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Abstract Pseudomonas aeruginosa PACL strain, isolated from oil-contaminated soil taken
from a lagoon, was used to investigate the efficiency and magnitude of biosurfactant
production, using different waste frying soybean oils, by submerged fermentation in stirred
tank reactors of 6 and 10 l capacities. A complete factorial experimental design was used,
with the goal of optimizing the aeration rate (0.5, 1.0, and 1.5 vvm) and agitation speed
(300, 550, and 800 rpm). Aeration was identified as the primary variable affecting the
process, with a maximum rhamnose concentration occurring at an aeration rate of 0.5 vvm.
At optimum levels, a maximum rhamnose concentration of 3.3 g/l, an emulsification index
of 100%, and a minimum surface tension of 26.0 dynes/cm were achieved. Under these
conditions, the biosurfactant production derived from using a mixture of waste frying
soybean oil (WFSO) as a carbon source was compared to production when non-used
soybean oil (NUSO), or waste soybean oils used to fry specific foods, were used. NUSO
produced the highest level of rhamnolipids, although the waste soybean oils also resulted in
biosurfactant production of 75–90% of the maximum value. Under ideal conditions, the
kinetic behavior and the modeling of the rhamnose production, nutrient consumption, and
cellular growth were established. The resulting model predicted data points that
corresponded well to the empirical information.
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Introduction

Several properties peculiar to surfactants make them valuable for numerous industrial
applications [1]. While often thought of as synthetic in origin, molecules with surfactant
properties are also produced by bacteria and fungi [2]. In fact, microbiologically produced
surfactants, called biosurfactants, offer some advantages over their synthetic equivalents, such
as selectivity and efficiency at extreme values of pH, salinity, and temperature [3–5].

In recent years, interest in the potential applications of biosurfactants has increased
significantly, particularly because of their biodegradability and very low environmental
toxicity [1].

Also, as a product of microbial metabolism, it is possible to produce a commercially
viable biosurfactant using low-cost raw materials or high-pollutant wastes. The use of waste
materials to actually generate a usable product helps address another crucial problem, that
is, waste disposal. Because of the escalating costs of waste treatment and disposal, as well
as increasing societal interest in reducing consumption and waste production, a decrease in
both is highly desirable and beneficial.

The economy is other great challenge in biotechnological, especially for the
biosurfactants production. Successful biosurfactant production depends on the development
of low-cost processes and raw material which should not be 10% to 30% of the cost of the
final product [6].

In turn, the type and the quantity of the biosurfactant produced depends not only on the
particular microorganism but also on the culture conditions, including carbon and nitrogen
sources, temperature, aeration, and other factors [7].

The glycolipids are the best known microbial surfactants and, among these, the
rhamnolipids are the most studied due to their proven capacity for reducing the surface and
interfacial tensions, which makes possible the formation of stable oil–water emulsions [8].
Several species of Pseudomonas are capable of producing large quantities of rhamnolipids
from different substrates [9–11].

In the last decade, efforts have been focused on minimizing biosurfactant-producing
costs in order to guarantee their commercial use. The promising future of these compounds
depends specifically upon the use of abundant and low-cost raw materials and the
optimization of the operational fermentation conditions in order to achieve high yields.

Annually, worldwide vegetable oil production is approximately 3 million tons [12]. Most
of the production processes generate enormous amounts of waste, which are available for
potential use in subsequent bioprocesses. Previously we defined the optimum nutritional
conditions for the production of rhamnolipids by an isolated Pseudomonas aeruginosa
strain using soybean residual oil [13].

The purpose of the present work was to determine, by means of a statistically based
experimental design, the extent to which aeration and agitation influence biosurfactant
synthesis, with the goal of improving the fermentation process.

Materials and Methods

Microorganism

The P. aeruginosa strain PACL used in this study was isolated from a soil sample collected
from a gasoline/diesel oil-contaminated lagoon from Rio das Pedras Farm, Uberlândia
(Minas Gerais, Brazil).
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Identification of the Pseudomonas strain was completed at the Laboratório de
Enterobactérias do Instituto Oswaldo Cruz (Rio de Janeiro, Brazil), following traditional
procedures based on bacteria cytomorphology, biochemistry, and physiology. The culture
was maintained on bacto nutrient broth (BD cod. 234000) supplied by BD (Becton
Dickinson and Company, USA) at 4°C, using monthly subcultures.

Media and Growth Conditions

Growth of the bacterial culture was performed on medium proposed by Santos et al. [14],
consisting of (g/l): NH4NO3 1.7; Na2HPO4 7.0; KH2PO4 3.0; MgSO4.7H2O 0.2; yeast
extract 5.0; and glucose 10.0.

Biosurfactant production assays were conducted on the same mineral medium used for
microbial growth, with the addition of 5.625 g/l NH4NO3, 22.0 g/l of waste fried soybean
oil (WFSO), and 11.5 g/l residual brewery yeast (RBY) in substitution of glucose and yeast
extract. These concentrations were based on data from a previous study where those
parameters had been optimized [13].

The WFSO employed throughout this study was a mixture of soybean oils, collected
from several snack bars, which had been used to fry several different foods, including
potatoes, rissoles, pastries, meat balls, etc. In WFSO, the soy used for production of the oil
was obtained from tropical and sub-tropical climates and provided in several lots by
different providers.

For comparison, some experiments were also conducted with non-used (fresh) soybean
oil (NUSO) and soybean oil used to fry different types of food separately, that is: meat ball
(MFSO), potato (POFSO), and pastries (PAFSO). The MFSO, POFSO, and PAFSO soy oils
were prepared in a laboratory with the use of two soy oils. The first one was made by using
soy cultivated in the central area of the country where the climate is tropical. The other one
was made by using soy cultivated in the area with subtropical climate. In the cases
mentioned previously, the oils were reused five times for each food type. In the
experimental run using the oil NUSO, the two soy oils was used as previously mentioned.

The RBY, consisting of 100% inactivated, dried cells of Saccharomyces cerevisiae, was
supplied by a local brewery. The product composition was: moisture 8.0%, protein 40.0%,
fibrous matter 3.0%, mineral matter 8.0%, and aflatoxin 50 ppb. All media were autoclaved
at 121°C for 15 min after adjusting the pH to 7.0 with 0.1 N HCl.

The inoculum was prepared by adding three loopfuls of cells from the stock culture to a
500 ml Erlenmeyer flask containing 100 ml of the growth medium. The inoculated medium
was incubated at 30±1°C for 24 h on a rotary shaker (New Brunswick, USA) at 170 rpm.

Production of Biosurfactant in Bioreactor

A complete factorial experimental design was used to optimize the levels of aeration (0.5,
1.0, and 1.5 vvm) and agitation (300, 550, and 800 rpm). For each aeration rate/agitation
speed combination that was tested, the oxygen-related mass transfer coefficient (kLa), was
calculated following the method of Rainer [15].

The factorial experimental design were completed in a 6.0 l Biostat B. Fermentor (B.
Braun Biotech International, USA) containing 3.3 l of production medium. The inoculum
was added in order to establish an initial concentration of 0.3 g/l, exponential growth-phase
cells.

The kinetic study was performed in a 6.0 l and 10.0 l Biostat B. Fermentor (B. Braun
Biotech International, USA).
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During a 48 h period, the temperature and pH were held at 30±1°C and 7.0, respectively,
and samples of foam were continuously withdrawn with the aid of a foam collector, located
within the reactor, immediately above the broth surface.

Kinetic Study

These experiments were completed in triplicate in a 6.0 l stirred tank reactor with 3.3 l of
medium for 96 h. Temperature was maintained at 30±1°C; aeration and agitation were set
at 0.5 vvm and 555 rpm, respectively.

In order to compare the kinetic study results to the biosurfactant production results, the
experiments were conducted under the same conditions of inoculum, carbon and nitrogen
sources, agitation, aeration, and kLa in the 10 l reactor.

A 5.5 l of medium was used in the 10.0 l fermentor aiming to keep the same ratio
medium height/diameter as the 6.0 l fermentor. Both fermentors have cylindrical shape with
dimensions given as follows. The 6.0 l fermentor has a height of 345 mm and a diameter of
160 mm and the 10.0 l fermentor has a height of 470 mm and 190 mm of diameter.

A parameter identification technique was conducted under controlled conditions by
using a nonlinear, multiple replies regression algorithm [16].

The integration of the set of differential equations, for the calculation of the parameters
used to adjust the experimental data, was performed with the aid of the fourth-order
algorithm of Runge–Kutta [17].

Parametric identification is indicated when there is good agreement between the experimental
values and those supplied by the model. The relative average error of the parameters in the
nonlinear regression was calculated, together with the addition of the quadratic of the residues.

Kinetic Model Construction

The models express growth and product formation as a function of only biomass and
evolution over time. Changes in biomass and rhamnolipid production were represented by
Eqs. 1 and 2, respectively. Temporal variations in nutrient levels (nitrate, phosphorus, and
total Kjeldahl nitrogen) were defined by Eqs. 3, 4, and 5, respectively.

dX

dt
¼ mX ð1Þ

dRam

dt
¼ l

dX

dt
ð2Þ

dNO3

dt
¼ �a

dX

dt
ð3Þ

dPt

dt
¼ �b

dX

dt
ð4Þ

dNt

dt
¼ �g

dX

dt
ð5Þ
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Where X is the concentration of biomass (g X/l); Ram, the rhamnolipid concentration (g Ram/l);
NO�

3 , the nitrate concentration (g NO
�
3 /l); Pt, the total concentration of phosphorus (g Pt/l); and

Nt, the total nitrogen concentration (g Nt/l).
In Eqs. 1–5, the terms μ (1/h), 1 (g Ram/g biomass), α (g NO�

3 /g biomass), β (g Pt/g
biomass), and + (g Nt/g biomass) represent the specific growth rate, the inverse of the yield
coefficient that relates to the rhamnolipids production associated to the cells growth, and the
inverse of yield coefficients that relate to the consumption of the three nutrients for cellular
growth (nitrate, total phosphorus, and total Kjeldahl nitrogen), respectively.

Cellular Growth Modeling

The specific growth rate (μ) was expressed as a function of biomass only by using the
logistic equation described by Verhulst (1844) and Pearl and Reed (1920) in Bailey and
Ollis [18] (Eq. 6).

μ ¼ μmax 1� X

X*

� �
ð6Þ

Where μmax is the maximum specific growth rate (1/h) and X* is the maximum obtained
cell concentration.

Modeling of Other Functions

The model describing the formation of rhamnose and consumption of nutrients was given by
Eqs. 2, 3, 4, and 5 of Luedeking et al. [19].

Analytical Methods

Total Kjeldahl nitrogen was determined by a titulometric method after acid digestion with
sulfuric acid, catalyzed with copper sulfate and potassium [20]. Total phosphorus was
measured by the digestion of percloric acid in a reaction with ammonium molybdate and
ascorbic acid [21]. Nitrate determination was completed using an adapted colorimetric
method with nitrate precipitation [22]. The rhamnose concentration was determined
according to a method described by Rahman [23].

Surface tension was measured at 25°C using a Tensiometer (Fisher Scientific, USA, model
21), which was previously calibrated with surveyor weights. A decrease in surface tension was
used as a qualitative measurement of surfactant concentration and a quantitative indicator of
efficiency.

The biosurfactant emulsification index (EI) was determined according to Cooper and
Goldenberg [24]. Cell-free culture samples and kerosene, at a ratio of 4:6, were vigorously
mixed for 2 min using a vortex (Phoenix, Brazil, model AP-56) and left undisturbed for
24 h at room temperature. EI 24 is the percent of the height of the emulsified layer (cm),
relative to the total height of the liquid column, determined at the 24 h time point.

Cell growth was determined by measuring the optical density of samples, using a UV–
visible spectrophotometer (20 Genesis, BR) at 540 nm. Cell concentration was determined
by dry weight by filtering through a 0.45 μm previously weighted Millipore membrane
[25].
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Results and Discussion

Biosurfactant Production

The effect of the aeration to agitation ratio on the biosurfactant production by P. aeruginosa
PACL in WFSO was evaluated by monitoring changes in rhamnose concentration,
superficial tension, and the EI on culture supernatants after 48 h of processing time.

Nine experiments were conducted using the complete factorial experimental design
(Table 1). Experiment 2 resulted in the highest level of rhamnose synthesis (3.3 g/l), that is,
the maximum biosurfactant production of any of the experiments.

In the conditions of experiment 2, the minimum surface tension achieved (26.0 dynes/cm)
is one more indication that the aeration to agitation ratio of 0.5 vvm:550 rpm favored
rhamnolipid production from NUSO. For the majority of experiments, the produced
biosurfactant had intense emulsifying properties, with the capability of forming complete
kerosene in water emulsions that were stable for at least 24 h. Under these conditions, cell
growth also reached its maximum, around 4.0 g/l.

Haba et al. [12] selected the strain P. aeruginosa 47T2 NCIB 40044, from 36 screened
strains, for its capacity to produce 2.7 g/l of rhamnose in a nonaerated culture with WFSO.
Previous studies found that this strain produced only 6.4 g/l of rhamnose through
cultivation in waste olive oil with an aeration rate of 1.0 vvm [26].

Less rhamnose production (1.41 g/l) had been achieved using the P. aeruginosa LBI
strain in a bioreactor culture utilizing fresh soybean oil as the carbon source, with an
aeration rate of 2.5 vvm [27].

According to Rahaman et al. [23], cultivation of the P. aeruginosa GS9-119 strain in
soybean and sunflower oils for 228 h resulted in maximum rhamnolipid productions of only
1.75 and 1.66 g/l, respectively. In this case, the respective surface tensions of culture medium
were 28 and 30 dynes/cm. Although low, those results were somewhat better than what was
obtained when the strain was cultured in glycerol, which yielded values of only 1.06 g/l and
29.1 dynes/cm.

Of the variables evaluated in the present work, aeration was the most important. The
maximum rhamnose concentration and EI, and minimum surface tension values were

Table 1 Average results for cellular growth, rhamnose synthesis, emulsification index, and surface tension
by the isolated strain Pseudomonas aeruginosa PACL for different aeration and agitation conditions.

S.
no.

Aeration
(vvm)

Agitation
(rpm)

kLa
(h−1)

Rhamnose
(g/l)

Surface tension
(dynes/cm)

EIa (%) Biomass
(g/l)

1 0.5 300 7.6 1.59±0.01 27.5±0.5 100±0.0 3.79±0.25
2 0.5 550 10.2 3.30±0.02 26.0±0.5 100±0.0 4.61±0.15
3 0.5 800 12.8 2.02±0.02 26.5±0.5 100±0.0 3.96±0.44
4 1 300 14.6 0.71±0.03 30.0±0.5 70±2.0 3.53±0.21
5 1 550 16.8 0.81±0.04 29.0±1.0 80±0.0 4.32±0.14
6 1 800 19.7 0.37±0.05 29.5±0.0 57±2.0 3.71±0.08
7 1.5 300 22.2 0.31±0.01 29.0±1.0 67±2.0 3.20±0.25
8 1.5 550 27.7 0.50±0.034 28.5±0.5 70±0.0 4.22±0.21
9 1.5 800 33.5 0.26±0.095 30.0±0.5 50±0.0 1.85±0.30

EI a 24 emulsification index measured after 24-h incubation in kerosene
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reached at an aeration rate of 0.5 vvm, independent of the agitation speed, inside of the
studied range (300 to 800 rpm).

Despite this, the final biomass concentrations did not significantly vary with the aeration
to agitation ratio. Not surprisingly, there was a direct relationship between rhamnose
synthesis and the EI. Greater biosurfactant concentration in the culture medium was related
to greater emulsion capacity.

Emulsification is one of the most interesting of the tensoactive parameters relative to
practical application of the product [28]. Because of its importance, it is normally evaluated
separately for each biosurfactant produced. In the food industry, these compounds are used
in the processing of raw materials. Cream, butter, mayonnaise, sausage, and ice cream,
among others, are examples of the use of emulsions in processed foods [4]. The emulsion
formation is also important in the paper industry, favoring a consistent and desirable
texture, as well as in phase dispersion [29].

In experiment 9, which was conducted using the most vigorous agitation and aeration
conditions, resulted in the lowest output of rhamnose (Table 1). This may have been due to a
substantial loss of liquid related to elevated aeration and solution agitation, which intensified
foam formation. Within the first 24 h period, approximately 50% of the medium volume had
been removed from the bioreactor, which probably affected biosurfactant formation.

Similar results were reported by Santos [14] using the P. aeruginosa PA1 strain. In that
study, an air bubbling system failed to control foam formation.

As expected, the increase in agitation and aeration caused an increase in the value of kLa
(Table 1). It is apparent that the kLa values were related neither to the cell growth or
biosurfactant synthesis. Indeed, while rhamnolipid concentration showed substantial
variability with aeration to agitation ratios, biomass did not. Maximum cell growth and
biosurfactant production was achieved with a kLa of 10.2 h−1.

Oxygen often limits the performance of aerobic bioprocesses, due to the low oxygen solubility
in the aqueous media. However, since Pseudomonas species are capable of anaerobic respiration
using nitrate, low oxygen concentrations may actually improve rhamnolipid synthesis. It is
likely that a high degree of foaming actually limits the aeration rate of the medium.

Statistical Analysis

The operational conditions—aeration rate (X1) and agitation speed (X2)—that maximize
biosurfactant production, were determined according to the complete factorial experimental
design at three levels [30].

Statistical analyses were completed using Statistica 5.0 Software (Statsoft Inc, USA).
The parameters and the significance levels of the model variables are described in Table 2.
The adjusted empirical model obtained for the rhamnose synthesis, containing only the
significant parameters (p≤0.05) determined using a Student’s t test, is represented by Eq. 7.

Rhamnose¼ 1:065 � 0:963X1 þ 0:693X1X2 � 0:654X 2
2 ð7Þ

From Eq. 7, a quadratic coefficient of multiple correlation of 0.9 was calculated, that is, 90%
of the data variability had been explained by the equation. Also, this analysis verified that of the
variables analyzed, aeration rate had the greatest influence on the production of rhamnose. The
negative sign of X1 (see Eq. 7) indicates that a change from level +1 to level −1 results in an
increase in rhamnose synthesis. This response is supported by the response surface obtained
through Eq. 7 (Fig. 1), where it is apparent that there is an optimal region for rhamnose
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production, comprised of given levels of aeration (0.5 to 0.55 vvm) and agitation (400 to
700 rpm).

The complete equation of rhamnose production, as a function of the variables X1

(agitation) and X2 (aeration), and an algorithm of optimization, developed with Maple VIII,
Release 4 software (Waterloo Maple Inc., CAN), were used to determine the ideal point for
aeration (vvm) and agitation (rpm). The resulting values were: X1=0.5 and X2=555.

As the ideal aeration rate was the lowest studied, it was necessary to determine if an
even lower value would promote higher rhamnose production. Thus, experiments were
initiated with aeration rates of 0.25 and 0.35 vvm at 555 rpm (Table 3). The results
indicated that the greatest production of rhamnose was achieved at the previously identified
aeration rate of 0.5 vvm.

Comparison of Biosurfactant Production using Different Carbon Sources

Adopting the optimized aeration to agitation operational conditions, the production of
rhamnolipid was investigated using different waste soybean oils (WFSO, MFSO, POFSO,
and PAFSO) and non-used soybean oils (NUSO). The type of food fried in the soybean oil
did not influence biosurfactant production significantly (Table 4).

The highest rhamnose amount was achieved when non-used (fresh) soybean oil was
employed. However, the use of waste frying soybean oils (WFSO, MFSO, POFSO, and
PAFSO) also favored biosurfactant production corresponding to 75–90% of the
maximum value.

According to Damy and Jorge [31], Nawar [32], Waltking and Wessels [33], and Tyagi
and Vasishtha [34], during the fry process, the oil interacts with the air, the water, and other

Fig. 1 Response surface for
rhamnose concentration (g/l) as a
function of the aeration to agita-
tion ratio after 48 h incubation at
30°C for Pseudomonas aerugi-
nosa PACL growth in waste
frying soybean oil

Table 2 Results of the regression for the rhamnose synthesis (R2=0.90).

Codified factor Parameter Student’s t test Significance level

Constant 1.0654 3.5273 0.0166
X1 −0.9628 −5.8362 0.0020
X 2
1 0.6928 2.4246 0.0597

X 2
2 −0.6522 −2.2823 0.0713
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components of the food that it is being fried, originating a great diversity of chemical
reactions, such as hydrolyzation, oxidation, and polymerization of the triacylglycerol
molecule. The products obtained from the lack of an appropriate control of the fry process,
affect the nutritional quality once oils and fats heated up to high temperatures can suffer
oxidation and to produce substances potentially toxicant. Those physical-chemistry
modification affected the efficiency of the fermentation process probably.

Kinetic and Modeling Of Rhamnose Production, Cell Growth, and Consumption
of Nutrients

As shown in Fig. 2, intense cell growth was observed through 48 h of fermentation, at
which time the stationary phase was achieved, corresponding to an experimental
biosurfactant production (Yp/x) of 0.8 g rhamnose/g cells; the model-calculated Yp/x was
0.73 g rhamnose/g cells. At 54 h, the isolated strain reached maximum growth and
rhamnose synthesis levels of 5.04 and 3.34 g/l, respectively. Between the hours 12 and 48,
high nitrogen and phosphorus consumption was evident, which apparently influenced
biomass production and biosurfactant synthesis. It has been reported that these nutrients
stimulate microbial growth [14]. By contrast, an older study demonstrated that bacterial
growth and surfactant accumulation were not modified by the addition of phosphate and
magnesium [26]. The presence of phosphorous, therefore, seems to be unnecessary, or at
least not a limiting factor, for the fermentation process.

Kinetic study results indicate the biosurfactant produced by P. aeruginosa PACL is a
primary metabolite. In contrast, Benincasa et al. [27] reported that initially, biosurfactant
production follows an exponential growth phase but, when microbial growth ceases and a
stationary phase is achieved, rhamnose synthesis continues, which suggests biotensoactive
production half-associated with microbial growth. It is important to note, however, that
their observations were made over 80 h of fermentation.

Table 4 Average results for rhamnose concentration, surface tension and emulsification index for
Pseudomonas aeruginosa PACL cultured using soybean oil from various sources in a 3-l reactor with
control of agitation speed (555 rpm) and aeration rate (0.5 vvm).

Soybean oil Rhamnose (g/l) Surface tension (dynes/cm) EI24 (%)

NUSO 4.30±0.05 26.0 100
PAFSO 3.80±0.1 27.5 100
POFSO 3.80±0.1 27.5 100
MFSO 3.55±0.05 28.0 100
WFSO 3.30±0.05 26.0 100

Average results obtained with the soy cultivated from tropical and subtropical climate.

Aeration (vvm) Rhamnose (g/l)

0.25 2.21
0.35 2.76
0.5 3.30
1.0 0.81
1.5 0.35

Table 3 Variation of rhamnose
synthesis as a function of the
aeration rate using agitation speed
of 555 rpm.
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Furthermore, an interruption of cellular growth and biosurfactant formation occurred,
even though the medium, and therefore a nitrogen source, was still present in significant
quantities. At the end of the process, nitrate consumption of approximately 65% was
detected. The process interruption, therefore, may be attributed to a limitation on the carbon
needed for bacterial metabolism. Usually, the carbon to nitrogen ratio is important to the
product yield of bioactive molecules [5, 10, 14, 24, 35]. The nitrogen source, in association
with carbon availability, favors the maintenance of the necessary enzymatic machinery for
the synthesis of rhamnose [10]. Also, the end of the fermentation process may be associated
with the formation of toxic by-products or to the solubility of toxic constituents in the waste
oil through biosurfactant accumulation in the medium.

The model consisted of Eqs. 1 to 6—one algebraic equation and five distinguishing
equations. Parameter values and constants are presented in Table 5. The terms of
maintenance and product, not associated with cell growth, were rejected in the equations
that describe rhamnose production (Eq. 2) and nitrate (Eq. 3) and phosphorus (Eq. 4)
consumption, since adjustment of the model parameters indicated they were not significant,
and demonstrated that the biosurfactant production process, using the microbial strain and
used soybean oil as a carbon source, was associated with the cellular growth. The resultant
model is only valid for the cell and nutrient concentrations established in this study. The
parametric adjustment demonstrated a good correlation between the experimental values
and those supplied by the model. The relative errors were less than 6% for the model
elements (Table 5).

Yield values determined with the model (Ymod), and those determined experimentally
(Yexp), were similar (Table 6). From the parameters obtained by model adjustment, defined
by Eqs. 1 to 6, it was possible to validate the experimental data for the prediction of

Table 5 Parameter values obtained by the parametric adjustment.

Consumption and production
parameters

Mean value±
(standard deviation)

Growth parameters Mean value±
(standard deviation)

α (g NO�
3 /g biomass/h) 0.321+(0.012) μmax(1/h) 0.114+(0.002)

β(g P/g biomass/h) 0.299±(0.012) X* (g X/L) 4.986±(0.060)
γ (g N/g biomass/h ) 0.265±(0.011) – –
1 (g R/g biomass/h ) 0.734±(0.014) – –

P phosphorus, N total Kjeldahl nitrogen, R rhamnose
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Fig. 2 Kinetics of growth (filled
square), nitrate (filled diamond),
phosphorus (filled triangle), total
Kjeldahl nitrogen (filled star),
and rhamnose (filled circle) dur-
ing Pseudomonas aeruginosa
PACL cultivation from waste
frying soybean oil in stirred tank
reactor (6 l) at 0.5 vvm and
555 rpm. The symbols represent
the experimental results and the
lines correspond to the data de-
termined by the kinetic model
described by Eqs. 1 to 6
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rhamnose production under operational conditions. In addition, the model also has value in
the validation of other experimental conditions, as for example, different substrates and
nutrient concentrations. The parameters described by the model for Eqs. 1 to 6, obtained in
the 6 l reactor were used to predict the experimental values that would be obtained from the
10 l reactor. The accuracy of those predictions validates the model as representative of the
experimental data (Fig. 3).

Similar 48 h (reaction time for optimization experiments) biomass and rhamnose
production values were obtained for both reactors (see Figs. 2 and 3 and Table 1). As both
experiments had been carried under the same conditions, with only volume being different,
it can be concluded that the parameters obtained by the adjustment had suitably described
the experiment carried out on a bigger scale.

It is also important to note, despite that change in reactor scale, that there was no
modification of the values of kLa. The value of kLa (10.2 h−1) for the maximum
biosurfactant production in the 6 l reactor (Table 1) was essentially the same as for the
larger scale (10.4 h−1).

Conclusions

The results obtained from these studies demonstrate that the new isolated strain has the
potential to produce biosurfactant from waste frying soybean oil at low aeration rates.
Under optimal conditions (0.5 vvm and 555 rpm), this process resulted in 3.3 g/l of
rhamnose, 26.0 dynes/cm for surface tension and 100% of the EI. These values are greater
than most of the comparable data identified majority cited in the literature. The
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Fig. 3 Kinetics of growth (filled
square), nitrate (filled diamond),
phosphorus (filled triangle), total
Kjeldahl nitrogen (filled star),
and rhamnose (filled circle) dur-
ing Pseudomonas aeruginosa
PACL cultivation from waste
frying soybean oil in stirred tank
reactor (10 l) at 0.5 vvm and
555 rpm. The symbols represent
the experimental results and the
lines correspond to the data de-
termined by the kinetic model
described by Eqs. 1 to 6

Table 6 Comparison of the experimental (Yexp) and model yields (Ymod) for the biomass (X) conversion from
total Kjeldahl nitrogen, total phosphorus, nitrate, and rhamnose.

Yield (g X/g NO�
3 ) (g X/g P total) (g X/g N) (g X/g R)

Yexp 3.178 3.496 3.869 1.36
Ymod 3.311 3.345 3.802 1.25

P phosphorus, N total Kjeldahl nitrogen, R rhamnose
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concentration of rhamnose was somewhat higher when fresh, non-used soybean oil was
employed as a carbon source. The model obtained has proven very effective in describing
the kinetic behavior for rhamnose production and phosphorus, nitrate, and total nitrogen
consumption, as a function of cellular growth.
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