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Abstract: The exploitation and transportation of petroleum products are important reasons for
environmental concern since they are the major causes of accidents involving oil spills. Therefore, the
biosurfactant produced by the bacterium Bacillus cereus UCP1615 was applied in the removal of motor
oil from sand and stones from coastal regions. Bioassays carried out with the microcrustacean Artemia
salina and three vegetables' seeds showed that the biosurfactant has reduced toxicity. The application
of the biosurfactant in crude and isolated form, as a removal agent, was carried out in static and kinetic
tests using sand contaminated with motor oil, in packed columns, and in flasks under orbital agitation,
respectively. The results showed that the biosurfactant removed 63.0 £2.1% of the hydrocarbon in the
static test and 84.0 £2.2% in the dynamic test. In tests using rock wall samples, the removal rates reached
69.0 £2.0%. Conservation tests carried out during 120 days demonstrated that the surfactant activities
were maintained, especially in the presence of the preservative potassium sorbate. The B. cereus
biosurfactant has proven to be a biocompatible, effective, and stable alternative for applications in
environments contaminated with hydrophobic compounds and can be industrially stored for application
in the event of possible environmental disasters.
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1. Introduction

Technological advances in containing disasters involving petroleum products have not
ended up with the risk of leaks. In 2018, more than 110 thousand tons of oil were spilled in
marine waters throughout the world [1]. Unfortunately, oil spills are recurring events with great
environmental impacts in short to long term due to the recalcitrance of some of the oils'
components [2].

One of the greatest examples in history occurred at the end of August 2019, when spots
of crude oil of unknown origin began to appear on the Brazilian coast, mainly in the Northeast
region. About 3,000 km of coastline were affected, with more than 200 tons of oily material
removed in the first five months [1, 3]. Among the various socioeconomic impacts, it is
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necessary to highlight the prohibition of fishing, affecting traditional communities, and
tourism, since the beaches were banned for leisure due to oil contamination [4].

Surfactants arise as a mitigating technology for oil spills as these compounds have
amphipathic structures that tend to be distributed at the interfaces between fluid phases with
different degrees of polarity, promoting the reduction of surface and interfacial tension. They
have been included in dispersant formulations used in oil spills. This compound class has a
diverse and significant role in several market segments, including the oil, soap, and detergent
industry, and even in the food, pharmaceutical, and cosmetics industries [5]. Biosurfactants, in
turn, appear as an alternative to chemical surfactants, being derived from microorganisms and
presenting the same efficiency and great diversity in terms of function and structure [6].

Biosurfactants, in turn, appear as an alternative to chemical surfactants. These
biomolecules are mainly produced by microorganisms and show the same efficiency and great
diversity in terms of structure and function when compared to their chemical counterparts [6].
Biosurfactants have several advantages over chemical surfactants. They can be produced from
renewable sources, are biodegradable, have activity under a wide range of environmental
conditions, and reduce toxicity [7]. Biosurfactants can assist in the recovery of contaminated
soils and/or removal of hydrophobic compounds [8] and heavy metals [9], in addition to being
able to assist in livestock [10] and agriculture as an alternative to pesticides [11] or increasing
the wettability and uniform distribution of fertilizers in the soil [12].

Bacillus species are cosmopolitan and morphologically diverse. Industrial interest in
this genus has grown due to several species' ability to synthesize and secrete five cyclic
lipopeptide groups. Surfactin is the most relevant lipopeptide produced, followed by iturin and
phengicin [13]. Lipopeptides stand out in the literature for their versatility, which makes them
potentially useful in the industry. Research has highlighted the use of these compounds in
bioremediation [11], as bioemulsifiers [14], and antibiotic, antifungal and antitumor agents
[15].

Thus, this work evaluated the biosurfactant from Bacillus cereus UCP1615, verifying
its toxicity against an organism considered an environmental bioindicator and vegetable seeds,
with a view of its environmental application oil removal processes in the coastal region. In
addition, the conservation of the biomolecule's tensio-active properties in the long term was
evaluated, using a possible formulation with potassium sorbate to propose a commercial
product as an environmental remediation agent.

2. Materials and Methods

2.1. Materials.

All chemicals were of reagent grade. Motor oil was used as contaminant oil that is
commercially available for use in flex engines (gasoline, VNG, and alcohol), type SAE 20W-
50, with synthetic guard (PETROBRAS, Brazil). It consists of a paraffinic base lubricating oil
(a complex mixture of hydrocarbons) and performance-enhancing additives. The oil's viscosity
is 98.0 ¢St (at 40°C), and its density is 0.9420 g/mL (at 20°C). The frying soybean oil was
obtained in the industry ASA S.A., PE, Brazil.

2.2. Microorganism.

The bacterium Bacillus cereus UCP 1615, deposited in the Culture Bank of the Catholic
University of Pernambuco, was used as the biosurfactant producer.
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2.3. Production and isolation of biosurfactant.

The conditions of the biosurfactant's production and isolation followed the methods
described by Durval et al. (2020), using a mineral medium supplemented with 2% residual
frying soybean oil and 0.12% peptone with the pH adjusted to 7.0 + 0.2. The surface tension
of the culture medium before inoculation was measured as 57 mN/m. Fermentations were
carried out under 250 rpm agitation for 48h, at 28 °C. The biosurfactant was extracted after
centrifugation of the fermentation broth at 5000 x g for 30 min to remove cells. A solution of
6.0 M HCI was added to the supernatant to adjust the pH to 2.0, followed by the addition of a
2:1 (v/v) CHCIs/CH3OH solution. After vigorous manual agitation during 15 min and phase
separation, the organic phase was removed, and the operation was repeated twice more. The
organic phases were pooled, and the isolated biosurfactant was concentrated in a rotary
evaporator.

2.4. Surface tension and critical micelle concentration (CMC) determination.

Surface tension was measured in cell-free metabolic broth (crude biosurfactant) using
a Sigma 700 tensiometer (KSV Instruments, Helsinki, Finland) and Du Nudy ring. The average
reduction of the surface tension in the presence of the biosurfactant from Bacillus cereus UCP
1615 was reported as 27 mN/m.The critical micelle concentration (CMC) of the isolated
biosurfactant was determined automatically in the tensiometer. The CMC was previously
determined and expressed as 0.5 g/L [16].

2.5. Determination of biosurfactant toxicity.

The biosurfactant's toxicity was determined using brine shrimp and vegetable seeds,
which were obtained in local stores.

The toxicity of the isolated biosurfactant was determined at concentrations of 0.25 g/L
(/2 CMC), 0.5 g/L (CMC) and 1 g/L (2x CMC) using the microcrustacean Artemia salina as
the bioindicator. The analyzes were carried out in penicillin tubes containing 10 larvae of the
brine shrimp in 5 ml of saline water (33 mg/L). The larvae were observed for 24 hours to
determine the mortality rate. Saline water was used as a control, and the experiments were
carried out in triplicate. Toxicity (concentration of biosurfactant per 100 ml of saline water)
was defined as the lowest concentration to kill all the brine shrimp [17].

The phytotoxicity of the biosurfactant was also evaluated in a static test involving the
seed germination and root elongation of gherkin (Cucumis anguria), cabbage (Brassica
oleracea), and tomato (Solanum lycopersicum) [18]. The cell-free metabolic broth (crude
biosurfactant) and the isolated biosurfactant at concentrations of of 0.25 g/L (1/2 CMC), 0.5
g/L (CMC) and 1 g/L (2x CMC) %2 were tested. Toxicity was determined in sterilized Petri
dishes (10 cm) containing Whatman N° 1 filter paper. The vegetable seeds were previously
treated with sodium hypochlorite. Ten seeds were inoculated in a Petri dish, followed by the
addition of 5 ml of the test solution at 27 °C. After five days of incubation in the dark, root
elongation (> 5 mm), seed germination, and germination index (GI) were calculated as follows:
Relative seed germination (%) = (number of seeds germinated in the extract/number of seeds
germinated in control) x 100
Relative root length (%) = (mean root length in the extract/mean root length in the control) x
100
Gl = [(% seed germination) x (% root growth)]/100%
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Controls were prepared with distilled water to replace the biosurfactant solutions. Mean
and standard deviation values of triplicate samples were calculated for each concentration.

2.6. Removal of motor oil from packed columns through static assay.

Glass columns measuring 55 cm in height x 6 cm in diameter were initially filled with
approximately 200 g of a mixture containing the soils and 20 g of motor oil (15 cSt). The
surface of the mixture was then inundated with 200 mL of the biosurfactant solutions. Isolated
biosurfactant solutions at concentrations of 0.25 g/L (1/2 CMC), 0.5 g/L (CMC) and 1 g/L (2x
CMC) in distilled water were prepared. Pure distilled water was used as the control. The cell-
free broth, i.e., the crude biosurfactant, was also tested at the same volume. The percolation of
the solutions was monitored for 24 h in 5-min intervals when no further percolation was
observed. The soil samples in the columns were then washed with 20 mL of hexane to remove
oil. The solvent was evaporated at 50 °C, and the amount of oil removed was calculated by
gravimetry [19].

2.7. Removal of motor oil through kinetic assay.

The removal of motor oil through the kinetic assay was determined after the saturation
of 50 g of soil with 5 g of motor oil. The laboratory-contaminated soil was placed in 250-mL
Erlenmeyer flasks, to which 50 mL of the crude biosurfactant (cell-free metabolic broth) after
fermentation and isolated biosurfactant at %2 CMC (0.25 g/L), at the CMC (0.5 g/L) and twice
the CMC (1 g/L) were added. The flasks were maintained at 150 rpm for 24 h at 28°C. After
this period, the flasks' content was centrifuged at 5000 rpm for 1200 s and the residual oil in
the supernatant, and the content of oil that remained in the soil was washed with hexane (50
mL) three times. The solvent was roto-evaporated at 50 °C, and the amount of oil in both
samples was determined by gravimetry [20].

2.8. Washing of hydrophobic compound adsorbed to the porous surface.

The biosurfactant's capacity in removing motor oil adsorbed to rocks was carried out
by soaking the samples of rocks in the oil until complete coverage and recording the oil volume
spent. The material was then carefully placed in a 100-ml beaker with the aid of pincers and
submitted to washing with the cell-free metabolic broth (crude biosurfactant) and solutions of
the isolated biosurfactant at %2 CMC (0.25 g/L), at the CMC (0.5 g/L), and at twice the CMC
(1 g/L). After the process, the oil removal was calculated by gravimetry from the amount of oil
remaining on the biosurfactant-washed rock. [21].

2.9. Conservation of biosurfactant properties evaluation for commercial formulation.

The cell-free broth (crude biosurfactant) was subjected to three conservation methods:
(a) addition of 0.2% potassium sorbate; (b) heating at 80 °C for 30 min (fluent vapor), followed
by the addition of 0.2% potassium sorbate; and (c) sterilization at 121 ° C for 30 min for three
consecutive days (fractionated tyndallization). After treatments, the crude biosurfactant was
stored under different conditions, that is, at temperatures of 40 and 50 ° C, under concentrations
of 1, 3, and 5% NaCl and at pH 5, 7, and 9 for 120 days. Samples were taken after 15, 30, 45,
90, and 120 days to determine stability. Measurements of surface tension, emulsification index,
and the ability to disperse the seawater's oil were carried out to select the best conservation
method [22].
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2.10. Emulsification activity with motor oil.

The emulsification index was determined according to Cooper and Goldenberg [23],
whereby equal volumes (2 mL) of motor oil and cell-free metabolic broth were added in a
graduated screwcap tube and vortexed for 2 min at high speed. The emulsion's stability was
determined after 24 h, and the emulsification index was calculated by dividing the measured
height of the emulsion layer by the total height of the mixture and multiplying by 100.

2.11. Motor oil displacement test (dispersant test).

The oil displacement test was performed by slowly adding 20 uLL of motor oil to the
seawater's surface (40 mL) contained in a 15 cm diameter Petri dish. Then, 10 pL of the cell-
free broth (crude biosurfactant) was added to the oil surface, causing clear zones to appear in
the center of the oil. The clear zones' diameter was measured with a ruler, and the dispersion
rate was calculated as a function of the Petri dish's diameter. The experiments were carried out
in triplicate [24].

2.12. Statistical analysis.

Surface tension, stability, and emulsification were determined at least three times. Mean
and standard error values were calculated using the Microsoft Office Excel 2003 (Version7).
Tukey's test (P\0.05) was used to locate significant differences with the aid of software
Statistica Version12.0.

3. Results and Discussion
3.1. Results.
3.1.1. Evaluation of biosurfactant toxicity against Artemia salina.

The biosurfactant produced by B. cereus UCP 1615, at concentrations of %2 CMC, at
the CMC, and at twice the CMC, was not toxic to Artemia salina larvae exposed to these
solutions for 24 hours, which showed a 100% survival rate.

3.1.2. Evaluation of the toxicity of the biosurfactant against vegetable seeds.

Seeds of gherkin seeds (Cucumis anguria), tomatoes (Solanum lycopersicum), and
cabbage (Brassica oleracea) were exposed to the biosurfactant of Bacillus cereus, and the
response of this bioassay resulted in germination indices (GI) shown in Table 1.

The present study showed results indicating that the biosurfactant solutions in different
concentrations had no inhibitory effect on seed germination, highlighting the action against
tomato seeds (Solanum lycopersicum), with GI above 100%, exceeding the germination index
of the control. In addition, leaf growth and elongation of secondary roots occurred under all
conditions tested. It can be inferred that the biotensoactive has low toxicity, with the possibility
of stimulating growth in concentrations close to or below its CMC (0.5 g/L) and being
considered non-toxic. The use of crude biosurfactant (cell-free metabolic broth) resulted in the
lowest germination rates of the studied vegetables.
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Table 1. Phytotoxicity evaluation of the biosurfactant from B. cereus 1615 against gherkin (Cucumis anguria),
tomato (Solanum lycopersicum), and cabbage (Brassica oleracea) seeds.

Biosurfactant Germination Index (%)

Gherkin Tomato Cabbage
Crude (cell-free metabolic 35.3+0.5 50.3+0.5 27.4+0.3
broth)
Isolated (2 x CMC) 64.5+0.1 121.440.5 45.6+0.4
Isolated (CMC) 89.0+0.3 205.9+0.1 57.1+0.5
Isolated (2 CMC) 123.5+0.2 208.8+0.3 64.7+0.6

3.1.3. Application of biosurfactant to remove hydrophobic contaminant in static and kinetic

tests.

The present study carried out static and dynamic (kinetic) tests using sand contaminated
artificially with motor oil. The static test was carried out in packed glass columns, filled with
sand, and washed with biosurfactant solutions (Figure 1).
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Figure 1. Removal of motor oil adsorbed to sand in packed glass columns (static assay) by the biosurfactant

100
90
80
70
60
50
40
30

Removal index (%)

20
10

produced by B. cereus UCP 1615.

Distilled water Crude 2x CMC CMC 1/2 x CMC

Biosurfactant solutions

Figure 2. Removal of motor oil adsorbed to sand in flasks (kinetic assay) by the biosurfactant produced by B.

cereus UCP 1615 after stirring (24h).

These test results show a 63 £2.1% removal, with an 82% increase in oil removal from
the sand compared to the control (water), using a concentration of twice the CMC (1 g/L). The
rate of removal from control was 10.9+0.5%. It is important to highlight the crude
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biosurfactant's efficiency (cell-free metabolic broth), with an index close to those obtained by
the isolated biosurfactant solutions.

Kinetics tests for removing motor oil adsorbed on the sand were performed after 24
hours of agitation, using different concentrations of the biosurfactant from B. cereus UCP 1615.
It was possible to observe an increase of up to approximately 73+£2.1% in the concentration of
twice the CMC, when compared with distilled water, removing 84 + 2.2% of the oil (Figure 2).

3.1.4. Application of biosurfactant to wash hydrophobic compound adsorbed on rocks.

Samples of rocks from the coastal environment were impregnated with motor oil and
washed, without friction, with different biosurfactant concentrations from B. cereus UCP 1615.
It was possible to observe removal rates of 69+2.1%, approximately, at the concentration twice
the CMC, that is, a 69% increase in efficiency compared to the control (20.9%) (Figure 3).
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Figure 3. Removal of motor oil adsorbed to rocks by the biosurfactant produced by B. cereus UCP 1615.
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3.1.5. Formulation and conversation of the biosurfactant.

During a period of 120 days, the crude biomolecule was subjected to conservation
methods, and its surfactant properties were evaluated. Heating methods were used separately
and associated with the addition of the preservative potassium sorbate.
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Figure 4. Surface tensions of the biosurfactant produced by B. cereus UCP 1615 over 120 days of conservation
(a) with the addition of 0.2% potassium sorbate; (b) fluent vaporization with the addition of 0.2% potassium
sorbate; (c) fractionated tyndallization at different pH (5, 7, 9), NaCl concentration (1, 3 and 5%) and
temperature (40 and 50 °C). Error bars illustrate experimental errors (standard deviations), calculated from three
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The capacity to reduce the surface tension of the biosurfactant remained stable in the
three conservation methods investigated and in the different conditions (Figures 4A and 4B),
with the surface tension maintained around 28 mN/m over time, except in cases when the pH
was around 5, with values close to 30 mN/m.
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Figure 5. Motor oil emulsification indexes of the biosurfactant produced by B. cereus UCP 1615 over 120 days
of conservation (a) with the addition of 0.2% potassium sorbate; (b) fluent vaporization with the addition of
0.2% potassium sorbate; (c) fractionated tyndallization at different pH (5, 7, 9), NaCl concentration (1, 3 and

5%) and temperature (40 and 50 °C). Error bars illustrate experimental errors (standard deviations), calculated

from three independent experiments.

The emulsification indexes (Figure 5) of motor oil by the biosurfactant from B. cereus
UCP 1615 remained around 90+2.1%, mainly when the preservative was used in the
formulation. The dispersion indexes also showed stability, with results above 75+3.0% up to
the 45th day, when the preservative and the heating were associated (Figures 6A and 6B). The
acidic pH showed the lowest values in all cases.
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Figure 6. Motor oil dispersion by the biosurfactant from B. cereus UCP 1615 over 120 days of conservation (a)
with the addition of 0.2% potassium sorbate; (b) fluent vaporization with the addition of 0.2% potassium
sorbate; (c) fractionated tyndallization at different pH (5, 7, 9), NaCl concentration (1, 3 and 5%) and
temperature (40 and 50 °C). Error bars illustrate experimental errors (standard deviations) calculated from three
independent experiments.
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3.2. Discussion.
3.2.1. Evaluation of biosurfactant toxicity against Artemia salina.

Artemia spp. have been widely used in research and applied in toxicology laboratories
worldwide for many decades, mainly for their short life cycle, simplicity in relation to
laboratory handling, and cost-effectiveness [25, 26]. In addition to being a bioindicator in
contaminated environments, it is used to test the toxicity of a wide range of chemical products
and compounds, pesticides, designed nanomaterials, antibiotic drugs, antibiofilm agents, anti-
corrosion agents, drugs, food products, and oil dispersants [27].

The biosurfactant produced by B. cereus UCP 1615 did not prevent the hatching and
life of larvae of Artemia salina, even when inserted in a medium with a concentration of twice
the CMC, demonstrating that it is not toxic for this bioindicator. This result corroborates the
results described by Franca et al. [28] and Felix et al. [29], who evaluated the toxicity of a
Bacillus subtilis biosurfactant, and Santos et al. [30] using Candida lipolytica in their CMC
and above this value.

3.2.2. Evaluation of the toxicity of the biosurfactant against vegetable seeds.

Studies show that synthetic surfactants, both anionic and non-ionic, can bind to various
membrane proteins, modify their solubility and structure, and inhibit, in concentrations of
pmoles, the plant's biological activity enzymes [31].

Bruin et al. [32] report that some surfactants can promote increased leakage of
electrolytes, decrease chlorophyll concentration, and induce changes in the plant cell's
ultrastructure. It is important to realize that, to cause any effect on seed germination and
subsequent plant growth, a chemical entity must penetrate the hard and thick coating of the
seeds [33].

Tiquia et al. [18] state that the germination index (GI) proves to be a very sensitive
parameter because it combines the germination of seeds and the growth of seedlings (a plant
embryo already developed and still closed in the seed). This test is used to assess the toxicity
of the compound for different plant species. A Gl value greater than 80% is considered an
indication of the disappearance of toxicity.

The germination indexes (GI) obtained in this study are important to confirm this
biological surfactant's biocompatibility, an advantage described in the literature in relation to
synthetic surfactants. The low or absence inhibitory effect on seed germination, associated with
the observation of leaf growth and the elongation of secondary roots in all conditions tested,
indicates the biosurfactant's biocompatibility produced by B. cereus.

The Gl indexes above 100% show that the biosurfactant has no toxicity and contributes
to seed germination compared to the control (distilled water), with the possibility of stimulating
growth in concentrations close to or below its CMC (0.5 g/L) and being considered non-toxic.

The low IG observed when the seeds were exposed to the cell-free broth can be
explained by the fact that crude extract is composed of several substances resulting from the
metabolism of the microorganism, in addition to the surfactant itself; these substances can
interfere with seed twinning, which justifies the low germination rates observed.

Oluwaseun et al. [34], studying the rhamnolipid from Pseudomonas aeruginosa C1501,
observed that there was no inhibitory effect on the seeds (Sorghum bicolor, Solanum
lycopersicum, Triticum aestivum, Vigna unguiculata, and Capsium annuum) tested, as well as
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in their root elongation; the chemical surfactant Tween 20, on the other hand, has been shown
to inhibit the germination process. Rubio-Ribeaux et al. [35], evaluating the biosurfactant from
Candida tropicalis UCP 1613, found that it is non-toxic to seeds of Solanum lycopersicum,
Lactuca sativa L., and Brassica oleracea. This result corroborates that obtained by Santos et
al. [36] for the surfactant of Streptomyces sp. DPUA1566 against Lactuca sativa L. and
Brassica oleracea seeds, highlighting that germination rates were higher than 100% at the
surfactant's CMC.

3.2.3. Application of biosurfactant to remove hydrophobic contaminant in static and kinetic
tests.

Surfactants can assist in bioremediation processes since they can increase
hydrocarbons' mobility and bioavailability [37]. Also, as the hydrophobic portion of the wetting
agent (surfactant) bonds chemically to the hydrophobic coating on the soil particle, the soil
becomes wettable. Simultaneously, the hydrophilic head attracts water molecules, allowing
them to pass throughout the soil and increase infiltration [12].

The results show that the B. cereus biosurfactant increased the removal of oil adsorbed
to the sand compared to the control condition. The rate of removal from the control, composed
by distilled water, which has no chemical affinity with the oil, may be related to the
gravitational action and the mechanical action of the discharge [38]. It is important to highlight
the efficiency of the cell-free broth (crude biosurfactant), which showed an oil removal index
close to those reached by the isolated biosurfactant solutions.

Fernandes et al. [39] evaluated the biosurfactant from B. subtilis R14914 and observed
a recovery of 40% of the oil that remained in columns filled with sand after washing with water.
However, very high concentrations of the partially purified biosurfactant (2 g/ L) were required.
The biosurfactant of Paenibacillus sp. D9 promoted the removal of 63%, higher than the
chemical surfactant Dodecyl sodium sulfate (SDS) [8].

Since the removal of the hydrophobic contaminant can be carried out with the
association of chemical and mechanical techniques. The agitation applied to the removal
process promoted an increase in the removal rates, demonstrating how the mechanical action
can assist in decontamination. However, the agitation did not make the control removal index
exceed the values obtained in both tests' biosurfactant presence (static and dynamic). Chaprao
et al. [40] observed similar removal percentages with Bacillus sp. and Candida sphaerica.
Jimoh and Lin [8] obtained the removal of 73% of the motor oil with the biosurfactant of
Paenibacillus sp. D9, surpassing the chemical surfactant SDS, which removed 58% of the oil.
The biosurfactant from P. aeruginosa UCP0992, on the other hand, showed removal rates of
around 80% when the cell-free metabolic broth was used, although the rates were below 60%
when the purified biosurfactant was used [38].

3.2.4. Application of biosurfactant to wash hydrophobic compound adsorbed on rocks.

Coastal regions have different characteristics, from sandy to rocky regions, due to these
differences in surfaces that can be affected by possible hydrophobic contaminants, which have
a recalcitrant character in the environment, contaminated soil or sediments, which requires an
urgent solution regarding their solubilization and biotreatment [25].

Considering the importance of these rock formations, the capacity to remove oily
contaminants in rocks and stones was evaluated. The use of the biosurfactant, even at half its
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CMC, contributed to the removal of the hydrophobic contaminant attached to the rock. The
highest removal values were obtained at concentrations at and twice the CMC, rates that
corroborate with those found in the literature. It is also noteworthy that the crude biosurfactant,
i.e., the cell-free broth, promoted oil removal with greater efficiency than the control.

Ostendorf et al. [41], evaluating the biosurfactant from Bacillus cereus produced in a
medium containing cane molasses and corn maceration liquor, observed a 60% percentage of
motor oil removal with the isolated biosurfactant at the CMC, a value that corroborates the
indexes for the same concentrations obtained in the present study (around 64%). Experiments
carried out using the crude and isolated biosurfactant (0.5%) of Pseudomonas cepacia, showed
removal rates of approximately 81% and 68%, respectively [21]. Comparing the present study
results with those described in the literature, applying this biomolecule as a washing agent in
coastal regions can be considered promising.

3.2.5. Formulation and conversation of the biosurfactant.

Biosurfactants are considered promising biotechnological products due to their
versatility of applications. However, for industrial use, a formulation is needed that maintains
long-term properties under diverse environmental and industrial conditions, such as a wide pH
range, high salt concentrations, and high temperatures, which is important to obtain sterility in
many processes [25].

The biosurfactant produced by B. cereus UCP 1615 maintained the ability to reduce
surface tension, remaining stable under the three conservation methods investigated and under
different conditions. In addition to the conservation of the surfactant property, thermostability
is evident in conservation methods that use heat. The addition of potassium sorbate did not
alter the property and aided stability until the 120th day.

The importance of the ability to emulsify and disperse hydrophobic compounds is
described in various cleaning and remediation techniques [42]. Both skills were preserved at
the end of the 120 days, with indices close to or equal to the initial ones, mainly with the
preservative addition.

The dispersing action can contribute to the natural process of oil degradation in aquatic
environments through the breakdown and consequent solubilization of oily compounds in small
droplets. This property is related to both the capacity to reduce the interfacial tension and the
surfactant's concentration.

According to Taira et al. [43], the lipopeptide surfactin produced by bacteria of the
genus Bacillus has peptides in its structure that can take different forms depending on the
medium'’s pH, forming larger aggregates at basic pH than at neutral pH. The morphology of the
micelles of surfactin is affected by metal ions, pH, and temperature [44].

Studies of formulation and conservation of biosurfactants for application in the
environmental area are poorly described in the literature. However, existing studies previously
conducted with Candida bombicola [22], Candida lipolytica [30], and Pseudomonas cepacia
[45] in our laboratories indicate that the association of biosurfactants with potassium sorbate
does not cause significant changes in the biomolecule's tensio-active capacity, even under
different environmental conditions of pH, temperature and salinity. It is important to highlight
that the preservative potassium sorbate is already widely used by the food industry because it
is a fungicide.
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Analyzing the studies described in the literature and the results obtained in this work,
it is possible to affirm the potential of using the B. cereus UCP 1615 biosurfactant formulated
with the preservative potassium sorbate as an efficient and stable remediation agent.

4. Conclusions

The biosurfactant produced by Bacillus cereus UCP1615 in a low-cost medium proved
to be non-toxic for the environmental bioindicator and of reduced toxicity for vegetable seeds,
indicating biocompatibility for application in the bioremediation of soils and rocks
contaminated with hydrophobic compounds. Besides, the biosurfactant association with
potassium sorbate proved to be efficient for the conservation of the surfactant properties in the
long term.
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