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The process of using biodesulfurization (BDS) to remove sulfur compounds in petroleum has limitations

such as low efficiency and low mass transfer. Therefore, it is important to study the combined effects of

biosurfactant and the strain on BDS. A thermophilic desulfurization strain, Bacillus sp. Lv13, was isolated

from the oilfield and used to produce biosurfactant (BS). The strain was identified as Bacillus

licheniformis, a moderate thermophilic bacterium. Its BS was identified as lipopeptide using thin-layer

chromatography (TLC), gas chromatography-mass spectrometry (GC-MS) and Fourier transform infrared

spectroscopy (FT-IR). The emulsification efficiency after 24 h (E24) and critical micelle concentration

(CMC) were determined to be 46.93% and 30 mg L�1, respectively. The combined effects of

biosurfactant and the strain on BDS was confirmed using the Gibbs assay, GC-MS and BaCl2 test. Results

showed that the yield of 2-hydroxybiphenyl (2-HBP) from dibenzothiophene significantly increased after

the addition of lipopeptide into the reaction system. This could be illustrated by the stabilization of

emulsion, lower CMC value, higher mass transfer rate with the addition of lipopeptide, and the

enhancement in the capacity of BDS as well as the catalytic ability of the microbial cell.
1. Introduction

As a modern industrial “blood”, petroleum has been widely
used in the world. However, the sulfur compounds in petroleum
causes equipment corrosion, catalyst poisoning, and environ-
mental problems. Therefore, it is very important to research the
performance of desulfurization of petroleum. Desulfurization
methods are mainly categorized into hydrodesulfurization
(HDS) and non-hydrodesulfurization. HDS requires higher
temperatures and pressures1 while biodesulfurization (BDS),
one important non-hydrodesulfurization method, can be
carried out under ambient temperature and pressure.2 BDS has
the advantages of being environmental friendly, requiring less
energy intensity, and having a low cost. Dibenzothiophene
(DBT) is oen used as the model compound for BDS. Some
strains can selectively convert DBT to 2-hydroxybiphenyl (2-
HBP).3 This metabolic pathway was named the “4S” pathway,
which has the advantage of maintaining the caloric value of
hemical and Environmental Engineering,

logy, Qingdao 266590, PR China. E-mail:

7; Tel: +86-0532-86057106

gineering, Shandong University of Science

ing, Zhejiang University of Technology,

tion (ESI) available. See DOI:

hemistry 2018
the petroleum. Biosurfactant (BS), a surface-active metabolite
secreted by microorganisms, exhibits excellent characteristics
such as oil recovery and bioremediation due to its amphiphilic
structure.4 For example, the combination of biosurfactant-
producing strains and petroleum-degrading strains exhibited
a higher petroleum biodegradation efficiency of 85.4%
compared to that of only petroleum-degrading strains (71.2%).5

The solubility of water-immiscible sulfur nutrients increased
due to the formation of micelles and eased the uptake due to
bacteria localization in the emulsion layer.6–8 The addition of
surfactants to the catalytic system formed by non-immobilized
or immobilized cells increased the desulfurization of DBT and
gas oil.9 However, there are relatively few detailed reports
focusing on the BS effect of the BDS of DBT. The improvement
of bacterial BDS activity by biosurfactants and the determina-
tion of which features play more important role in the bio-
catalysis have not been studied comprehensively. Therefore, it
is important to study biosurfactant-producing strains and the
combined effects of biosurfactant and the strain on the BDS of
DBT. This also settles the problem of low bioavailability of
sulfocompounds.
2. Experimental
2.1 Materials

DBT was purchased from Sigma-Aldrich Co. (USA) and the
purity was 98%. HBP was bought from Gracia Chemical
RSC Adv., 2018, 8, 38787–38791 | 38787
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Fig. 1 Genomic identification by 16S rRNA sequencing.
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Technology Co., Ltd. in China and its purity was also 98%.
Other reagents were analytical grade and used without further
purication.

2.2 Culture and bacterial identication

Desulfurization bacteria were isolated from soil samples
collected from petroleum-contaminated grounds at Shengli
oileld and enriched with Luria–Bertani (LB) medium at 50 �C.
Then, they were transferred to an oven and kept at 70 �C for 2 h
to kill the temperature sensitive bacteria. The resulting bacteria
were cultured in an incubator at 50 �C. Subsequently, they were
washed with NaCl solution of 0.9% and inoculated in the basal
salt medium (BSM) with an appropriate amount of DBT
(0.2 mmol L�1) as a sulfur source. The optimum culture
temperature was estimated using the parabola method. The
genomic DNA of the strain was extracted with a modied
method, i.e., modied sodium dodecyl sulfate (SDS) and cetyl
trimethyl ammonium bromide (CTAB) method, and puried by
phenol-chloroform solution. Finally, the 16S rDNA PCR was
amplied with the universal primer pairs, 27F and 1492R, and
sequenced with the Sanger method. The basic local alignment
search tool (BLAST) was implemented to build the phylogenetic
tree.

2.3 Extraction, purication and qualitative analysis

Aer the strain was incubated in BSM for three days with
constant agitation in a baffled ask on a rotary shaker, the cell
wall was broken with ultrasonic agitation for 30 minutes, and
the cell debris was centrifuged to obtain the liquid supernatant.
Subsequently, the pH value of the supernatant was adjusted to
2.0 with HCl acid. The occulent precipitate was then centri-
fuged to harvest the crude biosurfactant. Component analysis
was carried out with ion type identication, thin-layer chro-
matography (TLC), gas chromatography-mass spectrometry
(GC-MS), Fourier transform infrared spectroscopy (FT-IR) and
nuclear magnetic resonance spectroscopy (NMR).

2.4 Property analysis of biosurfactant

The analysis of emulsifying properties, surface tension and oil
repellent capability of the biosurfactant was carried out as
follow: the emulsion properties were determined with E24,
which was calculated using the height percentage of the emul-
sied layer (mm) on the basis of the total height of the liquid
column (mm)7 aer the supernatant (bacterial lysis solution)
and liquid paraffin were mixed for 24 h. The surface tension of
the ultrasonic crushing solution and distilled water was
measured using the maximum-bubble-pressure method. The
oil-repellent capability was determined by the oil-repellent
coating lm test (stained liquid paraffin).

2.5 Desulfurization performance of biosurfactant

The Bacillus sp. Lv13 was equally inoculated into BSM medium
with DBT (0.2 mmol L�1). The bacteria were divided into two
groups. One group was added with biosurfactant (0.05 g L�1)
and the other as a control. Aer 4 days of culture, DBT and its
38788 | RSC Adv., 2018, 8, 38787–38791
metabolites were extracted from the medium with 1 volume of
n-hexane. The degradation rate of DBT and HBP was calculated
from the respective standard curve. 2-HBP was determined
using the Gibbs assay as described in literature10 and conrmed
by GC-MS. Other derivatives were also characterized by GC-MS
analysis (Agilent, HP-5MS column) with the following temper-
ature programme: 100 �C for 2 min, 10 �C min�1 to 300 �C,
sample injecting temperature was 290 �C. Furthermore, the
ingredient in the inorganic sulde compound could be identi-
ed with BaCl2 solution and HNO3 acid.

3. Results and discussion
3.1 Identication of the desulfurization strains

The 16S rDNA gene has highly conserved sequences that can be
used to study the phylogenetic relationship of the prokaryotic
organisms. In this comparison, BLAST soware was used to
search homology sequences in the Gene-Bank database. The
Bacillus sp. Lv13 and other 10 sequences were selected to build
the phylogenetic tree (Fig. 1) with the MEGA7 soware aer
multiple comparisons (bootstrap ¼ 1000). Based on the results
of comparison, the isolated strain exhibited the highest simi-
larity to Bacillus licheniformis and was named as Bacillus sp.
Lv13. Therefore, the strain was classied as Bacillus lichen-
iformis. Thermophilic analysis of the strain proved that it was
a moderate thermophilic bacterium based on the optimum
growth temperature (53 �C) calculated with parabolic method.
This nding suggests that it can be used in a variety of desul-
furization processes under extreme conditions.

3.2 Qualitative analysis of the biosurfactant

The biosurfactant extracted from the Bacillus sp. Lv13 was
identied with ion type identication, TLC, GC-MS and FT-IR.
For ion type identication, the color was transferred to the
lower layer using SDS solution, which indicated that it is
a nonionic surfactant. In the coloring process for the TLC, the
TLC plate containing the crude products was colored purple
aer reacting with ninhydrin and dyed yellow with bromothy-
mol blue reagent. According to these results, it must be a kind
of lipopeptide. GC-MS and FT-IR were two more accurate
methods used to identify the biosurfactant. The results from the
GC-MS analysis revealed that more than 10 major congeners
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 FTIR spectrum of the biosurfactant.
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existed in the biosurfactant. The peaks at the retention times of
10.57, 23.75, 27.67 min are presumed to be associated to 2-
myristynoyl pantetheine with a molecular weight of 484 Da and
the formula of C25H44N2O5S (Table 1). It is ascribed that the
biosurfactants had several homologs, some of which have bio-
surfactant properties. Lipid-based compounds 2,6,10-trimethyl-
tetradecane (at the retention time of 9.45, 14.64 min) and 2,4-
bis(1,1-dimethylethyl)-phenol (at the retention time of 15.04
min), were possibly the components of solvents or impurities.
The FTIR spectrum of the biosurfactant is shown in Fig. 2. The
two peaks at 3170 and 3420 cm�1 correspond to N–H bonding,
which indicates the stretching vibration of the amides. The
characteristic peak at 1617 cm�1 accounts for the presence of
N–H and C]O bonding. Peak at 1409 cm�1 is related to cis form
of lactam. The GC-MS and FTIR analysis of this biosurfactant
further conrmed that it should be classied as a lipopeptide.
The results of 1HNMR spectra partially proved the speculation.
Because the LP was not dissolved well and interfered with the
impurity, we got weak NMR signals. The presence of fatty acids
was indicated by characteristic shis in the region of 0.89–
1.57 ppm. However, the presence of N–H could be partially
determined by the region of 7.26 ppm in spite of the interfer-
ence of solvent peak.
3.3 Properties of the biosurfactant

The diameter of the repelled oil circle was 0 cm and 1.8 cm,
respectively, for the supernatant and the lysate solution. Which
proved that it was a kind of intracellular products. The average
emulsication index, E24, was 46.93%, which is much higher
than the previously reported data for Hamzah whose emulsi-
cation index was 25.29%.11 The surface tension of the cell lysate
was 69.05 mNm�1, and its critical micelle concentration (CMC)
was just 30 mg L�1.
3.4 Desulfurization performance of the biosurfactant

According to the GC-MS analysis results (Fig. 3), the yield of
HBP was very low at the initial stage without the addition of
lipopeptide, and drastically increased aer the addition of
lipopeptide. This nding suggests that the efficiency of
desulfurization was signicantly increased by the lipopeptide.
The removal rate of DBT was evidently higher than the control
in the rst day and even reached to 99% on the fourth day,
according to Fig. 4. The yield of HBP was very low without the
presence of lipopeptide, but the decrement rate of DBT was
Table 1 Major chemical compounds identified by GC-MS analysis

RT (min) Formula Percentage (%)

9.45 C17H36 11.3
10.57 C25H44N2O5S 9.42
14.64 C17H36 9.39
15.04 C14H22O 19.3
19.41 C20H42O2 7.78
23.75 C25H44N2O5S 6.04
27.67 C25H44N2O5S 5.22

This journal is © The Royal Society of Chemistry 2018
high. The results are not consistent. The interactions among
the DBT, bacteria and biomolecules played a major role and
the 4S pathway reacted weakly without lipopeptide. Aer the
addition of lipopeptide, the biocatalysis became the major
factor in the decrease of DBT (Fig. 5), and the yield of HBP
drastically increased. It could be concluded that the addition
of lipopeptide increased the capacity of desulfurization, which
could be attributed to the following aspects. The emulsica-
tion of DBT with the presence of lipopeptide played one
important role in the desulfurization of DBT. The longevity of
the emulsion layer prolonged the interaction of the bacterial
cells and the emulsied DBT, resulting in the improvement of
BDS activity. Besides the contact efficiency, the low interface
mass transfer was another obstacle for the BDS8 because DBT
and its metabolites were practically immiscible with water.
Lipopeptide not only reduced the oil viscosity, but also
increased the mass transfer of DBT.2 This facilitated the
solubilized DBT to approach the interface of the bacteria and
be catalyzed by the enzymes secreted from the bacteria. This
can also be explained by their hydrophobic and hydrophilic
fragments, which reduced the free energy of the system by
replacing the bulk molecules of higher energy at the inter-
face.12 Moreover, it could be found that there is a negative
correlation between CMC value and the biocatalytic activity in
the oil–water biphasic system. The lower the CMC value, the
higher the biocatalytic activity. In addition, the lipopeptide
had no toxicity to bacterial cell and could be used as an
alternative to chemically synthesized surfactants since it
showed higher solubilization efficiency towards diesel oil than
SDS and Tween 80.13,14
Molecular weight (Da) Name of compounds (speculated)

240 2,6,10-Trimethyl-tetradecane
484 2-Myristynoyl pantetheine
240 2,6,10-Trimethyl-tetradecane
206 2,4-Bis(1,1-dimethylethyl)-phenol
314 2-(Octadecyloxy)-ethanol
484 2-Myristynoyl pantetheine
484 2-Myristynoyl pantetheine

RSC Adv., 2018, 8, 38787–38791 | 38789
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Fig. 3 GC-MS spectra of the BDS process with and without BS.

Fig. 4 Removal rate of DBT content with different BDS process at
different times.

Fig. 5 Patterns of effect of lipopeptide on the improvement of their
biocatalysis in BDS.
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Other tests also further veried the aforementioned results.
Color reactions from the Gibbs assay showed that one of the
degradation products of DBT was 2-hydroxybiphenyl. The
BaSO4 precipitate test also proved the existence of SO4

2� or
SO3

2–. These results indicate that the pathway of the bio-
desulfurization followed the 4S pathway. Therefore, the carbon
skeleton was not destructed and the caloric value was not
lowered in the BDS. It will have great potential uses in envi-
ronmental treatment in the future.
38790 | RSC Adv., 2018, 8, 38787–38791
4. Conclusions

Bacillus sp. Lv13, a moderate thermophilic bacterium showed
similarity to Bacillus licheniformis, having a high desulfurization
capacity. Its biosurfactant must be a kind of lipopeptide, which
has better emulsifying property and lower CMC value. These
characteristics help to stabilize the emulsion and improve mass
transfer. Aer the addition of lipopeptide into the bacterial
reaction system, the yield of HBP signicantly increased. Lip-
opeptide enhanced the capacity of BDS and improved the
utilization of the insoluble sulfocompound. The Gibbs assay
and BaSO4 precipitate test showed that the desulfurization
pattern followed the efficient 4S pathway.
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