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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
ferrooxidans increased both the rate and extent of depyritization by approximately 10%.
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INTRODUCTION

*

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 initally 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 OC7-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.




Task 1. Project planning.

This task was completed by Dr. Joseph Fernandes. The final, 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 grinding and biotreatment according to the ASTM methods prescribed.

Subtask 2-2: Microbial Pvrite 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 initdally 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 Collecion (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 oxidation. A pyritic sulfur removal of greater than 90% was achieved in most
instances.

38}




Task 3. Analytical Procedures for Total Organic Sulfur

Backeground

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 of analytcal 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 quanttes 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 resulng from storage was evaluated by an
ultimate and proximate analysis characterizing each portdon. 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: Quality Assurance and Testing

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
SRM 1632a and 1635. At least 1 out of each 25 samples was randomly selected 3s 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: Analvtical Procedures

Pyritc and sulfatic sulfur were determined via ASTM D-2492, organic suifur by ASTM D-3177.
and total sulfur by the Eschka method using a LECO Total Sulfur analyzer.



Subtask 3-4: Microscopic Analysis

Initially, EDS-SEM analyses of NBS-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 starting 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

Background

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 particle sizes effective in the
biological removal of inorganic sulfur, much of the organic sulfur is inaccessible to the microbial
enzymes responsible for the oxidation of the model organic sulfur species. Only the sulfur
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 biodesulfurizadon. 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 lighter.
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 desulfurization 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 desulfurization. In order to
reduce carbon loss, i.e. petroleum BTU loss, the former patent involved a two step oxidation and
reduction procedure. Pseudomonas, Alcaligenes, and Bacillus species initially 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 .0
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 (44).

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 Pseudomonas fragii. Two new taxonomic strains were named: Pseudomonas
abikonensis and Pseudomonas jianii. DBT utilization was evident in the culture mecdium when
brightly colored 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 oxidaticn by Pseudomonas
abikonensis and Pseudomonas jianii. The mineral-salts meat extract base was supplemented with
DBT dissolved in light oil. Dissolving the DBT in light 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 rato 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 3-0x0-2(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.



Kodama (25) reported that DBT was oxidized by resting cells of Pseudomonas jianii in the
presence of lactate or glycerol as energy 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 (BT)
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. Asin Yamada’s DBT research, the BT was dissolved in light
oil and added to a basal-salts yeast extract medium. The oil-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 cells. 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-paraffin 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 Beijerinckia B8/36
in the presence of succinate. The two initial water soluble degradation products that accumulated
before ring-fission products appeared were: (+)-cis-1,2-dihydroxy-1,2-dihydrodibenzo-thiophene
and dibenzothiophene-5-oxide. The organisms were cultured at 30 °C in 10-liter quantties 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).

Chandra 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/ml 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%. Actvity
of the culture on coal previously treated to remove the inorganic sulfur was not reported.




Finnerty (13) reported on the degradation of DBT by a mixed-culture bacterial system. The
sulfur-containing aromatic compcunds DBT, BT, thioxanthine, thianthrene, and benzene disulfide
were oxidized but would not serve as a sole source of energy, carbon, or sulfur. The culture
converted 97% of the DBT to water-soluble compounds within 24 hours. The degradation
products were identified as 1,2-dihydroxy-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.

Jerusik (21) working with Finnerty, reported the tentative identification of the microorganisms
in the 1aixed culture responsible for oxidation of DBT. The Gram-negative rod was tentatively
designated as an Acetobacter sp. and the Cram-positive coccus as a member of the
Micrococcaceae. The possible environmental impact of the DBT degradation products was
studied using nonspecialized and specialized bacteria. Little toxic effect was observed when
Shigella flexneri, Pseudomonas 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 statonary 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 isolaton of bacteria exhibiting desulfurizing activity on crude
Romashkino oil. The bacterial strains were isolated from oil polluted water, soil, and remnants
in oil tanks. DBT was used as the model organic sulfur species in the screening media. All
strains were aerobic, swongly oxidatve, 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
oil 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 producton of H,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.



Arrowood (3) described a bacterial isolate designated OC7-A, a naturally occurring soil
microorganism which degraded DBT. OC7-A, found in oil samples collected around an oil well
slush pond near Oil City, Louisiana, was tentatively identified as a species of Arthrobacter.
Desulfurization by OC7-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 OC7-A in 1% 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 slurry concentration and the added carbon source. Succinate as an added carbon source
showed the highest level of organic sulfur reduction. As a model organic sulfur compound,
Arrowood also studied desulfurization of DBT by OC7-A using Hutner’s vitamin free-mineral
base; 18% organic sulfur reduction was found. An AE mineral-salts solution gave even better
results. In determining 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 reported by 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 CB1, is a DBT degrading organism that was developed by mutagenically
altering the DNA of the naturally occurring parent organism. The parent organism degraded
DBT minimally. CB1 was initally grown in a basic mineral-salts medium. CB1 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 1000 to
2500 pounds of coal per day. Using *C-DBT and **S-DBT, the action of CB1 in DBT was
traced. CB1 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
reatment. The organic sulfur content was reduced 18-28% when treated with CB1. When run
of the mine coals were used with CB1 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 (EDS-SEM), pulverized coal
of 140 mesh was tested for organic sulfur content before and after treatment with CB1. The
reduction in organic sulfur was 32.9% to 34%. Inital cost estimates for enough medium to
produce the microorganisms capable of treating 1 ton of coal was $117. 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.



Murphy et al. (34) used the microorganism Sulfolobus acidocaldarius to reduce sulfur from coal.
They adapted the organism 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 estimated 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 CO, 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 Fe," 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, FeCl,, 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 was 11% total sulfur, 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 the 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 10°. The products of the DBT oxidation appeared to
be identical to products of other DBT reducing microorganisms, substantiating their findings.

Vaseen (41) reported that Thiobacillus ferrooxidans may be used to reduce organic sulfur from
coal under certain 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 agitation. Thiobacillus ferrooxidans also gets
needed carbon from the CO, 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. coli
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 substrates 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 sulfur removal found in Arrowood’s work.
Substrate modificadon and co-metabolic addirives 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 Biodesulfurizing Microorganisms

Objectives and methodology in Subtask 4-2 were to screen soils, coals, waters, and acid-mine
drainage samiples 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 microbial 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 autotrophic
bacteria in order to reduce the need for expensive substrates, since this group of bacteria utilize
CO, or 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 sulfur 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-free extracts could
be used in biodesulfurization as effectively as whole cell 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 productve of
plasmids. The final phase of Subtask 4-3 was concemned 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 all tasks, procurement of supplies and equipment.
maintenance of ledger of expenses, record keeping of results, preparaton of reports and
publications.

It should be noted that shortly after the initdatdon 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 Chemical 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 unal
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 ir: the latter stages of the project.
While originally intended as a preparation step only for the subsequent study of microbially
removing the organic sulfur fraction, the microbial pyrite and sulfate removal (Subtask 2-2)
became the subject of research focus with the intention of enhancing the pyritic removal process.
Analytcal 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 Fernandes 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 Sayal, 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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3ICDESULIVRIZATION TECENIQUES: APPLICATION CF SzZLiCTID
MICRCCRGANISMS FCR CRGANIC SULFUR REMOVAL 7RCM CCTALS

Project Repcort from August 1, 1988, to September 16, 1988

The draft of the work plan was preparad and subtmitted o TZC on
Augusc 10, 1988. Input Ifrom TP0 into the drai:z plan is incluced in the
atzached copy
Taskx 2: Coal ?r3 ment and Pranaration

A sample of Illinois No. 6 ccal (IBCSP #1, 1.01600) nas “een re-
szived from Illincis “eolcgical Survev. Crigination informaticn has been
raguestad from I3C37.

Subtask 2-i: Grinding, Sieving, and Storage

33ll-mill grinder (ceramic with stones, Paul O. Abbe, Inc. #31343)
znd Re-Tap Testing sieve shaker (#11028) have -een sat up and cleaned.

Sustem for Ccal Storage in a Nitrogen Zavisonment

To pravent oxidation rsactions in tle cca. samples, “e induce a
s=3sis ccniiticn by placing them in a nilrcgen zimospners
T

The svsza2m consists of a dessication champer, a vacuoum pump, &
aitrogen scurcz, three valves, and a pressure gauge as siown in
Tigure 1. (A "T" connector is threaded int> a connection on the
side of the dessicator. Connectad to the dranches of the "T" are a
valve and tubing leading to a vacuum pump, and a pressure gauge and
valve with tubing 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 the
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 £ill the chamber

with 1.3 psi of nitrogen. This is repeated once to Zlush out re-
maining coxygen, if any.

After cne hour at 1.5 psi the nitrogen is released and the lid
is removed. The vial caps are gquickly tightened and the champer is

resealed. The air is again removed and replaced with 1.5 psi of
nitrogen.
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Subtask 2-2: Microbial Pvrite and Sulfate Removal

Samples of acid mine watars were ccllected from ponds near the
Ancdelex Resources coal mine at Madisonville, Xentucky. Shaker Ilasks are
being set up to determine the operating conditions of either purs or
mixed cultures of Thiobacillas ferrooxidans, such as medium type and
strength, pH, and leaching time, to remove at least 907 of the pyrite
sulfur from coal.

Task 3: Analytical Procedures for Total Organic Sulfur

Subtask 3-1: Characterization

ASTM procedures of moisture, ash, total sulfur, pyritic sullfur,
sulfate sulfur, heating value and volatiles are being set up. A set of
suliur/coal calibration samples have been received. Accuracy and rapro-
duct

sTan

5ility of the abecve procedures will be detsrmined by using the
dards.

Subtask 3-2: Qualitv Assurance/Qualitvy Control

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

Subtasi 3-4: Microscopic Analvses

e first menth was dedicated to acguiring a complete sat ¢ con-
-rols and calibrating equipment. A set of sulphur/coal calibraticn
samples ranging from 1.0S7% sulphur to 4.397 sulpnur was acquired Irom
LZCO. Mineral calibration samples for iron sulfide have been crdered. A
Zeiss vitrinite reflectance microscope was received from Mobil Oil
Corporation. This microscope was set up and the process of calibrating
it has begun. The scanning electron microscope was cleaned and rebuilt,

and the energy dispersive x-ray spectrophotometer was calibrated.

Task 4: Organic Sulfur Removal

Subtask 4-1: Desulfurization with QCA7

Strain OC7A was delivered by Joseph B. Fernandes (Project Manager)
to Dr. Ward as a suspension of cellular material kept for seaveral years
in a frozen state (at Louisiana Tech University). Routine surface
plating revealed that several apparently different organisms were present
in the culture. Each of the co-contaminants were isclated and studies
wers begun on each to determine if indeed it had OC7A, and if it (or one
or more of the other strains) still would degrade DBT as described by
Arrowood.
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Subtask 4-2: Isolation and Screening Tests for 45 Pathwav 3icteriz
Versus DBT

ihout two dozen apparently unigue bactarial isclates were derived
o two sources of weathered coals and from one sourca of weatherad
or oil from a dump. Serial dilutions of derived isolates yielded

2

pla: cultures containing scattered, isolatad colonies. Developed

colenies were sprayed with a 1% (w/v) ethanolic solution of DBT which,

afzar evaporation of the solvent, left a thin coating of crystalline DBT

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

scraved with echanol only or unsprayed cultures. Altar incubaticn at

10°C for 4-5 hours, .0-12 houss, 24 hours, 48 hours, and 120 nours, the
azes were tastad for long-wavelength UV fluorescence to indicats

&

‘ormation of biphenyl £rom DBT via the 4S5 Pathway. Several DBT-csatad

cul uras showed flucrescence from the colonies, but so did the concrols

? each of these false positive isolatas. No testad isolate exhibited

i scence that cculd be attributed to DBT degradation. A series of

ions and scresening of new organisms derived from differsnt source

s collected from a variety of weathered coals or pet*oleum deposits
© begun. Testing of new methods of screening isolates for 48

i?i:y nas also begun.

c..|-m L2 T )

-

The process of establishing the ASTM D 516 method for determinaticn
Zare ions nas deen starzed. Standard reagents were prepared and
Ty of calibration curves are being tastad using a Spectronic 70
hotometer.
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Ward worked full time on the project during the first tuo weeks
t (the planned beginning date for the project to be August 1,
“h his salary paid from another account, wnich he plans to reim-
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m the subcsntracT account whnen it is activatad (The University
ippi academic vear contracts began during mid-August). The
in funding of the subcontract has created problems with obtaining

sonnel to work cn the project. Dr. Ward was able to employ two

radute students par: time during September by 'borrowing" from otier
ccsunts, which he will need to reimbursa.
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Dr. Ward had planned for the project to be funded earlier in the
year, allowing him to work on the project full time during the summer
months to get the research off to a solid start. He received no ralease
tije from his academic year duties, thus he now cannot devots as auch
time to the project as he would wish. He had planned to have employed a
full-time postdoctoral research associate to begin in August or
September, so that the work could continue without interruption. How-
ever, because of the delay in funding, the timing was such that he could
not make a monetary commitment to a prospective postdoctoral associate,
who was forced to accept another position. He advertisaed the post-
doctoral research associate position during August by direct national
mailing to a few hundred universities. Every applicant was expec:ed to
ccmplete degree requirements by the end of this (Zfall, 1988) enrollment
period. He has offered the position to one of the applicants, and hopes
that he can have her on board no later than January 198%9.
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The proisct manager collectad samples ¢ zcil mine watar In Xentuck
ané zc-anded the Cantractor's Review Meating in Pitisburgh Irom Augusct
T2 Aggust 11, 1988. Status reporzs of other :asearche*s in the areaz of
remcval of organic sulfur and individual discussion th peers wers
usaful for a good start of the project. Enrouts 2o Tzson s Corner,
ienna, the project manager stopped on August 1l and August 12, 1988, ac
Morgantown %o meet peers attending the Consortium for Coal Liguefaction
Sciznca. Darticisated in the coal workshop "3icprocessing cf CZoals” ac
Tyscn's Corner ITcm kugusu 1S to August 18, 1G88. Enrouts to Iust
lcuisiana, colisczad soil and weathered coal samp-es In z
Wweszarn Xentuckv. Also stopped at OxZord, Mississippi,
samzlies to Dr. Ward and to review the contents ¢ the meetings.

Dr. Bovden and Dr. Zumwalt began their tasks on Septemper i, 1628,
Cre rasearch assiscant was hired on Septamper 1, 1988, and is wcrking on
Tzsx 3 with Dr. Boyden. Another resaarch assistant (her wages provided
ov _cuisiana Tech University as matching) Tegan working on the project
Sezzamber 8. Two student workers started wor: on Task 2 on Septamber 3
ané another tegan on Septemper 19. Dr. Jonn Xewley starza2d The wWoTX on
CC.2a and his werking draft is included in this rspert.
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Project Report from 9/15/88-12/15/88

1 PROJECT PLANNING

A corrascted Project Flan with ncurs demarcated as rer Lhe
categories cf labor, task, and month for each year oI the projecs
was fcrwaried December 13, 1988. This Task stculd thersfors 2
ccmpleted.

2 COAL PROCUREMENT AND PREPARATION

2.1 Grinding, sieving, and Stcrage

Mcre Illinois #6 ccal is being ground (200 mesn) and stcred
under nitrecgen. Grinding will continue until several pounds arss
stored for use throuchcu:t the duraticn of the cIcject
2.2 Microbial Pyrite and Sulfate Remcval

The ramcoval ¢f pyrits is ceontinuing. Sewsrzl snaxer Ilasis,
incculated with Thickacillus Zerzzcxicdans in LCPCSC med
(staggerad in two-wWeex cycles) afcd -._lnOLS =&, ars currently in
operaticn Sraliminary zesulis have incdicazed wmcerz ellactivs
remcval with shaker flasks than with che aerated, cocnical Z-gallcn
reaczcr

3 ANALYTICAL PRCCEDURES FCR TOTAL ORCANIC SULZUR

3.1 Charactarizaticn

All procedures fcor cdetarmination o mcisturs, asn, VClatios
matIer, ::cal sulfur, sulfats and pyrite cgngsntIratoon, 2An-
heating value via ASTM methcds have ce_" necked with cczl
standards for accuracy. When Subtask 2.1 and 2.2 ars ccmpletsc,
the «c¢cal will Dbe hcemeogeni zed and charactarizec e~
characterization of the stored coal will be perfcrmed pericdically
to evaluate the effecis of prolcnged storzge. Ccal Zrcm Sultass
2.1 & 2.2 (before anéd after micccopial de-pvritizaticn) arcs
currantly being checked for suliu- concant (ASTH mechecs,) I
evaluate pyritic remcval prcocedurss.
3.2 Quality Assurance/Contrel

The QA/CC 'nasb r file (czmpilacicn cf analy:_:.:a; ;;:;ed::fs
is abcut compl ate ar ¢ ucsen ccmplec_cn will Te Icrwzriec T L&
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Project Report for 12/15/88-3/15/89

1 PROJECT PLANNING

This Task was ccmpleted as of 12/13/88.

2 COAL PROCUREMENT AND PREPARATION

2.1 Grinding, Sieving, and Storage

Ten pounds of Illinois #6 csal are ground, hcmcgenized and stored
under nitrogen. Arrangements are being made to procure quantities of
Kentucky 71l and Pittsburgh #8 coals. Sulfur cocntents are such in the
Illinois #§ ccal (see below) that higher sulfiur contents ars desired.

2.2 Microbial Pyrite and Sulfate Removal

Treatment of the Illinois #6 coal for pvrite and sulfate removal is
proceeding., Some delay was encountered due to inac:tive (i.e. old, lysed,
few viable cells) cultures ¢f Thiobacillus ferrcoxidans and Thiobacillus
thiooxidans. New cultures were ootairnec ircm Dr. Stevens at the University
of Mississicrl as well as frcm ATCC.

The first shipment of zsvrize and suifzte Zree ccal (approximately 200
grams) to Dr. Ward at UM. Sheuld ceccur within the o

he next Ywo weeks,

Design anc construction is cusrently uncerway to increase cur treatmen:
capacity to remove pyritic and sulfate sulfur, Immediate plans will utilizs
20 liter ccntainers anchcred :c a reciprccal shaker ted. Zach container is
filled with 13 liters of mecdium, 130 grzms cf ccel, and 1.3 liters of incculuxm
cf the aforamentiocned organisms. Flans for an even larger reacior sysiact
are being developed (see Aizzcament I) and shculd te reziized within we
weeks of this reperz. Desuliurizaticn cf the curreant ccal datch (designzzad
#1001) is -eing menitcred using 2 Sgectircnic I0 sgecirctactometar o anza-
lyze fcr suilztes release.

3 ANALYTICAL PROCEDURES FCR TCTAL CRGANIC SULFUR

3.1 Characterization

A typical proximate analyses of the Illincis #6 under nitrogen stcrage
before pyrite and sulfate remcval is as follows:

Total Sulfur: 3.39 wt¥ ~+/- 0.05 wt}
Pyrite Sulfur: 1.59 wty +/- 0.04 wt}
Sulfate Sulfur: 0.25 wty +/- 0.02 wt
Crganic Sulfur: 1.55 wty +/- 0.05 wt}
Moisture: 8.98 wty </~ 0.09 wt}
Volatiles: 37.8 wty +/- 0.6 wt}
Ash: 9.26 wty <+/~ 0.13 wtd
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coal teicre it was completely hcemegenized. Caleric vaite of the csal,
article size cdistributicn, and ultimats anazlyses will Te detarmined |
fuzure,

These analyses cculd change slightly as initial tasis were concduciad con

10

13

f

(99 ]

.2 Quality Assurance and Ccocntrol

Al of tne analytical prccedures have been Iorwarded to Dr. Rowlev fer
review, Attzciments of two approved grcocedures (as examples) are
inciuded as Aitachment I and ITI. A numtering scheme Ior each analyziczl
crocedure has teen dewvised and these srocedures are Teing Kagtt in oz

central fil

3.3

3.4 Miczcscopic Analysis

3.4.1 =DE-SEM
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Attachment I

QC/QA PROGRAM
LOUISIANA TECH UNIVERSITY

CQE COAL BIODESULFURIZATION TECHNIQUES:
APPLICATION OF SELECTED MICROORGANISMS FOR ORGANIC
SULFUR REMOVAL FROM COAL
DE-AC22-33PC3854

TECHNICAL PROCEDURE REVIEW FORM

PROCEDURE DESIGNATION _Tp.0Q1, Rev.0: Progedure for Adiabatic

falarimarar

REVIEW DATE__Yayemper 29, 1988
REVIEWER _Jopn C. Raowlev

COMMENTS

DISPOSITION

APPROVED __ /. DISAPPROVED
APPROVED CONDITIONALLY

CONDITIONS TO BE MET FOR APPROVAL

Signarure of reviewer ,zé/_ng 4 M/

Date J" °/ S

Note: Sea typo and suaqested number / designator system.
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TP-201, Rev.0
Hovemper ll, 1588
Attachment II (Continued) Page | of 3

A
PRCCZDURE 7CR ADIABATIC Cg&ORIMZTZR

Read and understand ASTM Procedure D 1013-77.
Turn on vater supply under countar.

Turn on vater heater, vater cooler, distilled water tank, master

santroller, and calorimeter.

Set burat stopcock to direct water thrsugh buret. 2e sure hot and cslid

watar lights cycle even when the tank ctamperature stabilizes. (S seconds/cycle
see page 8 of Manual No. 156).

Loading Zomb

discti

Place preignited stainless stael cricidle on balance and tare weight.

Place sample pellet in crucible and note weight.

Tnstall 10 e of firing vwire on the bdomd nead electrsdes as shcwn on page
operations manual.

Placa criucidle in ring with the wire in csntact with sample.
Pipet | ml of distilled vatar into Setzzm of bomb.

Put £3p on Semb, hand tighten ring and clcse valve.

Attach oxvgen .ine =2 bemb and pressurize 9 0 aza.
Release pressure in line Wil toggle and Temove line.

Place bomd in car-esponding bucket and Sill Sucket with 1200 ml of
illed watar from buret.

Open calorizatar by raising thersomecer (pull black ball) and releasin

(pull black ball and 1ift) cover and slide to> right.

Place fillad buckat in opening and atzach Wires to elecizodes. Close

cover and lower thermometars.

Standardization

Load bomb with benzoic acid pellet and piaca in calorimeter. Set taggle

suitches on Masrar Contzoller co Ref., Stand., and 3TU/1b>.

Press reset, then star:t and respond ta lights.

CAL. ID. requires a number £or the bomd and Sucket csmbination--l or I.

SAMPLE ID is a number for this run.
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Novemcer

TP-001, Rev.)
Attachment II (Centinued) Page 2 of

0w

.
] -

3
SAMPLZ WT. is the weight in grams of benzoic acid.
Masczer Controller will now conduct the test and give 3 preliminazy ragers.
Aftar the repor= is printad, remove the bomb and slowly release the
sressure. Open the bomb and rinse the inside with mathyl red sclution ints a.
Yeaxar.
Titrata this solution till the red caler disappears.

Mulsiply the ml. used by l0 to get acidi corzection.

Measura the length of unpurned wire on the card. Tais is the wirs
carTaction.

Press Sample ID, its numeral, and Entar.

Tnter t4e acid and wire carTection and -eceiva the fina

inal repor<e wniczch
cantains the eneargy equivalent.

-+

Average ten energy equivalent rins Zfor each bombd and tucikat
~wa standard deviation of each series must not be gTeatar than 6.
ASTM D20LS TABLE X1).

csmbinatian,
5

37U/ °C (see

Check standardization at least once a =zonth if the new standard value
exceeds old value by = 6 3TU/°C, sae ASTM DI0LS iec. 9.

Input zhe avaerage of the anergy equivalent Ist each demd and bucket
smpinaticn by oressing *, O, Inter; the numder you saleczad for the Bomb and
vekat compination, Enter; and the corTasponding energzy equivalent.

-~
-

D
‘-
-

fumning a Sampie

Use the peilet press to make a ccal pe.let from L gram of c3al, and lcad
the bomb as previously dascribed.

Sat the toggle switches to Ref., Det. and BTU/lb.
Press resat and start.
Respond to lights - CAL. ID and SAMPLI WEIGAT.

After preliminary report is printed, open bomb, titztata content and
neasura virs.

Press SAMPLZ ID, encer ID NO. and respond to lights “izh fuse csrweczicn,
7 sulfur of sample, and acid correction. Tinal reporst will then princ.

When finished for the day, turn off heater, bucket filling systea,
calorimeter and water supply.

Leave Mascar Controller on but set l-pesiticn switzsh T3 Man. anc press
starz to go to standby stacus.
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72301, R’
Novemper
Attaciment 1: (Continued) Page 3 of

Duplicata results should not be considered suspect unless they difier by
more than 50 3TU/1ld, dry basis. ’
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Atzachment i1

QC/QA PROGRAM
LOUISIANA TECH UNIVERSITY

DOE COAL BIODESULFURIZATION TECHNIQUES:
APPLICATION OF SELECTED MICRCORGANISMS FOR ORCANIC
SULFUR REMOVAL FROM COAL
DE-AC22-38PC8324

TECHNICAL PROCEDURE REVIEW FORM

PROCEDURE DESIGNATION _12.002, Rav .0: Micrahial Pvrite and Suylfats

Qemayal

REVIEW DATE__Novemher 29, 1988
REVIEWER _John G, Rowlaev

COMMENTS

DISPOSITION

APPROVED v DISAPPROVED ________
APPROVED CONDITIONALLY

CONDITIONS TO BE MET FOR APPROVAL

Date

Signarure of reviewer _;Z},‘Q_&/._&%__
/f -7dv£E§§
Now: _ €p /—«v;z‘ 2l S wosfed nJwtfoe
//aézgfdiﬁ <2,
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Atzachment III (Continued)

I

MICROBIAL ZYRITE AND SULIATZ REMOVAL

Samples of acid mine water and pond zud {rom Madisenville, Xentucky,
were sat up in shake £laskes of ISP medium t2 screen for iron-oxidizing
and inorganic sulfur utilizers. Incubatien was at room temperature on a
reciprocal shaker at 100 shakings/min until the medium showed an orange-
brown calor. 2lates of ISP agar wera streaked {rom the flaskes showing
the pressure of iron-oxidizing and inorganic sulfur utilizers to detex-

mine the bacterial types. Platas of ISP agar were also streaked directly

' 1%
from the acid mine water samples and the pon%z;sad to detect inorganic

sulfur utilizers.
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Atzachment III (Centinued)

METZECD II
PRCCISSING TRAEATED COAL SAMPLES --
WATER WASE SEAKE + CINTRIFUGATICN METECD

V- oa

Shake sazples vigorously as in #l, Methed I.
Cantrifuge the coil-water suspensicm at 1090 X g for S ain. (330
may alsoc work.)

Aspirataz ¢t decant the supernatant.

Resuspend the zellet in vater and filter as in #7, Methed I.

Transiewr sample as in #8, Methed I for drying.

-

Transfer sample for analysis as ia #9, Methoed I.
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EINVIRCNMINTAL SAMPLE INVENTORY
Louisiana Tech

Sample
Numberxr Tyoe Site Taken Trom

1 Soil Bighway Ll at 1/2 mile socuth
of Vivian at a tank battery
storage area (0il Cizy)

2 Seil 1/2 mile norzth of highway 2
on highway 1 at new tank
battary storage area (Qil

Ley)

3 Seil Same as abcve but from old
hatzery starage area (Cil
city)

4 Scil Siudge piz on highway 2, NZ
of Vivian, | z:ile belore
Caddo Laka (Cil City)

s Liguid 0il pitc on the same sita as
samples 2 and 3 (0il Cizy)

) Liguid Same site as sample !—

7 Liquid Same site as sample 2

3 Liguil Same sita as sampie I = (1.

E; Liguid Same sit2 as sample 4

10 Liquid Same site as sample S

11 Weathered lignite Dolet Zill ian Mansfield,
La.

12 Weathered lignite Dolet Zill in Mansfield,

and soil La.

13 Pristine lignicze Dolet Eill mine, F-Z range,
Mansfield, La.

14 Soil 0il seepage in Calilsrnia
(Califormia State
Universizv, Norzhside)

15 Soil Trom 2.5 pE pond, Kencucky
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Sample

Number
amoer

16

13

19

™~
PN

[
[N

[N}
L)

)
>

"~
in

(8}

1~
~

23

Weathered coal

--= Andelex
{quid
Liquid

Liquid

Liquid

Liquid

Liquid

Liquid

Seil

wn

oil

Soil

Soil

Seil

Seil

Soil

Soil

38

Sita Taken 7

cnm

Near pend in sample 15

pH 2.6 pond, Xentucky
pE 2.34 pond, ¥entucky

1/2 mila south of I-70 ¢n
Indiana Bwy. 42

Kentucky Bwy. 813 Exit 37

Active slurrcy pomd in
Kentucky

Runeff of Peabedy strip zin
slurzy

1/2 mila scuti of I-70 on
Indiana Bwy. 42

Hot Sulfur Sgrings
Colorado

Hot Sulfur Springs
Colarada

Bot Sulfur Sgrings
Calorade

Hot Sulfur Springs
Colorado

Hot Sulfur Springs
Colorado

Hot Sulfur Springs
Coloradoe

Presshoard 7lant
(Dr. Royden

Chevron Qil Xefinery, Zor=
Archur, Texas -- West Lagcen
Conduit 3ank

Chevran Cil Refinery, FoT:
Ar<hur, Texas -- #6 Tank
hold



Sample

Number

[ 2
~!

33

L4

48

Tvoe Site Taken From

Soil Chevron Cil Refinery, Por:
Arthur, Texas -- 477X
Manifold Conduit
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ATTACHMENT A
APPENDIX I1
Project Activity from March 15, 1989 to March 15, 1990
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Project Report for 3/15/89-46/15/89

1 PROJECT PLANNING

Task Ccmpletead.

2 COAL PROCUREMENT AND PREPARATION
2.1 Grinding, Sieving, and Storage

Additional Illinecis coal (from Illinois Geoclogical Surwn e 1HC-
101) nas been procured, ground to 200 mesh, homogenized, a.u stored
under nitrogen atmospnere. This coal is in addition tec what was previcusly
en hand frem a previcus ccal shipment. Analyses on the new ccal will te
in subsequent reports.

2.2 Microbial Pyrite and Sulfate Removal

Microbial reactors have been set ur for the removal ci pyritic suliur,
Cultures employed for this purpose include ATCC Thiobacillus thicoxidarns
and Thicbacillus fer-'coxidans. and a mixed envirocnmental cul:u:e extractad
frcm a Scuth American mining site, dencted Sero de Pasco. Th rsu tatzh

f "depyritized” coal was sent to U. of Mississippi, with ancrc*c_:nat 50%
of the resicent pyrite remcved. Additicnal shipments will te made as the
coal becomes available.

3 ANALYTICAL 2RCCEDURES FOR TOTAL CRGANIC SULFUR
3.1 Characrterization

Additicnal characterizaticn will be fcrthccming cn the coal recently
ground and sut under -vt-cgan. Thesa analyses will .nc"'ce a sulfur
nreakdcwn, ash, voiatiles, moisture, BTU content, and a C:X:N:Q breaxdcwn
The effects c¢f storage on this coal will alsc be monitcred Sv same accve
analyses. '

3.2 Quality Assurance and Control

All of the analytical prccedx..ras have Teen reviewecd and asgroved (Iv
Dr. Rowley) and incorporated into the central file.

3.3

3.4 Microscopic Analysis
3.4.1 EDS-SEM

Work anolvmg the use of this techrnigue feor the direct a.na-ys is cI
organic sulfur in coal is ccntinuing. The present areas of emphnasis are:
(1) sample preparation, (2) optimum magnification, and (3) minimizazicn c?
the number of required snots. With respec: to sample preparaticn, tle
traditicnal 24-hour epoxy mounting has teen replaced bv a pelletizaticn
precedure. A sample of homcgenized, 200 mesn coal is compressed uncer
several thousand psi inte an one-half inch diameter peilet. The su race
of the peilet appears "glassy" to the eye and, under magmf:cat.on, sre-
vides a reasonably planer surfacs in which crystalline pyrite can te
identified (and therefore avciced). A view grapn of a representative
suriaca has been included with the arsas of pyrite isolated. Rescluiicn
was lost when the view g*‘ann is pnot-camed however, the crystaliine
ovrite can be identified by lccking for signs of a c-'vs.al ine matrix, e.Z.
stra..ghc edges, triangular areas, cubics, et cestera.

41



LGS9% walsy

)

P

bat

he g
-“"‘LS%)

W3s-5Q43

EHDS - SEM

- \ f
Maromet2rs .

Veltage 15 e¥
TCA 3c°

C_{rc\¢d areas - P\ﬂf\.‘\'\'c sul€or Cn“ncmb(c>

CShet lccaticn

Sample_ - Leb+ “acj
Storndard

- cenfer c<F Pc\le:“




Project Report for 6/15/89-3/15/89

1 PROJECT PLANNING
Task Ccoipletad,

2 CCAL PRCCUREMENT AND PREPARATION
2.1 Grinding, Sieving, and Storage

Cf the approximate 15 lbs of Olincis #6 ccal originally ground to -200
mesh and stored under nit-cgen, approximately 6 lbs are still to be depvri-
tized via Thiobacillus sp. The coals (both Ilincis basin coals) being uti-
lized in the project include lots 1002 and 1003 as defirned below:

let #1002 lot #1002
Comconent wty Deviaticn -/- wi} Ceviaticn -/-
Total Sulfur 3.72 0.06 4.22 0.10
Pyritic Sulfur pending . 0.85 0.01
Sulfate Sulfur 0.27 0.02 0.16 0.02
Organic Sulfur (via ¢iff.) pending .21 0.0
Volatiles 41.3 0.7 5i.1 0.30
Ash 10.2 0.1 10.31 0.9
Moisture 8.98 2.29 11.38 0.19
Carbon 64.91 0.87 cending
Eydrcgen 4.82 0.20 cending
Nitrogen 0.71 0.01 cencing
Oxygen (via diff.) rending cending
Eeating Value (BTU/1b,) 11,850 48 11,148 3

2.2 Micrcbial Pyrite and Sulfate Remcval

The microbial leaching of pyrite (via Thictacillus sp.) Ircm ccal ot
1002 is via a series of 3 gallon reac:crs (2 Wiy siurcy). =zach differen:
batch is deroted as 10024, 100238, et cetera. 3ecause of the smaller
batches, final ultimate and proximate analyses will not be performed until
the coal is treated, recombined, and homcgenized. However, the reacior
used fcr depyritizing coal lot 1003 is apprcximately 50 gallons and can treat
up to 10 lbs of coal per batch (a typical batch lasting anywhere from 2 :c
3 weeks). The large size of the 1002 batches allows the economic (ulti-
mate/proximate) analyses of each reac:cr volume or throughput.

Some of 1002 coal was lef: on an extra week (batch 10024) to remcve
essentiaily all of the pyrite. This ccal is Icr use as one of the standarsz
for EDS/SEM analyses. As a result of ccal 10024 being used in this man-
ner, corroborative ultimate/proximata anaiyses of this ccal was scugit
through a commercial laboratory (copies inciuded). The analysas of .0023
were as ‘ollows (moisture.free):
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Cur Anaiyses:

Commer

cial Testing Lakt:

lot #1002 lot 310024
Ccmeonent w=% Deviaticn «/- wty Deviation -/-
Total Sulifur 2.3% 2.02 2.46 0.20
Pyritic Suliur 2.29 0.01 0.08 0.0%
Sulfate Sulifur 0.17 0.01 0.18 0.02
Organic Sulfur (via difi) 2.39 0.04 2.23 0.17
Volatiles 37.72 0.3
Ash 3,31 0.09 9.14 0.30
Mcisture 2.50 0.09 297 mmmme-
Carbon 58,78 cencing 63.78 0.30
Hydrogen 4.7 cencding 7 0.07
Nitrcgen L.49 cencing 1.49 0.0%
Oxygen (via ciff.) 13.36 pencing 13.3§  -—-mm-
Heating Value (BTU/lb4) 11,902 13 cmmmmm mmmemes

1 ANALYTICAL PRCCEDURES fCR

2.1 Characterizaticn

i
-

Much cf the czal charactarization is
However
analyses was that of C g (cr not clea
with Thicbacillus sp. for tvrite remeval.

team Tmat mic-corzanisms acdhering 0 the

Taarmin

- e maa

B
8

ancther experimen: which was cf int
ning) the ccal af
Tners was some concer:l 0y i
w=face of the ccal could cornzain

OTAL CRGANIC SULFUR

arest with T

included in the above secticns.

P

respect (G sulfes

ter treatment
s

intermal sulfur (cr perhaps inclusicn =ccdiss) whnich, depending on the
degree the ccal wWas washed, could affect the sulfur ana.'.yses In July's
repcrt severzl coal wasning ;r::cw'”-ec wera sresentad, inciluding ultrascnl
cleaning. Tne ultrascnic cleaming was tastad and the -esults are tabulazad
telcw:
Resulzs of Ultrascnic Cleaning

Suifur Content
(Wet, mass %)
Before Washing 2.0 + 0.06
After Washing 2.33 = 0.03
Rased cn this procedure

washed), we detecied no c.-s..srna’cle ¢ife

unwasned ccal with respect 0
3.2 Quality Assurance and Control

AH nf -\-\e anaoy"ica_;
Dr. Rowley) ancd incorgera

;r:cecuras

ted into the ¢

Seava
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Moisture
(mass %)

Sulfur Content
(Dry, mass_%)

nave zeen reviewed and acoproved

e
file
P

0.06
0.03

2.71
2.79

It

it

(and the Zact that the ccal was so throughliy
rance cetween wasned and

- e

sulfur analyses.
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3.4 Miczosczspic Analysis

3.4.1 Z0S-SZM

Werik with resgect o the use < ne ZIS-3EM Izr menlicrin !

~a weaw st [T -wa M Limew b wmae

—maa

~en:ly, Ilincis %4 coal stancdards (with vazying degraes cf sulfur czon-

tant) are ceing incorporated into a standard library. Standards ars
preparec Dy removing esseatially all cf the resident pyrite {rom the ccal

crzanic suifur czatent in micTobially treatad ccals is csriinuing, Curs-

Sea
via the use cf Thicbacillus sp. and thus circumventing any provlems
asscciated with the possible presence of micTo-pyrita, Coal sampie 10024
is one of the ccals to be used as a standard.

o,
~

The standard analysis tachnicue is a inmcwn (alihcuglh nct necassar-
ily widely known or acceptsd) way tnrcugh which the resuits Ifcm a
sarticulas ccal EDS-SEM spectrum are compared with spectra of 'kKucwn
organic sulfur ccntents. A statistical compasiscn tetween the Xncwn and
unkncwn Spectra detarmines the crganic suliur csotent Ior the unkncwn
sample. The closer the unknown crzanic sulfur contant tc that of tle
liprary standard, the mere accurate the analysis. Cconference with Dr
Warren Straszheim (whe did coasicera:zle worik with this technigue in 2is
Ph.D. stucdies) at the recent Pittsburgh conierencs has nelged consicer-
ably, gasticulariy with werikdng cut system 'bugs.” The standard amaly-
sis will Ze that used in czpjunczicn with ASTM srocedures IS ascarmaln
changes in crganic suliur contants zs

envircnmental isclaczes.

"
0
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COMMERCIAL TESTING & ENGINEERING CO.

GENERAL OFFICIS. ‘919 SOUTH HIGHLAND AVE,, SUITE 210.3, .OMBARD. (LLINCIS 80148 « 1312) 983-93€0

~ol C 9o

September 2,

> LCUISIANA
P. O. 30X
RUSTCON LA

Mamoer ot the SGS Group (Societs Senerais de Surveniancel

1989

TZCI UNIVZRSITY
10348
71272

BRUCZ E. BOYDEN

Xind of sample
reported to us

Saaple taken at
Sample taken by
Date sampled

Date received

32-4111 20E COAL 2ROJZCT

SUBMITTED SAMPLEZ

RUSTON, LA.

UNRKNOWN

- o -

August 23, 1989

PLEASE ADDRESS ALL CCRREZPCNCENCE TC
151 LAMES CSRIVE 'WEST, 37, 3CSE. 'A rc087
TELEAYCNE: '504) 467.5327

TELZX 480128 CTE o

FAX: (804) 4847229

Sample identification by
LA, TECH

P.0. 12:§111

Analysis Report XNo.

89-34726

SEORT PROXTMATE - ULTIMATE ANAL7ZSIS

Y Moisture
% Carbon

% Hydregen
% Nitrogen
% sSulfur

S Ash

§ Oxygen(diff)

Btu/1ld

As Received Dry Basis
2.97 Tems
66.74 §3.78
4.63 4.77
1.48 1.49
2.39 2.46
8.87 9.14
12,98  13.36
100.00 100.00
XXXXX xXXXX MAF XxXXXX

Respecttully suomitted.
COMMERCIAL TESTING 4 ENGINESAING CT.

Manager, St. Rose Laporatory

CVER 40 3RANCH ABCRATORIES STRATEGICALLY LCCATED IN PRINCIPAL COAL MINING AREAS,
TICEWATER AND GREAT LAKES PORTS, AND RIVER LOACING FACIUTIES

Cnginai Capy ‘Vatermarxe 46
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A ! COMMERCIAL TESTING & ENGINEERING CO.

GENERAL OFFICES. 1919 SOUTH HIGHLAND AVE,, SUITE 210-8, LOMBARD, ILLINCIS 80148 ¢ (312)983-9300
|

snCt 208 Mamoer of the SGS Group (Somes Geanerae ce Surreulance)

PLEASE ACORESS ALL CCRRESPCNCENCE TG
*§1 JAMES ORIVE WEST, ST, ACSE, A T0C87
TELEPHCNE: [804) 487.5822

TELEX: 480128 CTE Ut

FAX: (504) 4647220

Septempber 16, 1989

LOUTISIANA TECH UNIVERSITY
?. 0. 30X 10343
RUSTON LA 71272

RT: SUBMITTED SAMPLZ IDENTIFIZD AS 32-4111 DOE COAL PROJECT
P. 0. NO. 12-9111
SGS/CTE FILE: 89-54726

- - - - - ——— . o~ - -, S em W Y . - R - - - W - " - - VA - . . - -

PERMISSIALI DITTIRENCES, &
TORME CF SULTIUR Sane Different
As Recelved Jry Basis Laporatcry Laboratcry
NOPTRITIO oL, 2.0%8 2.0¢% e
Coal, muder 2% .. i 2.3% 7.30
TnAl., C730 2 e i 3..0 0.40
% SULFATZ .. ...... 9..7 .13 .32 0.04
¥ ORGANIZ (2177 2oL 2,23
% SULEFUR ...... e 2.39 2.46

- - - - > T " - - . - - - e W e " -

?Med

CVER 10 BRANCH LABCRATCRIES STRATEGIC ! ' M.~ ATED IN PRINCIPAL CTAL MINING AREAS,
TIDEWATER ANO GREAT LAKES C NO ARIVER LOACING FACILIMES




GENERAL OFFICES. 1919 SOUTH MIGHLAND AVE., SUITE 210-8, LOMBARD, ILLINQCIS 80148 ¢ (312)953-9300

1& COMMERCIAL TESTING & ENGINEERING CO.
B

.~CE eCe Memper of the SGS Groud (Sooeus Generwe ce Surveiance)

PLEASE ADCRESS ALL CCRRESPCNCENCE TC:
1§1 JAMES DRIVE 'WEST, ST, SCSE. A 70087
TELEPHCNE: (504) 4674322

TELEX: 4680128 CTE UI

FAX: (504) 484-7220

September 16, 1989

LOUISIANA TECT UNIVERSITY
P. 0. 30X 10343
RUSTON LA 71272

RE: SUBMITTED SAMPLZ IDENTIFIED AZ 32-4111 DOE COAL PROJECT
P. 0. NO. 12-9111
SGS/CTE FILE: 89-54726
ULTIMATE ANAL7?SIS - A3TM D 3176, TABLE 3 PRECISION
PERMISSIBLE DITTIRZNCIS, %
ULTIMATZ ANALYSIS Same Difiaraen:
As leceived Drv 3asis Laboratory Labporatsry
3 MOISTURS ..... .. 2.37 RO S e e
X CAZ3ION ......... 55.74 53.78 0.30 e
% A7DROGEL ...... . 4,683 4.77 0.07
¥ MITRGGEN ..., 1.4% .49 0.0%
5 SULFUR ..., e 2.19 2.4% e e
Coal, ander 2% L.l 0.0% 0.0
e DS L 3 A S .10 g.:20
¥ ASH ..o 3.37 9.14
No carhonaces present ............ . 0.20 0.:0Q
Carhonates Present ...........ceue- Q.30 0.39
Coals +#ith more than 12% asa ...... 0.50Q .00
containing carbonates and
pvrites
% OXYGEM (DIFT)... _12.9%8 13.36
100.00 100.00

SG3/COMMERCIAL TESTING & INGINEEZRING CD.

- - A | " - -y o~ A 0 ey 28 o e

Robert G. Stepnens, St. Rose Branch Hgr.

P4eD

OVER 40 BRANCH LABORATORIES STRATEGIC, 48“ *=ED IN PRINCIPAL COAL MINING AREAS,
TIDEWATER AND GREAT LAKES ) AIVER LOADING FACILUTIES




Project Report for 9/15/89-12/15/89

1 PROJECT PLANNING
Task ccmpleted.

2 COAL PROCUREMENT AND PREPARATION
2.1 Grinding, Sieving, and Storage
Task comrpleted.

2.2 Microbial Pyrite and Sulfate Removal

The removal of pyritic sulfur from approximately 16 to 18 lbs of Zli-
neis #6 coal (200 mesh) via the Thiobacillus sp. is completed. Two czal icts
of [linois #6 were used, lot 1002 and lot 1003. As the coal was treatec sy
batches, each batch was designated oy lot number follcwed by a letiar; a.3.
the Iirst batch of 1002 treated with Thictacillus sp. was designated 10024,
subsequent batches B, C, et cetera. The original plan was tc use severz!
batches and at the end hcmcegenize all the batch runs. However, i 2
particular ccal batch was needed {or immediate use, cocmpleta analyses wers

also performecd cn that tatch.

3 ANALYTICAL PRCCEDURES FOR TOTAL ORGANIC SULFUR

3.1 Characzerization

To date, a synopsis of the treatment of the ccals is presentec T
Data cn tne mest recentlv tTeated and homcgenized csals {1002(3,CyD] a:
1003(24287) will Se inciuded in nex:t monta's repor:. All treataed ccals aTe
stered under zitrcgen ancd will be zericdically menitcred Ior srogpelty
changes,

elzw.

-
Sae
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Lot/Batch Numtcers

{BTU/1E,

1002 10024 1002(B&C) 1002(3,C&D)
| weyt| spz | wtk | SD | wey | SD | wi¥ | SD

Total Sulfur |3.72 |0.06 |2.85  ]0.02 |2.84  ]0.08 \ |

Pyritic Sul- |0.94 0.01 {0.09 0.01 \0.38 0.01

fur

[Sulfate Sw- [0.30 0.0z |07 }0.01 1028 0.01

fur

Organic Sul-|2.48 0.09 |2.39 |0.04 iz z8 0.0

fur (via dii-

farence) l

Volatiies  |415 |07 |37z |03 INa:  |Na | |

|Ash 102 Jor jser 0.9 iNA [Na !

Moistoce  |8.98  |0.09 1290  j0.09 [28.26 lo.r | |

Carten |69.18 [0.97 (83.78 0.3 INa INa | |

Zydregen  |5.03  [0.2  |477 007 [Na  |Na | |

Nit=cgen (1.1 Jo.or g9 005 [Na Iva | ‘g

Cxygen (via |10.36 |13s |13.20 [0.23 INaiNa | E

difference) | ‘ | ; ! s |

|Eeating |13,.z9 |33 jinsoz |i2 |NA NA g

Value, ‘ g | i |
| | L |
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Lot/Batch Numbers
1003 1003A 1003(A&B)
| we3i | sp2 wt | SD | wtd SD
Total Sulfur 4.22 010 323 |o.03 |
Pyritic Suifur  |0.96 |o.01 0.13 lo.or | 1
{Sulfate Sulfur  |0.18 [0.02 0.09 fo.or | | J
|Crganic Sulfur |3.08 ‘o.m 3.01 lo.os ‘
{(via difference)
|volatiles 51.1 0.5 |3s9s  Joz |
|Ash 1051|019 |8.36 031 |
Moisture |11.88 |09 |izza o4 |
|Cazzen | 69.00 10.3 | 63.45 [0.2 { |
Hydrogen 5.12 |0.07 4.33 |0.07 i |
Nitrcgen 1.49 10.0s |1.33 fo0.0s t |
|Oxygen (via cif- |9.66 10.71 ‘13.5 '0.76 l '
{ference) |
Eeating Value, 12,547 téé ‘ ‘ t '
BTU/1b, ,

A wtd zre cn a moisture r2e basis.
2Stancars ceviaticn.
INct analyzecd.

3.2 CQuality Assurance and Ccntrol

All of the analytical procsdures have been previcusly approved oy the
Quality Assurance Officer, Dr. John Rowley. Moreover, to assure contipued
aczuracy of analytical results, pericdic analysis have been routinely farmed
out to cther labs for verification. Two such labcratories included Ccmmer-
cial Testing & Engineering Co. of St. Rose, LA (used rcutinely for ultimates;
and Guelpn Chemical Laberatories Lid. of Cntario, Canada. To date cur
in-nouse analyses have been well within acceptatle inter-laboratory data
reporting.

3.3

3.4 Micrecscopic Analysis

Stucies during this guarter have concent-ated cn developing and
using a standardless analysis (as opgcsac 0 2 standard analysis) to meni-
tor organic sulfur removal. The coals in use, two Ilincis 26 cogls 1002 &
1003, have teen cleaned of pvrite to where that remaining cconstitutes
approximately 0.10 percent by weight; resident sulfate ranges from 0.0 t2
0.20 percent. This translates (via the differaence formula) into an crgan:c
sulfur ccntent of ca. 2.5 to 3.0 wti.
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Because of the special nature of cur cscals, the ZDS-5ZM standard
analysis (as delineated in the literature) was considered tco laboricus (czn-
sidering the number of samples inveolved) and perhaps nct the optimum
route to pursue or duplicate. A standardless analysis cn the other hand
offered more flexibility. This procedure however for ccal sulfur analysis
has yet ts be cevelored; tc this end, we nave made signiflicant progress.

Extensive TDS-SEM analyses have teen made cn ccal 1002, tefcre (Fig-
ure 1) and after pyrite removal (Figure 2). In Figure 1, ZDS analyses ace
presented frcm left te right, cown the page, by decreasing magnificaticns.
ASTM total sulfur analyses are reflectzed in each plct by the straight line,
The average percent sulfur and standard deviaticn for each magnificaticn is
presented in the botiom pict. As expected, the average deviation decTraasec
proporticnally with decreased magnificatican. Cne weould excect the averzge
sulfur concent-ation to be mcre of an "average' as the area of excitaticn is
increased. In the spot mcde, where the area of excitation is small (or the
raster of the electrcn team is rastrictad), larger cdeviaticns in S conesnira-
ticn were extectad and this was raIl . axverimentzily, As mere cf
coal surface (i.e. velume) is inciuded in the 2nalysis, the S zverage shcws
less tancency tc vary drasticzlly.

Tach cf the picts in Tigure L is compesed cf 1S shets. This number
was randcm in chcice, nowever, a statistical analysis (stucents t-test) is
currently uncerway to minimize the numcer ci reguired sicis at sach zag-
nificaticn o fall within zccapted ASTM levels at a 953 ccrniidence level
The aprarent, almost linear, trend (in the Scilcm mesT Zict) of increasing
suifur concent-aticn with cecrsasing magnifizaticn is alsc teing Jurtrer

w~
-

elucicdatec.

Tigure 2 consists of tne IDS-3EM sheis of tne same 22zl astar zvTize
remcval. Additicnal plots were incluced ic zutienticals zcgparent funczzen-
tal benavior cr anomalies. Jor instance in the right mest tcotism plct
(average % sulfur and stancard cdeviation as a2 functicn of magnificaticn),

there appeared to be a trend rom 220X to 70X in the ferm cf decreasing
sulfur concentraticn with decreasing magnification. However, further inves-
tigation (i.e. additional shots) revealed no such benavior. ?Plots containing
just 5 points are other examples of reruns at particular magnifications.

Although the causes and effecis are by 2o means firmly establisnec
(er for that matter, the decucticns and aygpotheses ccmpesad), what can ce
said of the data in Figures 1 and 2 to date is tais:

i As expectad, there is less standard deviaticn ("drift" if you Wi
in the data as the magnificaticn is decreasec cr <=e volume [zZ
zal] of excitation is increased.
ii,  The optimum magnificaticn {at the NVs chcsan) seems :o be arzunc
320X.
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i, The most acrceoes NVs, althcugh originally ccmpcsed ircm 100 - 3C
- 3% - %0 - 3N - Ymecisture (scmetimes) cr thcse elements which
IZS canmnct detag: without a stecial window, seem to corresgend

csely with the zercent ash (see coal analyses). However, iiis is
zn early suppesiticn.

iv, 23_1-’7 indicaticns cecnfirm that the standardiess analysis is 2

Facle altermative o the standard analysis Jcor this tyge of sulius
arnalysis in ccal.

Tuture directions of experimentaticn with the IIS incluce the Izllcwing
L Zomplets sheeting of ccals 1003 and 1003(A&2) and/er 10024 im am
zmalogous fasipicn as was dene with coals 1002 and 10024

i1, Anmalyze resulits of tcth cczals tc determine "sptimum' magnifizz-
=ian(s) or csroeczizn Saczers at any magnificaticn.

13, Zcmpleta statistizal analvsaes tc minimize :umi:e* cI shects iz
zchiave a cefenczsie (and reprccucitle) level cf acsuracy.

ts.  Chrain mers catz Sor the selecticn of aprepes NVs.

. . . - . . . . . '4 « -
. inzlyze izon contant data; fernaps, IS Tack cut resicent DvTLiE
zzncentraticn?
. va = s - - M . M - - p . - . . e -
7i. Zeginm -outinelv asing the taclhnligue/grccacule o tancem Wita
L - : ' : B . I - - - ame m———
A3TM srocedurss cn inventcsried cTals Celng usac T3 tasT DioTe
srzanic suilur saoeval
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COMMERCIAL TESTING & ENGINEERING CO.

GENERAL CFFICES. 1919 SCUTH HIGHLAND AVE.. SUITE 210-3, LCMBARD. ILLINOIS 60148  (312)953-93C0

LCUISIANA

P. 0. 3CX 10348
RUSTCN La 71272

Rind of sample
reported to us

Sample taken at
Sample taken by

Dats

(o]

sazple

Date received

CCoaL -

Wi

UNKNO

UNKANCHY

Mamoper ot ine 3GS3 Sroud (Scciete Generaie 28 3urvemanca)

TZCH UNIVIRSITY

S . -
SUBMITTED SAMrLi:s

N
1
0
0
<>

PLEASE ACODRESS ALL CCRRESPCNCENCE 72!
‘S$i JAMES DRIVE WEST, ST. RCSE. LA 7C087
TELEPHCONE: (5041 467-3522

TELEX: 4601"5 CTe Ul

FAX: (E02) 4647220

Sample identificaticn bv
LA. TECH.

A S
S

: 1C0023CD

ot

t
[S))
o

w

1
g
.
Cay

(3]

Aespecttully suomitted,
COMMESRCIAL TESTING A ENGINEERING CT

TN
s —s

C‘M’" -—A«c e C4 e P
Manager. St. Rose Laooratory

CVER 40 SRANCH LABORATORIES STRATESICALLY * 2~* ™77 IN PRINCIPAL COAL MINING AREAS,

TIDEWATER AND GREAT LAKES POR‘
Crnainal Cocv 'Natermarag #2f

/ER LOADING FACILITIES

Your 2rotecton



A % COMMERCIAL TESTING & ENGINEERING CO.

GENERAL OFFICZS. 1919 SCUTH HIGHLAND AVE.. SUITE 210-8, LOMBARD. ILLINOIS 80148 » (3121 953-9300

Memper ot he SGS Grcup (Societe Generaie ce Survenlance)

PLEASE ADCRESS ALL CCRRESPCNLCENCE T8

1990 151 JAMES CRIVE 'WEST. 37. RCSE, LA 7C087
TELEPHCNE: {504) 4675522

> TEL_EX: 4860135 CTe Ul
LOUISIANA TECH UNIVIRSITY FAX: (504) 464-7220
2. 0. 3GX 10348
RUSTON LA 71272 Sample identification by

Kind of saaple
reportad to us

Sample taken at
Sample taken by
Date sazpled

Date raceived

LA. TZCH.
SAMPLEZ IDENTITIZD AS: 1002a3

COAL - SUZMITTED SAMPLE

UNKNOWN
UNKNOWN

January 2, 1290

Analysis Report No. 3

v
1
in
~1
4.
0
\ 3

% CARICH (DRY BaSis: = 33.3%=
% EYDRCGZN (DRY BasSIs) = 4.39
% NITRCGEN (DRY BASIS) = L.:It

Respecttully suomitea,
CCMMERCIAL TESTING 3" ENGINESRING T

~ VoA
F3-Yirety e e D

Manager, Si. Rose .accratory

QVER 40 BRANCH LABORATORIES STRATEGICAL! v ' 22 ™ 7 IN PRINCIPAL COAL MINING AREAS,
TIDEWATER AND GREAT LAKES POR ) /ER LOADING FACILITIES
Qnginar Ceoy 'Watermarkea Sor ¥cur Prsiechion



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

TASK 1 Project Planning

Task complete.

TASK 2 Coal Procurement and Preparation

2

o
o

1

Grinding, Sieving, and Storage

Task complete.

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

Microbial Pyrite and Suifate Removal

Task complete.

The removal of pyritic sulfur from Illinois #6 and the Fregpor: coal is
completed.

Depyritized Coal Availabie:
Illinois #6 (IBC 101)

1002E (Freeport) -------- 2270g
1003AB (Illinois #6) -==----- 2360g

minus 300 g to David Boron DOE
minus 300 g to John Kilbane IGT

Furure: Depyritized coal will be available as batch removal continues.

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

We will run a mass balance with a degeneration curve while
monitoring pH, temperarure, and bacteria count.

o

Efforts to optimize the batch reaction should generate additional
depyritized coal. The resultant coal by-product may vary in grain
size. Two small (§ gal.) reactors have been constructed to test
reactor conditions. The first two runs of these small reactors (sr)
will be used to compare the efficiency of reactor sizes.

sr1 Duplicate large reactor run discussed above.
sr2 Control run without bacteria to evaluate oxidation of coal

matrix. The next runs will be used t0 evaluate the effects of
coal size on the erficiency of depyritization.




TASK 3 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.

32 Quality Assurance and Control

We continue to run multiple samples to check in house accuracy as
prescribed by Quality Assurance Officer, Dr. John Rowley. Moreover, to
assure continued accuracy of analytical results, periodic analysis have been
routinely farmed out to other labs for verification. To date, our in house
analyses have been well within acceptable inter-laboratory data reporting.
Commercial analyses of carbon, hydrogen, and nitrogen are included in
Appendix A.

Gl
A

Microscope Analysis

We finished basic data collection with the SEM/EDS sysiem this last
quarter. Most of our efforts have been dedicated to statistical analysis of
these data. Our first concern was to find a statistical measure that fit the
distribution of our data. We analyzed the data for normal, lognormal,
truncated lognormal, maximum-minimum uniform, and standard uniform
disiribution. The result of these analyses for the two end points and a
middle value are included in Table 2. We used a Kolomogorov-Smirnov
EK-S) test 10 evaluate the fit of each of our data sets to these disiriputions
Table 2). Our data is best described as having a normal or lognormal
distribution. Normal and lognormal plots of spot mode anc 100X are
included in Figure 1.

Once we had a reasonable representation ot our data distribution, we wers
able to ask how many samples were necessary to predict the mean with a 92
percent certainty to fall within ASTM tolerances, 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 (Figure 2).
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Table 2. Statistical Test of Best Fit of SEM/EDS Data

A. Spot Mode

Normal  Lognormal
Mean 3.4687 3.4230
Variance 0.2470 0.0282
Stand. Dev. 0.5890 0.1680
Range
K-S test 0.125202  0.094012

B. Magnification = 100X

Normal Lognormal
Mean L4573 44511
Variance 0.0591 0.0030
Stand. Dev. 0.2451 0.0547
Range
K-S test 0.168889  0.168461
C. Magnification = 30X

Normal  Lognormal
Mean 4.8613 4.8564
Variance 0.0527 0.0022
Stand. Dev. 0.2296 0.0467
Range .
K-S test 0.183656  0.174524

Truncated
Lognormal

0.0355
0.0303
0.1741

0.095132

Truncated
Lognormal

0.0466
0.0033
0.0573

0.163462

Truncated
Lognormal

0.0510
0.0024
0.0491

0.174998

50

Maxlike
Uniform

Maxiixe
Uniform

4.9200

0.8457
0.268807

Sanjlpdata
Uniform

3.4687

O
GE

0.3421
0.127733

Sampcata
Unirorm

48613

0.7954
0.197294



Table 3. Student"T" Tolerance Test of Normal Distribution of SEM/EDS Data

Sample #
Al Spot Mode
Tolerance = 0.3469

Normal disiribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelihood
Uniform distribution using sample data 12

U T
—
O

Magnificazion = 100X
Tolerance = 0.4457

Normal disiripution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform disiribution using maximum likelinood
Uniform disiribution using sample data

e nn
hOhuintn

C. Magnirication = 30X
Tolerance = 0.4861

Normal distribution
Lognormal distribution
Doubly truncated lognormal distribution
Uniform distribution using maximum likelihood
Uniform distribution using sample data
----NO’ISE: 9999 indicates >31----

Wonouun
thhn p b
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Figure 1 (cont'd) Statistical Analyses of SEM/EDS Sulfur Data
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GENERAL OFFICES. 1919 SCUTM MIGRLAND AVE,, SUITE 210-3, LCMBARD, ILLINOIS 80148 #(312)953-9300

A E COMMERCIAL TESTING & ENGINEERING CO.

Se.r o wle
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26 22
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Date sampled

Data received

1890

TECH UNIVERSITY

343

272

UNKNGWY

UNKNCWH

Memeger of :me SG3 Groud Societe Seneraia ze Survaniancel

COAL - SUBMITTED SAMPLZ

PLEASE AQDORESS ALL CCRAESPONCENCE =3
> L CCR oh NCE T
181 JAMES CRIVE 'WEST, 37, 8CSE, WA TCC;«~
TELEPHCNE: (804) 467.5322
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...... i 2.2
343323, = 1.4l
Rescecifully susmiliec,
COMMESCIAL TESTING 4 SNGINEZRING jote]
! N
—
@C'Q—M —:Du Q-L.L-"::: 2
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COMMERCIAL TESTING & ENGINEERING CO.
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P. 0. 3¢CX
RUSTON LA

Xind of sample
reported to us

rample taken at
;ample taken by
Date sanmpled
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COMMERCIAL TESTING & ENGINEERING CO.

GENERAL OFFICES. 1919 SCUTH HIGHLAND AVE,, SUITE 210-3, LCMBARD, ILLINCIS 80148 ¢ (312)953-53CQ

1990

Memcer af the SG3 Grouo iSociete Geraraie e Surentance)

SE ADCRESS ALL CCRRESACNCENCE 70
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LOUIS
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. o

TIZCH UNIVIRSITY
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71272
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reported to us
Sample taken at UNKNOWN
Sample taxen by UNKNOWW
Date sampled ------
Date received March 15, 1990
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LA.TZCE

TELEPHONE: (504) 467-3322
TELEX: 460135 CTE Ul
FAX: (504) 484.7220

Analysis Report No. 82-33273
NC. 1004 NC. i8=A
% CARBCON (DRY 33ASI3) = 73.3%7 740327
% HYDROGZIN (DY BasIs) = 2,41 .32
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% SULFUR (DRY BaSis) = 2.83 L.25
. -/ \ .
' ( c/ L’ Yew Tlan, 7 ~-/-( <’
cod Sefercdat “lenTheme JoR BT
, / _ -~
73wa sl g€ 42
/
f;_;.,uu’zf_/f
Resceciiully sugcmifiec,
COMMERCIAL TESTING L ENGINESAING ST
NI/ RS S et
@:.¢w; Doezmle

CVER 10 8RANCH LABORATORIES STRATEGICALLY 68
TIDEWATER AND GREAT LAKES PORT.
Onginal C3cy Walermaraag it

Ty

Manager, St. Aose Laccratary

=== IN PRINCIPAL CTAL MINING AREAS.
€R LOACING FACILITIES

Your Srerecten



ATTACHMENT A
APPENDIX III
Activity from March 15, 1990 to Project Completion (April 20, 1992)

69



Project Report for 3/15/90-6/15/90

INTRODUCTION,

On May 21, 1990, Dr. Michael Hsieh and I formally assumed responsibility for the
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,

Task 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 #6 IBC-101)
is being ground to 200 mesh particle 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 previously 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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38

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
analytic and 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
apparznt 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 used in this
project.

Task 3 - Analvtical 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.

34  Microscope Analysis.

Task complete.

Task 4 - Organic Sulfur Removal.

The following discussion outlines the activities and procedures which have besn
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, Trypticase Sov
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 pI:I
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 of basal salts medium containing
depyritized coal will be inoculated with 15 mL of sesd cuiture from the Tryptic Soy broth
culture. The basal medium with 3 g of coal will be addec to a 250 mL Erlenmeyer flasx,
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 energy substrates. Positive
cultures can then be identified and characterized.
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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. Hannson, "Bacterial Removal of Pyrite from Concentrated
Coal Slurries", Biotech, and Bioeng., 32:813-320, 1988.
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Table 1. Batch Analyses of Microbial Depyritized Coal

I’Sll‘!!!ll==ﬂ!l!’ﬂﬂﬂ==3!l=,3ﬂl’ﬂﬂ!==ﬂIlll::!'.a’.lﬂ’!!‘:ﬂ!llﬂ‘ﬂlllﬂll'ﬂzllz:::zl’33:23!88!1!3!!"Il’ll::.gg

I I

| Lot/Batsh Nurcers |
[ I
| 1002 10024 1002¢(BLC) 1002¢8,€350) 1002¢ [
lllll!ll'l!t'lIll’lIl!Sl!ll sEaszEss t 2} 8::I!ﬂlllllllﬂll!!ll!llllillalllst:llalﬂlllIlllItll|
| ] weg! | 502 | wes | so | wex | S0 | wex | SO | weX | s |
e LRCETTETPELTE [eeemenn [+emnen EERRREP [+eeee [<eneeenn |+eenen REPERPPR [oneene [oeennnes [+onnen [
| | | | I I | | [ [ I I
| Total Sultur | 3.72|0.06| 2.85|0.02| 2.2 ]o0.c8( 3.00| .02{ 2.75 [ .029 |
! | I | | I [ | I | I I
I | I | [ | ! I | | I I
| Pyritic sulfur | 0.94 | 0.01| 0.09|o0.01| 0.08{0.01 | 0.26 | .02] .19 | .006 |
| I | [ | | ! | ! | | |
| { | I I I I | ! | ! |
| sutfate sulfur | 0.30|0.02] 0.17]0.01 | o0.:8]0.01] 0.232| .01 ] 133 .301 |
I I I I | I | | | I | I
[ I ! I | | | | | | | |
| Orsanic Sulfur | 2.43]0.09 | 2.59]0.04] 2.53}0.:0| 2.50]23.95| 2.50 | .027 |
| (via difference) | | | | | | | | | I |
I | | I I I I I I I [ f
I | | RN I L
| Vvolatiles | 415 )07 | 37203 | NAT | NA ] 60040 | 216 ] 40067 | 46 |
I | | I | ! ! | ! | I |
| | I [ I ! I I I | | |
| Asa | 1.2 0.t | 8.91] 0.9 | NA L WA ] 7002 a3 9.80 | .82 |
| I I ! | | ! | ! I | I
I | I | | I | | | I I I
| Moisture | 8.98 ] 0.99 | 2.50]0.09 | 28.28| 9.1 | 12.53 | .26 | 18.16 | .56 |
{ | ! ! I ! ! I I I [ {
I | | | | ! | | I [ [ I
| Carcen | 69.18 | 0.97 | 8.73 | 0.3 | WA | MA | 69.19 | 0.3 {87.79 | .2¢3 |
| | I | | I f I f l | !
| | | | [ f I I | | I |
| Mydrsgen | 5.03 | 0.2 .77 0.07 ] NA | NA | 443|007 ] 452 0.0 |
| | I | | ! [ ! | ] | |
| I ! | | | | | | | | |
| Nitrogen | 1.5t ]0.01 ] 1.49 | 0.05 | NA | WA} 162 | 0.0 1.32 | .028 |
[ | | | | I | I | | | |
I | | | I | | | I I | I
| Oxygen (via differenca) | 10.36 | 1.34 | 13.20 | 0.53 | NA | NA | 14,96 | 0,57 | 13.82 | .916 |
! | | | | | | | I I I |
I | I | | | | I I I [ I
| MHeating Value, | 13,129 | 53| 11,902 | 13| WA | WA | 11,995 | &G | 10,771 | 130 |
| sTuste, I | Lo | I I
| | [ { I I I I | I | |

'All wt¥% are on a moisture frese basis.
ZStandard deviation.
3)Iot analyzed.
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Table | (cont’d) Batch Analyses of Microbial Depyritized Coal

I‘IIEII!I‘I=IIIIll"lﬂ‘3I!IIll'aal’ﬂl'lII'I."Il’..'l‘!’3.’83‘33'!lﬂlltlﬂl!l!’l’!38’!!:;‘33.;:-"."'3,,,”’

| Lot/Bateh Numoers

I |
| 1003 1003A 1003¢A28) 1004 10044 |
‘Illli!l:lﬂSﬂalIIISII!Il’ll:t!’llll=====tlllll'l‘ll!lslltll!lll!lltalll!33!!I!Illlllllﬂsalilllsassﬂltl::l:ll
| | we! | osod | wes | S0 | wex | 0 | wx | s | wex | s |
l .......................... I ........ l ...... l -------- I ...... ‘ ........ l ...... ‘ ....... ‘ ...... l ........ 1 ...... I
| I I | I | | | f f | I
| Total Sulfur | .22 | 0.10| 3.23]0.03| 3.34[«0097| 2.79|s05| 1.97 [ s.02]
! | | | | | ! [ I I I I
| | | t | | I | I I [ I
| Ppyritic sulfur | 0.96 ] 0.01| 0.13]0.01 | 0.130 jo.cc8 | 1.25 | £.03 | 25 | +.03 |
| | [ f [ | ! I I ! ! |
| | [ | | | | | | | | |
| sulfate sulfur | o0.18 ] 0.02 | 0.09]0.01 | 0.117 ]0.202 | 0.456 | ».03 | 417 ]+.009 |
! | [ | | ! | ! | I | !
| | | | | | | | I I | {
| grsanic sulfur | 3.08}0.10] 3.01]0.05] 3.09]9.29] 0.2 | =it 40 | s8]
| (via difference) | | | | | | | | I | |
I | | | { I I I ! I [ !
I | | | | | I | | f [ I
| velatiles | *s1.1] 05 | 35.95 | 0.13 | 45.33 | £.20 | 30.09 | .15 | 35.07 | +.2¢ |
| I | [ I | I | ! ! ! I
I | | [ | ! I | | | | |
| Ash [ 10.51 ] 0.19 | 826|031 | 6.95]| .09 *15.47 | +.58 | 12.49 | =04 |
| | | I I I ! | | ! I |
| I | I | I | | I I I |
| Moisture | 11.88 | 0.19 | 12.58 | 0.3¢ | 12.20| .22 | 2.2%| z.03 ] 3.20 | s.t8 1
I ! ! ! J I I | I ! I i
| | i | | I I ! | | I I
| carsen | 69.00 | 0.3 | 68.45 | 0.3 ] 68.96 | 3.3| 73.57 | 30| Te.97 | .30 |
| | | I | | ! [ [ I I I
| | | | | | [ I | | | I
| Hydrogen | 5.12 | 0.07 | 4.5 |0.07 | 4.50]0.97 | 4.43 | .07 ] 4.5 | .07 |
| | | I | | | | ! ! | I
| [ | [ | | | | | ! | I
| witragen | 1.49 |0.05| 1.33)0.05] 1.25]0.05] 1.30]| .05] 1.39] .05]|
| | | | | ] | | | ! | |
I | | | | | J | | I | |
| Oxygen (via gifference) | 9.66 | 0.71 | 13.5¢ ] 0.76 | 15.02 ] 0.58 | 2.4 | 1.4 5.56 | .53 ]
: | | ! I | I ! | | ! I
| | | | | | I | | I I |
| Heating Value, | 12,667 | 66 | 11,732 | 537 | 11,599 | 149 | 12,962 | =52 |*13,460 | &9 |
| stu/ts, | | | I [ { ! | I I I
| I | I I { I | I | I |

1All Wt are on a moisture free basis.
zsnndard deviation.

3)40: analyzed.

*Canfirmed.
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TASK 3 Analytical Procedures for Total Organic Sulfur
3.1  Characterization
Task complete.

Final analyses of the stock and depyritized coal are included in Table 1. All
treated coals are stored under nitrogen.

(95
o

Quality Assurance and Control

To assure continued accuracy of analytical results, each of the depyritized
coal samples were sent out to "Commercial Testing and Engineering
Company". These final analyses are included in the Appendix A. To date,
our in-house analyses have been well within ASTM acceptable error for
inter-laboratory data reporting.

3.4  Microscope Analysis
Task complete.

Statistical analyses of the data sets for 1002 and 1002a were completed. Our
first concern was to find a statistical measure that fit the distribution of our
data. We analyzed the data for normal. lognormal, truncated lognormal,
maximum-mirimum uniform, and standard uniform distribution. 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 bes:
described as having a normal or lognormal distripution. Normal and
lognormal plots for each data set are included in Figures 1 and 2.

Once we had a reasonable representation of our data distribution, we were
able to ask how many samples were necessary to predict the mean with a 93
percent certainty to fall within ASTM tolerances. We ran student "t" tesis on
each distribution 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 siiould predict the mean within ASTM tolerances as long as we
keep the magnification at or below 100X (Figure 3).
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Table 2. Statistical Test of Best Fit of SEM/EDS Data for C002

A Spot Mode

Truncated Maxlike Sampdata
Normal  Lognormal  Lognmormal  Uniform  Uniform

Mean 3.4687 3.4230 0.0355 3.6400 3.4687
Variance 0.3470 0.0282 0.0303

Stand. Dev. 0.5390 0.1680 0.1741

Range 2.3314 2.0403
K-S test 0.125202  0.094013 0.095132 0.213848  0.136609
B. Magnification = 420X

Truncated ~ Maxlike  Sampdata
Normal  Lognormal  Lognormal  Uniferm  Uniform

Mean 3.7400 3.7228 0.0387 3.6650 3.7400
Variance 0.1342 0.0100 0.0108
Stand. Dev. 0.3664 0.1000 0.1038
Range 1.4743 1.2691
K-S test 0.132651  0.150090 0.149428 0.181298  0.134535
C. Magnification = 320X

Truncated Maxlika Sampdata

Normal  Lognormal  Lognormal  Uniform  Uniform

Mean 5.3987 3.8805 0.0404 3.7600 3.3987
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 0221212 0.131221

D.  Magnification = 220X ‘
Truncated Maxlike Sampdata
Normal  Lognormal  Lognormal  Uniform  Uniform

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 1.2571 1.2074
K-S test 0.094872  0.107409 0.106708 0.196591  0.137110
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Table 2. Statistical Test of Best Fit of SEM/EDS Data for C002 (Cont.)

E. Magnification = 100X

Normal  Lognormal
Mean 4.4573 44511
Variance 0.0391 0.0030
Stand. Dev. 0.2431 0.0547
Range
K-S test 0.168889  0.168461
F. Magnification = 70X

Normal  Lognormal
Mean 4.2413 4.5561
Variance 0.0504 0.002¢
Stand. Dev. 0.2245 0.0498
Range
K-S test 0.137861  0.128200
G. Magnification = 30X

Nermal Lognormal
Mean 4.6800 4.6764
Variance 0.0364 0.0016
Stand. Dev. 0.1908 0.0403
Range
K-S test 0.195870  0.192029

H. Magnification = 30X

Normal
Mean 43613
Variance 0.0527
Stand. Dev. 0.2296
Range
K-S test 0.183636

Lognormal
4.8564
0.0022
0.0467

0.17452+%

Truncated
Lognormal

0.0466
0.0033
0.0573

0.168465

Truncated
Lognormal

0.0475
0.0027
0.0521

0.128934

Truncated
Lognormal

0.0491
0.0018
0.0423

0.192166

Truncated
Lognormal

0.0510
0.0324
0.0491

0.164998
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Maxlike
Uniform

4.4300

Maxlike
Uniform

Maxliks
Uniform

4.7300

0.6629
0.257184

Maxlike
Uniform

4.9200

ngodata
Uniform

4.4573

Sampdata
Uniform

Sampdata
Uniform

4.6800

0.6608
0.181800

Sampdata
Uniform

4.8613



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

A. Spot Mode

Normal
Mean 3.0767
Variance 0.53727
Stand. Dev. 0.6103
Range
K-S test 0.159655

Lognormal
3.0214
0.0387
0.1966

0.129666

B. Magnification = 420X

Normal  Lognormal
Mean 2.9127 2.9047
Variance 0.0490 0.0060
Stand. Dev. 02214 0.0773
Range
K-S test 0.1471483  0.149854
C. Magnification = 320X

Normal  Lognormal
Mean 2.8433 2.8369
Variance 0.0392 0.0048
Stand. Dev. 0.1979 0.0696
Range
K-S test 0.113065  0.108833

D. Magnification = 220X

Normal
Mean 2.7993
Variancs 0.0626
Stand. Dev. 0.2503
Range
K-S test 0.178132

Lognormal
2.7892
0.0077
0.0878

0.163942

Truncated
Lognormal

0.0312
0.0412
0.2029

0.130630

Truncated
Lognormal

0.0299
0.0063
0.0796

0.149798

Truncated
Lognormal

0.0292
0.0051
0.0717

0.108635

Truncated
Lognormal

0.0287
0.0082
0.0904

0.164368
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3.1630
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Maxlike
Uniform

2.8700

0.8229
0.208681

Maxlike
Uniform

2.8500

0.7314
0.149610

Maxlike
Uniform

2.8550

Sarglpdata
Uniform

3.0767

1149
1365
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I
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Sampdata
Uniform

2.8127
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Sampdaza
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0.149244

Sampdata
Uniform



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

E. Magnification = 100X

Normal  Lognormal
Mean 2.6300 2.5965
Variance 0.2086 0.0262
Stand. Dev. 0.4567 0.1620
Range
K-S test 0.210258  0.182356
F. Magnification = 70X

Normal  Lognormal
Mean 2.4287 2.3949
Variance 0.2033 0.0281
Stand. Dev. 0.4509 0.1677
Range
K-S test 0277763  0.238348
G. Magnification = 50X

Normal  Lognormal
Mean 3.3053 3.2980
Variance 0.0505 0.0049
Stand. Dev. 0.2247 0.0698
Range
K-S test 0.136072  0.150225

H. Magnification = 30X

Normal  Lognormal
Mean 3.3327 3.3321
Variance 0.0043 0.0004
Stand. Dev. 0.0656 0.0197
Range
K-S test 0.142161  0.142538

Truncated
Lognormal

0.0267
0.0278
0.1667

0.183168

Truncated
Lognormal

0.0245
0.0297
0.1723

0.239409

Truncated
Lognormal

0.0341
0.0052
0.0721

0.149767

Truncated
Lognormal

0.0345
0.0004
0.0204

0.142539
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Maxlike
Uniform

2.8550

1.5200
0.369079

Maxlike
Uniform

8]

.7050

Maxdike
Uniform

3.2250

0.9714
0.259069

Maxlike
Uniform

3.3200

0.251¢
0.194696

Sarglpdata
Uniform

2.6300

1.5820
0.224146

ng data
Uniform

2.4287

1.5620
0.301794

Sampdata
Uniform

3.3053

0.7784

- 0.162243

Sarnpdata
Uniform
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Figure 1. Statistical Analyses of SEM/EDS Sulfur Data for C002
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Figure 1. 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. Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure 1. Statistical Analyses of SEM/EDS Sulfur Data for C002Z (Cont.)
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Figure 1. 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. Statistical Analyses of SEM/EDS Sulfur Data for C002 (Cont.)
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Figure 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A

SPOT MODE MORMAL

T TrrrYTY v i iad et e s e m ey rvrv-v
'/]

Y

F

»~
s “a
(AagiBaleihlinslasainhansh

\ ]
Assasia A

FS

AN

(=]
ta

“

|
| Lt

VIR INVEE WY EY NWYWY FTW WY

»
[ 2] ia

PFPERCENTAGE SULI.FUR

A |

-—
(T

r-‘*._m‘ Binidaanalhasal
N

a
~
3

3
g .
b |

IV STWWY FVEVY

L

FYPYETPINTITITL SV B ITETR R i B9 s

|
|
|
|
|
|
|

. 3 d o FRN. o} QN o +})
Dxceedanca Prababllity
ST QA
SPOT MODE LOGCHORMAL
10 e S rrrrrTTTrTT—— T T
| Py b ]
| | | |
| | P
' | L
Y
L]
3 ad
; AT
IS /
1 od purrvy i i sladd FEITITI ENT ORI TP NS 77 U Y
99 M 9 9 K W4 01 ,001 0004
Exctedance Probabitily
SAPLE (oA

89



M/EDS Sulfur Dara for C002A (Cont.)
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Figure 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)
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Figure 2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)
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2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)

Figure
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Figure 2. Statistical Analyses of SEM/EDS Sulfur Data for C002.A (Cont.)
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2. Statistical Analyses of SEM/EDS Sulfur Data for C002A (Cont.)

Figure
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Data for C002A (Cont.)
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Taple ¢, Student "T" Tolerance Test of Normal Distributicn

of SEM/EDS Data fer CC02

Spot Mede
Tolerance = 0.3469

Normal disiribution .

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform distiribution using sample data

Magnificaiion = 420X
Tolerance = 03740

Normal disiribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform disiripution using maxdmum likelincod
Uniform disiribution using sample darta

Magnification = 320X
Tolerance = 0.3890

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform distribution using sample data

Magnification = 220X
Tolerance = 0.4067

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinocd
Uniform distribution using sample data
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Table 4. Student "T" Tolerance Test of Normal Distrioution

of SEM/EDS Data for C002 (Cont.)

Sample #

ol

Magnification = 100X
Tolerance = 0.4457

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelihood
Uniform distribution using sample data

Magnitication = 70X
Tolerance = 0.4540

Normal distribution

Lognormal distribution

Doubly :runcated lognormal distribution
Uniform disiribution using maximum likelinood
Uniform distribution using sample data

Magnification = 50X
Tolerance = 0.4680

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform distribution using sample data

Magnification = 30X
Tolerance = 0.4861

Normal distribution

Lognormal distribution

Doubly truncated lognormal distripution
Uniform distripution using maximum likeiinced
Uniform distripution using sample data
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Table 3. Student "T" Toierance Test of Normal Distribution

of SEM/EDS Data for CCOZA

Spot Moce
Tolerance = 0.3076

Normal disiribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform disiribution using sample data

Magnification = 420X
Tolerance = 0.2912

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distiribution using maximum likelihcod
Uniform distribution using sampie data

Magnification = 320X
Tolerance = 0.2843

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelihood
Uniform distribution using sample data

Magnification = 220X
Tolerance = 0.2799

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinccc
Uniform distribution using sample data
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Table 3. Student "T' Tolerance Test of Normal Distripution

of SEM/EDS Data for C002A (Cont.)

Sample #
Magnification = 100X

Tolerance = 0.2630

15

15

Normal distribution

Lognormal distribution
Doubly truncated lognormal distribution 15
Uniform distribution using maximum likelihood 12
Uniform distribution using sample data = 12

Magnification = 70X
Toierance = 0.2428

Normal distripution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform distribution using sample data
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— e b b ped
L) e O~

o nu

Magnification = 50X
Tolerance = 0.3305

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelihood
Uniform distribution using sample data
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N JOVOhn

Magnification = 30X
Tolerance = 0.3330

Normal distribution

Lognormal distribution

Doubly truncated lognormal distribution
Uniform distribution using maximum likelinood
Uniform distribution using sample data
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Project Report for 6/21/90-9/20/90

Biodesulfurization Techniques: Application of Selected
Microcorganisms for Organic Sulfur Removal from Coals

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

Quarterly Report
Report No. PETC-9-90

Report Period: June 21, 1990
Sept.20, 1990

INTRODUCTION

Depyritization and general screening procedures for potential
microbial organic sulfur utilizers have continued throughout the
past guarter. Sample analyses and associated reporting have keen
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 1s 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 ke 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 sSulfate.
Task complete.
In order to compare the effects of LOPOSO medium (the
supporting medium for Thiobacillus so. for depyritization) on the

degree of depyritization in batch culture, a run was cocnducted in
three flasks, each with varying initial conditions.
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Table 1 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 1. Batch Reactor Initial cConditions

Description 1 2 3

Medium water only LOPOSO only LOPOSO + organisms
Tenp. °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 LOP0OSO
medium (composition presented in Table 2) and coal. The third
flask, in addition to LOPOSO medium and 50 grams of ccal, received
a 10% v/v inoculum of Thiobacillus sbo. The culture inoculunm
consisted of equal volumes (50 mL each) of Thiobacillus thicoxidans
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 Ccnstituents

Component Composition (g/L)
NH,C1l 0.63
KH,PO, 0.10
MgCl, 6H,0 0.85
KCl 0.10
cacCl, 2H,0 , 0.008
Nacl 0.123

Upon inoculation of Flask 3, the three flasks were placed in a
censtant 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 tile three flasks.

It shoulu 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 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 cf Table 3, the pH dropred
significantly in both Flask 2 with LOPOSC 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 frcom each of the
three flasks for subsequent sulfur analyses. These analyses have
yet to be conducted. Upon discontinuaticn of the experiment, the
coal slurry was filtered, wash with distilled watsr to remcve
organisms, and dried for sulfur analyses.

Attempts to close the mass balance have met with several
difficulties. The initial cocal 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, ccal sampling during
the experiment incurred some coal loss through adherence to the
sides of filtration equipment, filter paper, etc. In summary, the
post~experimental coal weights 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 ccal slurries in an air flow oven

103



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 100514), a 5% slurry 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 Thiobacillus ferrooxidans and Thiobacillus
thicoxidans. Additionally, approximately 150 mL of each
Thiobacillus 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
ccomplete 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 conduczTed.

3.4 Microscopic Analyses.

Task complete.

Task 4 - Organic 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 °
C with an agitation rate of 180 rpm for approximately 14 days.
Upon completion of the incubation pericd, 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 significant
changes will be further subjected to testing.
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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 staff orientation and
training and to set up and monitor the batch depyritization
reactor.
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Biodesulfurization Techniques: Application of Selected
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, and Storage.

The nwenty pound shipment of IBC-101 (Lot 1007) has been ground to 200X0
mesh. riffled and placed storage. An additional twenty pound shipment (Lot 1008) has been
received. It will be ground to various mesh sizes for future studies.

¥

2.2 Microbial Removal of Pyrite 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 sp. for depyritization) on

the degree of depyritization in barch culture. Analysis of the samples for the completed
experiment is underway.
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Table 1 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 1. Batch Reactor Inidal Conditions

Descrintion 1 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 grams of coal, received a 10% v/v
inoculum of Thiobacillus sp. The culture inoculum consisted of equal volumes (50 mL each) ot
Thiobacillus thiooxidans and Thiobacillus ferrooxidans. Each of these cultures have besn
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 Composition (g/L)
NH,Cl 0.63
KH,PO, 0.10
MgCl, 6H,0 0.85
KCl 0.10
CaCl,2H,0 0.008
NaCl 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. pH Values as a Function of Time.

Time (hrs) Flask 1 Flask 2 Flask 3
0.0 2.60 2.52 | 2.51
245 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 sulfur 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 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 atmosgphere. Additionally, coal sampling during
the experiment incurred some coal loss through adhereace to the sides of filtration equipment.
filter paper, etc.

108



In summary, the post-experimental coal weights are as follows (with 50 grams as the
initial weight for each flask):

Flask 1 (water only) - 447 ¢
Flask 2 (LOPOSO) - 454 ¢
Flask 3 (LOPOSO+BUGS) - 46.1¢

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 additdonal 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 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 which had been grown for approximately two
weeks, previously inoculated with equal volumes of Thiobacillus ferrooxidans and Thiobacillus
thiovxidans. 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 concenmation to inidate depyritization.

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

Table 4. Pvritic Sulfur as a Function of Time for the 5% Coal Slurrv.

Time (davs) % Pvrite
0 0.638 +/- 0.028
76 0.393 +/- 0.005

As seen in Table 4, only approximately 38% of the pyritc 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 operaton. 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 weatment of this batch of coal, samples of
the slurry were periodically examined for the presence of cells. Though cells 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%. Progress
is being made in obtaining reliable sulfur analyses from the lab thus allowing for closer
monitoring of reaction progress for this batch.

Task 3 - Analytical Procedures for Total Organic Sulfur.

3.1 Characterization.

Task complete.

3.2 Qualiry Assurance and Control.

Cross-checks of in-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 list of isolates presented
in monthly progress Report No. PETC-10-90 are being developed with 2 focus on promoting
organic sulfur utilization through the application of mutagenesis technigues to these cultures.
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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

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

Quarterly Report
Report No. PETC-3-91

Repor: Period: December 21, 1690
March 20, 1991

INTRODUCTION

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

TASK OVERVIEW

Task 2 - Coal Procurement and Preparation.

2.1  Grinding, Sieving, and Storage.

An addidonal twenty pound supply of Illinois #6 coal IBC-101" has been recaivel
and is available for grinding as needed.

2.2  Microbial Removal of Pyrite and Sulfate.

Task complete.

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 artempt to increase the rate and extent of depyritzation. 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 axial flow impeller having a greater blade
surface area and longer blade length (in an attempt to promote greater homogeneity in mixing).
Addidonally, the inlet air source has been affixed to the bottom of the conical reactor vessel to
inhibit settling of the coal particles. The successtul operation of this reactor scheme will te
followed with a detiled figure and description in subsequent monthly progress reports.
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Task 3 - Analydcal Procedures for Totai Organic Sulfur.

3.1 Characterization.

Task complete.

3.2 Quality Assurance and Control.

Cross-checks of in-house analyses periodically conducted.

3.4 Microscopic Analyses.

Task complete.

Task 4 - Oreganic Sulfur Removal.

Task complete.
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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

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

Quarterly Report

Report No. PETC-6-91
Report Period: Marca 21, 1991
June 20, 1991

INTRODUCTION

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

TASK W
k2 - Procurement Preparation.

2.1 Grinding, Sieving, and Storage.
Task Complete. Ground coal (200 X 0 mesh. Illinois #6 [BC-101) has been
placed under Argon storage awaiting depvrinzation trsatment.

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. thicoxidans mixed culture. Samples obtained auring the treatment are
awaiting analysis.

As the work at LTU has been comprised primarily of depyritzation 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 attenton is the employment of water-
in-oil emulsions and reverse micelle processes for the enhancement of mass transfer between the
coal 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 - Analytcal 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, "Advanced Scanning Ejectron Microscopy and Energy Dispersive Spectroscopy
Techniques for Sulfur Analysis in Coal". This document will be mailed under separate cover.

Task 4 - Organic Suifur Removal

The completion of the contractual agreement with Dr. Bailey Ward at the
University of Mississippi has brougit 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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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

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

Quarterly Report
Report No. PETC-9-91

Report Period: June 21. 1961
September 20, 1991

INTRODUCTION

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

TASK OVERVIEW

Task 2 - Coal Procurement and Preparaton.

2.1 Grinding, Sieving, and Sterage.
Task Complete. All ground coal (200 X 0 mesh, Olinois #6 IBC-101) which has
been placed under Argon storage has now been teated for pyrite removal. Additonal coal has
been ground for the reverse micelle stucies currently underway.

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 T. ferrooxidans and T. Thiooxidans mixed culrure.
Samples obtained during the treatmen: were analyzed.

The batch reactor run for this experiment was comprised of a 5% coal slurry in
LOPOSO medium (see Table 1 below for medium compositon) and an inoculum of Thiobacillis
sp. (T. ferrooxidans and T. thiooxidans). The inoculum consisted of a 1 liter 2% coal slurry,
incubated for 48 hours prior to inoculadon of the large batch reactor. In turn, the inoculum was
prepared by inoculating the 2% coal slury from 50 mls each of the two Thiobacillus sp. stock
cultures. Prior to inoculadon, air flow and agitadon was established. The agitation rate was se:
at approximately 200 rpm.
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Table 1. Composition of LOPOSO medium.

Compoonent L
NH,Cl 0.63
KH,PO, 0.10
MgCly 6E.O0 0.85
KCl 0.10
CaCl, 2H,0 0.008
NaCl 0.123

Prior to addidon of the culture incculum, the contents of the batch reactor were
allowed to equilibrate to the reacton temperature of 30 °C and were adjusted to a pH of 2.3.
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 undal the coal particles sexled. Afterwards, the supernatant was decanted. The
remaining coal was washed (with vigorous agitation) repeatedly with distilled water to remove
microorganisms potentially adhering to the coal surface. This process was repeated three dmes
after which the coal was filtered through a Buchner funnel under vacuum filtradon. The coal
filter cake was then dried in an air-flow oven at 105-110 °C to complete drvness. With the
subsequent encounter of some difficultes in startng up the Atomic Absorpdon Analyzer, the coal
was allowed to equilibrate with laboratory air. Each of the samples were then weated together
for pyridc sulfur determination and corrected for the presence of moisture in the laboratory air
(6% moisture) at the ume 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 pyritdc sulfur dropped approximately
45% in the first 48 hours after inoculadon. 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 daiiy
thereafter. However, as seen from the data presented, the rate of depyrizaton slowed
dramadcally after this inidal period. Reactor operation was continued to observe the apparent
ultimate extent of depyritizaton. The lengthy reaction time largely negates the udality of this
experiment. After approximately 43 days, the coal had experienced a mass percentage loss in
pyridc sulfur of approximately 71% which is well below reported literature values for pyrite
removal in excess of 90% (Andrews and Maczuga, 1982; Hoffman er af, 1981).
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Table 2. Percent Pyritic Sulfur As a Funcdon of Time.

Time (davs) % Pvrite (bv_mass)
0 1.63
2 0.90
6 0.84
g 0.84
10 0.82
13 0.71
15 0.72
17 0.33
2 0.61
22 0.64
24 0.70
27 0.63
29 0.54
31 0.50
34 0.54
26 0.68
38 0.49
41 0.45
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Fig 1. Percent Pyritic Sulfur With Time
Raw Coal Batch #1007.

Percent pyritic sulfur

Time (Days)



A number of factors have been cited as contributing to a decrease in microbial
pyrite oxidation including a decrease in T. ferrooxidans activity resulting from the release of
organics into the aqueous phase (Eligwe, 1988); the precipitation of jarosite and iron oxides
which inhibit bacterial actvity through limiting oxygen mass transfer (Torma and Banhegyi,
1984); and the presence of competitive acidophilic bacteria contaminating the system. The latter
bacterial contaminadon might have occurred in the batch run presented above through the use
of nonsterile coal in the batch depyritization reactor. Such organisms may be resident upon the
coal itself. In an effort to eliminate the possibility of such contamination, subsequent batches orf
coal will be autoclaved prior to addition to the medium--the sterilization of which is not practcal
with the current reactor design. To ensure the purity of our stock cultures, a plan of rapid seriai
dilutons has been undertaken with gradual lowering of the pH from 2.5 to near 1.8 with each
subsequent diludon in order to eliminate possible contaminaton of the stock cultures by
acidophilic organisms.

Task 3 - Analytdcal Procedures for Total Organic Sulfur.
3.1 Characterization.
Task complete.
3.4  Microscope Analysis.
Task complete.
Task 4 - Organic Sulfur Removal
The conzactual agresment with Dr. Bailey Ward at the University of Mississippi
was completed during the second quarter of this year. The compiladon of his results is underway

and will be incorporated into the project final report following compledon of our no-cost conmact
extension.
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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC28854

Quarterly Report
Report No. PETC-12-91

Report Period: September 21, 1991
December 20, 1991

INTRODUCTION

As described in last month’s report, preparatory work for the reverse micelle study has
continued with the rapid serial diluton of our Thiobacillus sp. stock cultures at a low Ph
(approximately 1.8-2.0) to ensure a strong inoculum in a logarithmic growth phase.

Total sulfur analyses will be run on samples obtained from experimental work for the
reverse micelle study. After relocatng this equipment in a more convenient laboratory, several
difficulties have been encountered in setting up and operating this equipment. These problems
continue to be addressed this month.

The research actviry conducted during the current reporting period is summarized below.

TASK OVERVIEW

Task 2 - Coal Procurement and Preparation.

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 preparaton of Thiobacillis sp.
stock cultures (which are continuing), a preliminary experiment for the comparison of organic-

phase, reverse-micelle depyritization to the typical aqueous phase culture has been inidated. The
experimental set-up and procedures are described below.
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In this inital experiment, only Thiobacillus ferrooxidans was used in the various
batch cultures. Stock cultures are maintained in Ferrous Iron Medium (composidon shown in
Table 1 below).

Ferrous Iron Medium

Part I (autoclavable) Part II (filter sterlizable)
1000 mL dist. H,O 500 mL dist H,O0
0.50 g K,HPO, 84 g FeSO,7H,0
0.50 g (NH,),SO;, 25 mL IN H,SO,

0.50 g MgSO,7H,O

3.14 mL conc. H,SO,

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

For inidadon of the reverse micelle experiment, one liter of Ferrous Iron medium
was prepared and adjusted to pH 2.1. To it was added 100 mL of Thiobacillus ferrooxidans
inoculum from a 7-day old culture. After incubation at 28 °C and 100 rpm (agitatdon rate) for
five days, the cells were harvested by centmifugation. 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 micelle 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 reactor controls, 20
grams of 100X0 mesh coal was added to each to form a 2% slurry. Table 2 presents each batch
reactor condition.

Table 2. Batch Reactor Description

Flask No. 1 - Experimental reverse micelle system
Flask No. 2 - Conwol #1 (reverse micelle without biocatalyst)
Flask No. 3 - Control #2 (water @ pH=2.5 + 1 mL cells)

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

Samples were obuined from each barch reactor every 12 hours with 50 mis
removed per sample. Each sample was filtered through a Whatman No. 1 filter under vacuum
filration. The aqueous phase sample, only, was washed with distlled 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 current analytical equipment problems are resolved.

Task 3 - Analytcal Procedures for Total Organic Sulfur.
3.1  Characterizagon.
Task complete.

3.4  Microscope Analysis.

Task complete.

Task 4 - Organic Sulfur Removal

Task complete.
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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-38PC88854

Quarterly Report

Report No. PETC-3-92
Report Period: January 21, 1992
March 20, 1992

INTRODUCTION

The research activities conducted this month include the reverse micelle study (previousiy
reported in Report No. PETC-2-92) and the initiation of related work concemning the
growth characteristics of Thiobacillus sp. This experimentation is outlined below.

TASK OVERVIEW

Task 2 - Coal Procurement and Prevaration.
2.1  Grnding, 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 the
depyritization acuvity of T. ferrooxidans in a reverse micelle system was initiated this month.
However, similiar difficulties experienced with the first experiment (as described in PETC
Report No. PETC-1-92) were encountered and the experiment was discontinued. Thr
investigation of the mixed-culture (T. ferrooxidans/T. thiooxidans) depyritization activity in
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 miceile
alone (without organisms) removes sulfur to some degree. Studies are being initiated :0
investigate the degres of desulfurization with and without organic solvent pretreatment.
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The capability of the heptane to remove sulfur will be reported upon completion
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 complete.
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Biodesulfurization Techniques: Application of Selected
Microorganisms for Organic Sulfur Removal from Coals

Louisiana Tech University
Contract No. DE-AC22-88PC28854

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.

TASK QVERVIEW
- Procurer and ation,
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 surfactant (Tween 80) and pretreatment of the coal with n-
heptane on the rate and extent of desulfurization. These studies have been initiated as a resuit
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 micelle system. These
experiments are described below. Resulting experimental analysis will be provided as it
becomes available.

EXPERIMENT #1
Following the initial reverse micelle experiments, a standard test has been
conducted to reexamine the ability of our T. ferrooxidans strain to remove pyrite from the
Illinois #6 coal (200 X O 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 NH,Cl) and 20 g of coal for a 2%
(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. ferrooxidans that had
been growing for seven days at 30 °C and 120 rpm in modified 9K medium with 30 g/L
FeSO,7H,0 as the energy source. Typical cell concentrations of 10*7 - 10°8 cells/ml were
achieved.

Cells were filtered from the 9K medium using 0.2 micron filters. Cells were then
resuspended by agitating the filter in SO mL of distilled water at pH 2.5 (adjusted by the addition
of IN HCl). The resuspension of cells contained 109 - 10710 cells/mL. Cell concentrations
were obtained by the measurement of the optical density in a spectrophotometer and through
correlation to actual cell concentrations for T. ferrooxidans cited in published sources.

The two-liter flasks were then inoculated with 25 mL of the bacterial
resuspensions to produce approximately 5X10%7 cells/mL 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 10 days, while the control removed only approximately 10% of the pyvritic sulfur.

EXPERIMENT #2

The next experiment was identical to the one described above except thata 5%
(w/w) coal slurry was used with a surfactant (Tween 80), and cells were harvested after only
two days of incubation to obtain cells in logarithmic growth. The purpose of this experiment
was to examine both the effect, if any, of the added surfactant and the sesd culture age upon the
rate and extent of depyritization. The number of cells per mL was not recorded because of the
presence of fine iron particulates in the resuspension.

The experimental flasks (both with and without surractant) showed a similar
reduction of 40% in pyritic sulfur in 12 days as compared to the uninoculated control in which
a sulfur removal of only 10% was observed. It shouid be noted that the total suifur removed
in the experimental flasks was significantly lower for a comparable length of time than the
experiment described above. It is likely that this is due, in part, to a lower csll count than in
the previous, older culture.

EXPERIMENT #3

In this experiment, SOg of coal was washed for 8 hours in 100 mL of n-heptane,
ethanol, and distilled water at 30 °C and 120 rpm in | liter flasks. The washed coal was then
filtered and dried overnight in an air-flow oven at 110 °C.

The washed coal was then inoculated with cells harvested as before (Experiment
#1) from a 7-day old culture. The experiment was done in 1 liter flasks containing S00 mL of
LOPOSO medium and 10 g of washed coal for a 2% (w/w) slurry.

The initial results indicate that, prior to bacterial inoculation, the n-heptane
washed coal experienced a 15% reduction in pyritic sulfur while washing with ethanol and
distilled water removed only about 1%. 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 1) 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 actdon. This allows the use 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 warranted and more detailed sulfur analyses may be required.

Future experimentation is planned as follows:

1) 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.
Sferrooxidans and T. thiooxidans activity in shake flasks

4) the acclimation of Thiobacillus cultures to FeS, use by the addition of
small amounts of elemental sulfur to growing cultures.

Reporting on these resuits will be made in the May monthly report and the Project
Final Report.

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

Several hundred bacterial cultures isolated from a variety of natural sites were tested for their ability to
desulfurize selected model coal organost ifur compounds. Initial focus was on detection of biodesulfurization
of dibenzothiophene (DBT) via a proposed pathway involving the intermediates, DBT-5-oxide, DBT-5-dioxide
(-suifone), and 2-(2-hydroxyphenyi)benzenesulfonic acid, from which removal of sulfate would give the
product, 2,2'-dihydroxybiphenyl. Severai screening methods initially were used to monitor desulfurization
activity (on different organosulfur compounds): the Lehigh spray-plate assay (DBT), growing cell suspensions
(OBT or DBT-sulfone), resting cell slurries (DBT or DBT-sulfone), or a sulfur-stress assay in which the only
source of sulfur was organic (DBT or DBT-sulfor:e).

Numerous cultures produced colored "Kodama-type" products from DBT, but not from DBT-sulfone, via
a carbon-destructive, non-desulfurizing pathway. Because the Kodama products interfered with detection
of desulfurization activity, DBT-sulfone became the substrate of choice for subsequent screening assays.
Although several cultures from a variety of sources exhibited activity (removal or disappearance from
solution) on DBT-sulfone, no products were detected by the assays for which an inorganic-sulfur-sufficient
medium was used.

Only two of our isolates, UMX9 and UMX3, and the strain IGT S-8, provided by the Institute for Gas
Technology as a reference culture, would grow on DBT or DBT-suifone as a sole source of sulfur under the
sulfur-stress assay. Under sulfur-stress conditions, a desuifurized product was detected only for UMX9 and
IGTS8. The desulfurized product was identified as 2-hydroxybiphenyl (2-phenyiphenol). Biodesulfurization
activity for all three organisms occurred only for growing cultures (vs. washed, resting cell suspensions), and
was depressed by free sulfate, alithough more so for UMX3 and IGTS8 than for UMX9. All three organisms
exhibited similar biodesuifurization activity on a variety of organic suifur substrates. Comparative tests on
carbohydrate utilization (48 substrates using AP! CH kit) revealed that only UMX9 would grow on glucose,
and that only IGTS8 would grow on L-arabinose. None of the three cultures exhibited good growth on DBT,
DBT-sulfone, or 2-phenylphenol as sole sources of carbon, compared to growth on glycerol, and none
produced Kodama-type colored products from DBT. Taxonomic studies (including MIDI analysis) revealed
UMX3 to be similar to IGTS8, whereas UMX9 exhibited characteristically different features. All of the
organisms exhibited Rhodococcus-like features. Assays of biodesulfurization activity as a function of
temperature or pH revealed further differences between UMX9 and UMX3/IGTS8. Under optimized assay
conditions for each organism, UMX9 exhibited ca. 30% greater biodesulfurization activity than did IGTS8 and
UMX3, which were about identical in activity.

Cultures UMX3 and UMXS were tested for ability to grow on biodepyritized coal as sole source of sulfur,
under the conditions of the sulfur-stress assay, with giycerol and glucose as carbon sources. Relative to
appropriate controls consisting of growth medium plus coal only or medium plus celis only, both UMX9 and
UMX3 exhibited better growth on coal as sole source of sulfur. Evidence of physical deterioration of the coal
was noted for some biotreated samples. No data have yet been obtained on coal chemistry, thus we can
only suggest that organic sulfur was removed from the coal.

INTRODUCTION AND BACKGROUND

Combustion of sulfur-containing fossil fuels resuits in the liberation of sulfoxides into the atmosphere
where they react with water to produce sulfuric acids. Precipitation laden with the acids forms “acid rain”,
which poses a rnultitude of threats to the environment. The continued use of coals in general, and high-
sulfur coals in particular, will require technologies designed to eliminate or reduce suifur emissions. Two
approaches can be taken: elimination of sulfur from post-combustion gases or pre-combustion coal



desulfurization, the latter being the subject of the present report. The predominant forms of sulfur in coals
are 1) inorganic pyrite crystals existing as aggregates cloistered among, but not bound to, the organic coal
matrix and 2) "organic"* sulfur bound to carbon atoms. On the average, about one-half of the total sulfur in
a “typical" coal is organic. The bulk of pyritic sulfur can be removed by a variety of chemical, physical, and
biological technologies, but efficient methods for removing organic sulfur are lacking.

Because it would be desirable to remove coal organic sulfur without loss of fuel value, we proposed to
search for bacteria capable of cleaving C-S bonds in model coal compounds or of coal itself. Previous
reports (1,2) already had established the potential for using bacteria to remove organic sulfur from coals,
a process that will be called biodesulfurization in the present report. A pathway was proposed (2) for
selective enzymatic cleavage of C-S bonds in thiophenic model compounds, with emphasis on
dibenzothiophene (DBT). The proposed pathway was called the “4S" pathway in reference to the sequence
of sulfur oxidation via DBT-5-oxide, DBT-5-dioxide (-sulfone), 2-(2-hydroxyphenyl) benzenesulfonic acid, and
liberation of free sulfate ion, resuiting in the desulfurized product, 2,2'-dihydroxybiphenyl. A variant of the
4S pathway leading to 2-hydroxybiphenyl has been reported by Kilbane (3,4). Another possible pathway
of biodesulfurization has been suggested (5) in which ring cleavage accompanies or follows desulfurization,
with benzene and derivatives occurring as transient intermediates. (The 4S pathway is illustrated in Fig. 1,
App. 8) For effective biodesulfurization of fuel coals, the desired activity would be specific cleavage of the
bonds of any sulfur bound to coal carbon. The fact of attendant ring cleavage of model compounds might
be inconsequential inasmuch as such compounds likely do not exist in coal. That is, a microorganism that
removes sulfur from DBT along with degradation of the parent substrate might only remove sulfur from coal.

Our objectives were to obtain one or more novel microbial systems that specifically desulfurized DBT or
DBT derivatives (with or without ring cleavage, but with focus on 4S-type activity), to characterize the
biodesulfurization activity and the organisms themselves, and to test the superior cultures on biodepyritized
coal.

The project developed and matured over a period of about thirty months, with progress and noteworthy
events chronicled in the forms of monthly and quartery reports, and in three manuscripts published as
proceedings (6,7.8). Detailed and timely descriptions of methods, data collected, and interpretations
appeared in the aforementioned reports, some or portions of which are appended to the present final report
(in an approximately chronological sequence) to serve as references. For convenienc.. (and to avoid having
to rewrite that which already has been written) we will refer the reader to the Appendices for details of
methodology, experimental rationale and setups, data. and results obtained as the project developed. This
final report is presented as a chronology of events leading to a focus on the three (out of hundreds tested)
organisms—cuitures UMX3, UMX9, and IGTS8--that exhibited definite biodesulfurization, defined herein as
ability to grow on an organosulfur substrate as a sole source of sulfur. For convenience of reporting,
details of new methodologies applied for the last few months of the project are presented in Appendix 7.
This approach allows for a narrative description of general approaches with focus on important findings and
interpretations. The project culminated with a presentation and manuscript (App. 8) for the Third
International Symposium on Biotechnology of Coal and Coal-derived substances, Essen, Germany,
September 23-24, 1991.

PROJECT CHRONOLOGY

We initially focused on isolating from natural sources bacteria that exhibited one or more of the reactions
associated with the 4S pathway. Because DBT is a common component of petroleum, we reasoned that
sites of petroleum contamination might harbor bacteria capable of desulfurizing thiophenic compounds. We
collected samples of weathered or fresh, refined or crude petroleum that had been mixed with soils or water
in streams, ditches, or sumps near oil wells, pipelines, or storage or transfer facilities. 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
cuitures, 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 formulation 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 resuits in our hands.

Our initial lack of success using the spray-plate assay prompted us to secure cuitures 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'-dihydroxybiphenyi (9). After
consuitation 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, E1, and F14. It was our aim to use the Lehigh cuitures as
references to test our methodologies and analytical techniques; we wanted to be sure that we were not
missing 4S activity due to fauity 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 resuiting in sulfur-containing yellow/orange/red products (11) which also
fluoresce blue under short wavelength irradiation (12). After many trials and manipulations, we concluded
that the spray-piate method did not allow us to differentiate between possible production of 45 products and
conspicuous production of Kodama products. [n 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 (TLC) 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
hiodesulfurization activity, both of crude or “raw’ mixed cuitures 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 cultures were 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 desuifurized products for any cuiture tested (aithough some DBT disappeared
from the medium for some cuitures). 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-sulfone (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 wauld readily remove DBT-sulfone from solution, in what
appeared to be cometabolic reactions, we did not detect any products of possible biodesulfurization
reactions. In short, we were not getting any evidence of desulfurization, 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.
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We also tested numerous cultures (that removed DBT or DBT-sulfone) for release of sulfate into the
medium. We used at first the ASTM turbidimetric (BaCl, precipitation, App. 1) method then turned to ion
chromatography (App. 5). We were not able to demonstrate significant increases in sulfate due to microbial
activity on the thiophenic substrates; yet we had no real evidence that desulfurization was occurring. We
wonder if cometabolic release of sulfate from organosulfur compounds in a sulfate-sufficient medium would
indeed result in measurable increase in total sulfur. We became concerned that the presence of free sulfate
in the culture medium might repress biodesulfurization activity. During this stage of the project we learned
of Dr. John Kilbane's work at the Institute of Gas Technology (IGT). Dr. Kilbane described (3,4) a "sulfur
bioavailability assay" in which an isolate designated IGT S-8 would grow on DBT as a sole source of sulfur;
the organism, identified by Dr. Kilbane as a Rhodococcus rhodocrous, produced the product 2-
hydroxybiphenyl, designated in the present report as 2-phenyiphenol. Thus IGT S-8 exhibited a variant of
the proposed 4S pathway. Dr. Kilbane sent a filtered (cell-free) supernatant prepared at IGT for us to
analyze to provide independent confirmation of the biodesulfurized product, 2-phenyiphencl. The
supernatant was from a spent culture medium in which DBT had served as the sole sulfur source for IGT
S-8 prepared at IGT. We confirmed (by UV spectral analysis, GC/MS, GC, and TLC) presence cof 2-
phenylphenol in the filtered supernatant. We realized that we had been devoting our efforts to the wrong
approach for obtaining biodesulfurizing isolates. We modified our standard 21C medium by replacing all
sulfate salts with chioride salts to yield a sulfur-free medium, which then was used for our Sulfur-Stress
Assay, in which the only source of suifur was DBT-sulfone (water-saturated solution) or other organosulfur
substrates. Glucose and glycerol were provided as organic carbon sources to favor growth of a variety of
organisms. Each trial consisted of three sets of culture-tube preparations containing 10 mi of medium:

SET 1. DBT-sulfone + inoculum;
SET 2. Inocuium only in sulfur-free medium;
SET 3. DBT-sulfone + inoculum + added sulfate [0.166mM].

Cultures were considered to exhibit biodesulfurization when good growth occurred in SET 1 tubes and
continued after several (five or more) successive transfers; with no to minimal growth in SET 2 tubes: and
with good growth in SET 3 tubes which also allowed us to check for possible inhibition by the organosulfur
substrate. All glassware was rinsed in HCI to remove residual sulfur. Measurements of optical density (O.D.)
provided indications of cell growth. Culture extracts were analyzed by GC and GC/MS to monitor
desulfurization activity (removal of organosulfur substrate and appearance of desulfurized product).

The reader here is referred to App. 7 and 8 for details of methodology and procedures for the latter phases
of the project.

For time-course analyses of DBT-sulfone removal and appearance of 2-phenylphenol via sulfur-stress
assays, we also used spectrometric UV scans to monitor and quantify biodesulfurization. Because DBT-
sulfone and 2-phenylphenol gave distinguishable spectral peaks in the range 200-400 nm, this method
allowed us to monitor directly the aqueous, cell-free supernatants of test cuitures (DBT-sulfone supplied as
water-saturated solution of 0.166 mM). We used a Milton Roy Spectronic 1201 coupled to a computerized
SpecScan program that allowed for curve area analysis and differentiation. Cultures were grown under
sulfur-stress conditions, shaken in flasks at 30° C, with 1.5 ml samples withdrawn at time intervals,
centrifuged at 10,000 x g for 10 min, then read directly via spectrometry.

Using the sulfur-stress assay, we retested most of our original isolates, including the Lehigh cultures.
and several hundred cultures from the University of Alabama, Huntsville/ collection (isolated from
superfund sites-Professor Alfred Mikell et al.). We also obtained IGT S-8 from IGT (Dr. John J. Kilbane) to
serve as a reference culture. Of the first several hundred cultures tested, only IGTS8 grew on DBT or DBT-
sulfone as a sole source of carbon. However, during subsequent trials, @ mixed cuiture, designated UMX,
exhibited positive activity on the sulfur-stress assay. The aforementioned filtered supernatant from IGT



arrived in an apparently non-sterile container (the sample was faintly turbid), and we took no special aseptic
precautions in handling the sample. We at once fractionated the sample, then extracted one fraction for
analysis; the other fraction was dispensed to a non-sterile culture tube. Subsequent examination of the
reserve fraction indicated the presance of cells, so we decided to attempt to culture them. Qur interest was
piqued by the presumption that the filtrate should have contained no free sulfur; no DBT was detectable by
our GC or GC/MS analysis. Even if the solution contained a variety of bacterial cells, the lack of available
sulfur should have prevented or at least severely restricted growth. However, organisms having a low suifur
requirement might at least survive the sulfur-stressed environment. A mixed culture derived (initially in 1/10
strength tryptic soy broth) from the filtrate grew in the sulfur-stress assay on DBT-sulfone as sole source of
sulfur and produced 2-phenylphenaol (App. 5, Fig. 1). Our first thought was that IGT S-8 had slipped past
the filter at IGT, and was present in the consortium. Examination of the consortium after growth on the
sulfur-stress assay revealed a predominance of two pseudomonads along with several other organisms (App.
5). Upon separation and repeated tests of members of the consortium, only two isolates in pure cuiture,
UMX3 and UMX9, grew well on the sulfur-stress assay. Analysis of extracts revealed that only UMXS
produced 2-phenylphenol, and that UMX3 did not produce a detectable product (App. 5,8). As evidenced
by staining reactions, cell and colony morphology, and growth habit in liquid media, UMX3 appeared to be
identical to IGT S-8, with the exception of lack of 2-phenyiphenol in extracts of UMX3. The UMX9 appeared
to be unllke either UMX3 or IGTS8 (App. 6). Thus, we concluded that IGT S-8 was not present in the
consortium. The UMX cultures represented a fortuitous circumstance in which the original filtrate served as
an enrichment and selection medium faveoring the survival of organisms capable of desulfurizing the
minuscule amount of DBT that must have remained in solution; or perhaps sulfur was being recycled frem
biomass. Our subsequent tests revealed that the nondesuifurizing members of the original consortium would
grow In the suifur-stress medium only when the desulfuriziers were present. Moreover, the nondesulfurizers
usually were the dominant members of the consortia; indeed, desulfurizers were not apparent in the mix

when it was viewed via microscopy, yet they could be isolated by serial dilutions and plate culture on sulfur-
stress media. We concluded that the desulfurizer(s) liberated excess sulfur from the organosuifur substrate,
and that the other organisms scavenged the free sulfur, leaving just enough for survival of the desulfurizers.

Inasmuch as by this time the project was nearing final stages, and considering the fact that UMX3 and
UMX9 were the only isolates that we had obtained that exhibited biodesulfurization activity, we elected to
concentrate our remaining efforts on characterizing these cultures in comparison to IGT S-8; the remainder
of this report focuses on these activities, and the manuscript in App. 8 describes the results of our
investigations.

Our objectives were to reveal additional taxonomic or physiological differences among the three
organisms, and to compare the three with respect to biodesulfurization activity. For these assays, we used
the spectrometric method described earlier. Details of methodology are given in App. 7. Five replicate
cultures were used for each experimental variable vs. each tested organism; data are reported as the mean
of the five replicates, unless stated otherwise.

Taxonomic/physiological Studies. Our approach to taxonomic differentiation was to have the cultures
analyzed by MIDI analysis (App. 7) and to apply the APl carbohydrate utilization test to determine
differences, if any, in carbohydrate metabolism. We also compared physiological responses of each culture
with respect to abllity to degrade and perhaps grow on DBT-sulfone or 2-phenylphenocl, and checked each
for production of Kodama-type products from DBT. Not only would differences in ability to degrade or utilize
DBT-sulfone or 2-phenylphenal indicate genetic differences, but also would provide important information
in assessing degree to which biodesufurization occurred. For example, if UMX3 rapidly degraded 2
phenyliphenol, then its mechanism of biodesuifurization of DBT-suifone might be the same as that of IGTS8.
with the additional capacity for ring cleavage. Moreover, biodegradation of 2-phenylphenol would obscure
the actual rate of production. For these tests, we used spectrometric analysis and compared experimentais
vs. controls vs. time of incubation.



Kilbane (13) reported that the fatty-acid profile of IGT S-8 revealed Rhodogoggus rhodocrous, thus we
applied a similar technique to support our own taxonomic work., Qur rationale for use of the AP! test was
that because carbohydrate utilization likely represents metabolic pathways genetically distinct from
biodesulfurization of thiophenes, such differences would reflect true taxonomic differences among the
organisms. Moreover, Kilbane (personal communication) stated that IGT S-8 would not grow on glucose
as a carbon and energy source.

We should note that none of the three cuitures (UMX3, UMXS, or IGT S$-8) produced "Kodama“-type
colored products from DBT or DBT--sulfone, and no such products were detected by GC/MS.

The resuits of the MIDI analysis reported in App. 6 are not conclusive. Both UMX3 and IGT S-8 exhibited
similar profiles, but none of the three cuitures gave a good match with any organism in the library, including
Rhodococcus rhodocrous and a variety of other species of Rhodococcus. We can now only state that
UMX3 and IGT S-8 are obviously different from UMX9 and that all three exhibit Rhodogoccus-like features.

Figures 2-4, App.8 contain representative time-course assays of growth, disappearance of DBT-sulfcne,
and appearance of 2-phenylphenol for each of the three organisms assayed under sulfur-stress conditions,
with glycerol and glucose as carbon sources, and with DBT-suifone as sulfur source.

When DBT-sulfone was suppllied as sole carbon and sulfur source or 2-phenyiphenol sole carbon only
(with 0.16 mM sulfate added), increase in cell density after 120 h of incubation was about the same as
occurred when no carbon source was added. Some reduction in both 2-phenyiphenol and DBT-suifone
occurred for all three organisms. We attribute the slight increase in cell density to carryover carbon/energy
source from the starter cuiture. Small decreases in DBT-sulfone of 0.04-0.05 mM occurred for all three
organisms, indicating some removal by the cells. Data and discussion are presented in App. 8.

The results of the API CH tests are presented in Table 5, App. 6. Culture UMX3 would grow on glucose,
whereas neither UMX3 nor IGTS8 would do so, and only IGTS8 would grow on L-arabinose. Qur 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.

Comparative Biodesulfurization Activities. We wanted to determine the differences, if any, that existed
among the three cuitures with respect to rate and degree of biodesulfurization under a variety of different
conditions. We made time-course studies of cell density (O.D.) and disappearance of DBT-sulfone as
functions of different carbon substrates (glucose or glycercl) or added sulfate to test for repression of
activity. The results of first tests using the different carbon sources are presented in App. 6, Fig. 1 & 2; the
effects of added sulfate are described in Fig. 5-7, App. 8, which also presents a discussion.

We also tested each culture for effects of Ph 6, 7, & 8 (30°C) and temperatures of 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 discussion are presented in App.
8. The reader is referred to the manuscript of App. 8 for additional discussion, conclusions, and relevant
references.

Tests on Coal. It was only near the end of the project that we had obtained biodesulfurizing strains, thus
only 2 limited amount of work could be accomplished with coal. Details of the coal tests are presented in
App. 6. In summary, UMX3 or UMX9 exhibited greater growth on biodepyritized coal as a sole source of
sulfur than on control medium. Physical deterioration of the coal was evident after microbial growth.
Glucose and glycerol were supplied, thus it is urnlikely that the organisms were utilizing coal carbon.

We were not able to have chemical analyses done, thus we only can state that apparently the coal provided
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a source of sulfur; whether organic or not is not known now.

SUBCONTRACT PROPOSAL TASK SUMMARY

The subcontracted efforts were addressed to Task 4 - Organic Sulfur Removal of the Louisiana Tech
proposal. The subcontract proposal identified three Subtasks to be performed at the University of
Mississippl. Our success at accomplishing each of these efforts is summarized below.

Subtask 4.1 - Desulfurization with OC7-A

Dr. Joseph Fernandes of Louisiana Tech supplied us with a culture identifled as OC7-A. The suspension
contained several organisms, none of which appeared to be similar to OC7-A, and none of which exhibited
any evidence of biodesulfurization. Further work under Subtask 4.1 was not warranted.

Subtask 4.2 - Search for New Organisms

The narrative of the preceding pages 1-6, and the appended materials document our broad efforts and
narrow success under this Subtask, which became the primary focus of the research.

We were 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 services were available. As a major component of the
overall project, personnel at Louisiana Tech were to provide organic-sulfur analyses 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 blotreated coals (biodepyritized at LTU), work at LTU had
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-mediated Techniques

Louisiana Tech subcontracted separately with Dr. David Graves, Department of Chemistry, University
of Mississippi, for the plasmid work to be done under this Subtask. Qur own efforts focused on tests of cell-
free extracts of UMX9 and UMX3 (prepared by nitrogen-decompression or French press rupture) revealed
no detectable biodesulfurization activity. Some activity was detectable for the cell-particie fractions, but this
was greatly reduced when equated with a comparable-biomass, whole-cell preparation. Further work in this
direction was not done in favor of other efforts. A tentative conclusion is that the biodesulfurization activity
is not mediated by extracellular enzymes.

Dr. Graves analyzed several of our isolates for plasmids during the first year of the project, but none of
these ultimately exhibited true biodesufurization, thus the data were not relevant. Toward the end of the
project, Dr. Graves tested UMX3, UMX9, and IGT S-8; no plasmids were identified, thus further work under
this Subtask was not warranted.
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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

Re: Quarterly Report for the Period December 15, 1988 - March
15, 1989. Biodesulfurization Project.

Personnel

Beginning on January 1, 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 ferrocoxidans. Also on January 1, 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.

Sample 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, Cl, C2, Cl8, D20,
El, Fl4, 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 Dut: 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 100 ft/min velocity air flow). The culture dish lid
was replaced after about min of drying. Preparations were
monitored at room temp. (ca 25°C) 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? 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 21¢C!
prepared as described below:

Stock solutions: (autoclaved) 50g NH«Cl/500 ml water; 69.25 ¢
KH2PO4 /500 ml water; 50.25 g NasHPO4 /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-HCl/ 50 ml water; Hutner's mineral base (filter-
sterilized).

To prepare (per liter final volume):

1. 10 ml NH«Cl, 20 ml KH2PO4, and 20 ml Na:HPO4 stocks in 920 ml
distilled water, autoclaved, then cooled.

2. The following filter-sterilized solutions are added
aseptically to the solution fronm 1. above: 20 ml of trace metals
(Hutner's vitamin-free trace metal mix), 1 ml of vitamin mix, and
10 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 2.C
medium (10 ml NH4CL, 20 ml each KH2HPO4 and Na2HPO4) as well as
0.25 g yeast extract, 0.025 g triphenyltetrazolium chlorice
(TTC), 15 g agar, and 930 ml distilled water. The medium was
autoclaved for 15 min at 121°C, 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, SOMl1l-17-1, SOMl-17-3a, SOM1-17-3b,
SOM1-17-4, SOM1-17-5, SOMl-17-6a, SOMl-17-6b; Krawiec's cultures)
Wwere capable of utilizing DBT, but does not indicate if usage :s
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
S042- release.

1 Guirard. B.V., and E.E. Snell. Biochemical Factors in Growth.
In: Manual of Methods for General Bacteriology (G. Gerhardt,

ed.). American Society for Microbiology (publishers), Washington,
D.C. 1981.




Page 4 of 5
Analysis of DBT Degradation

Gas 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 10 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 (l1/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
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 1 ul of the extract was
injected into the gas chromatograph (FID detector, 15 ml/min He
as the carrier gas, 10 m HP-5 column). Standard chromatograms
have been prepared and preliminary trials have begun on assays

for PBT 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 100 ml of 21C media in 250 ml Erlenmeyer
flasks, incubated at 30°C, 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 19 m! of glycerin
(diluted 1:1 with water) and 5 ml of NaCl solution (240 g Nacl,
20 m! conc. HCl in 1 liter of water). The spectrophotometer is
zeroced with the sample and then 0.3 g of BaCl:-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,0'-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 1

Presumptive 4S or "Kodama" Activity of Nine Krawiec(LeHigh
University) Bacterial Strains Tested at UM

Strain Activity!
0.1% DBT 3.0% DBT

F (time) Color (time) F (time) Col time
a4 N Y (18 h) N Y (18 h)
B24 N Y (18 h) N N
cl Y (15 m) N N v {18 h)
C2 Y (15 m) Y (18 h) N Y (18 h)
cls Y (15 m) Y (18 h) N Y (30 m)
D20 Y (18 h) Y (18 h) N N
El Y (18 h) Y (18 h) N Y (6 h)
Fl4 N Y (18 h) N N i
F23 Y (2 h) N N N

1 N=none detectable; Y=detectable; times in min. or hours (all

colored products were orange). Strain Cl8 gave the most vivid
fluorescence.
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To: Brace Boyden, Interim Project Manager
Departmen: of Chemical Engineering
Louisiana Tech University
Ruston, Lx
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
March, 1989.

R. Studies on :the Lehigh University Isolates

Continued =-2sts revealed that the fluorescences assz:r is
sensitive to medium pH (using the 21C yeast extract mecium
described belcw). Best results were obtained at arounc pH 7,
with low activizy below 6.5, and with loss of detectabi=
fluorescence z: pH 7.5 and higher. The Hutner's vitamin-free
stock solution changed from straw yellow to almost colorless when
pH was adjustes to above about pH 6.5 and darkened a: azove pH
7.5. We have zzandoned the use of glucose and th= zure vitamin
mix described zzrlier for 21C. We now mix the three cr salzs
with 0.1% yeas: extract, adjust the solution pH to 7.0, add agar
at 1.5%, then z-toclave. &after the solution has cooleé to about
550 C, we add Eutner's solution (adjusted to pH 7.0). The medium

supports good growth of many isolates and gives a low background
fluorescence.
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We have obssrved an interesting phenomenon for the LeHigh
isolate C-18. To build up product concentration for extraction
and assay of possible 4S products, we repeatedly sprayed C-18
cclonies with C.1% DBT in ether; i.e., serial light appiications
were applied over a period of about 90 minutes. After about
three applications, with concurrent fluorescence around the
colonies, a diszinct clear zone (clear of DBT crystals) developed
around the colcny at about the location of the fluorescence.
Colored (Kodama-type 7?) products collected only on the colony
surface. We in:terpret this observation to mean that the cells
were producing extracellular enzyme(s) that converted the
crystalline DBT to colorless, noncrystalline (at least partially
water soluble), Zluorescing 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 fluorescence 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
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 4S8+ 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 # 3/8-257- 3356

Department of Chemical Engineering UM Fax ¢
Louisiana Tech University €ol-232- SYS3

Ruston, LA
Telephone: 318-257-2885

From: Bailey Ward,' Carcl 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+'" isoclates 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 obktain 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 overlocked 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)
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TELEFAX TRANSMISSION
Date: 7-10-89

To: Brace Boyden, Interim Project Manager (LTU Fax # 318-257-2562)
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 Postdoctforal Research Associzct

The University of Mississippi

Environmental and Applied Microbiology Laboratoriss
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 ethyvl
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 abour
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 "4§"
activity of pure cultures and mixed cultures (of unkncwn
composition) obtained from environmental sources. Some cultures
degraded DBT and DBT-sulfone when these were added to the culturess
in pure form. We have not yet obtained direct evidence of 4S
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. Procedure

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 =
0.05%) .

c. The flasks received a 10% inoculum and were then incubated at
30°C, 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 750
times.

e. When the layers separated, the organic layer was saved.

f. Steps 4 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 1.0 ml acetonitrile.

o g

. An internal standard (0.5 =1 of 0.1% thianthrene w/v
acetonitrile) was added.

i. The samples were analyzed via GC : HP-5 column with helium 2as
the carrier gas (15 ml/min), FID dstector at 280°C, oven
temperature starting at 100°C, final temperature 225°C, 10°C
increase/min.

II. Assays for 4S metabolism

Cultures: Lehigh strains, C18 and Cl, UM strain Cit2B. These were
chosen because C18 routinely produces fluorescence and orange
compounds when sprayed with DBT, Cl originally produced
fluorescence but no orange compounds, and Cit2B fluctuates in its
ability to produce fluorescence. Mixzed 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),
a2 final solution of 0.05% w/v. The cultures were extracted with
ethyl acetate and analyzed via GC for products of the 4SS patnway.

b. Raw samples from 4 sources were incubated in 25 ml of 21C mediun
(0.5% benzoate, pH 7.0) into which 12.5 mg of non-sterile DBT had
bean 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 ml were removed from each for
subculturing and the remainder extracted with ethyl acetate and
analyzed via GC. Colonies were isolated from the subcultur:s and
tested for fluorescence via the Lehigh spray plate method and for
DBT utilization via the TTC assay.

)




"III. Results

a. When grown in liquid medium containing DBT, Cl18 produced an
orange color; neither Cl 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, Cl8 showed a 32% decrease in DBT,
while Cl1 and Cit2B showed no decrease. No change in other 4sS
compounds was detected. When grown with DBTS, Cl8 showed a 36%
decrease and Cl 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 Cl1 utilized the Kodama pathway to
degrade DBTS. Cit2B does not appear to utilize DBT or DBTS at zll,
and the flucuating fluorescence may be due to something other than
the production of 4S products.

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 cthe
subcultures produced fluorescence when sprayed with DBT, or were
positive for the TTC assay: however, this may be dues to one of two

things. Either the organisms responsible for the degradation of
DBT were not isolated, or the organisms need to te in a mixad
consortium to synergistically wutilize DBT. Beth of thsse

possibilities are being examined further.

Work in progress and planned. Further tests are underway or
planned to provide details of metabolism of "4S" compcocunds Dby
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 zssay is being
reevaluated for effectiveness; the question is "carn we expect =cC
be able to measure sulfate ion release from coal :=r DBT at =zihe
concentrations of each that seem to be manageabls in growing
bacterial cultures?.
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! + ASSAY FOR 45 ACTIVITY

One nl filter-sterilized 4S substrate (12.5 mg/ml acetonitrile)

|
Dried to residue in 125 ml flask
4 l
25 ml growth medium (45 substrate = 0.05% w/v)

Inoculated from growing cultures
(plus uninoculated controls)

|
Incubated at 30°C, 150 rpm shaker bath

l
Two extractions with 12.5 ml ethyl acetate = 25 ml pooled

|
Dried to residue

!
Resuspended in 1.0 ml acetonitrile

plus internal standard of 0.5ml of 0.1% thianthrene in acetonitrile

1

GC analysis
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Dibenzothiophene sulfone

Standards in acetonitrile (12.5mg/ml); HP 5890A GC, HP 3396A
integrator, HP-5 column, He at 15 ml/min, Inlet at 250°C, FID
at 980°C, 100°C initial, 10°C/min to 225°C.



APPENDIX I

SUMMARY OF DBT SPRAY-PLATE ASSAYS
LEHIGH CULTURES AND KODAMA PRODUCTS
" GC/MASS SPECTROMETRY
SULFUR-STRESS ASSAY
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Frank Purdy, Graduate Research Assistant
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Laboratory of Environmental Microblology '
Department of Blology

University, MS 38677
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TASK-4 MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COMPQUNDS

A. History of Screening Assays

During the past year, we have recovered from natural sources (crude oils and refined fuels mixed with soi
or water) several Individual or mixed cultures that gave one or more indications of the proposed *4S*
pathway. About one hundred samples taken from a variety of locations were screened. The 4S indications
were obtained by UV fluorescence via the Lehigh-type, spray-plate assay, or by capillary gas
chromatography of extracts of growing cultures plus DBT or DBT-suifone. Because of uncertainties about
interference by colored *Kodama®-type products of DBT degradation, and by inabiity to obtain repeatable
results, the spray-plate assays were suspended sometime about midsummer, 1989. The report by
Monticello et al. (Appl. Environ. Microbiol. Vol. 49 (4), p. 756, 1985) states that a yellow product of DBT
degradation has a molecular ion of 178 and fluoresces blue under UV illumination. Another major product,
orange in color, fluoresced pumpie under UV. These are primarily water-soluble compounds. We suspected
that organisms that produced Kodama-type products would show blue/purple UV fluorescence due to the
colored products, thus severely limiting the value of the assay for screening for 4S products (phenyiphenol
or biphenol) which also fluoresce blue/purple under UV. Moreover, it would seem that the Kodama
products would be more likely to diffuse into the agar medium around the colonies, thus amplifying their
interference, inasmuch as the Lehigh assay relies on fluorescence around the colony perimeter. We note
also that we did not observe fluorescence on a colony, even when fluorescence was strong around the
colony, even when much colored product covered the colony. Some colonies were autofluorescent, and
some produced fluorescence around the colonies when sprayed only with ether. Moreover, such factors
as medium composition, pH, age of culture, DBT concentration, and some other unknown factors of
laboratory personnel techniques seemed also to affect the spray-plate assay. However, we acknowledge
that the assay should be useful for 4S organisms that do not produce interfering fluorescing compounds,

and might also be applied to these latter organisms if one can differentiate between fluorescence of 4S and
colored products.

In our initial spray-plate assays (eary in 1989) of nine of Dr. Steve Krawiec's (Lehigh) isolates, we observed
UV fluorescence of only one culture (F23) that did not produce conspicuous colored products. Our main
interest then was to use a known “flucrascer” (presumed then to be 4S-positive) to serve as a reference as
we screened for new isolates. We chose Lehigh strain C18 because it gave vivid and reliable D8T-
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dependent fluorescence; we note, however, that C18 also produces considerable amounts of colored
product from DBT. It was only.later that we began to question the interterence of the colored products (as
related by B. Ward at the August 1989 workshop at the PETC Contractors’ Review meeting).

We then focused on GC assays to screen for 4S-positive cultures. In brief, our assay consisted of
incubating crude or purified cultures in shake-flask, liquid medium in the presence of DBT, followed by
extraction in organic solvent (usually ethyl acetate), evaporation, then redissolving in acetonitrile for GC
injection. A cocktall of pure compounds ; “'ohenol, phenylphenadl, biphenyl, DBT, and DBT-sulfone) along
with an internal standard (phenanthrene) s -ved to establish reference standards. At the time that we were
testing the Lehigh isolates for UV fluorescence, we also attempted to detect 4S products using the GC
assay both by extracting directly from the agar-based, UV-fluorescing colonies, and by extracting from
liquid-cutture media. We were not able to detect any evidence of 4S products by any Lehigh isolate.

However, we suspect now that our techniques then were not properly tuned, and we believe that retrials will
give different (better) results.

During the Autumn of 1989, we focused on refinement of techniques, development of reliable GC assays
sensitive enough to detect small amounts of bioconversion of DBT to 4S products, initial trials on a low-to-
no sulfur bioassay (with DBT as sole sufur source), and on isolation of new cultures that exhibited 4S
activity (via GC assay). We discovered that we were getting “ghost’ peaks of 4S compounds due to
condensation and bleeding off in the injection port, and that cultures that we thought were 4S-positive
indeed gave no activity when retested under proper assay conditions. We subsequently obtained several
individual or mixed cultures that produced weak to strong peaks that had retentlon times (RT) equal to or
near those of DBT-sulfone, phenylphenol, and biphenyl. These cultures were derived from fresh crude oils
from either the Tinsley (Mississippi), Ecuta (Mississippi), or Citronelle (Alabama) oil fields, or from weathered
refined fuels (kerosene, olls) mixed with soil and coal particles (Smith O Company, Oxford, Mississippi).

8. Recent Screening Assays

During the present report period, we first focused on studies of two cuftures, one a mix of two seemingly

different organisms (the "Ecuta” culture), the other a Bacillus-type isolate (designated “SOC-3" from a Smith
Qil sample).

The Ecuta culture gave indications of 4S activity in that three (one weak. one moderate, one strong) peaks
were seen in the RT range between that of biphenyl and biphenal; another strong peak occurred identical
with the RT for DBT-sulfone. The Ecuta and Tinsley cultures also produce orange-colored, water-soluble
products that we take to represent Kodama products. Some color also extracted into the ethyl acetate
solvent used to recover possible 4S compounds, and in the acetonitrile solution used for injection into the
GC (these were especially obvious in the concentrated extract used for GC/MS analysis described in a
following section). We presume therefore that Kodama products also exist in the solvent extract. We
chose ethyl acetate (after tests on several sotvents) because it gave good recovery of most "4S" compounds
(polar to nonpolar) in a cocktail of standards extracted from cell suspensions and cell-free culture medium.
For example, DBT, phenylphenol, biphenol, and DBT-sulfone were extracted in ethyl acetate from cell
suspension at 79.9%, 74.5%, 82.5%, and 76.5% respectively. More recent tests indicate sonewhat better
extraction percentages (from cell suspensions) with dichioromethane (93.5%, 83.2%, 93.2%, and 79.3%,
respectively for the same compounds. Biphenyl was extracted at 39.0% and 47.6% in ethyl acetate and

dichloromethane, respectively. Except for DBT-sulfone (83.9%) efficiences in chloroform were less than
those for ethlyl acetate.

The SOCS3 isolate is of interest because it readily removes DBT from cuiture suspension under either
aerobic or anaerobic conditions. Moreover, SOC-3 does not produce colored Kodama-type products.
However, we have not been able to detect 4S compounds using our standard GC analyses. Under
anaerobic conditions, SOC-3 will readily metabolize either DBT or biphenyl. which is a possible product of
DBT desutiurization in the absence i oxygen. However, no prodicts were detected. We are continuing

to investigate the possibility that SOC-3 takes DBT through biphemyi (without accumulation) with
concomitant rejection of sulfate.
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The aforementioned Ecuta extracts were analyzed by GC/MS, first during about September 1989 using an
old instrument in the UM Chemistry Department. The resulting spectra indicated a sulfur-free product that
we were calling DBT-sulfone. However, the mass spectra did not match our GC spectra as to retention
times and number of peaks, so we were unable to determine that the sulfur-free product indeed was the one
that we were calling DBT-sulfone. The other peaks near phenolphenol and biphenol appeared (by MS
analysis) to contain sulfur. We prepared new samples of the Ecuta products, confirmed the presence of
peaks for unknown products (inciuding the "DBT-sulfone”) via GC, and reanalyzed (during January 1990)
using a new HP GC/MS system, equipped with a software-controlled identification package (with NBS
library of spectra). Mass spectra were interpreted by faculty in the UM dept. of Chemistry. Figure 1
represents a gas chromatogram of the Ecuta extract along with a standard reference cocktall. Figure 2
consists of the mass spectrum of the same extract along with individual spectra for labeled peaks 1-3, and
6 (lon masses 150, 164, 178, and 200, respectively). We used the convention of comparing the peak
(relative abundance) of the parent compound to that at plus two mass units, which if at 4% or greater of

parent peak indicates the presence of sulfur atom (method prescribed by Dr. Norman Heimer, Professor of
Chemistry, UM).

t

H
No identity now can be provided for the compounds of peaks 1 and 2 (< 30% match in the NBS library).
The compound of peak 3 has an ion mass of 178, the molecular weight of 3-hydroxy-2-
formylbenzothiophene, a colored Kodama product of DBT degradation, and Dr. Heimer acknowledged that
the same compound could yield the observed mass spectrum (Fig. 2, peak 3 spectrum).

Analysis of the individual mass spectrum of the compound that had the same RT as pure DBT-sulfone (peak
6) revealed a possibility for the presence of two compounds, an abundant one with a molecular weight of
200, the same as that of DBT-5-oxide, and a small amount of another with a molecular weight of 216, that
of DBT-sulfone. Although we have not yet obtained a mass spectrum for pure DBT-5-oxide or for DBT-
sulfone (the GC/MS was not available for our use in time to include the data for this report), our spectrum
for peak 6 matches that for DBT-5-oxide reported by van Afferden et al. (ACS, Div. Fuel Chem. Preprint Vol.
34(4): 561-572 [1988]) with respect to ion mass fragmentation. DBT-5-oxide is a product reported to be
produced by *Kodama® bacteria. We do not know If the ion mass at 216 represents the major parent
compound (DBT-sulfone 7). Professor lain Campbell (personal communication) suggested the possibility
for formation of small amounts of DBT-sulfone from DBT-5-oxide via GC, whereas the reverse would not be
the case. We have obtained DBT-5-oxide from P.R. Dugan and colleagues at INEL. The pure DBT-5-oxide
has a GC Rt equal to that of pure DBT-sulfone. During the next few weeks, we will gather more GC/MS
data in attempts to resolve questions about Kodama vs 4S products.

We now belleve that the GC peaks of the Ecuta culture extracts represent Kodama products or other
derivatives of DBT with intact sulfur atom. It appears that a variety of sulfur-containing products of DBT are
generated by microbial activity, and that some of these might give false-positive indications of 4S
compounds when extracts are analyzed by GC. We must note that we have analyzed via GC/MS only the
Ecuta culture; we plan to retest (via GC/MS and other methods) several isolates, including some of the
Lehigh strains, to determine the link between possible 4S activity and Kodama activity. Our position for

now Is that routine GC analyses yield only presumptive evidence of 4S activity, just as does the UV
fluorescence plate assay.

We (in earller reports) described that which we believed to be production of DBT-sulfone from DBT by
several of our own as well as some of the Lehigh isolates. We based our belief on the presence of a GC
peak with the same RT as DBT-sulfone. We note that all such isolates produced colored products, and it
is possible that for these other isolates it is DBT-5-oxide rather than DBT-sulfone that is detected via GC.
Moreover, we know now that the weak indications of production of phenyiphenal, biphenol, or biphenyt for
some cultures (as reported earlier) probably was the result of ghost peaks of residual, condensed pure
compounds used to generate reference chromatograms. We must retest all such cultures by use of GC/MS

(or by TLC/GC as described in the foilowing section) before we can make definitive statements as to 4S
activity.



C. New Approaches

‘ .
During the past few weeks, we have returned to studies of Lehigh isolates, as well as some of our own. Our
aim Is to reassess the spray-plate assay and to retest (via GC) the cuitures for production of 4S products.
We especially want to address the issue of Kodama vs. 4S products as these relate to spray-plate
fluorescence and detection of 4S products via GC and GC/MS. We do not feel that routine screening and
assays for 4S activity are warranted until we are confident that our assays will indeed detect and monitor
true 4S activity. Of special interest is a renewed investigation using the Lehigh strains C18, A4/B24
(suspected to be the same strain), and F23. C18 has received much attention in other laboratories (Lehigh

University and North Dakota, for example) where the spray-plate fluorescence activity is used as a putative
4S genetic marker for gene cloning.

Besting-cell Suspensions

We have reconsidered our practice of incubating developing cells in the presence of DBT. Although we
have not seen evidence that DBT itself is inhibitory to growth (at least for the organisms tested), we are
aware that Kodama products are inhibitory to some organisms (Monticello, et al., cited preceding). Itis
probable that those cuitures (most of ours) that produce colored products are growth-inhibited. It also is
possible that 4S products can be inhibitory, or that the same products can be metabolized by growing
cuttures. For generation, detection, and subsequent analysls of 4S products, it is desirable to maximize cell-
to-substrate (DBT) ratio, especially in consideration of the observations (J. Kibane, IGT) that desulfurization
of DBT requires cell/substrate contact. We suggest also that addition of surfactants might enhance activity
on hydrophobic compounds. Acidification of the culture suspension prior to extraction might also improve
recovery of phenolic compounds. Our goal is to arrive at reaction conditions for maximal 4S activity.

We are tuming to the use of resting-cell suspensions for screening assays. We will test effects of
acidification on extraction efficiency of phenylphenol, biphenol, and effects of different concentrations of
synthetic surfactants (or microbially produced, as these become available) on DBT bioconversions.

We have tested one method whereby we spray DBT (In ether) onto the bottom of a glass culture dish,
gvaporate, then overlay the uniformily dispersed DBT film with a harvested cell suspension. The cells were
grown up in complete nutrient medium, harvested by centrifugation, resuspended in a sulfur-free basal
medium, layered (about 10 mi in 100 mm diameter Petri plates) over the DBT film and incubated at 30°C for
24 h. Following acidification with two drops of 6N HCl, the suspensions were extracted with ethyl acetate
which then was evaporated; the residue was redissolved in acetonitrile for GC analysis. We tested the
Lehigh strains A4, D20, C18, and F23, as well as a few of our own isolates. The F23 strain was the only one
in previous tests that did not produce conspicuous colored products, but which did fluoresce via the spray-
plate assay. We also retested A4, C18, F23, and our SOC-3 for DBT-dependent fluorescence via the spray-

plate assay. Controls consisted of Cells only and for C18, cells also sprayed with ether only (no
fluorescence).

[esults.

1. When exdracts of the resting-cell preparations were analyzed by GC, only one strain yielded a peak with
a 4S retention time, and that was strain C18 with a peak at the DBT-sulfone/DBT-5-oxide RT. Strain A4
produced several peaks but none matched a RT for a 4S product. C18, D20, and A4 produced colored
products. Although the extracts were tinted with yellow/orange color, these apparenty were too dilute to
be detected. We do not now know the identity of the C18 peak at DBT-sulfone/5-oxide, but we will apply
GC/MS and TLC analyses in an attempt at identification. :

2. Only one strain, C18, produced UV fluorescence via the spray-plate assay. Within < $ min after
application of DBT, the C18 colony and its immediate perimeter fluoresced bright blue. At the same time,
yellow/orange pigments appeared in the fluorescing zones. After about 12 hours, both color and
fluorescence had disappeared. And after 12 hours, no other strain showed fluorescence or colored
products. We note that we never have seen either F23 or SOC-3 produce colored products from DB8T.
However, A4 usually does produce colored DBT products, but in this spray-plate assay it did not, and it also
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did not fluoresce. Each culture was resprayed with the result that C18 again produced fluorescence and
colored products, whereas no other culture produced either.

We note that the GC analysis of C18 extracts indicated either DBT-sulfone or DBT-5-oxide, and that of the
two, only DBT-sulfone fluoresces blue under 254 nm flumination. We ask... Is the C18 spray-plate
fluorescance due only to the colored products, or only to DBT-sulfone, or to both, or to neither? If the
fluorescence is due to phenylphenol or biphenol, then why haven't we been able to detect these 4S
products via GC analysis? (refer to C18 tests using TLC described In the next section). We will continue
work to answer these questions for C18 and for other isolates. We will attempt to extract the C18 products
from fluorescing agar plates for analysis via GC or GC/MS. The described method will be used both for

screening of crude cultures and individual isolates, and for quantitative assays when known amounts of
organosulfur substrates are added.

TLC/aC

We also have been exploring another method for screening for 4S activity. Ouring the past several weeks,
we have experimented with thin layer chromatography (TLC) as a means by which we can differentlate
between Kodama (and other) products and 4S compounds, and to recover the latter in relatively “clean*
form for GC or GC/MS analysis. Tests with a variety of solvent mixtures and solid phases yielded
preparations with which we can separate and visualize a variety of compounds of interest to our assays,
including both colored and 4S products.

Wae tested the Ecuta extract (same preparation used for .. @ aforementioned GC/MS data) using TLC, and
observed that the colored products stayed with or near the solvent front, and fluoresced blue; we saw no
evidence of DBT-sulfone, phenyiphenol, or biphenol. We were unable to distinguish between DBT and LBT-
5-oxide, which in pure forms had Rf values of 0.70 and 0.72, respectively. With a diffferent solvent system,
the colored compounds stayed behind the front and fluoresced blue.

We also tested via TLC the C18 extract (described above under Resting Cells, Results) that via GC showed
a peak at the RT for DBT-sulfone/DBt-5-oxide, and also preduced colored products. The colored products
separated, with conspicuous blue fluorescence. We could not detect any 4S compound other than the D8T
substrate. We will continue to explore use of TLC to separate the compounds of intarest and to provide a

means by which the individual substrates and products can be recovered independently for GC or GC/MS
analysis.

Bioagsays: Growth on DBT or DBT-sulfone as sole source of sulfur

Rejection of sulfur in the form of sulfate (or sulfite) accompanies the desutfurization of DBT via the proposed
4S pathway. Microbial cultures incorporate sutfur (usually via sulfate) into cellular biomass as they grow.
A complete nutrient culture medium provides an excess of sulfur (commonly as magnesium sutfate). If 4S
activity occurs independently of the availability of free sutfur for growth, then the 4S-generated sulfate would

enter the general pooi of medium sulfate. Under conditions where sulfate would not be growthdimiting, it .

might be possible to measure the increased sulfate concentration in the growth medium relative to control
cultures minus DBT, presuming of course that sufficient DBT desuffurization occurred. Under sulfurdimiting
growth conditions, 4S-generated suifur probably would be consumed as produced, and i is uniikely that
sulfate release could be detected by analysis of the cultu;e medium. However, one would expect to be able
to measure increase in cellular biomass, relative to DBT-free controls, as a consequence of DBT
desulfurization under sutfurimiting growth conditions. Moreover, in a sulfurdimiting environment, selection
of DBT-desulfurizing strains might be favored. Sultur is required in relatively small quantities hy most
microorganisms, therefore growth on organosulfur compounds as sole source of sulfur probably will result
in only small amounts of organosutfur desulfurization, with attendant production of desutfurized product that
must be detected and quantified to substantiate 4S activity. ‘We are testing media formulations and
experimental procedures for using microbial growth in low-to-no sulfur media for both screening and
confirmation of desulfurization of model organosulfur compounds. Earlier and preliminary trials indicated
that several complications must be resolved before the assay can be applied reliably.
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Figure 1 - Gas chromatograms of (A) relerenco cocklall of pure standards and (B) ethyl acetate extract ol

the Ecuta culture grown with DBT. Peak numbers correspond to numbers of GC/MS peaks in Flgure 2.
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TASK 4~MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR
COMPOUNDS
[

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 10 drops 6N HCl) 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

SL1 21

SL2 39

SL3 57%

SL4 43

C1l8 S0*

F23 46%

B24 61*

S0OC3 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.

B s



To determine whether the extraction efficiency of DBT or
metabolic breakdown products might be improved by the
disruption of cells, 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 10 minutes after which the suspensions
were brought tc atmospheric pressure.

Cl8 control +C18 Normal Extr. Cl8 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. Thin~Layer Chromatography

The unambiquous 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:
acetic acid in ratio of 95:5.

e R ——
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Compounds of interest:

L}st of compounds (1 mg/ml in acetonitrile )

[y

1. DBT (dibenzothiaphene)

2. DBTSOx (DBT 5 oxide) 10 ul/spot
3. DBTS (DBT sulfone)

4. BPOH (biphenol)

5. 2PP (2-phenylphenol)

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 1 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 REf 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 systemn.

Compound Rf Appearance
1 0.70 bright blue fluorescence
2 0.70 bright blue fluorescence
3 0.70 bright blue fluorescence
4 0.85 dark, slight ghost spots
i-5 0.90 dark, gray
6 0.99 dark, diffused

Note: Compounds 1, 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.

rp= -



C. Gas chromatography/mass spectrometry

"Positive" identifications of most of the critical compounds
have beéen 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 S5 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

INTRODUCTION

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-

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 (1) 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 1 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-phenylphenocl) 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 petroleunm
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 0il Co., Oxford, Miss. Strains designated
SL1, SL2, SL3 and SL4 were isolated from activated sludge from
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the University of Mississippi waste water treatment facility; SL1
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.

Screening\Detection Assays

We used several methods to screen for possible DBT or DBT-sulfone
desulfurization activity via 4S reactions:

1) Spray-plate 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/Vv), 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 doces
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 HCl 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 Slurry 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 0.D. at 660 nm was adjusted to 0.45 - 0.55. Ethe-
real solutions of DBT or DBT-sulfone were sprayed onto 100 mm di-
ameter culture dishes, then evaporated to leave a finely dis-
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persed crystalline.coating 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
HCl, 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. 10 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).

S.) Biocassays 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 tupves with added MgSO4 will support

growth indefinitely. Growth can be monitored by optical density
at 660 nm or visually.

Monitoring of Desulfurization Activity

1) Production of biphenol or phenylphenol (or both). 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 sens:itive enzymatic assay for sulfate is being
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developed;'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 (1), 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 C18 was first grown for two days on tryptic soy agar
plates; the same organisms were used directly from cryostorage
vials (-80 °C). All treatments and lines of C18 produced 2zones
of colored, diffusing material around the colonies that had been
sprayed with DBT. Dichloromethane extractions of these zones
were subjected to GC and GC/MS analysis. Peaks with retention
times near that of biphenol 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

s S Y 45 I T

i -



Quarterly Progress Report, Biodesulfurization Project
15 June 1990

the Ecuta ‘consortium 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-
foxide; no 4S products were detected, and the only UV blue-fluo-
rescing spots were the products that were orange to red-colored

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
peak 3.

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 the 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 suifur
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.
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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-
fone 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

EFFECTS OF BENZOATE AND SULFATE ON CELL-SLURRY ASSAY?

Conditions: - Benz - Benz + Benz + Benz
+ 504 - 804 + 804 - SO4
% DBT-suLfone Removed: 33 34 47 50 ~

2 Benzoate at 0.5 mg/ml; SO4 at 0.1% (w/v); values are means of
three replicates, relative to controls.

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 por-

S
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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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Figure 2 - Gas chromatographic analysis of ethyl acetate extract

of the ECUTA culture grown in shake flasks with DBT (12.5 mg/25

ml) for two weeks. A. Cocktail of pure compounds. B. ECUTA

extract (thianthrene = internal standard) . All DBT-derived .
products contained sulfur (GC/MS analysis).
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TASK 4--MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-
POUNDS

Components of the UMX Comsortia. 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
1; 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 MgSO4 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:

UMX1l: Typical Pseudomonas fluorescens; short grar negative
rod, bright yellow fluorescent pigment; profuse growth

on S1; grows poorly if at all with DBT or DBTS as sole
source of sulfur. i

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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UMXS: Dlarge 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
broth culture. ¢

TABLE 1. Characteristics for UMX Consortia

UMXa CONSORTIUM a

Growth
Strain  Morphology DBT/DBTs?t Possible ID
UMX3 gm var, coccus goocd Rhodococcus sp.
UMX9 gm +, short rod good ??
UMXh CONSORTIUM b :

Growth

Strain Morphology DBT/DBTS Possible ID
UMX1 gm-, short rod poor Ps. fluorescens
UMX2 gn-, short rod poor Pseudomonas sp.
UMX3 gnm var, coccus good , Rhodococcus sp.
UMX9 gnm +, short rod good ??

lDBT=dibenzothiophene; DBTS=dibenzothiophene sulfone.

e e e e 1

A PR PR -



Quarterly Progress Report, Biodesulfurization Project
15 September 1990

Sulfate!Concentration During Cell Slurry Interaction with
Dibenzothiophene gulfone (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 Mg;SO4, 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.

TABLE é. Sulfate Concentration After Cell Siur;z Assay

ppm Sulfate[Sulfitel

Sample +_ DBTS control, w/o DBTS
MM + 0.2 mM Mg,SO4 20.2 20.2

E. coli Wr? 11.7 9.8

C1s8 8.8 7.3

B24 14.6 13.2

SL32 7.6 not done

UMX1 11.1 9.8

UMX2 '10.4 not done

UMX consortium? not done 1.6 N

1. 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 K12, 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.
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In all cultures--including those that showed no activity on
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 Dg$§had about 10% more sul-
fate remaining than the control slurries.

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

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.

e
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Utilizaéion of Dibenzothiophene 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 Dibenzgthioghene Sulfone

i

CULTURE - [ DBTS ] $ REMO
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) 0.000 100.0
UMX3 (7 da) 0.156 6.0
UMX9 (3 da) 0.156 6.0
UMX9 (6 da) 0.104 37.3
vaNxl (20 da) 0.138 16.8
HUNTXL (20 da) 0.152 8.5

lyaNX is a corcortium 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 UMX3, when grown on DBT or
DBTS, releasad sulfate into the zedium under these condi-
tions; the UMXa consortium and UMX9 release phenylphenol de-
rived from the model organosulfur compounds.
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Coal culture of desulfurizing 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 (10 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 rebounded to 17.7 ppm. Thus,.the E. coli

preculture of the coal medium did not give the desired re-
sult.

An alternative method prcved successful. Samples of depyri-
tized coal (10 g each) were suspended in 100 ml 6N HCl 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 100 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 an¢ will monitor
these cultures for bacterial growth and release of sulfate.

Time course studies of UMXa consortium; UMX3 and UMX9

Tubes of minimal medium with glycerol as the carbon source
and 0.166 mM DBTS as the sole sulfur source were inoculated
with the UMXa consortium, or the isclates 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 phenylphenol was monitored by HPLC.

Figure 1 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 kinetics of DBTS for isolates UMX3 and UMX9,
respectively. UMX3 did not produce detectable organic prod-
ucts from DBTS. UMX9 did produce phenylphenol, but we have
not completed the analysis for the levels of this product.
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v APPENDIX

Ion chromatographic 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. S 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: 1.80 mM NasCO3, 1.70 mM NajHCO3; 2.0 mL/min
Regenerant: 25 mN H5S04: 3 mL/min
Background conductivity is typically 17 microsiemens

Sulfate standards (MgSO4) were prepared in Nanopure deion-
ized water (> 17 megohm). 2 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 S5 is a chromatograph of a mixture
of standard anions.

Figure 6 is a chromatogram of our minimal medium supple-
mented with 0.2 mM MgSO4 (1¢.2 ppm). Sulfate consistently
eluted at 7.0 - 7.1 minutes after injection regardless of
the mixture in which it was supplied. -
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FIGURE LEGENDS

Figure 1. Utilization of DBTS by and growth of UMXa consor-
tium described in the text; kinetics of phenylphenol
production.

Pigure 2. Utilization of DBTS by and growth of UMX3 isolate
described in the text.

Pigure 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: 1. fluoride, 2. chloride, 3. nitrate, 4. phos-
phate, 5. sulfate.

Figure 6. Anion chromatograph of the minimal medium supple=
mented with 0.2 mM MgSO4 (19.2 ppm sulfate).
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TASK 4--+MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-
) POUNDS

Utilization of Dibenzothiophene Sulfone

Neither UMX3 nor UMX9 (isolates from the UMX consortia that
are described in the preceding quarterly progress report; 15
September 1990) were able to use dibenzothiophene sulfone
(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.

Experiments are in progress to determine the capability of

these two strains to degrade DBTS in the presence of 0.2 mM
Mg,S0O4 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 (10 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

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 controlswith 2 ppm sulfate added supported an increase
from 5 x 10° CFU/mL at inoculation to approximately 2 x 106
CFU/mL attained at 5 days; no significant increase occurred
over the next 11 days. The UMX3 gulture supplied with coal
increased from the jinitial 5 x CFU/mL to a maximum
density of 8.7 x 10° CFU/mL over the 16 days. Over the same
time period, the UMX9 culture supplied with coal increased

PENCS
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from 4.2 x 10° CFU/mL to a maximum of 3.8 x 10% 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. 1In 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.

Summary -

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.
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TASK 4--MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-
POUNDS

|

Utilization of Dibenzothiophene Sulfone

both UMX3 and UMX9 are able to use dibenzothio-
phene sulfone (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 mM), and glyc-
erol and glucose were available as carbon sources, the uti-
lization of DBTS by UMX3 was noticeably less than when sul-
fate was not 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
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. 1In 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 UMXS should be able to do so.
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cell-free extracts of UMX9

We attempted to use methylene blue as a spectrophotometric
assay for -potential cleavage of carbon-sulfur bonds by
cell-free extracts of UMX9. The bacteria were grown in
minimal medium with DBTS as the sulfur source, and glycerol
and glucose as carbon sources; after the cells were
harvested by centrifugation, they were washed in 0.1 M
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.

culture of desulfurizing 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
coal (10 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 10° CFU/mL at inoculation to a final popula-
tion density of approximately 1.0 x 10’ CFU/mL after 20 days
for either UMX3 or UMX9. The UMX3 culture supplied with
coal increased from the initial 5 x 10° CFU/mL to final den-
sity of 2.8 x 10° CFU/mL. Over the same time period, the
UMX9 culture supplied with coal increased from 5 x 10°
CFU/mL to a maximum of 2.5 x 10® 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 socle 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.
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TASK 4--MICROBIAL ACTIVITY ON MODEL COAL ORGANOSULFUR COM-
POUNDS

gtilization of Dibenzothiophene Sulfone.

W2 attempted to grow strains UMX3 or UMX9 (isolates from the
UMX consortia that are described in the precediné 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, UMXS 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 UMXS

grown under the same conditions was apparedf, although rot
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
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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 UMX9, 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 UMX3, 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 1)

Comparison of UMX3, UMX9 and IGTSS8

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.
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TABLE 1. Comparison of Rhodococcus-like strains.

Strain IGTS8 UMX3 uMX9
Cell Mo;pg all strains were gram-variable eoccoid rods
Colony Morph slimy slimy rough/waxy
Colony color light pinkv light pink orange/pink
Glucosel - - ++
DBT/DBTS1 e+ +++ et
Product

from DBTS 20HBP? none3 20HBP2

1. Ability to use as the sole source of ci;bﬁn.

2. 2-hydroxybiphenyl

3. We were unable to detect any aromatic breakdown
products traceable to DBTS for this strain.

Confirmation of phenylphenol as a product of DBTS degrada-
tion by IGTSS.

LG

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
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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 IGTSS8
strain of Rhodococcus rhodochrous obtained from Dr. John
Kilbane is capable of ,releasing detectable quantities of
phenylpheﬁol into the medium as a product of Dst degrada-
tion. No other metabolites of DBTS could be identified.
Other major peaks on the chromatogram appear to be thi-
anthrene derivatives and have not been identified.

UMicrobial ID'—-fatty acid analysis of UMX3, UMX9 and IGTSS8

We supplied cultures of the three strains to Dr. Al 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 IGTS8; this strain had a match of 0.173 to
the database profile. Table 4 shows similar data for strain
UMX3, 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 1. 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
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 brothk 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 peak in frame a.

The mass spectrum of

Figure S. 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.
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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 1, as well as the fatty
acid analyses, we believe that strain UMX3 is likely the
same as IGTS8: 1like IGTS8, it is unable to grow on glucose
as the sole carbon source; moreover, it is moronlogically
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
phenylphenocl 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 desulfurizing 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”Uhiversity,
sample # 1003, A & B; 10 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
mL 6N HCl 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 of 200 mL eac@ 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 cocal treated in this manner typically con-
tained 1 to 2 ppm sulfate.

TWwo series of growth experiments were completed with UMX3
and UMX9 inoculated into sulfate-free minimal medium con-
taining glycerol and glucose as the carbon sources and

washed, depyritized coal (10 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 (25°C).
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 UMX9.

o T p—
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The final pH values for each culture condition were:

Uninoculated Minimal Medium pH 7.0
Uninoculated coal control pPH 6.8
UMX3 grown on MM + 2 ppm SO4 pH 6.5
UMX9 grown on MM + 2 ppm SO4 pPH 6.8
UMX3 grown on MM + coal pH 5.7
UMX9 grown on MM + coal PH 6.9

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 UMX3 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 suspens}on indefi-
nitely. 1In 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 durinc the course of the two experi-
ments. 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 mediunm
containing coal that was inoculated with UMX3 has increased
at least twofold (to 5 ppm) in the S5-day post-inoculation
sample but then declined to 1 to 2 ppm; the analogous UMX9
culture did not show a similar increase in sulfate. 1In the
second experiment, we did not observe this small increase in
free sulfate in either the UMX3 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 S-day sample showed only 1 to 2 ppm
sulfate.

v
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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.

ks
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Table 5. Results of the CH Assay

;
Carbohydrate UMX3 IGTS8 UMXS

Glycerol Yes Yes Yes
Ribose Yes Yes Yes
D-Glucose No No Yes
D-Fructese : Yes Yes Yes
Inositol Yes Yes Yes
Mannitol Yes Yes Yos
Sorbitol Yes Yes Yes
N-Acstyl-glucosamine Yes Yes Yes
Esculin Yes Yeos Yes
Saccharose Yes Yes Yes
Trehaless Yes Yes Yos
D-Arabitel . Yes Yes Yes
Gluconate Yes Yes Yes
L-Arabinose No  Yes No

-1. Carbohydrate utilization was tested by the API CH test
kit. The strains were cultivated for 48 hours in organic
snulfur medium with magnesium sulfate as the sole sulfur
source. Cellls were aseptically harvested, centrifuged
(15,000 g for 20 min), and washed with 0.01 N phosphate
buffer. Cells were then centrifuged again and resuspended
in organic¢ sulfur medium with no carbon source. The 0.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.
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MATERIALS AND METHODS
(adapted from text by R.F. Purdy)

Sulfur-Stress Assay. Glassware was acid-washed (6N HCL for 60 min) to remove residual sulfate, then
rinsed at least three times in delonized water (Nanopure Type |, 17 megohm) and capped to prevent sulfur
contamination from dust particles. Growth was quantified at 660 nm using a Milton Roy spectronic 501;
optical path was 1.6 cm with the 20 mi culture tubes. An uninoculated tube containing growth medium
served as the reference.

A modified 21C medium (Table I} in which chloride salts replaced sulfate salts was used for the
maintenance of working cultures and testing of cuitures on the sulfur-stress assay. Carbon substrates were
0.5 % w/v glucose and 0.5% v/v glycerol. Inorganic sufur (lon chromatography) in the sulfur-stress medium
did not exceed 1 ppm sulfate. Tryptic soy broth (12 g/l) was used to grow cells prior to testing in the
sulfur-stress assay.

The suifur-stress assay served both as a screening device to detect organisms capable of desulfurizing
model coal organosulfur compounds and to characterize the physiology of the desulfurizing cultures. The
assay was a modification of the Kilbane and Blegla sulfur bloavailability assay in which organisms were
screened for ability to grow under a sulfur-stress environment where the only plentiful source of sulfur was
an organosulfur compound. We used DBT-sulfone because of its greater water-solubility than DBT. A water-
saturated solution contained 0.166 mM DBT-sulfone and gave an optically clear medium, needed for
accurate measurements of O.D. of cell suspensions. Moreover, DBT-sulfone did not yield Kodama-type
products.

Cuitures were first grown in tryptic soy broth (12 g/1) for a period of 48-72 hours, then washed twice with
0.01 N phosphate buffer and resuspended in sulfur-stress medium for 24 hours, at which point the O.D. of
the cultures was about 0.3. Inoculum size was 0.5 mi/10 ml medium In culture tubes. The usual assay
consisted of three sets of tubes, each containing sulfur-stress medium: one set contained organic sulfur
compound; a second set contained no sulfur source (negative control); a third set contained 0.16 mM
magnesium sulfate {positive control). Initial screening tests also included a fourth set of tubes, containing
sulfate plus DBT-sulfone to ascertain possible inhibitory effects of DBT-sulfone; such effects were lacking
for UMX3, UMX9, and IGT S-8, thus we eliminated the fourth test set for subsequent trials. Positive
biodesulfurization was indicated by growth on DBT-sulfone relative to the negative control.

To Isolate bacteria from a consortium that tested positive on the suifur-stress assay, 12 gm/! of
noble agar was mixed with sulfur-stress medium containing DBT-sulfone. More organic sulfur was added
by 1 mi of ether sprayed on the plate from a stack solution of 90% wt/vol DBTS. Separation of organisms
that could not utilize DBTS as a sulfur source was by the spread-plate technique on 1.4 g/1 TSB with 14 g/
of agar.

Cultures capable of growth in the sulfur-stress assay were maintained on the same medium for
working stocks. Transfers of stocks were made at least weekly. Cultures were also maintained on TSA
slants stored at -5 oC, and in glycerol at -80°C.

Instrumental Analysis. Quantification of 2-phenyliphenol (2-hydroxybiphenyl) in the sulfur-stress assays was
conducted by gas chromatography. Disappearance of DBT-sulfone in the resting cell assays was also
monitored by gas chromatography. The gas chromatograph was a Hewlett Packard 5890 series equipped
with a 530 series capillary column with a splitltess injector. The carrier gas was helium (15 mi/min).
Hydrogen and compressed air flow were 30 mi/min and 135 ml/min respectively. Detection of substrate was
by flame ionization detector (FID). Injector temperature was 260 oC, and detector temperature was 280 oC.
Temperature programming for the oven was 100 oC initially with ramped at 1 oC/min until the maximum
oven temperature of 255 oC was reached. Figure 9 depicts the standard curves for DBT-sulfone and
2-phenylphenol as measured by gas chromatography.

Mass spectrometry, courtesy of the Ole Miss chemistry Department, was used to confirm identity of
desulfurization products. We used a Hewlet-Packard MSD-5971 GCC/MS coupled with an HP software
library of ion spectra plus a customized li*rary of our own standard compounds. Faculty of the Chemistry
Department assisted with operation and interpretation of spectra.



Suifate analysis was accomplished by the use of anion chromatographic procedures. This method is
sensitive and specific for sulfate at concentrations of 0.5 parts per million up to 1000 ppm. We used a
Dionex Model 20001 equipped with a HPIC-AS4A column and a conductivity detector.

The disappearance of DBT-sulfone or 2-phenyiphenol was monitored by UV-spectrometry using a
Milton Roy Spéctronic 1201..This system was coupled to a Zenith XT computer that ran the Spec Scan
Application software ver 1.01 (Miiton Roy Analytical Products Division, 820 Linden Avenue Rochester, New
York 14625). One cm matched-quartz cuvettes were used.

Samples for gas chromatography and GC/MS were extracted according to the following protocol:
acidification by the addition of two drops of 6N HCL, extraction with dichioromethane equal to one half the
total volume of the samples, removal of aqueous portion by phase-separating paper (Whatman 1PS). The
extraction procedure was performed twice: extracts were pooled, transferred to 50 ml jars, and allowed to
evaporate complstely. Samples then were resuspended in 1 ml of dichloromethane. To each sample, 0.5
mi of a 100% thiantherene solution was added as an internal standard.

The extraction procedures for UV-spectroscopy: a 1.5 ml sample was centrifuged for 10 minutes at
10,000 x g, after which the clear supernatant was analyzed.

Comparative Tests on UMX3, UNX9 :and IGT $-8: Cultures were grown for at least three transfers in sulfur-
stress medium with DBT-sulfone and thiantherene as the suifur sources. Cn the third transter, cells were
grown with DBT-sulfone as a sole sulfur source for a period of at least 48 hours and not more then 72 hours.
Experimentai variables were pH, temperature, different carbon substrates, addition of inorganic sulfur, and
different organic sulfur substrates. The O.D. of the starter inoculum was adjusted to about 0.3. Inoculation
volume was 1 ml into 9 ml of medium unless otherwise noted. Growth was monitored at 24 hour intervals.
The concentration of DBT-sulfone and 2-phenylpheno! was monitored by UV spectrometry unless otherwise
noted. ‘

Carbohydrate utilization was tested by the use of rapid CH test kit (AP! analytab products. Division
of Sherwood Medical. 200 express Street, Plainview, New York 11803.). Organisms to be tested were
incubated in sulfur-stress medium (50 ml) with 0.2 mM magnesium sulfate and no DBT-sulfone for 48 hours.
Protocol for CH test: cells were aseptically harvested by centrifugation (15,000 x g for 15 min), washed once
with 100 ml 0.01 N phosphate buffer, centrifuged (as above) and then resuspended in 100 mi of medium
(magnesium sulfate instead of DBT-sulfone) with no added carbohydrate source. The final O.D. in the 100
mi of medium was adjusted to 0.05. About 1 ml of inoculum was placed in each of the 49 test sites on the
AP! strip. Carbon utilization as evidenced by visual confirmation of growth was monitored at 24 hour intervals
for 8 days.

Tests for degradation/utilization of 2-phenclphenyl or DBT-sulfone were made by supplying each
compound (at 0.166 mM) as a sole source of organic carbon. Assays for 2-phenylphenol also contained
0.16mM magnesiumm sulfate, whereas DBT-sulfone assays contained no other source of sulfur. Inocula
were taken from the third transfer cultures grown on standard sulfur-stress media (glucose and glycerol as
organic carbon sources). Growth was monitored by optical density and substrate disappearance was
monitored by UV spectroscopy.

To determine if the desulfurization process was inhibited by inorganic sulfur, we added 0.166 mM
magnesium sulfate to the sulfur-stress medium. Growth and DBT-sulfone disappearance were monitored
by standard techniques.

The effect of glucose and glycerol (as carbon substrates) on desulfurization activity was investigated
by growing cultures for 140 hours in ssulfur-stress medium medium with a single carbon substrate (10 mM)
of either glucose or glycerol. Growth and DBTS disappearance were measured by standard techniques after
140 hours.

Resting-cell cultures were defined as cells that had entered the stationary phase of batch culture.
Stationary phase for the cultures occured after growth for 165 hours in flasks (non-agitated) that contained
25 mi of sulfur-stress medium medium with DBT-sulfone and thiantherene. For the resting-cell assays: cells
were harvested in staionary phase and centrifuged at 15,000 x g for 20 min; the cell pellet was washed with
0.01 N phosphate buffer, then centrifuged again at 15,000 x g for 20 min, and resuspended in sulfur-stress
medium without any type of sulfur source. Cells were allowed to incubate for 24 hours to expend
endogenous energy reserves. Ten mi of cells (0.45-0.55 O.D.) then was layered onto a plate that contained
DBT-sulfone and incubated for for 24 hours at 30 oC and 70% humidity. The DBT-sulfone plates were
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prepared by this method: 1 ml of ethereal solution of DBT-sulfone (2.5 mg/ml) was sprayed on a 100 mm
Petri plate, and the ether was allowed to evaporate leaving fine dispersed crystals of DBT-sulfone on the
plate. Plates were extracted after 24 hours and analyzed GC.

To test biodesulfurization activity on other organosulfur compounds, a variation of the standard assay
was used, whefeby ethanol was used to enhance solubility of the compounds. Ethanol also served as
organic carbon source (all three cultures-UMX3,UMX9, and IGT S-8-grew on ethanol). Stock solutions of
DBT, DBT-suifone, DBT-5-Oxide, Diphenyl sulfide, 3-Aminophenyl sulfone, Methylene biue, 3-Carboxyl
thiophene, Benzothiophene, Thionapthalene,and trithiane) were prepared by the following method: the sulfur
substrate (1.66 mM) was added to §% v/v ethanol and water. The sulfur-stress medium was prepared
without DBT-sulfone or a carbon substrate. The medium was completed by the addition of one ml of
organosulfur stock solution to 9 mi of assay medium. Final ethanol concentration in each tube was 0.5 %
v/v. Final concentration of the organic sulfur substrate was 0.16 mM in each tube. Sulfur substrates were
considered growth supportive in the event of growth (0.1 O.D.) on the third transfer.

Sulfur-stress medium was used with 3-aminophenyl sulfone at 0.5 mM. Utllization of 3-aminophenyl
sulfone was montitored by HPLC, and growth was monitored after 165 hours by standard technique.
Fatty acid profiles (MIDI analysis) were conducted by Craig Richardson at the University of Alabama,
Huntsville, on the cultures 1JMX3, UMX9 and IGTS8 to aid in taxonomic identification.
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TABLF 1 - SULFUR-STRESS MEDIUM

Table 1. Modified 21C medium
' .

stock Solutions: (500 ml)

KH2 POq 69.25 g

Najz HPOy 50.25 ¢

NH4 CL 50.00 g
salts Mix: (L)

MgCL2 11.2 ¢

CaClz -2H20 5.0 g

(NH¢ )eMo7 -4H20 10.0 mg

FeCly-6H20 200.0 mg

MnClz -4H20 . 50.0 mg

EDTA 500.0 mg
Trace Metals: (100 ml)

EDTA 150.0 mg

ZnCl: 71.25 mg

CuCL; 20.6 mg

NaB407 -10H20 17.7 mg
Organic Sulfur Source: (L)

Dibenzothiophene sul fone 50.0 mg
Carbon Source: (100 ml)

D-glucose 10.0 ¢

Glycerol 10.0 ml
Vvitamin Stock: (50 ml)

Biotin 0.5 mg

Nicotinic acid 50.0 mg

Thiamine HCL ' 25.0 mg
Preparation

1. 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 10 ml of ammonium
chloride stock solutioen.

3. Add 20 ml of salts mix, 1 ml trace metals, and 10 ml of
each carbon substrate.

4. Add liquid portion of organic stock solution to make 1 L

of medium.
ef 3

Adjust the pH of the medium to 7.
Filter sterilize.
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