
EP 0 576 557 B1 Description BACKGROUND 5   Sulfur is an objectionable
element which is nearly ubiquitous in fossil fuels. The presence of sulfur
has been correlated with corrosion of pipeline, pumping, and refining
equipment, and with premature breakdown of combustion engines. Sulfur also
contaminates or poisons many catalysts which are used in the refining and
combustion of fossil fuels. Moreover, the atmospheric emission of sulfur
combustion products such as sulfur dioxide leads to the form of acid
deposition known as acid rain. Acid rain has lasting deleterious 10
effects on aquatic and forest ecosystems, as well as on agricultural areas
located downwind of combustion facilities. Monticello, D.J. and W.R.
Finnerty, (1985) Ann. Rev. Microbiol. 39:371-389. Regulations such as the
Clean Air Act of 1964 require the removal of sulfur, either pre- or
post-combustion, from virtually all fossil fuels. Conformity with such
legislation has become increasingly problematic due to both the rising need
to utilize lower- grade, higher-sulfur fossil fuels as clean-burning,
low-sulfur petroleum reserves 16  become depleted, and the progressive
reductions in sulfur emissions required by regulatory authorities.
Monticello, D.J. and J.J. Kilbane, "Practical Considerations in
Blodesulfurization of, Petroleum", IGT's 3d Intl. Symp. on Gas, Oil, Coal,
and Env. Biotech., (Dec. 3-5, 1990) New Orleans, LA. There are several
well-known physicochemical methods for depleting the sulfur content of
fossil fuels prior to combustion. One widely-used technique is
hydro-desulfurization, or HDS. In HDS, the fossil fuel is 20  contacted
with hydrogen gas at elevated temperature and pressure, in the presence of
a catalyst. The removal of organic sulfur is accomplished by reductive
conversion of sulfur compounds to [err], a corrosive gaseous product which
is removed by stripping. As with other desulfurization techniques, HDS is
not equally effective in removing all forms of sulfur found in fossil
fuels. Gary, J.H. and G.E. Handwerk, (1975) Petroleum Refining: Technology
and Economics, Marcel Dekker, Inc., New York, pp. 114-120. 25     For
example, HDS is not particularly effective for the desulfurization of coal,
wherein inorganic sulfur, especially pyritic sulfur, can constitute 50%  or
more of the total sulfur content of the fossil fuel, the remainder being
various forms of organic sulfur. Pyritic sulfur is not efficaciously
removed from fossil fuel by HDS. Thus, only a fraction of the total sulfur
content of coal may be susceptible to removal by physicochemical methods
such as HDS. The total sulfur content of coal can typically be close to
about 10 30  wt% or it can be as low as about 0.2 wt%, depending on the
geographic location of the coal source. HDS is relatively more suitable for
desulfurizing liquid petroleum, such as crude oil or fractions thereof, as
close to 100% of the sulfur content of these fossil fuels can be organic
sulfur. Crude oils can typically range from close to about 5 wt% down to
about 0.1 wt% organic sulfur; crude oils obtained fromthe Persian Gulf area
and from Venezuela can be particularly high in sulfur content Monticello,
DJ. and J.J. 35  Kilbane, "Practical Considerations in Biodesulfurization
of Petroleum', IGT's 3d Intl. Symp. on Gas, Oil, Coal, and Env. Biotech.,
(Dec. 3-5, 1990) New Orleans, LA, and Monticello, D.J. and W.R. Finnerty,
(1985) Ann. Rev. Microbiol. 39:371-389. Organic sulfur in both coal and
liquid petroleum fossil fuels is present in a myriad of compounds, some of
which are labile and can be readily divested of sulfur by HDS, and some of
which are refractory and do 40  not yield to HDS treatment. Shih, S.S. et
al., (1990) AlChE Abstract No. 264B (unpublished; complete text available
upon request from the American Institute of Chemical Engineers). The
teachings of Shih et al. are hereinafter referred to as Shih et al. Thus,
even HDS-treated fossil fuels must be post-combustively desulfurized using
an apparatus such as a flue scrubber. Flue scrubbers are expensive to
install and difficult to maintain, especially for small combustion
facilities. Moreover, of the sulfur-generated problems noted 45  above, the
use of flue scrubbers in conjunction with HDS is directed to addressing
environmental acid deposition, rather than other sulfur-associated
problems, such as corrosion of machinery and poisoning of catalysts. The
classes of organic molecules which are often labile to HDS treatment
include mercaptans, thioethers, and disulfides. Aromatic sulfur-bearing
heterocycles (i.e., aromatic molecules bearing one or 50  more non-carbon
atoms on the aromatic ring itself) comprise the major class of organic
sulfur molecules refractory to HDS or similar physicochemical treatments.
These refractory molecules typically require desulfurization conditions
harsh enough to degrade valuable hydrocarbons in the fossil fuel. Shih et
al. These significant drawbacks to HDS are typical of physicochemical
desulfurization methods generally. As a result, there has been considerable
interest in the industry for at least the past 20-30 years in 55
developing commercially viable techniques of microbial desulfurisation, or
MDS. MDS is generally de- scribed as the harnessing of metabolic processes
of suitable bacteria to the desulfurization of fossil fuels. MDS typically
involves mild (e.g., physiological) conditions, and does not involve the
extremes of tempera- ture and pressure required for HDS. Several species of
chemolithotrophic bacteria have been investigated 2 



EP 0 576 557 B1 in connection with MDS development, due to their abilities
to metabolize the forms of sulfur generally found in fossil fuels. For
example, species such as Thiobacillus ferrooxidans are capable of
extracting energy from the conversion of pyritic (inorganic) sulfur to
water-soluble sulfate. Such bacteria are envisioned as being well-suited to
the desulfurization of coal. Other species, including Pseudomonas putida,
are capable 5  of catabolizing the breakdown of organic sulfur molecules,
including to some extent sulfur-bearing heterocy- cles, into water-soluble
sulfur products. However, this catabolic desulfurization is merely incident
to the utilization of the hydrocarbon portion of these molecules as a
carbon source: valuable combustible hydrocarbons are lost. Moreover, MDS
proceeds most readily on the same classes of organic sulfur compounds as
are most susceptible to HDS treatment. Thus, although MDS does not involve
exposing the 10  fossil fuels to the extreme conditions encountered in HDS,
a significant amount of the fuel value of the coal or liquid petroleum can
be lost, and the treated fuel often still requires post-combustion
desulfurization. Monticello, D.J. and W.R. Finnerty, (1985) Ann. Rev.
Microbiol. 39:371-389, and Hartdegan, F.J. et al., (May 1984) Chem. Eng.
Progress 63-67. A need remains to develop more effective methods for
pre-combustion desulfurization. This need grows 15  progressively more
urgent as lower-grade, higher-sulfur fossil fuels are increasingly used,
while concurrently the sulfur emissions standards set by regulatory
authorities become ever more stringent. SUMMARY OF THE INVENTION 20   This
invention relates to a method for the deep desulfurization of a fossil
fuel, comprising the steps of: (a) subjecting the fossil fuel to
hydrodesulfurization (HDS), whereby the fossil fuel Is depleted of forms of
sulfur susceptible to removal by HDS but is not depleted of forms of sulfur
refractory to this process  (b) contacting the fossil fuel with an
effective amount of a biocatalyst capable of depleting the fossil fuel of
forms of organic sulfur which are refractory to HDS; (c) incubating the
fossil fuel with the biocatalyst under -25  conditions sufficient for the
removal of a substantial amount of the HDS-refractory sulfur forms:   and
(d) separating the products of the incubation of (c), the products being:
(i) fossil fuel depleted of HDS-refractory forms of sulfur, and (ii) the
biocatalyst and the sulfur-containing reaction products of the incubation
of (c). The invention described herein directly addresses the problems
posed by the limitations of current techniques for desulfurizing fossil
fuels. The instant invention provides for the pre-combustion removal of a
30  significantly greater proportion of most forms of sulfur found in
fossil fuels than can be removed with existing pre-combustion techniques
without requiring the use of severe, deleterious physical conditions,
thereby eliminating the need for post-combustion desulfurization with its
attendant problems. The instant invention is suited to the desulfurization
of both solid (e.g., coal) and liquid (e.g., petroleum, such as crude oil
or a fraction thereof) fossil fuels; however, it offers a greater advantage
over existing techniques of 35  desulfurization in the area of liquid
fossil fuels. In preferred embodiments of the present invention, the agent
of (b) comprises a microbial biocatalyst which is capable of liberating
sulfur in the form of inorganic sulfate from sulfur-bearing heterocyclic
aromatic molecules by sulfur-specific oxidative cleavage. A highly
preferred biocatalyst comprises a culture of Rhodococcus rhodochrous
bacteria, ATCC No  53968. The method described herein provides for the
synergistic removal of a significantly greater proportion of the total
sulfur 40  from a fossil fuel than could be accomplished using current
techniques. This unique combinative or multistage system allows for the
production of a deeply-desulfurized fossil fuel having sufficiently low
residual sulfur levels that it can be burned without post-combustion
desulfurization. A further advantage to the instant invention is its
flexibility. The stages of the present invention can be carried out in a
manner most advantageous to the needs of a particular fossil fuel refining
or processing 45  facility. Depending on the layout of the facility,
available unit operations, products generated, and source of the fossil
fuel (among other considerations), it may be advantageous to first subject
the fossil fuel to HDS, and then to the instant biocatalytic
desulfurization. Conversely, the specifications of the product(s) being
generated may be best met by following biocatalytic desulfurization with a
mild hydrotreating polishing step. This can ensure, for instance, that any
aqueous traces (which are cosmetically undesirable, as residual 50 water
can produce cloudiness) are removed from the fuel product. In this manner
it is possible to either treat the unfractionated fossil fuel at an early
stage in the refining process, or to selectively treat only those fractions
for which desulfurization is most problematic. BRIEF DESCRIPTION OF THE
DRAWINGS 55 Figure 1 illustrates the structural formula of
dibenzothiophene, a model HDS-refractory sulfur-bearing heterocycle. 



3    EP 0 576 557 B1 Figure 2 is a schematic illustration of the cleavage
of dibenzothiophene by oxidative and reductive pathways, and the end
products thereof. Figure 3 is a schematic illustration of the stepwise
oxidation of dibenzothiophene along the proposed "4S" pathway of microbial
catabolism. 5      Figure 4A is an overview of the processing of a typical
crude oil sample through a conventional petroleum refining facility, in the
form of a flow chart diagram; the routes taken by  petroleum fractions
containing HDS-refractory sulfur compounds shown as heavy dark lines.
Figure 4B is a flow chart diagram of relevant portions of the refining
overview of Figure 4A, showing several possible  points at which the
biocatalytic desulfurization (BDS) stage of the present invention can be 10
advantageously implemented. DETAILED DESCRIPTION OF THE INVENTION This
invention is based on the use of a unique biocatalytic agent which is
capable of selectively 15 liberating sulfur from the classes of organic
sulfur molecules which are most refractory to known techniques of
desulfurization, in conjunction with a known pre-combustion desulfurization
technique. This combination provides for the synergistic deep
desulfurization of the fossil fuel. A deeply desulfurized fossil fuel is
one wherein the total residual sulfur content is at most about 0.05 wt%.
Shih et al. when It is burned, a deeply desulfurized fossil fuel will not
generate sufficient amounts of hazardous sulfur-containing combustion 20
products to merit removal by a post-combustion desulfurization technique. A
preferred physicochemical desulfurization method for use in the instant
combinative or multistage method is hydrodesulfurization, or HDS. HDS
involves reacting the sulfur-containing fossil fuel with hydrogen gas in
the presence of a catalyst, commonly a cobalt- or molybdenum-aluminum oxide
or a combination thereof, under conditions of elevated temperature and
pressure. HDS is more particularly 25  described in Shih et al., Gary, J.H.
and G.E. Handwerk, (1975) Petroleum Refining: Technology and Economics,
Marcel Dekker, Inc., New York, pp. 114-120, and Speight, J.G., (1981) The
Desulfurization of Heavy Oils and Residue, Marcel Dekker, Inc., New York,
pp. 119-127. As noted previously, the aromatic sulfur-bearing heterocycles
comprise the major class of organic sulfur molecules which are refractory
to HDS  treatment. Thus, HDS-treated petroleum fractions or fuel products
generally have higher frequencies 30  (relative to total remaining sulfur
content) of these refractory heterocycles than the corresponding unfrac-
tionated crude oil. For example, two-thirds of the total residual sulfur in
No. 2 fuel oil consists of sulfur- bearing heterocycles. Moreover,
sulfur-bearing heterocycles occur in simple one-ring forms, or more complex
multiple condensed-ring forms. The difficulty of desulfurization increases
with the complexity of the molecule. Shih et al. 35     The tripartite
condensed-ring sulfur-bearing heterocycle dibenzothiophene (DBT), shown in
Figure 1, is particularly refractory to HDS treatment, and therefore can
constitute a major fraction of the residual post- HDS sulfur in fuel
products. Alkyl-substituted DBT derivatives are even more refractory to HDS
treatment, and cannot be removed even by repeated HDS processing under
increasingly severe conditions. Shih et al. Moreover, DBTs can account for
a significant percentage of the total organic sulfur in certain crude oils.
40  They have been reported to account for as much as 70% of the total
sulfur content of West Texas crude oil, and up to 40% of the total sulfur
content of some Middle East crude oils. Therefore, DBT is viewed as a model
refractory sulfur-bearing molecule in the development of new
desulfurization methods. Monticello, D.J. and W.R. Finnerty, (1985) Ann.
Rev. Microblol. 39:371-389. No naturally occurring bacteria or other
microbial organisms have yet been identified which are capable of
effectively degrading or desulfurizing 45  DBT. Thus, when released into
the environment, DBT and related complex heterocycles tend to persist for
long periods of time and are not significantly biodegraded. Gundlach, E.R.
et al., (1983) Science 221:122- 129. However, several investigators have
reported the genetic modification of naturally-occurring bacteria into
mutant strains capable of catabolizing DBT. Kilbane, J.J., (1990) Resour.
Cons. Recycl. 3:69-79, Isbister, 50  J.D., and R.C. Doyle, (1985) U.S.
Patent No. 4,562,156, and Hartdegan, F.J. et al., (May 1984) Chem. Eng.
Progress 63-67. For the most part, these mutants desulfurize DBT
nonspecifically, and release sulfur in the form of small organic sulfur
breakdown products. Thus, a portion of the fuel value of DBT is lost
through this microbial action. Isbister and Doyle reported the derivation
of a mutant strain of Pseudomonas which appeared to be capable of
selectively liberating sulfur from DBT, but did not elucidate the mechanism
55  responsible for this reactivity. As shown in Figure 2, there are at
least two possible pathways which result in 



the specific release of sulfur from DBT: oxidative and reductive. Kilbane
recently reported the mutagenesis of a mixed bacterial culture, producing
one which appeared capable of selectively liberating sulfur from DBT by the
oxidative pathway. This culture was composed of 4    EP 0 576 557 B1
bacteria obtained from natural sources such as sewage sludge, petroleum
refinery wastewater, garden soil, coal tar-contaminated soil, etc., and
maintained in culture under conditions of continuous sulfur deprivation in
the presence of DBT. The culture was then exposed to the chemical mutagen
1-methyl-3-nitro-1- nitrosoguanidine. The major catabolic product of DBT
metabolism by this mutant culture was hydrox- 5  ybiphenyl; sulfur was
released as inorganic water-soluble sulfate, and the hydrocarbon portion of
the molecule remained essentially intact. Based upon these results, Kilbane
proposed that the "4S" catabolic pathway summarized in Figure 3 was the
mechanism by which these products were generated. The designation "4S"
refers to the reactive intermediates of the proposed pathway: sulfoxide,
sulfone, sulfonate, and the liberated product sulfate. Kilbane, J.J.,
(1990) Resour. Cons. Recycl. 3:69-79. 10     Subsequently, Kilbane has
isolated a mutant strain of Rhodococcus rhodochrous from this mixed
bacterial culture. This mutant, ATCC No. 53968, is a particularly preferred
blocatalytic agent for use with the instant method of deep desulfurization,
as It is capable of divesting complex, condensed-ring heterocycles, such as
DBT, of sulfur. It is therefore synergistic with HDS. The isolation of this
mutant is described in detail in J.J. Kilbane, U.S. Patent 5,104,801
(issued Apr. 14, 1992). 15    In a preferred embodiment of the present
invention, an aqueous culture of ATCC No. 53968 is prepared by conventional
fermentation under aerobic conditions, such as may be accomplished using a
bioreactor and a suitable nutrient medium, comprising a conventional carbon
source such  as dextrose or glycerol. In order to generate maximal
biocatalytic activity, it is important that the bacteria be maintained in a
state of sulfur deprivation. Optionally, this may be accomplished using a
medium lacking a source of inorganic 20  sulfate, but supplemented with DBT
or a liquid petroleum sample with a high relative abundance of sulfur
heterocycles. A finely divided slurry of coal particles can be used
similarly. When the culture has attained a sufficient volume and/or
density, the fossil fuel to be desulfurized is contacted with it. The ratio
of biocatalyst to the substrate fossil fuel in need of deep desulfurization
can be varied widely, depending on the desired rate of reaction, and the
levels and types of sulfur-bearing organic 26  molecules present  Suitable
ratios of biocatalyst to substrate can be ascertained by those skilled in
the art through no more than routine experimentation. Preferably, the
volume of biocatalyst will not exceed one- tenth the total incubation
volume (i.e., 9/10 or more of the combined volume consists of substrate).
The combined biocatalyst and substrate fossil fuel are allowed to incubate
under conditions suitable for biocatalytic action, for a sufficient period
of time for the desired degree of deep desulfurization to occur. It 30
will be noted that the proposed "4S" pathway requires that oxygen be
supplied to the biocatalyst during the desulfurization incubation. The
oxygen required can be supplied prior to or during the incubations using
conventional bubbling or sparging techniques. It is preferable to
capitalize on the greater capacity of petroleum (compared to aqueous
liquids) to carry dissolved oxygen by supplying the oxygen directly to the
petroleum prior to contact with the biocatalyst. This can be accomplished
by contacting the petroleum with 35  a source of oxygen-enriched air, pure
oxygen, or by supplementing the petroleum with an oxygen-saturated
perfluorocarbon liquid. The rate of desulfurization can optionally be
enhanced by agitating or stirring the mixture of biocatalyst and substrate
during the desulfurization incubation. The desulfurization rate can be
further accelerated by conducting the incubation at a suitable temperature.
Temperatures between about [err] and about [err] 40  are suitable  ambient
temperature is preferred. However, any temperature between the pour point
of the petroleum liquid and the temperature at which the biocatalyst is
inactivated can be used. Several suitable techniques for monitoring the
rate and extent of desulfurization are well-known and readily available to
those skilled in the art. Baseline and timecourse samples can be collected
from the incubation mixture, and prepared for a determination of the
residual organic sulfur in the substrate fossil 45  fuel, normally by
allowing the fuel to separate from the aqueous biocatalyst phase, or
extracting the sample with water. The disappearance of sulfur from
substrate hydrocarbons such as DBT can be monitored using a gas
chromatograph coupled with mass spectrophotometric (GC/MS), nuclear
magnetic resonance (GC/NMR), infrared spectrometric (GC/IR), or atomic
emission spectrometric (GC/AES, or flame spectrom- etry) detection systems.
Flame spectrometry is the preferred detection system, as it allows the
operator to 50  directly visualize the disappearance of sulfur atoms from
combustible hydrocarbons by monitoring quantita- 



tive or relative decreases in flame spectral emissions at 392 nm, the
wavelength characteristic of atomic sulfur. It is also possible to measure
the decrease in total organic sulfur in the substrate fossil fuel, by
subjecting the unchromatographed samples to flame spectrometry. Depending
on the nature of the particular facilities used, and the origin of the
substrate fossil fuel, it 55  may be more advantageous to use the ATCC No.
53968 biocatalyst either before or after HDS. This point is illustrated in
Figure 4. Figure 4A provides an overview of current practices for the
refining of a typical crude oil, and a selection of the products which may
be produced in a typical facility. The routes of petroleum fractions
enriched in total sulfur content or in HDS-refractory sulfur content are
shown as heavy dark  lines. 5    EP 0 576 557 B1 Figure 4B focusses on
portions of the refining process which are relevant to the instant
multistage deep desulfurization system. In particular, several points along
the routes taken by the high-sulfur petroleum fractions are shown at which
a processing unit suitable for biocatalytic desulfurization (BDS) of HDS-
refractory sulfur compounds can be advantageously Implemented. The raw or
unrefined liquid can be subjected to BDS at its point of entry into the
refining facility 1  prior to passage through the crude unit stabilizer 3,
crude unit atmospheric distiller 5, and crude unit vaccuum distiller 7.
Typically, the atmospheric middle distillate fractions 9 contain
HDS-refractory sulfur compounds, which can advantageously be
biocatalytically desulfurized either prior to (11), or following (15), a
mild hydrotreating (HDS) polishing step 13. The treated petroleum fractions
are then subjected to a final treating 10  and blending step 35, where they
are formulated into products such as regular or premium gasoline, or diesel
fuel. The heavy atmospheric gas 17 (i.e., the remaining liquid from the
atmospheric distillation) also contains HDS-refractory sulfur compounds,
and is normally subjected to a hydrotreating step 19. This can advanta-
geously be followed by a BDS step 21 prior to either catalytic cracking 23
or hydrocracking 27, in which 15  high molecular weight hydrocarbons are
converted into smaller molecules more appropriate for fuel formulations.
The products of the cracking step can also optionally be subjected to BDS
before or after (11 or 15) additional hydrotreating 13. If the cracked
hydrocarbons need no further desulfurization, they are subjected to the
final treating and blending step 35, where they are formulated into
products such as regular or premium gasoline, diesel fuel or home heating
oil. 20    The products of the crude unit vaccuum distillation 7 are
typically enriched for sulfur compounds, especially high molecular weight
HDS-refractory sulfur compounds. The vaccuum gas oil 25 is processed in
essentially the same manner as the heavy atmospheric gas 17  it can
optionally be subjected to BDS at 21, prior to either catalytic cracking 23
or hydrocracking 27. If desired, the products of the cracking step can be
subjected to BDS before or after (11 or 15) additional hydrotreating 13.
Alternatively, the products can be 25  routed to the final treating and
blending step 35, where they are formulated into products such as regular
or premium gasoline, diesel fuel, home heating oil, or various greases. The
residue remaining after the crude unit vaccuum distillation 7 is typically
quite high in sulfur content, which can advantageously be decreased by BDS
at 29. The residue is next introduced into a delayed coker unit 31, which,
if desired, can be followed by BDS at 33. The residue can then be treated
as for the 3o vaccuum gas oil, i.e., subjected to either catalytic cracking
23 or hydrocracking 27. The cracked hydrocar- bons can optionally be
subjected to BDS prior to or following (11 or 15) an additional
hydrotreating step 13, or can proceed directly to the final treating and
blending step 35, for formulation into products such as regular or premium
gasoline, diesel fuel, home heating oil, various greases, or asphalt. As
noted previously, there are inherent advantages to positioning biocatalytic
desulfurization at each of 35  the above-listed positions in the refining
process. Implementation of an early stage (e.g., 1) BDS is advantageous
because the crude oil arrives at the refinery already "contaminated" with
some aqueous liquid. Procedures for removing this aqueous phase during
refining are well known and commonly employed; thus, any additional aqueous
contamination from biocatalytic treatment would be incidental and readily
removed. Moreover, as the value of unrefined crude oil is considerably
lower than its refined and 40  formulated products, and as the raw
commodity can economically be purchased in advance and stored on- site, an
extended biocatalytic deep desulfurization incubation is feasible and would
facilitate downstream production of valuable fuel products. However, the
large scale and low relative abundance of HDS-refractory sulfur-bearing
heterocycles in the substrate at the beginning of the refining process may
prove detrimental to successful biocatalytic desulfurization this stage.
Further, a significant safety factor must be taken into 45  account
oxygenation of unfractionated crude oil may produce an explosive mixture,
depending on the types 



and relative abundance of low molecular weight flammable components in the
raw fossil fuel. It is generally more advantageous to subject petroleum
fractions enriched in HDS-refractory sulfur compounds, or depleted of
HDS-labile sulfur compounds, to the biocatalysis stage of the instant
invention. In this manner, the fractions subjected to BDS will have smaller
volumes but be concurrently enriched in total or HDS-refractory sulfur
content. Biocatalytic desulfurization may be advantageously implemented at
positions such as 11, 15, 21, 29, or 33. In making the decision where best
to deploy a BDS unit, certain aspects of the hydrodesulfurization stage of
the present Invention must be considered. In particular, it must be bome In
mind that although inadequate to achieve deep desulfurization by itself,
hydrodesulfurization remains a beneficial and, in many instances, necessary
refining step. The conditions encountered in HDS 55  are sufficient not
only to remove sulfur from labile organic sulfur-containing compounds, but
also to remove excess oxygen and nitrogen from organic compounds, and to
induce saturation of at least some carbon- carbon double bonds, thereby
increasing the fuel value of the treated petroleum fraction. In this
broader context, the process is commonly referred to as hydrotreating
rather than  HDS. Gary, J.H. and G.E. 6    EP 0 576 557 B1 Handwerk, (1975)
Petroleum Refining: Technology and Economics, Marcel Dekker, Inc., New
York, pp. 114- -120. The cosmetic quality of the product is also improved,
as many substances having an unpleasant-smell or color are removed.
Hydrotreating also clarifies the product, by "drying" it or depleting it of
residual water, which produces a cloudy appearance. Several commercial
petroleum products, such as gasoline or diesel 5  fuel, must meet fairly
stringent specifications; hydrotreating is one commonly used method to
ensure that these products comply with applicable standards. Thus,
biocatalytic desulfurization of a suitable petroleum fraction can
frequently be followed by a hydrotreating polishing step, as at 11, 21, or
33. Although hydrotreating or HDS can be advantageous to the production of
specific fuel products, severe HDS conditions are to be avoided, since they
have been reported to be actively detrimental to the integrity 10  of the
desired products. For example, Shih et al. caution that exposure of
petroleum refining fractions to typical HDS conditions at temperatures In
excess of about [err] decreases the fuel value of the treated product. Shih
et al. further report that In order to achieve deep desulfurization solely
through the use of HDS petroleum refining fractions which contain
significant amounts of refractory sulfur-bearing heterocy- cles must be
exposed to temperatures in excess of this threshold. For example, FCC light
cycle oil must be 15  subjected to HDS at temperatures as high as [err]if
deep desulfurization is to be attempted using conventional techniques.
Therefore, petroleum refining fractions enriched in HDS-refractory aromatic
heterocycles cannot be efficaciously converted into desirable low-sulfur
products, such as gasoline or diesel fuel, using current desulfurization
technology. Thus, one particular advantage of the present invention is that
it significantly expands the types of refining fractions which can be  used
to produce desirable low-sulfur 20  fossil fuel products. In addition, the
attempted HDS-desulfurization of refractory organic sulfur compounds, or
even of a fraction highly enriched in labile organic sulfur compounds,
requires a substantial input of [err] gas This is an expensive commodity;
typically, any excess H2 gas is trapped and recycled. However, it is
frequently necessary for a refining facility to construct a
hydrogen-generation unit and integrate it into the  refining. 25  process.
Speight, J.G. (1981), The Desulfurization of Heavy Oils and Residue, Marcel
Dekker, Inc., New York, pp. 119-127. This is a capital-intensive
undertaking, making it a desirable refining step to avoid. Moreover,
exposure of the chemical catalysts used for HDS to excessive concentrations
of [err] the gaseous inorganic sulfur product formed as a result of HDS, is
known to poison the catalyst, thus prematurely shortening the duration of
its utility. Extended HDS treatment of complex organic sulfur compounds,
especially refractory compounds, at elevated temperatures is also known
toproduce the deposition of carbonaceous coke on  the catalyst. These
factors contribute materially to the premature inactivation of the chemical
HDS catalyst. The foregoing considerations demonstrate that a significant
advantage of the instant multistage system for deep desulfurization of
fossil fuels is that it allows the use of milder HDS conditions than would
35 otherwise be required, by providing  for biocatalytic removal of the
sulfur-containing compounds, such  as '' DBT and its alkylated derivatives,
which require harsh or difficult-to-maintain conditions such as excessive
temperature or [err] input. Mild hydrotreating, such as at 13 or 19 can be
either preceeded (e.g., 11) or followed (e.g., 15, 21) by biocatalytic
desulfurization to remove refractory compounds. In this manner, desirable
fuel products are manufactured at lower capital cost, without exposure of
either the petroleum 40  fraction or the refining equipment and components
to potentially dangerous or deleterious conditions, even 



from refining fractions which previously were not considered to be
available for the manufacture of deeply desulfurized fuel products. In
other preferred embodiments of the present method, an enzyme or array of
enzymes sufficient to direct the selective cleavage of carbon-sulfur bonds
can be employed as the biocatalyst. Preferably, the 45  enzyme(s)
responsible for the "4S" pathway can be used. Most preferably, the
enzyme(s) can be obtained - -    -     from ATCC No. 53968 or a derivative
thereof. This enzyme biocatalyst can optionally be used in carrier- bound
form. Suitable carriers include killed "4S" bacteria, active fractions of
"4S" bacteria (e.g., mem- branes), insoluble resins, or ceramic, glass, or
latex particles. One advantage of an enzymatic biocatalyst over a living
bacterial biocatalyst Is that it need not be prepared in an aqueous liquid:
it can be freeze-dried, 50 then reconstituted in a suitable organic liquid,
such as an oxygen-saturated perfluorocarbon. In this manner, biocatalytic
deep desulfurization can be conducted without forming a two-phase (i.e.,
organic and aqueous) incubation mixture. It is also possible to conduct the
present multistage deep desulfurization method using entirely microbial
biocatalytic agents. In this embodiment, the first  microbial biocatalyst
is one which shares . 55  substrate specificity with a physicochemical
desulfurisation method, such as HDS: it is important that agents which are
specific for complementary classes of sulfur-containing molecules be used
in all embodiments. One suitable MDS process for use with coal slurries is
taught by Madgavkar, A.M. (1989) U.S. Patent No. 4,861,723, which involves
the use, preferably, of a Thiobacillus species as the biocatalyst. Another
MDS 7    EP 0 576 557 B1 process, more suited to use with liquid petroleum,
is taught by Kirshenbaum, I., (1961) U.S. Patent No. 2,975,103; this
process relies on the use of naturally-occurring bacteria such as Thiophyso
volutans, Thiobacillus thiooxidans, or Thiobacillus thioparus. It is also
possible that mutually suitable conditions for a mixed or concurrent
microbial deep desulfurization method can be developed. Alternatively, the
genes 5  encoding enzymes responsible for either the "4S" metabolic
activity, or the conventional desulfurization activity can be isolated and
placed in an expression vector. This expression vector can subsequently be
introduced into a new bacterial host. Optionally, the genes responsible for
both activities can be introduced into the same bacterial host. Suitable
techniques for cloning these genes and constructing an engineered bacterial
host are well known in the art, and are described in Maniatis, T., et al.,
(1989) Molecular Cloning: A 10  Laboratory Manual, 2d ed., Cold Spring
Harbor Laboratory Press, and Current Protocols in Molecular Biology
Ausubel, F.M.,.et al., eds., Sarah Greenei pub., New York (1990). Once the
fossil fuel has been sufficiently incubated with the biocatalytic agent
capable of liberating sulfur from refractory molecules, it is separated
from the agent and any water-soluble inorganic sulfur which has been
generated during the deep desulfurization incubation. In most embodiments,
separation is is  achieved by allowing the fossil fuel (the organic phase)
and the biocatalyst (the aqueous phase) to settle or separate. The deeply
desulfurized fossil fuel is then decanted, and the aqueous biocatalyst is
recovered and discarded or optionally reused. In embodiments wherein a
nonaqueous biocatalyst is used, the incubation mixture is extracted with a
sufficient volume of water to dissolve any water-soluble inorganic sulfur
which has been generated during the desulfurisation incubation, and
decanted therefrom. The 20  resulting deeply desulfurized fossil fuel can
be burned without the concommittant formation of sufficient amounts of
hazardous sulfur-containing combustion products to merit use of a flue
scrubber or similar post- combustion desulfurization apparatus. The
invention will now be further illustrated by the following examples. 25
Example 1 A petroleum distillate fraction, similar in specific gravity and
other properties to a typical middle distillate (9 in Figure 4B) or a heavy
atmospheric gas oil (17) or a  vacuum gas oil (25) or the material from a
delayed coker, having an initial sulfur content of 0.51 wt%, was treated
with a preparation of Rhodococcus 30   rhodochrous ATCC No. 53968. The
biocatalyst preparation consisted of an inoculum of the bacteria in a basal
salts medium, comprising: Table 1 Component      Concentration [err]
0.557% [err]         0.244% [err]         0.2% 



40                                  [err]    0.02% [err]     0.0004% [err]
0.0001% [err]          0.0001% glycerol         10 [err] 45 The bacterial
culture and the substrate petroleum distillate fraction were combined in
the ratio of 50:1 (i.e., a final concentration of 2%  substrate). The BDS
stage of the instant deep desulfurization was conducted in shake flasks
with gentle agitation at ambient temperature for 7 days. Subsequent
analysis of the distillate fraction revealed that the wt% sulfur had fallen
to 0.20%, representing a 61% desulfurization of the substrate petroleum
liquid. Characterization of the sample before and after BDS treatment by
gas chromatography coupled to a sulfur-specific detector demonstrated that
prior to treatment, the sample contained a broad spectrum of sulfur-bearing
organic molecules. Due to the action of the ATCC No. 53968 biocatalyst, the
levels of a broad variety of these molecules were reduced in the post-BDS
sample, 5   including DBTs and alkylated DBT derivatives. These results are
in contrast with those  reported in connection with a similar analysis of
petroleum refining samples subjected to HDS treatment. Shih et al. 8    EP
0 576 557 B1 Example 2 A light distillate (No. 1 diesel, a fraction which
would typically be obtained by mild hydrotreating, e.g., at 13 in Figure
4B), initially containing 0.12% sulfur, was treated with the ATCC No. 53968
biocatalyst as 5  described in Example 1. The sulfur compounds in this
sample were mainly benzothiophenes and diben- zothiophenes, as would be
expected cted from a sample subjected to HDS treatment under moderate
conditions. Treatment with the instant biocatalyst reduced the residual
sulfur level in the substrate to 0.04 wt%. These results demonstrate that
samples naturally high in DBT-like molecules, or artificially high due to
prior HDS treatment, can be deeply desulfurized using the multistage system
of the present invention. 10 Claims 1. A method of producing a deeply
desulfurized liquid fossil fuel suitable for combustion without post-
combustion desulfurization, said fuel having a total residual sulfur
content below about 0.05 wt%, the 15     method comprising the steps of:
(a) subjecting a liquid fossil fuel containing organic sulfur, said organic
sulfur comprising aromatic sulfur-bearing heterocycles, to i)
hydrodesulfurization (HDS) or ii) microbial catabolic desulfurization
(MDS), 20        whereby said liquid fossil fuel is depleted of forms of
organic sulfur susceptible to removal by HDS or MDS but is not
substantially depleted of aromatic sulfur-bearing heterocycles; and (b)
subjecting the liquid fossil fuel containing aromatic sulfur-bearing
heterocycles to biocatalytic desulfurization (BDS), said BDS treatment
comprising i) contacting said liquid fossil fuel with a biocatalyst
comprising 25             A) one or more microorganisms expressing enzymes
that catalyze, by a sulfur-specific cleavage reaction, the removal of
sulfur from aromatic sulfur-bearing heterocycles, such that desulfurized
organic molecules and inorganic sulfur are produced therefrom, B) enzymes
obtained from such microorganisms, or C) mixtures of such microorganisms
and enzymes; 30          ii) incubating the liquid fossil fuel with the
biocatalyst to remove sulfur from aromatic sulfur- bearing heterocycles by
said biocatalyst, whereby desulfurized organic molecules and inorganic
sulfur are produced; and iii) separating the desulfurized organic molecules
from the inorganic sulfur produced in the incubation of step (b)(ii), 35
the combination of step (a) with step (b) being sufficient to produce a
liquid fossil fuel having a total residual sulfur content below about 0.05
wt%. 2. A method according to Claim 1, wherein the liquid fossil fuel is
subjected to HDS treatment in step (a). 40  3. A method according to Claim
2, wherein the biocatalyst removes sulfur from aromatic sulfur-bearing
heterocycles by a sulfur-specific oxidative cleavage reaction in the
presence of oxygen. 



4. A method according to claim 3, wherein the biocatalyst comprises a
culture of Rhodococcus rhodochrous bacteria ATCC No. 53968 or a derivative
thereof; enzymes obtained from Rhodococcus 45     rhodochrous bacteria ATCC
No. 53968 or a derivative thereof; or a mixture of said bacteria and said
enzymes. 5. A method according to Claim 4, wherein the biocatalyst
comprises a culture of Rhodococcus rhodochrous bacteria, ATCC No. 53968. 50
6. A method according to Claim 3, comprising the additional step of
contacting the liquid fossil fuel with a source of oxygen prior to the
incubation of step (b)(ii), such that the quantity of oxygen in said fossil
fuel is increased to enhance the rate of removal of sulfur from aromatic
sulfur-bearing heterocycles by the biocatalyst. 55 9    EP 0 576 557 B1
Example 2 A light distillate (No. 1 diesel, a fraction which would
typically be obtained by mild hydrotreating, e.g., at 13 in Figure 4B),
initially containing 0.12% sulfur, was treated with the ATCC No. 53968
biocatalyst as 5  described in Example 1. The sulfur compounds in this
sample were mainly benzothiophenes and diben- zothiophenes as would be
expected from a sample subjected to HDS treatment under moderate
conditions. Treatment with the instant biocatalyst reduced the residual
sulfur level in the substrate to 0.04 wt%. These results demonstrate that
samples naturally high In DBT-like molecules, or artificially high due to
prior HDS treatment can be deeply desulfurized using the multistage system
of the present invention. 10 Claims 1. A method of producing a deeply
desulfurized liquid fossil fuel suitable for combustion without post-
combustion desulfurization, said fuel having a total residual sulfur
content below about 0.05 wt%, the 15     method comprising the steps of:
(a) subjecting a liquid fossil fuel containing organic sulfur, said organic
sulfur comprising aromatic sulfur-bearing heterocycles, to i)
hydrodesulfurization (HDS) or ii) microbial catabolic desulfurization
(MDS), 20        whereby said liquid fossil fuel is depleted of forms of
organic sulfur susceptible to removal by HDS or MDS but is not
substantially depleted of aromatic sulfur-bearing heterocycles; and (b)
subjecting the liquid fossil fuel containing aromatic sulfur-bearing
heterocycles to biocatalytic desulfurization (BDS), said BDS treatment
comprising i) contacting said liquid fossil fuel with a biocatalyst
comprising 25            A) one or more microorganisms expressing enzymes
that catalyze, by  a sulfur-specific cleavage reaction, the removal of
sulfur from aromatic sulfur-bearing heterocycles, such that desulfurized
organic molecules and inorganic sulfur are produced therefrom, B) enzymes
obtained from such microorganisms, or C) mixtures of such microorganisms
and enzymes; 30          ii) incubating the liquid fossil fuel with the
biocatalyst to remove sulfur from aromatic sulfur- bearing heterocycles by
said biocatalyst, whereby desulfurized organic molecules and inorganic
sulfur are produced; and iii) separating the desulfurized organic molecules
from the inorganic sulfur produced in the incubation of step (b)(ii), 35
the combination of step (a) with step (b) being sufficient to produce a
liquid  fossil fuel having a total residual sulfur content below about 0.05
wt%. 2. A method according to Claim 1, wherein the liquid fossil fuel is
subjected to HDS treatment in step (a). 40  3  A method according to Claim
2, wherein the biocatalyst removes sulfur from aromatic sulfur-bearing
heterocycles by a sulfur-specific oxidative cleavage reaction in the
presence of oxygen. 4. A method according to claim 3, wherein the
biocatalyst comprises a culture of Rhodococcus rhodochrous bacteria ATOC
No. 53968 or a derivative thereof; enzymes obtained from Rhodococcus 45
rhodochrous bacteria ATCC No. 53968 or a derivative thereof; or a mixture
of said bacteria and said enzymes. 



5. A method according to Claim 4, wherein the biocatalyst comprises a
culture of Rhodococcus rhodochrous bacteria, ATCC No. 53968. 6. A method
according to Claim 3, comprising the additional step of contacting the
liquid fossil fuel with a source of oxygen prior to the incubation of step
(b)(ii), such that the quantity of oxygen in said fossil fuel is increased
to enhance the rate of removal of sulfur from aromatic sulfur-bearing
heterocycles by the biocatalyst. 55    EP 0 576 557 B1 .  PatentansprUche
..   ..  ,                                                             .
..   ..    i
....~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~..   ... 1. Verfahren zur: Herstellung
von hochentschwafeltem flifssigen fossilen Brennstoff zur Verbrennung ohne
__        eine der Verbrennung nachgeschalteten Entschwofelung, wobei der
Brennstoff einen Gesamtrestschwe- 5      felgehalt von weniger als etwa
0,05 Gew% aufweist und das Verfahren die folgenden Schritte aufweist: a)
Aussetzen eines flOssigen fossilen Brennstoffes, der organischen Schwefel
enthalt, wobei der organische Schwofel aromatischo, schwofelhaltige
Heterozyklen umfaBt, i) elner Hydrodesulfurierung (HDS) oder ii) einer
mikrobiellen katabolischen Desulfurierung (MDS), .:10      wobei der
flassige fossile Brennstoff abgereichert ist an organischen Schwofelformen,
die der '-Entfernung. durch- HDS oderI MDS zuganglich. sind, aber nicht
substantiell abgereichert' ist an aromatischen Schwefel enthaltenden
Heterozyklen; und -  b) Aussetzen des fllssigen, fossilen, aromatische
schwefelhafltge Heterozykien enthaltenden Brenn- stoffes elner
biokatalytischen Desulfurierung (BDS), wobel die BDS-Behandlung aufweist: .
i         1) Inkontaktbringen des fillssigen fossilen Brennstoffes mit
elnem Biokatalysator enthaltend oder -bestehend aus A) einem odor mehreren
Mikroorganismen, die Enzyme exprimieren, die durch elne: Schwefel
spezifische Spaltreaktionen. die Entfernung des Schwofels aus aromatischen
schwefelhaltigen Heterozykien katalysieren, indem daraus entschwefelte
organische Molekile und'anorgani- . .  20       scher Schwofel produziert
werden, B) Enzyme erhalten aus solchen Mikroorganismen, odor C) Mischungen
aus solchen Mikroorganismen und Enzymen; ii) Inkubieren des flOssigen
fossilen Brennstoffes mit dem  Biokatalysatori um Schwefel von -:-. :- :: '
.   aromatischen schwofelhaltigen Heterozykien durch den Biokatalysator zu
entfernen, wobelidesul- 25          furierte organische MolekUle und
anorganischer Schwefel produziert werden; und iii)Abtrennen der
desulfurierten organischen MolekUle von dem anorganischen Schwefeli der in
dem Inkubationschritt (b)(ii) produziert wurde, wobei die Kombination von
Schritt (a) mit Schritt (b), ausreichend ist, um einen flUssigen fossilen
Brennstoff zu produzieren, der einen Gesamtrestschwefelgehalt von weniger
als etwa: 0,05 Gew% 30     aufwelst. 2. Verfahren gemnB Anspruch 1, wobel
der flUssige fossile Brennstoff der HDS-Behandlung in Schritt (a)
:ausgesetzt wird. . 35  3. Ein Verfahren gema8 Anspruch 2, wobei der
Biokatalysator Schwefel aus aromatischen schwofelhalti- gen Heterozyklen
durch eine schwefelspezifische oxidative Spaltreaktion in der Gegenwart von
Sauer- stoff entffrnt. .4. Ein Verfahren gema8 Anspruch 3, wobei der
Biokatalysator eine Kultur von Rhodococcus rhodochrous *    40  Bakterien
ATCC No. 53968 odor eonen Abk6mmling hiervon; Enzyme, erhalten aus
Rhodococcus rhodochrous Bakterien ATCC No. 53968 oder einem Abk6mmling
hiervon; odor eine Mischung der Bakterlen mit den Enzymen enthalt. 5. Ein
Verfahren gemaB Anspruch 4, wobel der Biokatalysator elne Kultur von
Rhodococcus rhodochrous 45     Bakterien ATCC No. 53968 enthalt. 6. Ein
Verfahren gemaB Anspruch 3, umfassend den zusatzlichen Schritt des
Inkontaktbringens des flUssigen fossilen Brennstoffes mit einer
Sauerstoffquelle vor dem Inkubieren gemaB Schrftt (b)(ii), so '  daB die-
Menge an Sauerstoff in dem fossilen Brennstoff erh6ht wird, urn die
Geschwindigkeit der 60     Entfernung des Schwefels aus aromatischen
schwefelhaltigen Heterozykien durch den Biokatalysator zu steigern.
Revendicatlons 



56  1. Une m~thode de production d'un combustible fossile liquide d~sulfurd
de fagon pouss~e, approprid a la combustion, sans ddsulfuration
postcombustion, ledit combustible ayant une teneur en soufre rdsiduelle
totale inf~rieure A environ 0,05% du poids, la m6thode comprenant les
6tapes de:    EP 0 576 557 B1 (a) soumettre un combustible fossile liquide
contenant du soufre organique, ledit soufre organique comprenant des
heterocycles aromatiques portant.du soufre, a i) une hydrodesulfuration
(HDS) ou ii) une desulfuration catabolique microbienne (MDS), 5        par
laquelle ledit combustible fossile liquide est appauvri en ce qui conceme
les formes de soufre, organique susceptibles d'8tre enlevees par HDS ou
MDS, mais nest pas essentiellement appauvri en h6terocycles aromatiques
portant du soufre; et (b) soumettre le combustible fossile liquide
contenant des h6terocycles aromatiques portant du soufre A une
desulfuration biocatalytique (BDS), ledit traitement BDS comprenant 70
i) la mise en contact dudit combustible fossile liquide avec un
biocatalyseur compronant A) un ou plusieurs microorganismes exprimant des
enzymes qui catalysent, par une.rdaction de clivage sp6cifique du soufre,
IPenlbvement du soufre, a partir d'heterocycles aromatiques portant du
soufre, de sorte que des mol6cules organiques desulfurdes et du soufre
inorgani- que sont produits, a partir de coux-ci, -   6          B) des
enzymes obtenues A partir de tels microorganismes, ou C) des melanges de
tels microorganismes et d'enzymes; ii) I incubation du combustible fossile
liquide avec le biocatalyseur, pour enlever du soufre, A partir
d'h6terocycles aromatiques portant du soufre grace audit biocatalyseur, au
moyen duquel .-               des mol6cules organiques d~sulfurees et du
soufre inorganique sont produits; et 20         iii) la sdparation des
molecules organiques d~sulfurees et du soufre inorganique produits lors de
I'incubation de l'tape (b) (ii), la combinaison de l'tape (a) avec i'etape
(b) etant suffisante pour produire un combustible fossile liquide ayant une
teneur en soufre residuelle totale inf6rieure a environ 0,05% du poids. 25
2. Une m6thode, conformement & la revendication 1,. dans laquelle le
combustible fossile liquide est soumis a un traitement HDS, dans l'etape
(a). 3. Une m6thode, conformement a la revendication 2, dans.laquelle le
biocatalyseur enlbve du soufre des.k h~terocycles aromatiques portant du
soufre, par une reaction de clivage oxydative specifique du soufre, 30
en presence d'oxygene. . 4. Une methode, conform6ment A la revendication 3,
dans laquelle le biocatalyseur comprend une culture des bacterles
Rhodococcus rhodochrous ATCC. Noi. 53968 ou un deriv. de celle-cl; des
enzymes . obtenues a partir de bacteries Rhodococcus rhodochrous ATCC No.
53968 ou un derive de cellos-cl; 36     ou un melange desdites bacteries et
desdites enzymes. 5. Une methode, conform6ment a la revendication 4, dans
laquelle le blocatalyseur comprend une culture K.--'  -.    des bacteries
Rhodococcus rhodochrous ATCC No. 53968. 40  6. Une methode, conform6ment &
la revendication 3, comprenant le'tape additionnelle de mettre en: contact
le combustible fossile liquide avec une source d'oxygane avant l'incubation
de l'6tape (b)(ii), de sorte que la quaritite d' oxygne, dans ledit
combustible fossile, est augmentee, pour rehausser le taux d'enlevement du
soufre, a partir d'heterocycles aromatiques portant du soufre, par le
biocatalyseur. 46 60 111111111111111 * C   L  M   S*    


