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INTRODUCTION
Biosurfactants are valuable microbial amphiphylic

molecules with highly effective surface-active
properties and useful in various biotechnology fields
(Nitschke et al., 2005; Vyas and Dave, 2011). They are
synthesized by microbial strains of different genera,
especially when they grow in the presence of low water
soluble substrates like petroleum hydrocarbons and
waste oils (Ochsner et al., 1996; Akhavan Sepahy et
al., 2005; Agarry et al., 2009). The structural diversity,
low toxicity and biodegradability of biosurfactants
make them ideal for use in a variety of industrial
applications, i.e. cosmetic, pharmaceutical, humidifiers,
preservatives and food processes as emulsifiers and
recently as new players in animal and plant defense
against microbes (Vatsa et al., 2010). Besides,
biosurfactants have been used to improve the microbial
uptake of water immiscible pollutants in bioremediation
processes (Zhang and Miller, 1995; Wu et al., 2008).

ABSTRACT: A mathematical model to predict the rhamnolipids production by Pseudomonas aeruginosa from oleic
acid in a two phase liquid-liquid batch reaction system, was developed in this study. The model was based on two
theoretical assumptions: 1) the convective oleic acid mass transfer is coupled to a bioreaction in the aqueous liquid bulk,
and 2) the volume of the immiscible oleic acid drops and the saturation concentration at the interface are a function of
rhamnolipids production. The model was able to accurately predict the experimental growth of the Pseudomonas
aeruginosa strain, and the rhamnolipids production data with oleic acid as carbon source. This mathematical approach
indicated a high correspondence between the saturation dimensionless profiles of oleic acid at the interface and the
experimental profiles of surface tension difference. This modeling approach may constitute a useful tool in the design
and scaling-up of bioreactors applied to the production of biosurfactants with immiscible carbon sources.
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Among the principal groups of surfactants, because
of their surface activity and practical applications, the
most widely studied are glycolipids mainly rhamnolipids
produced by Pseudomonas aeruginosa strains. Several
studies on different conditions that enhance
rhamnolipids production by Pseudomonas aeruginosa
have indicated that the quality and quantity of produced
rhamnolipids are influenced by several factors, such
as nitrogen and ion concentration, pH, temperature and
aeration rates; one of the main ones being the nature of
the carbon source. Biosurfactants have been produced
in aqueous systems with miscible and immiscible carbon
sources (Raza et al., 2006; Abouseoud et al., 2008).
Water soluble carbon sources such as glycerol, glucose
and molasses (Rashedi et al., 2005) have been used to
produce rhamnolipids. However, the final obtained
concentration is generally one fold lower than that
obtained with non-soluble substrates such as n-alkanes
and vegetable oils. Mata-Sandoval et al. (2001) and
Refaat (2010) compared the rhamnolipid production in
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liquid media cultures with hydrophobic and hydrophilic
substrates, finding that the Pseudomonas aeruginosa
UG2 strain produced around 100-165 mg of
rhamnolipid/g substrate using corn oil and long chain
alcohols as substrates, whereas it produced only 12-
36 mg of rhamnolipid/g substrate in the presence of
hydrophylic substrates such as glucose and succinic
acid. Moreover, the carbon source influences
biosurfactant synthesis by either induction or
catabolic repression. Chakrabarty (1985) reported that
induction in the production of glycolipids by
Pseudomonas aeruginosa SB30 was observed when
n-alkenes were added to the culture medium, whereas
catabolic repression was observed when glucose was
used as a substrate. In general, when non water soluble
substrates are used as a carbon source, biosynthesis
may be induced to enhance biosurfactants production
and obtain a better yield. This improved yield has been
showed by the rhamnolipids production with
Pseudomonas aeruginosa PAO1 which is able to
produce high quantities of rhamnolipid during 30 L
batch bioreactor cultivations with sunflower oil as sole
carbon source and nitrogen limiting conditions ( Müller
et al., 2010).

Considering the above, the production of
rhamnolipids by Pseudomonas aeruginosa appears to
be feasible when using low cost water immiscible
substrates as carbon sources, such as vegetable and
frying oils (Gautam and Tiagi, 2006; Rashedi et al., 2006).
Nevertheless, the design of bioreaction systems for
rhamnolipids production at micro (Rahman et al., 2010)
and industrial scale (Abdel-Mawgoud et al., 2011),
requires developing a model which makes it possible
to describe the kinetic and mass transfer mechanisms
in a heterogeneous medium. The aim of this study was
to build and validate a phenomenological model to
predict and analyze the production of rhamnolipids by
Pseudomonas aeruginosa ATCC 9027 from oleic acid
in a two phase batch reaction system. Up to now,
biosurfactant production prediction has only been
modeling with soluble carbon sources, being the model
most recently reported by Rodrigues et al. (2006).
Models that describe the uptake of microbial pollutants
or product recovery in two liquid phases have been
previously reported (Daugulis, 2001). However, models
to describe the microbial production of biosurfactant
from immiscible substrates in water, have not yet been
developed, being type of great importance to design
the engineering of the heterogeneous systems liquid-

liquid, due to the higher yields obtained on the product
(biosurfactant) with respect to the systems with soluble
carbon sources. Thus, the design of the currently
presented model was based on the increase of the
apparent saturation solubility of oleic acid at a liquid-
liquid interface due to rhamnolipids produced by
Pseudomonas aeruginosa. The results were compared
with those obtained in a kinetic experimental assay with
oleic acid as a carbon source, in order to validate the
modeling data of the rhamnolipid that was produced.
The model parameters were obtained either
experimentally or from publications and then were  fitted.
The model prediction capability was tested by
comparing the results with previously published data
on rhamnolipids production using other immiscible
substrates. This model may constitute a useful tool in
the development of rhamnolipids producing
bioreactors based on the use of immiscible substrates
by P. aeruginosa. This research was carried out in the
laboratory of Biotechnological Engineering of the
Universidad Politécnica de Pachuca in 2009.

MATERIALS AND METHODS
Rhamnolipids production model

The model was based on the equations, conditions
and variables presented in Table 1. In general, the model
considered that the convective mass transfer of the
oleic acid is coupled to a bioreaction in the aqueous
liquid bulk. Likewise, it was considered that the volume
of the immiscible oleic acid drops and the saturation
concentration at the interface are a function of the
formation of rhamnolipids. Fig. 1 shows the proposed
mechanisms involved in the production of rhamnolipids
using immiscible substrates. The specific assumptions
that supported the model were: 1) The drive force that
leads to the immiscible substrate convective mass
transfer at the interface is affected by the formation of
the product i.e. rhamnolipids, as this increases the
apparent oleic acid saturation solubility at the interface;
2) Oleic acid drops are considered to have the same
size and spherical form and their volume decreases in
time; 3) There are no limitations in oxygen transfer and
no biomass growth on the surface of the oleic acid
drops in the bioreaction system; 4) Rhamnolipids
production is partly associated with biomass formation;
5) Biomass evolution time is described by the logistic
equation; and 6) An unstructured sub-model was
proposed to determine the dependence of the apparent
oleic acid saturation solubility (s*) of both the product
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Abbreviations of variables and parameters  

Voleic: Volume of immiscible substrate (oleic acid) (L) 

Vl: Volume of aqueous phase (L) 

woleic: Mass of immiscible substrate (oleic acid ) (g) 

s: Oleic acid  soluble concentration (g/L) 

x: Biomass concentration (g/L) 

p: Product (rhamnolipids) concentration (g/L) 

s*: Apparent oleic acid saturation solubility (interface) dependent of product concentration (g/L) 
oleic
sats : Oleic acid saturation concentration in aqueous phase (g/L) 

ρoleic: Oleic acid density (g/L) 

kL: Oleic acid convective mass transfer coefficient (L1/3 /h) 

µ: Biomass growth specific rate (1/h) 

Maximum biomass concentration reached under nutritional and environmental cultive conditions (g/L) 

qs: Specific substrate (oleic acid) consumption rate (g/g h) 

cmc: Rhamnolipids critical micellar concentration (g/L) 

α: Parameter associated to growth (g/g) 

β: Specific productivity rate (g/g h) 

n: Solubility order dimensionless 
 

Table 1: Rhamnolipids production model with definitions of parameters and variables

concentration (rhamnolipid) and the critical micellar
concentration (cmc). A detailed description is provided
with respect to the equations that make up the model
(Table 1). Eq. 1 established that oleic acid drops
decrease due to the convective mass transfer from an

immiscible phase to an aqueous phase. Eq. 2 described
the move of the oleic acid to an aqueous phase, and its
consumption by Pseudomonas aeruginosa in the same
phase. Eqs. 3 and 4 are associated with a logistic model
and they explain the biomass and product accumulation
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Modeling rhamnolipids production by Pseudomonas aeruginosa

in the aqueous phase, respectively. Eq. 5 represented an
unstructured relationship that describes how the apparent
oleic acid saturation solubility, at the water-oleic acid
in ter face,  depends on  the generat ion of
rhamnolipids. An empirical parameter denominated
solubility order (n) was introduced in this last
equation. The complete deduction for the model is
presented in the Rhamnolipids production model
development.

Microorganism
A Pseudomonas aeruginosa strain from the

ATCC collection (ATCC 9027) was kept at 4 °C on
nutritive agar slants throughout the experiment. The
Pseudomonas aeruginosa strain was cultured
weekly in a nutritive broth and reactivated before
each experimental assay.

Culture medium and inoculum preparation
Biosurfactant production assays were performed

in a mineral base medium with the following
composition (g/L): MgSO4.7H2O (7), KCl (17.5), NaCl
(17.5), CaCl2 (0.875), FeSO4.7H2O (0.0087),
ZnSO4.7H2O (0.0262), MnSO4.7H2O (0.0262), H3BO3
(0.0052), CuSO4.5H2O (0.002644), Na2MoO4.2H2O
(0.0017) and CoCl2.6H2O (0.002644). Oleic acid (Sigma,
Aldrich, USA) was used as a carbon source. The
nitrogen and phosphorus sources used in the
experiments were sodium nitrate (NaNO3) and
phosphoric acid (H3PO4), respectively. The NaNO3
and H3PO4 were added to obtain a carbon / nitrogen
ratio (C/N) of 10 and a carbon / phosphorus ratio (C/
P) of 16. The culture medium pH was adjusted to 7±
0.2. The density of the oleic acid was determined
gravimetrically (pycnometer  method) at room
temperature. The propagation of the Pseudomonas
aeruginosa ATCC 9027 to be used as inoculum was
carried out by culturing the strain in a nutritive broth
under aerobic conditions (24 h, 30 °C, 150 rpm).
Biomass was harvested (centrifugation at 8,100 g,
15 min) and washed twice with an isotonic solution
(NaCl 0.85 % w/v). Later, the biomass suspension
(mineral medium) was adjusted to 0.65 optical density
units (λ600 nm).

Rhamnolipids production kinetic assay
Rhamnolipids production assays were carried out

in Erlenmeyer flasks (baffled, 125 mL) with 50 mL of
sterile mineral base medium (pH adjusted to 7 ± 0.2),

and oleic acid (1% v/v) as the only carbon source.
The biomass suspension (1 mL) was used as the
inoculum (Nitschke et al., 2005). Periodical sampling
of the experimental units was carried out during the
culture period (48 h) under constant stirring (150
rpm, 30 °C).

Biomass growth
The biomass was measured gravimetrically

according to dry weight technique (Thaniyavarn et
al., 2006). To determine along the culture the
microbial growth, dry biomass (0.2 µm filtration and
overn ight  drying 105° C) was used for  the
construction of a standard curve, quantifying the
biomass concentration by optical density (λ600 nm).

Biosurfactant analysis
Rhamnolipid production was determined following

the orcinol method reported by Chandrasekaran and
Bemiller (1980). It consists of an indirect measurement
of the rhamnose concentration in the cell-free broth.
Briefly, the cell-free broth was previously acidified to
pH 2 with H2SO4 (1 N) and allowed to stand overnight
(4 °C). Later, samples were centrifuged (9,000 g, for 10
min) and the residue was dissolved in water.
Rhamnolipids were further purified by adsorption
chromatography on a polystyrene resin (Sigma Aldrich,
USA), as described by Reiling et al. (1986). The purified
biosurfactant was obtained as an oily mixture after
evaporation of the solvent in a vacuum. Rhamnolipids
values were determined by multiplying the experimental
data by a coefficient of 3.4, obtained from the pure
rhamnolipids / rhamnose correlation reported by
Benincasa et al. (2004).

Surface tension measurement and critical micellar
concentration

The surface tension of all samples was determined
by the ring method using a Krüs K12 tensiometer (Peker
et al., 2005). All measurements were made on cell-free
supernatant broth obtained after centrifugation (8,100
g, 25 min) of the whole content of each experimental
unit. The critical micellar concentration (cmc) was
calculated from the measurement of the surface tension
of biosurfactant crude extract solutions. Dilutions of
crude extract were prepared at different concentrations
ranging from 5 to 2,000 mg/L. These measurements
were obtained following the ring method (Krüs K12
tensiometer).
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RESULTS AND DISCUSSION
Determination of parameters and model solution

The parameters included in the model proposed here
were obtained either considering a bibliographic
revision or experimentally and then were  estimated by
fitting the experimental data to the model obtained by
simulation. Table 2 shows the model parameter values.
The oleic acid saturation concentration in an aqueous
phase was reported previously by Kamp et al. (2003).
The oleic acid density and the cmc were determined
experimentally. The second parameter was determined
from the correlation between the concentration of
rhamnolipids (mg/mL) and the surface tension (mN/
m). The surface tension was measured for the
rhamnolipids crude extract produced by Pseudomonas
aeruginosa ATCC 9027. The surface tension values
drastically decreased from ~72 to ~33 mN/m, for the
assayed rhamnolipids concentrations of 0 to 0.1 mg/
L. This surface tension reduction is comparable to
the values reported by Lee et al. (2008) for a
biosurfactant (a decrease from 58 to 32 mN/m)
produced by a Klebsiella sp strain isolated from waste
soybean oil. Recently, Kiran et al. (2010) reported a
surface tension activity of around 28 mN/m in the
presence of a purified biosurfactant from the
Brevibacterium aureum MSA13 strain. The values
of the emulsification index and surface tension activity
were greater for the biosurfactant than those obtained
with synthetic surfactants. The calculation of the cmc
took into account the break point of the experimental
curve of concentration of rhamnolipids versus surface
tension, generating a cmc value of around 0.05 g/L.
The cmc value was similar to that obtained by Zhang
and Miller (1995) and Raza et al. (2006). The fitted
parameters given by vector v=(kL, µ, qs, xmax, α, β, n)
were obtained from the minimization of the objective
function (Fobj) given by (Eq. 7), coupled to the
numerical solution of the dynamic model. In the
function objective subindex “i” is the number of
experimental value which has been predicted the
biomass (x) and rhamnolipids (p) by the model at time
(t), and subindex m = total number of experimental
samplings. The numerical solution of the dynamic
model was obtained with a fourth order Runge-Kutta
algorithm. The SIMPLEX method developed by Nelder
and Mead (1965) was used to solve the optimization
problem. Calculations related to the mathematical
model identification and optimization was carried out
using MATLAB as the software platform. To initialize

the SIMPLEX optimization method, the starting values
of parameters such as µ, qs, α and β were taken from
those reported by Raza et al. (2006) for rhamnolipids
production by Pseudomonas aeruginosa growing on
waste frying canola oil. The initial conditions (at t=0)
of both biomass and immiscible oleic acid volume were
0.1 g/L and 0.5 mL, respectively.

Model predictions in rhamnolipids production and
microbial growth

The experimental and modeling data of biosurfactant
production, biomass formation and residual oleic acid
during the culture of  Pseudomonas aeruginosa ATCC
9027 grown on oleic acid as a carbon source are
presented in Fig. 2. According to these results, the
model accurately predicts the experimental proliferation
of biomass and rhamnolipids production. The results
observed are similar to those previously reported for
different strains of Pseudomonas aeruginosa using
immiscible carbon sources like waste frying olive oil
(Haba et al., 2000) and linoleic acid (Thaniyavarn et al.,
2006).

The decrease in oleic acid volume, the formation of
biomass and the production of rhamnolipids were
phenomenologically well described by the model in
the following three stages (Fig. 1): 1) Initially, oleic acid
transference is governed only by the difference in
concentration between the interface (saturation) and
the aqueous bulk phase. It presumably indicates that
soluble oleic acid is beginning to be consumed by
Pseudomonas aeruginosa for growth and rhamnolipids
biosynthesis (Fig. 1a); 2) Later, a dynamic process is
established between oleic acid mass transfer and
bioreaction in the aqueous bulk phase. During this
process, it is probable that the volume of the oleic acid
drops decreases and the apparent oleic acid saturation
concentration is modified, possibly due to interactions
between the rhamnolipids and the oleic acid molecules
at the liquid-liquid interface (Fig. 1b). This liquid-liquid
interfacial tension is characterized by a reduction of
tension at the interface, caused by the presence of
biosurfactants in a two liquid phase system (Peker et
al., 2005). Biosurfactants tend to absorb at the interface
in an oriented arrangement, as a consequence of their
amphiphatic structure that is responsible for
decreasing the tension at the interface and increasing
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Table 2: Parameter values used for the development of the proposed model

Fig. 1: Phenomenological description of rhamnolipids production by Pseudomonas aeruginosa from non-soluble oleic acid in
a two liquid phase batch system. a) Initial stage where the oleic acid mass transference and the aqueous phase bioreaction
occur; b) A dynamic process is established between oleic acid mass transference, bioreaction in the aqueous bulk phase
and rhamnolipids interaction at the interface; c) The oleic acid is emulsified

Parameter Initial values Fitted values Unities 
Oleic acid saturation concentration in aqueous phase ( oleic

sats )* - 0.0017 g/L 

Oleic acid density (ρoleic)**

 
- 890 g/L 

Rhamnolipids critical micellar concentration (cmc)

 
- 0.05 g/L 

Oleic acid convective mass transfer coefficient (kL)

 
50 90.25 L1/3/h

 

Specific substrate (oleic acid) consumption rate (qs)

 
1.25 0.483 g /(g h)

 

Biomass growth specific rate (µ)

 
0.31 0.174 1/h

 

Maximum biomass concentration reached under nutritional and environmental 
cultive conditions (xmax) 

1.60 1.556 g/L 

Parameter associated to growth (α)

 
1.85 0.064 g/g

 

Specific productivity rate (β)

 
0.57 0.0017 g/(g h)

 

Solubility order (n)

 
1.00 0.125 dimensionless

 

    

 

the miscibility between non-miscible phases. 2) In the
last stage, the critical micellar concentration of the
rhamnolipids is reached, a stable emulsion is produced
and, consequently, the maximum apparent solubility
for the oleic acid is achieved. Then, the convective
mass transfer is a non-predominant process. Moreover,
biomass formation and oleic acid consumption occur
from the emulsified oleic acid (Fig. 1c). In order to
demonstrate the predictive capacity of the model, a

simulation was carried out using two groups of
previously reported experimental data. Results are
presented in Fig. 3. Graphics were constructed from
both the data reported and data generated by the model.
The simulation was used to describe the production of
rhamnolipids and biomass by two different strains: 1)
Pseudomonas aeruginosa 47T2 (Haba et al., 2000) and
2) Pseudomonas aeruginosa A41 (Thaniyavarn et al.,
2006), growing on waste frying olive oil and linoleic

* Kamp et al. (2003); **Experimental: Raza et al. (2006)
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Fig. 2: Model prediction for rhamnolipids production and Pseudomonas aeruginosa ATCC 9027 biomass
progress from immiscible oleic acid

Fig. 3: Model predictions for the Pseudomonas aeruginosa strains: a) 47T2 on waste frying olive oil
(Haba et al., 2000) and; b) A41 on linoleic acid (Thaniyavarn et al., 2006). Graphics were
constructed from both the data reported and data generated by the model
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ascertain the values of the above mentioned
parameters at concentrations below the critical micellar
concentration.

Predictions of oleic acid mass transfer and
solubilization

The apparent solubility of oleic acid at the interface
may be modified by interactions with rhamnolipids
during the first two stages of the process (Fig. 1).
Consequently, the interfacial tension decreases with
the formation of the biosurfactant amphiphatic
structure, which also modifies the mass transfer of
immiscible substrates. This global effect is well
described by the proposed unstructured Eq. 5 that is a
key part of the model. According to the above
mentioned, the apparent solubility of oleic acid at the
interface (s*) is strongly linked to the surface tension
(s). Fig. 4 presents the predictions of the model for the
dimensionlessed apparent solubility (Sdim=s*/s*

max), the
oleic acid soluble concentration in the aqueous phase
(s), and the experimental dimensionlessed surface
tension difference (∆σdim =[σ0-σ(t)]/∆σmax, where σ0
corresponds to the surface tension at t=0). The model
was able to predict a high correspondence between
the temporal profiles of the Sdim and the experimental
∆σdim. According to the profiles, the apparent oleic acid
solubility increases in parallel with the surface tension,
achieving a maximum approximately after 16 h of culture.
At this time, the rhamnolipids concentration was 52
mg/L and the cmc was recorded around this value.
Regarding the aqueous phase bulk solubility (s), the
model generated a profile with a fast decrease for oleic

acid, respectively. For both simulations, the values of
cmc, density, saturation concentration and convective
mass transfer coefficient were the same as those used
for the oleic acid simulation. The other values (µ, qs,
xmax, α, β, n) were estimated by fitting the experimental
data previously reported with the SIMPLEX
optimization method (Table 3). The aqueous phase
volume used in both cases was the same as that used
in the present study (50 mL). In the case of rhamnolipids
production, the parameters recorded for the waste
frying olive oil were 0.2 g/L for the initial value of the
biomass and 2 mL for the immiscible phase volume,
while those recorded for linoleic acid were 0.1 g/L and
1 mL, respectively. The results obtained with the model
proposed here indicated that both groups of
experimental data were described with accuracy and
consistency by the model. Results were comparable to
those obtained using oleic acid experimental data for
the simulation. This analysis shows that the model can
successfully predict rhamnolipids production and
microbial growth of  Pseudomonas aeruginosa strains
in a two phase (liquid-liquid) batch system. The model
may be considered a useful tool for the design and
scaling-up of bioreactors for the production of
biosurfactants. Nevertheless, at a large scale it is
necessary to consider the common relationship
between stirring and foam formation, particularly when
the use of antifoam in this type of system is not
recommended and also because rhamnolipids had an
effect on the apparent solubility and mass transfer of
the immiscible carbon sources. Studies under abiotic
conditions should be conducted to independently

Modeling rhamnolipids production by Pseudomonas aeruginosa

Parameter Olive oil frying 
wastes Linoleic acid Unities 

Specific substrate (oleic acid) consumption rate (qs)

 
0.705 0.408 g/(g h)

 

Biomass growth specific rate (µ)

 
0.315 0.147 L/h

 

Maximum biomass concentration reached under nutritional and 

environmental cultive conditions (xmax)

 8.66 6.57 g/L 

Parameter associated to growth (α)

 
0.13 0.36 g/g

 

Specific productivity rate (β)

 
0.015 0.0016 g/(g h)

 

Solubility order (n)

 
0.205 0.315 dimensionless

 

Table 3: Parameters used to validate the proposed model. Values of rhamnolipids production were obtained from previously
reported results using two different strain of Pseudomonas aeruginosa growing on waste frying olive oil (Haba et al.,
2000) and linoleic acid (Thaniyavarn et al., 2006)
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solubility (s). Besides, the flux depends on the
resistance to mass transfer due to the mixing regime,
which is characterized by a convective mass transfer
coefficient (kL). Therefore the flux of oleic acid is given
by:

Assuming also that the oleic acid drops are
spherical, the mass transfer surface and drop volumes
can be related by the r adius of a  sphere

[
3/12/1

4
3

4 ⎟
⎠
⎞⎜

⎝
⎛ ⋅=⎟

⎠
⎞⎜

⎝
⎛= ππ

oleicoleic VAr ] where:

Moreover, taking into account that woleic depends
both on the volume and the density of the oleic acid
drops (here it is considered that ρoleic remains
constant), and substituting Eqs. 9 and 10 in the mass
balance Eq. 8, Eq. 1 of the model (Table 1) is obtained.

Regarding the soluble oleic acid, the mass balance
establishes that its accumulation in the aqueous
phase is equal to the inlet rate minus the uptake rate
(due to consumption by Pseudomonas aeruginosa)

acid, once it was available in the aqueous phase (4-16
h, time range in which exponential growth occurs).
Later, the s increased until it reached a value similar
to the maximum of the apparent saturation solubility
(3.5 mg/L) at the interface. Apart from allowing
predictions on the behavior of the biomass and
rhamnolipids, the model also made it possible to
describe both the mass transfer and the change in the
apparent saturation solubility at the interface using
oleic acid as a carbon source.

Rhamnolipids production model development
Eq. 8 represents the basic mass balance of the

immiscible oleic acid. It establishes that the uptake
rate responds to the flux through the interface from
the liquid-liquid to the aqueous phase:

In this equation, woleic is the immiscible oleic acid
mass, Aoleic is the superficial mass transfer surface of
the oleic acid drops, and Noleic is the oleic acid
convective mass flux. The convective mass flux in
the process is due to the oleic acid concentration
difference between the apparent saturation solubility
at the interface (s*) and the aqueous phase bulk

Fig. 4: Model predictions for dimensionless apparent oleic acid saturation solubility at the interface
(Sdim=s*/s*

max), oleic acid solubility in the aqueous phase (s), and the dimensionlessed experimental
surface tension difference (∆σdim)

(9)( ) * sskN Loleic −=

oleicoleic
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of rhamnolipids biosynthesis, the amphiphylic and
micellar interactions between biosurfactants and
immiscible oleic acid, allow two events to take place
simultaneously: 1) an increase in the apparent
saturation solubility; and 2) a decrease in the size of
the drops. A non-structured model was purposed to
describe this behavior (Eq. 5;  Table 1).

This equation involves two physicochemical
parameters (oleic acid saturation concentration and
micellar concentration) and introduces one empirical
parameter, denominated here as solubility order (n).
Therefore, Eqs. 1 to 5 describe:  1) the transport; 2)
the kinetic processes; and c) the equilibrium
processes that are involved in the biosynthesis of
rhamnolipids by Pseudomonas aeruginosa from an
immiscible substrate such as oleic acid in a batch
system.

CONCLUSION
The mathematical model was capable of accurately

predicting P. aeruginosa ATCC 9027 growth and
production of rhamnolipids using oleic acid as the
only carbon source. Previously reported rhamnolipids
production data were described successfully by this
model. Moreover, the model exhibits a high correlation
between the dimensionless profiles of oleic acid
saturation and the experimental profiles of surface
tension difference.

The validat ion strategy indicated that the
developed modeling-approach may be a valuable tool
to design and scale-up bioreactors for the production
of biosurfactants. Further studies including the
establishment of methods that make it possible to
determine relevant parameters of mass transport and
interface interactions in heterogeneous mixed-
systems should be addressed.
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