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EXECUTIVE SUMMARY

The objective of this Cooperative research and Development Agreement project
between Oak Ridge National Laboratory (ORNL) and Baker Performance Chemicals
(BPC), Chevron, Energy BioSystems, Exxon, UNOCAL and Texaco is to investigate the
biological desulfurization of crude oil. Biological removal of organic sulfur from crude oil
offers an attractive alternative to conventional thermochemical treatment due to the mild
operating conditions afforded by the biocatalyst. In order for biodesulfurization to realize
commercial success, reactors must be designed which allow for sufficient liquid / liquid
and gas / liquid mass transfer while simultaneously reducing operating costs. To this end
we have been developing advanced bioreactors for biodesulfurization and have been
studying their performance using both actual crude oil as well as more easily characterized
model systems.

This CRADA was originally established to be a 3 year program, but was extended to S
years due to continuing interest. Because of business restructuring, UNOCAL, whose
activities focused upon the supply and analysis of crude oil samples, was unable to
continue its participation in the CRADA. Hence this report is designed to cover only
UNOCAL'’s contribution to the CRADA as other aspects of the research are not yet
complete. '

Experiments investigating the biological oxidative desulfurization of crude oil
demonstrated that while dibenzothiophene like structures were readily degraded (>90% in
48 h) this desulfurization had minimal impact upon the total sulfur in the crude oil. This is
because these structures represent less than 1% of the total sulfur found in the crude.
Additional research is needed investigating sulfur speciation in crude oil with increased
efforts upon broadening the sulfur specificity of the biocatalyst.




INTRODUCTION

Biological removal of organic sulfur from crude oil offers an attractive alternative to
conventional thermochemical treatment due to the mild operating conditions afforded by
the biocatalyst. In order for biodesulfurization to realize commercial success, reactors
must be designed which allow for sufficient liquid / liquid and gas / liquid mass transfer
while simultaneously reducing operating costs. To this end, we have investigated the use
of electro-spray reactors for the desulfurization of the model compound dibenzothiophene
(DBT) as well as actual crude oil. The electro-spray reactor (ESR) creates an emulsion of
aqueous biocatalyst (5 - 20 pum diameter droplets) in the organic phase by concentrating
forces at the liquid /liquid interface rather than imparting energy to the bulk solution as is
done in impeller mixed reactors. Experiments are being conducted in the ESR to
determine the rates of DBT oxidation and are being compared to results obtained in a
batch stirred reactor (BSR).

CRADA TASKS

UNOCAL'’s task was to evaluate the extent of desulfurization of crude oil, when the crude
was treated with the bacteria IGTS8. This bacteria desulfurizes dibenzothiophene type
structures in the oil as shown in Figure 1. The advantage o this biocatalyst relative to
others is that it desulfurizes while leaving the hydrocarbon intact rather than mineralizing
the compound to carbon dioxide. This allows for retention of fuel value. Experiments
were performed using both “Sand Flat” oil supplied by Texaco as well as “Van Texas” oil
supplied by UNOCAL. Characteristics of these two oils are shown in Table 1.
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O

ofoccus sp. strain IGT58 Pathway

Figure 1. Pathway of desulfurization of dibenzothiophene by IGTSS.



Table 1. Characteristics of Oils Investigated

OIL API Gravity Total Sulfur
Midway Sunset 12-13° 1.40 %
Van Texas . 22-24° 0.96 %
Sand Flat 22-24° 2.00 %
RESULTS

All experiments were performed using Rhodococcus IGT-S8 as the biocatalyst. Experiments in
batch stirred reactors (BSR) were performed on Van Texas and Sand Flat crude oils. Total sulfur
analysis was conducted by Texaco. The total sulfur content did not decrease in any of the
experiments. Analysis of individual sulfur species for the same run (r36) by UNOCAL (Figure 2)
has shown 60-90% reduction m DBT and C1, C2 substituted DBT’s for Sand Flat oil after 48
hours of treatment and greater than 90% reduction of these species from Van Texas crude in the
same time period. Nine individual DBT derivatives were identified and quantified by UNOCAL
and the total sulfur content of these compounds in Sand Flat oil before treatment amounted to
about 0.013%. This is a very small fraction of the total sulfur content of the oil and it is not
surprising that the total sulfur analysis conducted by Texaco did not show a decrease after
treatment even with 60-90% reduction of the individual sulfur compounds measured.

BSR runs performed with Van Texas and Sand Flat crude oil were repeated to provide Texaco
with more oil sample to perform individual sulfur species analysis as conducted by UNOCAL.
Treated oil was fractionated into aromatic, aliphatic, alkane, and asphaltene fractions and the
sulfur species in the aromatic fraction was analyzed using a sulfur chemiluminescent detector on 2
gas chromatograph. As shown in Figure 3, while lower molecular weight species such as
dibenzothiophene were desulfurized, no desulfurization took place among higher molecular weight
compounds. Biological treatment reduced the total sulfur content of the aromatic fraction from 3.8
to 3.2% while not appreciably altering the total sulfur content of the whole oil.

These results point toward the need for a more thorough understanding of the sulfur species present
in the crude oil as well as further biocatalyst development work to broaden the sulfur specificity of
microorganism.




GC-MS of Biotreated Crude
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Figure 2: Biodesulfurization of DBT and substituted DBT’s in crude oil.
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The following letter is a report from UNOCAL which serves to further outline their
involvement in this CRADA:




UNOCAL®

June 27, 1997

Dr. Eric Kaufman

Lockheed Martin Energy Systems
P.O. Box 2008, MS 6226

Oak Ridge, TN 37831-6226

Dear Dr. Kaufman,

This report was written at your request to document Unocal’s participation in the Biodesulfurization
CRADA (FWP FEAC300) at the Oak Ridge National Laboratory. Unocal’s contribution to the effort was
in the form of consulting, analytical support and equipment and material supply. The breakdown of the
support over the 28-month period is as follows:

Consulting/Travel/Technical Awareness of

Developments in the Field of Biodesulfurization $50,500
Laboratory Analysis $12,000
Equipment and material supply $ 6400
Total $66,900

The consulting/travel/technical awareness includes 6 days of CRADA meetings, reviewing work and data,
maintaining an awareness of developments in petroleum biodesulfurization and associated travel costs.
The laboratory analysis includes characterization of two candidate oil samples and high resolution gas
chromatography/mass spectrometry of biotreated and control samples. A gas chromatograph detector was
purchased for use at the Oak Ridge National Laboratory and the installation costs were paid by Unocal.
Samples of oil were procured from the Midway-Sunset and Van Field and shipped at Unocal’s expense.

The remainder of this report documents the analyticai procedures employed to analyze the oil samples.

Water content

The water content of oil samples was reduced to less than 0.5% unless the presence of water was
specifically desired. The water concentration was measured with an automated commercial Karl-Fischer
titrator. Water was removed by diluting the oil with dichloromethane or toluene to reduce viscosity and
drying over calcium sulfate.

Elemental Analysis for Carbon, Hydrogen, Sulfur and Nitrogen

This method determines the carbon, hydrogen, nitrogen, and sulfur content of solid and liquid samples
using an elemental analyzer. The detection limits are routinely 0.1 wt% for carbon, hydrogen, nitrogen,




and sulfur, respectively. The relative precision (%RSD) of this method using the solid autosampler for the
determination of CHNS is 0.4%, 1.2%, 3.3%, and 2.3%, for carbon, hydrogen, nitrogen and sulfur,
respectively. When the liquid autosampler is used, the %RSD for carbon and hydrogen is 0.34% and
0.75%, respectively.

This method is based on the use of a conventional carbon/hydrogen/nitrogen/sulfur (CHNS) elemental
analyzer (Carlo Erba EA1108). For the determination of total wt% CHNS, a weighed sample is placed
into an oxygen-rich atmosphere within a combustion tube at a temperature of 1020°C. The sample is
combusted under conditions where approximately 85 to 90% of the oxidation takes place as flash
combustion. Further oxidation is promoted catalytically by tungstic oxide in the upper portion of the
combustion tube. The excess oxygen is removed from the system by oxidation of a copper bed in the
lIower portion of the combustion tube. The resulting combustion gases, carbon dioxide, nitrogen, water,
and sulfur dioxide, are swept into a chromatographic column (Porapak QS 50-80 mesh) using a helium
carrier gas. A thermal conductivity detector is used for quantifying each component. A single sample
analysis reuires approximately 13 minutes.

The method requires standardizing the instrument with a standard of known composition, such
as sulfanilamide when using the solid autosampler or toluene when the liquid autosampler is used. The
best standard is one that has a similar composition to the sample to be determined. After standardization,
samples are weighed into tin capsules, which are subsequently crushed to remove all trapped air before
analysis. Viscous samples require using a tin capsule within a tin capsule to prevent leakage. Volatile or
liquid samples are weighed into a thick-wall tin capsule which can be purged with helium and
hermetically sealed. If the samples are extremely volatile and do not maintain a constant weight on the
balance, the liquid autosampler must be employed.

Nickel and Vanadium

This test method covers the determination of nickel and vanadium in liquid petroleum hydrocarbons and
in solid petroleum hydrocarbons that can cither be liquefied with moderate heating or dissolved in a
suitable organic solvent. The applicable concentration range will vary to some extent with the
instrumentation used and the nature of the sample. Optimum conditions will allow the direct
determination of nickel and vanadium in essentially paraffinic samples at concentrations exceeding 0.5

ppm.

The oil sample (after heating or diluting if necessary) is poured into a polyethylene cup which is then
covered with an ultra-thin Mylar film window. The sample is irradiated in an x-ray spectrometer with a
rhodium or tungsten target tube. The resultant fluorescent x-rays from the sample pass through the Mylar
window and a slit to the analyzing crystal, from which the Ni Ko and V Ko x-ray lines are reflected into a
proportional counter. The counts from cach line are summed for a period of time, as are the counts from
the S Ko x-ray line, in order to correct the nickel and vanadium concentrations for the presence of sulfur.
The resuits are computed from calibration curves that are updated prior to sample analysis.




Viscosity
Viscosity is measured with a Brookfield viscometer ASTM 2983,

Simulated Distillation (Capillary Gas chromatography)

Column

A 5.0 meter x 0.32 mm id Ultra 1 crosslinked methyl silicone gum with a film thickness of 0.52 um. This
is available from Hewlett Packard: part number 19091A-115.

GC Conditions

Set up the gas chromatograph with helium as the carrier gas. Set the dead time at 25°C for 4 seconds by
adjusting the head pressure (the head pressure reading is about 6 PSI). Set the injector temperature to
320°C and the detector temperature to 350°C. The oven temperature is programmed as follows: -20°C for

2 minutes, increasing at a rate of 10°C/min. to 350°C, then hold for 22 minutes for each run. '

Gas Chromatography/Mass Spectrometry

I requested a brief methods description from the outside laboratory. 1 will forward the information when I
receive it. If you choose to publish this data, I would like to acknowledge the outside lab and chemist who
performed the work, APTI Geosciences, Houston, Texas and Dr. Zbigniew Wilk

I personally enjoyed the interaction within the CRADA. Unfortunately, Unocal has changed considerably
from the time of our initial involvement in the CRADA and hydrocarbon desulfurization technology has
not received support from our operating groups. I wish the CRADA and you good luck in your endeavors.

Regards,

Clifford D. Juengst
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