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Abstract — To select the best biosurfactant producer, Pseudomonas putida, Bacillus megatherium, Bacillus
licheniformis and Bacillus subtilis were cultured in flasks on media with different salinity [low salinity (LS),
Bushnell-Haas (BH) and artificial sea water (SW) media] supplemented or not with toluene as a model pollutant.
Toluene inhibited the growth of all microorganisms and stimulated the biosurfactant production. B. subtilis
exhibited the best performance, being able to lower the surface tension (ST) in the LS medium to 65.5 mN/min
in the absence of toluene, and to 46.5 mN/min in the BH medium in the presence of toluene, corresponding to
ST reductions of 13.0 and 27.5 mN/m, respectively. Scaling up the process to a bench-scale fermentor, the best
results were obtained in the LS medium, where B. subtilis was able to reduce the toluene concentration from 26.0
to 4.3 g/L within 12 h and ST by 17.2 mN/m within 18 h. The results of this study point out that B. subtilis is an
interesting biosurfactant producer, which could be used in the bioremediation of toluene-contaminated water.
Keywords: Bioreactor; Toluene; Biosurfactant; Saline media; Bacillus subtilis; Bioremediation.

INTRODUCTION

Concerns related to the potential contamination of soil
and water by oil and its derivatives have been gradually
increasing. The main sources of contamination are: a)
unintended spill during the transportation of fuels by
ships and trucks; b) leaking from underground storage
tanks such as those used in gas stations, which are subject
to corrosion; ¢) oil extraction and processing operations;
and d) inadequate disposal of oily wastes from industries
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that use oil derivatives to produce plastics, solvents,
pharmaceuticals, cosmetics, etc. (Du et al., 2014; Kavitha
etal.,2014).

Residues produced by such activities are composed
of oils, fats, organic compounds and metals. Among the
organic compounds, there are alkanes, cycloalkanes,
benzene, toluene, xylenes, phenol and polycyclic
aromatic hydrocarbons (Di Martino et al., 2012). Many
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of these compounds are considered to be extremely
polluting because, besides being toxic, some of them have
carcinogenic and mutagenic potential for human beings
(Janbandhu and Fulekar, 2011).

The sea environment has been suffering constant oil
spills, and the release of thousands of tons of petroleum
contaminating the ocean has been constantly reported
(Goldman et al., 2015). In Brazil, for example, one of the
most impactful spills took place in November 2011, when
594.3 thousand liters of petroleum were released from
the Sedco 706 platform, operated by Chevron in Campos
Basin (Rio de Janeiro), creating a polluted area of about
163 km? (Souza, 2013).

Gasoline and diesel contain hydrocarbons from
the BTEX group (benzene, toluene, ethylbenzene and
xylenes), which are the first ones to reach groundwater
(Mariano et al., 2007). Consequently, such highly-toxic
compounds (except ethylbenzene) are the major causes of
death related to drinking water contamination (Di Martino
et al., 2012). Fellenberg (1980) reported that petroleum
and its derivatives, when in contact with water, spread
creating a thin film on the surface that prevents not only
gas exchange between air and water, but also light from
reaching phytoplankton, thus affecting the food chain.
Accordingly, Asimiea and Sam-Wobo (2011) observed
a strong impact of such compounds on phytoplankton
communities, which suffered structural changes. The
potential threat of hydrocarbons to human health is linked
to both their physical and chemical properties, which
allow them to be absorbed by the skin and quickly spread
throughout the organism(Costa et al., 2012).

Toluenehas moderate systemic toxicity to humans. When
ingested, it is completely absorbed by the gastrointestinal
tract, quickly spreads through the body, especially the
fatty tissues, and is metabolized and excreted through the
urine. When inhaled, toluene affects the central nervous
system (Fellenberg, 1980). In addition, embryotoxic and
fetotoxic effects have been observed, though there is no
clear evidence of teratogenic or carcinogenic activity in
laboratory animals or humans (WHO, 2006; Zhang ef al.,
2013).

In light of the problems caused by hydrocarbons to
both the environment and human beings, the search for
methods able to remove such compounds or reduce their
occurrence in the environment has greatly increased in
the last years. The methods used to achieve this goal are
based on chemical, physical or biological means. Due to
the high cost of physical treatments, and to the fact that
chemical methods release substances that are harmful to
the local biota, research efforts have been mainly focused
on developing sustainable technologies using natural
biodegradable compounds (Lin ef al., 2012).

Bioremediation processes, based on the use of
living organisms to clean-up petroleum-hydrocarbon
contaminated sites, consist of the biological decomposition
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of such organic pollutants by microorganisms that use them
as carbon source to get energy, thereby releasing carbon
dioxide, water, mineral salts and other gases (Banat ef al.,
2010). According to Garcia et al. (2006), biodegradation of
organic pollutants in the presence of surfactants happens
when microorganisms use them as carbon and energy
source. In this process, there is, firstly, the breakdown
of hydrocarbon chains, which promotes a structural
modification and immediate loss of amphipathicity. Then,
the products of this first degradation are converted into
CO,, water and minerals. The formation and accumulation
of biosurfactants are related to a series of parameters
that, according to Mukherjee er al. (2006), need further
optimization in order to reach higher yields and lower
costs. The promising future of biosurfactants depends
on the use of low-cost raw materials and optimization of
growth conditions to increase their production (Borges et
al.,2015; Cortés-Camargo et al., 2016; Das and Das, 2015;
Vedaraman and Venkatesh, 2011).

In this context, the aim of this work was to investigate
the ability of biosurfactants released during cultivations
of Bacillus subtilis, Bacillus megatherium, Bacillus
licheniformisand Pseudomonas putida to promote toluene
uptake in three aqueous media with different salinity,
namely a low salinity medium, the Bushnell-Haas medium
and a medium simulating seawater composition. For this
purpose, the biosurfactant ability to lower the surface
tension was evaluated. The process was finally scaled up
to a bench-scale fermentor to evaluate the influence of
salinity on the ability of the best biosurfactant producer, B.
subtilis, to remove toluene.

MATERIALS AND METHODS
Growth media

The Bushnell-Haas medium (BH), with osmolarity of
110 mOsmol/L and surface tension (ST) of 74.0 mN/m, had
the following composition (mg/L): calcium chloride (23.0),
magnesium sulfate (20.0), monobasic potassium phosphate
(61.0), dibasic potassium phosphate (55.0), ammonium
nitrate (50.0)and ferric chloride (69.0). The low salinity
medium (LS), with osmolarity of 11 mOsmol/L and ST
of 78.5mN/m, was prepared by 1:10 (v/v) dilution of the
BH medium with distilled water. The medium simulating
seawater composition (SW), with osmolarity of 1,100
mOsmol/L and ST of 74.5mN/m, was prepared pursuant to
the adapted formulation of Bidwell and Spotte (1985) and
had the following composition (mg/L): calcium chloride
(27.6), magnesium sulfate (6.9), magnesium chloride (5.4),
calcium chloride (1.4), potassium chloride (0.6), sodium
bicarbonate (0.2), potassium bromide (0.027), strontium
chloride (0.02), manganese sulfate (0.01), sodium
phosphate (0.01) and sodium molybdate (0.001).
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All these saline media were supplemented or not with
3.0% (v/v) toluene, corresponding to a starting toluene
concentration of 26.0 g/L.

Microorganisms

The strains Bacillus subtilis ATCC 6051, Bacillus
megatherium ATCC 14581 and Bacillus licheniformis
ATCC 14580 were tested for their ability to uptake and
degrade toluene in aqueous media, while Pseudomonas
putida ATCC 12633 was selected as a reference strain for
comparative purposes. All the strains were acquired from
André Tosello Foundation (Campinas, SP, Brazil) and
stored until use at -80 °C in the BH medium containing 5%
(w/v) yeast extract and 50% (v/v) glycerol at pH 7.0.

Bacteria growth in shake flasks

Pre-cultures were prepared by transferring 1.0mL of
each strain suspension into 100 mL-flasks containing 15
mL of BH medium with 5% (w/v) of yeast extract and
incubating them at 30 °C and 200 rpm in rotary shaker,
model G-25KC (New Brunswick, Enfield, CT, USA) for
24 h. Two mL of pre-cultures, corresponding to a cell
concentration of about 0.05 g/L, were used to inoculate
test tubes containing 20 mL of each saline medium and
used in tests performed in a shaker at 200 rpm and 30 °C
for 96 h. The whole content of three test tubes was used
for each microorganism after 48, 72 and 96 h to determine
biosurfactant and biomass concentrations. Runs were
carried out in triplicate, and the results expressed as mean
values =+ standard deviations.

Controls were carried out with the same culture broths
without inoculum in order to evaluate toluene loss by
volatilization. In all cases studied, more than 95% of the
initial toluene remained at the end of the process, thus
eliminating the possible effect of toluene volatilization
under the selected conditions.

B. subtilis cultivation in the bioreactor

B. subtilis, which showed the best performance in
terms of ST reduction in flasks, was selected to perform
cultivations in a 3-L bench-scale bioreactor, model BioFlo®/
Celligen® 115 (New Brunswick, Enfield, CT, USA),
containing 1.5 L of the saline medium inoculated with 30
mL of microbial suspension and supplemented with 3.0
(v/v) toluene, corresponding to a starting concentration of
26.0 g/L. Volatilization of toluene was minimized by using
a glass cooler at the exit of the bioreactor (10 °C), while the
temperature inside the bioreactor was maintained at 30 °C
by recirculating water from a water bath, model Alpha RA
8 (Lauda, Delran, NJ, USA), into an external jacket. Pre-
cultures were harvested under similar conditions as earlier
described. All the cultivations were carried out in triplicate

at 30°C, 200 rpm and 1.0vvm aeration for 42h, and the
results expressed as mean values + standard deviations.
Samples were taken at different times to determine ST
and cell concentration. Material balances were made for
each run resorting to a CO, electrode, model InPro 5000
(Mettler-Toledo, Columbus, OH, USA), and their range of
variation was 94.7 to 96.4%.

Analytical procedures

Biomass concentration along the runs was determined
by optical density (OD) measurements at 560 nm and
expressed as dry cell concentration using a calibration
curve. Samples (5.0 mL) were filtered through pre-
dried and weighed membrane filters with 0.45 pum pores
(Millipore, Billerica, MA) and then dried in an oven at
100°C for 24 h.

Since the biosurfactant produced by the selected
microorganisms had notyet been identified, no experimental
methodology was available to detect its concentration
directly. Therefore, the surface tension (ST) decrease along
the runs was assumed to be directly proportional to the
biosurfactant concentration. The ST of culture media was
measured according to the Ring method described by Kim
et al. (2000) using a tensiometer, model K9-Mk1 (Kriiss,
Hamburg, Germany), at 25 + 1 °C and expressed in mN/m.

As far as the quantification of toluene is concerned, at
first it was extracted using a 1:3 (v/v) sample:chloroform
ratio. The chloroform extract (0.5uL) was then injected into
a gas chromatograph, model 7820A (Agilent Technologies,
Santa Clara, CA, USA), equipped with a HP-5 column
containing 5% of phenyl methyl silicone (30m x 0.32 mm)
with film width of 0.25 pum (Agilent Technologies) and a
flame ionization detector. Chromatographic analyses were
carried out at initial temperature of 40°C for 1 min, heating
at 10°C/min up to 80°C, and keeping the system at this
temperature for 1 min. Helium was used as carrier gas at a
flowrate of 28.5 mL/min.

The shape of all microorganisms was observed either
at the beginning or the end of cultivations by an optic
confocal microscope, model MRC-1024 (Bio-rad, Munich,
Germany).

RESULTS AND DISCUSSION

Growth of microorganisms in flasks and biosurfactant
production

Preliminary runs were performed using a rotary shaker
to select, among different Bacillus species (namely B.
subtilis, B. megatherium and B. licheniformis), the best
biosurfactant producer in terms of surface tension reduction
(ST ). Bacteria were grown in media with different
salinities either with or without toluene, while P. putida
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Table 1. Microbial growth of different strains in low salinity (LS), Bushnell-Haas (BH) and artificial sea water (SW) media in the

absence of toluene.

Medium LS BH SwW
Time Biomass Biomass Biomass
Strain (h) concentration ST , (mN/m) concentration ST, (mN/m) concentration ST, (mN/m)
(g/L) (g/L) (g/L)
48 0.11+0.01° 5.7+0.4 0.20+0.02f 3.5+0.5 0.52+0.03! 3.6+0.3
B. subtilis 72 0.24+0.01° 8.4+0.5 0.28+0.01' 4.4+0.5 0.80+0.03" 4.4+0.5
96 0.24+0.02¢ 3.0+0.6 0.26+0.01" 0.6£0.6 0.40+0.03f 13.0£0.1
48 0.20+£0.02¢ 11.8+0.3 0.60+0.03? 0.3+0.3 0.28+0.02° 0.8+0.2
B. licheniformis 72 0.56+0.01) 2.1+1.4 0.62+0.039 2.6+0.3 0.76+0.01™ 0.4+0.3
96 0.82+0.02¢ 2.2+1.1 0.35+0.02! 0.6+0.3 0.28+0.02° 2.8+0.3
48 0.28+0.02F 0.1+0.1 0.48+0.01" 5.6£0.3 0.20+0.02* 2.6£0.5
B. megatherium 72 0.26+0.03¢" 4.7+0.4 0.60+0.02° 2.4+0.5 0.44+0.02" 1.7£0.4
96 0.34+0.02¢ 1.6+0.5 0.32+0.01% 2.6+0.54 0.32+0.03¢ 1.6+0.6
48 0.32+0.01¢ 12.4+0.8 0.60+0.02° 16.4+0.5 1.32+0.019 7.6£0.3
P, putida 72 0.32+0.01¢ 21.2+1.1 1.01+0.02" 9.6+0.5 0.62+0.01% 11.8+0.3
96 0.36+0.02" 7.2+1.1 0.36+0.02' 12.4+0.4 0.72+0.03" 3.8+0.3

was tested as a control microorganism for comparison
purposes, taking into account that it has been thoroughly
studied just because of its high biosurfactant production
capacity (Aparna et al., 2011). Biomass concentration
of the selected microorganisms in the media employed
for this study varied widely either in the absence (0.11 +

0.01 g/L to 1.32 + 0.01g/L) (Table 1) or in the presence
(0.08+0.01g/L to 1.02+0.01g/L) (Table 2) of toluene.
Microscopic examinations made both at the beginning
and the end of cultivations did not reveal any apparent
morphological change in any of the microorganisms
employed in this study.

Table 2. Microbial growth of different strains in low salinity (LS), Bushnell-Haas (BH) and artificial sea water (SW) media in the

presence of toluene.

Medium LS BH SwW
Time Biomass con- Biomass con- Biomass con-
Strain (h) centration ST, (mN/m) centration ST, (mN/m) centration ST, (mN/m)
(g/L) (g/L) (g/L)
48 0.16+0.02° 23.5+0.7 0.08+0.01* 20.5+0.7 0.34+0.03¢ 21.7+0.4
B. subtilis 72 0.16£0.01¢ 23.5+0.7 0.14+0.01° 27.3+0.3 0.40+0.021 20.6+0.3
96 0.11+0.01% 22.3+0.5 0.10+£0.01° 27.5+0.5 0.40+0.02F 23.4+0.3
48 0.11+0.02° 24.6+0.6 0.46+£0.03™ 24.5+0.6 0.28+0.02° 19.7+0.3
B. licheniformis 72 0.12+0.03% 23.3+0.5 0.26+0.02" 24.5+0.5 0.30+0.01° 19.7+0.4
96 0.11+0.02° 22.2+1.1 0.16+£0.03¢ 12.6+0.3 0.28+0.01° 17.6+0.6
48 0.14+0.03% 19.5+0.6 0.52+0.01° 20.5+0.6 0.30+0.02¢ 20.7+0.3
B. megatherium 72 0.12+0.03% 25.6+0.6 0.2240.01# 20.6+0.5 0.54+0.02 19.9+0.1
96 0.1440.02° 18.8+£0.4 0.08+0.02? 17.6+0.5 0.28+0.03° 17.0+0.2
48 0.48+0.02 25.8+0.9 0.35+0.03' 33.6+0.4 1.02+0.01° 25.4+0.2
P. putida 72 0.12+0.02%® 15.1+1.2 0.30+0.03 23.7+0.4 0.42+0.01¢ 21.7+0.4
96 0.28+0.01f 0.8+0.3 0.18+0.01° 21.5+0.6 0.82+0.02° 22.0+0.3
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In the low salinity (LS) medium without toluene, B.
licheniformis grew better than all the other microorganisms,
reaching a biomass concentration (0.82+0.02 g/L) after 96 h
of cultivation even higher than the control (P. putida) (0.36
+ 0.02 g/L) (Table 1). On the other hand, the presence of
toluene was detrimental for all the selected microorganisms
but the control, in that it reduced considerably their growth.
As a matter of fact, the cell concentration of B. subtilis,
which was the microorganism that showed the fastest
growth, did not exceed 0.16 + 0.02 g/L after 72 h (Table 2).

As far as the Bushnell-Haas (BH) medium is concerned,
its intermediate salinity seemed to stimulate the growth
of all the microorganisms under almost all the conditions
tested compared to the LS one. In the absence of toluene,
B. licheniformis showed again the highest growth among
the tested bacilli, achieving a biomass concentration after
only 48 has high as 0.62 + 0.03 g/L (Table 1), while in
the presence of toluene the highest growth was obtained
with B. megatherium after the same time (0.52 + 0.01
g/L) (Table 2). Nonetheless, biomass concentration was
remarkably reduced at longer times either in the presence
or in the absence of toluene.

Using the medium simulating seawater (SW)
composition, i.e., that with the highest salinity, B.
subtilis and B. licheniformis reached the highest biomass
concentrations in the absence of toluene (0.80 = 0.03 g/L
and 0.76 = 0.01 g/L, respectively), but after longer time
(72h) compared to the BH medium, which suggests that
these microorganisms require a long adaptation period
in the presence of high salt levels. In the same medium
supplemented with toluene (Table 2), B. subtilis showed
more stable growth compared with the other bacilli, with
an average cell concentration of 0.38 g/L during the whole
run, thus behaving as the strain more resistant to highly
salty conditions.

As regards the capacity of the selected microorganisms
to produce biosurfactants, Fig. 1 illustrates their ability to
reduce the surface tension either with or without toluene,
while the corresponding values of ST are listed in Tables
1 and 2.

It is usually assumed that a compound has to be able to
reduce ST by at least 8 mN/m to be considered a surfactant
(Van der Vegt et al., 1991). As shown in Table 1, in the
absence of toluene, B. subtilis was able to reduce ST of
the LS medium by 8.4+ 0.5 mN/m after 72 h and that of
the SW medium by 13.0 = 0.1 mN/m after 96 h. Reducing
ST by 11.8+ 0.3mN/m after 48 h, B. licheniformis behaved
even better than B. subtilis in the LS medium but not in the
SW one, whereas B. megatherium was disappointing in all
the culture media tested, reducing the surface tension by a
maximum of 5.5 + 0.3 mN/m in the BH medium.

To select the best microorganism to be used in future
bioremediation applications, we tried to make an overall

comparison among the ST _ skills of the selected bacilli.
The results of Table 1 show that, in spite of the poor results in
terms either of cell concentration or ST _, in the LS medium
without toluene, B. subtilis was capable of reducing the ST
more than B. megatherium and B. licheniformis in the other
media. According to Desai and Banat (1997), efficient
biosurfactants have low critical micelle concentration
(CMCQ), i.e., a small quantity of surfactant is needed to
reduce ST, which suggests that the biosurfactant produced
by B. subtilis could have been more effective than those
produced by the other species. Conversely, P. putida (used
as control for comparison) was the microorganism that
showed the best cell growth and that mostly reduced ST in
almost all the systems without toluene. The ST reduction
was the highest in the LS medium after 72 h (21.2 + 1.1
mN/m) and decreased almost proportionally to the increase
in salinity (16.44 0.5mN/m in the BH and 11.8+ 0.3mN/m
in the SW media, respectively).

But the most interesting finding is that the use of
toluene as a carbon source significantly stimulated the
short-term production of biosurfactants at the expense of
growth. Regardless of the salinity level of the media, all
microorganisms tested did in fact ensure ST reductions
greater than 19 mN/m within only 48 h. Our general
conclusion is that toluene may have enhanced biosurfactant
production, hence indirectly enhancing non-specific
permeability of the cytoplasmic membrane and resulting in
ATP leakage (Rodrigues et al., 2006).

The best performance was observed again with the
control, with a ST reduction of 33.6 + 0.4 mN/m in the BH
medium. However, this reduction considerably decreased
with increasing fermentation time. In particular, in the
LS medium the ST reduction decreased from 25.8 + 0.9
mN/m after 48 h to only 0.8+ 0.3mN/m after 96 h. These
values are in fair agreement with those of Haghighat et al.
(2008), who reported for B. Licheniformis and B. subtilis
cultivated in a rotary shaker on raw oil (2%) as carbon
source, under the same conditions as the present study, ST
reductions of 30 and 29 mN/m, respectively, after 48 h of
growth. However, the raw oil employed by these authors
comprised several different carbon sources, while toluene
was the only source used in this study besides yeast extract.

Mnif et al. (2001), who used petroleum-derived
hydrocarbons, reported that the tested strains, among
which a B. licheniformis strain isolated from oil fields, did
not show any capacity of using toluene as a carbon source.
Consistently, Nicholson and Fathepure (2004) observed that
only 0.004% of toluene was consumed along a 7 day-run in
a rotary shaker, while the same concentration of benzene,
ethylbenzene and xylene needed approximately 15 days to
be metabolized. These observations are consistent with the
well-known harmful effects and great difficulty to remove
toluene from the environment.

Brazilian Journal of Chemical Engineering Vol 34, No 02, pp. 395 - 405, April - June, 2017
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ferent fermentation times (48, 72 and 96 h), in the absence or the presence of toluene. Biosurfactant producers: Bacillus licheniformis
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Production of biosurfactant in the bench-scale
bioreactor

Based on the results of previous experiments performed
in a rotary shaker, which demonstrated that an organic
carbon source like toluene can stimulate the production
of biosurfactants, B. subtilis was selected to scale up the
process to a bench-scale bioreactor. Several researches
studying bioremediation of aqueous media contaminated
by hydrocarbons reported starting ST values close or
higher than 65 mN/m, and a subsequent reduction to less
than 35 mN/m, depending on the capacity of bacteria to
produce biosurfactants (Haghighat ez al., 2008; Nicholson
and Fathepure, 2004; Xia et al., 2011).

As shown in Fig. 2A, illustrating the growth of B.
subtilis in the LS medium, the ST was initially 73.5 mN/m,
remained almost constant for about 12 h, then decreased
simultaneously with the microbial growth, and was
reduced by 17.2mN/m after 15 h. Biomass continued to
grow until 24 h, reaching a maximum cell concentration
of 0.36 g/L, while the concentration of toluene in the
medium decreased from 26.0 to only4.3 g/L after 12
h. Such a low biomass yield could have been due to the
use of non-adapted cells in addition to the same energy-
consuming biosurfactant production. The inoculum was in
fact prepared in a medium where yeast extract was the only
carbon source, while subsequent runs were done under
different conditions, i.e., variable salinity and the presence
of toluene as additional carbon source in this run. The ST
kept almost constant between 18 and 38 h likely due to
reaching the biosurfactant CMC during the exponential
phase of B. subtilis growth; in fact, as suggested by several
authors, when micelle formation starts, the ST in the fluid
does not vary (Desai and Banat, 1997; Soberon-Chéavez
and Maier, 2010).

Recently, Vaz et al. (2012), after observing a significant
decrease in the ST from 4 to 24 h of fermentation, when the
lowest value of ST (30.1 mN/m) was reached, concluded
that biosurfactant production is associated with growth.
Likewise, a decrease in the ST from 71.2 to 27 mN/m was
observed by Xia ef al. (2011) with B. subtilis just at the
beginning of the run, thus confirming a growth-associated
production of biosurfactant.

In the present study, after 24 h the cell concentration
decreased from 0.36 to 0.16 g/L at the end of the run
(Fig. 2A). Considering that more than 84% of the toluene
was consumed within the first 15 h, the only alternative
carbon source for the microorganism might have been
the produced biosurfactant itself (Garcia et al., 2006), as
confirmed by the final ST increase in the LS medium up
to 61.3 mN/m.

Runs in the BH medium (Fig. 2B) showed results a
little different from those obtained in the LS medium (Fig.
2A). Biomass concentration was in fact higher (0.90 g/L),
and, consequently, the ST progressively reduced up to the

end of the run. Regarding the SW medium (Fig. 2C), the
ST decreased from 73.1 mN/m at the start to 67.1mN/m
after 15 h, i.e., to a value that was practically the same as
those obtained in the BH and LS media (Figs. 2A and 2B).

In the SW medium (Fig. 2C), the toluene concentration
remained practically constant (26.0-24.1 g/L) during the
first 12 h, and then suddenly decreased to 0.11g/L up to 15
h, a period during which biosurfactant was produced. These
results confirm that B. subtilis utilized toluene as primary
carbon source to sustain both its growth and biosurfactant
production. Many authors supported the extracellular
nature of biosurfactants produced by Bacillus sp. (Desai
and Banat, 1997; Aparna et al., 2011; Cortés-Camargo et
al., 2016). Consistently, Pinto ef al. (2009) observed that
there was no significant difference between ST values of
the medium with (58.7 mN/m) or without (56.7 mN/m) B.
subtilis cells, hence concluding that the biosurfactant was
extracellularly released.

Fig. 3A shows that foam formation by B. subtiliscultures
in the LS medium started after about 12 h, remarkably
increased after 24 h and continued until the end of the run
(42 h).The behavior was qualitatively similar in the BH
medium, but the production of foam was so pronounced
that it occupied the bioreactor almost completely (Fig. 3B).
Similarly, Chen et al. (2006) observed foam formation
after 12 h with B. subtilis grown in M9 medium with 0.2%
glucose. According to Winterburn and Martin (2012), the
operating conditions of the fermentor such as aeration and
stirring rate have a strong influence on foam formation, in
that foam tends to accumulate on the surface of the growth
medium, but if there is enough aeration or stirring rate, it
will blend back and return to the medium.

Regarding the SW medium (Fig. 3C), foam production
was lower than in the LS and BH media, as the likely result
of its high salt content (osmolarity of 1,100 mOsm/L)
and low ST reduction capability. According to Hanna et
al. (2005), the presence of salt in the solution would in
fact be responsible for a decrease in the electrostatic
repulsive forces and allow for the approximation of the
polar part, thus favoring the biosurfactant micellization
vertically, like a highly flexible and endless rod, with
micelle agglomeration. This rod with a higher number
of biosurfactant monomers was described by Zhai et al.
(20006) as a vesicle.

Chen et al. (2006) observed that, after 14 h of growth,
the concentration of the biosurfactant produced by B.
subtilis was 32.5 mg/L in the M9 medium and 1.79
mg/L in the foam; therefore, they concluded that, when
the biosurfactant concentration exceeds the CMC, foam
formation begins, and micelles tend to accumulate, acting
as a surfactant reservoir. Consistent with these observations,
in our work, the CMC was reached after approximately 18
h, and foam formation appeared a little after (24 h). Foam
formation is important in fermentation processes devoted
to the production of extracellular biosurfactants; in fact,
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Figure 2. Bacillus subtilis cultivations in the bench-scale bioreactor in the presence of toluene. Surface tension (4), toluene concen-
tration (M), and biomass concentration (A) in LS (A), BH (B) and SW (C) media.
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Figure 3. Foam formation in the bench-scale fermentor during cultivations of Bacillus subtilis. LS (A), BH (B) and SW (C) media in
the presence of toluene.

Brazilian Journal of Chemical Engineering Vol 34, No 02, pp. 395 - 405, April - June, 2017



404

acting as a reservoir, foam makes biosurfactant recovery
easier (Junker, 2007).

CONCLUSIONS

Among the microorganisms belonging to the Bacillus
genus used in this work, B. subtilis proved to be the
most effective producer of biosurfactant in the selected
media, namely low saline medium, BH medium and a
medium simulating seawater composition. The presence
of toluene in the media enhanced the production of
biosurfactants at the expense of microbial growth. During
fermentation, the likely formation of large vesicles rather
than simple micelles could have promoted the breakdown
of hydrocarbon molecules and the quick consumption of
toluene as the main carbon source. The results obtained in
this study suggest that B. subtilis could be an interesting
microorganism to be used in the bioremediation of
toluene-contaminated waters, although further process
optimizations are required.
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