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Abstract 
Biosurfactants are biomolecules produced by microorganisms, which possess 
several advantages over their chemical counterparts. Production can be 
cost-effective if renewable wastes are utilized as substrates. In this study, op-
timization of biosurfactant production by Pseudomonas aeruginosa strain 
CGA1 was carried out using response surface methodology. The conventional 
“One factor at a time” method of optimization was initially adopted to ascer-
tain the impact of different renewable wastes on biosurfactant production. 
Four independent variables were tested: carbon and nitrogen concentration, 
medium volume, and inoculum size. Biosurfactant production was based on 
the emulsification index measurement. Results indicated that the preferred 
carbon source by the isolate was sugar cane molasses. A 2.31-fold increase in 
biosurfactant yield and emulsification index of 96.3% ± 0.75% under opti-
mized cultural conditions of 20 g/L of molasses, 5 g/L of sodium nitrate, 1.93 
ml inoculum size and 60 ml medium volume in 250 ml conical flask were ob-
tained. The regression coefficient (R2) value of 84.15% implied adequate fit-
ness of the model. The surface tension of distilled water was reduced from 
72.1 mN/m to 35.0 ± 0.0 mN/m, and critical micelle concentration was at-
tained at 60 mg·L−1. FTIR and GC-MS analysis indicated that the biosurfac-
tant was a lipopeptide having characteristic lipid and peptide peak values. 
This study proves that the sole use of agro-industrial wastes for the produc-
tion of biosurfactant is very efficient, and ensures the economic feasibility of 
biosurfactant production. 
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1. Introduction 

Surface active agents (surfactant) are substances that contain both hydrophilic 
and hydrophobic groups in their chemical structure. Surfactants produced by 
microorganisms, usually during their stationary phase of life are referred to as 
biosurfactants [1]. The industrial need for biosurfactants over synthetic sur-
factant is constantly growing [2]. They are excellent at the surface and interfa-
cial tension reduction owing to their amphiphilic nature. They have several ad-
vantages over the synthetic counterparts which range from eco-friendliness, 
non-recalcitrancy, degradability, and non-toxicity. They can be easily produced 
from low-cost renewable resources such as agro-industrial wastes, allow for the 
evolvement of economical bioprocess [3], and use of recombinant strains for 
improved production yield [4]. 

Several bacterial genera have been reported as biosurfactant producers, for 
example, Acinetobacter, Arthrobacter, Pseudomonas, Halomonas, Bacillus, 
Rhodococcus, Enterobacter, Serratia [5] [6] [7] [8], and fungal species such as 
Saccharomyces cerevisiae [9], Fusarium fujikuroi [10], Candida tropicalis [11], 
Pseudozyma [12], Xylaria regalis [13]. Pseudomonas aeruginosa strains are 
among the effective producers of biosurfactant [14] [15]. They are known for 
producing glycolipids and lipopeptides, which have been excellently applied in 
bioremediation and the biomedical field as antibacterial, antifungal, antiviral 
and antiadhesives [16] [17] [18]. They have also been used in the preparation of 
nanoparticles [19] and microemulsions [20]. 

Agro-industrial wastes from crop residues, animal fats, coffee processing re-
sidues, dairy and distillery industries, fruit and food processing industries, and 
oil processing industries, contain a high amount of carbohydrates and lipids, 
hence, can be used as rich carbon sources for microbial growth [21]. They have 
been used as a sole or supplementary carbon source during biosurfactant pro-
duction. 

Optimization of fermentation medium conditions such as carbon and nitro-
gen concentration, pH, temperature, inoculum size, medium volume, and the 
incubation period is also one of the strategies for cost-effective biosurfactant 
production [22]. Response surface methodology (RSM) is one of the many sta-
tistical/mathematical tools employed to optimize experimental variables by de-
fining the relationship between variables and the response factors. RSM is ef-
fectively used to design experiments, write and analyze multiple regression 
models and fit the models, analyze the linear and quadratic effect of several 
experimental variables, and establish the variable conditions for an optimum 
response [23] [24]. Several studies have been conducted on biosurfactant 
production by Pseudomonas aeruginosa and the optimization of process pa-
rameters using various designs of experiment tools [25] [26]. The present work 
aimed to optimize biosurfactant production by Pseudomonas aeruginosa strain 
CGA1 using response surface methodology (RSM), with an agro-industrial waste 
as the carbon source, and to characterize its chemical structure by Fourier 
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transform infrared spectroscopy (FTIR) and gas chromatography-mass spec-
troscopy (GC-MS). 

2. Material and Methods  
2.1. Isolation and Identification of the Biosurfactant-Producing  

Organism 

Pseudomonas aeruginosa strain CGA1 (GenBank accession no. MT318155) was 
isolated from soil sample contaminated with spent engine-oil obtained from au-
to-mechanic workshops. One gram of soil sample was suspended in 10 ml of ste-
rile distilled water and a ten-fold dilution was carried out. 0.1 ml of 10−2 dilution 
was inoculated onto the m-cetrimide agar plate. The pure cultures obtained after 
subculture were maintained on nutrient agar slants at 4˚C. 

This strain (CGA1) was selected based on high emulsification index, oil dis-
placement, and drop collapse test results of its biosurfactant. It was identified by 
16S ribosomal RNA sequencing. Genomic DNA extracted from the bacterial iso-
late was PCR amplified with the primer 27F (AGAGTTTGATCMTGGCTCAG) 
and 1492R (TACGGYTACCTTGTTACGACTT) using the DreamTaq Green 
PCR Master Mix (2X; ThermoFisher Scientific) under standard PCR conditions. 
Amplicons were purified and sequenced in two directions on an Applied Bio-
systems 3730XL 96-capillary DNA Sequencer. Raw sequence data (.ab1 format) 
were processed within the software package CLC genomics workbench (v11.0.1) 
to merge the forward and reverse reads. Merged and quality trimmed reads were 
analyzed using BLAST analysis and the software package MEGA7 [27]. 

The phylogenetic tree was constructed using the neighbor-joining tree. The 
minimum value of the nucleotide similitude percentage to define the species at 
the taxonomic level was 100%. The 16S rRNA gene sequence obtained from the 
isolate was compared with other bacterial sequences by using NCBI Mega 
BLAST. The nucleotide sequence was aligned in CLUSTALX. The phylogenetic 
analyses were performed using MEGA version 7 software [28]. 

2.2. Fermentation Process and Preliminary Screening for  
Biosurfactant Production 

A submerged fermentation process was carried out following the method de-
scribed in [29]. A mineral salt medium containing the following components 
was used: Basal medium (KCl, 1.1; NaCl, 1.1; FeSO4·7H2O, 0.00028; KH2PO4, 3.4; 
K2HPO4, 4.4; MgSO4·7H2O, 0.5; Yeast extract, 0.5 g/L; 2 ml of Trace element so-
lution [ZnSO4·7H2O, 0.29; CaCl2·4H2O, 0.24; CuSO4·5H2O, 0.25; MnSO4·7H2O, 
0.17 g/L]); NaNO3, 1.5 g/L and Glucose, 2% w/v served as nitrogen and carbon 
sources respectively. The pH of the medium was adjusted to 7.2 with 1N NaOH. 
A 50 ml sterile medium in 100 ml Erlenmeyer flask inoculated with 1 ml of a 
standardized seed inoculum (using 0.5 Mcfarland standard) [30], was incubated 
for 72 h on an orbital shaker at 150 rpm and 30˚C. Un-inoculated flask served as 
control. The cell-free supernatant obtained after two-time centrifugation at 4000 
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rev/min for 10 min was used for drop collapse test, oil displacement test, and 
emulsification index measurement.  

2.2.1. Drop Collapse Method of Screening 
A drop of the cell-free supernatant was placed on an oil-coated surface in a 
polystyrene microwell plate. Each well with a diameter of 8 mm and 0.03 mm 
depth was coated with 7 µl mineral oil and left for 24 h at room temperature. A 
20 µl supernatant was then added to each well using a sterile syringe at an an-
gle of 45˚C. Sterile distilled water was used as control. After one minute, the 
drops were examined visually for a positive or negative result. Drops contain-
ing biosurfactant collapsed whereas non-surfactant-containing drops remained 
stable [31].  

2.2.2. The Oil Displacement Technique 
The oil spreading technique measures the diameter of clear zones observed when 
a drop of a biosurfactant-containing solution is placed on an oil-water surface. A 
40 ml distilled water was placed in a large petri dish, followed by the addition of 
15 µl of crude oil to the surface of the water. The supernatant (10 µl) was slightly 
placed on the surface of the oil film and allowed for 60 sec. The diameter of the 
clear zone on the oil surface was measured [32]. 

2.2.3. Emulsification Index (E24) 
A mixture of 2 ml of the supernatant and 2 ml of kerosene was vortically stirred 
for 2 min, and the height of the emulsion layer was measured after 24 h, to de-
termine the emulsification index. The emulsification index was calculated by 
measurement of the height of the emulsion layer (a), divided by the total height 
(b), and then multiplied by 100 (EI = a/b × 100) as described in [33]. 

2.3. Optimization of Fermentation Conditions for Biosurfactant  
Production 

2.3.1. Screening of Renewable Waste Materials as Sole Carbon Source  
and Assessment of Nitrogen Sources Using One Variable  
at a Time Method 

Five different waste materials (sugar cane molasses, spent lubricating motor oil, 
pulverized banana peel, pulverized potato peel, pulverized orange peel, and 
spent lubricating generator oil) were screened for use as a sole carbon source by 
P. aeruginosa strain CGA1 for the production of biosurfactant using one variable 
at a time method [34]. 

Different nitrogen sources (KNO3, NH4Cl, NaNO3, (NH4)2SO4) were also 
used in the fermentation medium one at a time for the evaluation of the 
most appropriate nitrogen source for the production of biosurfactant by P. 
aeruginosa strain CGA1. 

Fermentation was carried out in a medium consisting of: Basal medium, ni-
trogen source, 1% (w/v); carbon source, 2% (w/v); pH, 7.2. A 100 ml Erlenmeyer 
flask containing 50 ml of the fermentation medium was inoculated with 1 ml of 
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the standardized seed inoculum and the flask incubated on an orbital shaker 
(150 rpm) at 30˚C. Triplicate flasks were used and an uninoculated flask served 
as control. After 72 h fermentation, biosurfactant activity was determined by 
measuring the emulsification index (E24). 

2.3.2. Response Surface Method of Optimization 
A central composite design was used to optimize other critical media compo-
nents. A 24 full factorial central composite design (CCD) for four test variables, 
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 variables evaluated 
were concentration of sugar cane molasses (X1) in the range between 5 - 25 g/L, 
the concentration of nitrogen (X2) ranging from 5 - 25 g/L, inoculum size (X3) in 
the range between 1 - 3 ml, and medium volume in 250 ml flask (X4) ranging 
from 20 - 60 ml. Minitab software version 17 was used to design the experiment. 
A total of 31 experiments were carried out, while the emulsification index was 
the measured experimental response. 

2.3.3. Experimental Validation of the Statistical Model 
The results obtained were further subjected to Analysis of Variance (ANOVA) 
to assess the significance of each variable on the biosurfactant production. The 
extent of variance that could be explained by the model was determined by the 
multiple regression coefficient (R2 value). The optimum conditions were vali-
dated and recorded as mean ± standard deviation [26]. 

2.4. Biosurfactant Extraction 

Pseudomonas aeruginosa strain CGA1 was cultured under the optimized condi-
tions for 72 hr. Cells were removed by centrifugation at 4000 rev/min for 10 
min, and the supernatant was separated with a filter paper. The cell-free super-
natant was acidified to pH 4.0 using 6 M HCl and held overnight for precipita-
tion. Then, a 1:1 volume of methanol-chloroform was added to the supernatant 
at room temperature to obtain crude extracts of the biosurfactant. The extracted 
biosurfactant was weighed after air drying on a pre-weighed Whatman filter 
paper. 

2.5. Surface Tension Measurement 

The surface tension of the cell-free culture broth was determined by capillary 
rise method [35]. The biosurfactant extract was added to 1 L of sterile distill-
ed water in increasing concentration (10 - 80 mg). A capillary tube (0.01 cm 
diameter) was placed inside the solution. Surface tension was measured from 
the height of the water in the capillary tube using the equation: surface ten-
sion (γ) = (ρgah)/2. Sodium dodecyl sulfate (SDS) was used as a control sur-
factant. 

The Critical Micelle Concentration (CMC) was determined by plotting the 
surface tension as a function of the biosurfactant concentration. 
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2.6. Determination of Functional Components of the  
Biosurfactant Using Fourier Transform Infrared  
Spectroscopy (FT-IR) and Gas Chromatography-Mass  
Spectroscopy (GC-MS) 

2.6.1. Fourier Transform Infrared Spectroscopy (FT-IR) 
The method described by [36] was used. A 2 mg of the crude extracted biosur-
factant was mixed with 200 mg KBr (Spectroscopic Grade) and the infrared 
spectra (with wavenumbers ranging from 4000 to 400 cm−1) were recorded in 
Shimadzu FT-IR-8400 spectrometer. The data collected were the average of 50 
scans over the entire range.  

2.6.2. Gas Chromatography-Mass Spectroscopy (GC-MS) 
A 1 µl of biosurfactant solution was injected into the Gas Chromatography-Mass 
Spectroscopy (GC-MS) machine: Agilent Technology 5890 gas chromatograph, 
with a split detector and Mass Spectrometer Detector (MSD). Helium was used 
as carrier gas at a constant flow of 1 ml/min and an injection volume of 1 μl, in-
jector temperature 250˚C, and ion-source temperature 280˚C. Total GC running 
time was 90.67 min and the total length of time for running the analysis deter-
mined and programmed by the GC-MS analyst. Peaks in the chromatograms 
produced by these analyses were identified by a combination of references to 
their mass spectra and the NIST08 mass spectral database [37]. 

2.7. Statistical Analysis 

Data obtained were subjected to one-way Analysis of Variance by Stu-
dent-Newman-Keul (SNK) test at a 95% confidence level. IBM SPSS statistics 
version 20 was used for the ANOVA. 

3. Results/Discussion 
3.1. Isolation and Identification of the Biosurfactant-Producing  

Organism 

Pseudomonas aeruginosa strain CGA1 was isolated from spent-engine oil-polluted 
soil with ease using cetrimide agar as the isolation medium. Cetrimide agar is a me-
dium for bacteria of the genus Pseudomonas because it contains cetrimide, which is 
the selective agent against other microbial flora [38]. The isolate was identified 
based on 16S rRNA sequencing, and it showed 100% homology with other strains 
of Pseudomonas aeruginosa. The gene sequence was submitted to GenBank of 
NCBI with accession no. MT318155 and the phylogenetic tree of the isolate were 
constructed with the sequences of closely related microorganisms (Figure 1). 

3.2. Preliminary Screening for Biosurfactant Production 

The screening results showed that the isolate can efficiently produce biosurfactant 
under submerged culture conditions. It gave a strong positive drop collapse result, 
produced 1.8 cm diameter displacement on an oil film and high emulsification in-
dex (93.3%). 
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Figure 1. Evolutionary relationship of Pseudomonasaeruginosa strain CGA1 using the 
Neighbour-joining method. 

3.3. Optimization of Biosurfactant Production 

The selection of appropriate carbon and nitrogen sources or other nutrients is 
one of the most critical stages in the development of an efficient and economic 
biosurfactant production process [39]. Although most microorganisms produce 
biosurfactants in the presence of water-soluble substrates such as glucose, su-
crose, glycerol, maltose, and other carbohydrates, the use of low-cost raw material 
as a carbon source is being emphasized on, to reduce production cost [40]. In line 
with one of the waste management strategies (reuse) and for cost-effective produc-
tion of biosurfactant, several waste materials were screened for use as the carbon 
source for biosurfactant production by the P. aeruginosa strain CGA1 in this 
study. Biosurfactant yield was based on the emulsification index of the superna-
tant with a hydrophobic substrate (kerosene).  

The various waste materials screened for use as a carbon source for biosurfac-
tant production by CGA1 showed varying degrees of biosurfactant production 
(Figure 2). The biosurfactant yield with sugar cane molasses was significantly 
high (77.6% ± 2.6%) when compared to the other waste materials screened 
(p-value < 0.05), while spent generator lubricating oil produced zero emulsifica-
tion index. The high E24 observed with the use of sugar cane molasses in biosur-
factant production may be attributed to sugar compositions (sucrose, fructose, 
glucose, and other carbohydrates) of the sugar cane molasses. This is in line with  
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Figure 2. Screening of carbon sources for biosurfactant production. Key: weo1 
is spent lubricating motor oil, pp is pulverized potato peel, bp is pulverized 
banana peel, m is sugar cane molasses, op is pulverized orange peel, while 
weo2 is spent lubricating generator oil. 

 
Mouafo et al. [41], who reported an 81% ± 1.14% emulsification index with sug-
ar cane molasses as a carbon source for biosurfactant production by Lactobacil-
lus strains. The use of molasses as a carbon source in fermentation medium in-
creased rhamnolipid production by P. fluorescens [42]. 

On the screening of different nitrogen sources for biosurfactant production, 
sodium nitrate gave the highest biosurfactant yield (88.3% ± 1.5%) with CGA1 
(Figure 3). The difference in biosurfactant yield by the various nitrogen sources 
evaluated was statistically significant (p-value < 0.05). 

Multiple regression analysis using response surface methodology was carried 
out to fit the regression model to the experimental data and investigate the effect 
of the four variables selected [43] Table 1, shows the central composite experi-
mental design runs for optimization of biosurfactant production by the P. 
aeruginosa strain CGA1and the actual responses obtained. A total of 31 experi-
ments were performed and emulsification indexes after were recorded as the re-
sponse. The regression model, a quadratic polynomial equation, which gives the 
empirical interaction between the test variables and the response was obtained as  

( ) 2
1 2 3 4 1

2 2 2
2 3 4 1 2 1 3

1 4 2 3 2 4 3 4

Y1 E24 74.87 7.28 1.64 1.47 4.18 0.46

0.79 5.11 0.98 1.42 0.07
7.84 1.57 4.49 1.49

X X X X X

X X X X X X X
X X X X X X X X

= + + − + −

+ − − − −

+ − − −
 

where, Y1 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. 

Experimental Validation of the Statistical Model 
Analysis of variance (ANOVA) which was used to test the significance and ac-
ceptability of the regression model obtained revealed that the regression model, 
linear and quadratic terms (squares), and interactions of the variables were sta-
tistically significant (p < 0.05) (Table 2). The non-significance of the lack of fit 
test indicated the adequacy of the model for optimum biosurfactant production 
by the isolate (p-value > 0.05) (Table 2). 

https://doi.org/10.4236/aim.2020.1010040


C. G. Anaukwu et al. 
 

 

DOI: 10.4236/aim.2020.1010040 551 Advances in Microbiology 
 

 
Figure 3. Screening of nitrogen sources for biosurfactant production. 

 
Table 1. Central composite design runs showing actual and coded variables and the res-
ponses. 

Run 
X1 

Molasses (g/L) 
X2 

Nitrate (g/L) 

X3 

Inoculum  
size (ml) 

X4 

Medium 
volume (ml) 

Response (Y) 

E24 

1 15(0) 15(0) 2(0) 60(2) 79.4 

2 10(−1) 20(1) 1.5(−1) 50(1) 58 
3 15(0) 15(0) 2(0) 40(0) 73.2 
4 10(−1) 20(1) 1.5(−1) 30(−1) 81.8 
5 20(1) 10(−1) 2.5(1) 50(1) 85.6 

6 20(1) 20(1) 1.5(−1) 30(−1) 69.3 

7 15(0) 5(−2) 2(0) 40(0) 80 

8 10(−1) 20(1) 1.5(−1) 30(−1) 73 

9 15(0) 15(0) 2(0) 40(0) 86.7 

10 20(1) 10(−1) 1.5(−1) 50(1) 88.3 

11 15(0) 15(0) 2(0) 40(0) 77 
12 15(0) 25(2) 2(0) 40(0) 78.8 
13 15(0) 15(0) 2(0) 40(0) 71 
14 15(0) 15(0) 1(−2) 40(0) 51 

15 10(−1) 10(−1) 2.5(1) 50(1) 55.3 

16 20(1) 20(1) 2.5(1) 50(1) 78.4 

17 15(0) 15(0) 2(0) 40(0) 73.2 

18 10(−1) 10(−1) 2.5(1) 30(−1) 55 

19 10(−1) 10(−1) 2.5(1) 50(1) 70 

20 25(2) 15(0) 2(0) 40(0) 93.8 
21 10(−1) 20(1) 2.5(1) 50(1) 52.8 
22 15(0) 15(0) 2(0) 40(0) 72 

23 20(1) 20(1) 2.5(1) 30(−1) 60 

24 20(1) 10(−1) 2.5(1) 30(−1) 60 

25 15(0) 15(0) 3(2) 40(0) 60 

26 10(−1) 10(−1) 1.5(−1) 30(−1) 53 

27 20(1) 20(1) 1.5(−1) 50(1) 95 

28 15(0) 15(0) 2(0) 40(0) 71 
29 5(−2) 15(0) 2(0) 40(0) 55 

30 15(0) 15(0) 2(0) 20(−2) 65.2 

31 20(1) 10(−1) 1.5(−1) 20(−2) 59.3 

Key: CM—Concentration of Molasses, CN—Concentration of sodium nitrate, IS—Inoculum size, 
MV—medium volume. 
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Table 2. Analysis of variance (ANOVA) for the quadratic response surface model for 
biosurfactant production by Pseudomonas aeruginosa strain CGA1. 

Source DF Adj SS Adj MS F-value P-value 

Regression 14 4027.31 287.66 6.07 0.000 

Linear 4 1807.12 451.78 9.53 0.000 

Square 4 807.49 201.87 4.26 0.016 

Interaction 6 1412.70 235.45 4.97 0.005 

Error 16 758.46 47.40   

Lack of fit 10 570.21 57.02 1.82 0.240 

Pure error 6 188.25 31.38   

Total 30 4785.77    

Key: DF = Degree of freedom, SS = Sum of squares, MS = Mean square, P-value ≤ 0.05 is significant at 95% 
Confidence level. 

 
The fit of the model was determined by the regression coefficient (R2) value, 

which was 84.15%. This is indicative of adequate adjustment of the regression 
model to the experimental data, and that the model can explain 84.15% variabil-
ity between the predicted and experimental data, thus proving the suitability of 
the model for the prediction of biosurfactant production by CGA1 under the 
experimental conditions [44]. The effect of the variables on biosurfactant pro-
duction showed that only concentration of sugar cane molasses and medium 
volume had a significant effect on the biosurfactant production (p < 0.05), indi-
cating that the levels of the variables tested had a significant effect on the res-
ponses obtained (Table 3). Contour plots showing the interactive effects of the 
process variables on the response (E24) is presented in Figure 4. Only the con-
centration of sugarcane molasses, medium volume, and concentration of sodium 
nitrate, medium volume interactions had a significant effect on the production 
process (Figure 4(d) and Figure 4(e)). At varying levels of the variables, signif-
icant responses were obtained, however, the highest emulsification index was 
observed at regions away from the central value. 

The optimization of the four variables for the best response (E24) in this study 
was carried out using the response optimizer of the Minitab software version 17. 
The optimum process condition prediction obtained by the regression model 
were coded as 2, −2, −0.1414, 2 for the concentration of sugarcane molasses, 
concentration of sodium nitrate, inoculum size and medium volume in 250 ml 
conical flask respectively, which presents as 25 g/L of sugarcane molasses, 5 g/L 
of sodium nitrate, 1.93 ml inoculum size and 60 ml medium volume in 250 ml 
conical flask. The concentration of biosurfactant extracted from the optimized 
fermentation medium was 7.52 g/L with a 2.31-fold increase in yield when com-
pared to the un-optimized conditions (3.26 g/L). To further validate the experi-
mental model, the predicted optimum conditions were employed experimentally 
and the emulsification index obtained was 96.3% ± 0.75% against the predicted 
emulsification index of 147%. These results showed that the model is well fitted 
for optimum biosurfactant yield by CGA1. 
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Table 3. Parameter estimates of the quadratic response surface model for biosurfactant 
production by Pseudomonas aeruginosa strain CGA1. 

Model Term Parameter Effect Coefficient SD T-value P-value 

Constant  74.87 2.60 28.77 0.000 

X1 7.275 3.638 0.703 5.18 0.000* 

X2 1.642 0.821 0.703 1.17 0.260 

X3 −1.475 −0.737 0.703 −1.05 0.310 

X4 4.183 2.092 0.703 2.98 0.009* 

X1*X1 −0.230 −0.115 0.322 −0.36 0.726 

X2*X2 0.395 0.198 0.322 0.322 0.548 

X3*X3 −2.555 −1.277 0.322 −3.97 0.001* 

X4*X4 −0.492 −0.246 0.322 −0.76 0.456 

X1*X2 −0.712 −0.356 0.430 −0.83 0.420 

X1*X3 −0.037 −0.019 0.430 −0.04 0.966 

X1*X4 3.919 1.959 0.430 4.55 0.000* 

X2*X3 −0.787 −0.394 0.430 −0.92 0.374 

X2*X4 −2.244 −1.122 0.430 −2.61 0.019* 

X3*X4 −0.744 −0.372 0.430 −0.86 0.400 

p-value with superscript * indicates significance at a 95% confidence interval. 

3.4. Surface Tension Measurement 

The capillary rise method used in this study was based on the fact that the 
height of the biosurfactant-containing liquid in a capillary tube is directly 
proportional to the surface tension of the liquid [35]. The biosurfactant thus 
reduces the surface tension (cohesive force between water molecules) and 
suppresses the height of the liquid in the tube. The biosurfactant produced by 
P. aeruginosa CGA1 was able to reduce the surface tension of water from 72.1 
mN/m to 35.0 ± 0.0 mN/m against the control (SDS) which reduced surface 
tension of water to 33.3 ± 0.3 mN/m. Critical micelle concentration (CMC) 
was attained at 60 mg/L (Figure 5), and an increasing concentration of the 
biosurfactant above the CMC, no significant reduction in the surface tension 
was observed (p-value > 0.05). Similarly, biosurfactant produced by Pseudo-
monas putida MTCC 2467 reduced surface tension of liquid from 74 mN/m to 
35 mN/m [45]. However, a much lower surface tension reduction of 28.8 
mN/m was attained in distilled water by biosurfactant produced by Rhizopus 
arrhizus UCP1607 in low-cost culture medium [46]. 

3.5. Determination of Functional Components of the  
Biosurfactant Using Fourier Transform Infrared  
Spectroscopy (FT-IR) and Gas Chromatography-Mass  
Spectroscopy (GC-MS) 

3.5.1. Fourier Transform Infrared Spectroscopy (FT-IR) 
The FTIR identified the characteristic functional groups of the biosurfactant  
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Figure 4. Response surface Contour plots showing the interactive effect of process variables on the emulsification index. (a) con-
centration of molasses and concentration of nitrate, (b) concentration of molasses and inoculum size, (c) concentration of mo-
lasses and medium volume, (d) concentration of nitrate and inoculum size, (e) concentration of nitrate and medium volume, (f) 
inoculum size and medium volume. 
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Figure 5. Surface tension measurement of the biosurfactant produced by P. aeruginosa 
strain CGA1. 

 

 
Figure 6. Transform infrared spectroscopy (FT-IR) spectrum of the biosurfactant. 

 
Table 4. Functional components of the biosurfactants by GC-MS. 

Biosurfactant source Functional component Relative abundance (%) Formula 

P. aeruginosa  
strain CGA1 

Octadecanoic acid 25.9 C18H36O2 

 Methyl stearate 7.79 C19H38O2 

 Cyclododecanol 18.28 C16H32O2 

 
Tert-Butyl isopropyl 

disulphide 
0.7 C7H16S2 

 Cyclotetrasiloxane 0.73 C8H24O4Si4 
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Figure 7. Mass spectrum from GC-MS analysis of the biosurfactant from P. aeruginosa 
CGA14. 

 

produced (Figure 6). Characteristic peaks of peptides at 1640.420 cm−1 and 
3490.006 cm−1 corresponding to N-H stretching vibration of 10 and 20 amine 
compounds respectively, and 2063.125 cm−1 and 3301.038 cm−1 assigned to 
C=0 and 0H stretching vibration of carboxylic acid and 10 alcohol compounds 
were identified from the IR spectrum. The peaks at the fingerprint region with 
wavenumbers around 913.5269 cm−1, 1112.254 cm−1 and 1252.726 cm−1 were 
assigned to C0 stretching vibration of ether compound, while peak value 
1432.464 cm−1 represents C=C stretching vibration of ethene compound. The 
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FTIR spectrum implied that the biosurfactant produced by Pseudomonas 
aeruginosa strain CGA1 is a lipopeptide. Although, lipopeptide production is 
mostly associated with Bacillus species, for example, Bacillus aryabhattai [23], 
several Pseudomonas species have been identified as lipopeptide producers 
[47] [48] [49]. 

3.5.2. Gas Chromatography-Mass Spectroscopy (GC-MS) 
The GC-MS analysis revealed the fatty acid components of the biosurfactant 
produced by CGA1 (Table 4). They include cyclotetrasiloxane, methyl stearate, 
octadecanoic acid, cyclododecanol, and tert-butyl isopropyl disulfide, with octa-
decanoic acid occurring most, having a relative abundance of 25.9% (Figure 7). 
These components contribute to the tenso-active property of the produced bio-
surfactant. Octadecanoic acid commonly called stearic acid is a surface-active 
agent derived from natural fatty acids, which has excellent surfactant properties 
and is easily biodegraded [50]. Cyclotetrasiloxane is used as a hair conditioner, 
skin conditioner, and in other cosmetics as a foaming agent [51]. Recovery of 
these components as the functional components of the biosurfactant produced 
by Pseudomonas aeruginosa strain CGA1isin line with the reports of other re-
searchers [52] [53] [54]. 

4. Conclusion 

In the present study, results obtained showed that sugar cane molasses was 
efficient as the carbon source for biosurfactant production by Pseudomonas 
aeruginosa strain CGA1. Production was effectively optimized using response 
surface methodology and the produced biosurfactant was characterized as a li-
popeptide that has high surface and interfacial tension reduction abilities. 
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