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Abstract

Environmental considerations have driven the required to remove sulfur-containing compounds from
light oil. The biological removal of sulfur from petroleum feed stocks offers an attractive alternative
to conventional thermo-chemical treatment due to the mild operating conditions afforded by the
biocatalysts. The aim of this work is to study and simulate the biological desulfurization model and
focuses on mass transfer of dibenzothiophene biological transformation. The model used is benzene-
water mixture in which oil droplets are the despised phase, the model used to calculate the mass
transfer coefficient of benzene in water and the rate of biological desulfurization at temperature range
of 20-45 °C, and 10 & 20% of benzene volume fractions. The simulation conducted using a FORTRAN
program. The observations found that the time constant was affecting directly with the temperature
and sulfur absorption time as well as inversely with the energy capacity. Moreover, the specific surface
area is directly proportional to the energy capacity, the volume fraction of benzene in the mixture,
sulfur absorption and water purification, but it is changing inversely with increasing the temperature.
On the other hand, the energy capacities, the value of the volume fraction of benzene in the mixture
and sulfur absorption was influencing on the mass transfer coefficient. The significant results show
that the good volume fraction ( φb) for the best specific surface area is 20%, but the best mass transfer
coefficient as well as time constant were obtained at volume fraction 10%. The effect of temperature
was slightly low in the proposed medium and on biological desulfurization.
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1. Introduction

The crude oils contains small amounts of impuri-
ties as sulfur compounds that are the most com-
mon and harmful impurities in petroleum which
decrease its value. The sulfur compounds, rang-
ing typically between 0.05 and 5.0 wt.%, although
values as high as 8 wt.% have been reported [1].
These compounds may be an inorganic compounds,
mercaptans, aliphatic sulfides, cyclic sulfides or
thiophanes disulfides. With no a suitable sulfur-
removing step, their use as a fuel results in the
formation and emission of polluting sulfur diox-
ide during combustion [2]. Due to stricter envi-

ronmental legislation, the desulfurization of crude
oil and its distillates is becoming increasingly im-
portant. A number of conventional methods ap-
plied for sulfur removal, which consequently re-
duce the emission of sulfur compounds to the at-
mosphere that in turn reduce the environmen-
tal pollution. Hydrodesulfurization (HDS) is the
most popular chemical method, as well as absorp-
tion and biological methods [3]. The biological
method as named as bio-desulfurization (BDS)
was a concept known for over 50 years [4]. The
BDS method uses bacterial strains that are able
to remove sulfur from oil, also have a lot of advan-
tages over physical and chemical methods, where,
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it does not require high temperature and pressure
conditions, but it is usually take long time [5].
Numerous reviews on BDS have been published
over the past decade and until the present time
[6-12] focusing on fundamental, developing and
applied aspect of BDS processes. The efficiency
of a bio-desulfurization process basically depends
on a sufficient oil/water (o/w) contact, because
the reactions proceed mostly at the interface [13,
14]. Bacteria prevail in the water phase, conse-
quently the organic sulfur compounds, e.g. benzo-
and dibenzothiophenes must be transferred from
the oil bulk phase to the o/w-interface. BDS pro-
cess operates at ambient temperature and pres-
sure with high selectivity, resulting in decreased
energy costs, low emission, and no generation of
undesirable side products [15]. The desulfuriza-
tion rate obtained with crude oil or a petroleum
product is an important measurement in deter-
mining the suitability of a biocatalyst for an in-
dustrial BDS process. Further research into BDS
development is required before realistic
assessments in pilot-plant studies can be made
[16]. Many biological methods used to reduce the
sulfur content in crude oil as electro-spray biore-
actor, which use of electric field contactors for the
bio-
desulfurization of the model compound dibenzoth-
iophene (DBT) [17]. Furthermore, in the bio-
chemical conversion process, the bacteria reside in
an aqueous phase that mixed with a nonpolar hy-
drocarbon phase, within this case, the reaction oc-
curs at the
aqueous-hydrocarbon interface. During this pro-
cess, the bacteria attack the sulfur containing aro-
matic
rings and metabolize the sulfur. The removed
sulfur ends up in the aqueous phase and can then
be separated [17]. The desulfurization of DBT,
4,6 dimethyldibenzothiophene (4,6-DMDBT) and
their mixture by lyophilized cells was studied in
the presence of dodecane. The desulfurization
rate for 4, 6-DMDBT was found to be about 40%
in comparison with that for DBT [18]. Stirred
tank reactors (STR) are regularly used to gener-
ate fine dispersions, since high-energy inputs can
be achieved [19]. Furthermore, common relation-
ships describing the dispersion process in a STR
are known. In an agitated medium the drop size
distribution of the dispersed phase depends on
droplet breakage and coalescence [20]. Reactor

operating conditions, physical properties and the
volume fraction of dispersed phase, are the factors
affecting the average droplet size [21].
In this paper, the mathematical model which con-
ducted by Marcelis et al was usedfor compari-
son of the mass transfer rate of DBT within the
oil droplet and the biological desulfurization rate.
Benzene as a simple hydrocarbon fraction was
simulated in the model. The calculations have
done by FORTRAN program. The work offered
the estimation of the DBT mass transfer rate, ex-
pressed by a time constant as a function of the
energy capacity (W•kg−1) at different o/w-ratios
(viz. 10& 20% (v/v)) and temperatures (viz. 20,
25, 30, 35, 40 and 45°C). The calculated mass
transfer rates are compared to reported biological
DBT desulfurization rates in order to assess the
overall process-limiting step.

2. Methodology

2.1. Time constant for DBT mass transfer
to the benzene/water-interface

For comparison between the mass transfer rate of
DBT in the benzene droplet to the benzene/water
interface and the biological desulfurization rate, a
time constant (b) for the DBT mass transfer in a
dispersed phase to the b/w-interface is estimated
using an adopted mathematical model [22]. The
time constant (or characteristic time) is composed
of the reciprocal product of: (i) The mass transfer
coefficient (Kb) and, (ii) The specific surface area
(abw) of the benzene phase and gives an indica-
tion of the mass transfer rate. The time constant
calculate from the following Equation 2.1 [23]:

τb =
1

kb ∗ abw
(2.1)

Figure 2.1 shows a schematic representation of the
relevant parameters necessary to describe the dis-
persion process and to estimate Kb and abw in
an ideally mixed STR.
The backbone of the dispersion model contains
three dimensionless numbers: Reynolds (Re), Sher-
wood (Sh) and Weber (We). The Re number ex-
presses the hydrodynamics of the liquid phase, us-
ing the input variables density (ρl), dynamic vis-
cosity (ηl) and energy capacity (ε). The Sh num-
ber gives the characteristics for the mass trans-
fer in the system based on the estimation of the
diffusion coefficient (Db) as input variable. The
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Figure 2.1: Chart illustration of the interrelation be-
tween the parameters and variables necessary to calculate
the DBT mass transfer rate

We number is used to estimate the diameter of
the droplets (db) anddepends on the interfacial
tension (σvbw) as input variable. The property in-
put variables ρl, ηl, Db and σvbw are a function of
temperature (T), volume fraction of the benzene
phase ( φb) and type of organic phase (ξ). To
disperse the benzene phase in the aqueous bulk
phase energy is required. The energy capacity is
defined as the amount of mechanical energy input
(Ρ) into the system per kilogram reactor content.
This variable depends on the liquid density and
the vessel geometry and it calculates from Equa-
tion 2.2:

ε =
p

ρl ∗ Vl
= Np ∗

ρlN
3D5

ρl
π
4T

2
sH

(2.2)

Here, Vl denotes the liquid volume in the STR,
Np the power number, N the stirrer speed, D the
impeller diameter, Ts the tank diameter and H
the liquid height in the tank. The overall density
of the total mixed liquid phase (ρl) depends on
the volume fraction of the benzene phase ( φb)
and is a linear combination of the densities of the
benzene and water phase. It can be calculated
according to Equation 2.3.

ρl = φbρb + (1− φb) ρw (2.3)

To calculate a suitable range of values for ε where
the mixture is homogeneously dispersed, the fol-
lowing numbers and characteristics were used: Vl
= 2×10-3 m3, D = Ts/3.3, Np = 5 and a range
in N of 8 up to 25 s-1. On other hand, Bacteria

thrive in the aqueous phase and it is assumed that
the bacteria convert DBT on the interface of the
benzene droplets and aqueous phase in the b/w
dispersion. The conversion rate is limited by the
availability of the b/w surface. The b/w surface
can be maximized by minimizing the droplet di-
ameter and by increasing the volume fraction of
benzene (φb ). When the volume fraction of ben-
zene in the b/w dispersion increases, the viscosity
of the total mixture will also increases. Therefore,
a relation between volume fraction of benzene and
dispersion viscosity has to be known. In order to
select a maximally acceptable fraction dispersed
phase (φb ) to apply in the model, the following
two criteria must be met: (i) the volume fraction
of benzene in water exceed 40%. The inversion
point is usually uncertain. Therefore, φb should
remain well below 40% in order to be able to de-
scribe the behavior of and b/w dispersion accu-
rately. (ii) The dispersion should remain Newto-
nian; otherwise, a correction for non-Newtonian
behavior is necessary. Consequently, φb may not
be higher than 25%. According to these two cri-
teria the maximal value for φb is 25% [22]. The
relative viscosity is defined as the ratio of the dis-
persion viscosity (ηwb ) to that of the continuous
aqueous phases (ηb ). The relative viscosity can
be calculated usingEquation 2.4:

ηr =
1

(1− φb)

[
1 +

1.5.ηr.φb
ηb + ηw

]
(2.4)

2.2. Calculation of the Average Size of Ben-
zene Droplet

In general, the droplets in the reactor are sub-
ject to turbulent conditions, variations in shear
forces and pressure. These processes deform the
droplets and break them up into smaller droplets,
if disruptive forces exceed the interfacial tension
forces. The ratio between these forces is expressed
in the We number in Equation 2.5.

We =
C1.ρw.ε

2
3 .d

5
3
max

σbw
(2.5)

The interfacial tension in the denominator coun-
teracts the disruptive forces in the numerator. Af-
ter rearrangement, the number in the STR can be
defined by Equation 2.6, which can be used for the
calculation of maximum attainable droplet diam-
eter.

dmax
D

= C2 (WeSTR)
−3
5 (2.6)
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The droplet diameter is also affected by the vol-
ume fraction of benzene (φb), since higher coa-
lescence rates occur at higher volume fractions
of benzene. Coalescence does not dominate over
droplet break-up because φb is below 25%, there-
fore the droplet break-up will determine the av-
erage size of drop. Due to uncertainties in the
drop size distribution, it is not possible to relate
the Sauter mean diameter accurately to physical
parameters, as is the case for dmax. However, it
has been found that d32 is proportional to dmax.
Commonly, a linear function of the volume frac-
tion benzene is used to find d32 , as shown by
Equation 2.7.

d32
D

= C3 (1 + C4.φb) (WeSTR)
−3
5 (2.7)

Available literature values for the constants C3

and C4, measured under defined experimental con-
ditions, i.e. volume fraction of benzene phase,
energy capacity and standard STR geometry, are
0.05 and 13.14 respectively [24]. The mass trans-
fer coefficient can be estimated using the Sher-
wood number for the dispersed benzene phase,
according to Equation 2.8:

Kb =
ShbDb

X
(2.8)

The characteristic length (X) of the benzene droplet
is assumed to be equal to d32. The diffusion co-
efficients (Db) of DBT in the organic phases at
various temperatures were estimated using the
Wilke–Chang equation [25]. The Sherwood num-
ber for rigid and spherical particles was applied.
The most relevant characteristics applied as sol-
vent for DBT were summarized in Table 2.1.The
specific surface area (abw) is the total surface area
of the benzene droplets per cubic meters disper-
sion and is given by Equation 2.9:

abw =
σ.φb
d32

(2.9)

2.3. Algorithm for Computer Program
The following algorithm illustrated the calcula-
tions of this work.

3. Results and Discussion

Bio-desulfurization of petroleum is obtained at
low temperature and pressure as compared with
treatment by hydrodesulfurization under high tem-
peratures and pressures conditions. Bio-
desulfurization usually carried out under temper-
atures (20-45°C) and benzene volume fraction (10%
& 20%). This section shows the obtained re-
sults which based on a computer program (in Ap-
pendix) that contains the mathematical model.
The program was used the numerical data of
Marcelis et al [22], the obtained results are shown
in Figures 3.1,3.2,3.3. In case, volume fraction of
benzene in the mixture (φb ) equal to 0.1, the rela-
tionship between the energy capacity and the time
constant at 20-45°C temperature was presented in
Figure 3.1, where it shows that the decrease in the
time constant with the increasing of energy ca-
pacity. The relation between the times constant
values calculated by the transfer of Dibenzothio-
phene at variable energy capacity. The values of
time constant at φ10 were the highest, also the
time constant was decreased with the increasing
of temperatures. The time constant is plotted
versus the energy capacity at two φ10 -values of
10 and 20% (v/v) that especially at = 20% (v/v)
low values for the time constant prevail. When
comparing between and of the relation between
the time constant and energy capacity at variable
temperatures, we note the values of time constant
at φ10 are higher for the time constant. In con-
cern of comparison between this study in Figure
3.1 and the study of Marcel’s et al. in Table3.1
at T=20°C and φb=10%, the decreasing of time
constant and the increase of energy capacity were
similar to this study [22].
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Table 2.1: Properties of the applied organic phases at 20 and 45°C

Solvent Temperature 20 °C Temperature 45 °C
ρ (kg.m−3) η (×10−3 Pa.s) σv (N.m−1) ρ (kg.m−3) η (×10−3 Pa.s) σv (N.m−1)

Water 997 0.01 72.88E-02 990 0.596 69.18E-02
Benzene 872.9 0.645 0.0350 832 0.386 0.0884

As the time constant is composed of the mass
transfer coefficient (ko) and the specific surface
area (aow), we investigated the effect of the en-
ergy capacity (ε) on both parameters. The results
are shown in Figure 3.2 and Figure 3.3. The dif-
ferences in the mass transfer of DBT result from
variations in physical properties at different tem-
perature values. This is clearly presented in Fig-
ure 3.2 and Table 2.1.

Table 3.1: The comparison between energy capacity and
the time constant at 20°C

N Energy Time (s) Time (s)
(S-1) capacity (This study) (Mrcelis

(w/kg) et al. ( 2003))

8 1.333 4.827 4.823
9 1.898 3.799 3.795
10 2.604 3.066 3.063
11 3.466 2.526 2.521
12 4.499 2.116 2.111

Figure 3.1: Time constant of DBT mass transfer vs. en-
ergy capacity at 20 to 45°C

However, Figure 3.2 shows that the increase in
energy capacity leads to increases the mass trans-
fer coefficient and the increased temperatures de-
crease the mass transfer coefficient, the optimum
value of the mass transfer coefficient was at 20
°C. The variations of the time constants within
the fractions were contributed to differences in

the mass transfer coefficients. We note φ10 give
optimum mass transfer coefficient. The effect of
the temperature on the mass transfer coefficient
clearly manifests for both complex fractions. This
effect mainly originates from the influence of tem-
perature on the diffusion coefficient.When com-
paring between φ10and φ20 , to energy capacity
relation with the mass transfer coefficient at tem-
peratures ranging from 20 to 45°C, we note φ10
give optimum mass transfer coefficient and the
highest value is at 20°C.

Figure 3.2: DBT mass transfer coefficient vs.The energy
capacity at temperatures of 20- 45°C

Figure 3.3 shows that the increase in the energy
capacity is accompanied the increase of specific
surface area. Besides, the optimum specific sur-
face area was estimated at φ20 and the increased
temperatures decrease the specific surface area.
The optimum value of specific surface area is
recorded at 20 °C. Relatively large time constants
are calculated forφb -values lower than 10% (v/v),
as a consequence of the then prevailing low val-
ues for the specific surface area. When comparing
between , to study the relation between φ10 φ20
energy capacity and specific surface area at differ-
ent temperature from 20 to 45 °C, we note the in-
crease in temperatures consequently decrease the
specific surface area, the best specific surface area
is recorded at φ20 and 20 °C.
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Figure 3.3: Specific surface area vs. the energy capacity
at temperatures of 20 to 45 °C

4. Conclusion

A mathematical model was adopted in order to
study the time constant of DBT mass transfer
in a dispersed organic phase in water under a
set of conditions using simulations. The model
is based on theoretical and semi- empirical equa-
tions and it was used to compare the DBT mass
transfer in different hydrocarbon fractions in the
temperature range of 20–45 °C. The calculated
time constants depend mainly on the tempera-
ture; dynamic viscosity, the energy capacity, and
the hold-up of organic phase (10 or 20%) were
found to be in the order of seconds (10-20s). In-
creasing energy capacity, the difference between
the values of the time constants obtained for var-
ious simulated conditions becomes negligible (en-
ergy capacity has are effect on time constant).
The temperature affects the time constant also via
the mass transfer coefficient; on the other hand,
the temperature dependency of the specific sur-
face area is negligible. The specific surface area
depends on the hold-up volume of the organic
phase and the interfacial tension. A high spe-
cific surface area is favorable for a maximal con-
tact between the bacteria and the benzene phase.
Small droplets are not a prerequisite to enhance
the DBT mass transfer in the benzene phase, be-
cause the diffusion of DBT to the interface is rel-
atively fast.
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