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b Institute of Science and Technology (ICT), Federal University of São Paulo (UNIFESP), 12231-280 São José dos Campos, SP, Brazil    
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A B S T R A C T   

This work reports surfactin production by B. subtilis ATCC 6051 in a stirred tank bioreactor, where trub was used 
as a carbon source. Trub is a residue from the brewing industry mainly composed of high-molar-mass proteins 
and reducing sugars, being a sustainable and low-cost substrate for bioprocess. Despite this, Trub has been little 
explored as a raw material in bioprocesses. Aiming to evaluate important factors in scale-up process, the impact 
of oxygen transfer coefficient (KLa) concerning volumetric productivity, and the effect of agitation 
(150–300 rpm) and aeration (0.5–1.5 vvm) on biosurfactant production by a Full Factorial design were evalu-
ated. Only agitation presented a significant effect on surfactin concentration (SF), where SF was described by a 
linear regression model (R2 = 0.99). The biosurfactant showed high stability in relation to variations in tem-
perature and pH. In addition, the foam collecting was an efficient method in recovering and enrichment of the 
product.   

1. Introduction 

In recent years, the search for sustainable processes has stimulated 
the interest of companies in replacing consolidated products by their 
similar obtained through biotechnological processes. Among these 
products, biosurfactants stand out, being substituted for chemical sur-
factants obtained from petroleum derivatives, which are hazardous to 
the environment due to their recalcitrant nature [19]. 

Biosurfactants are amphiphilic microbial molecules with recognized 
surface and emulsifying properties [38,42]. Due to the physical prop-
erties of surfactants, these compounds present several applications in 
industry such as emulsification, detergency, wetting, and spreading 
agents [34]. Particularly, due to the low toxicity and high biodegrad-
ability of biosurfactants, they have biomedical and environmental ap-
plications [1,40]. In addition, biosurfactants present higher stability 
concerning thermal, pH, and salinity variations, which make them more 
attractive in many industrial segments [14,28]. Despite the advantages 
of biosurfactants over chemical surfactants, their production is not 
competitive yet. 

Surfactin is the most powerful and effective biosurfactant available 
[4], however its production on industrial scale is non-existent [48] 

owing to the high costs of production and purification. To enable the 
production of biosurfactants and make them more competitive, re-
searchers around the world evaluated the potential of using alternative 
substrate sources, mostly agro-industrial residues [5,26], since the cul-
ture medium represents 30–50% of total production costs [47]. Cassava 
wastewater [30], okara and sugarcane bagasse [41], olive mill waste 
[27], corn steep liquor [20], and distillers’ grains [48] are some exam-
ples of alternative carbon source for surfactin production. 

From this perspective, brewery waste presents a great potential for 
biological processes, being mainly composed of spent grain, spent yeast, 
spent hops, and trub. These residues have a rich composition in organic 
matter and components with significant nutritional content such as 
carbohydrates, proteins, amino acids, vitamins, and minerals [11]. 
Specifically trub, which is obtained during boiling the wort, is composed 
of coagulated proteins (50–70%) and reducing sugars (20%) [11]. 
However, the bioconversion of brewery by-products is little explored 
[25]. Even in the midst of the COVID-19 crisis, the global beer market is 
estimated at US$ 594.2 billion in 2020, and it is projected to reach a 
revised size of US$ 687 billion by 2027, growing at a CAGR of 2.1% in 
the period of 2020–2027 (Global Industry Analysts (2020)). Global beer 
industry [18]. Thus, a large amount of waste will be generated. 
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To produce biosurfactants on a large scale, the optimization of pro-
cess parameters and the culture medium must be evaluated. Particularly 
in relation to the scaling up of the process, it is important to size properly 
the oxygen transfer system. The role of oxygen supply in the industrial 
microbial process is essential since most of these processes are aerobic, 
where the oxygen transfer is responsible for metabolic pathways of cell 
growth, cell maintenance, and metabolite production [15]. 

According to [15], the oxygen concentration in the culture medium 
is mainly associated with the oxygen transfer rate (OTR) from the gas 
phase to the liquid phase, and the oxygen uptake rate (OUR) by the 
microorganisms. Therefore, to achieve an optimum design operation 
and scale-up the bioprocess, it is essential to know the transfer and ox-
ygen consumption rates under different operational conditions, where 
the most important is the ability to estimate the volumetric mass transfer 
coefficient (KLa). The KLa can be manipulated by the aeration and 
agitation rate [46]. The presence of biosurfactant in the liquid medium 
reduces the surface tension and therefore favors the formation of smaller 
diameter bubbles. This causes an increase in the surface area, leading to 
an increase in KLa. However, surfactants can also present a negative 
effect on KLa as they may be adsorbed to the bubble surface resulting in 
oxygen transfer limitation [13]. 

An efficient agitation and aeration system is necessary for oxygen 
transfer from the gas phase to the liquid phase. Thus, the oxygen will 
reach the cells in suspension, allowing the reaction [36]. To properly 
size this system, it is important to consider the low oxygen dissolution in 
the liquid (7 mgO2L− 1, 1 atm, 35 ∘C) and the fact that high agitation rates 
may lead to cell shear and foam formation [36], resulting in a poor 
surfactin productivity [22]. However, surfactants have a natural 
behavior to accumulate at interfaces, which makes possible for in situ 
product removal and enrichment [45]. The removal of the foam stim-
ulated surfactin production, and its continuous collecting resulted in 
good yields of product [8]. 

In this work, we evaluated surfactin production in a bench-top 
fermenter by Bacillus subtilis ATCC 6051 using trub as an alternative 
carbon source. In addition, the impact of oxygen supply on biosurfactant 
production was explored, evaluating the effect of aeration and agitation 
through a Full Factorial Design. The correlation between oxygen volu-
metric mass transfer coefficient (KLa) and volumetric productivity of 
surfactin, and the investigation on product removal by foam fraction-
ation were also revealed. This study provides strategies to surfactin 
production by reducing costs by using a low-cost substrate (trub) and 
evaluates important parameters for scaling up. 

2. Materials and methods 

2.1. Microorganism 

Bacillus subtilis ATCC 6051 was purchased from the André Tosello 
Foundation culture collection and stored at − 80∘C in cryotubes con-
taining glycerol 20% (v/v) and Nutrient broth (NB). The inoculum was 
prepared by inoculating 200 mL of NB with B. subtilis, in which the shake 
flask was incubated for 24 h (30 ∘C, 160 rpm). Biomass concentration 
was expressed in dry mass (g L− 1), in which broth aliquots had their 
absorbance value (600 nm) measured at the end of the batch. The values 
of absorbance were converted to biomass concentration through a 
calibration curve (R2 = 0.9981). 

2.2. Brewery waste 

Trub was donated by Kairós Craft Beer Factory (Florianópolis, SC, 
Brazil). Organic Carbon was analyzed by Total Organic Carbon Analyser 
(TOC - SHIMADZU) and Total Nitrogen by enzymatic-colorimetric 
method (Kit Gold Analisa Diagnostics). The results were reported in 
[29]. 

2.3. Production of biosurfactant in stirred tank bioreactor: study of 
aeration and agitation effects 

Biosurfactant production was carried out in a 5 L stirred tank 
bioreactor (BIO-TEC-FLEX, Tecnal) with 2 L of working volume, equip-
ped with pH and pO2 electrodes (Mettler-Toledo International Inc.). HCl 
and NaOH solutions, both at 1 M, were automatically added to the 
medium to ensure that the pH was maintained at 7.0. A sterile foam 
collector was installed in the reactor, in which the foam was channeled 
through an upper reactor outlet. Samples were collected regularly to 
determine cell concentration, carbon source consumption, and surface 
tension. 

The culture medium was composed by Trub (2% v/v), CaCl2 
(0.1 g L− 1), NaCl (0.1 g L− 1), FeSO4.7H2O (0.33 g L− 1), MnSO4⋅H2O 
(0.0017 g L− 1), KH2PO4 (1.69 g L− 1), MgSO4.7H2O (0.50 g L− 1), Peptone 
(0.90 g L− 1), and Yeast Extract (7.0 g L− 1). The inoculum of B. subtilis 
was adjusted (OD600 0.85) and added to the culture medium (10% v/v). 

A Full Factorial Design (22) was elaborated with aeration (AR) and 
agitation (AG) as independent variables, and surfactin concentration 
(SF) as the response variable. The levels of the factors were 0.5 (− 1) and 
1.5 (+) for AR (vvm), and 150 (− 1) and 300 (+1) for AG (rpm). Two 
central points (CP) were also incorporated into the design. All experi-
ments were performed under asepsis conditions for 24 h at 30 ∘C. 

The dynamic method was used to determine the volumetric oxygen 
mass transfer coefficient (KLa) and oxygen uptake rate (OUR). This 
method consists of the respiratory activity of the microorganisms inside 
the bioreactor, in which the air intake is interrupted, and agitation is set 
to a low speed, over a short period, simultaneously. Then, the aeration 
and agitation are triggered again under the same conditions as before 
[16]. A mass balance for oxygen was performed in the ascending period 
of the dynamic method curve, which is represented by equation below: 

ln
(

Ci − C
Ci − C0

)

= − KLa(t − t0)

where C0 and C are the dissolved oxygen concentration during reox-
ygenation at t0 and t, respectively. 

Oxygen uptake rate was determined as the slope of the descending 
section of the curve of dissolved oxygen concentration during brief 
interruption of air supply to the bioreactor [22]. 

2.4. Biosurfactant recovery and structural characterization 

The biosurfactant recovery was performed by centrifugation of the 
culture broth at 9000 rpm for 20 min. HCl (4.0 M) solution was used to 
adjust the supernatant pH to 2.0. After that, the supernatant was kept 
overnight at 4 ∘C for precipitate formation. The precipitated bio-
surfactant was centrifuged (9000 rpm, 20 min) and washed with acidi-
fied water (pH 2.0). The biosurfactant was resuspended in small amount 
of Milli-Q® water (pH 7.0), being subsequently lyophilized and stored at 
− 18 ∘C [27]. 

The biosurfactant was characterized by Matrix-assisted laser 
desorption ionization time-of-flight mass spectrometry (MALDI-ToF- 
MS). A pulsed nitrogen laser set at 337 nm towards the densest area of 
the sample/matrix spot was used in the system, with accelerating 
voltage at 20.000 V. A solution of α-cyano-4-hydroxycinnamic acid 
(CHCA) matrix at 10 mg mL− 1 was prepared in 80% acetonitrile, 20% 
water with 0.1% trifluoroacetic acid. Equal volumes of sample (10 μL) 
and matrix were spotted on MALDI plate for analysis. The mass/charge 
ratio (m/z) was plotted against relative abundance. 

To identify chemical bonds and functional groups present in the 
biosurfactant, a Fourier transform infrared spectroscopy (FTIR) tech-
nique was employed by a Cary 660 Series FTIR Spectrometer - Agilent 
Technologies, having Potassium bromide (KBr) as support. The FTIR 
spectrum was generated from 400 to 4000 cm− 1. 
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2.5. Biosurfactant stability 

Biosurfactant stability was evaluated through the influence of 
different temperature and pH conditions on its ability to reduce surface 
tension and emulsifying activity. For this, solutions at 30 mg L− 1 

(2xCMC) were employed to evaluate both conditions (pH and temper-
ature) on stability assays. To evaluate thermal stability, biosurfactant 
solutions at pH 7.0 were incubated for 24 h at different temperature 
conditions (25 ∘C, 45 ∘C, 65 ◦C, 85 ∘C, and 100 ∘C). The effect of pH was 
studied by preparing biosurfactant solutions with different pH values 
(between 2.0 and 10.0). The solutions were incubated at 25 ∘C for 24 h. 
In a parallel assay, 2 mL of all samples prepared as previously described 
were added to test tubes containing 2 mL of n-dodecane (Sigma- 
Aldrich). The tubes were vortexed for 2 min and incubated according to 
their respective predetermined condition [27]. The emulsification index 
(E24) was calculated by the height of the emulsified layer divided by the 
total height of the liquid column [27]. 

2.6. Determination of Surface Tension (ST) 

The surface tension was measured by a digital Tensiometer (KSV, 
Sigma 702, Finland) through the Wilhelmy platinum plate method. All 
measurements were performed in triplicate at 25 ± 2 ∘C. 

2.7. Determination of substrate (Trub) concentration 

The Phenol-Sulfuric calorimetric method [12] was employed to 
determine the sugar content in trub through a standard curve (R2 =

0.9975) of glucose. The absorbance of the samples was measured in a 
spectrophotometer (FEMTO CIRRUS 80) at a wavelength of 490 nm. 

2.8. Determination of biosurfactant concentration 

The concentration of biosurfactant was determined by a calibration 
curve done by [9] for standard surfactin (Sigma-Aldrich, 98%), where 
several known concentrations below CMC had their surface tension (ST, 
mN m− 1) measured by Wilhelmy platinum plate method. For surface 
tension values between 72.73 and 42.73 mN m− 1, the surfactin con-
centration (C, mg L− 1) was calculated by ST = 100.85e− 0.345C (R2 =

0.989), and from values up to 31.05 mN m− 1, by ST = − 1.455C + 45.2 
(R2 = 0.953). [17,35,44] also reported this method for biosurfactant 
concentration measurement. 

2.9. Statistical analysis 

Statistical analysis was performed using STATISTICA® 13.5 soft-
ware. Analysis of variance (ANOVA) and lack of fit test were employed, 
with a 95% confidence level, to verify the adequacy of the empirical 
regression model. 

3. Results and discussion 

Biosurfactant production was performed on a stirred tank bioreactor 
coupled to a foam trap, where trub was used as an alternative carbon 
source by B. subtilis to the lipopeptide synthesis. The influence of oxygen 
supply on biosurfactant production was evaluated through a Full 
Factorial Design (22), with aeration (AR) and agitation (AG) as inde-
pendent variables. The levels of factors were selected based on studies 
by [3,37]. The results are presented in Table 1. 

The maximum biosurfactant concentration in foam was 
2159.84 mg L− 1 in assay 1, which corresponds to the aeration and 
agitation conditions at the negative level for both factors. For the same 
assay, the biosurfactant concentration considering the working volume 
of the fermenter was 239.74 mg L− 1. In addition, the use of a foam 
collector was an interesting alternative for downstream isolation and 
purification since a concentrated biosurfactant extract was obtained at 
the end of the batch. This may have occurred due to surfactin be pref-
erentially distributed towards the foam fraction [46]. 

A similar biosurfactant concentration was achieved by [45], who 
evaluated surfactin production by six different Bacillus strains in a 2.5 L 
bench-top fermenter with a medium composed of glucose (4%) and 
mineral salts. A foam trap was also employed, and the system was 
operated in cascade mode, in which the agitation was initially adjusted 
to 300 rpm and pO2 was not allowed falling below 10%. The maximum 
surfactin concentration in foam achieved was 2.39 ± 0.90 g L− 1 for 
B. subtilis ATCC 21332, which is probably greater than in this work due 
to the use of a higher concentration of pure glucose in the culture 
medium. 

Chen et al. [7] evaluated surfactin production by B. subtilis BBK006 
in mineral medium with 0.2% of glucose. The bioreactor was equipped 
with a foam fractionation column and a collecting flask. Dissolved ox-
ygen was maintained above 20% of saturation. The authors reported 
that surfactin concentration in the foam was around 50 times higher 
than in the culture medium inside the fermenter (2253 mg L− 1) at the 
end of the batch. Similar observation, even that in greater proportion 
(428 times), was also noticed in this work, in which the concentration in 
the fermenter vessel was 5.04 mg L− 1 after 24 h (Fig 1a), while the 
concentration in the foam was 2159.84 in assay 1 (Table 1). On the other 
hand, in the condition where the maximum agitation and aeration was 
employed (assay 4), the lowest concentration of surfactin in foam 
(454.98 mg L− 1) was observed, which may be related to the excessive 
foam formed in this assay. 

A time-course for all experiments from the design is shown in Fig. 1, 
where it is observed that higher agitation and aeration intensified cell 
growth in a shorter time, since assay 4 (positive level for both factors) 
showed the highest cell concentration after 9 h (Fig. 1d) in comparison 
to the other assays. Greater aeration provides intense cell growth due to 
oxidative metabolism [6]. However, the highest cell concentration after 
24 h was obtained in assay 1 (Fig. 1a), in which the yield of product 
synthesized per unit of cell mass (Yp/x, mg g− 1) was 87.08, being higher 
than the yields obtained from the other assays. 

Regarding surface tension, assay 1 showed the lowest value 
(31.79 mN m− 1) after 9 h (Fig. 1a), followed by assay 4 (Fig. 1d), where 
33.47 mN m− 1 was found after 6 h. In assays 2 (Fig. 1b) and 3 (Fig. 1c), 
the surface tension values were between 41.06 and 52.03 mN m− 1 over 
the process. In all experiments (Fig. 1), there was a significant drop in 
dissolved oxygen after 9 h, except for assay 1, where the aeration and 
agitation system was probably not able to provide the oxygen required 
since the dissolved oxygen was 1.33% after 6 h. Also, after 9 h, the 
dissolved oxygen decreased from 100% to below 5.2% for assays 2% and 
3%, and 50.6% for assay 4, where the latter corresponds to the highest 
aeration and agitation. For central points (assays 5 and 6), the dissolved 
oxygen was 24.8 ± 6.6% (Fig. 1e). 

The oxygen transfer coefficient (KLa) is often used as an essential 
design parameter for bioprocess scale-up, hence its optimal value needs 
to be determined. On the other hand, the oxygen uptake rate (OUR), 

Table 1 
Coded and real values of factors (AR and AG) from a Full Factorial Design (22) 
for biosurfactant production in stirred tank bioreactor. Biosurfactant concen-
tration (SF) is the response variable. The experiments were performed with two 
central points.  

Run Aeration (AR) Agitation (AG) Biosurfactant (SF)a X  

(vvm) Level (rpm) Level 
(
mg L− 1) (

mg L− 1)

1  0.5 (− 1)  150 (− 1)  2159.84  2753.00  
2  1.5 (+1)  150 (− 1)  1689.68  2509.00  
3  0.5 (− 1)  300 (+1)  562.89  2557.10  
4  1.5 (+1)  300 (+1)  454.98  2348.70  
5  1.0 (0)  225 (0)  1255.84  2431.07  
6  1.0 (0)  225 (0)  1198.13  2285.11 

X: biomass concentration. 
a Biosurfactant concentration in foam collected after 24 h batch cultivation. 
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which is the current oxygen consumption during a certain period, pro-
vides information on biomass, being a good parameter of cellular ac-
tivity that closely correlates with viable biomass. In order to obtain an 
optimal formation of cell growth and/or product, it is necessary that the 
oxygen transfer rate is balanced with the cells consumption [32]. To 
evaluate the oxygen uptake rate and oxygen transfer during the exper-
iments, the KLa and OUR values were determined at times 3, 6, and 24 h. 
Their relationship with biosurfactant volumetric productivity (Ps) and 
biosurfactant concentration, considering the working volume, was also 

evaluated (Table 2). 
The maximum volumetric productivity (Ps) was achieved in assay 1 

(Table 2), in which it was not possible to calculate KLa and OUR data by 
the dynamic method at 3 and 6 h. In Table 2, it is observed that for the 
increase of aeration from 0.5 to 1.5 vvm, keeping the agitation at 
300 rpm, the KLa value increases 1.36 times after 3 h, and an increase in 
the biosurfactant volumetric productivity is also observed. After 6 h, an 
expressive increase in OUR was observed, confirming that greater 
agitation and aeration favored cell growth. High values of OUR at the 

Fig. 1. Time-courses of assays from a Full Factorial Design for biosurfactant production by B. subtilis using trub as a carbon source.  
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beginning of the bioprocess can be interpreted as an intense respiratory 
activity of microorganisms. The highest oxygen demand occurs at the 
beginning of the exponential phase, although the cell concentration is 
higher afterward [31]. 

When agitation was incremented from 150 to 300 rpm, maintaining 
constant aeration at 1.5 vvm, an increase of approximately six times in 
the KLa value is observed after 3 h. This may have occurred due to the 
increase in surface area of mass transfer since an increment in agitation 
causes larger bubbles to rupture, turning them into smaller bubbles and 
in greater amounts. Regarding the OUR, an increase of approximately 
seven times was also observed after 3 h. 

The highest surfactin productivity (9.98 mg L− 1 h− 1) was achieved 
when the fermentation was carried out at a KLa value of 45.41 h− 1 

(Table 2). Yeh et al. [46] reported that the highest surfactin productivity 
by B. subtilis ATCC 21,332 was achieved at KLa value of 47.52 h− 1. For 
[3], the KLa found was 42.12 h− 1 for the maximum surfactin produc-
tivity. These KLa values are close to obtained in our work. In assay 3, it is 
noted that the volumetric productivity decreased in relation to assay 1, 
presenting the lowest value among all the experiments. This may be 
justified by foaming due to high agitation, where 28.5% of the medium 
was dragged out of the reactor until the end of the batch. 

According to [46], the excessive oxygen supply owing to high rates of 
agitation and aeration, promote foam and cell growth in a short time, 
harming the biosurfactant production. Moreover, the intense formation 
of foam may cause the loss of extracellular signal peptides, triggering the 
expression of genetic operons responsible for the metabolism of sur-
factin production [46]. This explains the fact that the surfactin pro-
ductivity was lower in the tests with greater oxygen availability (i.e. 
higher KLa values). 

Regarding the Full Factorial Design, the analysis of variance 
(ANOVA) indicated that only agitation has a significant effect on sur-
factin concentration (SF), with p-value less than 0.05 (Table 3). In Pareto 
chart (Fig. 2), it is also possible to verify that agitation had a negative 
effect, suggesting that high agitation values are not favorable to the 
process. Aeration and interaction between factors had no significant 
effect on SF (Fig. 2). 

According to [15], power consumption represents a significant part 
of the operating cost for large-scale systems. Power input, which gen-
erates the mixing and could substantially improve the OUR, also may 
cause hydrodynamic stress in the bacteria cells when agitation and/or 
aeration are too vigorous [46]. Moreover, intensive agitation can in-
crease the foaming formation and breaking of solid carriers. Therefore, 

Fig. 2. Pareto chart for SF according to the statistical analysis of the Full Factorial Design (22) carried out to evaluate the effect of AR and AG in the biosurfactant 
production in stirred tank bioreactor. 

Table 2 
KLa, OUR, surfactin concentration (considering the working volume), and volumetric surfactin productivity (Ps) values obtained at different cultivation times from the 
Full Factorial design (22).  

Run AR (vvm) AG (rpm) KLa 
(

h− 1
)

OUR 
(

h− 1
)

Surfactin 
(
mg L− 1) Ps 

(
mg L− 1 h− 1

)

Batch time (h) Batch time (h)      

3 6 24 3 6 24    

1  0.5  150 – – 45.41 – – 650.07  239.74  9.98  
2  1.5  150 26.26 – – 44.84 – –  167.28  6.97  
3  0.5  300 115.00 108.04 58.24 100.91 739.32 563.42  159.02  6.62  
4  1.5  300 156.68 99.34 105.34 315.11 2711.53 332.63  179.72  7.48  
5  1.0  225 74.81 – 76.23 54.99 – 582.76  163.26  6.80 

AR: Aeration; AG: agitation. 
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the result obtained by the factorial design, is interesting, since the 
agitation can be used in its lowest value (between the range tested), 
minimizing the side effects in the cell viability, eliminating the 
requirement of an antifoam agent addition, and diminishing the energy 
process demand. 

The experimental data were adjusted to the linear regression model, 
which did not present a significant lack of fit (Table 3), showing a 
regression coefficient (R2) of 0.99915. The model as a function of 
agitation (AG) and aeration (AR) can be used to predict the surfactin 
concentration (SF) obtained in the foam collected, as described in this 
work. The equation is presented as follows: 

SF = 4176.384 − 832.418(AR) − 11.854(AG) + 2.415(AR × AG)

The model explains 99% of the variation in surfactin concentration. 
Thus, the response surface and contour lines were constructed (Fig. 3a 
and b) for a better understanding of the response variable as a function 
of independent variables. It is noted that higher biosurfactant concen-
tration values were obtained for agitation between 140 and 180 rpm. 
Aeration has less impact on production since higher surfactin concen-
trations are achieved at aeration rates between 0.4 and 1 vvm. In 
addition, the contour lines (Fig. 3b) show little interaction between the 
independent variables, as confirmed by Pareto chart (Fig. 2). 

Regarding the stability of the biosurfactant, experiments were car-
ried out in which variations in pH values influenced the surface tension, 
presenting lower ST values (34.74 ± 0.85 mN m− 1) for pH 7.0 solution 
(Fig. 4a). This was expected since the biosurfactant is very soluble at this 
condition. At pH values of 2.0 (48.47 ± 0.52 mN m− 1) and 5.0 
(46.12 ± 0.37 mN m− 1), an increase in surface tension occurred, prob-
ably due to precipitation of the biosurfactant in the solution [2]. 

The biosurfactant showed a great ability to stabilize emulsions in n- 
dodecane (Fig. 4a), presenting higher emulsification index 
(56.45 ± 2.28%), also at pH 7.0. The pH values of 2.0 and 5.0 are 
ineffective in stabilizing emulsions, since emulsification rates were 0.00 
and 11.29 ± 2.28, respectively. It is noted that pH values close to neutral 
intensify the emulsifying activity of the biosurfactant, since an index of 
51.61 ± 4.56% was obtained for pH 8.0, while for pH 10.0, this value 
dropped to 14.52 ± 2.28%. 

The biosurfactant was stable under temperature variations (Fig. 4b) 
between 65 and 100 ∘C, showing ST values of 34.78 ± 0.53 and 
32.61 ± 0.40 mN m− 1, respectively. The highest ST value presented was 
55.24 ± 0.65 mN m− 1 at 25 ∘C. The biosurfactant was effective on 
emulsifying activity even incubated at different temperatures, with rates 
between 54.84% and 67.74%. 

The lyophilized biosurfactant was analyzed by MALDI-ToF-MS per-
formed in positive mode. The spectral (Fig. 5) revealed a cluster con-
taining several molecules observed at m/z 1088.6, 1074.6, 1072.6, 
1058.6, 1060.6, 1046.6, 1044.6, 1036.6, 1030.6, 1022.6, 1016.6, and 

1008.6. These peaks belong to the lipopeptide class, showing a mixture 
of structural surfactin analogs [10,23,33,43]. 

The different isoforms of surfactin were ranging from C13 to C16, 
whereas the highest peak (m/z 1074.6) corresponded to potassium 
adduct of Surfactin-C15, followed by the second highest peak, showing a 
[M+Na]+ ion at m/z 1058.6, also corresponding to Surfactin-C15. The 
other remaining peaks correspond to Surfactin-C13, except for the peaks 
at m/z 1044.6 (Surfactin-C14), 1022.64 (Surfactin-C14), and 1088.65 
(Surfactin-C16) [10,33]. 

The biosurfactant was also characterized by FTIR (Fig. 6). As we 
could observe, similar profiles between the standard surfactin (Sigma- 
Aldrich, 98% purity) and the surfactin produced in this work are veri-
fied. The presence of N-H and O-H stretching vibrations at ~ 3313 cm− 1 

corresponds to the peptide component, and 1650–1700 cm− 1 as well 
[21]. The band at 1729 cm− 1 corresponds to the absorption of C˭O 
groups from lactonization [24]. Bands at ~ 2928 and 1400–1200 cm− 1 

represent aliphatic group of the fatty acid long chains [39]. Therefore, 
the lipopeptide nature of the biosurfactant was confirmed in which the 
aliphatic hydrocarbon and peptide-like moiety were detected, being 
characteristic groups of surfactin molecule. 

4. Conclusions 

B. subtilis ATCC 6051 was able to produce surfactin in a stirred tank 
bioreactor using trub as a carbon source. The highest surfactin concen-
tration in the foam collected was 2159.84 mg L− 1, in assay 1. The foam 
collecting strategy was able to provide a concentrated product, besides 
avoiding the addition of any antifoam agent. The study of aeration and 
agitation parameters is essential in the development of most bio-
processes since they strongly affect growth and product formation. 
Therefore, we showed that agitation had a significant effect surfactin 
concentration, despite having a negative effect, which indicates that 
higher agitations are not satisfactory for biosurfactant production. The 
linear model obtained explains 99% of the variation in surfactin con-
centration. We also demonstrated that the KLa value increases when the 
aeration increases from 0.5 to 1.5 vvm, keeping the agitation constant 
(at 300 rpm), and an increase in the biosurfactant volumetric produc-
tivity is also observed. These findings provide interesting information 
for further studies, which intended to enable industrial scale production 
of surfactin, since KLa and OUR are often the most important parameters 
in the scale-up. 
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Table 3 
ANOVA for fitted model for the biosurfactant concentration (SF) as a function of 
studied variables (Aeration and Agitation).  

Source of variation SS df MS F p-value 

Aeration (AR)  83,540  1  83,540  50.167  0.089291 
Agitation (AG)  2,004,564  1  2,004,564  1203.782  0.018344 
AR x AG  32,808  1  32,808  19.702  0.141071 
Lack of fit  137  1  137  0.082  0.822162 
Pure error  1665  1  1665     
Total SS  2,122,713  5       

Significant factors at 95% confidence level. 
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Fig. 3. Response surface (a) and the corresponding contour lines (b) from a Full Factorial Design (22), considering biosurfactant concentration (SF) as response 
variable and Aeration (AR) and Agitation (AG) as factors. 
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Fig. 4. Effect of pH (a) and temperature (b) on the stability of biosurfactant produced by Bacillus subtilis ATCC 6051.  
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[10] I. Dimkic, S. Stankovic, M. Nǐsavic, M. Petkovic, P. Ristivojevic, D. Fira, T. Beric, 
The profile and antimicrobial activity of Bacillus lipopeptide extracts of five 
potential biocontrol strains, Front. Microbiol. 8 (2017) 1–12. 

[11] T.R. dos Santos Mathias, V.M.F. Alexandre, M.C. Cammarota, P.P.M. de Mello, E.F. 
C. Sérvulo, Characterization and determination of brewer’s solid wastes 
composition, J. Inst. Brew. 121 (2015) 400–404. 

[12] M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colorimetric method 
for the determination of sugars and related substances, Anal. Chem. 28 (1956) 
350–356. 

[13] S. Fahim, K. Dimitrov, P. Vauchel, F. Gancel, G. Delaplace, P. Jacques, I. Nikov, 
Oxygen transfer in three phase inverse fluidized bed bioreactor during 
biosurfactant production by Bacillus subtilis, Biochem. Eng. J. 76 (2013) 70–76. 

[14] A.K.N. Felix, J.J. Martins, J.G. Lima Almeida, M.E.A. Giro, K.F. Cavalcante, V.M. 
M. Melo, O.D.L. Pessoa, M.V. Ponte Rocha, L.R.B. Gonçalves, R.S. d.S. Aguiar, 
Purification and characterization of a biosurfactant produced by Bacillus subtilis in 
cashew apple juice and its application in the remediation of oil-contaminated soil, 
Colloids Surf. B Biointerfaces 175 (2019) 256–263. 

[15] F. Garcia-Ochoa, E. Gomez, Bioreactor scale-up and oxygen transfer rate in 
microbial processes: an overview, Biotechnol. Adv. 27 (2009) 153–176. 

[16] F. Garcia-Ochoa, E. Gomez, V.E. Santos, J.C. Merchuk, Oxygen uptake rate in 
microbial processes: an overview, Biochem. Eng. J. 49 (2010) 289–307. 

[17] A. Ghasemi, M. Moosavi-Nasab, P. Setoodeh, G. Mesbahi, G. Yousefi, Biosurfactant 
production by lactic acid bacterium Pediococcus dextrinicus SHU1593 grown on 
different carbon sources: strain screening followed by product characterization, 
Sci. Rep. 9 (2019) 1–12. 

[18] Global Industry Analysts, Global beer industry, 2020. 
[19] M. Goswami, S. Deka, Biosurfactant production by a rhizosphere bacteria Bacillus 

altitudinis MS16 and its promising emulsification and antifungal activity, Colloids 
Surf. B Biointerfaces 178 (2019) 285–296. 

[20] E.J. Gudiña, E.C. Fernandes, A.I. Rodrigues, J.A. Teixeira, L.R. Rodrigues, 
Biosurfactant production by Bacillus subtilis using corn steep liquor as culture 
medium, Front. Microbiol. 6 (2015) 1–7. 

[21] J. Gurjar, B. Sengupta, Production of surfactin from rice mill polishing residue by 
submerged fermentation using Bacillus subtilis MTCC 2423, Bioresour. Technol. 
189 (2015) 243–249. 

[22] S. Ha, H.M. Kim, H.H. Chun, I.M. Hwang, J.H. Lee, J.C. Kim, I.S. Kim, H.W. Park, 
Effect of oxygen supply on surfactin production and sporulation in submerged 
culture of Bacillus subtilis Y9, Appl. Sci. 8 (2018) 1–10. 

Fig. 5. MALDI-ToF-MS spectrum in positive mode of crude biosurfactant from B. subtilis ATCC 6051. Surfactin-C16 (1088.65), Surfactin-C15 (1074.64, 1072.65, 
1058.67, 1060.65, 1036.67), Surfactin-C14 (1044.6, 1022.64), and Surfactin-C13 (1046.62, 1030.67, 1016.62, 1008.65) peaks are presented. 

Fig. 6. Fourier transforms infrared spectrum (FTIR) of biosurfactant synthe-
sized by B. subtilis ATCC 6051 using Trub as a carbon source, and standard 
surfactin (Sigma-Aldrich, 98% purity). 

T.C. Nazareth et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref1
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref1
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref1
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref1
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref2
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref2
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref2
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref3
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref3
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref3
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref4
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref4
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref4
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref4
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref5
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref5
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref5
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref5
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref6
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref6
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref6
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref6
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref7
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref7
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref8
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref8
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref8
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref9
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref9
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref10
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref10
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref10
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref11
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref11
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref11
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref12
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref12
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref12
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref13
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref13
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref13
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref14
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref14
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref14
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref14
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref14
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref15
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref15
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref16
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref16
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref17
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref17
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref17
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref17
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref18
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref18
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref18
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref19
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref19
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref19
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref20
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref20
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref20
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref21
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref21
http://refhub.elsevier.com/S2213-3437(21)00349-3/sbref21


Journal of Environmental Chemical Engineering 9 (2021) 105372

10

[23] N. Jemil, N. Hmidet, A. Manresa, F. Rabanal, M. Nasri, Isolation and 
characterization of kurstakin and surfactin isoforms produced by Enterobacter 
cloacae C3 strain, J. Mass Spectrom. 54 (2019) 7–18. 

[24] S.J. Joshi, Y.M. Al-Wahaibi, S.N. Al-Bahry, A.E. Elshafie, A.S. Al-Bemani, A. Al- 
Bahri, M.S. Al-Mandhari, Production, characterization, and application of bacillus 
licheniformis W16 biosurfactant in enhancing oil recovery, Front. Microbiol. 7 
(2016) 1–14. 

[25] C. Kerby, F. Vriesekoop, An overview of the utilisation of brewery by-products as 
generated by British Craft Breweries, Beverages 3 (2017) 24. 

[26] J.M. Luna, R.D. Rufino, L.A. Sarubbo, G.M. Campos-Takaki, Characterisation, 
surface properties and biological activity of a biosurfactant produced from 
industrial waste by Candida sphaerica UCP0995 for application in the petroleum 
industry, Colloids Surf. B Biointerfaces 102 (2013) 202–209. 

[27] D. Maass, I. Moya Ramírez, M. García Román, E. Jurado Alameda, A.A. Ulson de 
Souza, J.A. Borges Valle, D. Altmajer Vaz, Two-phase olive mill waste (alpeorujo) 
as carbon source for biosurfactant production, J. Chem. Technol. Biotechnol. 91 
(2015) 1990–1997. 

[28] R. Marchant, I.M. Banat, Biosurfactants: a sustainable replacement for chemical 
surfactants? Biotechnol. Lett. 34 (2012) 1597–1605. 

[29] T.C. Nazareth, C.P. Zanutto, L. Tripathi, A. Juma, D. Maass, A.A. Ulson de Souza, S. 
M. d.A.G. Ulson de Souza, I.M. Banat, The use of low-cost brewery waste product 
for the production of surfactin as a natural microbial biocide, Biotechnol. Rep. 28 
(2020). 

[30] M. Nitschke, G.M. Pastore, Production and properties of a surfactant obtained from 
Bacillus subtilis grown on cassava wastewater, Bioresour. Technol. 97 (2006) 
336–341. 

[31] M.N. Nur Asshifa, N.S. Zambry, M.S. Salwa, A.R. Yahya, The influence of agitation 
on oil substrate dispersion and oxygen transfer in Pseudomonas aeruginosa USM- 
AR2 fermentation producing rhamnolipid in a stirred tank bioreactor, 3 Biotech 7 
(2017) 1–11. 

[32] M. Pappenreiter, B. Sissolak, W. Sommeregger, G. Striedner, Oxygen uptake rate 
soft-sensing via dynamic kl a computation: cell volume and metabolic transition 
prediction in mammalian bioprocesses, Front. Bioeng. Biotechnol. 7 (2019) 1–16. 

[33] K.J. Perez, J. d.S. Viana, F.C. Lopes, J.Q. Pereira, D.M. dos Santos, J.S. Oliveira, R. 
V. Velho, S.M. Crispim, J.R. Nicoli, A. Brandelli, R.M. Nardi, Bacillus spp. isolated 
from puba as a source of biosurfactants and antimicrobial lipopeptides, Front. 
Microbiol. 8 (2017) 1–14. 

[34] D.K.F. Santos, R.D. Rufino, J.M. Luna, V.A. Santos, L.A. Sarubbo, Biosurfactants: 
multifunctional biomolecules of the 21st century, Int. J. Mol. Sci. 17 (2016) 1–31. 

[35] M.T. Santos da Silva, C.M.F. Soares, A.S. Lima, C.C. Santana, Integral production 
and concentration of surfactin from Bacillus sp. ITP-001 by semi-batch foam 
fractionation, Biochem. Eng. J. 104 (2015) 91–97. 

[36] W. Schmidell, Agitation and aeration in bioreactors. In Industrial Biotechnology - 
Vol II chapter 14. (pp. 277–330). Blucher, 2001. 

[37] R. Sen, Response surface optimization of the critical media components for the 
production of surfactin, J. Chem. Technol. Biotechnol. 68 (1997) 263–270. 

[38] D. Sharma, B.S. Saharan, Functional characterization of biomedical potential of 
biosurfactant produced by Lactobacillus helveticus, Biotechnol. Rep. 11 (2016) 
27–35. 

[39] S. Sharma, L.M. Pandey, Production of biosurfactant by Bacillus subtilis RSL-2 
isolated from sludge and biosurfactant mediated degradation of oil, Bioresour. 
Technol. 307 (2020), 123261. 

[40] E.J. Silva, P.F. Correa, D.G. Almeida, J.M. Luna, R.D. Rufino, L.A. Sarubbo, 
Recovery of contaminated marine environments by biosurfactant-enhanced 
bioremediation, Colloids Surf. B Biointerfaces 172 (2018) 127–135. 

[41] C.T. Slivinski, E. Mallmann, J.M. De Araújo, D.A. Mitchell, N. Krieger, Production 
of surfactin by Bacillus pumilus UFPEDA 448 in solid-state fermentation using a 
medium based on okara with sugarcane bagasse as a bulking agent, Process 
Biochem. 47 (2012) 1848–1855. 

[42] K.S. Souza, E.J. Gudiña, Z. Azevedo, V. de Freitas, R.F. Schwan, L.R. Rodrigues, D. 
R. Dias, J.A. Teixeira, New glycolipid biosurfactants produced by the yeast strain 
Wickerhamomyces anomalus CCMA 0358, Colloids Surf. B Biointerfaces 154 
(2017) 373–382. 

[43] J. Vater, B. Kablitz, C. Wilde, P. Franke, N. Mehta, S.S. Cameotra, Matrix-assisted 
laser desorption ionization-time of flight mass spectrometry of lipopeptide 
biosurfactants in whole cells and culture filtrates of Bacillus subtilis C-1 isolated 
from petroleum sludge, Appl. Environ. Microbiol. 68 (2002) 6210–6219. 

[44] E.C.S. Vera, P.O. d.S. de Azevedo, J.M. Domínguez, R.P. d.S. Oliveira, Optimization 
of biosurfactant and bacteriocin-like inhibitory substance (BLIS) production by 
Lactococcus lactis CECT-4434 from agroindustrial waste, Biochem. Eng. J. 133 
(2018) 168–178. 

[45] J. Willenbacher, M. Zwick, T. Mohr, F. Schmid, C. Syldatk, R. Hausmann, 
Evaluation of different Bacillus strains in respect of their ability to produce 
Surfactin in a model fermentation process with integrated foam fractionation, 
Appl. Microbiol. Biotechnol. 98 (2014) 9623–9632. 

[46] M.S. Yeh, Y.H. Wei, J.S. Chang, Bioreactor design for enhanced carrier-assisted 
surfactin production with Bacillus subtilis, Process Biochem. 41 (2006) 
1799–1805. 
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