.9029 0.7775
K-S te.s_ 0.137861 0.128500 0.128954 0.261656 0.148673

,.')via..... c..._.on = _'
- Truncated Maxlike Sampdata

Normal Lognormal Lognorma! Uniform Uniform

Mean 4.6800 4.6764 0.0491 4.7300 4.6800
Varianc e 0.0364 0.0016 0.0018
Stand. Day. 0.1908 0.0403 0.0423
Range 0.6629 0.6608
K-S test 0.195870 0.192029 0.192166 0.257184 0.181800

H. Magnification = 30X
Truncated Maxlike Samr_data

Normal Lognormal Lognormal Uniform Uniform

Mean 4.8613 4.8564 0.0510 4.9200 4.8613
Variance 0.0527 0.0022 0.0024
Stand. Dev. 0.2296 0.0467 0.0491
Range 0.8457 0.7954
K-S test 0.183656 0.17452'; 0.164998 0.268807 0.1.o72%'
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Tabte 3. Statistical Test of Best Fit of SEM/EDS Data for C002A

A. Spot Mode
Truncated Maxlike Samodata

Normal Lognormal LognormaI Uniform Uniform

Mean 3.0767 3.0214 0.0312 3.1650 3.0767
Variance 0.3727 0.0387 0.0412
Stand. Dev. 0.5105 0.1966 0.2029
Range 2.3657 2.1149
K-S test 0.159655 0.129666 0.130650 0.167814 0.136554

B. Magnification = 420X
Truncated Maxtike Samedata

Normal Lognormal Lognormal Uniform Uniform

Mean 2.9!27 2.9047 0.0299 2.8700 2.9!27
Variance 0.04.90 0.0060 0.0063
Stand. Dev. 0.2214 0.0773 0.0796
Range 0.8229 0.7669
K-S test 0.147148 0.149854 0.149798 0.208681 0.141506

C. Magnification = 320X
Truncated Ma._ike Samt3da,.a

Normal Lognormal Lognorma! Uniform Unit%tin

Mean 2.8433 2.8369 0.0292 2.8500 2.8433
Variance 0.0392 0.0048 0.0051
Stand. Dev. 0.1979 0.0696 0.0717
Range 0.7314 0.6854
K-S test 0.113065 0.108833 0.108635 0.149610 0.149244

D. Magnification = 220X
Truncated Maxlike Sampdata

UniformNormal Lognormai Lognormal Uniform

Mean 2.7993 2.7892 0.0287 2.8350 2.7993
Variance 0.0626 0.0077 0.0082
Stand. Dev. 0.2503 0.0878 0.0904
Range 0.9486 0.8670
K-S test 0.178132 0.163942 0.164368 0.220934 0.172353

79



Table 3. Statistical Test of Best Fit of SEM/EDS Data for C002A (Cont.)

E. Magnification = 100X
Truncated Maxlike Sam..pdata

Normal Lognormal Lognormal Uniform UniIorm

Mean 2.6300 2.5965 0.0267 2.8550 2.6300
Variance 0.2086 0.0262 0.0278
Stand. Dev. 0.4567 0.1620 0.!667
Range 1.5200 1.5820
K-S test 0.210258 0.182356 0.183168 0.369079 0.224146

F. Magnification = 70X
Truncated Maxlike Sampdata

Normal Lognormal Lognormal Uniform Uniform

Mean 2.4287 2.3949 0.0245 2.7050 2.4287
Variance 0.2033 0.0281 0.0297
Stand. Dev. 0.4509 0.1677 0.!723
Range 1.7257 1.5620
K-S test 0.277763 0.2383,*8 0.9_39409 0.468074 0.301794

G. Magnification = 50X
Truncated Maxiike Samodata

Normal Lognormal Lognormai Uniform Uniform

Mean 3.3053 3.2980 0.0341 3.2250 3.3053
Variance 0.0505 0.0049 0.0052
Stand. Dev. 0.2247 0.0698 0.0721
Range 0.9714 0.7784
K-S test 0.136072 0.15029.5 0.149767 0.9_59069 0.162243

H. Magnification = 30X
Truncated Maxlike Sampdata

UniformNormal Lognormal Lognormal Uniform

Mean 3.3327 3.3321 0.0345 3.3200 3.3327
Variance 0.0043 0.0004 0.0004
Stand. Dev. 0.0656 0.0197 0._04
Range 0.2514 0.2274
K-S test 0.142161 0.142538 0.142559 0.194696 0.113710

80



J I

Fibre 1. Statistical Analyses of SEM/EDS Sulfur Data for C002
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Fi_are 1. Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure 1. StatisticalAnalysesof SEM/EDS SulfurData for C002(Cont.)
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Fibre 1. Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure I.Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure 1. Statistical 'Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure 1. Statisdcal Analyses of SEM/EDS Sulfur Data for C002 (Con:.)
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Figure 1. Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Fibre 2. Stat.isti¢_l Analyses of SEM/EDS Sulfur D_ta forC002A
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Figure 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Con:.)
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Fibre 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)
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Fi_.lre 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)
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Fi_Jre 2. Statistical .Analyseso_SEM/EDS Sulfur Data for C002.-k(Cont.)
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Fi_are 3. Statistical A..na[yseso_"SEM/EDS Sulfur Data [or C002A (Cont.)
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Fibre 2. Scatisdcal A_nalyseso£"SENI/EDS Sul[ur Data for C002..k(Cont.)
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Fl__'_,r_..2. Scat/sties[ .._n_lvses.o_ SEM/EDS Sulfur Data ['or C002A (Cont.)
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T,_oLe-. Student Tolerance Test o( Normal Distdbutie_

of SEM/EDS Data for C002

Samnle #

A. Spot Mode

Toierance= 0.3469

Normal distribution , = !5

Lognormal distribution , = 15
Doubly tnlncated lognormal distribution = i6
Uniform distribution using maximum likelihood = 13
Uniform distribution using sample data = i2

Ma_nmc...on 420X5. Z "; "_': =

Tolerance = 0.57,1.0

Normal distribution = 7

Lognornmi distribution = 8
Doubly "_ncated lognormal distribution = 3
Uniformdistributionusingmax/mum [ike[ihcod = 9
Uniform distribution using sample da_a = ,_

C. Magmfica:ion = 320X

Tolerance = 0.3890

Normal distribution = 7
Lognormal distribution = 8
Doubly truncated lognormal distribution = 8
Uniform distribution using maximum likelihood = 9
Uniform distribution using sample data = 8

D. Magnification = 220X

Tolerance = 0.4067

Normal distribution = 6
Lognormai distribution = 7
Doubiv truncated lognormal distribution = 7
Uniform distribution using ma.ximum like!ihood = 3
Uniform distribution using sample data = 7
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Table .." Student "F' Tolerance Test of Normal Distribution

of SE.M/EDS Data for C002 (Cont.)

Samole #

E. Mag.nifica'ion= IOOX

Tolerance = 0.4457

Normal distribution = 5
Lognormal distribution = 5
Doubly truncated Iognormal distribution = 5
Uniform distribution using ma:dmum [ike!ihood = 6
Uniform distribution using sample data = 6

F. Magnification = 70X

Tolerance = 0.4540

Normal distribution : 4
Lognormal distribution =
Doubly :rancated Iognormal distribution = 5
Uniform distribution using maximum likelihood = 6
Uniform distribution using sample data = 5

G. Mao_mfication = 50X

Tolerance = 0.4680

Normal distribution = ¢
Lognormal distribution = 4
Doubly truncated lognormal distribution = 4
Uniform distribution using maximum likelihood = 5
Uniform distribution using sample data = 5

H. Magnification = 30X

Tolerance = 0.4861

Normal distribution = Z
Lognormal distribution =
Doubly truncated lognormal distribution = z
Unifot:m distribution using max.imum !ike!ihcod = 5
Uniform diszribution using sample data = 5
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Table 5. Student 'T' To[eranc_ Test of Norma[ Distribution

of S_N[/EDS Data for C-0 A

Sample #

A. Soot Mode

Tolerance = 0.3076

Normal distribution = !9
Lognormal distribution = 20
Doubly truncated lognormal distribution = 2 I
Uniform distribution using maximum like!ihood = 14
Uniform distribution using sample data = 13

B. Magnification = 420X

Tolerance = 0.2912

Normal distribution = 6
Lognormal distribution = 6
Doubly truncated tognormal distribution = 6
Unifo_:m distribution using maximum Iik_!ihcod = 7
Uniform distribution using sample data = 7

i

C. Magnification = 320X

Tolerance = 0.28,-43

Normal distribution = 5
Lognormal distribution = 6
Doubly truncated lognormal distribution = 6
Uniform distribution using maximum likelihood = 7
Uniform distribution using sample data = 6

D. Magnification = 220X

Tolerance = 0.2799

Normal distribution = 7
Lognormal distribution = 7
Doubly truncated Iognormal distribution = 7
Unifoim distribution using maximum likelihccd = 8
Uniform distribution using sample data = 8
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Table 5. Student "T' Toie."ance Tea of Normal Dis:ribu'ior.

of SE.',,(/EDS Da'a for C002A (Cont.)

Sample #

E. Mag.n.iffcation= i00X

Tolerance = 0.2630

Normal distribution = 15
Lo_normat distribution = 15
Do-ub[y truncated lognormal distribution = i5
Uniform distribution using maximum likelihood = 12
Uniform distribution using sample data = 12

F. Magnification = 70X

Toierance = 0.2428

Normal distribution = i 7

Logn,ormai distribution = 15
Douoiy truncated tognormatdistribution = 15
Uniform distribution using maximum likelihood = 1-'.
Uniformdistribution using sample data = 13

O. Magnification= 50X

Tolerance= 0.3305

Normal distribution = 5
Lognormai distribution = 6
Doubly truncated lognormal distribution = 6
Uniform distrioution using maximum likelihood = 7
Uniform distribution using sample data = 6

H. Magnification = 30X

Tolerance = 0.3330

Normal distribution = 3
Lo_znormal distribution = 3
Do_ubiv truncated Iognormal distribution = 3.I
UnifoE:m distribution using maximum like!ihood = ",
Uniform distribution using sample data = ¢
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INTRODUCTION

Depyritization and general screening procedures for potential

microbial organic sulfur utilizers have continued throughout the

past quarter. Sample analyses and associated reporting have been

delayed somewhat as a result of new student technicians replacing

the former work group and the loss of the departmental secretary.

The ongoing work which has been conducted during the past

quarter is summarized in the following discussion.

TASK OVERVIEW

Task 2 - Coal Procurement and Preparation.

2.1 Grinding, Sieving, and Storage.

The twenty pound shipment of IBC-101 (to be designated

Lot 1007) has been received, riffled and placed storage. The inert

gas used as a blanket for storage has been changed from nitrogen to

argon as per the discussion at the 6th Annual Coal Contractors
Conference. This coal is being ground to 200 X 0 mesh for use in
the future as needed.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

In order to compare the effects of LOPOSO medium (the

supporting medium for Th%obacil%us s__D. for depyritization) on the

degree of depyritization in batch culture, a run was conducted in
three flasks, each with varying initial conditions.
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Table i shows the initial conditions set for each flask. The

operating conditions for each batch culture were identical with 50

grams of 200 X 0 coal carefully measured into each flask.

Table !. Batch Reactor Initial Conditions

Description ! _

Medium water only LOPOSO only LOPOSO + organisms

Temp. °C 25 25 25

Rx. pH 2.5 2.5 2.5

% coal slurry 5 5 5

As presented, 1000 ml of water and 50 g of 200 X 0 mesh coal
(raw coal #1005) were added to Flask i. Flask 2 received LOPOSO

medium (composition presented in Table 2) and coal. The third

flask, in addition to LOPOSO medium and 50 grams of coal, received

a 10% v/v inoculum of Thiobaciilus sD. The culture inoculum

consisted of equal volumes (50 mL each) of Thiobacillus thiogxi_ans
and Thiobaci!lus ferrooxidans. Each of these cultures have been

maintained in their respective ATCC media as specified in earlier

reports. This !00 mL inoculum was added to 900 mL LOPOSO medium.

Table 2. LOPOSO Medium Ccnstituents

Component Composition (c!L)

NH_CI 0.63

KHzPO _ 0.i0

MgCI2"6H20 0.85

KCI 0.i0

CaCI2"2H20 0.008

NaCI 0.123

Upon inoculation of Flask 3, the three flasks were placed in a
constant temperature environment (T=25 °C) on stirring plates with

agitation rates between 200-400 rpm.
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Each reactor pH was monitored periodically and maintained at
2.5 with 1.5 N NaOH. Table 3 presents the periodic "preadjustment"

pH values for the three flasks.

It shou!a be noted that after pH measurement, the pH of each

flask was returned to pH=2.5.

Table 3. pH Values as a Function of Time.

Time (hrs) Flask I Flask 2 Flask 3

0.0 2.60 2.52 2.51

24.5 2.45 2.41 2.3!

95.5 2.70 2.33 2.12

121.5 2.68 2.17 2.21

168.5 2.54 2.15 2.19

336.5 2.37 2.13 2. l0

480.5 experiment discontinued

As indicated in the representative data of Table 3, the pH dropped

significantly in both Flask 2 with LOPOSO and Flask 3 with LOPOSC

plus organisms. On day 14 (hrs=336.5), a slurry sample estimated
to yield approximately 5 grams of coal was removed from each of the

three flasks for subsequent sulfur analyses. These analyses have

yet to be conducted. Upon discontinuation of the experiment, zhe

coal slurry was filtered, wash with distilled water to remove

organisms, and dried for sulfur analyses.

Attempts to close the mass balance have met with several
difficulties. The initial coal samples weighed into each of the

three flasks were carefully measured to 50 grams per flask.

However, in trying to effectively wet and mix the coal into the

medium, considerable "dusting" occurred with the likely loss of

some coal to the atmosphere. Additionally, coal sampling during

the experiment incurred some coal loss through adherence to the
sides of filtration equipment, filter paper, etc. In summary, the

post-experimental coalweights are as follows (with 50 grams as the

initial weight for each flask):

Flask 1 (water only) - 44.7 g
Flask 2 (LOPOSO) - 45.4 g

Flask 3 (LOPOSO+BUGS) - 46.1 g

The post-experimental dry coal weights presented above were
obtained by drying the washed coal slurries in an air flow oven
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until no measurable mass change occurred (+/- 0.01 g).

This experiment will be repeated with planned improvement in

coal handling procedures. Sulfur analyses will be forwarded as
obtained.

An additional batch reactor has been started for depyritizing
a sizeable amount of coal. For this batch run (designated

Experiment 10051A), a 5% slur_f of 200 X 0 mesh coal was prepared
in LOPOSO medium--1275 grams of coal in 25.5 liters of medium. The

pH was adjusted to 2.5 with a reaction temperature of 30 °C and an

agitation rate of approximately 200 rpm. The coal slurry was
inoculated with 1 liter of 2% coal slurry, previously inoculated

with equal volumes of Thiobaci!!us ferrooxidans and Thiobaci!!us
thiooxidans. Additionally, approximately 150 mL of each

T_hiobacil!us pure culture were added to ensure the viability of the
inoculum.

Samples have been obtained on a regular basis and reactor pH
monitored closely. Sulfur analyses are forthcoming as students

complete training in the analytical area.

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.2 Quality Assurance and Control.

Cross checks of in-house analyses periodically ccnduc=ed.

3.4 Microscopic Analyses.

Task complete.

Task 4 -Orqanic Sulfur Removal.

As described in the Quarterly Progress Report for March-June,

1990, cultures from raw inocula sources have been placed in basal

salts medium with depyritized coal and allowed to incubate at 27 o

C with an agitation rate of 180 rpm for approximately 14 days.

Upon completion of the incubation period, the coal samples were
filtered and washed to remove biomass, air-dried, and stored in a

dessicator for sulfur analysis. These samples will be analyzed for

total sulfur and compared to the total sulfur values for the

depyritized coal used as a source for the experiment.
Cultures for which the sulfur analyses show significanz

changes will be further subjected to testing.



Sulfur analyses for the cultures tested will be completed as

students gain proficiency in the necessary analytical methods.
Work to construct a system of reactors and a temperature

controlled cabinet which would allow better control of process

parameters in microbial coal desulfurization studies has been
delayed in order to concentrate on new s_aff orientation and

training and to set up and monitor the batch depyritization
reactor.
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Biodesulfurization Techniques: Application ofSelected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC88854

Quarterly Report

Report No. PETC-12-90
Report Period: September 21, 1990

December 20, 1990

INTRODUCTION

The ongoing work which has been conducted during the past quarter is summarized in
the following discussion.

TASK OVERVIEW

Task 2 - Coal Procurement and Preparation.

2.1 Grinding, Sieving, andStorage.

The _,venty pound shipment of IBC-IO1 (Lot 1007) has been g-round tO 200X0
mesh. riffled and placed storage. An additional twenty pound shipment (Lot 1008) has been
received. It will be Found to various mesh sizes for future studies.

2.2 Microbial Removal ofPyrite and Sulfate.

Task complete.

During this past quarter, experimentation was conducted in order to compare the
effects of LOPOSO medium (the supporting medium for Thiobacillus s_. for depyritization) on
the degree of depyritization in batch culture. Analysis of the samples for the completed
experiment is underway.
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Table I shows the iniual conditions set for each flask. The operating conditions for each
batch culture were identical with 50 _ams of 200 X 0 coal carefully measured into each flask.

Table 1. Batch Reactor Initial Conditions

Descriodon ! 2 .3

Medium water only LOPOSO only LOPOSO + organisms

Temp. °C 25 25 25

Rx. pH 2.5 2.5 2.5

,%coal slurry, 5 5 5

As presented, 1000 ml of water and 50 g of 200 X 0 mesh coal (raw coal #1005) were
added to Flask 1. Flask 2 received LOPOSO medium (composition presented in Table 2) and
coal. The third flask, in addition to LOPOSO medium and 50 garns of coal, received a 10% v/v
inoculum of Thiobacillus so_..:The culture inoculum consisted of equal volumes (50 mL each) of
Thiobacillus thiooxidans and Thiobacillus ferrooxidans. Each of these cultures have been
maintained in their respective ATCC media as specified in earlier reports. This 100 mL
inoculum was added to 900 mL LOPOSO medium.

Table 2. LOPOSO Medium Constituents

Component. Comoosition (,_/L_

NH, C1 0.63

KH_.PO4 0.10

MgC1,.6H:O 0.85

KC1 0.10

CaCla2H_.O 0.008

NaC1 0.123
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Upon inoculation of Flask 3, the three flasks were placed in a constant temperature
environment (T=25 °C) on stirring plates with agitation rates between 200-400 rpm.

Each reactor pH was monitored periodically and maintained at 2.5 with 1.5 N NaOH.
Table 3 presents the periodic "preadjustment" pH values for the three flasks.

It should be noted that after pH measurement, the pH of each flask was returned to
pH=2.5.

Table 3. DH Values as a Function of Time.

Time (hrs) Flask 1 Flask 2 Flask 3

0.0 2.60 2.52 2.51

24.5 2.45 2.41 2.31

95.5 2.70 2.33 2.12

121.5 2.68 2.17 2.21

168.5 2.54 2.15 2.19

336.5 2.37 2.13 2.10

480.5 experiment discontinued

As indicated in the representative data of Table 3, the pH dropped significantly in both Flask 2
with LOPOSO and Flask 3 with LOPOSO plus organisms. On day 14 (hrs=336.5), a slurry.
sample estimated to yield approximately 5 grams of coal was removed from each of the three
flasks for subsequent suffur analyses. These analyses have yet to be conducted. Upon
discontinuation of the experiment, the coal slurry was filtered, wash with distilled water to
remove organisms, and dried for sulfur analyses.

Attempts to close the mass balance have met with several difficulties. The initial con
samples weighed into each of the three flasks were carefully measured to 50 grams per flask.
However, in trying to effectively wet and mix the coal into the medium, considerable "dusting"
occurred with the Likelyloss of some coal to the atmosl:here. Additionally, coal sampling during
the experiment incurred some coal loss through adhereace to the sides of filtration equipment.
filter paper, etc.
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In summary, the post-experimental coai weights are as follows (with 50 _ams as the
initial weight for each flask):

Flask 1 (water only) - 44.7 g
Flask 2 (LOPOSO) - 45.4 g
Flask 3 (LOPOSO+BUGS) - 46.1 g

The post-experimental dry coal weights presented above were obtained by drying the washed coal
slurries in an air flow oven until no measurable mass change occurred (+/- 0.01 g).

An additional batch reactor was started for depyritizing a sizeable amount of coal. For
this batch run (designated Experiment 10051A), a 5% slurry of 200 X 0 mesh coal was prepared
in LOPOSO medium--1275 gains of coal in 25.5 liters of medium. The pH was adjusted to 2.5
with a reaction temperature of 30 °C and an agitation rate of approximately 200 rpm. The coal
slurry was inoculated with 1 liter of 2% coal slurry which had been gown for approximately _vo
weeks, previously inoculated with equal volumes of Thiobacillus ferrooxidans and Thiobacillus
thiooxidans. Additionally, approximately 150 mL of each Thiobacillus pure culture were added
to ensure the viability, of the inoculum. The microbial activity of the 2% coal slurry as detected
by a decrease in the pyrite percentage had not been verified by analysis at the time the 25.5 liter
batch was started. Therefore, the additional pure cultures of Thiobacillus sp. were added to
ensure an ample bacterial cell concentration to initiate depvritization.

Samples were obtained on a regular basis and reactor pH monitored closely. The initiai
and final pyritic sulfur analyses are presented below in Table 4.

Table 4. Pwitic Sulfur as a Function of Time for the 5% Coal Slurry.

Time (days) % Pyrite

0 0.638 +/- 0.028

76 0.393 +/- 0.005

As seen in Table 4, only approximately 38% of the pyritic sulfur was removed over a rather
extended reactor operating period. The extent of this period (76 days) results from the absence
of sulfur analyses for the samples obtained throughout the batch operation. This is due to an
ongoing training of new student workers. This coal will be retained for subsequent "retreatment"
at a later date.

It should be noted that the solids concentration for this batch was higher (5%) than for
batches of coal treated previously (2%). During the treatment of this batch of coal, samples of
the slurry, were periodically examined for the presence of ceUs. Though ceils were detected, the
determination of microbial depyritizing activity, could not be made in the absence of sulfur
analyses.

Another batch of raw coal is currently being treated in a manner identical to the methods
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presented above. However, the solids concentration for this batch has been set at 2%. Pro_ess
is being made in obtaining reliable sulfur analyses from the lab thus allowing for closer
monitoring of reaction pro_ess for this batch.

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.i Characterization.

Task complete.

3.2 Qualiw Assurance andControl.

Cross-checks ofin-house analyses periodically conducted.

3.4 Microscopic Analyses.

Task complete.

Task 4 - Organic Sulfur Removal.

Procedures for the selection of definitive sulfur utilizers from the lis: of isolates presen:ed
in monthly progess Report No. PETC-10-90are being developed, with .,_focus on promoti-,_:.,,=
organic sulfur utilization through the application of mutagenesis techniques to these culture:;.
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Biodesulfurization Techniques: Application of Se!ec:ed
M'c-roorgamsmso' for Organic Sulfur Removal from Coals

Louisiana Tech University.
Contract No. DE-AC22-88PC88854

Quarterly Report

Report No. PETC-3-91
Reporz Period: December 21, 1990

March 20, 1991

INTRODUCTION

The research activities which have been conducted during this time period are addressed
betow.

TASK OVERVIEW

Task 2 - CoN Procurement and Pret)aration.

2.1 Grinding, Sieving, and Storage.

An additional twenty pound supply of Illinois #6 coal (IBC- 10I' i_cs:zeen "e.-°:' -'_
and is available for grinding as needed.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complem.

A batch treatment for depyritizing a sizeable portion of coal is planned for the
latter stages of the month, The reactor vessel which has been used previously is being altered
in an attempt to increase the rate and extent of depyritizadon. The reactor has a 136 liter
working liquid volume in which a 2% coal slurry (mass %) will be mixed with LOPOSO medium
and operated at a reaction temperature of 30 °C. The reactor impeller has been changed from
a three-blade axial flow impeller to a four-blade a,-dal flow impeller having a geater blade
surface area and longer blade length (in an attempt to promote _eater homogeneity in mixing).
Additionally, the inlet air source has been affixed to the bottom of the conical reactor vessel to
inhibit settling of the coal particles. The successful operation of this reactor scheme will _e
foLlowed with a detailed fimn'e and description in subsequent monthly progess reports.
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Task 3 - Analytical Procedures for Totai Organic Sulfur.

3.1 Characterization.

Task complete.

3.-_ Quality Assurance and Control.

Cross-checks of in-house analyses periodically conducted.

3.4 Microscopic Analyses.

Task complete.

Task at - Or__anicSulfur Removal.

Task complete.
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BiodesulfurizationTechniques' Application ofSelected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC88854

Quarterly Report

ReportNo. PETC-6-91
ReportPeiod:N[arch21,1991

7une20,1991

INTRODUCTION

The ongoing work which has been conducted dunng the past qua_net is summarized in
the following discussion.

TASK QVERVI_W

T.a_k 2 - _oal PrQcurement and Preparation.

2.1 Grinding, Sieving, and Storage.
Task Complete. Ground coat (.200 X 0 mesh. Illinois .-?6IBC-t01) has been

placed under A.rgon storage awaiting depyritization treatment.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

A coal batch of approximately 1.5 kg is being treated for removal of pyrite a by
T__,.ferrooxidans and T. thi0oxidan_ mixed culture. Samples obtained Guring the treatment are
awaiting analysis.

As the work at LTU has been comprised primarily of depyritization efforts, an
update in reviewing the literature is being conducted to search for areas in which new work may
be pressed forward here. One area that has captured our attention is the employment of water-
in-off emulsions and reverse miceUe processes for the enhancement of mass trz.nsfer between the
coat substrate and microbial biocatalysts (Lee and Yen, 1990). This study looks promising for
improving the total sulfur content of particulate coal, and our focus this next quarter will be
toward possible contributions to this area of research.
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Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.4 Microscope Analysis.

During the spring quarter, one of our graduate students completed his master's
thesis entitled, "Advanc_ Scanning EIecr.ron bLicroscopy and Energy Dispersive S_ctroscopy
Techniques for Sulfur Analysis in Coat". This document will be mailed under separate cover.

Task4- OrganicSulfur Removal

The completion of the contractual agreement with Dr. Bailey Ward at _e
University of Mississippi has brought this portion of the work to a close. This portion of the
project's final report should be forthcoming this summer and will be forwarded upon receipt.
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BiodesulfurizationTechniques:ApplicationofSelected
MicroorganismsforOrganicSulfurRemovalfromCoals

Louisiana Tech University
Contract No. DE-AC22-88PC8885,,t

Quarterly Report

Report No. PETC-9-91
Repor_ Period: June 2I. I99 l

September 20, 1.991

INTRODUCTION

The ongoing work which has been conducted during the past quarter is summarized in
the following discussion.

TASK OVERVIEW

Task 2 - Coal Procurement and Preparation.

2.1 Grinding, Sieving, and Storage.
Task Complete. All gound coal (200 X 0 mesh, Illinois #6 IBC-101) which has

been placed under Argon storage has now been treated for pyrite removal. Additional coal has
been g-round for the reverse miceHe sm_es c':m:ently unde.'-,vay.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

During the past quarter, a coal batch of 1.8 kg (200 X 0 mesh, Illinois #6 IBC-
101) was treated for removal of pyrite by a r. ferrooxidans and T. Thiooxidans mixed culture.
Samples obtained during the treatmen_ were analyzed.

The batch reactor run for this experiment was comprised ofa 5% coalslurry, in
LOPOSO medium (see Table 1 below for medium composition) and an inoculum of Thiobac;,1lus
sp. (T. ferrooxidarts and T. thiooxidans). The inoculum consisted of a 1 liter 2% coal slur:",/.
incubated for 48 hours prior to inoculation of the large batch reactor. In tax-n,the inoculum was
prepared by inoculating the 2% coal slurry, from 50 mls each of the two Thiobacillus sp. stock
cultures. Prior to inoculation, air flow and agitation was established. The a_tadon rate was se:
at approximately 200 rpm.
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Table 1. Composition of LOPOSO medium.

ComDorlent

NI"I4C1 0.63

KH:PO_ 0.10

MgCI.:' 6H:O 0.85

KC1 0.10

CaCI., 2H.,O 0.008

NaC1 0.123

Pr_,orto addition of the culture inoculum, the contents of the batch reactor were

a/lowed to equilibrate to the react.ion temperature of 30 °C and were adjusted to a pH of 2.5.
Samples were obtained regularly and pH was readjusted to 2.5 daily after inoculation.

As described in PETC Report No. PETC-8-91, samples which were obtained were
allowed to sit until the coal particles se_ed. Afterwards. the supematant was decanted. The
remaining coal was washed (with vigorous a_o'imtion)repeatedly with disti_ed water to remove
microorganisms potentially adhering to the coal surface. This process was repeated three times
after which the co,_l was filtered through a Buchner funnel under vacuum filtration. The conl
filter cake was then d.,/ed in an air-flow oven at 105-110 oC to complete dryness. With the
subsequent encounter of some difficulties m star_g up the Atomic Absorption Analyzer, the coal
was allowed to equilibrate with laboratory air. Each of the samples were then treated together
for pyritic sulfur determination and corrected for the presence of moisture in the laboratory, air
(6% moisture) at the time of analysis. The percent moisture was determined by ASTM
procedures for moisture in coal samples. The results of the pyrite analysis as obtained through
atomic absorption techniques (described in ASTM Method D2492-84) are presented in Table 2
and Figure 1.

As seen in Figure 1, the percent (by mass) of pyritic sulfur dropped approximately
45% in the first 48 hours after inoculation. This was accompanied by a drop in reactor pH from
2.5 to approximately 2.1. The reactor pH was corrected to 2.5 with NaOH and monitored daily
thereafter. However, as seen from the data presented, the rate of depyritization slowed
dramatically after this ia'titialperiod. Reactor operation was continued to observe the apparent
ultimate ext_nt of depyritization. The lengthy reaction time largely negates the utility of this
experiment. After approximately 43 days, the coal had experienced a mass percentage loss ha
pyritic sulfur of approximately 71% which is well below repotned literature values for pyrite
removal in excess of 90% (Andrews and Maczuga, 1982; Hoffman et al, 1981).
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Table 2. Percent P_Mr.icSulfur As a Function of Time.

Time (davs'_ % Pyrite (by mass1
0 1.63
='_ 0.90
6 0.84
8 0.8_.
i0 0.82
13 0.71
15 0.72
17 0.53
20 0.61
22 0.64
_4_-, 0.70
27 0.65
29 0.54
3i 0.50
32 0.5_
36 0.68
38 O.Z9
41 0.45
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Fig 1. Percent Pyritic Sulfur With Time
Raw Coal Batch 1/_1007.
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A number of factors have been cited as contributing to a decrease in microbial

pyrite oxidationincluding a decrease in T. ferrooxidans acdvity resulting from the release of
organics into the aqueous phase (Eli_ve, 1988); the precipitation of jarosite and iron oxides
which inhibit bacterial acd.vity through limiting oxygen mass transfer (Torma and Banhe_i,
1984); and the presence of competitive acidophilic bacteria contaminating the system. The latter
bacterial contamination might have occurred in the batch run presented above through the use
of nonsterile coal in the batch depyridzation reactor. Such organisms may be resident upon the
coal itself. In an effort to eliminate the possibiliw of such contamination, subsequent batches of
coal will be autoclaved prior to addition to the medium-the sterilizadon of which is not practical
with the current reactor design. To ensure the purity, of our stock cultures, a plan of rapid seh_
dilutions has been undertaken with _adual lowering of the pH from 2.5 to near 1.8 with each

subsequent dilution in order to eliminate possible contamination of the stock cultures by
acidoph.ilic organisms.

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Charac:e,'-izar2on.

Task complete.

3.4 Microscope Analysis.

Task complete.

Task 4 - Organic Sulfur Removal

The conn'ac:ual ageement with Dr. Baiiev Ward at the Universiw ofMississippi
was completed du#mg the second quarter of this year. _'_e compilation of his results is underway
and will be incorporated into the project final report following completion of our no-cost contract
extension.
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Biodesulfurization Techniques: Application ofSelected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC'22-88PC88854

Quarterly Report

Report No. PETC-12-91
Report Period: September 21, 1991

December 20, 1991

INTRODUCTION

As described in Iast month's report, preparatory work for the reverse micelle study has
continued with the rapid seriai dilution of our Thiobacillus sp. stock cultures at a low Ph
(approximately 1.8-2.0) to ensure a strong haoculum in a logarithmic _owth phase.

Total sulfur analyses wi.ll be run on samples obtained from experimental work for the
reverse micelle study. After relocating this equipment in a more convenient laboratory, seve:-d.
difficukies have been encountered in setting up and operating this equipment. These problems
continue to be addressed this month.

The research ac,'-ivirvconducted during the current reporting period is summarized below.

TASK OVERVIEW

Task 2 - Coat Procurement and Preuaradon.

2.1 Grinding, Sieving, and Storage.

Task Complete.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

In addition to the serial dilution procedures for preparation of Thiobacitlus sp.
stock cultures (which are continuing), a preliminary experiment for the comparison of organic-
phase, reverse-rniceUe depyritization to the t2,,picalaqueous phase culture has been initiated. The
experimental set-up and procedures are described below.
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In this initial experiment, only Thiobacillus ferrooxidans was used in the various
batch cultures. Stock cultures are maintained in Ferrous Iron Me!lure (composition shown in
Table 1 below).

Ferrous Iron Medium

Part I (autoclavable) Part II (filter ste,,-ilizable)

I000mL dist. H.O 500 mL dist. H.O

0.50 g I_HPO_ 84 g FeSO_'7H:O

0.50 g (NI'-I4)_,SO,, 25 mL 1N H:SO_

0.50 g MgSO_'7H:O

3.14 mL conc. H_.S0

Stock cultures are maintained in 250 Erlenmeyer flasks containing 200 mL of
Ferrous Iron medium with parts I and I"I mixed in the proportion of 144 mL and 36 mL,
respectively. The medium pH is adjusted to 2.5 through base (NaOH) or acid (H:SQ) as
necessary prior to transfer of the inoculum to fresh medium. The inoculum size is typicaily 10%
v/v for stock culture maintenance.

For initiation of the reverse micelle experiment, one liter of Fen'ous Iron medium
was prepared and adjusted to pH 2.1. To it was added 100 mL of Thiobac;,llus ferrooxidans
inoculum from a 7-day old culture. After incubation at 28 °C and 100 rpm (ag-itarion rate) for
five days, the ceUs were harvested by centrifugation. The culture medium was spun down at 10
°C for 30 minutes at 5,000 rpm (approximately 3,500 g). The cell pellet which was obtained was
resuspended in 3 mL of distilled water (previously adjusted to 2.5). From this 3 mL cell
concentration, 1 mL was added to the reverse miceUe formulation (described below), 1 mL was
added to a control and the remaining milliliter was retained and resuspended in Ferrous Iron
medium for stock culture maintenance.

The reverse micelle was prepared in a 2 L flask in the following manner:.

- 500 mL light mineral oil
- 500 mL n-heptane
- 1 mL Tween 80 (surfactant)
- 1 mL bacterial suspension (described above)
- mixture agitated with a stirring bar for 1 hour
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After preparation of the reverse micelle system and the batch reac:or controls, 20
gains of 100X0 mesh coal was added to each to form a 2% slurry. Table 2 presents each batch
reactor condition.

Table 2. Batch Reactor Descriotion

Flask No. 1 - Experimental reverse mice!le system

Flask No. 2 - Control #1 (reverse micelle without biocatalyst)

Rask No. 3 - Control #2 (water @ pH=2.5 + 1 mL ce!ls)

After each 2 liter flask had been prepared (as in Table 2), a stirring bar was placed
in each for a#tation and the media were autoclaved (prior to addition of the biocataiyst).
A_tation was then accomplished by stirring plates in a temperature controlled cabinet (temp.=
30 °C).

Samples were obtained from each ba:ch reactor every. 12 hours with 50 mls
removed per sample. Each sample was filtered through a Whatman No. 1 filter under vacuum
fiitration. The aqueous phase sample, only, was washed with distilled water. The organic phase
samples were not washed. All samples were then dried 12 hours in an air-flow oven at 105 °C
and stored in a dessiccator awaiting total sulfur analysis. This analysis will be provided as soon
as c'an'ent analytical equipment problems are resolved.

Task 3 -Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.4 Microscope Analysis.

Task complete.

Task 4. - Organic SuLfurRemoval

Task complete.
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Biodesulfurization Techniques" Application of Selected
Microorgmnisms for Orgmnic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC88854

Quarterly Report

Report No. PETC-3-92
Report Period: January, 21, 1992

March 20, 1992

INTRODUCTION

The rese_ch activities conducted this month include the reverse mic_!le study (previously
reported in Report No. PETC-2-92) and the initiation of related work concerning :he
growth charac'_e,"istics of Thiobacillus sp. This exeerimentation is outlined below.

TASK OVERVIEW

Task 2 - Coal Procurement and Prenaration.

2.1 Grinding, Sieving, and Storage.

Task Complete.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

As described in last month's report, a second experiment for investigating r2':e
depyritization activity of 7".ferrooxidans in a reverse mice!le system was initiated this month.
However, simiiiar difficulties experienced with the first experiment (as described in PETC
Report No. PETC-1-92) were encountered and the experiment was discontinued. "E',e
investigation of the mLxed-culture (7'. ferrooxidans/T, thiooxidans) depyridzation activity i:,
aqueous phase culture is continuing to ensure culture viability.

Additionally, an experiment has been started to investigate the effects of the
organic phase upon desulfurization. A search of the literature has shown that the reverse micei!e
alone (without organisms) removes sulfur to some degree. Studies are being initiated :o
investigate the degree of desulfurization with and without organic solvent pret.reatment.
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The capability of the heptane to remove sulfur will be reported upon completlon
of this experimental work.

In order to examine the potential of reducing the lag phase in microbial growth
and depyritization, a study is underway to investigate cellular activity in early exponential phase
growth (as compared to later, stationary-phase growth).

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.4 Microscope Analysis.

Task complete.

Task 4 - Organic Sulfur Removal

Task comolete.
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Biodesulfurization Techniques: Application ofSe!ected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC88854

Monthly Report

Report No. PETC-4-92
Report Period: March 21, 1992

April 20, 1992

INTRODUCTION

The past month's research activities are reported below.

I

TASKOVaRYJEw

Ta_k 2 - C0al Procuremen_ and Preparation.

2.1 Grinding, Sieving, and Storage.

Task Complete.

2.2 Microbial Removal of Pyrite and Sulfate.

Task complete.

Comparative experiments have been conducted to examine the effects of "seed
culture" age, the presence of a sur'factant Cl"ween 80) and pretreatment of the coal with n-
heptane on the rate and extent of desulfurization. These studies have been initiated as a result
of attempts to formulate a reverse micelle system (as described in the literature) for improving
the bacterial depyritization of coal. Problems with dispersion of the aqueous, microbial phase
in the organic phase have resulted (discussed in previous reports) thereby prompting an
investigation of several conditions associated with the reverse mice!le system. These
experiments are described below. Resulting experimental analysis will be provided as it
becomes available.

EXPI_RIMENT #I
Following the initial reverse micelle experiments, a standard test has been

conducted to reexamine the abi]ity of our T. ferrooxidar_ strain to remove pyrite from the
I11inois#6 coal (200 X 0 mesh). The experiment was conducted in 2 liter flasks containing one
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liter of LOPOSO medium plus a nitrogen source (0.6 g/L N'H_CI) and 20 g of coal for a 2,'7'0
(w/w) slurry. Flasks containing media and coal were autoclaved for 15 minutes at 121 °C.

The bacterial inoculum consisted of a pure culture of T. ferrooxidan$ that had
been growing for seven days at 30 °C and 120 rpm in modified 9K medium with 30 g/L
FeSO,_TH20 as the energy source. Typical cell concentrations of 10"7 - 10"8 ceIls/ml were
achieved.

Cells were filtered from the 9K medium using 0.2 micron filters. Cells were then
resuspended by agitating the filter in 50 mL of distiiled water at pH 2.5 (adjusted by the addition
of IN HCf). The resuspension of ceils contained 10"9 - 10"10 cellslmL, Cell concentrations
were obtained by the measurement of the optical density in a spectrophotometer and through
correlation to actual cell concentrations for 7".ferrooxidans cited in published sources.

The two-liter flasks were then inoculated with 25 mL of the bac',e,,'ial

resuspensions to produce approximately 5XI0"7 ce!IslmL in the 2% (w/w) coal slurry.
Incubation was carried out at 30 °C and 120 rpm for 9 days.

The decrease in total sulfur was monitored with time by analysis on a LECO
induction furnace. The experimental flasks removed approximately 75 % of the pyritic sulfur
in i0 days, while the control removed only approximateiy 10% of the pyritic sulfur.

E_ERIMENT #2
The next experiment was identical to the one described above except that a 5 %

(w/w) coal slurry, was used with a suffactant ('Tween 80), and cells ,,,,,ereharvested ai'ter only
two days of incubation to obtain ceils in logarithmic growth. The purpose of this experiment
was to examine both the effect, if any, of the added sur:'actant and the seed culture age upon the
rate and extent of depyritization. The number of cells per mL was not recorded because o_ the
presence of fine iron particulates in the resuspension.

The experimental flasks (both with and without surfacm.nt) showed a similar
reduction of 40% in pyritic sulfur in 12 days as compaced to the uninoculated control in which
a sulfur removal of only i0% was observed. It shou!d be noted that the total sulfur removed
in the experimental flasks was significandy lower for a comparable leng:h of time than the
experiment described above. It is likely that this is due, in part, to a lower cell count than in
the previous, older culture.

ExPtc'r #3
In this experiment, 50g of coal was washed for 8 hours in I00 mL of n-heptaae,

ethanol, and distilled water at 30 °C and 120 rpm in I Liter flasks. The washed coal was then
filtered and dried overnight in an air=flow oven at ii0 °C.

The washed coal was then inoculated with ceils harvested as before ('Experiment
#I) from a 7-day old culture. The experiment was done in I liter flasks containing 500 mL of
LOPOSO medium arid I0 g of washed coal for a 2 % (w/w) slurry.

The initial results indicate that, prior to bacterial inoculation, the n-hepr_e
washed coal experienced a 15 % reduction in pyritic sulfur while washing with ethanol and
distilled water removed only about i %. After three days of incubation with the bacterial
inoculation, the n-heptane flask showed about 30% pyritic sulfur removal as compared to only
about 10% in the other two flasks (one with ethanol-washed and water-washed coal.
respectively).
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In each of the experiments described above, it is assumed that i) the sulfatic
sulfur is solubilized upon contact of the coal with the medium and 2) the organic sulfur remains
unaltered by the aforementioned treatments thereby leaving only the pyritic sulfur to be removed
by bacterial action. This allows the u_e of total sulfur analysis as a means of following the
depyritization of the coal. However, further investigation into the action of heptane (upon all
forms of sulfur) is wan'anted aad more detailed sulfur analysesmay be required.

Future experimentation is planned as follows:

I) n-heptane removal of sulfur as a function of time
2) effects of other organic solvents (e.g. acetone, benzene, etc. for

removal of sulfur)
3) determination of the effect of each of the above treatments on T.

ferrooxidans and 7",thiooxidans activity in shake flask.s
4) the acclimation of ThiobacilIus cultures to Fe_ use by the addition of

small amounts of elemental sulfur to growing cultures.

Reporting on these results will be made in the May monthly report and the Project
Final Report.

i

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.4 Microscope Analysis.

Task complete.

Task 4 - Organic Sulfur Removal

Task complete.
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ATTACHMENT B
!

Attachment B contains a complete, chronological description of Task 4--Organic Sulfur Removal,
as conducted by Dr. Bailey Ward at the University of Mississippi.
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SUMMARY

Severalhundredbacterialcultures isolatedfroma varietyof naturalsiteswere tested for their ability to
desulfurizeselectedmodelcoalorganos_ilfurcompounds.Initialfocuswasondetectionofbiodesulfurization
ofdibenzothiophene(DB'r)viaa proposedpathway!nvolvingtheintermediates,DBT-5-oxide,DBT-5-dloxide
(-sulfone),and 2-(2-hydroxyphenyl)benzenesuifonicacid, from which removalof sulfatewould give the
product,2,2'-dihydroxybiphenyl.Severatscreeningmethodsinitiallywere used to monitor desulfurization
activity(ondifferentorganosulfurcompounds):theLehighspray-plateassay(DBT),growingcellsuspensions
(DBTor DBT-sulfone),restingcellslurries(DBTor DST-suifone),ora sulfur-stressassay inwhich the only
sourceof sulfurwas organic(DBTor DBT-sulfor,e).

Numerousculturesproducedcolored"Kodama-type"productsfromDBT,but not from DBT-sulfone,via
a carbon-destructive,non-desulfurizingpathway. Becausethe Kodamaproductsinterferedwithdetection
of desutfurizationactivity,DBT-sulfonebecamethe substrateof choice for subsequentscreeningassays.
Althoughseveral culturesfrom a variety of sourcesexhibitedactivity (removalor disappearancefrom
solution)on DBT-suifone,no productsweredetectedbytheassaysfor whichan inorganic-sulfur-sufficient
mediumwas used.

Onlytwo of our isolates,UMX9 and UMX3, and the strain IGTS-8, provided by the Institutefor Gas
Technologyas a referenceculture,wouldgrowon DBTor DBT-suifoneasa solesourceof sulfurunderthe
sulfur-stressassay. Undersulfur-stressconditions,a desulfurizedproductwasdetectedonlyfor UMX9and
IGTS8. Thedesulfurizedproductwas identifiedas 2-hydroxybiphenyl(2-phenylphenol).Biodesuifudzation
activityforall threeorganismsoccurredonlyforgrowingcultures(vs.washed,restingcellsuspensions),and
wasdepressedby free sulfate,althoughmoreso for UMX3and IGTS8thanfor UMXg. All three organisms
exhibitedsimilarbiodesulfudzationactivityon a varietyof organicsulfursubstrates.Comparativetestson
carbohydrateutilization(48 substratesusingAPI CH kit) revealedthat onlyUMX9wouldgrowon glucose,
andthat onlyIGTS8wouldgrowon L-arabinose.Noneof the threeculturesexhibitedgoodgrowthon DBT,
DBT-su!fone,or 2-phenyiphenolas sole sourcesof carbon, comparedto growthon glycerol,and none
producedKodama-typecoloredproductsfrom DBT. Taxonomicstudies(includingMIDIanalysis)revealed
UMX3 to be similarto IGTS8, whereas UMX9 exhibited charactedsticallydifferent features. All of the
organismsexhibited Rh0doco(;:cu_-Iikefeatures. Assays of biodesulfurizationactivity as a functionof
temperatureor pH revealedfurtherdifferencesbetweenUMX9andUMX3/IGTS8. Underoptimizedassay
conditionsfor eachorganism,UMX9exhibitedca.30%greaterbiodesulfurizationactivitythan did IGTS8and
UMX3,which wereabout identicalin activity.

CulturesUMX3and UMX9were testedfor ability to grow on biodepyritizedcoal assolesource of sulfur,
under the conditions of the sulfur-stressassay,with glycerol and glucose as carbon sources. Relativeto
aopropriate controls consistingof growth medium plus coal only or medium pluscells only, both UMX9and
UMX3exhibited better growth on coal assolesource of sulfur. Evidenceof physicaldeteriorationof the coal
was noted for some biotreatedsamples. No data haveyet been obtained on coal chemistry, thus we can
only suggest that organic sulfur was removedfrom the coal.

INTRODUCTIONAND BACKGROUND

Combustion of sulfur-containingfossil fuels resultsin the liberationof sulfoxidesinto the atmosphere
where they react with water to produce sulfuric acids. Precipitationladen with the acids forms "acid rain",
which poses a multitude of threats to the environment. The continued use of coals in general, and high-
sulfur coals in particular, will require technologiesdesigned to eliminateor reduce sulfur emissions. Two
approachescan be taken: elimination of sulfur from post-combustiongasesor pre-combustion coal



desulfurization,the latterbeing the subjectof the presentreport. The predominantforms of sulfurin coals
are 1) inorganicpyritecrystalsexistingas aggregatescloisteredamong,but not boundto, the organiccoal
matrixand 2) "organic"sulfurboundto carbonatoms. On theaverage,about one-halfof the totalsulfurin
a "typical"coal is organic.The bulkof pyriticsulfurcan be removedbya varietyof chemical,physical,and
biologicaltechnologies,butefficientmethodsfor removingorganicsulfurare lacking.

Becauseit would bedesirableto removecoal organicsulfurwithout lossof fuelvalue,we proposedto
searchfor bacteriacapableof cleavingC-S bondsin modelcoal compoundsor of coal itself. Previous
reports(1,2) already had establishedthe potentialfor usingbacteriato removeorganicsulfurfrom coals,
a processthat will be called biodesulfurization in the presentreport. A pathwaywas proposed (2) for
selective enzymatic cleavage of C-S bonds in thiophenic model compounds, with emphasis on
dibenzothiophene(DBT). Theproposedpathwaywascalledthe"4S"pathwayinreferenceto the sequence
of sulfuroxidationviaDBT-5-oxide,DBT-5-dioxide(-sulfone),2.(2-hydrox'yphenyl)benzenesulfonicacid,and
liberationof free sulfateion, resultinginthe desulfurizedproduct,2,2'-dihydroxybiphenyl.A variantof the
4S pathwayleadingto 2-hydroxybiphenylhas beenreported by Kilbane(3,4). Anotherpossiblepathway
of biodesuifudzationhasbeensuggested(5) inwhichringcleavageaccompaniesor followsdesulfurizatlon,
withbenzeneand derivativesoccurringas transientintermediates.(The4S pathwayis illustratedin Fig.1,
App.8) For effectivebiodesulfurizationof fuel coals,the desiredactivitywouldbe specificcleavageof the
bondsof any sulfurboundto coal carbon. The fact of attendantringcleavageof modelcompoundsmight
be inconsequentialinasmuchas suchcompoundslikelydo notexistincoal. That is,a microorganismthat
removessulfurfromDBTalongwithdegradationof theparentsubstratemightonlyremovesulfurfromcoal.

Ourobjectiveswereto obtainoneor morenovelmicrobialsystemsthat specificallydesulfurizedDBTor
DBT derivatives(with or without ring cleavage,but with focus on 4S-type activity),to characterizethe
biodesulfudzationactivityandtheorganismsthemselves,andtotestthe superiorcultureson biodepyritized
coal.

Theprojectdevelopedand maturedovera periodof aboutthirtymonths,withprogressand noteworthy
eventschronicledin the forms of monthlyand quarterlyreports, and in three manuscriptspublishedas
proceedings(6,7,8). Detailed and timelydescriptionsof methods, data collected,and interpretations
appearedintheaforementionedreports,someor portionsof whichareappendedtothe presentfinalreport
(inanapproximatelychronologicalsequence)to serveasreferences.For convenienc,.(andto avoidhaving
to rewritethat which already has been written)we will refer the reader to the Appendicesfor detailsof
methodology,experimentalrationaleandsetups,data,and resultsobtainedasthe projectdeveloped. This
finalreportis presentedas a chronologyof eventsleadingto a focuson thethree (outof hundredstested)
organisms-culturesUMX3, UMX9, and IGTSS--thatexhibiteddefinitebiodesulfurization,defined hereinas
abilityto grow on an organosulfursubstrateas a sole sourceof sulfur. For convenienceof reporting,
detailsof new methodologiesappliedforthe last few monthsof the projectare presentedin Appendix7.
Thisapproachallowsfora narrativedescriptionof generalapproacheswith focuson importantfindingsand
interpretations. The project culminatedwith a presentationand manuscript(App. 8) for the Third
InternationalSymposiumon Biotechnologyof Coal and Coal-derived substances,Essen, Germany,
September23-24, 1991.

PROJECTCHRONOLOGY

We initiallyfocusedonisolatingfromnaturalsourcesbacteriathatexhibitedoneormoreof the reactions
associatedwith the 4S pathway. BecauseDBT is a commoncomponentof petroleum,we reasonedthat
sitesof petroleumcontaminationmightharborbacteriacapableof desulfurizingthiopheniccompounds.We
collectedsamplesofweatheredorfresh,refinedor crudepetroleumthathad beenmixedwithsoilsorwater
in streams,ditches,or sumpsnearoilwells,pipelines,or storageor transferfacilities. At the time of the



initiation of the project, we were aware that Professor Steven Krawiec of Lehigh University had reported
(INEL Program Review, January, 1989 and personal communications;later published, ref. #9) on the isolation
from fuel-oil-contaminated soil of several (actually numerous) bacteria that gave evidence of production of
2,2'-dihydroxybiphenyl from DBT. Dr. Kraweic's apparent success reinforced our initial focus on collecting
samples from oil-contaminated sites. We also collected samples from several sites where coals had been
mixed with moist soils, and from an activated sludge wastewater facility.

Over the course of the project, several methods were tested as screening assays to detect and monitor
biodesulfurization activity. Our desire was to use a rapid and simple regime that would allow for screening
many Isolates for 4S activity. Initially, we tried the Lehigh spray-plate assay (9;App.1,2) on a few hundred
cultures, but found no convincing indications of (presumptive) 4S activity (DBT-dependent production of
fluorescent products). Unless stated otherwise, an inorganic sulfur-sufficient medium, designated 21C (App.
1, p.3; ref.10) was used for all assays. This was the medium formuJation exactly as used by Professor
Krawiec (9) for detecting 4S activity for the Lehigh isolates via the spray-plate assay, thus we presumed that
our use of the same formulation would yield good results in our hands.

Our initial lack of success using the spray-plate assay prompted us to secure cultures of several of the
Lehigh University (Professor Steven Krawiec et al,) collection; these cultures had been reported to exhibit
presumptive 4S activity via spray-plate assay and in some cases to produce 2,2'-dihydroxybiphenyt (9). After
consultation with Dr. Krawiec and his associate, Diane Dutt, to ensure similarity of techniques, we tested the
Lehigh isolates C18, F23, B24, A4, C1, C2, D20, El, and F14. It was our aim to use the Lehigh cultures as
references to test our methodologies and analytical techniques; we wanted to be sure that we were not
missing 4S activity due to faulty techniques. A few of the Lehigh isolates did produce blue fluorescent
products from DBT, but these same cultures also produced colored products, a phenomenon consistent
with "Kodama" metabolism of DBT resulting in sulfur-containing yelloworangered products (11) which also
fluoresce blue under short wavelength irradiation (12). After many trials and manipulations, we concluded
that the spray-plate method did not allow us to differentiate between possible production of 4S products and
conspicuous production of Kodama products. In fact, all presumptive positive 4S activity was due either
to confirmed Kodama products or to unidentified but undesulfurized products. In no case for any isolate,
including the nine Lehigh isolates, did we detect a desulfurized product from DBT, although several isolates
would remove DBT from solution. For these and subsequent experiments, we used thin-layer ('T'LC)and gas
chromatography (GC), and GC/mass spectrometry (GC/MS) to monitor or identify products. Refer to
App. 1-5 for details of analytical protocols and to App. 3 and 5 for a description of our experiences with the
Lehigh Plate Assay.

As we were testing the spray-plate assay, we also began to use shake-flask cultures to screen for
biodesulfurization activity, both of crude or "raw" mixed cultures obtained directly from collected samples
or of purified cultures. For these trials, we added DBT crystals to standard 21C medium inoculated with
cells, then incubated cultures plus DBT-only and cell-only controls at 30°C (the standard temperature of all
assays, unless otherwise noted). Developed cultureswere extracted with organic solvent (App.2 which was
analyzed by GC for amount of DBT remaining and appearance of 4S products. We also compared growing
cells (shake-flask) with resting cell suspensions. Appendix 3 contains descriptions of the analytical methods.
We were not able to detect desulfurized products for any culture tested (although some DBT disappeared
from the medium for some cultures). We encountered problems with interference by DBT crystals of cell-
density (O.D.) measurements so we began using DBT-sulfone as a substrate because of its greater water
solubility than DBT. We used a water-saturated DBT-._ulfone(0.166mM) solution (no crystals) for subsequent
tests. We reasoned that any organism capable of desulfurizing DBT via the 4S pathway would also
desulfurize DBT-sulfone. Although several cultures would readily remove DBT-sulfone from solution, in what
appeared to be cometabolic reactions, we did not detect any products of possible biodesulfurizatlon
reactions. In short, we were not getting any evidence of desuffurization, only removal of the substrate. We
should note here that we never were able to confirm biodesulfurization activity for any of the Lehigh isolates.
Refer to App. 3 and 5 and ref. No. 6 and 7 for details.



We also tested numerouscultures(that removedDBT or DBT-sulfone)for releaseof sulfate into the
medium. We usedat firstthe ASTM turbidimetric(BaCI2 precipitation,App. 1) methodthen turnedto ion
chromatography(App.5). We werenotable to demonstratesignificantincreasesinsulfatedue to microbial
activityon the thiophenicsubstrates;yet we hadno realevidencethat desulfurizationwas occurring. We
wonderif cometabolicreleaseof sulfatefromorganosulfurcompoundsina sulfate-sufficientmediumwould
indeedresultinmeasurableincreaseintotalsulfur.We becameconcernedthatthepresenceof free sulfate
inthe culturemediummightrepressbiodesuifurizationactivity. Duringthisstageof the projectwe learned
of Dr. John Kilbane'sworkat the Instituteof GasTechnology(IGT). Dr. Kilbanedescribed (3,4) a "sulfur
bioavailabilityassay"inwhichan isolatedesignatedIGTS-8 wouldgrowon DBTas a solesourceof sulfur;
the organism, identified by Dr. Kiibane as a Rhodococcusrhodocr0us, produced the product 2-
hydrox'ybiphenyl,designatedin the presentreportas 2-phenylphenol.ThusIGTS-8 exhibiteda variantof
the proposed4S pathway. Dr. Kilbanesent a filtered (ceil-free)supernatantpreparedat IGT for us to
analyze to provide independent confirmationof the biodesuifurizedproduct, 2-phenylphenol. The
supernatantwas froma spentculturemediumin whichDBT hadservedas the solesulfursource for IGT
S-8 prepared at IGT. We confirmed (by UV spectralanalysis,GC/MS, GC, and TLC) presence of 2-
phenylphenolinthe filteredsupernatant.We realizedthat we had beendevotingour effortsto the wrong
approachfor obtainingbiodesulfurizingisolates.We modified ourstandard21C mediumby replacingall
sulfatesaltswith chloridesalts to yield a sulfur-freemedium, whichthenwas usedfor our Sulfur-Stress
Assay, inwhichtheonlysourceof sulfurwasDBT-sulfone(water-saturatedsolution)or other organosulfur
substrates.Glucoseandglycerolwere providedas organiccarbonsourcesto favor growthof a varietyof
organisms. Eachtrialconsistedof threesetsof culture-tubepreparationscontaining10 mi of medium:

SET 1. DBT-sulfone+ inoculum;
SET 2. inoculumonly in sulfur-freemedium;
SET 3. DBT-sulfone+ inoculum+ added sulfate[0.166mM].

Cultureswereconsideredto exhibitbiodesulfurizationwhengoodgrowthoccurredin SET 1 tubes and
continuedafter several(fiveor more)successivetransfers;with noto minimalgrowth in SET 2 tubes: and
withgood growthinSET 3 tubeswhichalsoallowedusto checkforpossibleinhibitionby the organosulfur
substrate.AllglasswarewasrinsedinHCIto removeresidualsulfur.Measurementsof opticaldensity(O.D.)
provided indicationsof cell growth. Cultureextracts were analyzedby GC and GC/MS to monitor
desulfurizationactivity(removalof organosulfursubstrateandappearanceof desulfurizedproduct).

Thereader here is referred to App. 7 and 8 for details of methodologyandprocedures for the latter phases
of the project.

For time-courseanalysesof DBT-sulfoneremovaland appearanceof 2-phenylphenolvia sulfur-stress
assays,we also usedspectrometricUV scansto monitorandquantifybiodesulfurizatlon.BecauseDBT.
sulfoneand 2-phenylphenolgave distinguishablespectralpeaksin the range 200-400nm, this method
allowedusto monitordirectlythe aqueous,cell-freesupernatantsof testcultures(DBT-sulfonesuppliedas
water-saturatedsolutionof 0.166 mM). We useda MiltonRoySpectronic1201coupledto a computerized
SpecScanprogramthat allowed for curve area analysisand differentiation.Cultureswere grownunder
sulfur-stressconditions,shaken in flasks at 30° C, with 1.5 ml samples withdrawn at time intervals,
centrifugedat 10,000x .gfor 10 rain, thenreaddirectlyvia spectrometry.

Usingthe sulfur-stressassay,we retestedmostof our originalisolates,includingthe Lehighcultures.
and several hundred culturesfrom the Universityof Alabama, Huntsville/ collection (isolated from
superfundsites-ProfessorAlfredMikellet al.). We alsoobtainedIGTS-8 from IGT(Dr.JohnJ. Kilbane)to
serveas a referenceculture. Of the firstseveralhundredculturestested,onlyIGTS8grewon DBT or DBT-
sulfoneas a sole sourceof carbon. However,duringsubsequenttrials,a mixed culture,designatedUMX.
exhibitedpositiveactivityon the sulfur-stressassay. The aforementionedfilteredsupernatantfrom IGT



arrivedInan apparentlynon-sterilecontainer (the samplewas faintlyturbid), and we took no special aseptic
precautionsin handlingthe sample. We at once fractionatedthe sample,then extractedone fraction for
analysis;the other fractionwas dispensedto a non-sterileculturetube. Subsequentexaminationof the
reservefractionindicatedthe presenceof ceils,sowe decidedto attemptto culturethem. Our interestwas
piqued by the presumptionthatthe filtrateshouldhavecontainedno freesulfur;no DBTwasdetectableby
our GC or GC/MS analysis. Evenif the solutioncontaineda varietyof bacterialcells,the lack of available
sulfurshouldhavepreventedorat leastseverelyrestrictedgrowth. However,organismshavinga lowsulfur
requirementmightat leastsurvivethe sulfur-stressedenvironment.A mixedculturederived(initiallyin1/10
strengthtrypticsoy broth)fromthe filtrategrewin the sulfur-stressassayon DBT-suifoneas solesourceof
sulfurand produced2-phenylphenol(App. 5, Fig. 1). Our first thought was that IGT S-8 had slipped past
the filterat IGT, and was present in the consortium. Examinationof the consortiumafter growth on the
sulfur-stressassayrevealeda predominanceof twopseudomonadsalongwithseveralotherorganisms(App.
5). Upon separationand repeatedtestsof membersof theconsortium,onlytwo isolatesin pureculture,
UMX3 and UMX9, grew well on the sulfur-stressassay. Analysisof extracts revealedthat only UMX9
produced2-phenylphenol,and that UMX3did not producea detectableproduct (App.5,8). Asevidenced
by stainingreactions,celland colonymorphology,and growthhabit in liquidmedia, UMX3appearedto be
identicalto IGT S-8,withthe exceptionof lackof 2-phenyiphenolinextractsof UMX3. TheUMX9 appeared
to be unlikeeither UMX3 or IGTS8 (App.6). Thus,we concludedthat IGT S-8 was not presentin the
consortium. The UMXculturesrepresenteda fortuitouscircumstanceinwhichthe originalfiltrateservedas
an enrichmentand selectionmedium favoringthe survivalof organismscapable of desulfurizingthe
minusculeamountof DBTthat musthaveremainedinsolution;or perhapssulfurwas beingrecycledfrcm
biomass.Oursubsequenttestsrevealedthatthenondesulfurizingmembersof theoriginalconsortiumwould
growinthe sulfur-stressmediumonlywhenthedesulfurizterswerepresent.Moreover,thenondesulfurizers
usuallywere the dominantmembersof the consortia;indeed,desulfurizerswere not apparent in the mix
whenitwas viewedviamicroscopy,yettheycouldbe isolatedbyserialdilutionsand platecultureon sulfur-
stressmedia. We concludedthatthedesulfurizer(s)liberatedexcesssulfurfrom the organosulfursubstrate.
and thatthe otherorganismsscavengedthe free sulfur,leavingjustenoughfor survivalof thedesulfurizers.

Inasmuchas by this time the project was nearingfinal stages,and consideringthe fact that UMX3and
UMX9were the only isolates that we had obtained that exhibited biodesulfudzationactivity, we elected to
concentrate our remainingefforts on characterizingthese cultures in comparison to IGTS-8; the remainder
of this report focuses on these activities, and the manuscript in App. 8 describes the results of our
investigations.

Our objectiveswere to revealadditional taxonomic or physiologicaldifferencesamong the three
organisms,and to comparethe threewithrespectto biodesulfurizationactivity. Forthese assays,we used
the spectrometricmethoddescribedearlier. Detailsof methodologyare given in App. 7. Five replicate
cultureswere usedforeachexperimentalvariablevs.eachtestedorganism;data arereportedas the mean
of the five replicates,unlessstated otherwise.

T_gnomic/ohvsioloQicalStudies. Our approach to taxonomicdifferentiationwas to have the cultures
analyzed by MIDI analysis(App. 7) and to apply the API carbohydrateutilizationtest to determine
differences,ifany, in carbohydratemetabolism.We alsocomparedphysiologicalresponsesof eachculture
withrespectto abilityto degradeand perhapsgrowon DBT-sulfoneor 2-phenylphenol,andchecked each
forproductionofKodama-typeproductsfromDBT. Notonlywoulddifferencesinabilitytodegradeorutilize
DBT-sulfoneor 2-phenytphenolindicategeneticdifferences,but alsowouldprovideimportantInformation
in assessingdegree to which biodesufudzationoccurred. For example, if UMX3 rapidlydegraded 2.
phenylphenol,then itsmechanismof biodesulfurizationof DBT-sulfonemightbe thesameasthat of IGTSS.
withthe additionalcapacityfor ringcleavage. Moreover,biodegradationof 2-phenylphenolwouldobscure
theactualrateof production.Forthesetests,we usedspectrometricanalysisand comparedexperimentals
vs. controlsvs.time of incubation.



Kilbane (13) reported that the fatty-acidprofile of IGTS-8 revealedRhodo¢occusrhodocrous,thus we
applieda similartechniqueto supportourowntaxonomicwork. Our rationalefor use of the API test was
that because carbohydrate utilization likely represents metabolic pathways genetically distinct from
biodesulfurizationof thiophenes,such differenceswould reflecttrue taxonomic differencesamong the
organisms. Moreover,Kilbane(personalcommunication)statedthat IGTS-8 would not grow on glucose
as a carbonand energysource.

We should note that none of the three cultures(UMX3, UMX9,or IGT S-8) produced"Kodama"-type
colored productsfrom DBT or DBT--suifone,and no suchproductsweredetectedby GC/MS.

The resultsof theMIDI analysisreportedinApp.6 arenotconclusive.BothUMX3and IGTS-8 exhibited
similarprofiles,but noneof the three culturesgavea goodmatchwithany organisminthelibrary, including
Rhodococcusrhodocrousand a variety of other speciesof Rhodococcus.We can now only statethat
UMX3and IGT S-8 are obviouslydifferentfrom UMX9andthatall threeexhibitRh(;x;to#oc_us-likefeatures.

Figures2-4, App.8containrepresentativetime-courseassaysof growth,disappearanceof DBT-sulfone,
andappearanceof 2-phenyiphenolfor eachof the threeorganismsassayedundersulfur-stressconditions,
with glyceroland glucoseas carbonsources,andwith DBT-sulfoneas sulfursource.

WhenDBT-sulfonewas suppliedas solecarbonand sulfursourceor 2-phenylphenolsole carbononlyI

(with0.16 mM sulfateadded), increasein cell densityafter 120 h of incubationwas about the same as
occurred when no carbon sourcewas added. Some reductionin both 2-phenylphenol and DBT-sulfone
occurred for all three organisms. We attributethe slight increasein cell densityto carryover carbon/energy
source from the starter culture. Small decreases in DBT-sulfoneof 0.04-0.05 mM occurred for all three
organisms, indicating some removal by the cells. Data and discussionare presented in App. 8.

The results of the API CH tests are presentedin Table 5, App. 6. Culture UMX9would grow on glucose,
whereas neither UMX3nor IGTS8would do so, and only IGTS8would grow on L-arabinose. Our working
conclusion from the data available is that there are distinct taxonomic differences among the three
organisms. UMX3 and IGTS8 appear to be closely related, with physiological differences exhibited in L-
arabinose utilization and production of 2-hydroxybiphenyl. The UMX9 appears to be a quite different
organism from the other two, yet it possesses the ability to desulfurize DBT or DBT-sulfone to 2-
hydroxybiphenyl, and to utilize glucose as a carbon substrate.

ComparativeBi0de_ulfurizationActivities. We wanted to determine the differences, if any, that existed
among the three cultures with respect to rate and degree of biodesulfurizationunder a variety of different
conditions. We made time-course studiesof cell density (O.D.) and disappearance of DBT-sulfone as
functions of different carbon substrates (glucose or glycerol) or added sulfate to test for repression of
activity. The resultsof first tests using thedifferentcarbon sourcesare presentedin App. 6, Fig. 1 & 2: the
effectsof added sulfateare described in Fig. 5-7, App. 8, which also presents a discussion.
We also tested each culture for effectsof Ph 6, 7, & 8 (30°C)and temperaturesof 25, 30, 37, & 41°C (pH
7) on biodesulfurization to identify the best of each variable for each culture, then compared the three
organisms under optimized conditions for each. These data along with discussionare presented in App.
8. The reader is referred to the manuscript of App. 8 for additionaldiscussion,conclusions, and relevant
references.

Testson Coal. It was only near the end of the project that we had obtained biodesulfurizing strains, thus
only _.limited amount of work could be accomplishedwith coal. Detailsof the coal tests are presentedin
App. 6. In summary, UMX3 or UMX9 exhibited greater growth on biodepyritized coal as a sole source of
sulfur than on control medium. Physicaldeterioration of the coal was evident after microbial growth
Glucose and glycerol were supplied, thus it is unlikely that the organismswere utilizing coal carbon.
Wewere not able to havechemical analysesdone, thus we only can state that apparently the coal provided
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a sourceof sulfur;whetherorganic or not is not knownnow.

SUBCONTRACT PROPOSALTASK SUMMARY

The subcontractedeffortswere addressedto Task4 - Organic SulfurRemovalof the LouisianaTech
proposal. The subcontractproposal Identifiedthree Subtasksto be performed at the Universityof
Mississippi.Our successat accomplishingeach of theseeffortsis summarizedbelow.

Subtask4.1 - Desulfurizationwith OC7-A

Dr.JosephFernandesof LouisianaTechsupplieduswitha cultureidentifiedas OC7-A. The suspension
containedseveralorganisms,noneof whichappearedto besimilarto OCT-A,and noneof whichexhibited
any evidenceof biodesulfurizatlon.Furtherwork underSubtask4.1 was not warranted.

Subtask4.2 - Searchfor New Organisms

The narrativeof the preceding pages 1-6,andthe appended materialsdocument our broad effortsand
narrow success under this Subtask, which became the primary focus of the research.

Wewere disappointed that work with coal was limited,due to the fact that the project was almost at end
and no additional funds for personnel, supplies,and serviceswere available. Asa major component of the
overall project, personnel at Louisiana Tech were to provide organic-sulfuranalyses using the SEM/EDX
system at LTU, in addition to running other coal chemistry analyses on the biologically treated coals.
Unfortunately,by the time that we had generated biotreatedcoals (biodepyritized at LTU),work at LTUhad
shifted to other focuses. Inasmuch as our funds were exhausted,we were unable to have the biotreated
coals tested for amount and kinds of sulfur removed.

Subtask 4.3 - Plasmid-medlatedTechniques

Louisiana Tech subcontracted separately with Dr. David Graves, Department of Chemistry, University
of Mississippi,for the plasmid work to be done under thisSubtask. Our own efforts focused on tests of cell-
free extracts of UMX9and UMX3 (prepared by nitrogen-decompressionor French press rupture) revealed
no detectable biodesulfurizatlonactivity. Someactivity wasdetectablefor the cell-particle fractions, but this
wasgreatly reducedwhen equated with a comparable-biomass,whole-cell preparation. Further work in this
direction was not done in favor of other efforts. Atentative conclusion is that the biodesulfurization activity
is not mediated by extracellularenzymes.

Dr.Gravesanalyzedseveralof our isolatesforplasmidsduringthe firstyear of the project,but noneof
these ultimatelyexhibitedtrue biodesufurization,thusthe data were not relevant. Towardthe end of the
project,Dr. GravestestedUMX3, UMX9,andIGTS-8; no plasmidswere identified,thus furtherwork under
thisSubtaskwas not warranted.
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TELEFAX TRANSMISSION

Date: 3-3-89 Page I of 5

To: Brace Boyden, Interim Project Manager

Department of Chemical Engineering

Louisiana Tech University
Ruston, LA

Telephone: 318-257-2885 (LTU FAX No. 318-257-3356)

From: Bailey Ward, Carol J. Stevens,

Principal Investigator Research Associate

The University of Mississippi

Laboratory of Environmental and Applied

Microbiology

Department of Biology

University, MS

Telephone: 601-232-7203 I

Re: Quarterly Report for the Period December 15, 1988 - March
15, 1989. Biodesulfurization Project.

Personnel

Beginning on January i, 1989, Dr. Carol J. ("C.J") Stevens
joined the project as a Postdoctoral Research Associate. Dr.

Stevens received her Ph.D. in Microbiology in December, 1988

from The Ohio State University, where she studied the physiology
of Thiobacillus ferrooxidans. Also on January i, Mr. Mannish

Petrekh, and on January 15, Mrs. Kathleen Odum began work on the

project as research assistants.

Apparatus

During the last of January and first of February, two water-

bath (culture) shakers and a Hewlett Packard Model 5890A gas

chromatograph with Model 3396A integrator were installed.

Screening for 4S Bacteria

Methods: Bacteria that were potentially positive for the 4S

pathway were screened by two methods. The first method was

developed at LeHigh University by Dr. Steven Krawiec and his
staff, the other was developed at INEL by Tom Ward and Diane Key.

The Krawiec method involved growing bacteria on solid 21C agar,

spraying the plates with 3% DBT (w/v) in ethyl ether, allowing

the plates to dry, and then observing the plates under a 254nm
light source with the intention of observing the production of

the fluorescent compound 2,2'-dihydroxybiphenyl (Krawiec's staff

claimed the results should be positive within 2 hours). The TTC

assay involved growing bacteria on TTC agar that had first been
sprayed with 3% (w/v) DBT in ethyl ether. Those bacteria able to
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utilize the DBT produced an excess of electrons that were used to

reduce the TTC dye to a red color and therefore produced red
colonies. Bacteria unable to utilize DBT could not reduce the

dye and produced white colonies. The red colonies were then

transferred to TTC agar without DBT and were allowed to grow.
The lack of excessive carbon source and hence electrons resulted

in white colonies; red colonies were regarded as negative because

the bacteria were not limited by the yeast extract.

_ample Sources: Bacteria to be screened were isolated from the

following sources: (a) the soil from a coal yard in Memphis, TN;

(b) the soil contaminated with oil from an oil company in Oxford,

MS; (c) a natural crude-oil seepage site at Beaver Dam Creek, MS

(these samples were obtained by a state agency in 1985 and had

been stored; plans to obtain fresh samples have been hampered by

flooding in the area); (d) airborne bacteria that contaminated !
medium containing DBT. Due to our inability to reproduce the

positive results obtained by Krawiec's lab with their method, we
also obtained some of their cultures (A4, B24, CI, C2, C18, D20,

El, F14, F23) to use as positive controls.

We made numerous unsuccessful attempts to obtain DBT-

dependent fluorescence (of presumed 4S products) from microbial

isolates obtained from our sample sources. We double-checked tc

insure that our techniques conformed to those used by Dr. Steve

Krawiec and his colleague, Diane Dutt at LeHigh University. we
tested nine of Dr. Krawiec's isolates, but could not detect DET-

dependent fluorescence from any culture using the three-percent

diethyl ether solution of DBT described by the LeHigh team.

During a series of exploratory tests in our lab, Dr. Stevens

discovered that vivid DBT-dependent fluorescence occurred when a
0.1% solution of DBT in ether was sprayed onto developed colon:e_

of the LeHigh isolate strain C-18. This finding confirmed the

reports by Dr. Krawiec. We note here that a very light coating

of DBT gave the best results, e.g., the amount of DBT crystals

deposited on the agar surface produced a barely detectable

"sheen" when viewed at an angle under room fluorescent lighting.
Table I presents our data on presumptive 4S and "Kodama" activity

of the LeHigh cultures.

Details of our procedures are as follows: We used a
"Chromist" (Gelman Cat. No. 15901) sprayer to deliver one short

burst of DBT solution directly onto the agar surface (in a fume

hood with i00 ft/min velocity air flow). The culture dish lid

was replaced after about min of drying. Preparations were

monitored at room temp. (ca 25oC) from time "zero" at 15 min
intervals up to 2 hours, or after incubation at 30C overnight.

Fluorescence was monitored under a Spectroline Model ENF-260C,

254 nm UV lamp (about 430 uW/cm 2 at 15 cm), with plates held at

an angle at 5-6 cm from the lamp fitted to a Spectroline Model

CM-10 viewing cabinet. Subsequent tests using 0.1% DBT on the
other LeHigh isolates resulted in detectable fluorescence by
five of the nine tested. Some of the LeHigh isolates produced
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colored "Kodama"-type products, as did several of our own source

sample isolates sprayed with 3% DBT. We cannot now explain why

the LeHigh isolates did not exhibit 4S-type fluorescence when

sprayed with 3% DBT. It is likely that the LeHigh team applied

considerable less of the 3% solution than we applied using the

commercial pressurized spray applicator. Yet we still do not see

fluorescence for three of the LeHigh strains.

Media: Cultures were maintained and tested on the medium 21C_

prepared as described below:

Stock solutions: (autoclaved) 50g NH4CI/500 ml water; 69.25 g

KH2PO4/500 ml water; 50.25 g Na2HPO4/500 ml water; (filter-

sterilized) 30 mg glucose/100 ml water. Vitamin stock (filter-

sterilized): 0.5 mg biotin, 50 mg nicotinic acid, and 25 mg

thiamine-HCf/ 50 ml water; Hutner's mineral base (filter-
sterilized) • i

To prepare (per liter final volume):

1. I0 ml NH4CI, 20 ml KH2PO4, and 20 ml Na2HPO4 stocks in 920 ml

distilled water, autoclaved, then cooled.

2. The following filter-sterilized solutions are added

aseptically to the solution from i. above: 20 ml of trace metals

(Hutner's vitamin-free trace metal mix), i ml of vitamin r.ix, and

i0 ml glucose. If solid medium is required, 15 g of agar is

added prior to autoclaving. In certain circumstances, the

glucose and vitamin mixtures are replaced by yeast extract.

TTC agar: This medium contained the same basal salts as the 21C

medium (i0 ml NH4CL, 20 ml each KH2HPO4 and Na2HPO4 ) as well as

0.25 g yeast extract, 0.025 g triphenyltetrazolium chloride

(TTC), 15 g agar, and 930 ml distilled water. The medium "_as

autoclaved for 15 min at 121oC, 15 psi. When cool, 20 m! of
Hutner's trace metal mix were added•

The TTC assay indicated that several of the bacteria "
screened (SOC-3, S2, S4, S8, SOMI-17-1, SOMl-17-3a, SOMl-17-3b,

SOMI-17-4, SOMl-17-5, SOMI-17-6a, SOMl-17-6b; Krawiec's cultures)

were capable of utilizing DBT, but does not indicate if usage lS

via the Kodama or 4S pathways. These bacteria can be further

screened by the 0.1% DBT fluorescence assay, determining the

products of DBT degradation via GC,and possibly by measuring
SO42- release.

i Guirard. B.V., and E.E. Snell. Biochemical Factors in Growth.

I__n.n:Manual of Methods for General Bacteriology (G. Gerhardt,

ed.). American Society for Microbiology (publishers), washington,
D.C. 1981.
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Analysis of DBT Degradation

Chromatrography

DBT (5% w/v) in acetone was filter sterilized and 1 ml

aliquots were dispensed into sterile 125 ml Erlenmeyer flasks.

After drying overnight, 50 ml of the 21C medium were added to
each flask. The flasks were inoculated with i0 ml of culture

that had grown overnight in 21C medium: The flasks were then

incubated at 30. C, 125 rpm for 48 h. The DBT and hopefully its
by-products were extracted by the following method. After pre-

rinsing all glassware with chloroform, 0.5 ml of 0.1% thianthrene

was added to a 50 ml centrifuge (I/flask). The culture was added

to the centrifuge tube, 9 ml of chloroform were added to the

flask and then transferred to the centrifuge tube. The tubes i

were inverted 50 times, centrifuged, and the organic layer saved. !
The tubes were extracted twice more with 8 ml chloroform each

time for a final total of 25 ml. Then i ul of the extract was

injected into the gas chromatograph (FID detector, 15 ml/min He

as the carrier gas, i0 m HP-5 column). Standard chromatograms

have been prepared and preliminary trials have begun on assays
for DBT bioconversions by the LeHigh cultures as well as some of
the UM isolates.

Sulfate Assay

The release of sulfate from DBT by microorganisms can

potentially be measured using the ASTM turbidimetric method of

sulfate analysis. So far, we are still trying to determine the

reprcducibility and detection limits for using this assay.

Cultures are grown in I00 ml of 21C media in 250 ml Er!enmeyer

flasks, incubated at 30oC, 125 rpm, for 48 h. Samples are
centrifuged and filtered to reduce turbidity. Then 50 ml of the

sample (or a diluted sample) are mixed with i0 ml of glycerin

(diluted i:I with water) and 5 ml of NaCI solution (240 g NaCI,

20 ml conc. HCf in I liter of water). The spectrophotometer is

zeroed with the sample and then 0.3 g of BaCI2-2H20 crystals are
added and the sample stirred for 1 min, then allowed to be static
for 4 min, then stirred for 15 seconds and the absorbance read at

390 nm. The amount of sulfate present is determined by
comparison to a calibration curve. The amount of sulfate used or

released by the bacteria is determined by comparing the

inoculated cultures to an uninoculated control. Thus far, the
calibration curve is reproducible and it appears that the

detection limits for sulfate used by pure cultures in 21C media

may be within a useful range, provided that significant amounts
of sulfate are released by DBT.

UV Spectrophotometry

Attempts were made to determine if the degradation of DBT to

2,2'-dihydroxybiphenyl (o,o'-biphenol) could be followed using Uv

spectrophotometry. DBT was dissolved in tert-butanol (0.5% to
0.0005% w/v) and scanned from 350 to 250 nm. Similar scans were
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done on biphenol solutions in tert-butanol. It was determined

that although there was overlap of the two spectra, the DBT and

biphenol spectra were dissimilar enough that decreases in the DBT
concentration could be monitored. Increases in biphenol would

have to be greater than about 10% to be detected. Following this

premise, it should be possible to grow cultures in 21C media with
DBT, extract the DBT, and determine decreases when inoculated

media are compared to uninoculated controls.

TABLE I

Presumptive 4S or "Kodama" Activity of Nine Krawiec(LeHigh

University) Bacterial Strains Tested at UM i

Activi_y_

0.1% DBT 3.0% DBT

F (time) Color (,time) F (time) Color (time)

A4 N Y (18 h) N Y (18 h)

B24 N Y (18 h) N N

C1 Y (15 m) N N Y (lS h)

c2 Y (15 m) Y (18 h) N Y (18 h)

C18 Y (15 m) X (18 h) N Y (30 m)

D20 Y (18 h) Y (18 h) N N

E1 Y (18 h) Y (18 h) N Y (6 h)

FI4 N Y (18 h) N N

F23 Y (2 h) N N N

i N=none detectable; Y=detectable; times in min. or hours (all

colored products were orange). Strain C18 gave the most vivid
fluorescence.
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Date: 4-7-89

To: Brace Boyden, Interim Project Manager

Departmen= of Chemical Engineering

Louisiana Tech University
Ruston, LA

Telephone: 318-257-2885

From: Bailey w_rd, Carol J. Stevens,

Principal Investigator Research Associate

The University of Mississippi

Laboratory of Environmental and Applied

Microbiology

Department of Biology
University, MS

Telephone: 601-232-7203

Re: Monthly Status Report, Biodesulfurization Project, Month of

March, 1989.

A. Studies on -he Lehigh University Isolates

Continued -ests revealed that the fluorescence assay is

sensitive to medium pH (using the 2iC yeast extract medium
described below>. Best results were obtained at around pH 7,

with low activity below 6.5, and with loss of detectable

fluorescence a- pH 7.5 and higher. The Hutner's vitamin-free

stock solution zhanged from straw yellow to almost colorless when

pH was adjustei to above about pH 6.5 and darkened a- above pH

7.5. We have a_andoned the use of glucose and th= zur_ vitamin
mix described earlier for 21C. We now mix the three ma"or salt3

with 0.1% yeast extract, adjust the solution pH to 7.0, add agar
at 1.5%, then autoclave. After the solution has cooled to about

55 ° C, we add Hutner's solution (adjusted to pH 7.0). The medium

supports good growth of many isolates and gives a low background
fluorescence.

We have observed an interesting phenomenon for the LeHigh

isolate C-18. To build up product concentration for ex=raction

and assay of possible 4S products, we repeatedly sprayed C-18
colonies with 0.1% DBT in ether; i.e., serial light app'ications

were applied over a period of about 90 minutes. After about

three applicatlons, with concurrent fluorescence around the

colonies, a dis-inct clear zone (clear of DBT crystals) developed
around the colcny at about the location of the fluorescence.

Colored (Kodama-type ?) products collected only on the colony

surface. We in=erpret this observation to mean that the cells

were producing extracellu!ar enzyme(s) that converted the
crystalline DBT to colorless, noncrystalline (at least partially

water soluble),=luorescing product(s).



B. Search for New Isolates

The P.I. collected a variety of crude-oil samples (fresh and

weathered mixed with soil, decayed vegetation, or water in

containment moats) from leaks and spills around pipelines and

working or abandoned wells in oil fields in southern Mississippi
and Alabama.

Several new isolates that exhibit DBT-dependent fluorescence

were derived from the crude-oil samples. At least one of the new

isolates appears to be a Bacillus sp, designated CIT-2, that

produces £1uorescence within about 30 min of DBT application, but

does not produce colored compounds after up to 72 hours of

incubation. The lack of colored DBT-degradation products will

facilitate sulfate assays read at near 400 nm. Attempts to

measure sulfate dynamics in cultures of strain C-18 (and other i

LeHigh isolates that produce colored compounds) were hampered by

absorbance of the DBT-degradation products.

Research efforts now will focus on continued screening for
new isolates, characterization of the new 4S+ strains, and on GC

assays of new isolates to determine their ability to catalyze one

or more of the proposed 4S pathway. Assays on sulfate rejection
from DBT also will be made.
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' Date: 5-8-89

To: Brace Boyden, Interim Project Manager LTU Fax # 31_-297- 35S

Department of Chemical Engineering UM Fax # GO/- _I-D'-_S'_Louisiana Tech University
Ruston, LA

Telephone: 318-257-2885

From: Bailey Ward, Carol J. Stevens,

Principal Investigator Research Associate

The University of Mississippi

Laboratory of Environmental and Applied
Microbiology

Department of Biology

University, MS
Telephone: 601-232-7203

Re: Monthly Status Report, Biodesulfurization Project, Month of

April, 1989.

Continued studies on the UM and LeHigh "4S+" isolates revealed

that considerable variations in the fluorescence assay occur when

attempts are made to obtain uniform and repeatable results. For

reasons still unknown, the isolates (including the LeHigh C-18

strain) now do not yield good evidence of DBT-dependent

fluorescence. For example, ether alone sometimes results in .
fluorescent products, perhaps due to cell lysis or stimulation of

release of fluorescing substances from the cells. There also are

indications that some of the LeHigh cultures contain more than

one organism. We are investigating methods to obtain consistent,
believable results.

We now have screened (for DBT-dependent fluorescence) about three

dozen samples of coal or petroleum materials. The Louisiana Tech

group provided five samples collected from sludgepits, petroleum

storage areas, coal mines, and the like. The UM samples were

from coal yards, refined petroleum-contaminated soils, and crude
oils. Only two samples of fresh crude oil mixed with water or

soil yielded organisms that gave evidence of DBT-dependent

fluorescence, although we cannot obtain consistent results on
subcultures of the isolates. The inconsistencies in the

fluorescence screening method indicate a possibility that
potential "4S+" isolates are being overlooked during routine

screening.

We attempted unsuccessfully (via GC analysis of organic solvent

extracts) to detect metabolism or transformation of DBT in liquid

batch cultures or agar medium cultures of the UM and the LeHigh
isolates. We also were not able to detect release of sulfate

from DBT in liquid batch cultures of organisms (UM or LeHigh) i
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TELEFAX TRANSMISSION i

Date: 7-10-89 i
To: Brace Boyden, Interim Project Manager (LTU Fax # 318-257-2562) i

Department of Chemical Engineering (UM Fax # 601-232-5453)

Louisiana Tech University
Ruston, LA

Telephone: 318-257-2885

From: Bailey Ward, Carol J. Stevens,

Principal Investigator Postdocforal Research Associate

The University of Mississippi

Environmental and Applied Microbiology Laboratories

Department of Biology

University, MS

Telephone: 601-232-7203

SUMMARY

We tested several solvents for improved efficiency of

extraction of reference "4S" compounds from microbial culture

media. Ethyl acetate proved to give acceptably efficient and

consistent recovery of DBT, DBT-sulfone, phenylphenol, biphenyl,

and biphenol. We now extract the culture medium first with ethyl

acetate, evaporate the solvent, then redisolve the crystals in
acetonitrile, which gives best results for GC analysis. The new

extraction procedure revealed that our several different lots of
DBT (Aldrich Chemical) contain DBT-sulfone and biphenyl, at about

0.5% and 0.4% respectively, although different lots contain
different amounts of the contaminants.

we applied the new assay procedure to several tests for "45"

activity of pure cultures and mixed cultures (of unknown
composition) obtained from environmental sources. Some cultures

degraded DBT and DBT-sulfone when these were added to the cultures

in pure form. We have not yet obtained direct evidence of 4$

pathway metabolism. The assay procedure and results of the first
trials are described on the following pages.

%
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EXTRACTION OF LIQUID CULTURES

I. Procedurei

a. 1.0 ml of filter sterilized DBT (12.5 mg/ml acetonitrile) was

added to a sterile flask. This was dried to a residue.

b. 25 ml of medium were added to each flask (final DBT conc = i
0.05_) .

c. The flasks received a i0_ inocu!um and were then incubated at

30oC, 150 rpm for 48 h.

d. After incubation, 12.5 ml ethyl acetate were added to each

flask. The flask was tightly capped and mixed by inversion "50

times.

e. When the layers separated, the organic layer was saved.

f. Steps d and e were repeated. The two organic layers were
combined (final volume " 25 ml) and allowed to dry to a residue.

g. The residue was resuspended in !.0 m! acetonitrile.

h. An internal standard (0.5 _i of 0.i_ thianthrene w/v

acetonitrile) was added.

i. The samples were analyzed via GC • HP-5 column with helium as
the carrier gas (15 ml/min), FID detector at 280°C, oven

temperature starting at 100°C, final temperature 225°C, !0°C
increase/min.

ii. Assays for 4S metabolism

Cultures" Lehigh strains, C18 and CI, UM strain Cit2B. These were
chosen because C18 routinely, produces fluorescence and orange

compounds when sprayed with DBT, C1 originally produced
fluorescence but no orange compounds, and Cit2B fluctuates in its _ i

ability to produce fluorescence. Mixed inocula: Tinsley (crude oil

sample), CIT (crude oil sample), and ECUTA (crude oil sample), TS
(Alabama "tar sands" sample).

a. Organisms were incubated for 48 h in 21C medium (0.5% benzoate,

pH 7.0) containing either 45 mM DBT or 38 mM DBTS (DBT sulfone),
a final solution of 0.05% w/v. The cultures were extracted wish

ethyl acetate and analyzed via GC for products of the 4S pathway.

b. Raw samples from 4 sources were incubated in 25 ml of 21C medium
(0.5% benzoate, pH 7.0) into which 12.5 mg of non-sterile DBT had
been added. After the DBT had visibly disappeared from the Tinsley

sample, the cultures were subcultured into similar media. When the
DBT had again disappeared, 2.0 mi were removed from each for

subculturing and the remainder extracted with ethyl acetate and

analyzed via GC. Colonies were isolated from the subculture and
tested for fluorescence via the Lehigh spray plate method and for
DBT utilization via the TTC assay.

<



III. Kesults

a. When grown in liquid medium containing DBT, C18 produced an

orange color; neither C1 nor Cit2B produced the orange color. No

color was present with any of the cultures when DBTS was added to

the medium. When grown with DBT, C18 showed a 32% decrease in DBT,

while C1 and Cit2B showed no decrease. No change in other 4S

compounds was detected. When grown with DBTS, C18 showed a 36%
decrease and C1 an 18% decrease in the DBTS concentration but no

changes in other 4S compounds were detected. It appears,
therefore, that in liquid medium C18 will utilize the Kodama

pathway to degrade DBT. Although no color change occurred, it is

also possible that C18 and Cl utilized the Kodama pathway to

degrade DBTS. Cit2B does not appear to utilize DBT or DBTS at all,

and the flucuating fluorescence may be due to something other than

the production of 4S products, i

b. Of the samples tested, Tinsley most readily used the DBT
supplied. The subcultures turned orange, and GC analysis indicated
a 25% decrease in DBT conc. None of the isolates from the

subcultures produced fluorescence when sprayed with DBT, or were

positive for the TTC assay; however, this may be due to one of two
things. Either the organisms responsible for the degradation of

DBT were not isolated, or the organisms need to be in a mixed

consortium to synergistically utilize DBT. Bc_h of these

possibilities are being examined further.

Work in Droaress and planned. Further tests are underway or

planned to provide details of metabolism of "4S" compounds by
selected pure cultures and crude inocula. Some cultures are being

challenged with precleaned coal (from LTU) for later analysis of

organic carbon content (at LTU). The ASTM sulfate assay is belnc

reevaluated for effectiveness; the question is "can we expect uc
be able to measure sulfate ion release from coal zr DBT at the

concentrations of each that seem to be manageable in growing

bacterial cultures?.
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' ,' ASSAYFOR4SACTIVITY

Onemlfilter-sterilized4Ssubstrate(12,5mg/mlacetonitrile)

Driedtoresiduein125mlflask
l

25mlgrowthmedium(4Ssubstrate=0.05%w/v)
l

Inoculatedfromgrowingcultures
(plusuninoculatedcontrols)

Incubatedat30°C,150rpmshakerbath
l

Twoextractionswith12,5mlethylacetate=25mlpooled
l

Driedtoresidue

1
Resuspend.edin1,0mlacetonitrile

plusinternalstandardof0.bmlof0,1%thianthreneinacetonitrile

GCanalysis



Bipheny!
' ' 4.16_

F PhenylphenoI i{
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Bipheno[
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Dibenzothiophene

Thianthrene
.... I_._S_

Dibenzothiophene sulfone

STGF

Standardsinacetonitrile(12.5mg/ml);lIP5890AGC,HP3396A
integrator,tIP-5column,tieat15ml/min,Inletat250°C,E)
at280°C,100°Cinitial,I0oC/rainto225°C.



APPENDIX II

SUMMARYOF DBT SPRAY-PLATEASSAYS ,_

LEHIGHCULTURESAND KODAMAPRODUCTS i
GC/MASSSPECTROMETRY , (

SULFUR-STRESSASSAY
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TASK-4 MICROBIALACTIVI"I"YON MODEL COAL ORGANOSULFURCOMPOUNDS

A. History of ScreeningAssays

Duringthe pastyear,we haverecoveredfromnaturalsources(crudeoilsandrefinedfuetsmixedwithsoil
or water) several individualor mixedculturesthat gave one or more indicationsof the pm_ '4S"
pathway. Aboutone hundredsamplestakenfroma vadetyof locationswere screened.The 4S indicaJ_ns
were obtained by UV fluorescencevia the Lehigh-type,spray-plate assay, or by capillary gas
chromatographyof extractsof growingculturesplusDBTor DBT-sulfone.Becauseof uncertaintiesabout
interferenceby colored"Kodama'-typeproductsof DBTdegradation,and by inal:_ityto obtainrepeatable
results, the spray-plateassayswere suspendedsometimeabout midsummer, 1989. The report by
Monticelloet al. (Appl.Environ.Ml(:tobtol.Vol. 49 (4), p. 756, 1985) statesthat a yellow proauctof DBT
degradationhasa moieoularionof 178andfluorescesblueunderUVIllumination.Anothermajorproduct,
orangein color,fluorescedpurpleundei"UV. Theseareprimarilywater-solublecompounds. Wesuspected
that organismsthat producedKodan'e.Cypeproductswouldshowblue/purpleUV fluorescencedue to the
coloredproducts,thusseverelylimitingthevalueof theassayforscreeningfor 4S woducts (phenylphenol
or blpheno_)which also fluoresceblue/purple under UV. Moreover, it wouldseem that the Kodama
productswould be more likelyto diffuseinto the agarmediumaround the colonies,thusamplifyingtheir
interference,inasmuchas theLehighassayrelieson fluorescencearound the colonyperimeter.We note
also that we did not observefluorescenceon a colony,evenwhenfluorescencewas strongaroundthe
colony,evenwhen muchcoloredproductcoveredthe colony. Someco4onieswere autofluorescent,and
someproducedfluorescencearoundthecolonieswhensprayedonlywith ether. Moreover,such factors
as medium composition,pH, age of culture,DBT concentration,and some othe" unknownfactors of
laboratorypersonneltechniquesseemedalsoto affectthe spray-plateassay. However,we acknowledge
that theassayshouldbe usefulfor 4,Sorganismsthat do not produceInterferingfluorescingcompounds,
and mightalsobe appliedto theselatIerorganismsifonecandifferentiatebetweenfluorescenceof 4,Sand
colored products.

Inour initialspray-plateassays(earlyin1989)of nineof Dr.SteveKrawlec's(Lehigh)isolates,we observed
UVfluorescenceof only oneculture(F23)thatdid not produceconspicuouscoloredproducts. Our main
interestthen wasto usea known"fluo_escer"(presumedthento be 4S-positive)to serveas a referenceas
we screened for new isolates. We chose Lehigh strainC18 because it gave vivid and relia_e D6T.
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dependent fluorescence;we note, however,that C18 also producesconsiderableamounts of colored
productfromDBT. It wasonly.laterthatwe beganto questiontheinterferenceof the coloredproducts(as
relatedby B. Wardat theAugust1989 workshopat the PETCContractors'Reviewmeeting).
We then focused on GC assays to screen for 4S-positivecultures. In bdef, our assay consistedof
incubatingcrude or purifiedculturesin shake-flask,liquidmediumin thepresenceof DBT, followed by
extractionin organicsolvent(usuallyethylacetate), evaporation,then redissolvtnginacetonitrilefor GC
injection. A cocktailof purecompounds_"tohenol,phenylphenot,btphenyt,DBT,and DBT-suffone)along
withan internalstandard(phenanthrene)s _edtoestablishreferencestandards.At thetime thatwe were
testing the Lehighisolates for UV fluorescence,we also attemptedto detect as productsusingthe GC :
assayboth by extractingdirectly from the agar-besed,UV-Ituoresctngcolonies,and by extracting from
liquid-culturemedia. We were not able to detect any evidenceof 4S productsby any LehighIsolate.
However,we suspectnowthat ourtechniquesthenwerenotpmpedytuned,andwe believethat retrialswill
givedifferent(better)results, i

Duringthe Autumnof 1989,we focusedon refinementof techniques,developmentof reliableGC assays 1
sensitiveenoughto detectsmallamountsof bioconversionof DBTto as I_'oducts,initialtrialson a low-to- '
no sulfurbioassay(withDBT as so4esulfursource), andon Isolationof new culturesthat exhibited4S
activity (via GC assay). We discoveredthat we w_e getting"ghost"peaks of as compoundsdue to
condensationand bleedingoff in the Injectionport, and that culturesthat we thoughtwere 4S-positive
indeed gaveno activitywhen retestedunderproperassayconditions. Wesubsequentlyobtainedseveral
individualor mixedculturesthat producedweakto strongpeaksthat hadretentiontimes (R'r) equal to or
nearthoseof DBT-sulfone,phenylphenol,andbtphenyl.Thesecultureswerederivedfrom fresh crudeoils
fromeithertheTinsley(Mississippi),Ecuta(Mississippi),orCitronelle(Alabama)oilfields,or fromweathered
refinedfuels (kerosene,otis)mixedwith soiland coaJparticles(SmithOi Company,Oxford,Mississippi).

B. Recent Screening Assays

Duringthepresentreportpedod,we firstfocusedon studiesof two cultures,onea mixof two seemingly
differentorganisms(the"Ecuta"culture),the othera Bacillus-typeisolate(designated"SOC-3"froma Smith
Oil sample).

TheEcutaculturegaveIndicationsof as activityinthat three(oneweak.one moderate,onestrong)peaks
wereseeninthe RTrangebetweenthatof"biphenylandbiphenot;anotherstrongpeakoccurredidentical
withthe RTfor DBT-sulfone.The EcutaandTinsleyculturesalsoproduceorange-colored,water-soluble
productsthat we taketo representKodarnaproducts. Some co4oralso extractedintothe ethyl acetate
solventusedto recoverpossibleas compounds,and intheacetonitrlesolutionusedfor injectionintothe
GC (thesewere especiallyobvtousin the concentratedextractused for GC/MS analysIsdescribedin a
followingsection). We presumethereforethat KodaJ'naproductsalso exist in the solventextract. We
choseethylacetate(aftertestsonseveralsolvents)becauseit gavegoodrecoveryof most"aS"compounds
(polarto nonpolar)ina cocktailof standardsextractedfromcell suspenslo_sandceU.freeculturemedium.
For example, DBT, phenylphenol,blphenol,and DBT-sulfonewere extracted In ethyl acetate from cell
suspensionat 79.9%,74.5%, 82.5%,and 76.5% respectively.More rece_ testsindicatesonewhatbetter
extractionpercentages(from cell suspensions)with dlchloromethane(93.5%,83.2%, 93.3%, and 79.3%,
respectivelyfor the samecompounds. Biphenylwas extractedat 39.0% and 47.6%in ethyl acetate and
dlchloromethane,respectively.Exceptfor DBT-sulfone(83.9%)effictencesin chloroformwere lessthan
thosefor ethlyl acetate.

The SOC,-3isolate is of interestbecauseit readilyremovesDBT from culturesuspensionundereither
aerobic or anaerobicconditions. Moreover,SOC-3 does not producecolored Kodama-rypeproducts.
However,we have not been able to detect 4S compounds usingour s_andardGC analyses. Under
anaerobicconditions,SOC-3willreadilymetabolizeeitherDBT or biphenyLwhichis a possibleproductof
DBT desutfurizationinthe absenceoi oxygen. However,no prod_ctsweredetected. We are continuing
to investigate the possibilitythat SOC,-3 takes DBT through biphenyl (without accumulation)with
concomitantrejectionof sulfate.
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The aforementionedEcutaextractswereanalyzedby GC/MS, firstduringaboutSeptember1989 usingan
oldInstrumentin/he UM ChemistryDepartment.The resultingspectraindicateda sulfur-freeproductthat
we were callingDBT-sulfone.However,the mass spectradid not matchour GC spectraas to retention
timesandnumberof peaks,sowewereunabletodeterminethatthesulfur-freeproductIndeedwas theone i
that we were callingDBT.sulfone.The otherpeaks near phenolphenoland biphenolappeared (by MS i
analysis)to containsulfur. We preparednewsamplesof the Ecutaproducts,confirmedthe presenceof
peaksfor unknownproducts(indudlngthe "DBT.sulfone')via GC,and reanalyzed(dudngJanuary 1990)
usinga new HP GC/MS system,equippedwitha software-controlledIdentlflca*lonpackage (with NBS
libraryof spectra). Massspectra were interpretedby faculty in the UM dept. of Chemistry. Rgure 1
representsa gas chromatogramof the Ecutaextractalongwitha standardreferencecocktail. Rgure 2
consistsof the massspectrumof thesameextractalongwithindMdualspectrafor labeledpeaks 1-3,and
6 (ion masses 150, 164, 178, and 200, respectively).We used the conventionof comparingthe peak
(relativeabundance)of the parentcompoundto that at plus two mass units,which if at 4% or greaterof i
parentpeakIndicatesthepresenceof sulfuratom(methodprescribedbyDr. NormanHeimer,Professorof 1Chemistry,UM).

l

No identitynow can be providedforthe compoundsof peaks1 and2 (< 30% matchinthe NBS library).
The compound of peak 3 has an ion mass of 178, the molecular weight of 3-hydroxy-2-
formylbenzothiophene,a coloredKodamaproductof DBTdegradation,and Dr. Heimeracknowledgedthat
the same compound couldyieldtheobservedmassspectrum(Rg. 2, peak3 spectrum).

Analysisof the indivk:lualmassspectrumof thecompoundthathadthesame RTaspureDBT-sulfone(peak
6) revealeda possibilityfor the presenceof twocompounds,an abundantonewith a molecularweightof
200,the same as thatof DBT-5-oxide,and a smallamountof anotherwitha molecularweightof 216,that
of DBT-sulfone. Althoughwe havenot yet obtaineda massspectrumfor pureDBT-5-oxideor for DBT-
sulfone(the GC/MS wasnotavailablefor ouruseintime to includethedata forthisreport),our spectrum
for peak6 matchesthatfor DBT-5-oxidereportedbyvan Afferdenetal. (ACS,Div.FuelChem.PrepdntVol.
34(4):561-572 [1988]) withrespectto ion massfragmentation. DBT-5-oxideis a productreportedto be
producedby *Kodama"bacteria. We do not know if the ion massat 216 representsthe major parent
compound(DBT-sulfone?). Professorlain Campbell(personalcommunication)suggestedthe possib=lity
for formationof smallamountsof DBT-sulfonefromDBT-5-oxideviaGC,whereasthe reversewouldnotbe
thecase. We haveobtainedDBT-5-oxidefrom P.R.Duganandcolleaguesat INEL. ThepureDBT-5-oxide
has a GC Rt equal to that of pureDBT-sulfone.Dudngthe next fewweeks,we w_llgathermore GC/MS
data in attemptsto resolvequestionsabout Kodamavs 4S products.

We now believethat the GC peaksof the Ecutacultureextractsrepresent Kodama products or other
derivativesof DBT with Intactsulfuratom. It appearsthata vadetyof sulfur-containingproductsof DBTare
generated by microbial activity,and that some of these might give false-positiveIndications.of 4S _
compoundswhen extractsare analyzedby GC. We mustnotethatwe haveanalyzedviaGC/MS onlythe
Ecutaculture;we planto retest (viaGC/MS andother methods)severalIsolates,includingsome of the
Lehighstrains,to determinethe linkbetweenpossible4S activityand Kodama activity. Our positionfor
now is that routineGC analysesyieldonly presumptiveevidenceof 4S activity,just as does the UV
fluorescenceplate assay.

We (in earlierreports)describedthat whichwe believedto be productionof DBT-sulfonefrom DBT by
severalof our own as wellas someof the Lehighisolates.We basedour beliefon the presenceof a GC
peakwith the same RTas DBT-sulfone.We notethat allsuchisolatesproducedcoloredproducts,and it
is possiblethat for theseotherIsolatesit is DBT-5-oxideratherthan DBT-sulfonethat is detectedviaGC.
Moreover,we know nowthat theweakindicationsof productionof phenyiphenol,biphenol,or biphenylfor
somecultures(as reportedearlier)probablywasthe resultof ghostpeaks of residual,condensed pure
compoundsusedto generatereferencechrornatograms.We mustretestallsuchculturesbyuseof GC/MS
(or byTLC/GC as describedinthe followingsection)beforewe can make definitivestatementsas to 4S
activity.

I
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C. New Approaches
I

During the past fewweeks,we _iavereturnedto studiesof Lehighisolates,aswellas someof our own. Our
aim is to reassessthe spray-plateassayandto retest(viaGC) the culturesfor productionof 4S products.
We especiaJlywant to addressthe issue of Kodama vs. 4S productsas these relate to spray-plate
fluorescenceand detectionof48 productsviaGC andGC/MS. We do notfeelthat routinescreeningand
assaysfor 4S activityare warranteduntilwe are confidentthatour assayswillindeed detect and monitor
true 4S ac_. Of special interestis a renewedinvestigationusingthe LehighstrainsC18, A4/B24
(suspectedto be the samestrain),and F23. C18 hasreceivedmuchattentionin ocherlaboratories(Lehigh
Universityand NorthDakota,for example)wherethe spray-pietefluorescenceactivityisused as a putative
4S geneticmarkerfor gene doning.

Restlno-cell._
t

t
We have reconsideredour practiceo( incubatingdevelopingcellsin the presenceof DBT. Althoughwe _,
have not seenevidencethat DBT itselfis Inhibitoryto growth(at least for the organismstested), we are
aware that Kodama productsare Inhibitoryto some organisms(Monticello,et al., cited preceding). It Is
probablethat thosecultures(mostof ours) that producecoloredproductsare growth-inhibited.It alsois
possiblethat 4S productscan be Inhibitory,or that the same productscan be metabolizedby growing
cultures.For generation,detection,andsubsequentanalysisof4,Sproducts,itis desirableto maximizecell-
to-substrate(DBT)ratio,especiallyIn considerationofthe observations(J. Kilbane,IGT)that desulfudzation
of DBT requirescell/substretecontact. Wesuggestalsothatadditionof surfactantsmightenhanceactivity
on hydrophobiccompounds. Acidificationof the culturesuspensionpriorto extractionmightalsoimprove
recoveryof phenoliccompounds. Ourgoal isto arriveat reactionconditionsfor maximal4S activity.

We are turning to the use of resting-cellsuspensionsfor screeningassays. We will test effects of
acidificationon extractionefficiencyof phenylphenol,biphenol,and effectsof differentconcentrationsof
syntheticsurfactants(or microbiallyproduced,as thesebecomeavailable)on DBT bioconversions.

We have tested one methodwherebywe sprayDBT (ln ether) onto the bottom of a glass culturedish,
evaporate,thenoverlaythe uniforl_ dispersedDBTfilmwitha harvestedce_lsuspension. The cellswere
grownup in complete nutrientmedium,harvestedby centrifugation,re.suspendedin a sulfur-freebasaJ
medium,layered(about10 ml in 100mm diameterPetdplates)overthe DBTfilmandincubatedat 300Cfor
24 h. Followingacidificationwithtwo dropsof 6N HCI, thesuspensionswereextractedwith ethylacetate
which then was evaporated;the residuewasredissoNedin acetonitrilefor GC anaJysis.We tested the
Lehighstmir_A4, 020, C18,and F23,aswellas a fewof ourownisolates.TheF23 ._'ainwas the onlyone
inpreviousteststhatdid notproduceconspicuouscoloredproducts,but whichdid fluorescevia the spray-
plateassay. We alsoretestedA4,CI8, F23,andourSOC-3for DBT-dependentfluorescenceviathe spray-
plate assay. Controls consistedof Ceils only and for C18, cells also sprayed with ether only (no
fluorescence).

Results.

1. Whenextractsof the resting-cellpreparationswereanalyzedbyGC, onlyonestrainyieldeda peakwith
a 4S retentiontime, and thatwas strainC18 with a peakat the DBT-sulfone/DBT-5-oxideRT. StrainA4
produced severalpeaksbut nonematcheda RT for a 4S product.C18, D20,and A4 produced colored
products. Althoughthe extractsweretinted withyellow/orangecolor,theseapparentlywere too diluteto
be detected. We do notnow knowthe identityof the C18 peakat DBT-sulfone/5-oxide,but we willapply
GC/MS and TLC analysesinan attemptat identification.

2. Only one strain,C18, producedUV fluorescencevia the spray-plateassay. Within < 5 rain after
apl:dicationof DBT, theC18 colonyand its immediateperimeterfluorescedbrightblue. At the .sametime,
yellow/orange pigmentsappeared in the fluorescingzones. After about 12 hours, both color and
fluorescencehad disappeared. And after 12 hours, no other strainshowed fluorescenceor co4ored
products. We note thatwe neverhaveseeneitherF23 or SOC-3 producecoloredproducts from DBT
However,A4usuallydoesproducecoloredDBTproducts,butinthisspray-plateassayit did not,and it also
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did not fluoresce. Each culturewas resprayedwith the resultthatC18 againproducedfluorescenceand
coloredproductsj,whereasno othercultureproducedeither.

We notethat the GC analysisof C18 extractsindicatedeitherDBT.sulfoneor DBT-5..oxide,and that of the
two, only DBT-sulfonefluorescesblue under254 nm ilumination. We ask... Is the C18 spray-plate
fluorescencedue only to the coloredproducts,or only to DBT-sulfone,or to both, or to neither? If the
fluorescencets due to phenylphenolor btphenol,then why haven'twe been able to detect these 4S
products via GC analysis?(referto C18 testsusingTLC describedIn the next section). We will continue
workto answerthesequestionsfor C18andfor otherIsolates.Wewillattemptto extracttheC18 products
fromfluorescingagar platesfor analysisviaGC or GC/MS. Thedescn'bedmethodwill be used both for
screeningof crude culturesand individualisolates,and for quantitativeassayswhen knownamountsof
organosulfursubstratesare added.

We alsohavebeen ex_odnganother_nethodfor screeningfor4S activity. Oudngthe pastseveralweeks,
we have experimentedwith thin layer chromatography(TLC)as a meansby which we can differentiate
betweenKodama (and other) productsand4S compounds,andto recoverthe latter in relatively"dean"
form for GC or GC/MS analysis. Tests with a vadetyof solventmixtures and solid phases yielded
preparationswithwhichwe can separateandvisualizea varietyof compoundsof interestto our assays,
includingbothcolored and4S products.

We tested the Ecuta extract(samepreparationusedfor _,eaforementionedGC/MS data)using"R.C,and
observedthat the coloredproductsstayedwithor nearthesoNentfront,and fluorescedblue;we saw no
evidenceof DBT-sulfone,phenylphenol,or biphenol.Wewereunableto distinguishbetweenDBTandb_T-
5-oxide,whichin pureformshadRfvaluesof 0.70 and0.72,respectively.Witha diffferentsolventsystem,
the coloredcompoundsstayedbehindthefrontandfluorescedblue.

WealsotestedviaTLC the C18extract(describedaboveunder i L.C_, Results)thatvia GC showed
a peakat the RTfor DBT-sulfone/DBt-5-oxide,andalso producedcoloredproducts.The coloredproducts
separated,with conspicuousbluefluorescence.Wecouldnotdetectany4S compound otherthanthe DBT
substrate.We willcontinueto exploreuseof TLCto separatethe compoundsof intArestandto providea
meansbywhich theindividualsubstratesand productscanbe recoveredindependentlyforGC orGC/MS
analysis.

Bl0assavs:Growth_ DBT9.!"OBT-_ulfoneas_ source.0fsulfur

Rejectionof sulfurinthe formofsulfate(orsulfite)accompaniesthedesutfurizationof DBTviathe proposed
4S pathway. Microbialculturesincorporatesulfur(usuallyvia sulfate)into cellularbiomassas they'grow.
A completenutrientculturemedka_providesan excessof sulfur(commonlyas magnesiumsulfate). If 4S
activityoccursIndependentlyof theavailabilityof freesulfurforgrowth,thenthe4,S-.generatedsulfatewould
enterthe generalpool of mediumsulfate.Underconditionswheresulfatewouldnot be growth-limiting,it
mightbe possibleto measurethe increasedsulfateconcentrationin the growthmediumrelativeto control
culturesminusDBT,presumingof coursethatsufficientDBTdesutfurizationoccurred. Undersulfur-limiting
growthconditions,4S-,gensratedsulfurprobablywouldbe consumedas produced,andit is unlikelythat
sulfatereleasecouldbe detectedbyanalysisof theculturemedium. However,onewouldexpectto be able
to measure increase in cellularbiomass,relative to DBT-freecontrols,as a consequenceof DBT
desulfudzationundersulfur-limitinggrowthconditions.Moreover,ina sulfur-limitingenvironment,selection
of DBT-desulfurizingstrains mightbe favored. Sulfur is requiredin relativelysmall quantitiesby most
microorganisms,thereforegrowthon organosulfurcon_po4JndSas solesourceof sulfurprobablywill result
inonlysmallamountsof organosutfurdesulfurtzation,witha_endantproductionofdesulfurizedproductthat
must be detected and quantifiedto substantiate4S activity. We are testingmedia formulationsand
experimentalproceduresfor usingmicrobialgrowth in low-to-nosulfurmedia for both screeningand
confirmationof desulfurtzationof modelorganosulfurcompounds. Earlierand preliminarytrialsindicated
thatseveralcomplicationsmustbe resolvedbefore the assaycan beapp4iedreliably.
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" TASK 4-MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR
COMPOUNDS i

i
L

A. Screening Assays

We are continuing to refine and improve the reliability of

the resting cell assay in which diethyl-ether-solutions of

dibenzothiophene (DBT) or DBT sulfone are sprayed onto Petri

plates; the plates with a thin film of crystalline compound
are then overlaid with suspensions of the resting cells and

incubated for 24 hours. Ethyl acetate extracts (acidified

by the addition of i0 drops 6N HCI) of these suspensions are
being checked by GC for degradation products with particular _....

attention being paid toward identification of putative "4S"

compounds.

Tabulated below are percents of DBT sulfone utilized by

resting cell suspensions various bacterial strains in our
culture collection.

strain % DBTS Removed

SLI 21

SL2 39

SL3 57*

SL4 43
C18 50*

F23 46*

B24 61,

SOC3 62 *

Ecuta 23

Tinsley 56*

* These values differed significantly from the amount

of DBT sulfone extracted from control plates (i.e.,
plates that had not been incubated with cell

suspensions) at P >= 0.05 according to ANOVA.



(
To determine whether the extraction efficiency of DBT or

metabolic breakdown products might be improved by the

disruption of _ells, we subjected cell suspensions that had

been incubated 24 hours on DBT sulfone plates to nitrogen-
decompression in a "Parr Cell Disruption Bomb".

Then effect of Parr Bomb treatment on the extraction

efficiency of DBT sulfone was determined. Cell suspensions

(approximately 5 ml) were held at 2000 psi of nitrogen in
the Parr Bomb for i0 minutes after which the suspensions

were brought to atmospheric pressure.

• C18 control _C18 Normal Extr. C18 Parr Extr.

2.73 mg 1.04 mg 0.97 mg

1.72 mg 1.17 mg 1.25 mg

2.06 mg 1.35 mg 2.05 mg

Means were 2.09 mg for the control, 1.18 mg for the normal

extraction procedure and 1.12 mg for the Parr bombed cells;

average utilization of DBTS by the cells of the two

[ treatments was calculated at 43 and 46 percent,

respectively.

Microscopic examination of Parr bombed suspensions showed

that over 90% of the cells had lost their rod morphology.
However, we found no significant difference in the

extraction efficiency nor the DBTS utilization between Parr-

bombed suspensions and those that were not.

Thus we conclude that disruption of the cells is a

superfluous addition to the procedure.

_
b

B. Thin-Layer Chromatography

The unambiguous and facile identification of intermediates

in desulfurization or degradation of DBT is crucial to an
understanding of microbial action on DBT. We have achieved

the separation of several of these critical compounds using

thin-layer chromatography (TLC) on silica gel plates.

DBT, DBT 5 oxide, and DBT sulfone were separable using a

solvent system composed of hexane: n-butanol: glacial acetic

acid: water in ratio of 20:20:5:1 by volume. Biphenol, 2-

phenylphenol, and biphenyl were separable using chloroform:

i acetic acid in ratio of 95:5.
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Compounds of interest:

List of compounds (i mq/ml in acetonitrile )
e i

i. DBT (dibenzothiaphene)

2. DBT50x (DBT 5 oxide) i0 ul/spot _
3. DBTS (DBT sulfone)

4. BPOH (biphenol)

5. 2PP (2 -pheny Ipheno i )

6. BP (biphenyl)

Most of the compounds could be readily distinguished from

the others by a combination of Rf values and fluorescence
qualities. Silica gel plates were activated at 160°C for 1
hour or more. Chromatograms were developed for i hour,

allowed to air dry and the compounds were visualized under

short wave UV (254 nm).

Below are the results of a typical run using the hexane:

butanol: acetic acid: water solvent system.

Compound R_ff Appearance
1 0.94 gray shadow
2 0.82 dark *

3 0.92 bright blue fluorescence

4 0.99 dark, focused spot
5 0.99 dark

6 0.99 barely visible

* The DBT 5 oxide (compound 2) showed two other spots

at Rfs of 0.92 and 0.96. The appearance and Rf values

of these secondary spots, and our GC/MS analysis of

this preparation leads us to conclude that it contains
DBT and DBT sulfone as contaminants.

Below are the results of a typical run using the chloroform:

acetic acid solvent system.

Compound R__f Appearance

l 0.70 bright blue fluorescence

2 0.70 bright blue fluorescence

3 0.70 bright blue fluorescence
4 0.85 dark, slight ghost spots

_.5 0.90 dark, gray
6 0.99 dark, diffused

Note: Compounds i, 2, 3 are behaving as identical in

appearance and Rf; these have been run repeatedly from
several sources with this solvent with the same result.



C. Gas chromatography/mass spectrometry

"Positive" identifications of most of the critical compounds

have been achieved using GS/MS analysis; the Hewlett-Packard

software that includes the "NBS49K" library yielded
identities between 90 and 99 percent match for DBT,

thianthrene, biphenol, phenylphenol, and biphenyl. DBT

sulfone and DBT 5 oxide continue to present problems for us:

They have essentially identical retention times during

chromatography, they may degrade to DBT prior to MS

analysis, and the DBT 5 oxide standard probably has
contaminants of DBT and DBT sulfone. Because DBT, DBT

sulfone, and DBT 5 oxide can be separated by TLC methods it

seems likely that we can clean up our DBT 5 oxide standard.

Its mass spectral analysis can then be included into a

custom library that.we are building for our standard

compounds against which unknown peaks generated from
microbial activity on model compounds or depyritized coal

can be compared.

The appended chromatograms and spectra for thianthrene and

biphenol are typical of these analyses.

D. All strains in the culture collection have been

preserved at -80°C in glycerol to ensure genetic

stability and replicability of experiments in which
they are used.

E. A highly-specific and sensitive enzymatic assay for

sulfate is being developed.
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TASK 4-MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COMPOUNDS

i
INTRODUCTION I

Microorganisms offer a potential for the selective removal of or-

ganic sulfur from coals. Ideally, the sulfur atoms should be re-

moved from the coal complex with minimal loss of coal organic
carbon. Whole cells or cell-free enzymes may be employed to se- 1

lectively catalyze the cleavage of carbon-sulfur bonds, with the
attendant release of sulfate ions.

In this work, dibenzothiophene (DBT) is employed as a model com-

pound with structural similarity to organic sulfides believed to

exist in coals. A desulfurization sequence referred to as the

"4S" pathway has been proposed (I) in which the sulfide is oxi-

dized to DBT-sulfoxide, DBT-sulfone, and ultimately to the sul-

fur-free parent compound plus free sulfate ion. Figure i illus-

trates an abbreviated version of the proposed reaction sequence.

( Our objectives for the work reported here are to isolate from

natural environments bacteria that exhibit metabolic activity on
either DBT or DBT-sulfone, with evidence of desulfurization ac-

tivity reflected as production of sulfur-free products (e.g., the
4S products, 2,2'-biphenol or 2-phenylphenol) and possibly free
sulfate ion.

EXPERIMENTAL

Cultures

All of the bacterial cultures tested for the present report were

isolated from fresh or weathered crude oils, refined petroleum
spills, or activated sludge. Strains A4, B24, C18, and F23 were

isolated by Professor Steven Krawiec, Lehigh University, and were

obtained with his permission from Dr. Pat Dugan's group at the
Idaho National Engineering Laboratory. The Lehigh strains are

Pseudomonas spp. that reportedly produce biphenol and DBT-sulfone

from DBT (1). The other cultures were isolated by our group at
Mississippi. SOC-3 is a Bacillus sp. isolated from a weathered

oil spill at the Smith Oil Co., Oxford, Miss. Strains designated

SL1, SL2, SL3 and SL4 were isolated from activated sludge from

2
JWl
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the University of Mississippi waste water treatment facility; SLI

is a Bacillus sp. ; the remaining "SL" strains are most likely

pseudomonads. The cultures designated ECUT and TIN were consor-
tia of two or three unidentified bacteria that were obtained from

the Mississippi oil fields, Ecuta and Tinsley, respectively.

Screenlnq\Detectlon Assays

We used several methods to screen for possible DBT or DBT-sulfone

desulfurization activity via 4S reactions: i
I

i) Sp_ay-Dlate assay (developed by Professor Steven Krawiec,

Lehigh University). Discrete colonies on the defined agar medium

"21C" (2) were sprayed lightly with DBT in ethyl ether (0.1%

w/v), which immediately evaporated leaving a fine coating of

crystalline DBT. The proposed 4S products biphenol or phenylphe-

nol fluoresce blue or purple (pure compounds) respectively under
shortwave (254 nm) ultraviolet radiation. The proposed interme-

diate, DBT-sulfone, also fluoresces bright blue, whereas DBT does

not fluoresce; thus the assay is potentially useful only when DBT
is the initial substrate. Incubated cultures were monitored for

presumptive 4S activity by appearance of fluorescing products in

the vicinity of the sprayed colonies. Presumptively positive
cultures were extracted directly for chromatographic analysis or

retested by one or more of the methods described below.

2) Shake-flask Cultures. DBT or DBT-sulfone (12.5 mg) in ace-

tone was evaporated from culture flasks, after which 25 ml of 21C
medium (+ 0.5 mg/ml benzoate) was inoculated with pure or mixed
cultures or with crude inocula from collection sites. After in-

cubation for up to two weeks, three replicate suspensions were

acidified with HCI and extracted with ethyl acetate. The evapo-

rated extract was redissolved in acetonitrile for analysis by-

thin-layer chromatography (TLC), gas chromatography (GC), or GC

in combination with mass spectrometry (GC/MS) to quantify sub-

strate removal and to detect possible 4S compounds. Controls
consisted of medium plus substrate only and cell cultures minus
substrate.

3) Cell Slu_ry Assays. The objective was to use a short-term
assay whereby cell/substrate ratios were maximized. Cell suspen-

sions were grown to density in one-tenth strength Bacto tryptic

soy broth, harvested by centrifugation, resuspended in a sulfur-

free defined mineral medium containing 0.5 mg/ml sodium benzoate

at pH 7.0; the O.D. at 660 nm was adjusted to 0.45 - 0.55. Ethe-
real solutions of DBT or DBT-sulfone were sprayed onto i00 mm di-

ameter culture dishes, then evaporated to leave a finely dis-

3
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persed cr_stalline_oating of about 2.0 mg DBT. Ten milliliters

of cell suspension then was layered over the substrate. After

incubation (24 h, 30°C), the preparations were acidified with

HCI, then extracted in two volumes ethyl acetate (pooled) and
treated as described earlier for shake-flask cultures. Three

replicates of each treatment were compared with medium plus sub-
strate controls. Fragmented cell suspensions were prepared with

a Parr cell disruption bomb at 2000 psi nitrogen for ca. i0 min.

4) Cell-free extract experiments. We have been preparing cell-

free extracts of several cultures grown on tryptic soy broth and
on defined media with the intention of allowing such extracts to

act on DBT and DBT-sulfone. This approach has the potential of

providing direct exposure of the substrates to high concentra-

tions of intracellular enzymes (30 - 70 mg protein/ml will be
used), and diminishes our concerns about transport and contact--

factors that may limit the efficiency of processing. We will ex-

amine reaction products for putative "4S" intermediates by our

standard procedures (TLC, GC, GC/MS).

5.) Bioassays for sulfur utilization. A low-sulfur, defined

broth medium (21C) was constituted with glycerol as the sole car-

bon source and supplemented with saturating solutions of DBTS

(166 micromolar). Inoculants can consist of washed cell suspen-

sions of pure cultures or of consortia of cells. Serial transfer
of bacteria to fresh tubes of this medium establishes a sulfur

limitation of growth; control tubes with added MgSO 4 will support
growth indefinitely. Growth can be monitored by optical density

at 660 nm or visually.

Monitorina of Desulfurization Activity

1) Production of bip_hgnol or hep_henol _or bothh. Desulfur-

ization of DBT or DBT-sulfone via 4S reactions is evidenced by
release of sulfur free metabolites of the parent compounds. We

used TLC, capillary GC or GC/MS to monitor bioconversions of DBT

and DBT-sulfone. These methods are detailed and typical analyti-

cal results are presented in the preceding two monthly progress
reports (April, May 1990).

2) Sulfate Assays. The ASTM D516 turbidimetric method was used

for sulfate assays of some cultures that exhibited superior bio-
degradation of DBT in shake-flask cultures. The ASTM method has

limitations in sensitivity and is subject to confounding in-

terferences in biological materials and culture media. A highly-

specific and sensitive enzymatic assay for sulfate is being
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develQped;_the theoretical basis and status of this assay is dis-
cussed in detail in the Monthly Report for May. We are also de-

veloping an ion chromatographic method for sulfate analysis that
shows considerable promise in being sensitive, specific, and free
from interferences

RESULTS AND DISCUSSION "

Spray,plate Assays. We observed considerable variability in re-

sults obtained with the_spray-plate, UV fluorescence assay. No

tested culture consistently produced DBT-dependent fluorescence

during repeated trials under the same conditions. Cultures that

produced fluorescing products also produced yellow or orange

products coexisting with the fluorescing zones around colony
perimeters. A pathway of DBT degradation leading to sulfur-re-

taining, mostly water-soluble colored products has been described

in detail (4), and some of the products fluoresce blue under 254

nm irradiation. DBT-sulfoxide also is a product of the alternate

pathway (i), but DBT-sulfoxide does not fluoresce.

In our hands, colonies of Lehigh Strain C18 demonstrated DBT-de-

pendent fluorescence and simultaneous production of colored prod-

ucts; however, GC analysis of extracts these colonies did not re-
veal 4S products. More recently we have compared a line of C18

obtained from Dr. Kevin Young (University of North Dakota) with

our laboratory C18 (obtained as described in "Cultures" above).

Inocula for the spray plate assays were obtained in two manners:

Each line of Cl8 was first grown for two days on tryptic soy agar

plates; the same organisms were used directly from cry.storage

vials (-80 °C). All treatments and lines of C18 produced zones
of colored, diffusing material around the colonies that had b_en

sprayed with DBT. Dichloromethane extractions of these zones

were subjected to GC and GC/MS analysis. Peaks with retention

times near that of biphenQl were evident; GC/MS analyses were
equivocal; further GC/MS work is in progress. TLC of these ex-

tracts also produced spots with Rf values corresponding to
biphenyl and DBTS,

Shake-flask Cultures. After several days of incubation, orange

to amber-colored products were obvious in cultures with DBT, but
no colored products appeared in DBT-sulfone cultures. For some

cultures, GC analysis of ethyl acetate extracts revealed promi-
nent peaks at the retention time for DBT-sulfone and DBT-sulfox-

ide, with other peaks near the retention times for phenylphenol

and biphenol. Figure 2 presents a representative analysis for

|
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the Ecuta _onsortium of two bacteria. Further analysis via GC/MS
revealed that all unknown products contained sulfur. Peak 6 ap- [

peared to be DBT-sulfoxide. TLC separations showed only DBT-sul- lfoxide; no 4S products were detected, and the only UV blue-fluo-

rescing spots were the products that were orange to red-colored i

under white light. A compound of molecular ion 178, with an ion !

spectrum that could result from 3-hydroxy-2-formylbenzothiophene,
a major colored product of DBT biodegradation (3,4,5,6) comprised i.

peak 3. i

Ethyl acetate extracts of Strain C18 grown with DBT showed only a

prominent GC peak at the retention time for DBT-sulfone/sulfox-

ide. Analysis by TLC and GC/MS indicated only th@ presence of
DBT-sulfoxide. Water-soluble, colored products fluoresced blue
under UV irradiation.

Only one culture tested, SOC-3 (a Bacillus sp.) removed DBT from

suspension without producing colored compounds (and did not pro-

duce fluorescing products); no 4S products were detected.

It is apparent that the DBT-dependent production of sulfur/re -
taining, UV-fluorescing products by cultures being tested for 4S-
mediated desulfurization of DBT can interfere with detection of

possible 4S products. Routine gas chromatographic or UV-fluores-

cence indications of 4S products from DBT should be confirmed by

more exacting methods such as mass spectrometry.

We were not able to detect (using the ASTM method) increase in

sulfate in extracted shake-flask cultures grown in the presence
of either DBT or DBT-sulfone. For these tests, the complete

growth medium contained sulfate. In a sulfur-limited environ-

ment, metabolically active cells probably will scavenge any sul-

fur removed from organosulfur compounds, or from coal; thus, lib-
erated sulfate would not be detectable, unless the rate of sulfur

release exceeded that of sulfur uptake. In a sulfur-sufficient

environment, sulfur liberated from model compounds or coals by

co-metabolic reactions might accumulate to a detectable level

relative to cultures growing in the absence of the organosulfur
source. For potential applications to coal biodesulfurization,

it would be desirable to use biological systems that do not re-

quire coal organic sulfur for growth or metabolic activity, or

coal organic carbon for energy. A desired situation would be one

whereby coal organic sulfur is liberated via co-metabolic reac-
tions.

i I

6
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Cell Slurry Assays_' The monthly report for April details refine-

ments of our cell-slurry assay for the utilization of DBT and DBT
sulfone. In addition, we established that disruption of the cell

slurries by nitrogen decompression did not significantly enhance

the extraction efficiency of DBT sulfone. ?

Preliminary tests revealed that bioconversions of DBT-sulfone did

not generate colored products; thus this substrate was used for
further investigations. Our rationale was that a culture capable

of desulfurizing DBT via 4S reactions also would be capable of

desulfurizing DBT-sulfone. In developing the assay, we compared

extractions of whole vs. fragmented cells, and effects of ben-
zoate and sulfate on removal of DBT-sulfone. No significant dif-
ferences in DBT-sulfone removal occurred between sets of ex-

tracted whole and fragmented cells of strain C18. Moreover, re-

peated extractions with ethyl acetate did not recover additional
substrate. We conclude that the microbial activity on DBT-sul-

lone represents biodegradation of the substrate. Table I illus-

trates that the presence of benzoate enhanced DBT-sulfone re-

moval, whereas activity appeared to be insensitive to sulfate,

under the assay conditions.

TABLE I "I

EFFECTS OF BENZOATE AND SULFATE ON CELL-SLURRY ASSAY a

.Conditions: - Benz - Benz + Benz + Benz

+ SO 4 - SO 4 + SO 4 - SO 4

% DBT-sulfone Removed: 33 34 47 50 " ;

a Benzoate at 0.5 mg/ml; SO 4 at 0.1% (w/v) ; values are means of i
three replicates, relative to controls.

II I ....

A time-course assay of DBT-sulfone degradation vs. benzoate uti-

lization in presented in Figure 3. These data may mean that DBT-
sulfone degradation proceeded via cometabolism, with benzoate

serving as the primary organic carbon source.

Figure 4 exhibits the results of cell-slurry assays on a variety
of cultures using the sulfate-free defined medium plus benzoate.

Strains are described in "Cultures" under the Experimental pot-

<
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tion of this paper. Although all cultures degraded DBT-sulfone
to some extent, in no case did we detect products of any kind.
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products contained sulfur (GC/MS analysis).
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TASK 4-uMICROBIAL ' ACTIVITY ON MODEL COAL ORGANOSULFUR COM-

POUNDS

COmponents of the UMX Consortia. The consortia derived from

a filtrate sent us by John Kilbane have yielded a number of

organisms with key characteristics listed below and in Table
i; only isolates capable of a positive bioassay are de-

scribed (see monthly reports for July and August 1990 for a

more complete description of origin of these isolates).

A positive bioassay depends on growth in a defined broth
medium containing dibenzothiophene sulfone (DBTS) in satu-

rated solution (0.166 mM) as the sole sulfur source; glyc-

erol and glucose serve as carbon sources. Comparisons of

growth of the organisms and consortia are made with the same

medium containing 0.2 mM MgSO 4 and medium without added sul-
fur. Utilization of the organosulfur source was considered

positive if the isolated organism or consortium demonstrated

vigorous growth on DBTS but not in the no-sulfur medium for
at least five consecutive transfers.

The UMXa consortium was obtained directly from Kilbane's
filtrate as received. The UMXb consortium and its isolates

were obtained after the filtrate was subcultured to tryptic

soy broth.

A description of the isolated organisms follows:

UMXI: Typical Pseudomonas fluorescens; short gram negative

rod, bright yellow fluorescent pigment; profuse growth

on Sl; grows poorly if at all with DBT or DBTS as sole
source of sulfur.

UMX2: A fluorescent pseudomonad, but elaborating a brown

(melanin-colored) pigment in addition to the sidero-

phore pigment. It is also unable to grow with all the
characteristics of UMX2

UMX3: A large gram variable coccoid bacterium that shows

quite a bit of gram and morphological variability.

Produces slightly pink mucoid colonies on TSA. This

-. organism appears in both of the consortia.

UMX4: Off white to brown colonies on TSA, non-pseudomonad,

short, gram-negative rod (almost a coccus). This or-
ganism is clean and does not grow at all on DBT or DBTS
as sole sulfur source.
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UMX5: _arge gram positive rod; looks like Bacillus sp. but

spores have never been observed. Seems to be carrying

UMX3 with it and thus far we've not separated it

cleanly from that organism.

UMX6: Large gram variable fusiform rod; shows variegated

staining with gram stain. This organism as well has

not been cleanly separated from UMX3.

UMX9: Large, but short gram positive rod; pink or light or-

ange, waxy colonies that appear grainy on agar surfaces

and flocculate from homogeneous suspension in static i
broth culture. _

TABLE I. Characteristics for UMX Consortia

UMXa CONSORTIUM a
Growth

Strain Morpholoqy DBT/DBTS 1 Possible ID

UMX3 qm var, coccus good Rhodococcus sp.

LTMX9 qm +, short rod good ??

UMXb CONSORTIUM b

Growth

Strain MorDholo_w DBT/DBTS Possible ID
...

UMXl qm-, short rod poor Ps. fluorescen's

UMX2 gin-, short rod poor Pseudomonas sp.

UMX3 gm var, coccus good Rhodococcus sp.

UMX9 qm +, short rod good ??

iDBT=dibenzothiophene; DBTS=dibenzothiophene sulfone.

..
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Sulfate_Concentration Durinq Cell Slur.r7 Interaction with

Dibenzothiophene SUlfone (DBTS). We monitored the

concentration of sulfate in minimal medium in the pres-
ence and absence of DBTS for certain isolates and the

UMX consortium, Cell slurries were made in minimal

medium containing 0.2 mM Mg2SO4, and with glycerol and
glucose as carbon sources; the slurry was layered over

plates sprayed with DBTS and the sulfate remaining was

determined by ion chromatography (see APPENDIX) after
24 hours incubation. The results are shown in Table 2.

f

TABLE 2. Sulfate Concentration After C.ell Slurr7 Assa 7

PDm Sulfate/Sulfite !

Sample + DBTS Co.ntrol, w/o DBTS

MM + 0.2 mM Mg2SO 4 20.2 20.2

E. coli WT 2 11.7 9.8

C18 8.8 7.3

B2z. 14.6 13.2

SL3 7.6 not done

UM_I ii.i 9.8

UMX2 i0.4 not done

UMX consortium 3 not done i. 6 "

i. Sulfate was assayed by ion chromatography; the details

of the method, standard curves and typical chro-

matograms are appended to this report.

2. Escherichia coli strain KI2, wild type, which does not

utilize any of the model organosulfur compounds as a
source of sulfate.

3. The UMX consortium (described above) was carried for 3
transfers in the minimal broth medium with DBTS as the

sole source of sulfur. This minimal medium has no de-
tectable sulfate unless it is added.

4
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/

In all cultures--including those that showed no activity on i

the organosulfur compounds (e.g., Escherichia coli)--about

50% of the sulfate was taken up from the medium; in all

cases, the slurries exposed to DB_ad about 10% more sul-
fate remaining than the control _iurrles.

Thus--in the presence of 0.2 mM SO4--we could find no re-
lease of appreciable amounts of sulfate from organic
sources. Furthermore, sulfate released into media from or-

ganic sources seems negligible and should be interpreted I

with caution--unless the magnitude of the release is much !
greater than we observed.

On the other hand, when the same medium was used during a

cell slurry assay, but without added sulfate ion, low levels

(< 1 ppm) of organosulfate-derived sulfate could be reliably
detected. The organisms/consortia (e.g. UMX) that release

sulfate do so only when supplied with DBTS; control organ-

isms (e.g., E. coli) do not release sulfate into the medium
with or without DBTS.

5
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Utilization Of D_benz0thiopb.ene Sulfone. We followed the

disappearance of DBTS in broth minimal medium cultures
of various isolates and consortia after they had sus-

tained growth on DBTS as the sole source of Sulfur for
three or more transfers. Table 3, below, tabulates
some of these results.

TABLE 3. Utilization of Dibenzothiophene Sulfone
J

CULTURE [DBTS ] % REMOVED

medium 0.164 mM 0

E. coli (K-12) 0.164 mM 0

Rhodococcus 0. 164 mM 0

(Huntsville)

UMXa (7 da) 0.087 47.5

UMXa (30 da) 0.000 i00.0

UMX3 (7 da) 0.156 6.0

[7MX9 (3 da) 0.156 6.0

UMX9 (6 da) 0.104 37.3

VANX 1 (20 da) 0.138 16.8

HUNTX 1 (20 da) 0.152 8.5

IVANX is a cor.-ortium obtained from Vanderbilt via Dr. Bai-

ley Ward, consisting of two bacteria, a gram positive
micrococcus and a gram negative rod; HUNTX is a consor-

tium obtained from the University of Alabama,

Huntsville, consisting of or more than two uncharacter-
ized bacteria.

None of the isolates, including U_C_<3, when grown on DBT or

DBTS, released sulfate into the nedium under these condi-

tions; the UMXa consortium and U._C<_'9release phenylphenol de-

rived from the model organosulfur compounds.
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c__oal culture of desu!furizin q bacteria

In order to determine whether any of the consortia and iso-

lates that grew on or released products from organosulfur

compounds would reduce organosulfur content of coal we pre-
pared the sulfate-free minimal medium (pH 7.0) with depyri-

tized coal (i0 g/L); 20 ppm sulfate was detectable.

One-liter quantities of this medium were inoculated with Es-

cherichia coli wild type to deplete available sulfate, while

leaving the organosulfur intact. Although there was initial

bacterial growth in these cultures, the sulfate decreased to

11.5 ppm and then re_ounded to 17.7 ppm. Thus, ,the E. coli

preculture of the coal medium did not give the desired re-
sult.

An alternative method pro>red successful. Samples of depyri-

tized coal (i0 g each) were suspended in 100 ml 6N HCf and
stirred for 1 hour; the coal could be removed from the acid

by filtration onto Whatman no. 1 paper on a Buchner funnel;

after three washes, 200 mL each with deionized water, the

coal was resuspended in 80 ml of water and the pH adjusted .

to pH 7.0 and the volume brought to i00 ml.

Medium made from coal treated in this manner typically con-

tained 1 to 2 ppm sulfate.

We have inoculated such media with several isolates and con-

sortia that degrade the model compounds and will monitor

these cultures for bacterial growth and release of sulfate.

Time course studies of UMXa consortium; .U]I_X3and UMX9

Tubes of minimal medium with glycerol as the carbon source
and O. 166 mM DBTS as the sole sulfur source were inoculated

with the UMXa consortium, or the isolates UMX3 or UMX9. The

inocula had been precultured on the same medium. Growth was

monitored by optical density; the disappearance of DBTS was

monitored by UV absorption as previously described, and the

appearance of phenylpheno! was monitored by HPLC.

Figure i depicts the kinetics of the parameters when the in-
oculum is the UMXa consortium.

Figure 2 and Figure 3 show the growth of the isolate and the

disappearance kinetlcs of DBTS for isolates U_X3 and UMX9,

respectively. UMX3 did not produce detectable organic prod-
ucts from DBTS. U_IX9 did produce phenylphenol, but we have

not completed the analysis for the levels of this product.

7
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i
' APPENDIX

Ion chromatoqraphic assay for sulfate

We are now routinely utilizing an ion chromatographic method

for sulfate analysis that is specific, sensitive to one-half
part per million sulfate (ca. 5 micromolar), and free from

interferences in our minimal media. It employs a Dionex

Model 2000i instrument equipped with an HPIC-AS4A column and

a conductivity detector.
{

Crucial parameters for setup (taken from literature supplied
with the instrument) are as follows.

Eluant: i. 80 mM Na2CO 3, 1.70 mM Na2HCO 3 ; 2.0 mL/min

Regenerant: 25 m_ H2SO4; 3 mL/min

Background conductivity is typically 17 microsiemens

Sulfate standards (MgSO4) were prepared in Nanopure deion-
ized water (> 17 megohm). A standard curve was generated by
plotting peak height versus parts per million sulfate. Fig-

ure 4 shows this relationship is linear from below 1.0 ppm

to about 50 ppm. Figure 5 is a chromatograph of a mixture
of standard anions.

Figure 6 is a chromatogram of our minimal medium supple-

mented with 0.2 mM MgSO 4 (19.2 ppm). Sulfate consistently
eluted at 7.0 - 7.1 minutes after injection regardless of

the mixture in which it was supplied.

8
rr
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FIGURE LRGENDS ,

Fiqure I. Utilization of DBTS by and growth of UMXa consor-

tium described in the text; kinetics of phenylphenol

production.

Figure 2. Utilization of DBTS by and growth of UMX3 isolate
described in the text;.

:

Figure 3. Utilization of DBTS by and growth of UMX9 isolate
described in the text.

Figure 4. Relationship of sulfate concentration to recorder

peak height during anion chromatography of sulfate
standards.

Figure 5. Anion chromatograph of anion standard mix; peaks
are: I. fluoride, 2. chloride, 3. nitrate, 4. phos-

phate, 5. sulfate.

Figure 6. Anion chromatograph of the minimal medium supple =

mented with 0.2 mM MgSO 4 (19.2 ppm sulfate).
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TASK 4-_MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-

• POUNDS i

Utilization of Dibenzothiophene Sulfone

Neither UMX3 nor UMX9 (isolates from the UMX consortia that

are described in the preceding quarterly progress report; 15 i

September 1990) were able to use dibenzothiophene sulfone i
(DBTS; at 0.166 mM)as the sole carbon source. However, as

has been previously reported, either isolate is capable of

using DBTS as the sole source of sulfur; under such growth

conditions, UMX9 produces phenylphenol as a degradation
product; we have been unable to identify any degradation

product of DBTS as a result of similar growth by UMX3. i

Experiments are in progress to determine the capability of
these two strains to degrade DBTS in the presence of 0.2 mM

Mg2SO 4 with glucose or glycerol as the carbon sources.

Coal culture of desulfurizing bacteria

Preliminary growth experiments with UMX3 and UMX9 inoculated
into sulfate-free minimal medium with glycerol and glucose

as the carbon sources and depyritized coal (i0 g/L) as the

sole source of available sulfur have been completed. (The
coal was washed to remove excess sulfate as described in the

preceding quarterly progress report; 15 September 1990.)

Because medium made with acid-washed coal typically con-

tained 1 to 2 ppm sulfate, we also ran a control culture

without coal but containing 2 ppm sulfate. The cultures

were static at room temperature (25°C) in 2.8 liter low-form i
flasks; each flask was swirled twice daily to mix the coal

slurry with the medium.

We followed growth (by viable cell count), and the

concentration of free sulfate (by ion chromatography) in the

medium over a course of 16 days. The minimal medium without

added sulfate did not support growth of either UMX3 or UMX9.

The control5with 2 ppm sulfate added supported an increase j
from 5 x i0 CFU/mL at inoculation to approximately 2 x 106
CFU/mL attained at 5 days; no significant increase occurred

over the next ii days. The UMX3 _ulture supplied with coal

increased from the _nitial 5 x I0 _ CFU/mL to a maximum
density of 8.7 x i0 _ CFU/mL over the 16 days. Over the same

time period, the UMX9 culture supplied with coal increased

2
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from 4.2 x 105 C_U/mL to a maximum of 3.8 x 108 CFU/mL;

there was noticeable clumping and the formation of small

waxy colonies on the surface of the broth in these cultures.

Viable cell count may not be a reliable way of checking
accumulated biomass in these experiments; preliminary

attempts at colorimetric protein determination were

confounded by interferences from culture components with the

assay method.

Sulfate concentrations of the uninoculated coal + minimal

medium control stayed at 2 ppm throughout the experiment.

The 2 ppm of sulfate_in the control culture without sulfate

was no longer detectable within 2 days of inoculation.
Sulfate concentration of the medium containing coal that was
inoculated with UMX3 increased at least twofold within 5

days of inoculation; the analogous UMX9 culture did not show
a similar increase in sulfate.

The coal that had been acted on by either UMX3 or UMX9

showed a noticeable physical deterioration at the conclusion

of the experiment. In contrast, coal that simply soaked in

uninoculated medium still settled out rapidly as a fine

granular mass. A high proportion of the coal exposed to the
microbes remained in suspension indefinitely. However, by

centrifugation for 20 minutes at 17,700 x g, removed

particles from suspension.

Similar experiments have been initiated using other
microbial strains and a more valid index of biomass

accumulation is being sought.

Summaz-v

Two isolates of the UMX consortia described in the preceding

quarterly progress report have been further characterized

regarding their physiologic capabilities in the presence of

dibenzothiophene sulfone. Preliminary experiments in which
these isolates have been cultured on a minimal medium

containing depyritized coal as the sole source of sulfur

showed enhanced growth; the increase in colony forming units
per mL in cultures of these organisms that were supplemented

with depyritized coal seems to be related to the utilization
of organically-combined sulfur. Refinements of these

experiments are being considered; among them are more valid

determinations of any increase in biomass that is dependent
on sulfur derived from coal.

3
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TASK 4--MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-

POUNDS

i

Utilization of Dibenzothlophene Sulfone

Althougb_both UMX3 and UMX9 are able to use dibenzothio-

phene su_fone (DBTS) as a sole source of sulfur, neither of

the bacteria (isolates from the UMX consortia that are de-

scribed in the preceding quarterly progress report; 15

September 1990) were able to use DBTS as the sole carbon
source.

When sulfate was present in the medium (0.166 _M), and glyc-
erol and glucose were available as carbon sources, the uti-

lization of DBTS by UMX3 was noticeably less than when sul- I

fate was mot present; a similar effect on the Utilization of

DBTS by UMX9 grown under the same conditions was apparent,

although not as dramatic.

Strain UMX3 was grown with DBTS as the sole sulfur source

and the following as carbon substrates: benzoate, glycerol,

glucose. Benzoate supported the highest rate of growth and

the highest final cell yield, followed by glycerol and glu-
cose. DBTS utilization with glucose as the sole carbon sub-

strate ceased after 48 hours, whereas DBTS degradation with

glycerol as the sole carbon source continued at a steady

i rate for up to 120 hours. (DBTS degradation in the presence
of benzoate was not measured because of its interference

with the DBTS assay.)

Strain UMX9 was grown under the conditions described in the
preceding paragraph: DBTS was the sole sulfur source and

either benzoate, glycerol or glucose were carbon sources.

As with UMX3, benzoate, followed by glucose and glycerol
supported the highest growth rate. In contrast to UMX3, the

rate of degradation of DBTS with both glucose and glycerol.
was the same.

Thus, UMX3 would not be able to survive with glucose as the
sole carbon source and DBTS as the sole sulfur source,
whereas UMX9 should be able to do so.

2
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Cell-free extracts of UMX9__

We attempted to use methylene blue as a spectrophotometric

assay fQr potential cleavage of carbon-sulfur bonds by
cell-free extracts of UMX9. The bacteria were grown in i

minimal medium with DBTS as the sulfur source, and glycerol i

and glucose as carbon sources; after the cells were

harvested by centrifugation, they were washed in 0.i M i

phosphate (pH 7.0) and passed through a French Press three

times at 20,000 psi. The French cell exudate was

centrifuged 20,000 x g for 20 min, and the supernatant fluid

(approx. 5 mg protein/ml) served as the cell-free extract.

Two hundred microliters of the CFE was incubated with 0.10

mM methylene blue and the degradation and/or reduction of

the dye was followed_by monitoring the decrease in ab-
sorbance "in the area between 500 to 700 nm. THere was a 30%

change in initial absorbance; however, when nitric acid was

added to reoxidize methylene blue, and the pH and dilution

factors were compensated for, there was no apparent decrease

in optical absorbance that could be related solely to car-

bon-sulfur cleavage. Thus, the change in absorbance could

be entirely accounted for by the reduction of the dye by
normal intracellular metabolites and metabolic events.

These experiments suffered from having a low protein concen-
tration in extracts; furthermore, there is doubt as to

whether methylene blue can serve as the sole sulfur source

for the bacteria. However, we have grown UMX3 and UMX9 on

methylene blue-containing, "sulfur-free" agar plates and
achieved decolorization of the dye in the locality of the
bacterial colonies.

Coal culture of desulfurizinq bacteria

A second series of growth experiments wherein both UMX3 and !
UMX9 were inoculated into sulfate-free minimal medium with

glycerol and glucose as the carbon sources and depyritized I

coal (lO g/L) as the sole source of available sulfur have
been completed. (The coal was washed to remove excess sul-

fate as described in the preceding quarterly progress re-

port; 15 September 1990.)

As described last month, the medium formulated with

acid-washed coal typically contained 1 to 2 ppm sulfate; we

also.ran a control cultures without coal but containing 2

ppm sulfate. The cultures were static at room temperature

(25°C), 1 L in 2.8 liter low-form flasks; each flask was

swirled twice daily to mix the coal slurry with the medium.

We followed growth (by viable cell count), and the concen-

tration of free sulfate (by ion chromatography) in the

medium over a course of 20 days. The minimal medium without

3
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added sulfate would not support growth of either UMX3 or

{ UMX9 The control with 2 ppm sulfate added supported an in-

crease from 5 x 105 CFU/mL at inoculation to a final popula-

tion density of approximately 1.0 x 107 CFU/mL after 20 days
for either UMX3 or UMX9. The UMX3 culture supplied with

coal increased from the initial 5 x 105 CFU/mL to final den-

sity of 2.8 x 109 CFU/mL. Over the same time period, the
UMX9 culture supplied with coal increased from 5 x iO S

CFU/mL to a maximum of 2.5 x 108 CFU/mL; as before, there

was noticeable clumping and the formation of small waxy
colonies on the surface of the broth in the UMX9 cultures.

Sulfate concentrations are currently being determined for

this experiment.

Additional cell-free extract work.

We have grown in static culture for 7 days, a 24 liter vol-

ume of UMX9 on minimal medium with glycerol as the carbon

source and saturating concentrations of DBTS and dibenzo-
thiophene as potential sulfur sources. The cells have been

harvested by Sharples centrifugation and are being used to

prepare high-protein cell-free extract for further enzymo-

logical work using the model compounds and possible
catabolic intermediates as substrates.

_ Summary

Additional work on the catabolic potential of UMX3 and UMX9

in the presence of DBTS is described. Further work on these

isolates grown on depyritized coal as the sole source of
sulfur has been done; the coal can apparently supply organi-

cally-derived sulfur for these bacteria; additional data on
the release of sulfate derived from coal into the medium are

being collected from these experiments.

4



i
i i

APPENDIX VI

ASSAYSON UMX3AND UMX9

• Utilizationof DBT-sulfone
• SulfateEffectson Biodesulfurization
• OrganicCarbonEffects :

ASSAYSON IGT S-8

• Confirmationof 2-hydroxybiphenyl

TAXONOMICSTUDIES

• MIDI Analysis

TESTSOF UMX3AND UMX9ON COAL



Quarterly Progress Report, Biodesulfurization Project

15 December 1990

TASK 4--MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-

POUNDS

Utilization of Dibenzothiophene Sulfonq.

We attempted to grow strains UMX3 or UMX9 (isolates from the

UMX consortia that are described in the preceding quarterly

progress report; 15 September 1990) on dibenzothiophene

sulfone (DBTS; at 0.166 mM) as the sole carbon source.

Neither UMX3 nor UMX9 were able to use DBTS as the sole

carbon source.

Either isolate, as we have previously reported, is capable

of using DBTS as the sole source of sulfur; under such

growth conditions, UMX9 produces phenylphenol (2-hydroxybi-

phenyl) as a degradation product; we have been unable to

identify any degradation product of DBTS as a result of

similar growth by UMX3.

When we supplied sulfate (0.166 mM) in a medium containing .

glycerol and glucose as carbon sources, the utilization of

DBTS by UMX3 was noticeably less than when sulfate was not

present; a similar effect on the utilization of DBTS by UMX9

grown under the same conditions was apparent, although not

as dramatic.

In order to investigate the effect of alternate carbon

sources on the utilization of organically-combined sulfur,

we grew strains UMX3 and UMX9 with DBTS as the sole sulfur

source with one of the following as carbon substrates: ben-

zoate, glycerol, glucose. Growth was monitored by optical

i
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density and the disappearance of DBTS was monitored by UV-

absorption as we have previously described. Figure 1 de-

picts these data for UMXg, Figure 2 for strain UMX3.

For both strains, benzoate supported the highest rate of

growth and the highest final cell yield, followed by glyc-

erol and then by glucose.

('

For strain UMX3, DBTS utilization with glucose as the sole

carbon substrate ceased after 48 hours, whereas DBTS degra-

dation with glycerol as the sole carbon source continued at

a steady rate for up to 120 hours. (DBTS degradation in the

presence of benzoate was not measured because of its inter-

ference with the UV-absorbance assay for DBTS.)

In contrast to _X3, the rate of degradation of DBTS by UMX9

with either glucose and glycerol as carbon sources was the

same. As with UMX3, benzoate, followed by glucose and

glycerol supported the highest growth rate.

Thus, UMX3 would not be able to survive with glucose as the

sole carbon source and DBTS as the sole sulfur source,

whereas UMX9 should be able to do so. These data are con-

sistent with our observations that UMX3 cannot utilize glu-

cose as a sole source of carbon and energy (see Table I)

Cqmparison of UMX3, UMX9 and IGTS8

Dr. John Kilbane of the Institute of Gas Technology has pro-

vided us with a culture of IGTS8 to which we have compared

the strains designated UMX3 and UMX9.

3
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TABLE i. Comparison of Rhodococcus-like strains.

Strain IGTS8 UMX3 UMX9

!

Cell Morp!_ all strains were gram-variable coccoid rods }
. _ !

Colony Mo_h slimy slimy rough/waxy

Colony color light pink light pink orange/pink

Glucose I - _ ++

(
DBT /DBTS 1 +++ +++ +++

Product

from DBTS 20HBP 2 none 3 2OHBP 2

I. Ability to use as the sole source of ca/_n.

2. 2-hydroxybiphenyl

3. We were unable to detect any aromatic breakdown

products traceable to DBTS for this strain.

....... , I

Confirmation of phenvlDhenol as a product of DBTS deqrada-

tion b7 ZGTSS.

We grew strain IGTS8 in minimal medium with DBTS and thi-

anthrene as the sulfur sources (total culture volume, 9 mL)._

The culture was extracted twice with 5 mL dichloromethane

II

4
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and passed through a phase-separating paper; Figure 3 is a

gas chromatogram of that extract; the peak labeled 2-OHBP

was identified by GS/MS analysis as 2-hydroxybiphenyl

(Figure 4 is the mass spectrum from that peak; Figure 5 is a

comparison of the spectrum with the library spectrum for 2-

hydroxybiphenyl) . Thus, we have confirmed that the IGTS8

strain of Rhodococcus rhodochrous obtained from Dr. John

Kilbane is capable of ereleasing detectable quantities of i
t f

phenylpheno! into the medium as a product of DBTS degrada- !

tion. No o_her metabolites of DBTS could be identified.

Other major peaks on the chromatogram appear to be thi-

anthrene derivatives and have not been identified.

,'Microbial ID,'--fatty acid analysis of UMX3, .UMX9 and IGTS8

We supplied cultures of the three strains to Dr. A1 Mikel at

University of Alabama, Huntsville to be evaluated by the

"Microbial ID ''_method, which is based on the gas-chromato-

graphic analysis of the methyl-esters of the bacterial fatty

acids. The data from these analyses are presented in Table

2, Table 3, Table 4, and Table 5 that are appended to this -

report.

Table 2 shows the fatty acid content of a Huntsville isolate

of Rhodococcus rhodochrous with a match of 0.395 to the

database profile for R. rhodochrous. Table 3 shows similar

data for strain IGTSS; this strain had a match of 0.173 to

the database profile. Table 4 shows similar data for strain

UM](3, which had a match of 0.221 to the database profile.

Strain UMX9 data are shown in Table 5; there was no match_

identified for this strain.
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FIGURE LEGENDS

Figure i. Growth of UMX3 on DBTS as the sole sulfur source

with either benzoate, or glycerol, or glucose as carbon

sources.

Figure 2. Growth of UMX9 on DBTS as the sole sulfur source !with either benzoate, or glycerol, or glucose as carbon
- f f

sources.

Figure 3. Gas chromatogram of a dichloromethane extract of

the broth culture of the IGTS8 strain of Rhodococcus

rhodochrous (obtained from Dr. John Kilbane). Details

of growth conditions and medium composition are given

in the text. The peak at 6.382 min is 2-hydroxybi-

phenyl (2-OHBP); the peak at 9.084 is dibenzothiophene

(DBT). Most other peaks are unidentified breakdown

products of thianthrene.

Figure 4. Frame a: Gas chromatogram of a dichloromethane

extract of the broth culture of the IGTS8 strain of

Rhodococcus rhodochrous (obtained from Dr. John Kil-

bane), employing a mass-170.00 filter to focus on the

2-hydroxybiphenyl peak. Frame b: The mass spectrum of

the peak in frame a. :

Figure 5. The mass spectrum of the mass 170.00 peak from

Figure 4 compared with the library spectrum of 2-hy-

droxybiphenyl.

Figure 6. Growth on coal of UMX3 and UMX9 compared to their

growth on minimal medium with 2 ppm sulfate. Frames a

and b are data from the two independent experiments.

I I
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There was substantial agreement between the strains with re-

gard both to qualitative and quantitative fatty acid con-

tent; however, the strains differed in some fatty acids.

Based on the data shown in Table I, as well as the fatty

acid analyses, we believe that strain UMX3 is likely the

same as IGTS8: like IGTSS, it is unable to grow on glucose

as the sole carbon source; moreover, it is morphologically

indistinguishable from IGTS8 and exhibits similar growth ki-

netics on minimal medium with DBTS as the sulfur source.

However, we find it disconcerting that we have been unable

to detect any release of phenylphenol in the medium follow-

ing growth on DBTS by strain UMX3. Strain UMX9 produces

phenylphenol when grown on DBTs as the sole source of sul-

fur; but UMX9 grows on glucose as the sole carbon source and

has a markedly different colonial morphology.

We are comparing the abilities of UMX3, UMX9 and IGTS8 to

grow at the sole expense of 40 additional carbon sources;

this study should shed additional light on the question of

the taxonomic relationship between these strains.

Coal culture of desulfurizinq bacteria

In the past quarter, we did two experiments to determine

whether the UMX3 and UMX9 isolates could obtain their sulfur

from the organically-combined sulfur in coal. We added bio-

depyritized coal (prepared by Louisiana Tech University,

sample # 1003, A & B; I0 g/L) as the sole source of avail-

able sulfur to a sulfate-free minimal medium (pH 7.0); such

media contained 20 ppm sulfate (detectable by ion chromatog-

raphy), an unacceptably-high amount.
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Our attempts to deplete this free sulfate from the medium by _

allowing growth of wild type Escherichia coli, were not suc-

cessful. An alternative washing method was employed: Sam-

ples of depyritized coal (10 g each) were suspended in 100
f

mL 6N HCI and stirred for 1 hour; the coal could be removed

from the acid by filtration onto Whatman no. 1 paper on a i

Buchner funnel; after ,three washes of 200 mL each with
!

deionized "water, the coal was resuspended in 80 mL of water,

the pH adjusted to pH 7.0 and the volume brought to 100 mL.

Medium made from coal treated in this manner typically con-

tained 1 to 2 ppm sulfate.

Two series of growth experiments were completed with LTMX3

and UMX9 inoculated into sulfate-free minimal medium con-

taining glycerol and glucose as the carbon sources and

washed, depyritized coal (I0 g/L) as the sole source of

available sulfur.

To assess the level of growth of the bacteria that would be

supported by residual sulfate in the coal cultures, we also

ran control cultures without coal but containing 2 ppm sul- -

fate. All cultures were static at room temperature (25oc).

One-liter volumes of media were contained in 2.8 liter low-

form flasks; each flask was swirled twice daily to mix the

coal slurry with the medium.

We followed growth (by viable cell count), and the concen-

tration of free sulfate (by ion chromatography) in the

medium over a course of 16 days for the first experiment and

19 days for the second. The minimal medium without added

sulfate did not support growth of either UMX3 or UM_9.

7
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The final pH values for each culture condition were:

Uninoculated Minimal Medium pH 7.0

Uninoculated coal control pH 6.8

UMX3 grown on MM + 2 ppm SO 4 pH 6.5

UMX9 grown on MM + 2 ppm SO 4 pH 6.8

UMX3 grown on MM + coal pH 5.7

UMX9 grown on MM + coal pH 6.9 {
i

We have no explanation for the substantial drop in pH that

occurred during the growth of UMX3 in the coal culture.

Figure 6 (a and b) depicts the growth of [7MX3 and UMX9 on

coal as the sulfur source; "control" lines were generated

from the cultures in minimal medium with 2 ppm sulfate

added. Uninoculated coal-containing medium maintained a

free sulfate concentration of around 2 ppm throughout the

course of the experiments.

In all cases, the control cultures with 2 ppm sulfate added

supported populations that were 1.5 to 3 logs below those

growing on coal. The UMX9 bacteria formed small waxy

colonies on the surface of the broth; UMX3 seemed to be more

evenly distributed throughout the medium.

Although our use of viable cell count as an index of biomass

accumulation in these experiments suffers some limitations,

it is probably an index of the minimal growth of the bacte-

ria on the coal: The bacteria in the coal cultures were

visibly clumped, and one would expect that colonies of

bacteria might form on the coal particles; both of these

factors tend to lower counts of colony forming units. Our

preliminary attempts at colorimetric protein determination
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in these experiments were confounded by interferences from

culture components with the assay method.

The coal that had been acted on by either UMX3 or UMX9

showed a noticeable physical deterioration when we examined

it at the conclusion of the experiment: there was a dra-

matic increase in fines, so that a high proportion of the

coal exposed to the microbes remained in suspension indefi- I

nitely. In contrast, coal that simply soaked in uninocu- !

lated medium still settled out rapidly as a fine granular

mass. However, centrifugation for 20 minutes at 17,700 x g,

removed particles from suspension.

Sulfate concentrations du_inq the course of the two experi-

ment______s.In both experiments, sulfate in the uninoculated

coal-minimal-medium-control stayed at 1.5 to 2 ppm through-

out the experiment; and, the 2 ppm of sulfate in the control

culture (without coal) was no longer detectable 2 days after

inoculation.

In the first experiment, sulfate concentration of the medium

containing coal that was inoculated with UMX3 has increased

at least twofold (to 5 ppm) in the 5-day post-inoculation

sample but then declined to 1 to 2 ppm; the analogous UMX9

culture did not show a similar increase in sulfate. In the

second experiment, we did not observe this small increase in

free sulfate in either the _3 or the UMX9 coal culture.

Most likely, the sample vial for the 5-day data point in the

first experiment was contaminated with sulfate: points on

either side of the 5-day sample showed only 1 to 2 ppm

sulfate.

Q
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Thus, in these experiments we show growth of either strain

UMX3 or strain UMX9 on the organically derived sulfur in

coal that apparently serves as the sole source of sulfur.

However, in neither of these experiments did we see release

of substantial amounts of sulfate into the medium. It could

be that the low levels of free sulfate we see in the coal

cultures is all that can be expected because it is taken up

almost as .rapidly as it is released. Furthermore, the sul-

fur from the coal may be either directly incorporated into

cell biomass, or else released as some combined form other

than sulfate.

We are currently removing the bacterial biomass from the

coal harvested from these experiments. We will send the

coal to Louisiana Technical University for sulfur analyses

(sulfur : silicon ratio) to assess changes in organic sulfur

content of the coal effected by growth of the microbes.
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Table 5. Results of the CH Assay

I

Carbohydrate UMX3 IGTS8 UMX9

Glycerol Yes Yes Yes

Ribose Yes Yes Yes

D-Glucose No No Yes

D-Fructose Yes Yes Yes

lnositoi Yes Yes Yes

Mannitoi Yes Yes Yes

Sorbitol Yes Yes Yes

N-Acet-/I-glucosamine Yes Yes Yes

Esculin Yes Yes Yes

Saccharose Yes Yes Yes

Trehalose Yes Yes Yes

D-Arabitol Yes Yes Yes

Gluconate Yes Yes Yes

L-Arabinose No Yes No

i. Carbohydrate utilization was testedby-the-API--CH test

kit. The strains were cultivated for 48 hours in organic

sulfur medium with magnesium sulfate as the sole sulfur
source. Cellis were aseptically harvested, centrifuged

(15,000 g for 20 rain), and washed with 0.01 N phosphate

buffer. Cells were then centrifuged again and resuspended
- in organic sulfur medium with no carbon source. The O.D.

of the strains was adjusted to 0.016 before inoculation

into the API test wells. The length of the assay was 8
days and yes denotes growthh in the test well.

55
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MATERIALSAND METHODS
(adaptedfromtext byR.F. Purdy)

SL!!fur-StressAssav. Glasswarewas acid-washed(6N HCL for 60 min) to removeresidualsulfate,then
rinsedat leastthree timesindeionizedwater(NanopureType I, 17 megohm)and cappedto preventsulfur
contaminationfrom dust particles. Growthwasquantifiedat 660 nm usinga MiltonRoy spectronic501;
optical path was 1.6 cm withthe 20 ml culturetubes. An uninoculatedtube containinggrowth medium
servedas the reference.

A modified21C medium(Table I) in whichchloridesaltsreplacedsulfatesaltswas used for the
maintenanceofworkingculturesandtestingof culturesonthesulfur-stressassay. Carbonsubstrateswere
0.5 %w/v glucoseand0.5%v/v glycerol.Inorganicsulfur(ionchromatography)inthe sulfur-stressmedium
did not exceed 1 ppm sulfate. Trypticsoy broth (12 g/I) was usedto grow cellsprior to testingin the
sulfur-stressassay.

The sulfur-stressassayservedbothasa screeningdeviceto detectorganismscapableof desulfurizing
modelcoal organosuifurcompoundsandto characterizethe physiologyof the desulfurizingcultures.The
assaywas a modificationof the Kilbaneand Bieglasulfurbioavailabilityassayinwhich organismswere
screenedforabilityto growundera sulfur-stressenvironmentwherethe onlyplentifulsourceof sulfurwas
anorganosulfurcompound.WeusedDBT-sulfonebecauseof itsgreaterwater-solubilitythanDBT. Awater-
saturated solutioncontained0.166 mM DBT-sulfoneand gave an opticallyclear medium, needed for
accurate measurementsof O.D. of cell suspensions.Moreover,DBT-sulfonedid not yield Kodama-type
products.

Cultureswere firstgrownintryptlcsoybroth(12 g/I) fora pedodof 48-72 hours,thenwashedtwicewith
0.01 N phosphatebufferandresuspendedinsulfur-stressmediumfor 24 hours,atwhichpointthe C).D.of
the cultureswas about 0.3. Inoculumsizewas0.5 ml/10 ml mediumin culturetubes. The usualassay
consistedof three setsof tubes,each containingsulfur-stressmedium:one set containedorganicsulfur
compound;a secondset containedno sulfursource(negativecontrol);a third set contained0.16 mM
magnesiumsulfate (positivecontrol). Initialscreeningtestsalsoincludeda fourthsetof tubes,containing
sulfateplus DBT-sulfoneto ascertainpossibleinhibitoryeffectsof DBT-sulfone;sucheffectswere lacking
for UMX3, UMX9, and IGT S-8, thus we eliminatedthe fourth test set for subsequenttrials. Positive
biodesulfurizationwasindicatedby growthon DBT-sulfonerelativeto the negativecontrol.

To Isolatebacteriafrom a consortiumthat testedpositiveon the sulfur-stressassay, 12 gm/I of
nobleagar was mixedwithsulfur-stressmediumcontainingDBT-sulfone.Moreorganicsulfurwas added
by 1 ml of ethersprayedonthe platefroma stocksolutionof 90%wt/vol DBTS. Separationof organisms
thatcouldnot utilizeDBTSas a sulfursourcewasbythespread-platetechniqueon 1.4g/I TSBwith 14 g/I
of agar.

Culturescapableof growthin the sulfur-stressassaywere maintainedon the same mediumfor
workingstocks. Transfersof stocksweremadeat leastweekly. Cultureswerealso maintainedon TSA
slantsstoredat -5 oC, and in glycerolat -80°C.

InstrumentalAnalysis.Quantificationof 2-phenylphenol(2-hydroxybiphenyl)inthesulfur-stressassayswas
conductedby gas chromatography.Disappearanceof DBT-sulfonein the restingcell assays wasalso
monitoredby gaschromatography.Thegaschromatographwasa HewlettPackard58.90seriesequipped
with a 530 seriescapillarycolumn with a spUtlessinjector. The carder gas was hetlum(15 ml/rnin).
Hydrogenandcompressedairflowwere30ml/minand 135ml/minrespectively.Detectionof substratewas
by flame ionizationdetector(FID).Injectortemperaturewas260oC,anddetectortemperaturewas280oC.
Temperatureprogrammingfor the ovenwas 100oC initiallywithrampedat 1 oC/min untilthe maximum
oven temperatureof 255 oC was reached. Figure9 depictsthe standardcurvesfor DBT-sulfoneand
2-phenylphenolas measuredby gas chromatography.

Mass spectrometry,courtesyof theC)leMisschemistryDepartment,was usedto confirmIdentityof
desulfurizationproducts. We used a Hewlet-PackardMSD-5971GCC/MS coupledwith an HP software
libraryof ion spectraplusa customizedIP_raryof ourownstandardcompounds. Facultyof the Chemistry
Departmentassistedwithoperationand interpretationof spectra.



Sulfateanalysiswasaccomplishedbythe use of anionchromatographicprocedures. This method is
sensitiveand specificfor sulfateat concentrationsof 0.5 partsper millionup to 1000 ppm. We useda
DionexModel20001equippedwitha HPIC-AS4Acolumnand a conductivitydetector.

The disappearanceof DBT-sulfoneor 2-phenylphenolwas monitoredby UV-spectrometryusinga
MiltonRoy Sp_ctronic1201.,Thissystemwas coupledto a ZenithXT computerthat ran the Spec Scan
Applicationsoftwarever 1.01 (MiltonRoyAnalyticalProductsDivision,820 UndenAvenueRochester,New
York 14625).One cm matched-quartzcuvetteswere used,

Samplesforgaschromatographyand GC/MS wereextractedaccordingto the followingprotocol:
acidificationbythe additionof two dropsof 6N HCL, extractionwithdichloromethaneequalto onehalfthe
totalvolumeof the samples,removalof aqueousportionby phase-ssparatingpaper 0Nhatman1PS). The
extractionprocedurewas performedtwice:extractswerepooled,transferredto 50 ml jars, and allowedto
evaporatecompletely.Samplesthenwereresuspendedin 1 ml of dichloromethane.To each sample,0.5
ml of a 100% thiantherenesolutionwasaddedas an Internalstandard.

The extractionproceduresfor UV-spectroscopy:a 1.5 ml samplewas centrifugedfor 10 minutesat
10,000x.g, after whichthe clearsupematantwasanalyzed.

.ComoaratlveTest_on UMX3,UNXg.=andIGTS-8: Culturesweregrownfor at leastthreetransfersinsulfur-
stressmediumwithDBT-sulfoneandthianthereneas the sulfursources. On the thirdtransfer,cellswere
grownwith DBT-sulfoneasa solesulfursourcefora periodofat least48 hoursandnotmorethen72 hours.
ExperimentalvariableswerepH, temperature,differentcarbonsubstrates,additionof inorganicsulfur,and
differentorganicsulfursubstrates.TheO.D. of the starterinoculumwas adjustedto about0.3. Inoculation
volumewas 1 ml into9 ml of mediumunlessotherwisenoted.Growthwas monitoredat 24 hour Intervals.
Theconcentrationof DBT-sulfoneand2.phenylphenolwasmonitoredby UVspectrometryunlessotherwise
noted.

Carbohydrateutilizationwastestedbythe useof rapidCH testkit (APIanalytabproducts.Division
of Sherwood Medical.200 expressStreet,Plainvlew,New York 11803.). Organismsto be tested were
incubatedinsulfur.stressmedium (50 mi)with0.2 mMmagnesiumsulfateand noDBT-sulfonefor48 hours.
Protocolfor CH test:cellswereasepticallyharvestedbycentrifugatlon(15,000x.gfor 15 min),washedonce !
with 100 ml0.01 N phosphatebuffer,centrifuged(as above)and then resuspendedin 100ml of medium
(magnesiumsulfateinsteadof DBT-sulfone)withno addedcarbohydratesource.Thefinal O.D. in the 100
mlof mediumwas adjustedto 0.05. About1 mlof inoculumwasplaced ineach of the 49 testsites onthe '_
APtstrip.Carbonutilizationasevidencedbyvisualconfirmationof growthwasmonitoredat 24 hourintervals
for 8 days.

Tests for degradation/utilizationof 2.phenolphenylor DBT-sulfonewere made by supplyingeach
compound(at 0.166 raM) as a solesourceof organiccarbon. Assaysfor2-phenylphenoialso contained
0.16mM magneslummsulfate,whereasDBT-sulfoneassayscontainedno othersourceof sulfur. Inocula

weretaken from the thirdtransferculturesgrownon standardsulfur-stressmedia (glucoseand glycerolas i
organiccarbon sources). Growthwas monitoredby opticaldensityand substratedisappearancewas

monitoredby UV spectroscopy.

To determineif thedesulfudzationprocesswas inhibitedby inorganicsulfur,we added 0.166 mM i
magnesiumsulfateto thesulfur-stressmedium. GrowthandDBT-sulfonedisappearancewere monitored i
by standardtechniques, i

Theeffectofglucoseandglycerol(ascarbonsubstrates)ondesulfudzationactivitywas Investigated
bygrowingculturesfor 140hoursinssulfur-stressmediummediumwitha singlecarbonsubstrate(10 rnM)
of eitherglucoseorglycerol.GrowthandDBTSdisappearanceweremeasuredbystandardtechniquesafter
140hours.

Resting-cellculturesweredefinedascellsthathad enteredthe stationaryphaseof batchculture. .4
Stationaryphasefor theculturesoccuredaftergrowthfor 165hoursin flasks(non-agitated)that contained
25 mlof sulfur-stressmediummediumwithDBT-sulfoneandthiantherene.Fortheresting-cellassays:cells
wereharvestedinstaionaryphaseandcentrifugedat 15,000x g for20 min;the cellpelletwaswashedwith
0.01 N phosphatebuffer,thencentrifugedagainat 15,000x g for20 min,and resuspendedinsulfur-stress
medium without any type of sulfursource. Cells were allowedto incubate for 24 hours to expend
endogenousenergyreserves.Ten mlofcells(0.45-0.55 O.D.) then was layeredontoa platethat contained
DBT-sulfoneand incubatedfor _or24 hoursat 30 oC and 70% humidity.The DBT-sulfoneplateswere



I

preparedbythis method: 1 ml of etherealsolutionof DBT-sulfone(2.5mg/ml) wassprayed on a 100mm
Petri plate,and the etherwas allowedto evaporateleavingfinedispersedcrystalsof DBT-sulfoneon the

plate. Plateswereextractedafter24 hoursandanalyzedGC. i
To test biodesulfurizationactivityon otherorganosulfurcompounds,a variationof the standardassay

was u_ed, wherebyethanolwas usedto enhancesolubilityof the compounds. Ethanolalso servedas
organiccarbonsource(allthree cultures-UMX3,UMX9,and IGT S-8-grewon ethanol). Stocksolutionsof
DBT, DBT-sulfone,DBT.5.Oxtde,Dlphenylsulfide,3-Aminophenylsulfone,Methyleneblue, 3-Carbox'yt
thlophene,Benzothiophene,Thionapthalene,andtrtthlane)werepreparedbythe followingmethod:thesulfur !

. isubstrate(1.66 mM) was added to 5% v/v ethanol andwater. The sulfur-stressmediumwas prepared r
withoutDBT-sulfoneor a carbon substrate.The mediumwas completedby the additionof one ml of I
organosulfurstocksolutionto 9 mlof assaymedium. Finalethanolconcentrationineachtube was 0.5 %
v/v. Finalconcentrationof the organicsulfursubstratewas0.16 mM in eachtube. Sulfursubstrateswere
consideredgrowthsupportivein theeventof growth(0.10.D.) on the thirdtransfer.

Sulfur-stressmediumwas usedwith 3-aminophenylsulfoneat 0.5 mM. Utilizationof 3-aminophenyl
sulfonewas monitoredby HPLC,andgrowthwas monitoredafter 165hoursby standard technique.

Fattyacidprofiles(MIDIanalysis)wereconductedbyCraigRichardsonattheUniversityofAlabama,
Huntsville,on the culturesIJMX3,UMX9andIGTS8to aid intaxonomicidentification.

L L



,y TABLF I - SULFUR-_TRESS MEDIUM

Table i. Modified 21C medium
J

Stock Solutions: (500 ml)

KH2PO4 69.25 g

Na2HPO4 50.25 g

NH4CL 50.00 g

Salts Mix: (L)

MgCL2 ii. 2 g
CaCI2-2H20 5.0 g

(NH_)6MoT-4H20 i0.0 mg
FeCI3 -6H20 200.0 mg

MnCl2 -4H20 50.0 mg

EDTA 500.0 mg

Trace Metals: (i00 ml)

EDTA 150.0 mg

ZnCl_ 71.25 mg

CuCL2 20.6 mg

NaB40v -1OH20 17.7 mg

Organic Sulfur Source: (L)
Dibenzothiophene sulfone 50.0 mg

Carbon Source: (!00 ml)

D-glucose i0.0 g

Glycerol i0.0 ml

Vitamin Stock" (50 ml)
Biotin 0.5 mg

Nicotinic acid 50.0 mg

Thiamine HCL 25.0 mg

Preparation '

i. Measure 500 ml of saturated organic sulfur stock (liquid

only).

2. To the liquid portion of the organic sulfur stock, add 20
ml of each phosphate stock solution and I0 ml of ammonium
chloride stock solution.

3. Add 20 ml of salts mix, 1 ml trace metals, and i0 ml of

each carbon substrate.

4. Add liquid portion of organic stock so[uti.on to make i L
of medium.

5. Adjust the pH of the medium to 7.
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