APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Nov. 1999, p. 4967-4972

0099-2240/99/$04.00+0

Vol. 65, No. 11

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Microbial Desulfurization of Alkylated Dibenzothiophenes
from a Hydrodesulfurized Middle Distillate by
Rhodococcus erythropolis 1-19

B. R. FOLSOM,* D. R. SCHIECHE, P. M. DIGRAZIA, J. WERNER, anp S. PALMER
Energy Biosystems Corp., The Woodlands, Texas 77381

Received 4 June 1999/Accepted 23 August 1999

Rhodococcus erythropolis 1-19, containing multiple copies of key dsz genes, was used to desulfurize alkylated
dibenzothiophenes (Cx-DBTs) found in a hydrodesulfurized middle-distillate petroleum (MD 1850). Initial
desulfurization rates of dibenzothiophene (DBT) and MD 1850 by I-19 were 5.0 and 2.5 pmol g dry cell
weight ™" min~", more than 25-fold higher than that for wild-type bacteria. According to sulfur K-edge X-ray
absorption near-edge structure (XANES) analysis, thiophenic compounds accounted for >95% of the total
sulfur found in MD 1850, predominantly Cx-DBTs and alkylated benzothiophenes. Extensive biodesulfuriza-
tion resulted in a 67% reduction of total sulfur from 1,850 to 615 ppm S. XANES analysis of the 615-ppm
material gave a sulfur distribution of 75% thiophenes, 11% sulfides, 2% sulfoxides, and 12% sulfones. 1-19
preferentially desulfurized DBT and C1-DBTs, followed by the more highly alkylated Cx-DBTs. Shifting zero-
to first-order (first-order) desulfurization rate kinetics were observed when MD 1850 was diluted with hexa-
decane. Apparent saturation rate constant (K,) and half-saturation rate constant (K,) values were calculated
to be 2.8 pumol g dry cell weight ™' min~" and 130 ppm, respectively. However, partial biocatalytic reduction of
MD 1850 sulfur concentration followed by determination of initial rates with fresh biocatalyst led to a
sigmoidal kinetic behavior. A competitive-substrate model suggested that the apparent K, values for each
group of Cx-DBTs increased with increasing alkylation. Overall desulfurization rate kinetics with I-19 were
affected by the concentration and distribution of Cx-DBTs according to the number and/or lengths of alkyl

groups attached to the basic ring structure.

Nitrogen and sulfur oxides are a subset of greenhouse gases
receiving attention throughout the world with the overall
agreement that reductions are required to protect the environ-
ment. Government regulations are demanding that the sulfur
content of petroleum products for use in motor vehicles needs
to be further reduced over the next decade, requiring refiners
to increase desulfurization capacity. Depending on the sulfur
content of any given crude oil supply, the sulfur concentration
of the middle-distillate fraction used to make diesel fuel can
range widely from <500 to >5,000 ppm (17). Current U.S.
specifications for diesel fuel mandate that the sulfur concen-
tration be less than 500 ppm, with 50 ppm anticipated for the
year 2005 (17). Sulfur concentrations in crude oil supplies are
increasing, resulting in upward pressure on sulfur concentra-
tions in finished petroleum products. To achieve lower sulfur
concentrations, refiners need to operate their hydrodesulfu-
rization (HDS) units at higher temperatures and/or lower
space velocities, requiring new capital investment and/or
higher operating costs (14, 16). Of the different classes of
sulfur compounds found in the middle-distillate fraction, alky-
lated benzothiophenes (Cx-BTs) and alkylated dibenzothio-
phenes (Cx-DBTs) are more resistant to HDS treatment than
mercaptans and sulfides, with alkyl substitutions in positions 4
and 6 on the DBT ring being the most resistant (1, 7, 13).
Increasing the severity of HDS also elicits undesirable effects
on fuel quality as other chemical components are reduced at
the higher temperatures and pressures needed to achieve low
sulfur levels.

Biodesulfurization offers the potential for a more selective
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and cost-effective method for lowering the sulfur content of
petroleum products. DBT has been used as a model polyaro-
matic sulfur heterocycle for the isolation and characterization
of bacteria capable of transforming organosulfur compounds
found in a variety of fossil fuels. There are two primary path-
ways for DBT desulfurization, one in which the initial attack is
directed against one of the carbon atoms (the Kodama path-
way) and one in which initial catalysis is directed against the
sulfur center (the 4S pathway) (8, 9). Enzymatic attack at a
carbon atom, typical of many aromatic hydrocarbon degrada-
tive pathways, is undesirable for a process designed to selec-
tively remove organic sulfur compounds without oxidation of
other aromatics found in petroleum products. Several bacterial
species which are capable of either biotransforming DBT or
growing with it as a sole sulfur source have been identified
including Arthrobacter, Brevibacterium, Pseudomonas, Gor-
dona, and Rhodococcus spp. (8, 10, 11, 15, 21-23). Conse-
quently, development of biocatalytic desulfurization for the
selective removal of polyaromatic sulfur heterocycles from pe-
troleum products has focused on the 4S pathway.

The DBT desulfurization (dsz) operon from Rhodococcus
erythropolis IGTSS, which encodes three proteins, DszC, DszA,
and DszB, has been isolated, cloned, mutated, and overex-
pressed (2, 3, 12, 19, 20). DBT is stepwise S-oxidized by DszC,
first to DBT-5-oxide (DBTO) and then to DBT-5,5"-oxide
(DBTO?2). DszA catalyzes the transformation of DBTO?2 to
2-(2'-hydroxyphenyl)benzene sulfinate (HPBS), which opens
the thiophenic ring. HPBS is then desulfinated by DszB to
produce 2-hydroxybiphenyl (HBP) (Fig. 1). Each of the key
Dsz pathway enzymes has been purified and characterized (4).
The first two catabolic steps require oxygen, reduced flavin,
and an NADPH-FMN oxidoreductase for activity (4, 19, 24).
To enhance biocatalytic performance, multiple copies of dszC,



4968 FOLSOM ET AL.

©

o]
@
=
~ ©
O
<O
w ~N

DBT-MO (dszC}
DszD
NADH, FMNH3, Oz

<+

1]
e}
DBT-MO (dszC)
% DszD
NADH, FMNH2, O
o
DBTO2-MO (dszA)
¢ DszD
HO NADH, FMNH2, O2
HPBS @ @
g0
13
0
$ HPBS desulfinase (dszB)
HBP + S0F

©

FIG. 1. Proposed Dsz (4S) pathway for the biodesulfurization of DBT by R.
erythropolis 1IGTS8 (4). DBT is shown with the standard numbering system.
DBTO, DBT-5-oxide; DBTO,, DBT-5,5'-dioxide; HPBS, 2-(2'-hydroxyphenyl)-
benzene sulfinate; HBP, 2-hydroxybiphenyl; DBT-MO, DBT mono-oxygenase;
DBTO,-MO, DBTO, mono-oxygenase (4); FMN, flavin mononucleotide.

dszA, and dszD were cloned back into R. erythropolis to in-
crease enzyme production (12).

The Dsz system (4S pathway) has been shown to transform
a variety of thiophenic compounds both in synthetic mixtures
and from petroleum fractions (18, 22). Recently, reductions in
sulfur levels of around 30% were reported for a straight-run
middle distillate derived from Oregon Basin crude oil with
Rhodococcus sp. strain ECRD-1 (5). Of the 70% remaining
sulfur, about 50% was transformed to oxidized forms, which
remained in the oil. Although the substrate range of this or-
ganism was described in rather broad terms, little detail re-
garding the specific types of sulfur compounds involved and
the relative rates at which they are biotransformed was given.

In this paper, we provide additional detail regarding the
rate, range, and extent of microbial transformation of Cx-
DBTs found in a hydrodesulfurized middle distillate. A strain
of R. erythropolis with overexpression of the key desulfurization
pathway enzymes was used to describe the complex kinetic
behavior of this system and to provide a mechanistic basis for
the observations.

MATERIALS AND METHODS

Chemicals. A representative middle distillate was obtained from Total Raffi-
nage S. A. following distillation and HDS to produce an oil with 1,850 mg of S
kg~! (MD 1850). DBT (Aldrich Chemical) and hexadecane (Spectrum Chemi-
cal) had >99% purity. All other chemicals were of reagent grade or better.

Microorganism, media, and culture conditions. A genetically modified strain
of R. erythropolis 1IGTSS, 1-19 (12), was grown in either a 15- or 300-liter fer-
mentor by using a defined basal salts medium with glucose as the carbon source
and dimethylsulfoxide as the sulfur source (12). Once the culture reached an
optical density at 600 nm (ODy) of 30 to 50, cells were harvested by centrifu-
gation at 17,000 X g and stored at 4°C. Culture densities were determined by
diluting the suspension with distilled water and measuring the OD in a Beckman
DU 650 spectrophotometer with a 1-cm-path-length cuvette. The cell content of
the harvested paste ranged from 20 to 30% solids (grams dry cell weight [DCW]
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per gram wet cell weight [WCW]). DCW, WCW, and percent solids were deter-
mined by placing a sample of paste on a tarred glass fiber pad, weighing the pad
(WCW), and then drying it to constant weight (DCW) in a CEM 9000 microwave
oven with balance (CEM Corp.). A calibration curve was generated for corre-
lating OD to DCW.

Desulfurization rate determination. Unless otherwise indicated, the standard
protocol for desulfurization experiments was to first suspend cell paste in 150
mM phosphate buffer, pH 7.5, with 2% glucose at a concentration of 16.7 gDCW
liter—'. Next, 750 ml of the suspension was transferred to a 2-liter stirred vessel
(Applikon Inc.) equipped with temperature control, agitation control, pH con-
trol, and dissolved oxygen (DO) monitoring and then allowed to mix for about 60
min at 30°C. Air flow was set to 400 ml min~' to maintain DO levels above 40%
of air saturation. The pH was controlled through the automatic addition of 10%
NaOH in water, as needed. To initiate desulfurization, 250 ml of oil was added
and the contents were mixed at 1,000 rpm. The volumetric water-to-oil ratio
(WOR) was 3:1 under these conditions. Samples were withdrawn at defined time
intervals and analyzed for total sulfur content or subjected to gas chromato-
graphic (GC) analysis for quantification of levels of individual chemical compo-
nents. Withdrawn samples were centrifuged at 15,000 X g for 5 min to separate
the biocatalyst from the aqueous and oil phases.

Quantification of sulfur concentration. Between 2 and 10 ml of oil was filtered
through a 0.22-pm-pore-size Millex-GP filter (Millipore, Bedford, Mass.) to
remove any residual cellular particles. X-ray fluorescence (SLFA-1800H sulfur
analyzer; Horiba) was used for determination of total sulfur concentration, which
had a linear response from 100 to 4,000 mg of S kg~' (ppm by weight). A
calibration curve was generated by diluting a certified standard of di-n-butyl
sulfide (Analytical Services, The Woodlands, Tex.) in synthetic diesel oil. Quality
assurance samples were run before the first, and after the last, sample analyzed,
with concentration determined by comparison to the standard curve.

The distribution of organosulfur compounds was determined with an HP 5890
1I plus GC (Hewlett-Packard) equipped with a sulfur chemiluminescence detec-
tor (SCD) (Sievers 355A). For a qualitative view of the total hydrocarbon dis-
tribution and changes in total sulfur distribution, a 1-pl filtered oil sample was
injected onto an 0.53-mme-interior-diameter, 15-m column with a 1.5-pm film
DBI1 column (J&W) operated at 50.7-cm s~ ! linear velocity of helium carrier gas.
The injector and detector temperatures were set to 275 and 300°C, respectively.
Chromatography was accomplished over 12 min by using an oven temperature
program which started at 120°C and then was ramped to 300°C at 20°C min ™!
and held for 3 min. This method was not used to quantify individual components,
though relative retention times have been determined.

For quantification of groups of Cx-DBTs an HP 5890 II plus GC with a 5972
mass spectrometer (MS) (Hewlett-Packard) operated in selective ion monitoring
(SIM) mode was used. A 1-pl filtered oil sample was injected onto an 0.25-mm-
interior-diameter, 30-m column with a 0.5-um film RTX-1 column (Restek)
operated at 50.7-cm s~ ! linear velocity of helium carrier gas. The injector and
detector temperatures were set to 290 and 320°C, respectively. Chromatography
was accomplished over 75 min by using an oven temperature program which
started at 100°C and then was ramped to 315°C at 4°C min ! and held for 20 min.
Concentrations of groups of Cx-DBTs were determined from calibration curves.
While an authentic standard of DBT was used to calibrate for DBT, authentic
2-methyl DBT was used to calibrate for all C1-DBTs, and authentic 4,6-dimethyl
DBT was used to calibrate for all C2-DBTs. Since no primary standards for C3-
to C5-DBTs were available, the response factor for 4,6-dimethyl DBT was used
to quantify these species. In each case, the calibration range was from 2.4 to 48

RESULTS

Characterization of the middle-distillate petroleum stock.
The middle-distillate test material was collected from a refin-
ery pilot plant following partial HDS, which lowered the total
sulfur content of the straight-run middle-distillate feed stock to
1,850 ppm total sulfur. A variety of chemical and physical
parameters for this material were determined (Table 1). X-ray
absorption near-edge structure (XANES) analysis reported
>95% of the organosulfur compounds as thiophenic. Thio-
phenic compounds include thiophene, benzothiophene (BT),
DBT, and benzonaphthothiophene. Each of these basic aro-
matic structures can have a variety of alkyl substituents,
thereby increasing the number of unique compounds. The
sample was also subjected to GC analysis by using both SCD
and MS detectors (GC-SCD and GC-MS, respectively) to com-
pare the distributions of organosulfur compounds (Fig. 2, top
curve). GC-MS was used to identify the main groups of Cx-
DBT and Cx-BT compounds. A general trend of longer GC
retention time with increasing degree of alkylation was ob-
served; this was consistent with an increasing boiling point as
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TABLE 1. Characterization of middle-distillate test materials

Boiling point

Amt (%) of:

Test 0 Density S concn
material (gml™!)  (ppm)® . . .
Initial ~ Final Paraffin  Isoparaffin ~ Olefin  Naphthene  Aromatics SSLLIES:,C Th;ili’ftlll c;nlc Sulfoxide  Sulfone
MD 1850 149 428 0.845 1,860 18.5° 19.4° 22.8 37.3° <5¢ >95¢ ND¢ ND¢
DRM* 615 1194 7504 20d 1204

¢ Extensively biodesulfurized MD 1850 with 615-ppm S remaining.

b Hydrocarbon speciation reported as percentage of total volume by PIONA analysis (Core Laboratories, Inc., Houston, Tex.).

¢ XANES analysis was performed at beam line X-19A of the National Synchrotron Light Source (Brookhaven National Laboratory). Estimated uncertainty in
aliphatic and aromatic sulfide forms is 5% and in oxidized forms is =3%. ND, not detected.

4 DRM was chemically oxidized with a twofold molar excess of 30% (by weight) peroxyacetic acid (Aldrich) per g of oil with vigorous mixing at 22°C for 16 h.
Following the reaction, the excess peroxide was removed with platinum on carbon until no peroxide was detected. The oxidized sulfur products were isolated from the
oil by solid-phase extraction with a 5-g silica column. The column was first rinsed with pentane, and the oxidized sulfur products were then eluted with methylene

chloride.
¢ Total sulfur in oil was analyzed with an SLFA-1800H analyzer (Horiba).

the degree of alkylation increases. There were some sulfur-
containing compounds eluting before DBT which had reten-
tion times consistent with Cx-BTs. Essentially all of the orga-
nosulfur compounds found in MD 1850 were thiophenic, with
most eluting after DBT.

Time-dependent change in sulfur concentration and compo-
sition. The rate and extent of desulfurization were determined
for R. erythropolis 1-19, which contained multiple copies of
dszC, dszA, and dszD genes leading to overexpression of the
corresponding pathway enzymes. The initial rate of DBT bio-
transformation was determined to be 5.0 wmol gDCW ™!
min~ ' with DBT (1,040 ppm S) diluted in hexadecane. The
initial rate of MD 1850 desulfurization was determined to be
2.5 wmol gDCW ! min~*, based on the change in total sulfur
content in the oil phase. No significant change in sulfur con-
centration was observed when either DBT-hexadecane or MD
1850 was brought into contact with either cell-free buffer,
killed-cell controls, or live-cell controls without active Dsz en-
zymes. [-19 demonstrated a higher rate of desulfurization for
DBT in hexadecane than for the mixture of Cx-DBTs found in
MD 1850.

The rate of MD 1850 desulfurization decreased with time
over the 24-h reaction period monitored. The distribution of

Detector Response (GC/SCD)

2 3 4 5 6 7 8 9 10
Retention Time (min)

FIG. 2. GC profile for the time-dependent change in sulfur concentration
and composition. Reaction conditions were 12.5 gDCW liter ! I-19, 2% glucose,
3:1 WOR, 30°C, 150 mM phosphate, and pH 7.5. Each plot is for an oil sample
removed from the reactor and analyzed by GC-SCD 0, 1, 3, and 6 h after
initiation of the reaction. All response factors were plotted with the same scale
for both x and y axes.

sulfur compounds also changed with time and the extent of
desulfurization (Fig. 2). At 0, 1, 3, and 6 h, the sulfur concen-
trations were 1,850, 1,620, 1,314, and 949 ppm, respectively.
The first 230-ppm drop in total sulfur observed after 1 h cor-
responded primarily to a biotransformation of DBT and mid-
boiling-range sulfur compounds. Between 1 and 3 h, another
300-ppm sulfur reduction occurred, with some evidence for
more highly alkylated DBTSs being affected. At 3 h, most of the
DBT and much of the C1-DBTSs were gone. Between 3 and 6 h,
desulfurization shifted to the higher-boiling-range sulfur com-
pounds, resulting in an additional 365-ppm drop in total sulfur.
The Dsz system appeared to selectively attack different groups
of Cx-DBTs, leading to a change in reaction rate over time as
preferred substrates were consumed.

Two procedures were used to determine the extent of
biodesulfurization. First, MD 1850 was brought into contact
with cells at 12.5 gDCW liter ' and a 3:1 WOR for 24 h.
Following each treatment, the oil was recovered and brought
into contact with fresh cells for a total of five cycles. Second,
MD 1850 was treated in one stage for 24 h with cells at 30
gDCW liter ! and a 9:1 WOR. Both procedures produced an
oil with 615 ppm sulfur which could not be further reduced
following contact with fresh biocatalyst. XANES analysis of the
MD 1850 biodesulfurized to 615 ppm sulfur showed the ma-
jority of the remaining sulfur to be thiophenes (75%), with
11% sulfides, 2% sulfoxides, and 12% sulfones (Table 1).
GC-MS analysis of the polar material derived from the chem-
ical oxidation of the remaining sulfur gave mass spectra con-
sistent with a mixture of Cx-BTs and Cx-DBTs with five or
more alkyl units. About 33% of the sulfur compounds found in
MD 1850 were resistant to biotransformation by the Dsz sys-
tem (Dsz-recalcitrant material [DRM]). These data demon-
strated that the Dsz system actively desulfurized a wide range
of alkylated organosulfur compounds found in middle distil-
late. Furthermore, these data demonstrated that reactivities
for all organosulfur compounds were not equivalent.

Differential rates of desulfurization of Cx-DBTs. To further
characterize the substrate selectivity of the Dsz system,
GC-MS analysis was performed. Cx-DBTs can be grouped
based on the number of additional carbon residues. C1-DBTs
represent four different isomers with methyl residues at either
the 1, 2, 3, or 4 carbon position on the DBT ring. C2-DBTs
represent dimethylated and ethylated isomers with substitution
on either one or both aromatic rings. While GC-MS was not
used to monitor each specific isomer, it was employed for the
quantitative analysis of groups of Cx-DBTs differentiated by
the level of alkyl substitution. Using SIM for the parent ions of
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FIG. 3. Desulfurization of Cx-DBTs as tracked by GC-MS. Reaction condi-
tions were 12.5 gDCW liter ! 1-19, 2% glucose, 3:1 WOR, 30°C, 15 mM phos-
phate, and pH 7.5. A competitive-substrate model (equation 3) was used to fit the
data and plot the curve for each Cx-DBT (K, and K, values are listed in Table
2). Time-dependent changes in sulfur concentrations [S] for DBT (O), C1-DBT
(O), C2-DBT (@), C3-DBT (A), C4-DBT (A), and C5-DBT (m) are shown.

these species, initial desulfurization rate profiles were gener-
ated for six classes of Cx-DBTs in MD 1850 (Fig. 3). DBT was
the lowest-concentration compound. C2-DBTs were the high-
est-concentration group. However, the concentration of any
individual isomer, except DBT, was not determined. The data
demonstrated that DBT, C1-DBT, and C2-DBT all reacted
with no apparent lag. C3-, C4-, and C5-DBTs all demonstrated
an acceleration in rate over time coincident with the disap-
pearance of the less-alkylated DBTs. Since primary standards
were not available for many of the Cx-DBTs, their quantifica-
tion was based on the response factors for DBT, 2-methyl
DBT, and 4,6-dimethyl DBT. With this assumption, initial
rates of desulfurization were calculated for each group of Cx-
DBTs (Table 2). C2-DBT demonstrated the highest rate, con-
sistent with this group having the greatest concentration. C5-
DBT demonstrated the lowest rate, even though the
concentration for this group was greater than that for DBT,
which reacted 10 times faster. The summed reaction rates were
equivalent to the rate determined by tracking total sulfur loss
within experimental error. Clearly, the Cx-DBT degradation
rate kinetics were dependent on both concentration and de-
gree of alkylation. The trend showed a decrease in reaction
rate with increasing alkylation.

Desulfurization rate kinetic estimates. MD 1850 was diluted
with hexadecane to produce oil with intermediate levels of
total sulfur (Fig. 4). The concentration of reactive sulfur com-

TABLE 2. Competitive-substrate model parameter estimates

Compound Concn Ratcﬁ o K,
(ppm) (wmol gDCW™" min™") (ppm)
DBT 32 0.081 100
C1-DBT 150 0.381 100
C2-DBT 293 0.69 105
C3-DBT 230 0.306 182
C4-DBT 130 0.077 425
C5-DBT 50 0.008 1,538
CR-DBT* 379 NAP 2,000
DRM 615 0 o0

“ CR-DBT, C6- and higher Cx-DBTs.
> NA, not applicable.
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FIG. 4. Concentration-dependent desulfurization rate profiles. Initial rates
of desulfurization were determined from three independent shake flasks incu-
bated for four different times for a total of 12 points per rate determination.
Shake flasks were prepared with 40-ml total volumes, and reaction conditions
were either 3 or 6 g DCW liter ! 1-19, 2% glucose, a 3:1 WOR, 30°C, 150 mM
phosphate, and pH 7.5. The initial rate was calculated with a second-order
polynomial (R?> > 0.98 for all of the data) and plotted as a function of initial
concentration of degradable sulfur [S — DRM] for MD 1850 in hexadecane (@),
partially desulfurized MD 1850 (m), and MD 1850 mixed with DRM (O). A
first-order kinetic model (equation 1) (top curve) was used to fit the MD 1850
dilution data (K, = 2.8 pmol gDCW ™! min~'; K; = 130 ppm; 615-ppm DRM).
A second-order kinetic model (equation 2) (middle curve) was used to empiri-
cally fit the partially desulfurized MD 1850 data (K, = 2.8 pmol gDCW ™! min~;
K, = 211,985 ppm?; 615-ppm DRM). A competitive-substrate model (equation
3) (bottom curve; K, and K values as listed in Table 2; 615-ppm DRM) was also
used to fit the partially desulfurized MD 1850 data. MD 1850 mixed with DRM
() was not used for any of the fitted curves.

pounds was plotted against initial reaction rate. The unreac-
tive-sulfur compound component (615 ppm S in 100% MD
1850) was subtracted based on the dilution with hexadecane
which contained no unreactive sulfur compounds. Desulfuriz-
ation followed a shifting zero- to first-order (first-order) kinetic
model (see equation 1) with an apparent half-saturation rate
constant, K;, of 130 ppm and an apparent saturation rate
constant, K,, of 2.8 pmol gDCW ' min . This rate-versus-
substrate concentration profile was similar to that determined
for DBT dissolved in hexadecane, which also demonstrated a
first-order kinetic profile (data not shown). All of the DBT can
be transformed by the Dsz system under these conditions, with
final sulfur concentrations below detection limits.

Desulfurization of MD 1850 was then determined by pro-
ducing oil with various levels of sulfur following biodesulfu-
rization. The oil was treated for different times with various
biocatalyst concentrations to generate sulfur concentrations
between those of stock oil and DRM. The oil was then recov-
ered by centrifugation and filtered. Initial desulfurization rates
were then determined for each pool of oil by using the same
batch of fresh cells (Fig. 4). Desulfurization of this partially
desulfurized middle distillate did not follow a simple first-order
kinetic equation but could be fitted to an empirical, shifting
zero- to second-order (second-order) model (see equation 2),
with apparent kinetic constants of 2.8 wmol gDCW ™! min~*
and of 211,985 ppm? for K,, and K, respectively. This obser-
vation was consistent with the data presented in Fig. 2 and 3,
which clearly demonstrated a shift in sulfur species distribution
with the extent of desulfurization.

One additional rate was determined in this experiment. MD
1850 was mixed with oil which had been extensively desulfu-
rized to lower the total sulfur concentration but not to shift the
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relative concentrations of the different biodegradable sulfur
species. This mixture demonstrated a significantly greater rate
than that of the corresponding partially desulfurized material
at the same level of degradable sulfur but one that was less
than that obtained by diluting MD 1850 with hexadecane (Fig.
4). Both total sulfur concentration and the distribution of Cx-
DBTSs contributed to changes in the overall reaction rate ki-
netics for the Dsz system.

DISCUSSION

A hydrodesulfurized middle-distillate petroleum used for
producing diesel fuel was obtained from Total Raffinage S. A.
(1,850 ppm S; 149 to 428°C boiling range petroleum fraction).
The sulfur compounds eliminated by HDS treatment included
most of the mercaptan and sulfidic components, leaving pri-
marily thiophenic sulfur compounds as determined by XANES
analysis (Table 1). Of the alkylated thiophenic moieties, Cx-
DBTs constituted the majority of those identifiable by GC-MS,
though there are Cx-BTs and alkyl-benzonaphthothiophenes
present at lower concentrations. Deeper HDS treatment re-
sults in the desulfurization of Cx-BTs and less-alkylated Cx-
DBTs (data not shown). As such, each group of Cx-DBTs is
composed of several unique compounds. For example, C1-
DBTs are a group of monomethyl compounds with four dif-
ferent positions of substitution. The C2-DBTs include both
dimethyl- (methylation of one or both rings) and ethyl-substi-
tuted compounds. As alkylation increases, the number of
unique structures also increases. Though DBT has been used
extensively as a model compound for biodesulfurization re-
search, it does not fully represent the range of thiophenic
compounds found in petroleum.

The rate of DBT desulfurization by R. erythropolis 1-19 was
determined to be 5.0 pmol gDCW ' min~'. Previously, rates
from 0.1 to 0.2 wmol gDCW ! min~* were reported for wild-
type R. erythropolis IGTS8 conversion of DBT to HBP (6, 19).
Another desulfurizing bacterium, Gordona sp. strain CYKSI,
was reported to transform DBT at a rate of 0.15 pmol
gDCW ! min~*! (22). Overexpression of key Dsz enzymes in R.
erythropolis 1-19 increased specific desulfurization rates by at
least 25-fold over those for the naturally occurring isolates.
The rate of DBT desulfurization in a model hexadecane system
was greater than that observed for biotransformation of Cx-
DBT from a middle-distillate stock. The lower rate of desul-
furization in middle distillate can be partially attributed to the
mixture of Cx-DBTs, which appear to have lower reactivities
than the unalkylated parent structure, DBT.

Extensive biodesulfurization of MD 1850 led to a 67% re-
duction in total sulfur from 1,850 to 615 ppm. Comparable
sulfur reductions have been reported previously for desulfuriz-
ation of diesel oils by a Gordona species employing the 4S
pathway: 70% for a middle-distillate unit feed and 50% for
light gas oil (22). Rhodococcus sp. strain ECRD-1 reduced the
sulfur content of a straight-run middle distillate 30% and ox-
idized another 35% to oil-soluble products (5). The remaining
sulfur compounds, DRM, were either not substrates for the
Dsz system or reacted so slowly as to not be observed under the
conditions employed. XANES analysis of the DRM from MD
1850 shows the majority of the remaining sulfur to be thio-
phenes (75%), with 11% sulfides, 2% sulfoxides, and 12%
sulfones. GC-MS analysis of the polar material derived from
the chemical oxidation of the remaining sulfur gave mass spec-
tra consistent with a mixture of Cx-BTs and Cx-DBTs with five
or more alkyl units. This distribution of sulfur compounds
remaining following biodesulfurization was significantly differ-
ent from that reported for a straight-run middle distillate,
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which contained upwards of 50% oxidized sulfur compounds
(5). This difference is likely due to the differences between the
straight-run distillate fraction reported previously and the hy-
drodesulfurized material used in this study. Clearly, the Dsz
system of I-19 is capable of transforming a wide range of
alkylated thiophenic compounds found in petroleum distil-
lates.

The Dsz system selectively and sequentially transformed
groups of Cx-DBTs. Though DBT is a good model compound,
it does not adequately represent all Cx-DBTs found in middle
distillate. DBT and C1-DBT appear to be attacked preferen-
tially, followed by the more highly alkylated DBTs. GC-MS
data demonstrate that Cx-DBTs, up to at least C5-DBTs, are
substrates for the Dsz system. The carbons adjacent to the
sulfur center were reported to be sterically hindered, leading to
lower reactivities for an Arthrobacter sp. employing a 4S path-
way (11). In vivo desulfurization of 2,8-DBT and 4,6-DBT
demonstrated 120 and 60%, respectively, of the rate deter-
mined for DBT by using R. erythropolis H-2 employing a 4S
pathway (18). Both of these compounds are C2-DBTs and
would be included in the overall rate of disappearance as
quantified by the GC-MS methods used. Not only does the
position of alkylation affect reactivity but also, in general, in-
creasing alkylation decreases reactivity.

Desulfurization rate kinetics were determined by adjusting
total sulfur concentration and Cx-DBT distribution indepen-
dently and at the same time. First, dilution with hexadecane (i)
changed the total sulfur concentration, (ii) did not shift the
sulfur species distribution, (iii) decreased the DRM concen-
tration, and (iv) shifted the composition of the bulk hydrocar-
bon matrix. Dilution of MD 1850 with hexadecane fitted a
typical first-order kinetic, with a K; of 130 ppm and an appar-
ent K, of 2.8 pmol gDCW ! min~" (see equation 1). Second,
MBD 1850 was partially biodesulfurized, generating sulfur con-
centrations intermediate between those for the stock oil and
DRM. The oil was recovered and filtered, and then initial
desulfurization rates were determined with fresh cells. Partial
biodesulfurization (i) changed the total sulfur concentration,
(ii) shifted the sulfur species distribution, (iii) did not change
DRM concentration, and (iv) did not change the composition
of the bulk hydrocarbon matrix. This rate change profile fit a
second-order model with apparent kinetic constants of 2.8
pmol gDCW ' min~" and 211,985 ppm? (K, and K, respec-
tively; equation 2). Finally, dilution of MD 1850 with DRM (i)
changed the total sulfur concentration, (ii) did not shift the
sulfur species distribution, (iii) did not change the DRM con-
centration, and (iv) did not change the composition of the bulk
hydrocarbon matrix. Desulfurization rate kinetics for the com-
plex mixture of Cx-DBT compounds found in middle distillate
were affected by both the concentration and distribution of
Cx-DBTs.

Shifting order kinetics from zero to first order (Michaelis-
Menten) is expressed by

— R = |— § — KO ) _ Vmax(app) : [S - DRM] 1
e ot 0 - Kl +S B Km(app) + [S - DRM] ( )

where Ry, is the initial specific reaction rate for the substrate
(S), [0S/dt],, is the differential change in substrate concentration
divided by the differential change in time (), Vaxapp) 1S the
Michaelis-Menten apparent saturation rate constant, K, ., i
the Michaelis-Menten apparent half saturation rate constant,
and § — DRM is the total sulfur concentration (S) minus the
Dsz-recalcitrant sulfur concentration (DRM).

Shifting order kinetics from zero to second order is ex-

pressed by
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2 _[ 5] _ Ko[S ~ DRMF’ 5
~Rso= |7 % | TK,+[5— DRMT )

Use of empirical kinetic models limits our ability to estimate
reaction rates for oil feed stocks with variable compositions
and/or concentrations. From a theoretical standpoint, it is rea-
sonable to assume that rates of biodesulfurization of each of
the sulfur species would follow apparent first-order kinetics. In
this case, the kinetic parameters K, and K; for each of the
sulfur species would be different. A predictive model was de-
veloped based upon this assumption, breaking the sulfur spe-
cies in MD 1850 into eight categories: DBT, C1-DBTs, C2-
DBTs, C3-DBTs, C4-DBTs, C5-DBTs, CR-DBTs (C6- and
higher Cx-DBTs), and DRM. This approach, though more
complex than assuming that all Cx-DBTs are the same, is still
a simplification. The GC-MS SIM method identified groups
and did not attempt to distinguish individual isomers. As men-
tioned above, as alkylation increases, there is an increasingly
complex mixture of methyl, ethyl, or longer-chain substitutions
in multiple positions on one or both rings. As noted, within the
C2-DBT group, 2,8-DBT and 4,6-DBT demonstrated different
reactivities when rates were determined on single substrates
(11). As a first approximation, it was further assumed that the
K, for each of these groups is the same but that the K, values
differ. The practical meaning of this is that the Dsz system has
differential affinity for each of the species but that once the
substrate is bound to the enzymes within the cell, the rate of
conversion is the same. Using GC-MS data from batch biode-
sulfurization tests with MD 1850, parameters for each of the
sulfur species were approximated. These results are presented
in Table 2.

The competitive-substrate model is expressed by

K
’ i S

~ Ry = Eat E - (3)

The competitive-substrate model closely predlcts the observed
change in concentration for each of the classes of Cx-DBTs as
a function of time with the kinetic constants in Table 2. Figure
4 shows the difference in the predicted rates of desulfurization
as a function of sulfur concentration by using an empirical
second-order model (equation 2) and a mechanistically based
competitive-substrate model (equation 3). These data support
the conclusion that the more highly alkylated DBTs are less
reactive and have higher apparent K, values than DBT. The
resulting estimates for K, for each group of Cx-DBTs are
consistent with expected changes in oil-water partitioning. The
data support the view that the lower Cx-DBTs have lower K,
values and are preferentially transformed first. As this group of
substrates is consumed, the biocatalyst shifts to transformation
of the more highly alkylated DBTs with higher K, values,
resulting in an apparent second-order kinetic behavior. This
second-order kinetic behavior appears to be consistent with a
mechanistically based competitive-substrate model. Further
generalization of this model would require validating the as-
sumption that each group of Cx-DBTs has the same K|,. The
same type of experiment would be required to expand the
database and fine-tune the kinetic constants for more than one
stock oil.
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