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Abstract

Biosurfactants (BS) are highly emulsifying, biodegradable, non- or low-toxic, stable
and multifunctional molecules. However, high production costs and low yields limit
their large-scale production and use. Consequently, using low-cost substrates (waste)
and optimizing production conditions are necessary to reduce production costs and
increase the yield of biosurfactants. This study aimed to optimize the conditions

for the production of BS by Pseudomonas aeruginosa Pa using rubber tree seed oil
RO (Hevea brasiliensis), a cheap and available substrate, as the sole carbon source.
Factors significantly influencing biosurfactant production were screened using a
Plackett—Burman design (PBD) and response was based on the emulsification index.
The selected factors were optimized using the response surface methodology

(RSM) through a Box-Behnken design (BBD). The biosurfactant produced under the
optimized conditions was extracted by the coupled method of acid precipitation
and organic solvent extraction using different solvents. PBD results showed that the
initial pH of the production medium, NaCl concentration and rubber tree seed oil
concentration significantly influenced BS production. Optimal levels of these factors
were obtained for a pH of 8.7, a NaCl concentration of 0.072% and a rubber tree seed
oil concentration of 6.91%. Under optimized culture conditions, the emulsification
index of the biosurfactant produced reached 92.15+0.89%. Rubber tree seed

oil showed a BS production capacity superior to commercial carbon sources
(conventional sources). Diethyl ether was chosen as a suitable solvent for extracting
biosurfactant from the cell-free supernatant. This study showed that the use of
rubber tree seed oil, an agro-industrial waste product, is efficient and guarantees the
economic feasibility and sustainability of biosurfactant production.

Keywords Biosurfactant, Pseudomonas aeruginosa, Plackett—-Burman design, Box-
Behnken design, Rubber tree seed oil
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1 Introduction

Biosurfactants (BS) are natural surface-active compounds that are receiving particular
attention due to their high biodegradability, low toxicity, efficiency and stability under
extreme environmental conditions [1]. In addition, biosurfactants are multifunctional
compounds that can be used in various applications, including environmental remedia-
tion, agriculture, biofilm formation, quorum sensing, textiles, pharmaceuticals, cosmet-
ics and the food, petroleum and petrochemical industries [2—4].

Biosurfactants are produced by microorganisms (bacteria, fungi, yeasts). The micro-
organisms identified as biosurfactant producers belong to the genera Pseudomonas,
Clostridium, Brevibacterium, Rhodococcus, Acinetobacter, Thiobacillus, Bacillus, Leu-
conostoc, Lactobacillus, Enterobacter, Saccharomyces, Aspergillus, Ustilago, Penicillium,
Corynebacterium, Citrobacter, Candida, Paenibacillus sp., Serratia, Rhizopus [5-9].
However, Pseudomonas and Bacillus strains remain the most widely used in biosurfac-
tant production due to their higher production capacity, with around 37% and 34% utili-
zation rates, respectively. Serratia and Rhizopus strains are the least used to produce BS
[10]. Bacteria are the main producers of biosurfactants.

However, commercial production of biosurfactants by bacteria is low due to high
production costs associated with low yields [11]. Therefore, using renewable wastes
as substrates and optimizing media composition and culture conditions are necessary
to reduce production costs and increase biosurfactant yield. It has been reported that
around 50% of the total production cost is linked to the cost of substrates [12]. In this
sense, various substrates such as brewery waste, orange peel, olive oil, sawdust, waste-
water from cassava processing, starch, mango kernel oil and sugarcane molasses have
been suggested to make biosurfactant production profitable [13—19]. Previous studies
have shown that oily substrates are more efficient for the production of biosurfactants
[20]. Therefore, rubber tree seed oil (Hevea brasiliensis), an inexpensive and inedible
substrate, was preferred for biosurfactant production in this study.

Hevea brasiliensis, commonly known as Hevea tree (Family: Euphorbiaceae), is a tree
of Amazonian origin, cultivated mainly for its latex and found in Southeast Asia, the
South Pacific, Central and West Africa and tropical America [21, 22]. An estimated 14.3
million hectares (ha) of rubber trees are planted worldwide, including 0.6 million in Céte
d'Ivoire [23]. The rubber tree produces large quantities of by-products, notably seeds.
Average seed yield varies from 70 to 500 kg/ha per year [24]. In Cote d'Ivoire, rubber tree
seeds are used mainly as propagation material. With only 10% of seeds used for nurser-
ies, between 75,000 and 100,000 tons of rubber tree seeds are not valorized and remain
in the fields as agricultural waste, either germinating naturally or rotting [25, 26]. Mature
rubber tree seeds contain between 40 and 52.5% by weight of kernels, and dried ker-
nels contain between 35 and 50% by weight of oil [27]. This makes rubber tree seeds an
important source of oil for biosurfactant production.

In addition, to improve the yield of biosurfactants produced from cheap oily sub-
strates, several optimization strategies, such as the ‘one variable at a time’ optimization
method and statistical models (Plackett—Burman design, response surface methodol-
ogy) have been suggested. The initial step in a study aimed at optimizing BS production
by a microorganism may be the selection of significant nutritional and environmental
components. The Plackett—Burman design (PBD) can be used to select these main influ-

encing factors from a large number of process variables [28]. However, it does not give



Angba et al. Discover Applied Sciences (2025) 7:1020 Page 3 of 18

an optimal value for each variable, and further optimization is required [29]. Response
surface methodology (RSM) is a statistical approach to the design of experiments to
evaluate the individual and interactive effects of independent variables on response and
determine optimal conditions [30]. The Box-Behnken design (BBD) is a type of response
surface design. The BBD is useful for non-sequential one-shot experiments and provides
a good estimate of the first- and second-order coefficients. The BBD has no axial points;
in the BBD, all design points lie within the safety zone. Thus, the reduced number of
design points makes it less expensive to implement [2, 31]. The conventional'one variable
at a time' optimization method involves varying one parameter at a time and holding
the others constant. Unlike RSM, this approach is costly, time-consuming, and does not
reveal the interaction effect of the various parameters [32].

The present study aims to improve biosurfactant production in a cost-effective manner
in order to promote the commercial production of natural surfactants. RSM using BBD
was applied to optimize biosurfactant production using rubber tree seed oil as the sole
carbon source.

The novelty of this work lies mainly in the use of rubber tree seed oil, an abundant and
inexpensive non-edible oil, as a carbon substrate for the optimization of biosurfactant

production, which has never been done to our knowledge.

2 Materials and methods

2.1 Plant material

Rubber tree seed oil (Hevea brasiliensis) was used as a carbon substrate in this study.
The seeds of Hevea brasiliensis were collected from rubber tree plantations in Adonkoi
(5°24' 50" N, 4° 12’ 36" W) in the Abidjan district of southern Céte d'Ivoire during the
period of August to September 2022. According to local regulations in Cote d'Ivoire, no
specific permits, permissions or licenses were required for the collection of fallen seeds
in rubber plantations.

2.2 Microorganism and growth media
The Pseudomonas aeruginosa strain Pa used in this study was obtained from the Labora-
toire Bio-24 (Dakar, Senegal). The strain was reactivated on nutrient agar and incubated
at 30 °C for 24 h before use. The Pseudomonas aeruginosa strain is shown in Fig. 1.
Nutrient broth (NB) and mineral salt medium (MSM) were used for microbial growth.
The slightly modified mineral salt medium (MSM) proposed in previous studies had the
following compositions, in g/L of distilled water: glucose (10); Na,HPO, (6); KH,PO,
(3); NaNO; (1); MgSO,.7H,0 (0.24); CaCl,.2H,0 (0.1) [33].

Fig. 1 Pseudomonas aeruginosa strain Pa
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2.3 Extraction and characterization of rubber tree seed oil

Rubber tree seeds were collected and crushed, then the kernel and shell were separated
by manual hulling. The healthy kernels were trilled and dried. The oil was extracted
from the dry kernels using a screw press. The crude oil obtained was used without prior
treatment. The rubber tree seeds treatment process is summarized in Fig. 2. The oil was
characterized by determining its fatty acid and mineral composition. The fatty acid com-
position of the oil was determined using the high-performance liquid chromatography
(HPLC) technique, while the mineral composition was determined using the atomic

adsorption technique.

2.4 Optimization of biosurfactant production

2.4.1 Pre-inoculum preparation

A 24-h-old Pseudomonas aeruginosa strain Pa from nutrient agar was activated in Nutri-
ent broth (NB). Five loops of the bacterial isolate were inoculated into a 100 mL flask
containing 50 mL sterile NB and incubated at 35+ 1 °C for 24 h with 150 rpm agitation
on a rotary shaker.

2.4.2 Inoculum preparation

A 5% size of bacterial pre-inoculum was inoculated into 50 mL of sterile MSM. The
medium was incubated under the same conditions as before (35+1 °C, 24 h, 150 rpm).
The next day, the absorbance of the culture was measured as optical density (OD) at
600 nm to give an OD of between 1.6 and 1.7.

2.4.3 Plackett—-Burman design (PBD)

A Plackett—Burman design (PBD) was applied to determine the environmental compo-
nents and conditions influencing biosurfactant production by Pseudomonas aeruginosa
using rubber tree seed oil (RO) as a carbon source. The PBD uses experimental orthogo-
nal Hadamard matrices composed of low-level (-1) and high-level (+ 1) input variables
[28, 34]. The number of experiments that make up these matrices is a multiple of four.
This design makes it possible to examine N-1 factors with only N experiments. For this
study, six factors and their respective levels were selected from the literature to assess
their effect on biosurfactant production across a total of eight trials. The six factors and
their (- 1) and (+1) levels are presented in Table 1. BS production was carried out in
50 mL of MSM with rubber tree seed oil as the sole carbon source. Media containing the
desired factor combinations were prepared and autoclaved at 120 °C for 15 min. Rub-
ber tree seed oil was sterilized separately, cooled to room temperature and added to the
media. The different production media were inoculated with 1 or 5% bacterial inocu-
lum and incubated for 24 or 96 h, depending on the experimental design, at 35+1 °C
with 150 rpm agitation. The Plackett—Burman experimental design is shown in Table 2.

Rubber tree seeds Rubber tree seeds kernel Rubber tree seed oil

Fig. 2 Rubber tree seed treatment process
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Table 1 Factors screened by PBD and their corresponding levels

Variables Coded symbol Coded levels

-1 +1
Initial pH X 5 9
Incubation time (hours) X, 24 96
NaCl concentration (%, w/v) X3 0 25
RO concentration (%, v/v) X4 3 7
NaNO; concentration (g/L) Xs 15 35
Inoculum size (%, v/v) X 1 5
Table 2 Plackett-Burman experimental design with coded and real values
Run X, X, X, X4 Xs Xe
1 109 1(96) -1(0) 1(7) -1(1.5) -1(1)
2 -1(5 1(96) 1(2.5) -103) 1(3.5) -1(1)
3 -1(5) -1(24) 12.5) 1(7) —-1(1.5) 1(5)
4 109 -1024) 1(2.5) 1(7) 1(3.5) -1(1)
5 -1(5 1(96) -1(0) 1(7) 1(3.5) 1(5)
6 109 —1(24) -1(0) -103) 13.5) 1(5)
7 1(9) 1(96) 1(2.5) -103) —-1(1.5) 1(5)
8 -1(5 -1(24) -1(0) -13) —-1(1.5) -1(1)

The emulsification index (%E,,) of the cell-free supernatant was taken as the response.
The emulsification index is a highly reliable and accurate method for assessing biosurfac-
tant production [35]. NemrodW software (Trial version 2017) was used to analyze the
responses obtained (calculation of coefficients and standard deviation). The coefficients
of the factors were determined as the difference between the mean of the measurements
taken at the high (+) and low (-) levels of the factors. These coefficients indicate the
main effects of the factors studied [36]. If the absolute value of a variable's coefficient is
more than twice its standard deviation, it is considered to have a significant influence on
the response (95% significance level) [34, 37].

2.4.4 Response surface methodology (RSM)
The biosurfactant production was optimized using Response Surface Methodology
(RSM) with a Box-Behnken design. This methodology makes it possible to obtain the
maximum amount of information in a minimum number of experimental trials [31].
It allows experiments to be planned efficiently, models to be constructed, the effect
of factors to be evaluated and the optimum conditions for a multivariate system to be
determined [38]. To this end, the influences of three factors, namely the Initial pH of
the medium (X,), NaCl concentration (X,) and rubber tree seed oil concentration (X5)
on the emulsification index were studied. The independent variables were evaluated at
three levels (- 1, 0, + 1). Experimental design and statistical analysis of the data were per-
formed using Design Expert software (Version 13). Thus, 17 experiments were carried
out according to the experimental design. The independent variables and their levels are
presented in Table 3.

Table 4 shows the Box-Behnken matrix with the coded variables (-1, 0,+1) and the
real variables.

Biosurfactant production was carried out in 100 mL Erlenmeyer flasks containing
50 mL MSM with rubber tree seed oil as the sole carbon source. Rubber tree seed oil

was autoclaved separately at 120 °C for 15 min (then cooled to room temperature) before
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Table 3 Factors selected for optimization and their levels

Variables Coded symbol Coded levels

-1 0 +1
Initial pH X 5 7 9
NaCl concentration (%) X, 0 1.25 25
RO concentration (%) X3 3 5 7

Table 4 Experimental Box —Behnken matrix

Run Coded levels Actual levels
X, X, X3 pH Conc.Nacl (%) Conc.RO (%)

1 -1 -1 =1 5 0 5
2 +1 -1 -1 9 0 5
3 =1 +1 =1 5 2.5 5
4 +1 +1 -1 9 2.5 5
5 -1 -1 +1 5 1.25 3
6 +1 -1 +1 9 1.25 3
7 =1 +1 +1 5 1.25 7
8 +1 +1 +1 9 1.25 7
9 0 -1 -1 7 0 3
10 0 +1 -1 7 25 3
1 0 -1 +1 7 0 7
12 0 +1 +1 7 25 7
13 0 0 0 7 1.25 5
14 0 0 0 7 1.25 5
15 0 0 0 7 1.25 5
16 0 0 0 7 1.25 5
17 0 0 0 7 1.25 5

Conc., Concentration

being added to the medium. Media prepared according to the Box-Behnken design were
inoculated with 1% of the bacterial inoculum and incubated at 35+ 1 °C for 96 h with
150 rpm agitation on a rotary shaker. The initial pH of MSM was adjusted using 1 M
NaOH or 1 M HCI. At the end of incubation, the emulsification index (% E,,) was mea-
sured in duplicate to assess the efficiency of biosurfactant production.

The development of a regression model is necessary to predict the value of the emulsi-
fication index at any point in the experimental range selected. The goodness of fit of the
regression model was examined by the regression coefficients (R?) and the coefficient of
variation (CV). The significance of the effects of the factors and their interactions was
assessed using an analysis of variance (ANOVA) based on the Fisher test, the F value,
and the p value.

An equation for the model was established to analyze the correlation between the vari-
ables (X;) and the response (Y). Equation (1) gives the second-degree equation of the
quadratic model generated.

Y = bO + Z le, + Z binin + Z quLQ (1)
i ij i

With Y represents the predicted response (Emulsification index); b, the value of the
average coefficient; b, the effect of the factors X; and b;; the effect of the interactions of
factors i and j, b;; the quadratic effects and X; and X; the coded variables.
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Optimal values for the independent variables were obtained using the 'numerical opti-
mization' function of the Design Expert software (Version 13). The validation of the
model obtained was verified experimentally under optimal conditions.

2.4.5 Determination of the emulsification index (%E,,)

At the end of incubation, the medium was centrifuged at 3000 rpm for 40 min and
the cell-free supernatant obtained was used to determine the emulsification index as
reported by Rawat et al. [39]. An equal volume of engine oil and cell-free supernatant
(2 mL/2 mL) was transferred to a test tube. The tube was vigorously shaken for 2 min
using a vortex (ZX3, VELP Scientifica). The tube was left to stand for 24 h at room tem-
perature. The ratio between the height of the emulsified layer and the total solution was
measured and then multiplied by 100 to obtain the emulsification index of the test sam-
ple according to Eq. 2.

height of emulsi fiedlayer after 24 hours
total height

%E24 = x 100 (2)

2.5 Influence of various carbon sources on the production of BS

The influence of different carbon sources on biosurfactant production was studied using
various commercial carbon sources (conventional sources) as a replacement for rubber
tree seed oil (RO). Glucose, mannitol, glycerol, fructose and sucrose were tested indi-
vidually. A control using no carbon source was carried out.

2.6 Evaluation of various solvents for the recovery of biosurfactant produced by
Pseudomonas aeruginosa strain Pa under optimized culture conditions

Di-ethyl ether, ethyl acetate, ethyl acetate—methanol (2:1), ethyl acetate—methanol (3:1),
chloroform—methanol (1:1), chloroform—methanol (2:1) and dichloromethane were
tested for biosurfactant extraction using the coupled acid precipitation and organic sol-
vent extraction method described by Rastogi et al. [17] with a few modifications. After
incubation under optimal conditions, the broth was centrifuged at 3000 rpm for 40 min.
The supernatant obtained was then acidified with 1 M HCl to pH 2 and stored overnight
at 4 °C to allow precipitation of the biosurfactants. Liquid-liquid extraction was carried
out with a solvent-supernatant mixture (1:1) in a separating funnel, shaken vigorously
for 5 min and left at room temperature for 24 h. The organic layer was then separated
and collected in a beaker. The collected layer was allowed to evaporate and then dried at
80 °C overnight. The dry weight of the extracted crude biosurfactant was obtained gravi-
metrically, recorded and expressed as g/L.

3 Results and discussion

3.1 Characteristics of rubber tree seed oil

The fatty acid composition of rubber tree seed oil is shown in Table 5. The results are
expressed as a percentage of the total area (% At).

HPLC analysis revealed the presence of several fatty acids in the oil. The oil contains
mainly oleic acid (46.38%), stearidonic acid (22.24%), linoleic acid (9.12%) and palmitic
acid (5.74%). This oil contains 90.23% unsaturated fatty acids and 9.77% saturated fatty
acids. Previous studies have observed similar unsaturated fatty acid contents ranging
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from 90.1 to 92.6% for vegetable oils [40]. Although the fatty acid composition of this
rubber tree seed oil differs from the trend in fatty acid profiles documented in some
studies [41, 42], rubber tree seed oil remains a mixture of various fatty acids. In previous
reports, it was observed that a mixture of fatty acids gave a higher biosurfactant yield
compared to individual fatty acids [18]. Other studies have reported that oils rich in oleic
acid improved biosurfactant yield [43].

The results of the oil's mineral composition show that it contains phospho-
rus (9.146 mg/100 g), potassium (7.945 mg/100 g), sodium (7.789 mg/100 g), cal-
cium (3.382 mg/100 g), magnesium (0.775 mg/100 g), iodine (0.715 pg/100 g),
selenium (0.695 mg/100 g), zinc (0.099 mg/100 g), iron (0.0197 mg/100 g), copper
(0.0095 mg/100 g) and manganese (0.001 mg/100 g). Minerals are good sources for bac-
terial growth and biosurfactant production [44]. Microorganisms that produce biosur-
factants are strongly influenced by metal cations [9]. Previous studies have shown that
the interaction between K* and Mg?* is beneficial for biosurfactant production [45]. K*
is essential for promoting biosurfactant production. Exponential cell growth was also
observed in the presence of K*. Magnesium is important for maintaining correct cell
division [12]. Gudifa et al. have shown that iron, manganese and magnesium act as
cofactors for enzymes involved in biosurfactant synthesis [46].

From the above, it appears that rubber tree seed oil is an ideal substrate for microbial
growth and biosurfactant production. In the rest of the study, biosurfactant production

was therefore optimized using rubber tree seed oil as a carbon substrate.

3.2 Statistical analysis of the Plackett-Burman Design (PBD) for the selection of factors
influencing biosurfactant production
The PBD was used to screen for various factors affecting biosurfactant production by
Pseudomonas aeruginosa. The results obtained correspond to the average of three rep-
licates for each test and range from 20.69 to 79.54%, with the highest value in test 5,
followed by tests 8 (76.90%) and 1 (73.22%) (Table 6). Based on the responses obtained,
it can be concluded that the experimental zone chosen is sensitive to variations in the
various factors selected.

The coefficients of the polynomial model resulting from the Hadamard matrix and
their common standard deviation are presented in Table 7.

Table 5 Fatty acid composition of rubber tree seed oil

Fatty acids Codes %At

Lauric acid C120 0.77
Myristic acid C14.0 0.59
Palmitic acid C16.0 574
Palmitoleic acid clel 3.04
Stearic acid C180 0.1
Oleic acid 181 46.38
Linoleic acid C18:2 9.12
Linolenic acid c183 1.39
Stearidonic acid C184 22.24
Arachidic acid C20.0 255
Eicosenoic acid C20:1 044
Arachidonic acid C204 3.19
Eicosapentaenoic acid C20:5 3.09

Docosahexaenoic acid 226 1.34
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Table 6 Hadamard matrix and corresponding responses

Tests X, X, X;3 X, Xs Xe Emulsification index (%)
1 9 96 0 7 15 1 73.22
2 5 96 25 3 35 1 5592
3 5 24 25 7 1.5 5 69.65
4 9 24 25 7 35 1 35.00
5 5 96 0 7 35 5 79.54
6 9 24 0 3 35 5 4240
7 9 96 2.5 3 15 5 20.69
8 5 24 0 3 15 1 76.90

Table 7 PBD regression analysis for emulsification index

Noun Coefficient F. Inflation Standard deviation Signification
b0 56.665 3632 *

b1 -13.837 1.00 3.632 *

b2 0.677 1.00 3.632 ns

b3 —11.350 1.00 3632 *

b4 7.687 1.00 3.632 *

b5 —3450 1.00 3632 ns

b6 —3.595 1.00 3.632 ns

b0: the average effect; bi: the effect of the Xi factors used in the PBD experiments
* Significant; ns: not significant

Comparing the absolute value of the coefficients with their standard deviation, we find
that three of the six factors were statistically significant in biosurfactant production,
namely pH, sodium chloride concentration and rubber tree seed oil concentration. Non-
significant factors should be fixed based on the signs of their coefficients for subsequent
studies, as it has been reported that a variable with a negative concentration effect would
have a greater impact at lower concentrations, while a factor with a positive concentra-
tion effect would have a better impact at higher concentrations [47]. Consequently, the
incubation time factor should be set at its highest level (+ 1), and the NaNO; concentra-
tion and inoculum size should be set at their lowest levels (- 1), i.e. 96 h, 1.5 g/L and 1%,
respectively, to further maximize biosurfactant production. Previous studies have shown
that low inoculum levels are favourable for biosurfactant production [48, 49]. Other
studies have also reported that limiting nitrogen concentration improves biosurfactant
production [50].

3.3 Optimization of biosurfactant production using response surface methodology

3.3.1 Results of the Box-Behnken design experiment matrix

The BBD was used to optimize biosurfactant production using the three selected inde-
pendent variables: initial pH, NaCl concentration and rubber tree seed oil concentra-
tion. The experimental matrix with the results is presented in Table 8. The experimental
results show that the emulsification index values obtained vary from 18.18 to 92.06%.
This variation in results suggests the effects of different factors studied on system
response, hence the relevance of PBD results.

3.3.2 Development of a mathematical regression model of the emulsification index
Statistical analysis of the models shows that the quadratic model is the best-fitting
model for describing the variation of the emulsification index as a function of pH, NaCl
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concentration and rubber tree seed oil concentration. The values of R* and adjusted R*
are 0.9995 and 0.9988, showing a correlation between the observed and predicted values
[51, 52]. The points distributed very close to the regression line suggest this good cor-
relation (Fig. 3a). Also, the very low coefficient of variation (CV 1.07%) indicates a high
degree of precision and reliability of the experimental data [53]. Figure 3b shows a very
random distribution of residual plots with no trend, which also confirms the model's
suitability [51].

Regression analysis was used to establish a relationship between the emulsification
index and the three independent variables. The suggested model equation is:

Y (%) =56.832 — 7.51X; — 22.1662X, — 3.47625X3 — 15.24X1 X5 — 3.405X1 X3 — 5.1325X5 X3

+7.29275X7 — 1.33475X3 + 7.01525 X3 ®)

where Y is the response (Emulsification Index) and X;, X, and X, the coded values of
the independent factors Initial pH, NaCl concentration and rubber tree seed oil concen-
tration, respectively.

3.3.3 Analysis of variance (ANOVA) of the suggested quadratic model for the emulsification
index

The ANOVA results obtained (Table 9) show an F value of 1471.44 (F>0.05), which
implies that the model is significant [54]. There is only a 0.01% chance that such a large
F-value is due to noise. A good model must have a significant regression [55]. The
E-value for the lack of fit of 2.77 implies that the lack of fit is not significant compared
with the pure error. There is a 17.53% chance that such a large lack-of-fit F-value is due
to noise. The results also show that all the terms in the model are significant at the 95%
level (p-value <0.05) [51]. These results indicate that pH, NaCl concentration and rub-
ber tree seed oil concentration all have significant effects on biosurfactant production
by Pseudomonas aeruginosa strain Pa. This confirms the relevance of the choice of vari-
ables. NaCl concentration was the most important factor in increasing the emulsifica-
tion index. The interaction between pH and NaCl concentration was the strongest.

Table 8 BBD experimental design and response

Tests X, X, X Emulsification index (%)
% % Experimental values Predicted values

1 5 0 5 76.92+1.05 7717
2 9 0 5 92.06+0.46 92.69
3 5 25 5 64.00+0.00 63.37
4 9 25 5 18.18+0.24 17.69
5 5 1.25 3 78.72+0.46 78.75
6 9 1.25 3 70.83+1.54 7048
7 5 1.25 7 78.26+0.00 7861
8 9 1.25 7 56.75+0.19 56.72
9 7 0 3 83334083 83.05
10 7 25 3 4833+0.77 4892
11 7 0 7 86.96+0.00 86.36
12 7 25 7 3143+0.00 31.71
13 7 1.25 5 56.91+0.83 56.83
14 7 1.25 5 56.52+1.07 56.83
15 7 1.25 5 56.52+1.07 56.83
16 7 1.25 5 57.69+0.00 56.83
17 7 1.25 5 56.52+1.07 56.83
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Table 9 Analysis of variance for emulsification index

Residuals vs. Predicted

A0

Predicted

Source Sum of squares df Mean square F—value p—value Significance
Model 6015.71 9 66841 1471.44 <0.0001 Significant
A—pH 451.20 1 451.20 993.27 <0.0001

B—NaCl 3930.74 1 3930.74 8653.11 <0.0001

C—-RO 96.67 1 96.67 212.82 <0.0001

AB 929.03 1 929.03 2045.16 <0.0001

AC 46.38 1 46.38 102.09 <0.0001

BC 105.37 1 105.37 231.96 <0.0001

A2 22393 1 22393 51297 <0.0001

B? 7.50 1 7.50 16.51 0.0048

c? 207.22 1 207.22 456.16 <0.0001

Residential 3.18 7 04543

Lack of fit 2.15 3 0.7152 277 0.1753 Not significant
Pure error 1.03 4 0.2586

Cor total 6018.89 16

3.3.4 Influence of the factors studied on the emulsification index

Response surface plots were used to interpret the experimental results much more eas-
ily. 3D curves were plotted as a function of any two variables to study the effect of the
interactions of the independent variables on the system response. The remaining vari-
able was held at its central value.

Figure 4a shows the effect of the interaction of pH and NaCl concentration on the
emulsification index, keeping the concentration of rubber tree seed oil constant. The
results show that the emulsification index is strongly influenced by the pH/NaCl concen-
tration interaction. The emulsification index decreased with NaCl concentration for all
the pH values studied. This variation is greater for higher pH values. For NaCl concen-
trations below 0.5%, the emulsification index increases with pH, while for higher NaCl
concentrations, the emulsification index decreases with pH. Maximum emulsification
index values were observed at NaCl concentrations below 0.5% and pH above 7.

Figure 4b shows the effect of the interaction of NaCl concentration and rubber tree
seed oil concentration on the emulsification index, keeping the pH constant. The fig-
ure shows that the emulsification index varies considerably with the NaCl concentra-
tion, whatever the rubber tree seed oil concentration used, and slightly with the oil

Page 11 of 18
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concentration. The emulsification index decreases with NaCl concentration. Maximum
emulsification index values are observed at NaCl concentrations below 0.5%. These
results show that the Pseudomonas aeruginosa strain Pa was not capable of metabolism
under high salinity conditions. Previous studies have reported that limiting concentra-
tions of magnesium, calcium, potassium, sodium salts and trace elements resulted in
higher yields of biosurfactants produced by Pseudomonas aeruginosa [56]. In previous
studies, high biosurfactant production by Pseudomonas aeruginosa RS29 was obtained
at salinity below 0.8% and alkaline pH between 7 and 8 [57].

Figure 4c shows the effect of the interaction between pH and the concentration of rub-
ber tree seed oil on the emulsification index, keeping the NaCl concentration constant.
The results obtained show a slight variation in the emulsification index with the pH/
rubber tree seed oil concentration interaction.

3.3.5 Determining the optimum conditions for the production of BS

The biosurfactant production process was optimized using the Desirability Function
Approach. The results showed that optimal conditions for biosurfactant production cor-
responded to a pH of 8.7, a NaCl concentration of 0.072% and an oil concentration of
6.91% (= 7%). The predicted emulsification index under these conditions was 92.492%.

3.3.6 Modelvalidation
To validate the model developed, three cultures of the Pseudomonas aeruginosa strain
Pa were carried out under optimal conditions. The experimental response of the

Emulsification index (%)
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Fig.4 Graphin (3D) showing the effect of pH and NaCl concentration on the emulsification index (a), the effect of
rubber tree seed oil concentration and NaCl concentration on the emulsification index (b), and the effect of rubber
tree seed oil concentration and pH on the emulsification index (c)
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Fig. 5 Emulsification test; a control (engine oil +distilled water), b emulsion obtained under optimized condi-
tions, ¢ emulsion observed using an optical microscope

Table 10 Optimal conditions and model validation

pH NaCl (%) RO (%) %E,, Relative error (%)
Predicted Experimental
8.7 0.072 6.91 92.492 92.15 037

emulsification index obtained was 92.15 + 0.89%. The emulsion obtained under optimum
conditions is shown in Fig. 5.

The experimental response was found to agree with the predicted response of 92.492%.
The percentage error between the experimental and predicted responses was 0.37%. This
low error confirms the accuracy of the model and the reproducibility of the experiments
[58]. This means that the model developed is valid and can be used to predict the value
of the emulsification index at any point in the experimental field. The validation of the
model is given in Table 10.

By comparing the results with others obtained, the current results can be consid-
ered interesting, with some works showing higher emulsification index values and oth-
ers lower. Bezza and Chirwa produced a biosurfactant from a strain of Bacillus subtilis
grown on mineral salts and glycerol with a motor oil emulsifying activity equal to 76%
[59]. Ehrhardt et al. synthesized a biosurfactant from pineapple processing residues
enriched with 3% glycerol, giving a motor oil emulsification capacity of up to 62.5% [60].
Pardhi et al. produced a biosurfactant using a Pseudomonas guguanensis D30 strain
capable of emulsifying motor oil to 80% [47]. Batista et al. obtained emulsification indi-
ces for biosurfactants produced by a strain of Candida tropicalis in different media,
ranging from 85.51 to 94.06% against motor oil [61].

3.4 Effect of various commercial carbon sources on biosurfactant production under
optimal conditions

To assess the effectiveness of rubber tree seed oil as a carbon substrate for biosurfac-
tant production, various commercial carbon sources were tested for comparison. The
results obtained (Fig. 6) show that the emulsification index is strongly influenced by
the carbon source. The emulsification index of the cell-free supernatant was 92.15%,
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79.70%, 66.67%, 63%, 63%, 30% and 12.5% for rubber tree seed oil (RO), glucose, glyc-
erol, fructose, sucrose, mannitol and control, respectively. Comparison of the results
obtained shows that rubber tree seed oil could constitute an alternative carbon source
to commercial carbon sources for improving biosurfactant production by Pseudomonas
aeruginosa strain Pa. This would reduce biosurfactant production costs. Studies have
reported that the emulsifying activity of a biosurfactant produced by Pseudomonas fluo-
rescens was higher in media containing vegetable oils as substrates [62]. The vegetable
oil (olive oil) used in biosurfactant production by a strain of Pseudomonas fluorescens
gave a higher emulsification index than glucose and hexadecane [63]. Previous studies
have also shown that vegetable oil was a better carbon substrate than carbohydrates for
biosurfactant production by Pseudomonas strains [18]. Vegetable oil is one of the first
substrates reported for high yields of biosurfactants [64].

3.5 Extracted biosurfactant

This study tested different solvent systems to extract biosurfactant from the cell-free
supernatant of Pseudomonas aeruginosa grown under optimal conditions with rubber
tree seed oil as the sole carbon source.

The biosurfactant extracted by all the solvents tested was a viscous, sticky, oily, yellow-
ish-brown product. This appearance is consistent with that described in the literature
[65-67]. However, other reports mention biosurfactants as a white powder [68]. The
common appearance of the BS extracted by these different solvents could be explained
by the fact that the appearance of the biosurfactants produced can differ mainly from
one microorganism to another. In this study, various solvents were used to extract bio-
surfactants produced by the same organism (Pseudomonas aeruginosa strain Pa). The
colorless appearance of the biosurfactant turning into a white powder described above
was produced by S. bombicola ATCC 22214.

The different biosurfactant yields obtained using different extraction solvents are
shown in Table 11. Among the different solvent systems used, diethyl ether and ethyl

100
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Fig. 6 Effect of different carbon sources on biosurfactant production
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Table 11 Quantity of biosurfactant extracted using different solvent systems

Extraction solvent Biosurfactant extracted (g/L)
Diethyl ether 10.37+£051°
Ethyl acetate —methanol (2:1) 10.22+0.172
Ethyl acetate —methanol (3:1) 6.83+0.24°
Chloroform—methanol (1:1) 6.50+0.70°
Chloroformm —methanol (2:1) 6.50+0.00°
Dichloromethane 3.00+0.00°
Ethyl acetate 6.50+0.70°

Values are means +standard error of the means. Means not sharing the same letters are significantly different

acetate—methanol (2:1) proved to be the best solvents for extracting the biosurfactant
produced by Pseudomonas aeruginosa with more than 10 g of biosurfactant extracted
per liter of cell-free supernatant followed by ethyl acetate, ethyl acetate—methanol
(3:1), chloroform—methanol (1:1) and chloroform-methanol (2:1) with over 6 g/L while
dichloromethane gave the lowest yield of 3 g/L. In this study, diethyl ether was chosen
for biosurfactant extraction as it has been reported in previous work that this type of
solvent is cheap, less toxic, readily available and can be used to significantly reduce bio-

surfactant extraction costs and minimize environmental risks [69].

4 Conclusion

This study aimed to optimize biosurfactant production by Pseudomonas aeruginosa
strain Pa using rubber tree seed oil (Hevea brasiliensis) as the sole carbon source. The
factors significantly influencing biosurfactant production selected using the Plackett—
Burman design were pH, NaCl concentration and rubber tree seed oil concentration.
These three selected variables were optimized by response surface methodology using
the Box-Behnken design. Optimal factor levels were obtained for an initial pH of 8.7,
a NaCl concentration of 0.072% and a rubber tree seed oil concentration of 6.91%. The
emulsification index observed under these conditions was 92.15%. Diethyl ether was
used to extract the maximum amount of biosurfactant from the cell-free supernatant of
Pseudomonas aeruginosa. The present study illustrated the use of rubber tree seed oil as
an efficient carbon source to replace commercial carbon sources for biosurfactant pro-
duction by Pseudomonas aeruginosa.
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