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Abstract

The bacterial strain, nameliRhodococcusp. (JUBT1) isolated from petrol/diesel station, has been used for different model organo-
sulfur compounds like, DBT, alkylated DBT, etc., which usually remain unchanged during the conventional hydro-desulfurization of the
diesel fraction. The initial concentration of organo-sulfur compounds has been varied in the range of 100-1060thgldnthe present
experimental range the bacterial growth has been observed to follow Haldane type kinetics characterizing the presence of substrate inhibition.
Although the growth of the bacterial strain is of substrate-inhibited type for all model organo-sulfur compounds, used as limiting substrates, the
extent of inhibition is, however, different. For the same values of initial concentrations the inhibition is more pronounced for the organo-sulfur
compounds containing larger number of alkyl substitutions. The values of intrinsic exponential growth phase kinetic parametgss like
maximum specific growth rat&s, half saturation constarKg;, inhibition constant, have been determined using each organo-sulfur compound
of different number of alkylation as limiting substrates. Relative change in the value of kinetic parameters has been correlated to the number
of substitution. A mathematical model has been developed to predict the conversion of sulfur during batch type bio-desulfurization of model
compounds as well as diesel having known distribution of organo-sulfur compounds. The predictions of the model have been compared with
the experimental results satisfactorily.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Bio-desulfurization; Organo-sulfur compounds; Hydrotreated diesel; Growth kinetics

1. Introduction [2,3]. A USA EPA rule phases in 15 mg/dnsulfur highway
diesel fuel starting June, 20083—15] In Japan, 10 mg/dén
Desulfurization of diesel fuel is growing worldwide in  sulfur fuel in 2007 has already been announfd@s-15] Cur-
a process which is critical to petroleum refinery profitabil- rently, diesel is treated thermo-chemically following hydro-
ity. Worldwide awareness led countries in the major devel- desulfurization (HDS) methof¥]. Although this process is
oped regions to legislate almost sulfur-free highway diesel energy intensive due to its requirement for high temperature
fuel for 2007. Near-zero sulfur (NZS[R,3] diesel fuel  and pressure it is highly efficient in removing organic sulfur
of 15mg/dnt sulfur or less allows advanced post-engine |oad to 100 mg/drhlevel. However, with the available range
exhaust cleanup. Currently the most common sulfur specifi- of catalysts (CoMo, NiMo, etc[}L] this process is not suitable

cation is 500 mg/drh(350 mg/dnd in Europe)[2]. Ultra low for the removal of polyaromatic sulfur compounds like alky-
sulfur diesel (ULSD) fuel of less than 50 mg/abec_omes the  |ated dibenzothiophene, napthothiophenes,[&]. present
specification both in European union and Japan in 20(H. in diesel to an ultra low level (10-50 mg/djrrequired by

European Commission further adopted a 50 mg/gnifur  the new US and European norms. From the reported review
specification for road diesel fuel beginning January, 2005 [1-10]itis clear that the conventional way of lowering the sul-
fur level from 100 mg/driito an ultra low level (10 mg/df)
* Corresponding author. Tel.: +91 33 24146378; fax: +91 33 24146378, Would be to add a second stage to the existing hydro-treating
E-mail addressftbe_ bon@yahoo.com (R. Chowdhury). unit. The second stage would require substantial modifica-
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2. Materials and methods
Nomenclature
. . 2.1. Bacterial strain

Cs biomass concentration (mg/djn
Cs substrate concentration (mg/ém Rhodococcussp. (JUBT1) isolated from local petrol/
Csmax Maximum substrate concentration (mgAjm diesel station soil were used.
Ks half saturation constant (mg/din
Ksi inhibition constant (mg/dr) 2.2. Chemicals
Kg modified half saturation constant for substrate-

inhibited system (mg/dR) DBT, C;-, Cp-, and G-DBT purchased from Sigma—
rs consumption rate of substrate (mg/im) Aldrich Fine Chemicals limited were useN-hexane, hex-
t time (h) adecane of liquid chromatography grade were used.
Yy/s yield coefficienemass of biomass pro- KHoPO, (GR Merck), NaHPO; (BDH E.Merck)

duced/mass of substrate consumed (NH4)2SOs (Ranbaxy), MgS@7H,0 (S.D. Fine-Chem

Pvt. Ltd.), CaC}-6H,O (E.Merck), FeS@7H,O (BDH.

Greek letters E.Merck), Silica gel (100—200 mesh) (Sisco Research Labo-
% specific growth rate (ht) ratory Pvt. Ltd.) were used for the present study.
Umax  Maximum specific growth rate (H)
Subscript 2.3. Diesel
! any compound Diesel having the following specification was used: initial

boiling point—140°C; final boiling point—370C; specific
gravity—0.8216; sulfur content—500 ppm [having-OBT:
40% W, G-DBT: 30% W, G-DBT: 20% W and others: 10%
W] aromatic content (%, w/w)-27.16.

tion of the desulfurization process, primarily through using 2-4. Experimental media and growth condition

higher pressure, increasing hydrogen consumption, reducing

space velocity and choice of catalysts. To reduce the appre-  The sulfur-free medium (SFMJLL1] was composed of 1.

hended cost of conventionally desulfurized diesel to an ultra KH2PO4—1.0g, NgHPO,—1.250g (NH)>SO;—1.004,

low level, a few new technologies like sulfur adsorption, sul- MgSQs-7H0—0.5009g, Cagt6H,0—0.0509g, FeS®

fur oxidation, bio-desulfurization, are under development to 7H20—0.005g per 1drh having pH (6.8-7.2). DBT,

replace the second hydro-treating stdge Among them,  Ci-, Ca-, Cs-DBT solutions were prepared as 100 mghim

bio-desulfurization may be a potential and innovative alter- in hexadecane. Cells were cultivated in 150ml flasks

native. containing 20 ml SFM supplemented with 1 ml of different
It is evident from the literaturfL,3,9] that the majority of organo-sulfur compound solutions as the source of sulfur.

the organo-sulfur compounds remaining unconverted after It may be mentioned that the Erlenmeyer flasks containing

the conventional hydro-desulfurization are mostly the alky- a@queous growth medium were autoclaved for 15min at

lated dibenzothiophenes. Although a few wok€l—6,8,10] 121°C and 0.2 MPa. Other non-aqueous substrate solutions

have been reported on bio-desulfurization of diesel and pureincluding diesel were exposed to UV radiation for 30 min for

organo-sulfur compounds more systematic research studiesterilization purpose. The culture medium was inoculated

should be conducted to explore the possibility of using this With the bacterial culture in a laminar-flow hood, using
route efficiently. sterile pipette. Flasks were plugged with sterile cotton to

Under the present investigation a Systematic growth aVOid further C0ntamina'[i0n by Ol’ganisms Othel’ than JUBT1.
kinetic study of a bacterial strain isolated from the soil of a Cell cultivation was carried out at 2& on a rotary shaker

local petrol station has been carried out using DBIFDBT, operated at 150 rpm.
C,-DBT, C3-DBT and diesel as limiting substrates. The con-
centration was varied in the range of 100—1000 md/dm 2.5. Batch experiments

all the cases both Monod and Haldane type kinetics have been

attempted. Since the systems are characteristically substrate To determine the growth kinetics of the microorganisms
inhibited ones, the threshold value of substrate concentration,with respect to different organo-sulfur compounds present
above which the inhibitory effect becomes pronounced, hasin hydro-de-sulfurised diesel, batch experiments were
been identified for each component. A deterministic math- conducted in Erlenmeyer flasks. For each compound a set
ematical model has been developed to predict the concen-of experiments was performed for a period of 48 h varying
tration time history of biomass and substrates using suitablethe initial concentration in the range of 100-1000 mgidm
growth kinetics. For each initial substrate concentration, cell mass and the
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substrate concentration were determined at an intervalmined using the following theoretical concept.
of 4h. Biomass concentration was determined using a
dry weight method, while the sulfur concentration were d d C

. . Mmaxts
determined using X-ray fluorescence spectroscopy (Oxford) f(’"S) =0, or e\ o = |~ 0,
following ASTM-D4294-03 method. A separate set of S S K§+Cs+r;
experiments was also conducted using diesel as the sulfur

source Kedt Cot B) _ o142
: Mmax S ST Xsi S Ksi
or =0,
)
i i Ks+ (jS + _}
3. Theoretical analysis s Ksi
c3 2C3
Using the data derived from batch type experiments for or Kg+ Cs+ —> — Cs — o o,
each organo-sulfur compound and diesel, growth kinetics of Ksi Si
the microorganisms have been determined. As high substrate €2
- i or — = KL or Cs=y/K:Ksi=C (3)
concentration may cause inhibition, known as substrate inhi- = g T ©S S= \/ Ashsi = L-Smax

bition, Haldan€[12] type kinetics applicable for substrate-
inhibited growth has been attempted along with the most The values ofCsmay are given inTable 1 The values of
simple Monod-type kinetics. The Monod and Haldane type Ks, CsmaxandKsj have been correlated to the number of

kinetics are given as follows: alkylation in DBTS.
Monod type:
LtmaxCs 3.1. Time history of concentration
~ Ks+C @)
S S To know the time history of concentration of different
Haldane type: organo-sulfur compounds, the following differential mass
balance equations have been used,
MmaxCs
== (2) dCs; 1
/ Cg)? '— _u.C 4
Ks+Cs+ 38 o miCey — (4)

The kinetic parametergimax, Ks, K5 andKs; have been dCg
determined both graphically and by non-linear regression g, — 1Cs ®)
analysis. These have been givermable 1

For each organo-sulfur compound and diesel the value The specific growth ratg has been calculated using Monod
of maximum substrate concentratidBsmax corresponding  type and Haldane type kinetics during simulation using 4th
to the maximum substrate consumption rate has been deterorder Runga Kutta technique.
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Fig. 1. Simulated (lines: Monod - - -; Haldane —) and experimental (poiat9:Cso=1000; (A) Cso=700; @) Cso=500; (x) Csp=300; (*) Cso=100)
time history of concentration of DBT with initial substrate concentration as parameter.
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Table 1

Kinetic parameters of different organo-sulfur compounds and diesel
Compound Kgor K/S Csmax Ksi Hmax (X 104) Yxis

(mg/dn?)  (mg/dn?) (mg/dn®) (h71) (x10%)

DBT 100 407.42 16592 467 920
C,-DBT 130 427.00 14089 457 790
C,-DBT 165 446.34 12040 406 580
C3-DBT 245 465.47 88486 394 470
Diesel 205 432.23 9500 402 720

4. Results and discussion

that the Monod type kinetics are able to explain the tran-
sient behavior only for the initial substrate concentration of
100 mg/dni, above which Haldane type kinetics are more
suitable to predict the reality. IRigs. 2—4, the same plots
have been made fori§ Co-, and G-DBT respectively. In
each case, substrate inhibition is validated above 100 mig/dm
of initial substrate concentration. IlRig. 5 values of spe-
cific growth rate for different organo-sulfur compounds have
been plotted against their initial concentration. From the close
observation ofFig. 5, it is evident thatu reaches a maxi-
mum value at a certain substrate concentrat@may above
which it decreases. The value 6gmax has been observed

In Fig. 1, simulated values of concentration of DBT have to increase with the number of substitution,jn DBT. The
been plotted against reaction time, varying initial concen- value ofumax, however, shows the reverse trend.
tration as a parameter. The experimental values have been In Fig. 6, Ks, umax Ksi, and Csmax have been plotted
plotted on the same figure. Analysis of the figure reveals againstthe number of alkylationin DBT. It has been observed
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Fig. 2. Simulated (lines: Monod - - -; Haldane —) and experimental (poiai3:Gso=1000; (A) Csp=700; mm ) Cso=500; (x) Cso=300; (*) Cspo=100)
time history of concentration of C1-DBT with initial substrate concentration as parameter.

1200 1~

Time,h

Fig. 3. Simulated (lines: Monod - - -; Haldane —) and experimental (poia3$:Gso=1000; (A) Csp=700; @mm ) Csp= 500; (x) Cso=300; (*) Cso=100)
time history of concentration of C2-DBT with initial substrate concentration as parameter.
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Fig. 4. Simulated (lines: Monod - - -; Haldane —) and experimental (poiai3:Gso=1000; (A) Csp=700; @mm ) Csp=500; (x) Cso=300; (*) Cso=100)
time history of concentration of C3-DBT with initial substrate concentration as parameter.
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Fig. 5. Simulated (line) and experimental (point) variation of specific growth rate with concentration of substrate for different organo-sutfundem
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Fig. 6. Correlation of kinetic parametei€d, Ki, itmax, Csmax Yx/s) With number of alkylationn.
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Fig. 7. Simulated (based on linear correlation - - -; diesel kinetics —) and experimental (pENtSsH=500; (x) Cspo=200; (1) Csp=100) time history of
concentration of organo-sulfur in diesel with initial concentration of sulfur as parameter.

that, whileCsmnaxandKs have increased with the number of The initial concentration of organo-sulfur compounds has
alkylation,Ks;, max Yx/s have decreased with it. Linear cor-  been varied in the range of 100-1000 mg?drfihe strains
relation of number of substitution with each parameter has have been observed to follow substrate inhibited growth fol-
also been incorporated in the figure, so that only by know- lowing Haldane type kinetics. Kinetic parameters are highly
ing the composition of organo-sulfur compounds in the feed affected by the increase in the extent of alkylation of DBT
diesel one can predict the ultimate achievable conversion. Inand linear correlations have been incorporated to explain the
Fig. 7, the concentration time history of sulfur compounds in functionality of the parameters with number of alkylation. A
diesel simulated using Eggl) and (2)and the above linear mathematical model using differential material balance equa-
correlations ofFig. 7, have been plotted. On the same fig- tions along with the Haldane model and linear correlation of
ure another set of plots has been made using the theoreticakinetic parameters and number of alkylation is capable of pre-
results obtained using the differential mass balance equa-dicting the overall trend of desulfurization of organo-sulfur
tions and the kinetic parameter of diesel itself. On the same compounds as well as diesel.

figure, the experimental values have been superimposed. It

is observed that the theoretical plots are very close for ini-

tial organo-sulfur concentration up to 200 mgiiand are ~ Acknowledgement

capable of explaining the experimental trend. At higher ini- . )
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dicting the experimental trend. The validity of Haldane model

is established also in case of diesel. Moreover, the applicabil-
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