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Abstract
Cost-effective methods of biosurfactant production with minimal environmental impact are needed as global demand 
continues to increase. This study evaluated lipopeptide biosurfactant production in a Pseudomonas aeruginosa strain 
CGA-02 using a low-cost carbon substrate. The structural properties of the biosurfactant and applicability of the biosur-
factant in heavy metal removal were evaluated. Response surface methodology (RSM) involving central composite design 
(CCD) was used to optimize process parameters to maximize biosurfactant production. The study identified sugar cane 
molasses and sodium nitrate as carbon and nitrogen sources of choice for bacterial growth and biosurfactant produc-
tion, with a relatively 2.64-fold increase in biosurfactant yield under optimized conditions. Analysis of the biosurfactant 
measured a surface tension reduction of water from 72.2 ± 0.26 to 30.5 ± 0.2 mN/m at 40 mg/L critical micelle concentra-
tion. GC–MS and FTIR analysis revealed structural properties of the lipopeptide biosurfactant, with fatty acid components 
predominantly 9-octadecenoic acid (oleic acid), n-hexadecanoic acid, cyclotetrasiloxane and trimyristin, and infrared 
peaks belonging to amine, carboxyl, nitrile, alkanol, ether and carbonyl groups. Capture of heavy metals using the bio-
surfactant was evaluated in soil microcosms. Removal rates of 80.47, 100, 77.57, 100, and 97.57% were recorded for As, 
Pb, Hg, Cd and Cr respectively after 12 weeks of incubation. There was no significant difference (p < 0.05) in the removal 
efficiency of the biosurfactant and an analogous chemical surfactant, sodium dodecyl sulphate. First and second-order 
kinetic models described heavy metal removal rates by the biosurfactant. We demonstrate the production of a useful 
biosurfactant using low-cost waste carbon.

Article Highlights

•	 Lipopeptide biosurfactant was effectively produced by Pseudomonas aeruginosa strain CGA-02 in low-cost substrate under 
optimum conditions of 25g/L sugarcane molasses, 25g/L sodium nitrate, 1ml inoculum size and 60ml medium volume 
in 250ml flasks. 
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•	 The lipopeptide biosurfactant efficiently enhanced removal of heavy metals (Arsenic, Lead, Mercury, Cadmium and Chro-
mium) at a significant rate in a 12-week soil microcosm experiment.

•	 First-order and second-order kinetic were tested to describe the heavy metal removal rate by the biosurfactant.  Predic-
tions of the models, determined by the correlation coefficients, indicated that the heavy metal removal in this study was 
best described by the first-order reaction model with a correlation coefficient ranging (r2) from 0.88 – 0.95.

Keywords  Pseudomonas · Biosurfactant · Lipopeptide · Optimization · Heavy metal · Response surface

1  Introduction

Biosurfactants are surface-active compounds of biological origin. They are commonly excreted by microorganisms during the 
stationary phase as metabolites [1], however, some studies have reported the production of biosurfactants during the active 
growth phase of microorganisms [2]. Biosurfactants can reduce interfacial and surface tension between liquids with different 
levels of polarity and enable immiscible liquids to form stable emulsions [3]. The global industrial interest in biosurfactant 
production continues to grow and in 2022, the global market for biosurfactants was valued at 1.2 billion USD. This market 
has been forecast to reach 1.9 billion USD by 2027 at an 11.2% compound annual growth rate (CAGR) [4]. The largest markets 
for biosurfactants are in cosmetic and personal care, pharmaceuticals, biomedical, agriculture and environment remediation 
industries [5]. Biosurfactants possess higher functionality as compared to chemical-based surfactants; they have high binding, 
solubilization, desorption and dispersion capacity, and are excellent emulsifiers and foam producers [6]. Biosurfactants are 
dependable, non-toxic, eco-friendly, versatile, and highly biodegradable. Regulations on synthetic surfactants and increasing 
demand for green solutions are market drivers for biosurfactant development.

Biosurfactants are often utilized in sustainable bioremediation of hydrocarbon- and heavy metal-polluted soil. Bio-
surfactants have been used for metal chelation, with the resultant formation of metal complexes that enhance metal 
mobility and facilitate metal removal from the soil matrix [7]. They can also transform metals to less toxic forms through 
detoxification, and eliminate toxic ones via mobilization, emulsification and solubilization [8]. Members of the microbial 
genera Pseudomonas, Citrobacter and Burkholderia (Gram-negative bacteria), Bacillus (Gram-positive bacteria), and Can-
dida (yeast) are widely reported producers of biosurfactants with prospects for heavy metal removal [9–11].

The cost-competitiveness of the biosurfactant production process is a significant drawback to meeting global market 
demands. Current research has focused on the identification of robust microbial strains, low-cost substrates, and opti-
mized production processes, including efficient bioreactor technology [12]. The use of renewable wastes as substrates for 
biosurfactant production is economical and contributes to waste management [13]. Common low-cost waste materials 
that have been used recently for biosurfactant production were identified by Singh et al. [14]. However, the required 
process parameters for biosurfactant production differ among different microorganisms and the selection of optimum 
parameters for production can be tedious. Optimization processes can be accelerated using techniques such as one-
factor at a time (OFAT), design of experiments [15], artificial neural intelligence [16], and response surface methodology 
(RSM). The RSM allows multiple parameters to be handled simultaneously and generates a model that best describes 
the parameter combination giving optimum yield [17].

In this study, we optimized biosurfactant production from a strain of the bacterial species P. aeruginosa strain CGA-02 
using commonly available, low-cost waste material as a carbon source. The physiochemical properties of the produced 
biosurfactant were analyzed, and the bioremediation potential of the produced biosurfactant was tested in soil micro-
cosms contaminated with heavy metals.

2 � Material and methods

2.1 � Chemicals, reagents, and solvents

All chemicals, media and reagents used in this present study were of analytical grade. Kerosene was purchased from the 
local fuel station in Awka, Nigeria.
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2.2 � Sample collection

The two sampling sites used in this study are located in the Southern region of Nigeria. The soil sample used for the initial 
isolation of the biosurfactant-producing P. aeruginosa strain CGA-02 was an auto-mechanic workshop soil polluted with 
spent-engine oil in Awka, Anambra State (6○12′45.68″N; 7○04′ 19.16″E). The sampling site for heavy metal-contaminated 
soil was a crude oil refinery site in Okarki, Ahoada Local Government Area of River state (5○04′58.08″N; 6○38′ 59.32″E). 
The soil samples were collected in sterile sampling bags, transported to the Microbiology Laboratory, Nnamdi Azikiwe 
University, and stored in the refrigerator for further analyses.

2.3 � Isolation of biosurfactant‑producing bacteria

Biosurfactant-producing bacteria were isolated from the spent engine-oil-polluted soil sample using m-Cetrimide agar 
by a pour plating technique. Spent-engine oil-polluted soil was serially diluted tenfold and inoculated onto m-cetrimide 
agar plates. The plates were incubated at 25 ℃ for 48 h. Colonies were sub-cultured to obtain pure cultures.

Isolates were assayed for biosurfactant production in shake flasks with minimal salt medium (MSM) [18]. Isolates were 
added to 50 mL of MSM in a 250 ml Erlenmeyer flask and incubated at 25 ℃ for 72 h. Extraction of crude biosurfactant 
from the fermentation broth was performed using centrifugation at 7000 × g for 30 min, as described previously [19]. 
Supernatants were used for screening biosurfactant activity.

2.4 � Screening tests for biosurfactant production

Two methods for biosurfactant assessment were performed, including an Oil Displacement Technique [20] and a Drop 
Collapse Method [20]. For the oil displacement technique, forty millilitres of distilled water was placed into a large petri 
dish and 15 µl of crude oil was overlaid on the surface of the water. Cell-free supernatant (10 µl) was gently placed on 
the surface of the oil film and allowed to stand for 1 min. The diameter of a clear zone on the oil surface was measured. 
Sodium dodecyl sulphate (SDS) was used as a positive control while distilled water served as a negative control. For the 
drop collapse method, the surface of a polystyrene microwell plate was first coated with 7 µl of mineral oil and main-
tained for 24 h at room temperature. 20 µl of cell-free supernatant was added to the well using a sterile micropipette and 
incubated at room temperature for 1 min. The drops were examined visually: drops containing biosurfactant collapsed 
and indicated a positive result, whereas drops without biosurfactant remained stable and indicated a negative result 
[21]. SDS and distilled water were used as positive and negative controls respectively.

2.5 � Emulsification index (E24)

A solution containing 2 ml each of the cell-free supernatant and hydrocarbon (kerosene) was evenly mixed using a vortex 
mixer for 2 min to obtain an emulsion. The height of the emulsion layer was measured after 24 h to determine the emul-
sification index. The emulsification index (E24) was calculated by measurement of the height of the emulsion layer, 
divided by the total height, and then multiplied by 100 ( Height of the emulsion layer

Total height of themixture
×

100

1
 ), as described in [22].

2.6 � Identification of the biosurfactant‑producing isolate

The best biosurfactant producing isolate (strain CGA-02) based on emulsification index, drop collapse and oil displace-
ment result was identified. Bacterial identification was performed using near-full length 16S ribosomal RNA (rRNA) 
gene amplicon sequencing, as described previously [23]. Amplicons were purified and sequenced bi-directionally on an 
Applied Biosystems 3730XL 96-capillary DNA sequencer. Read merging was performed using the software package CLC 
genomics workbench (v11.0.1). The merged reads were analyzed using web-based BLAST against the NCBI database [24].
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2.7 � Optimization of biosurfactant production by Pseudomonas aeruginosa strain CGA‑02

2.7.1 � Medium optimization on various carbon and nitrogen sources

The biosurfactant-producing P. aeruginosa was subjected to fermentation on different waste materials, including sugar 
cane molasses, spent lubricating motor oil, pulverized banana peel, pulverized potato peel, pulverized orange peel, and 
spent lubricating generator oil, as sole carbon source with different nitrogen sources (KNO3, NH4Cl, NaNO3, (NH4)2SO4) 
for the medium optimization using the one factor at a time (OFAT) method [25]. The fermentations were carried out in a 
minimal salt medium consisting of Basal medium, nitrogen source, 1% (w/v); carbon source, 2% (w/v); pH, 7.2. A 250 ml 
Erlenmeyer flask containing 50 ml of the fermentation medium was inoculated with 1 ml of the standardized seed 
inoculum (OD 600–1.00) and incubated on an orbital shaker (150 rpm) at 30 ℃ for 72 h. All incubations were performed 
in triplicate, and an un-inoculated flask served as a control. After fermentation, biosurfactant activity was determined 
by measuring the emulsification index (E24).

2.7.2 � Experimental design and statistical analysis of critical parameters influencing biosurfactant production

The software package Minitab (version 17) was used for experimental design and statistical analysis. Central composite 
design (CCD) was used to optimize critical media components. A 24 full factorial CCD for four test factors, each at five 
levels with eight-star points and seven replicates at the center points was employed to fit a second-order polynomial 
model. The independent parameters evaluated were the concentration of carbon source (X1) in the range of 5–25 g/L, 
the concentration of nitrogen source (X2) ranging from 5 to 25 g/L, inoculum size (X3) in the range between 1 and 3 ml, 
and medium volume in 250 ml flask (X4) ranging from 20 to 60 ml. A total of 31 experiments were conducted, with the 
emulsification index (E24) as the measured experimental response. The results obtained were subjected to Analysis of 
Variance (ANOVA) to assess the significance of each factor on biosurfactant production. A probability value of < 0.05 was 
used as the criterion for statistical significance. The extent of variance that could be explained by the model was deter-
mined by the multiple regression coefficients (r2 value). Optimum conditions were predicted by the response optimizer 
in Minitab, validated and recorded as mean ± standard deviation [26].

2.8 � Recovery of the biosurfactant

P. aeruginosa was cultured under optimized conditions for 72 h in MSM for biosurfactant production. The biosurfactant 
was extracted by acid precipitation [27]. Briefly, cells were removed by centrifugation at 7000 × g for 15 min, and the 
supernatant was separated with a Whatmann filter paper. The cell-free supernatant was acidified to pH 4.0 using 6 M 
HCl and held overnight for precipitation. A 1:1 volume of methanol-chloroform was added to the white precipitate at 
room temperature to obtain crude extracts of the biosurfactant. The precipitate was recovered by centrifugation at 
7000 × g for 30 min. The extracted biosurfactant was weighed after air drying on a pre-weighed Whatman filter paper, 
as described previously [18].

2.9 � Surface tension measurement and determination of critical micelle concentration

The surface tension reduction capacity of the crude biosurfactant was determined with the aid of a Thomas Scientific 
CSC digital tensiometer [28]. Crude biosurfactant was added to 1 L of sterile distilled water in increasing concentrations 
(10–80 mg) and the surface tension was read in the tensiometer. Sodium dodecyl sulfate (SDS) was used as a control 
surfactant. The Critical Micelle Concentration (CMC) was determined by plotting the surface tension as a function of the 
biosurfactant concentration.

2.10 � Characterization of produced biosurfactant

Fourier Transform Infrared Spectroscopy (FT-IR) was used to characterize biosurfactants using the method described in 
[29]. Briefly, a Buck scientific M530 USA FTIR instrument equipped with a detector of deuterated triglycine sulphate and 
beam splitter of potassium bromide was used for analysis. One mg of the extracted biosurfactant was mixed with 200 mg 



Vol.:(0123456789)

Discover Applied Sciences           (2024) 6:252  | https://doi.org/10.1007/s42452-024-05821-5	 Research

KBr (Spectroscopic Grade), and the infrared spectra (with wave numbers ranging from 4000 to 400 cm−1) were recorded 
in Shimadzu FT-IR-8400 spectrometer. The data collected were averages of 50 scans over the entire range.

Produced biosurfactants were also analyzed using Gas Chromatography-Mass Spectroscopy (GC–MS). Briefly, 1 µl of 
the extracted biosurfactant solution was injected into a GC–MS machine (Agilent Technology 5890, with a split detector 
and Mass Spectrometer Detector). Helium was used as the carrier gas at a constant flow of 1 ml/min and an injection 
volume of 1 μl, injector temperature 250 ℃, and ion-source temperature 280 ℃. Total GC running time was 90.67 min. 
Peaks were identified by a combination of references to their mass spectra and the NIST08 mass spectral database [30].

2.11 � Activity of biosurfactant in heavy‑metal contaminated soil

2.11.1 � Heavy metal analysis of polluted soil samples

Heavy metal (cadmium, lead, chromium, arsenic and mercury) contents of the polluted soil were determined using an atomic 
absorption spectrometer (AAS; Agilent FS240AA) according to the method of APHA [31]. Polluted soil samples were air-dried, 
passed through a 50 mesh (0.297 mm opening), mixed with distilled water to obtain a 19% water content, and homogenized. 
Two g of each soil sample was heated in a furnace at 550 °C for 2 h and diluted with 20 ml of 20% H2SO4. Whatman filter paper 
No.1 was used to filter the suspension. The filtrate was placed into the AAS for measurement of cadmium, lead, chromium, 
arsenic and mercury content. Standard metal solutions of the metals of interest (Spectra AA standard) were obtained from 
Agilent Technologies, USA, and dilutions in the concentration range (2–6 ppm) were prepared and processed. A metal blank 
was prepared using all the reagents except the sample. Calibration curves for each metal were prepared by plotting the absorb-
ance of standards versus their concentrations. Sample concentrations were calculated through standard regression analysis.

2.11.2 � Enhanced heavy metal removal through biosurfactant application

Heavy metal removal using the biosurfactant produced by P. aeruginosa strain CGA-02 was investigated. Soil samples (400 g) 
were treated with 5% of the extracted biosurfactant in a plastic container by homogenously mixing the soil and a solution 
containing the crude biosurfactant. The mixture was kept at 25 ℃ for the 12-week experimental period. Sodium dodecyl 
sulphate and distilled water served as positive and negative controls, and AAS was used to measure concentrations of heavy 
metals, throughout the experiment at 4 week intervals.

2.11.3 � Kinetic modelling of heavy metal removal

Rates of heavy metal removal were modeled by the first-order and second-order kinetics [32, 33]. The rate of heavy metal 
removal as a function of time were fitted with the models described in the following equations-

First order reaction:
Differential rate law: Rate = −dC

dt
= kC1 = kC

Integral rate law: Rate = −dC
dt

= kC

Rearranging [34]

Half life 
(

t1
∕2

)

 is the time it takes for half of initial concentration of the heavy metal to be removed from the soil and is 

represented by the equation [34]:

After a period of one half-life, t = t1
∕2

 

(1)

=
dC

C
= −kdt

In

(

Ct

Co

)

= −kt

∶ Ct = Coe
−kt

C =
1

2
Co
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Second order reaction:
Differential rate

At half-life [35]

2.12 � Statistical analysis of data

All the experiments related to biosurfactant screening (i.e., emulsification index measurement, surface tension, and bio-
surfactant production) were performed in triplicate. Basic statistical analyses were performed using the software package 
SPSS (v 23.0), and results were presented as mean ± standard deviation (SD). The software package Minitab (v 17) was 
used to generate the experimental design for optimization and perform analysis of variance (ANOVA) and regression 
of the critical parameters affecting biosurfactant production. A p-value threshold of 0.05 was used for significance. The 
software package Prism (v6; GraphPad) was used for the kinetic modelling of heavy metal removal.

(2)

Co∕2

Co
=

1

2
= e

−kt
1
∕2

t1
∕2

=
In 2

k
=

0.693

k
(first order half − life)

(3)

KC2 = −
dC

dt
1

Ct
−

1

Co
= kt

∴
1

Ct
= kt +

1

Co

(4)

kt1
∕2

=
1

1

2
Co

−
1

Co

t1
∕2

=
1

kCo
(Second order half − life)
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Fig. 1   Screening of waste materials as sole carbon source for biosurfactant production with sodium nitrate as a nitrogen source. Biosur-
factants produced by bacterial strain CGA-02 were evaluated by measuring the emulsification index. The biosurfactant produced by strain 
CGA-02 under growth with sugar cane molasses had a significantly higher emulsification index (p-value = 0.002) relative to all other tested 
carbon sources. we01 = spent lubricating motor oil, pp = pulverized potato peel, bp = pulverized banana peel, m = sugarcane molasses, 
op = pulverized orange peel, we02 = spent lubricating generator oil. All conditions aside from carbon source were kept constant and experi-
ments were conducted in triplicate
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3 � Results

3.1 � Isolation of biosurfactant‑producing bacteria

Biosurfactant-producing bacteria were isolated from oil-polluted soil using cetrimide agar as the isolation medium. 
The best biosurfactant-producing isolate (strain CGA-02), as evaluated in screening tests was selected and used in this 
study. The biosurfactant produced by isolate CGA-02 had a 77.1% emulsification index at 24 h, displaced oil in water by 
1.7 ± 0.2 cm diameter and exhibited a positive drop collapse test result.

3.2 � Identification of the biosurfactant‑producing isolate

The identification of the biosurfactant-producing isolate was performed using16S rRNA gene amplicon sequencing 
analyses, as described previously e.g. in [23]. We identified the isolate as a Pseudomonas aeruginosa, with 100% identity to 
a number of other P. aeruginosa strains, including strains PA38182 (GenBank HG530068) and CGA1 (GenBank MT318155). 
The sequence was submitted to NCBI GenBank and assigned MW242749 as accession number.
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Fig. 2   Screening of nitrogen sources for biosurfactant production with sugarcane molasses as the carbon source. Biosurfactants produced 
by bacterial strain CGA-02 were evaluated by measuring the emulsification index. The biosurfactant produced by strain CGA-02 under 
growth with sugarcane molasses and sodium nitrate had a significantly higher emulsification index (p = 0.001) relative to all other tested 
nitrogen sources. All conditions aside from nitrogen source were kept constant and experiments were conducted in triplicate

Table 1   Parameter 
estimates of the quadratic 
response surface model for 
biosurfactant production 
by Pseudomonas aeruginosa 
strain CGA-02

* Statistically significant values

Model term Parameter effect Coefficient SD T-value P-value

Constant 47.87 3.21 14.91 0.000*

x1 11.48 5.74 1.73 3.31 0.004*

x2 5.20 2.60 1.73 1.50 0.153
x3 − 10.95 − 5.48 1.73 − 3.16 0.006*

x4 − 0.38 − 0.19 1.73 − 0.11 0.913
x1*x1 − 4.56 − 2.28 1.59 − 1.43 0.171
x2*x2 − 9.43 − 4.72 1.59 − 2.97 0.009*

x3*x3 5.19 2.60 1.59 1.63 0.122
x4*x4 2.74 1.37 1.59 0.86 0.401
x1*x2 14.30 7.15 2.12 3.37 0.004*

x1*x3 − 11.35 − 5.67 2.12 − 2.67 0.017*

x1*x4 15.35 7.68 2.12 3.61 0.002*

x2*x3 − 13.45 − 6.73 2.12 − 3.17 0.006*

x2*x4 − 6.35 − 3.18 2.12 − 1.49 0.154
x3*x4 2.40 1.20 2.12 0.56 0.580
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3.3 � Optimization of fermentation conditions for biosurfactant production

In this study, one factor at a time (OFAT) method of optimization was first used as a preliminary optimization procedure 
to identify the best carbon (i.e., waste materials) and nitrogen sources for biosurfactant production by P. aeruginosa strain 
CGA-02 in shake flask experiments. In the experiment with different waste materials as indicated in Fig. 1, fermentation 
with sugarcane molasses yielded a biosurfactant with significantly higher emulsion index (p-value = 0.002) as compared 
to biosurfactants produced using the other waste materials. As the biosurfactant produced by strain CGA-02 had nearly 
twice the emulsification index as compared to next highest carbon source, sugarcane molasses was selected as the 
carbon of choice for biosurfactant production by P. aeruginosa. Likewise, sodium nitrate was selected as the nitrogen 
of choice for biosurfactant production as it significantly (p = 0.001) improved biosurfactant yield well than the other 
nitrogen sources tested in the fermentation medium (Fig. 2).

Response surface methodology (RSM) optimization was used for the multiple regression analysis to investigate the 
impact of concentration of sugarcane molasses and sodium nitrate, medium volume and inoculum size on biosurfactant 
production by strain CGA-02. RSM simulation of the responses of 31 experiments (see supplementary information 1) 
performed during the response surface optimization of fermentation conditions yielded a regression model which 
described the interaction between the test parameters and the response as Y(E24) = 47.87 + 5.74 X1 + 2.60 X2–5.48 X3–
0.19 X4–2.28 X1

2–4.72 X2
2 + 2.60 X3

2 + 1.37 X4
2 + 7.15 X1X2–5.67 X1X3 + 7.68 X1X4–6.73 X2X3–3.18 X2X4 + 1.20 X3X4 where, 

Y is emulsification index, X1 is the concentration of sugarcane molasses, X2 is the concentration of sodium nitrate, X3 is 
inoculum size and X4 is medium volume. The effects of the test parameters on the biosurfactant yield by strain CGA-02 are 
presented in Table 1. Concentration of sugarcane molasses (X1) and inoculum size (X3) individually affected biosurfactant 
production significantly (p < 0.05), while the concentration of sodium nitrate (X2) and medium volume(X4) did not affect 
biosurfactant production (p > 0.05). Interactions of concentration of sugarcane molasses and the other test parameters 
(concentration of sodium nitrate [X1X2] inoculum size [X1X3] and medium volume [X1X4]) showed significant effects on 
biosurfactant yield (p < 0.05) (Table 1).

Table 2   Analysis of 
variance(ANOVA) for the 
quadratic response surface 
model for biosurfactant 
production by Pseudomonas 
aeruginosa strain CGA-02

P-value ≤ 0.05 is significant at 95% confidence level. Model Summary: S = 8.49754, R2 = 92.83%, R2 
(adj) = 90.67%

DF Degree of freedom, SS Sum of squares, MS Mean square

Source DF Adj SS Adj MS F P

Regression 14 5987.51 427.679 5.92 0.001
Linear 4 1673.74 418.435 5.79 0.004
Square 4 1130.09 282.523 3.91 0.021
Interaction 6 3183.68 530.613 7.35 0.001
Error 16 1155.33 72.208
Lack of fit 10 876.58 87.658 1.89 0.226
Pure error 6 287.75 46.459
Total 30 7142.84

Fig. 3   Surface tension 
measurement showing the 
critical micelle concentration 
(CMC) for the biosurfactant 
produced by strain CGA-02 
and a control compound, SDS. 
CMC for the biosurfactant was 
attained at 40 and at 50 mg/L 
for SDS
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The significance and validity of the regression model were tested using Analysis of Variance (ANOVA). The ANOVA 
results (Table 2) indicated that the regression model, linear, squares (quadratic terms) and interactions of the variables 
were statistically significant (P < 0.05). The ‘lack of fit’ test had a p-value = 0.226; hence, the regression model was ade-
quately fitted to explain the interactions of the test variables. The regression coefficient (R2), indicative of the validity 
of the regression model, was 92.83%. The R2 adj had a value of 90.67%, suggesting agreement of the model with the 
obtained values for output responses.

Following the regression model, a response optimizer algorithm (Minitab) was used to predict optimum fermentation 
conditions. This yielded recommended conditions of 25 g/L sugarcane molasses, 25 g/L sodium nitrate, 1 ml inoculum 
size and 60 ml medium volume in 250 ml flasks. Using these optimized conditions, we obtained a biosurfactant yield of 
9.28 g/L. This output was a 2.64-fold increase yield over the 3.52 g/L produced under un-optimized conditions of 10 g/L 
sugarcane molasses, 10 g/L sodium nitrate, 1 ml inoculum size and 50 ml medium volume in 250 ml flasks.

3.4 � Surface tension measurement and determination of critical micelle concentration

The biosurfactant produced by strain CGA-02 under optimized conditions reduced the surface tension of distilled water 
from 72.2 ± 0.26 to 30.5 ± 0.2 mN/m (Fig. 3). There was no significant difference (P < 0.05) in surface tension reduction 
ability of the produced biosurfactant and SDS. Critical micelle concentration (CMC) was attained by the produced bio-
surfactant at 40 mg/L, no further surface tension reduction was observed at higher concentrations.

3.5 � Characterization of produced biosurfactant

3.5.1 � Fourier transform infrared spectroscopy (FT‑IR)

The characteristic structural groups of the produced biosurfactant were identified using FTIR (See Supplementary 
Information 2). The absorption bands at 1072.255 and 1233.435 cm−1 were assigned to CO stretching vibration of 
ether. Strong bands at 3329.574, 3519.622 and 3805.485 cm−1 were assigned to OH stretching vibration of 1 and 20 
alcoholic compounds respectively. Medium bands at 1647.643 and 3416.455 cm−1 were due to NH stretching vibra-
tion of 1 and 20 amine compounds. The absorbance bands at 2150.114, 2318.939 and 2444.273 cm−1 were assigned 
to COO stretching vibration of carboxylic acid, CO vibration of carbonyl compound and CN anti-symmetric vibration 

Table 3   Fatty acid 
components of the 
biosurfactants by GC–MS

Fatty acid components Relative abundance (%) Formula

9-Octadecenoic acid 80.8 C18H34O2

n-Hexadecanoic acid 4.5 C16H32O2

Cyclotetrasiloxane 0.47 C8H24O4Si4
Trimyristin 3.94 C45H86O6

Fig. 4   Residual heavy metal removal patterns in the presence of lipopeptide biosurfactant. Lead and cadmium were removed most rapidly 
and completely. Starting concentrations of metals were: 0.128 ± 0.02 mg/ml for arsenic, 0.334 ± 0.04 mg/ml for lead, 1.54 ± 0.04 mg/ml for 
mercury, and 0.183 ± 0.02 mg/ml and 0.568 ± 0.07 mg/ml for cadmium and chromium respectively. Removal kinetics is shown in Table 4
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of nitrile compound, respectively, whereas the weak bands at1388.193 and 1472.444 cm−1 were both assigned to C=C 
stretching vibration of ethene compound. The characteristic ether group, and the amine, nitrile, alkanol, carboxyl, 
carbonyl, and alkene composition of the biosurfactant suggest that it belongs to the lipopeptide group.

3.5.2 � Gas chromatography‑mass spectroscopy (GC–MS)

The relative abundance of fatty acid components of the biosurfactant were analyzed by GC–MS (Table 3). They 
include 9-octadecenoic acid, n-hexadecanoic acid, cyclotetrasiloxane and trimyristin. The dominant component 
was 9-Octadecenoic acid (oleic acid; 80.8% relative abundance), while cyclotetrasiloxane had the lowest relative 
abundance (0.47%). The mass spectrum from GC–MS analysis of the biosurfactant showing the peaks of abundant 
fatty acid components is shown in Supplementary Information 3.

3.6 � Heavy metal analysis of soil samples

Atomic absorption spectrometry (AAS) was used for monitoring of the removal of heavy metals from contaminated 
soils incubated in the presence of the produced biosurfactant. The initial heavy metal concentrations of the pol-
luted soil were As: 0.128 ± 0.02 mg/ml, Pb: 0.334 ± 0.04 mg/ml, Hg: 1.54 ± 0.04 mg/ml, Cd: 0.183 ± 0.02 mg/ml, Cr: 
0.568 ± 0.07 mg/ml. Heavy metal concentrations over time are plotted in Fig. 4. The residual concentrations after 
12 week treatment with biosurfactant were As: 0.025 ± 0.004 mg/ml, Pb: 0.012 ± 0.00 mg/ml, Hg: 0.350 ± 0.001 mg/
ml, Cd: 0.011 ± 0.00 mg/ml, Cr: 0.014 ± 0.003 mg/ml. Removal efficiencies in the presence of biosurfactant and SDS 
after 12 weeks experiment were 80.47 ± 3.41% and 100 ± 0.00% for arsenic, 100 ± 0.00% and 98.47 ± 0.42% for lead, 
77.57 ± 0.08% and 80.3 ± 0.44% for mercury, 100 ± 0.00% and 75.33 ± 0.21% for cadmium and 97.57 ± 0.49% and 

Fig. 5   Percentage heavy metal removal after 12 weeks. Removal efficiencies of the lipopeptide biosurfactant and SDS were 
80.47 ± 3.41% and 100 ± 0.00%, 100 ± 0.00% and 98.47 ± 0.42%, 77.57 ± 0.08% and 80.3 ± 0.44%, 100 ± 0.00% and 75.33 ± 0.21% and 
97.57 ± 0.49 and 89.37 ± 0.44% for arsenic, lead, mercury, cadmium and chromium respectively. % heavy metal removal was calculated 
by = initial concentration− final concentration

initial concentration
×

100

1

Table 4   Kinetic model and 
linear regression analysis

K1 = first order kinetic biodegradation constant obtained as slope of the plot of ln(Co/Ct); k2 = sec-
ond order kinetic biodegradation constant obtained as slope of the plot of reciprocal of Ct i.e. (1/Ct); 
Co = initial concentration, Ct = concentration at time (t) in weeks, r2 = correlation coefficient of first order 
kinetic,r22 = correlation coefficient of second order kinetic, t1/2 = half-life in weeks

Heavy metal k1 (w −1) r2 t1/2(w) k2(kgmg−1w−1) r2
2 t1/2 (w)

As 0.14 ± 0.04 0.88 4.97 2.67 ± 1.00 0.78 0.26
Pb 0.29 ± 0.04 0.95 2.42 6.19 ± 2.19 0.79 0.11
Hg 0.12 ± 0.03 0.91 5.65 0.18 ± 0.07 0.79 3.88
Cd 0.29 ± 0.05 0.88 2.33 5.46 ± 2.78 0.73 0.13
Cr 0.19 ± 0.07 0.89 3.61 4.13 ± 1.79 0.66 0.17
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89.37 ± 0.44% for chromium respectively (Fig. 5). Lead and Cadmium were completely removed from the soil in the 
presence of biosurfactant, while arsenic was removed by SDS completely from the soil. There was no significant 
difference between heavy metal removal potential of the biosurfactant and the chemical surfactant (SDS) tested.

3.7 � Kinetic studies of heavy metal removal in the presence of biosurfactant

The correlation coefficients (r2) of the first order kinetics (ranging from 0.88 to 0.95) for the removal of the heavy 
metals were higher than those of the second order kinetics, which ranged from 0.66 to 0.79 (Table 4). Hence, the 
first order kinetics adequately fitted the data generated in this study. The data plots of lnCo/Ct and 1/Ct (Co = initial 
contaminant concentration, Ct = contaminant concentration at time (t) versus time in weeks (Fig. 6) resulted in linear 
functions in both reaction kinetic orders. The removal rate constant of cadmium (KCd) and lead (Kpb) of the first order 
kinetics obtained were relatively high with half-lives (tCr½) and (tpb½) of 2.33 and 2.42 weeks respectively. The removal 
rate constant of the second order kinetics also showed that cadmium (K2Cd–5.46) and lead (K2pb–6.19) were removed 
relatively rapidly from the soil with half-lives of 0.13 and 0.11 weeks respectively. The rate of removal of mercury, in 
both reaction kinetic orders, had the lowest removal rate constants (1st order = 0.12 w−1, 2nd order = 0.18 w −1) and 
highest half-lives (tHg½) of 5.65 and 3.88 weeks for the first and second order kinetics respectively.

4 � Discussion

In this study, a robust biosurfactant producing P. aeruginosa strain CGA-02 was isolated from contaminated soil. 
Growth optimization on various waste carbon streams identified sugarcane molasses as the optimal carbon source 
among available resources, and the produced biosurfactant was determined to be viable for sequestration of heavy 
metals from contaminated soil. We demonstrate here the viability of using process optimization for rapidly and inex-
pensively identifying valuable waste streams for microbial growth and biosurfactant production. Process conditions 
play a critical role in microbial production due to the vulnerability of microorganisms to environmental factors. For 

Fig. 6   (a) First order and (b) 
Second order kinetic of the 
heavy metal removal in the 
presence of biosurfactant
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biosurfactant production, detailed characterization of the process conditions can be used to determine relevant 
process factors influencing productivity and optimal yield by any given organism [36]. Carbon and nitrogen sources 
are basic factors for consideration in biosurfactant production, owing to their direct influence in the growth and 
production of biosurfactant molecules [37, 38]. In OFAT experiments, all factors but one are fixed, in order to obtain 
the condition of the free factor that gives the best yield [39]. In this study, the effects of six different waste materi-
als as sole carbon source and four different nitrogen sources on biosurfactant yield was evaluated using OFAT. The 
selection of sugarcane molasses and sodium nitrate as carbon and nitrogen is consistent with prior studies [40, 41]. 
Sugarcane molasses, a waste from sugar production factories, is a low-cost substrate for biosurfactant production 
and contains high sugar content of approximately 48–56% [42].

Sodium nitrate provides an easily usable nitrogen source for microorganisms and has been previously used in bio-
surfactant production [43–45].

Although the use of OFAT is highly effective, when optimizing multiple conditions simultaneously, other approaches 
are preferred. We employed RSM to address further optimization once optimal available carbon and nitrogen sources 
had been selected. RSM is used to design experiments that simultaneously evaluate the interactions of several process 
factors and their impact on production yield [46]. We used RSM to optimize carbon and nitrogen concentrations, reactor 
volume, and inoculum size, leading to significantly increased yield in biosurfactant production (2.64-fold increase) relative 
to initial growth conditions. Optimizations such as these are extremely valuable and have previously been shown to be 
effective. For example, Abbasi and colleagues performed RSM optimizations leading to a 1.46-fold increase in biosur-
factant yield by Pseudomonas aeruginosa MA01 [47]. In this study, optimization led to a final production of 9.28 g/L of 
biosurfactant, among the highest yields reported in the literature. For example, Rufino and co reported lipopeptide yield 
of 8.0 g/L by Candida lipolytica [48] and another study reported biosurfactant yields of 5.43 and 4.12 g/L by Pseudomonas 
species under optimized conditions using olive oil and soyabean oil as carbon sources respectively [49]. Optimization is 
essential as the yield of biosurfactant differs among microorganisms and lies heavily on identifying specific conditions 
of growth and production by each microorganism.

Biosurfactant ability to lower surface tension of aqueous solutions is an important property of surface-active agents 
[50]. Biosurfactants reduce both interfacial and surface tension and catalyze interaction between molecules with differ-
ent polarity [51]. At critical micelle concentration of the biosurfactant, the lowest possible surface tension reduction is 
achieved, above which there is no observable tension reduction [1]. In this study, the surface tension of distilled water 
was reduced from 72.2 ± 0.26 to 30.5 ± 0.2 mN/m and at 40 mg/L, the biosurfactant attained CMC, indicating that applica-
tion of biosurfactant produced by the isolate requires 40 mg/L to reduce about half the surface tension of distilled water. 
This was lower than the approximately 50 mg/L required for the control compound, SDS. In a similar study, biosurfactant 
produced by P.putida MTCC 2467 reduced medium surface tension from 74 to 35 mN/m−1 [52]. Another recent study 
reported that biosurfactant produced by a Gordonia spp. reduced the surface tension of aqueous media from 61.06 to 
36.82 mN/m and attained a CMC at 250 mg/L concentration [53]. Thus, the biosurfactant produced by P. aeruginosa strain 
CGA-02 can be credited for excellent surface tension reduction.

Most species of Pseudomonas are found to produce glycolipid biosurfactants [54–56], while only a few has been 
reported to produce lipopeptides [18, 57, 58]. In this study, we investigated properties of the produced biosurfactant. 
FT-IR revealed hydrophilic moieties of the biosurfactant, and the ether, amine, nitrile, alkanol, carboxyl, carbonyl and alk-
ene groups identified in the biosurfactant are characteristic components of lipopeptides [59]. Lipopeptide biosurfactants 
are the second largest group of biosurfactants [60] and have attracted attention due to low toxicity and biodegradability 
[61]. Although bacteria from the genus Bacillus are the most frequently recovered lipopeptide producers [62], a number of 
studies have characterized lipopeptides produced by Pseudomonas isolates. For example, Chauhan and colleagues [63]. 
Identified a number of different types of lipopeptides produced by Pseudomonas species, including viscosin, amphisin, 
tolaasin, milkisin, putisolvin and syringomycin. Similarly, we previously identified a lipopeptide from P.aeruginosa strain 
CGA1 which reduced surface tension of water to 35 mN/m and attained CMC at 60 mg/L [18]. In another study, a lipo-
peptide produced by P. fluorescens BD5 exhibited high emulsification activity and stability more than Triton X-100 and 
Tween 20 and reduced tension of waster from 72 to 31.5 mN/m [64]. Elsewhere, lipopeptide bioemulsifier produced by 
P. nitroreducens TSB.MJ10 emulsified xylene and petroleum alongside other hydrocarbons under environmental stress 
of pH, temperature and NaCl, and was effectively applied for the bioremediation of hydrocarbons in the marine environ-
ment [65].

GC–MS analysis was used to characterize the hydrophobic group composition of the biosurfactant in this study. 
Several fatty acid components were recovered. Recovery of these components as the fatty acid contents of the biosur-
factants produced by P. aeruginosa in this study is consistent with prior studies [65–67]. The components produced by 
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P.aeruginosa strain CGA-02 are beneficial products applied in petroleum, cosmetic, food and pharmaceutical industries. 
For example, 9-octadecenoic acid (oleic acid) is a good emulsifying agent in soap, a moisturizer in creams [68], and a 
solubilizer in aerosol products [69]. n-hexadecanoic acid (palmitic acid), has excellent surface reducing properties [70]. 
Cyclotetrasiloxane is used as hair conditioner, skin conditioner and in other cosmetics as foaming agent [71]. Thus, the 
components produced by P. aeruginosa strain CGA-02 are valuable materials, not only in bioremediation and sustain-
able environment, but in pharmaceuticals, biomedicals, food and cosmetic industries. The biosurfactant produced by P. 
aeruginosa strain CGA-02 are most similar to that reported in another study [72] in which oleic acid was recorded as the 
most dominant fatty acid component in biosurfactant produced by Pantoea alhagi (76.26% abundance). Other micro-
organisms such as E. coli [73] and Candida [74] can biosynthesize oleic acid, but the P. aeruginosa strain CGA-02 in this 
study, produced biosurfactant with relatively higher abundance of oleic acid (80.8%). Further study is recommended on 
the direct syntheses of oleic acid and other organic acids from biosurfactants.

The heavy metal removal ability of the biosurfactant was compared with a chemical surfactant, SDS. SDS is an anionic 
surfactant and has shown excellent performance in heavy metal removal [75]. The biosurfactant produced by strain 
CGA-02 performed competitively well with the SDS, and this is attributed to the anionic nature of SDS and lipopeptides. 
Anionic lipopeptides readily react with metal ions, forming lipopeptide-heavy metal complexes, thereby enhancing metal 
mobility and resultant removal of the metal from the soil matrix [76]. There was no direct measure of the lipopeptide-
metal complexes in this study; however, we recommend a direct quantification of the complexes in reaction mixtures 
as a confirmation of the removal activities by the biosurfactant. In a study [77], biosurfactant produced by Candida 
removed Pb, Zn and Cu at rates ranging from 30 to 80%. Removal of cadmium, lead, copper and zinc in the presence of a 
lipopeptide biosurfactant at rates of 44.2, 40.3, 26.2 and 32.07% respectively were recorded in another study [78]. Lipo-
peptide biosurfactant by Paenibacillus sp. D9 significantly removed heavy metals from wastewater and polluted sands 
and dispersed oil better than chemical surfactants [79]. In this study, the lipopeptide from P. aeruginosa strain CGA-02 
removed heavy metals (arsenic, lead, mercury, cadmium, chromium) at relatively higher rates ranging from 75.33 to 100%.

Kinetic models describe the order of removal activity and evaluate the rate of heavy metal removal during bioremedia-
tion [32]. The removal half-life and kinetic orders were also the basis for assessment of efficiency of heavy metal potential 
of the biosurfactant. The removal constants (K), half-lives (t½) and correlation coefficients (r2) vary in this study among the 
heavy metals tested, indicating the removal potential of the biosurfactant varies by heavy metal type. The half-lives for 
the various metals in both first order and second order reaction indicate fastest and most complete removal of lead and 
cadmium from the soil relative to other measured metals. A linear function was generated in the two reaction orders (Fig. 6); 
at increasing concentration of the biosurfactant, increased removal of the metal was observed. Therefore, predictions of 
the models, determined by the correlation coefficients, indicated that the heavy metal removal in this study was best 
described by the first order reaction model with correlation coefficient ranging (r2) from 0.88 to 0.95. Several authors have 
reported the suitability of first order reaction for explanation of degradation and heavy metal removal kinetic [77, 80–82].

5 � Conclusion

The results obtained in this study have proven that P. aeruginosa strain CGA-02 is an excellent lipopeptide producer, 
and that high-value biosurfactant can be produced using low-cost materials as growth substrates. Growth optimization 
through one-factor-at-a-time and response surface modelling dramatically increased biosurfactant yield, leading to a 
local optimum of 9.28 g/L of biosurfactant. The produced surfactant was largely composed of oleic acid and was effect 
in sequestration of multiple heavy metals from contaminated soil.

Acknowledgements  The authors acknowledge the Department of Applied Microbiology and Brewing, Nnamdi Azikiwe University, Awka, 
Nigeria, for allowing free access to their resources for microbiological analyses during the study. We also acknowledge the Genomics and 
Microbiome Core Facility of Rush University Medical Center, USA, for carrying out the genomic analysis of the study isolate.

Author contributions  All authors contributed to the study conception and design. Material preparation, data collection were performed by CGA, 
ABI and VNA. Data analysis was done by CCE. The first draft of the manuscript was written by CMO, VIA and CCO. Review of the manuscript was 
done by IAE and SG, and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Funding  The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.

Data availability  The bacterial 16S rDNA sequence data was deposited to the NCBI GenBank database under accession number MW242749, 
and is available at the URL: https://​www.​ncbi.​nlm.​nih.​gov/​nucco​re/​MW242​749.

https://www.ncbi.nlm.nih.gov/nuccore/MW242749


Vol:.(1234567890)

Research	 Discover Applied Sciences           (2024) 6:252  | https://doi.org/10.1007/s42452-024-05821-5

Declarations 

Competing interests  The authors have no relevant financial or non-financial interests to disclose.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Sarubbo LA, Silva MGC, Durval IJB, Bezerra KGO, Ribeiro BG, Silva IA, Twigg MS, Banat IM. Biosurfactants: production, properties, applica-
tions, trends, and general perspectives. Biochem Eng J. 2022;181:108377. https://​doi.​org/​10.​1016/j.​bej.​2022.​108377.

	 2.	 Das P, Mukherjee S, Sen R. Substrate dependent production of extracellular biosurfactant by a marine bacterium. Biores Tech. 
2008;100(2009):1015–9. https://​doi.​org/​10.​1016/j.​biort​ech.​2008.​07.​015.

	 3.	 Aguirre-Ramírez M, Silva-Jiménez H, Banat IM, Díaz De Rienzo MA. Surfactants: physicochemical interactions with biological macromol-
ecules. Biotech Lett. 2021;43(3):523–35. https://​doi.​org/​10.​1007/​s10529-​020-​03054-1.

	 4.	 Grey J (2022) Global biosurfactant market research report 2022 – 2027. https://​issuu.​com/​james​grey98/​docs/​global_​biosu​rfact​ants_​
market_​resea​rch_​report_​2022- Assessed 20 October 2023

	 5.	 Research & Markets (2022) Global biosurfactants market Report 2022: Increasing demand for green solutions driving 11.2% annual growth. 
https://​www.​globe​newsw​ire.​com/​news-​relea​se/​2022/​09/​19/​25180​05/​28124/​en/​Global-​Biosu​rfact​ants-​Market-​Report-​2022-​Incre​asing-​
Demand-​for-​Green-​Solut​ions-​Drivi​ng-​11-1-​Annual-​Growth.​html. Assessed 1 January 2023

	 6.	 Da Silva IGS, de Almeida FCG, da Rocha-Silva NMP, Casazza AA, Converti A, Sarubbo LA. Soil bioremediation: overview of technologies 
and trends. Energies. 2020;13(18):4664. https://​doi.​org/​10.​3390/​en131​84664.

	 7.	 Mishra S, Lin Z, Pang S, Zhang Y, Bhatt P, Chen S. Biosurfactant is a powerful tool for the bioremediation of heavy metals from contaminated 
soils. J Haz Mat. 2021;418:126253. https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​126253.

	 8.	 Singh S, Kumar V, Dhanjal DS, Datta S, Singh S, Singh J. Biosorbents for heavy metal removal from industrial effluents. In: Kumar V, Saxena 
G, Shah MP, editors. Bioremediation for environmental sustainability. Amsterdam: Elsevier; 2021. p. 219–33.

	 9.	 Lopes CSC, Teixeira DB, Braz BF, Santelli RE, de Castilho LVA, Gomez JGC, Castro RPV, Seldin L, Freire DMG. Application of rhamnolipid 
surfactant for remediation of toxic metals of long- and short-term contamination sites. Int J Environ Sci Technol. 2020;18:575–88. https://​
doi.​org/​10.​1007/​s13762-​020-​02889-5.

	10.	 Vandana P. Singh D (2018) review on biosurfactant production and its application. Int J Curr Microbiol Appl Sci. 2018;7:42284241. https://​
doi.​org/​10.​2054/​ijcmas.​2018.​708.​443.

	11.	 Khana A, Handa S, Rana S, Suttee A, Puri S, Chatterjee M. Biosurfactant from Candida: sources, classification and emerging applications. 
Arch Microbiol. 2023;205(4):149. https://​doi.​org/​10.​1007/​s00203-​023-​03495-y.

	12.	 Ambaye TG, Vaccari M, Prasad S, Rtimi S. Preparation, characterization and application of biosurfactant in various industries: a critical 
review on progress, challenges and perspectives. Environ Technol Innov. 2021;24:102090. https://​doi.​org/​10.​1016/j.​eti.​2021.​102090.

	13.	 Patil Y, Rao P. Industrial waste management in the era of climate change—a smart sustainable model based on utilization of active and 
passive biomass. In: Walter Leal F, editor. Handbook on climate change adaptation. Berlin: Springer-Verlag; 2015. p. 2079–92.

	14.	 Singh P, Patil Y, Rale V. Biosurfactant production: emerging trends and promising strategies. J Appl Microbiol. 2018;126(1):2–12.
	15.	 Eswari JS, Anand M, Venkateswarlu C. Optimum culture medium composition for lipopeptide production by Bacillus subtilis using response 

surface model-based ant colony optimization. Sadhana. 2016;41:55–65. https://​doi.​org/​10.​1007/​s12046-​015-​0451-x.
	16.	 Ahmad Z, Crowley D, Marina N, Jha SK. Estimation of biosurfactant yield produced by Klebseilla sp. FKOD36 bacteria using artificial neural 

network approach. Measurement. 2016;81:163–73. https://​doi.​org/​10.​1016/j.​measu​rement.​2015.​12.​019.
	17.	 Hassan M, Essam T, Yassin AS, Salama A. Optimization of rhamnolipid production by biodegrading bacterial isolates using Plackett-Burman 

design. Int J Bio Macro. 2016;8:573–9. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2015.​09.​057.
	18.	 Anaukwu CG, Ogbukagu CM, Ekwealor IA. Optimized biosurfactant production by Pseudomonas aeruginosa strain CGA1 using agro-

industrial waste as sole carbon source. Adv Microbiol. 2020;10:543–62. https://​doi.​org/​10.​4236/​aim.​2020.​10100​40.
	19.	 Amadi OC, Eging EJ, Nwagu TN, Okpala G, Onwosi CO, Chukwu GC, Okolo BN, Agu RC, Moneke AN. Process optimization for simultaneous 

production of cellulase, xylanase and ligninase by Saccharomyces cerevisiae SCPW 17 under solid state fermentation using Box-Behnken 
experimental design. Heliyon. 2020;6:e04566.

	20.	 Hu Y, Qin H, Zhan Z, Dun Y, Zhou Y, Peng N, Ling H, Liang Y, Zhao S. Optimization of Saccharomyces boulardii production in solid-state 
fermentation with response surface methodology. Biotechnol Biotechnol Equip. 2016;30(1):173–9. https://​doi.​org/​10.​1080/​13102​818.​
2015.​10866​89.

	21.	 Jain DK, Collins-Thompson DL, Lee H, Trevors JT. A drop-collapsing test for screening surfactant-producing microorganisms. J Microbiol 
Met. 1991;13(4):271–9. https://​doi.​org/​10.​1016/​0167-​7012(91)​90064-W.

	22.	 Ferhat S, Alouaoui R, Badis A, Moulai-Mostefa N. Production and characterization of biosurfactant by free and immobilized cells from 
Ochrobactrum intermedium isolated from the soil of Southern Algeria with a view to environmental application. Biotechnol Biotechnol 
Equip. 2017;31(4):733–42. https://​doi.​org/​10.​1080/​13102​818.​2017.​13099​92.

	23.	 Kumar SP, Manjunatha BK. Studies on hydrocarbon degradation by the bacterial isolate Stenotrophomonas rhizophila (PM-1) from oil 
spilled regions of Western Ghats of Karnataka. Sci Technol Arts Res J. 2015;4(3):139–44.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bej.2022.108377
https://doi.org/10.1016/j.biortech.2008.07.015
https://doi.org/10.1007/s10529-020-03054-1
https://issuu.com/jamesgrey98/docs/global_biosurfactants_market_research_report_2022
https://issuu.com/jamesgrey98/docs/global_biosurfactants_market_research_report_2022
https://www.globenewswire.com/news-release/2022/09/19/2518005/28124/en/Global-Biosurfactants-Market-Report-2022-Increasing-Demand-for-Green-Solutions-Driving-11-1-Annual-Growth.html
https://www.globenewswire.com/news-release/2022/09/19/2518005/28124/en/Global-Biosurfactants-Market-Report-2022-Increasing-Demand-for-Green-Solutions-Driving-11-1-Annual-Growth.html
https://doi.org/10.3390/en13184664
https://doi.org/10.1016/j.jhazmat.2021.126253
https://doi.org/10.1007/s13762-020-02889-5
https://doi.org/10.1007/s13762-020-02889-5
https://doi.org/10.2054/ijcmas.2018.708.443
https://doi.org/10.2054/ijcmas.2018.708.443
https://doi.org/10.1007/s00203-023-03495-y
https://doi.org/10.1016/j.eti.2021.102090
https://doi.org/10.1007/s12046-015-0451-x
https://doi.org/10.1016/j.measurement.2015.12.019
https://doi.org/10.1016/j.ijbiomac.2015.09.057
https://doi.org/10.4236/aim.2020.1010040
https://doi.org/10.1080/13102818.2015.1086689
https://doi.org/10.1080/13102818.2015.1086689
https://doi.org/10.1016/0167-7012(91)90064-W
https://doi.org/10.1080/13102818.2017.1309992


Vol.:(0123456789)

Discover Applied Sciences           (2024) 6:252  | https://doi.org/10.1007/s42452-024-05821-5	 Research

	24.	 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Bio. 1990;215(3):403–10.
	25.	 Rane AN, Baikar VV, Ravi KV, Deopurkar RL. Agro-industrial wastes for production of biosurfactant by Bacillus subtilis ANR 88 and its 

application in synthesis of silver and gold nanoparticles. Front Microbiol. 2017. https://​doi.​org/​10.​3389/​fmicb.​2017.​00492.
	26.	 Onwosi CO, Odibo FJC. Use of response surface design in the optimization of starter cultures for enhanced rhamnolipid production by 

Pseudomonas nitroreducens. Afri J Biotech. 2013;12(19):2611–7.
	27.	 Garg M, Chatterjee P, Chatterjee M. Isolation, characterization and antibacterial effect of biosurfactant from Candida parapsilosis. Biotech 

Rep. 2018;18:e00251. https://​doi.​org/​10.​1016/j.​btre.​2018.​e00251.
	28.	 Phulpoto IA, Yu Z, Hu B, Wang Y, Ndayisenga F, Li J, Liang H, Qazi MA. Production and characterization of surfactin-like biosurfactant 

produced by novel strain Bacillus nealsonii S2MT and its potential for oil contaminated soil remediation. Micro Cell Fact. 2020;19:145. 
https://​doi.​org/​10.​1186/​s12934-​020-​01402-4.

	29.	 Hatef ZH, Khudeir SH. Optimal conditions for naphthalene biodegradation by local bacterial isolates. Int J Sci Res. 2017;6(12):1790–5.
	30.	 Iowa State University (ISU) (2017) Agilent 5973 GCMS Training Manual. Chemical Instrumentation Facility, Iowa State University. https://​

www.​cif.​iasta​te.​edu/​sites/​defau​lt/​files/​uploa​ds/​MS/​8453/​5973%​20MSD%​20Tra​ining%​20Gui​de2.​pdf. Assessed 1 July 2019.
	31.	 American Public Health Association (APHA) (1995) Cold-vapour atomic absorption spectrometric method. In: Standard methods for 

the examination of water and waste water. 20th edition, American Public Health Association, American Water works Association, Water 
Environment Federation, USA.

	32.	 Nwankwegu AS, Onwosi CO, Orji MU, Anaukwu CG, Azi F, Martins PE. DPK hydrocarbon polluted agricultural soil using a selected bulking 
agent. J Env Man. 2016;172:136–42. https://​doi.​org/​10.​1016/j.​jenvm​an.​2016.​02.​032.

	33.	 Bacosa HP, Erdner DL, Liu Z. Differentiating the roles of photooxidation and biodegradation in the weathering of light louisiana sweet 
crude oil in surface water from the deepwater horizon site. Mar Poll Bull. 2015;5:265–72.

	34.	 Agarry SE, Oghenejoboh KM, Solomon BO. Kinetic modelling and half life study of adsorptive bioremediation of soil artificially contami-
nated with bonny light crude oil. J Eco Eng. 2015;16(3):1–13. https://​doi.​org/​10.​1291/​22998​993/​2799.

	35.	 Nwankwegu AS, Onwosi CO, Azi F, Azumini P, Anaukwu CG. Use of rice husk as bulking agent in bioremediation of automobile gas oil 
impinged agricultural soil. Soil Sed Cont. 2016. https://​doi.​org/​10.​1080/​15320​383.​2017.​12457​11.

	36.	 Pattanathu KSM, Rahman GP, Vincent A, Zulfiqur A. Production of rhamnolipid biosurfactants by Pseudomonas aeruginosa DS10-129 in 
a microfluidic bioreactor. Appl Biochem Biotech. 2010;55(1):45–52.

	37.	 Kashif A, Rehman R, Fuwad A, Shahid MK, Dayarathne HNP, Jamal A, Aftab MN, Mainali B, Choi Y. Current advances in the classification, 
production, properties and applications of microbial biosurfactants—a critical review. Adv Coll Inter Sci. 2022;306:102718. https://​doi.​
org/​10.​1016/j.​cis.​2022.​102718.

	38.	 Anaukwu CG, Ekwealor AI, Ezemba CC, Anakwenze VN, Okafor UC, Archibong EJ. Pseudomonas monteilii and Citrobacter murliniae, bio-
surfactant-producing bacteria isolated from Nigerian soil. British Micro Res J. 2015;10(1):1–9.

	39.	 Taleb KA, Galal GF. A comparative study between one-factor-at-a-time and minimum runs resolution-IV methods for enhancing the 
production of polysaccharide by Stenotrophomonas daejeonensis and Pseudomonas geniculate. Ann Agric Sci. 2018;63(2):173–80. https://​
doi.​org/​10.​1016/j.​aoas.​2018.​11.​002.

	40.	 Mouafo TH, Mbawala A, Ndjouenkeu R. Effect of different carbon sources on biosurfactants’ production by three strains of Lactobacillus 
spp. Hindawi BioMed Res Int. 2018;2018:2–16.

	41.	 Raza ZA, Ahmad N, Khalid ZM, Ahmad N. Response surface optimization in biosurfactant production by using a renewable growth sub-
strate. Indian J Biotech. 2016;15:217–29.

	42.	 Banat IM, Satpute SK, Cameotra SS, Nyayanit NV. Cost effective technologies and renewable substrates for biosurfactants’ production. 
Front Microbiol. 2014;5:697.

	43.	 Gaur VK, Manickam N. Microbial biosurfactants: production and applications in circular bioeconomy. In: Pandey A, Tyagi RD, Sunita V, 
editors. Biomass, biofuels, biochemicals. Amsterdam: Elsevier; 2021. p. 353–78.

	44.	 Joshi PA, Shekhawat DB. Effect of carbon and nitrogen source on biosurfactant production by biosurfactant producing bacteria isolated 
from petroleum contaminated site. Adv Appl Sci Res. 2014;5:159–64.

	45.	 Subasioglu T, Cansunar E. Nutritional factors effecting production by a nosocomial Pseudomonas aeruginosa. Hacettepe J Bio Chem. 
2008;36(1):77–81.

	46.	 Hu X, Wang C, Wang P. Optimization and characterization of biosurfactant production from marine Vibrio sp. strain 3B–2. Front Microbiol. 
2015;6:976. https://​doi.​org/​10.​3389/​fmicb.​2015.​00976.

	47.	 Abbasi H, Sharafi H, Alidost L, Bodagh A, Zahiri HS, Noghabi KA. Response surface optimization of biosurfactant produced by Pseu-
domonas aeruginosa MA01 isolated from spoiled apples. Prep Biochem Biotech. 2013;43(4):398–414. https://​doi.​org/​10.​1080/​10826​068.​
2012.​747966.

	48.	 Rufino RD, De-Luna JM, Takaki GC, Sarubbo L. Characterization and properties of the biosurfactant produced by Candida lipolytica UCP 
0988. Elect J Biotech. 2014;17(1):34–8. https://​doi.​org/​10.​1016/j.​ejbt.​2013.​12.​006.

	49.	 Sun W, Zhu B, Yang F, Dai M, Sehar S, Peng C, Ali I, Naz I. Optimization of biosurfactant production from Pseudomonas sp. CQ2 and its 
application for remediation of heavy metal contaminated soil. Chemosphere. 2021;265:129090. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2020.​129090.

	50.	 Silva RFS, Almeida DG, Rufino RD, Luna JM, Santos VA, Sarubbo LA. Applications of biosurfactants in the petroleum industry and the 
remediation of oil spills. Int J Mol Sci. 2014;15:12523–42.

	51.	 Aguirre-Ramírez M, Silva-Jiménez H, Banat IM, De Díaz Rienzo MA. Surfactants: physicochemical interactions with biological macromol-
ecules. Biotech Let. 2021;43(3):523–35. https://​doi.​org/​10.​1007/​s10529-​020-​03054-1.

	52.	 Kanna R, Gummadi SN, Kumar GS. Production and characterization of biosurfactant by Pseudomonas putida MTCC 2467. J Bio Sci. 
2014;14(6):436–45. https://​doi.​org/​10.​3923/​jbs.​2014.​436.​445.

	53.	 Zargar AN, Mishra S, Kumar M, Srivastava P. Isolation and chemical characterization of the biosurfactant produced by Gordonia sp. IITR100. 
PLoS ONE. 2022;17(4):e0264202. https://​doi.​org/​10.​1371/​journ​al.​pone.​02642​02.

	54.	 Paul I, Mandal T, Mandal DD. Assessment of bacterial biosurfactant production and application in enhanced oil recovery (EOR)—a green 
approach. Environ Tech Innov. 2022;28:102733.

https://doi.org/10.3389/fmicb.2017.00492
https://doi.org/10.1016/j.btre.2018.e00251
https://doi.org/10.1186/s12934-020-01402-4
https://www.cif.iastate.edu/sites/default/files/uploads/MS/8453/5973%20MSD%20Training%20Guide2.pdf
https://www.cif.iastate.edu/sites/default/files/uploads/MS/8453/5973%20MSD%20Training%20Guide2.pdf
https://doi.org/10.1016/j.jenvman.2016.02.032
https://doi.org/10.1291/22998993/2799
https://doi.org/10.1080/15320383.2017.1245711
https://doi.org/10.1016/j.cis.2022.102718
https://doi.org/10.1016/j.cis.2022.102718
https://doi.org/10.1016/j.aoas.2018.11.002
https://doi.org/10.1016/j.aoas.2018.11.002
https://doi.org/10.3389/fmicb.2015.00976
https://doi.org/10.1080/10826068.2012.747966
https://doi.org/10.1080/10826068.2012.747966
https://doi.org/10.1016/j.ejbt.2013.12.006
https://doi.org/10.1016/j.chemosphere.2020.129090
https://doi.org/10.1016/j.chemosphere.2020.129090
https://doi.org/10.1007/s10529-020-03054-1
https://doi.org/10.3923/jbs.2014.436.445
https://doi.org/10.1371/journal.pone.0264202


Vol:.(1234567890)

Research	 Discover Applied Sciences           (2024) 6:252  | https://doi.org/10.1007/s42452-024-05821-5

	55.	 Jones RA, Shropshire H, Zhao C, Murpy A, Lidbury I, Wei T, Scanlan DJ, Chen Y. Phosphorus stress induces the synthesis of novel glycolipids 
in Pseudomonas aeruginosa that confer protection against a last-resort antibiotic. ISME J. 2021;15(11):3303–14. https://​doi.​org/​10.​1038/​
s41396-​021-​01008-7.

	56.	 Bazsefidpar S, Mokhtarani B, Panahi R, Hajfarajollah H. Overproduction of rhamnolipid by fed-batch cultivation of Pseudomonas aeruginosa 
in a lab-scale fermenter under tight DO control. Biodegrad. 2019;30(1):59–69. https://​doi.​org/​10.​1007/​s10532-​018-​09866-3.

	57.	 Zhao H, Liu YP, Zhang LQ. In silico and genetic analyses of cyclic lipopeptide synthetic gene clusters in Pseudomonas sp. 11K1. Front Micro. 
2019;10:544. https://​doi.​org/​10.​3389/​fmicb.​2019.​00544.

	58.	 Omoboye OO, Geudens N, Duban M, Chevalier M, Flahaut C, Martins JC, Leclère V, Oni FE, Höfte M. Pseudomonas sp. COW3 produces 
new bananamide-type cyclic lipopeptides with antimicrobial activity against Pythium myriotylum and Pyricularia oryzae. Molecules. 
2019;24(22):4170. https://​doi.​org/​10.​3390/​molec​ules2​42241​70.

	59.	 Umar A, Zafar A, Wali H, Siddique MP, Qazi MA, Naeem AH, Malik ZA, Ahmed S. Low-cost production and application of lipopeptide for 
bioremediation and plant growth by Bacillus subtilis SNW3. AMB Express. 2021;11:165. https://​doi.​org/​10.​1186/​s13568-​021-​01327-0.

	60.	 Vecino X, Rodriguez-Lopez L, Rincon-Fontan M, Cruz JM, Moldes AB. Nanomaterials synthesized by biosurfactants. Com Anal Chem. 
2021;94:267–301. https://​doi.​org/​10.​1016/​bs.​coac.​2020.​12.​008.

	61.	 Carolin CF, Kumar PS, Joshiba GJ, Madhesh P, Ramamurthy R. Sustainable strategy for the enhancement of hazardous aromatic amine 
degradation using lipopeptide biosurfactant isolated from Brevibacterium casei. J Haz Mat. 2021;408:124943.

	62.	 Chen Y, Liu SA, Mou H, Ma Y, Li M, Hu X. Characterization of lipopeptide biosurfactants produced by Bacillus licheniformis MB01 from 
marine sediments. Front Microbiol. 2017;8:871. https://​doi.​org/​10.​3389/​fmicb.​2017.​00871.

	63.	 Chauhan V, Mazumdar S, Pandey A, Kanwar SS. Pseudomonas lipopeptide: an excellent biomedical agent. Biomat Appl. 2023;2(1):e27. 
https://​doi.​org/​10.​1002/​mba2.​27.

	64.	 Janek T, Lukaszewicz M, Rezanka T, Krasowska A. Isolation and characterization of two new lipopeptide biosurfactants produced by 
Pseudomonas fluorescens BD5 isolated from water from the arctic archipelago of Svalbard. Biores Tech. 2010;101(15):6118–23. https://​
doi.​org/​10.​1016/j.​biort​ech.​2010.​02.​109.

	65.	 De Sousa T, Bhosle S. Isolation and characterization of a lipopeptide bioemulsifier produced by Pseudomonas nitroreducens TSB.MJ10 
isolated from a mangrove ecosystem. Biores Technol. 2012;123:256–62.

	66.	 Deepansh S, Baljeet SS, Nikhil C, Anshul B, Suresh P. Production and structural characterization of Lactobacillus helveticus derived biosur-
factant. The Sci World J. 2014;2014:1–9.

	67.	 Lobna MA, Ahmed ZAA. Identification and characterization of biosurfactants produced by Rodococcus equi and Bacillus methlyotrophicus. 
Bio Chem Environ Sci. 2013;8(2):341–58.

	68.	 De Villiers MM. Surfactants and emulsifying agents. In: Judith E, Thompson JE, editors. A practical guide to contemporary pharmacy 
practice. Philadelphia: Lippincott Williams and Wilkins publishers; 2009. p. 251.

	69.	 Smolinske SC. Handbook of food, drug, and cosmetic excipients. Boca Raton: CRC Press; 1992. p. 247–8.
	70.	 Asadov ZH, Tantawy AH, Zarbaliyeva IA, Rahimov RA, Ahmadova GA. Surfactants based on palmitic acid and nitrogenous bases for remov-

ing thin oil slicks from water surface. Chem J. 2012;2(4):136–45.
	71.	 Johnson W, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, Liebler DC, Marks JG, Shank RC, Slaga TJ, Snyder PW, Andersen FA. Safety 

assessment of cyclomethicone, cyclotetrasiloxane, cyclopentasiloxane, cyclohexasiloxane, and cycloheptasiloxane. Int J Toxicol. 
2011;30(6):149–227.

	72.	 Essghaier B, Mallat N, Khwaldia K, Mottola F, Rocco L, Hannachi H. Production and characterization of new biosurfactants/bioemulsifiers 
from Pantoea alhagi and their antioxidant, antimicrobial and anti-biofilm potentiality evaluations. Molecules. 2023;28:1912. https://​doi.​
org/​10.​3390/​molec​ules2​80419​12.

	73.	 Meng X, Yang J, Cao Y, Li L, Jiang X, Xu X, Liu W, Xian M, Zhang Y. Increasing fatty acid production in E. coli by simulating the lipid accu-
mulation of oleaginous microorganisms. J Ind Microbiol Biotechnol. 2011;38(8):919–25. https://​doi.​org/​10.​1007/​s10295-​010-​0861-z.

	74.	 Perez-Rodriguez FCM, Chavez-Camarillo G, Cristiani-Urbina E, Morales-Barrera L. Potential capacity of Candida wangnamkhiaoensis to 
produce oleic acid. Fermentation. 2023;9(5):443. https://​doi.​org/​10.​3390/​ferme​ntati​on905​0443.

	75.	 Rebello S, Asok AK, Mundayoor S, Jisha MS. Surfactants: toxicity, remediation and green surfactants. Environ Chem Let. 2014;12:275–87. 
https://​doi.​org/​10.​1007/​s10311-​014-​0466-2.

	76.	 Carolin CF, Kumar PS, Ngueagni PT. A review on new aspects of lipopeptide biosurfactant: types, production, properties and its applica-
tion in the bioremediation process. J Haz Mat. 2021;407:124827.

	77.	 Da Rocha RB, Meira HM, Almeida DG, Rufino RD, Luna JM, Santos VA, Sarubbo LA. Application of a low-cost biosurfactant in heavy metal 
remediation processes. Biodegrad. 2019;30(4):215–33. https://​doi.​org/​10.​1007/​s10532-​018-​9833-1.

	78.	 Singh AK, Cameotra SS. Efficiency of lipopeptide biosurfactants in removal of petroleum hydrocarbons and heavy metals from contami-
nated soil. Environ Sci Poll Res. 2013;20:7367–76. https://​doi.​org/​10.​1007/​s11356-​013-​1752-4.

	79.	 Jimoh AA, Lin J. Biotechnological applications of Paenibacillus sp. D9 lipopeptide biosurfactant produced in low-cost substrates. Appl 
Biochem Biotech. 2020;191:921–41. https://​doi.​org/​10.​1007/​s12010-​020-​03246-5.

	80.	 Abou- Aliyu GO, Anyanwu CU, Nnamchi CI, Onwosi CO. Evaluation of the effectiveness of bioaugmentation and biostimulation in atrazine 
removal in a polluted matrix using degradation kinetics. Soil Sed Cont. 2023;32(1):105–24. https://​doi.​org/​10.​1080/​15320​383.​2022.​20594​
44.

	81.	 Ezugworie FN, Okechukwu VC, Onwosi CO. Biochar amendment aids in the reduction of antibiotic-resistant bacteria and heavy metals 
during composting of poultry litter. Biorem J. 2022. https://​doi.​org/​10.​1080/​10889​868.​2022.​20796​05.

	82.	 Rastogi S, Kumar R. Statistical optimization of biosurfactant production using waste biomaterial and biosorption of Pb2+ under concomi-
tant submerged fermentation. J Environ Manag. 2021;295:113158. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​113158.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41396-021-01008-7
https://doi.org/10.1038/s41396-021-01008-7
https://doi.org/10.1007/s10532-018-09866-3
https://doi.org/10.3389/fmicb.2019.00544
https://doi.org/10.3390/molecules24224170
https://doi.org/10.1186/s13568-021-01327-0
https://doi.org/10.1016/bs.coac.2020.12.008
https://doi.org/10.3389/fmicb.2017.00871
https://doi.org/10.1002/mba2.27
https://doi.org/10.1016/j.biortech.2010.02.109
https://doi.org/10.1016/j.biortech.2010.02.109
https://doi.org/10.3390/molecules28041912
https://doi.org/10.3390/molecules28041912
https://doi.org/10.1007/s10295-010-0861-z
https://doi.org/10.3390/fermentation9050443
https://doi.org/10.1007/s10311-014-0466-2
https://doi.org/10.1007/s10532-018-9833-1
https://doi.org/10.1007/s11356-013-1752-4
https://doi.org/10.1007/s12010-020-03246-5
https://doi.org/10.1080/15320383.2022.2059444
https://doi.org/10.1080/15320383.2022.2059444
https://doi.org/10.1080/10889868.2022.2079605
https://doi.org/10.1016/j.jenvman.2021.113158

	Heavy metal application of response surface optimized-lipopeptide biosurfactant produced by Pseudomonas aeruginosa strain CGA-02 in low-cost substrate
	Abstract
	Article Highlights
	1 Introduction
	2 Material and methods
	2.1 Chemicals, reagents, and solvents
	2.2 Sample collection
	2.3 Isolation of biosurfactant-producing bacteria
	2.4 Screening tests for biosurfactant production
	2.5 Emulsification index (E24)
	2.6 Identification of the biosurfactant-producing isolate
	2.7 Optimization of biosurfactant production by Pseudomonas aeruginosa strain CGA-02
	2.7.1 Medium optimization on various carbon and nitrogen sources
	2.7.2 Experimental design and statistical analysis of critical parameters influencing biosurfactant production

	2.8 Recovery of the biosurfactant
	2.9 Surface tension measurement and determination of critical micelle concentration
	2.10 Characterization of produced biosurfactant
	2.11 Activity of biosurfactant in heavy-metal contaminated soil
	2.11.1 Heavy metal analysis of polluted soil samples
	2.11.2 Enhanced heavy metal removal through biosurfactant application
	2.11.3 Kinetic modelling of heavy metal removal

	2.12 Statistical analysis of data

	3 Results
	3.1 Isolation of biosurfactant-producing bacteria
	3.2 Identification of the biosurfactant-producing isolate
	3.3 Optimization of fermentation conditions for biosurfactant production
	3.4 Surface tension measurement and determination of critical micelle concentration
	3.5 Characterization of produced biosurfactant
	3.5.1 Fourier transform infrared spectroscopy (FT-IR)
	3.5.2 Gas chromatography-mass spectroscopy (GC–MS)

	3.6 Heavy metal analysis of soil samples
	3.7 Kinetic studies of heavy metal removal in the presence of biosurfactant

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


