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Abstract The main characteristic of biosurfactants is
their property of reducing the superWcial and interfacial ten-
sion between two immiscible liquids of diVerent polarities.
The main obstacle to the application of biosurfactants is the
high production costs, the use of alternative substrates
being indicated to solve this problem. This work report the
production of biosurfactant by Bacillus subtilis LB5a on a
pilot scale using cassava wastewater as the substrate, and
the study of the parameters related to its production. The
cassava wastewater was heated, centrifuged and poured
into a 40-liter batch pilot bioreactor adapted for simulta-
neous foam collection during the fermentative process. The
temperature was maintained at 35 °C, agitation at 150 rpm
and aeration 0.38 vvm during the Wrst 12 h, and 0.63 vvm
for the rest of the process. Samples of liquid fermentate
were collected at regular intervals for the analysis of total
carbohydrates, reducing sugars, pH, CFU/mL count and
superWcial tension. The foam was centrifuged and the bio-
surfactant puriWed. The kinetic data of the process showed
that both the microbial population, which reached a maxi-
mum after about 24 h, and the foam production of 10.6 L,
peaked between 24 and 36 h, coinciding with the greatest
production of biosurfactant. The yield of semi-puriWed sur-
factant in the foam was 2.4 g/L. The superWcial tension of
the medium was reduced from 51 to 27 mN/m and the criti-
cal micellar concentration was 11 mg/L, which, in princi-

ple, characterizes it as a good tensoactive agent. As a
function of its composition and productivity, cassava
wastewater was identiWed as a good substrate for the pro-
duction of the biosurfactant.
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Introduction

Biosurfactants are produced by a great variety of microor-
ganisms, such as bacteria, yeast and fungi [20, 33]. How-
ever, bacteria produce the majority of these compounds
[16, 20, 28]. Strains of Bacillus subtilis are well known for
their ability in producing lipopeptides with high surface
activity [9, 12, 22, 41, 45] and, amongst these, surfactin,
one of the most powerful biosurfactants known, can occur
in several isoforms [23–25, 35, 39, 40]. Surfactin reduces
the superWcial tension of water-solutions from 72 to 27 mN/
m, and the interfacial tension to <1.0 mN/m [5, 9, 25, 35,
40]. In addition to surfactin, other surfactant lipopeptides
produced by Bacillus sp are also known [1, 13, 27, 28].

Although biosurfactants show potential applications in
diverse Welds, such as the recovery of oil (MEOR), bio-
remediation, health and food processing, the production
costs are still very high [3, 15, 34], and they must also com-
pete with the synthetic surfactants in other aspects such as
functionality and production volume. In applications such
as the secondary recovery of oil (MEOR), which require
elevated amounts of surfactants, they are economically
incompatible [29]. However, in products with high added
value their use is possible, considering that only small
amounts are required, and therefore this kind of use could
absorb the high price of the product [15, 51].
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A reduction in costs is an important goal to make them
economically viable. The use of industrial residues as the
medium is a practicable strategy; since the raw material
represents about 30% of the total cost in a biotechnological
process [7]. The use of agro industrial residues with high
levels of carbon sources is indicated as a successful alterna-
tive in the production of biosurfactants [29]. Solid potato
residue [18, 49] and hydrolyzed peat [45] have been
reported already for this purpose. Nitschke et al. [34] tested
cassava wastewater, whey and molasses as substrates for
biosurfactant- producer B. subtilis strains, and obtained bet-
ter results with cassava wastewater than with the synthetic
medium used by Sheppard and Cooper [44].

Cassava wastewater originates from the pressing of cas-
sava roots and is considered to be a harmful residue to the
environment due to its organic material load and high levels
of cyanide [8, 37]. The production of surfactin in cassava
wastewater medium has been described well in the litera-
ture [4, 34–36, 38] and the present work represents a stage
in the industrial implantation for the production of these
compounds. In the earlier works, the biosurfactant recov-
ered from the fermentation in cassava wastewater presented
great surface activity. This property was evidenced by the
reduction in superWcial tension from 50 to 26–27 mN/m
and by the small values for the critical micelle concentra-
tion (CMC), as well as presenting good heat stability, pH
stability and emulsiWcation capacity, suggesting good
potential for commercial applications [4, 36].

Some workers have reported the scale-up of the produc-
tion, indicating a good Weld for its exploration [3, 15, 32,
42, 50]. The production of biosurfactant by B. subtilis on a
pilot scale using solid-state fermentation indicated that the
packed column bioreactor could become an acceptable sys-
tem for its industrial production [50]. An experiment for the
pilot production of rhamnolipid by Pseudomonas aerugin-
osa was also carried out [42]. However, no work indicating
the use of an alternative substrate to the synthetic medium
was found. Recovery from the foam has also been
described as a method of recovery of the surfactin from the
culture medium [11, 53]. The present study was focused on
the production of biosurfactant in a pilot bioreactor using
cassava wastewater as the culture medium.

Materials and methods

Preparation and characterization of the substrate

Cassava wastewater was collected from a cassava Xour fac-
tory (Plaza LTDA, Santa Maria da Serra, SP, Brazil) and
transported to the place of processing at room temperature.
It was homogenized, boiled, cooled, centrifuged at 3,500g
for 10 min in a pilot-scale basket centrifuge and stored fro-

zen until used. A volume of 40 L of the previously treated
cassava wastewater was poured into the pilot bioreactor
Pilot New Brunswick 8000 MP 80 (New Brunswick Scien-
tiWc, Edison, NJ, USA), sterilized at 121 °C for 20 min in
the bioreactor and then cooled to the incubation tempera-
ture.

The substrate was characterized by analyses for total
nitrogen [2], total [10] and reducing [46] carbohydrates, the
mineral fraction (P, K, Ca, Mg, S, Al, B, Cu, Fe, Mn, Zn,
Cd, Cr, Ni and Pb) [17], ammonia, nitrate [6] and pH. All
experiments were carried out with the same substrate.

Microorganism and inoculum preparation

A strain of B. subtilis, previously isolated and identiWed as
LB5a, pertaining to the culture collection of the BioXavors
Laboratory of DCA/FEA/Unicamp [34], was used. A loop
of culture growth taken from a Petri dish was transferred to
a conical Xask containing 150 mL of nutrient broth and
maintained at 30 °C for 12 h in a rotary shaker bath at a
speed of 150 rpm. The medium used for experiments con-
tained (g/L distilled water): beef extact 1.0, yeast extract
2.0, peptone 5.0 and sodium chloride 5.0. The culture was
then homogenized and 5 mL aliquots transferred to 24
Xasks, each containing 100 mL of nutrient broth, followed
by incubation at 30 °C in a rotary shaker bath with agitation
at 150 rpm for 8 h. The inoculums were standardized by
measuring the optical density at � = 610 nm. Thus, consid-
ering the standard curve for cell concentration versus opti-
cal density, a number of Xasks suYcient for the culture to
reach the initial concentration of 2 £ 107 CFU/mL were
taken. Sterile nutrient broth, prepared under the same con-
ditions, was used as the blank, and a parallel standard count
was carried out.

Fermentative process/foam recovery system

The inoculum, using an amount calculated previously in the
standardization phase, was added to the sterile cassava
wastewater. Fermentation was carried out according to the
following parameters: temperature 35 °C, agitation 150 rpm
and 15 L/h of aeration (0.38 vvm) during the Wrst 12 h, fol-
lowed by 25 L/h (0.63 vvm) for the rest of the process. A
sterile silicon tube (internal diameter of 20 mm) was con-
nected to the top of bioreactor to recover the biosurfactant
by withdrawing the foam produced during the process [11,
22] (Fig. 1). Samples of the medium were collected at regu-
lar, approximately 12 h, intervals, as well as all the foam
accumulating in the collecting Xask, and stored for future
analysis. The pH and temperature were also veriWed. The
following analyses were carried out of the medium samples
collected: viable cell count [36], surface tension [36], total
carbohydrates [10] and reducing sugars [46].
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The foam was collapsed at room temperature and its vol-
ume and pH measured. It was then submitted to the puriW-
cation process to obtain the surfactant production data. A
foam sample of approximately 15 mL was then removed to
determine the surface tension and the critical micelle con-
centration. The concentration of biosurfactant in the col-
lapsed foam was determined by rate of weight of the
puriWed biosurfactant and the volum of collapsed foam.

Extraction and puriWcation of the surfactant

The liqueWed foam collected throughout the fermentative
process was centrifuged at 12.7 £ 103g for 20 min to
remove the cells. Its pH was adjusted to 2 using a 2 N HCl
solution and maintained at rest for 12 h for decantation.
The liquid phase was then centrifuged at 12.7 £ 103g for
20 min and the precipitate neutralized using a 1 N NaOH
solution before drying at 50 °C [30, 31]. After drying, the
solid residue was weighed, triturated in a mortar, gim-
baled in a solution of chloroform/methanol 65:15 and
Wltered through Whatman no°1 Wlter paper. After Wltering,
the permeate was dried again at 50 °C. The solid residue
was triturated, weighed and stored frozen for subsequent
analysis.

Determination of the critical micelle concentration

The critical micelle concentration (CMC) was determined
by measuring the surface tension of serial dilutions of a
1 mg/mL solution of the semi-puriWed biosurfactant
according to Sheppard et al. [45] in Krüss GmbH K-12 pro-
cessor tensiometer (Hamburg, Germany).

Results and discussion

Cassava composition

The composition of the cassava wastewater is shown in
Table 1. The cassava wastewater presented a good level of
carbohydrates, characterizing it as a good substrate for the
development of microorganisms, as well as for the produc-
tion of biosurfactants [26, 43]. The presence of high levels
of several important micronutrients for microbial develop-
ment makes it an important and promising substrate, since
it does not require supplementation.

The Mn2+ concentration was 1.6 mg/L, a value very
close to that of the supplemented synthetic medium used by
Wei and Chu [51] of 1.1 mg/L, which, according to the
authors, provided a signiWcant increase in cell growth and
the production of surfactin. The Fe2+ concentration was
also considered to be important, since Wei and Chu [52]
and Cooper et al. [9] used 0.2 mg/L of Fe2+ with good
results. The Zn2+ and NH4+ ions have also been considered
important to increase the production of the biosurfactants
[19]. Other nutrients that aVect this production are phos-
phate and other sources of nitrogen [26].

Although the nitrogen concentration has an important
role in the production of biosurfactants [12, 26], supple-
mentation of the medium was discouraged by the results
found in previous studies. The supplementation of cassava
wastewater with yeast extract, peptone, urea, ammonium
nitrate, steep liquor (sub-product of the wet maceration of

Fig. 1 Apparatus scheme used in the experiments—growth of Bacil-
lus subtilis LB5a and recovery of the foam
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Table 1 Physicochemical com-
position of cassava wastewater

Components (Units) Concentration Components (Units) Concentration

Total carbohydrates (g/L) 36.2 Iron (mg/L) 4.2

Reducing sugars (g/L) 13.9 Manganese (mg/L) 1.6

Total nitrogen (g/L) 1.92 Zinc (mg/L) 1.4

Phosphorous (mg/L) 246 Cadmium (mg/L) <0.01

Potassium (mg/L) 894 Chromium (mg/L) <0.01

Calcium (mg/L) 212 Nickel (mg/L) <0.01

Magnesium (mg/L) 288 Lead (mg/L) <0.01

Sulfur (mg/L) 150 Ammonia [NH4
+] (mg/L) 131

Aluminium (mg/L) 148 Nitrate [NO3
¡] (mg/L) 16.2

Boron (mg/L) 4.0 pH 5.4

Copper (mg/L) 0.3
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corn) and whey, none of which resulted in a signiWcant
increase in the amount of biosurfactant produced, and, in
addition, made recovery more diYcult (data not published).
A further analysis of the cassava wastewater composition
shows a prevalence of NH4

+ ions instead of NO3
¡ ions. Pre-

vious studies showed that B. subtilis preferred organic
nitrogen, ammonium and nitrate, respectively, in the pro-
duction of tensoactive compounds [12]. Detectable
amounts of heavy metals (Ni, Cd, Pb and Cr) were not
found by the analytical methods used.

All the characteristics described above demonstrate the
potential use of the cassava wastewater without supplemen-
tation, showing excellent results concerning the production
of biosurfactants.

Process kinetics

The kinetics were evaluated as a function of the concentra-
tions of total and reducing sugars, pH, viable CFU count,
surface tension of the medium, volume of liqueWed foam
recovered, production of semi puriWed biosurfactant and
concentration of surfactant per liter of liqueWed foam. Nine
repetitions for the fermentation process were carried out.
Each analysis of total and reducing sugars, pH, viable CFU
count and surface tension of the medium were carried out in
duplicate.

When the total and reducing sugar concentrations and
viable cell counts were compared, it could be seen that the
carbohydrates were the preferred carbon sources of the
microorganism, and thus their concentrations fell as the
B. subtilis population grew. This is in accordance with San-

drin et al. [43], who aYrmed that glucose, fructose and
sucrose were the best carbon sources for surfactin synthe-
sis. The concentration of total sugars fell by about 76%
(from 36.2 to 8.7 g/L) in the Wrst 36 h. This signiWcant
reduction in the sugars coincided with the log phase and the
beginning of the stationary phase. A comparison of the
sugar consumption revealed a strong relation with biosur-
factant production. From start of process until 36 h
occurred increased both the consumption of sugars and of
the biosurfactant production, after this period both decrease
(Fig. 2). Kim et al. [22] reported an almost direct relation-
ship between biosurfactant production, cell growth and glu-
cose consumption when using a synthetic medium. Despite
the high consumption, the reducing sugar concentration
increased during the Wrst 12 h of the process (Fig. 2). This
behavior was probably a consequence of the action of amy-
lolitics enzymes produced by the Bacillus, which is known
as a good producer of these enzymes [21, 47]. �-amylases
present in the medium must have hydrolyzed the starch, lib-
erating reducing sugars (glucose) in amounts greater than
those consumed by the culture. With the increase in con-
sumption of these sugars in the following hours and the
exhaustion of the more complex sugars, the concentration
stopped increasing and started decreasing, reaching a mini-
mum value of 4 g/L after 48 h. This hypothesis agrees with
the studies of Thompsom et al. [48], in which, the expres-
sion of B. subtilis �-amylase allowed for the use of potato
residue as a starch-rich medium for biosurfactant produc-
tion, and of Nitschcke [36], who showed an increase in the
concentration of the reducing sugars, glucose, fructose and
maltose, when the strain LB5a was cultivated in cassava

Fig. 2 Culture kinetics: cell 
growth, biosurfactant produc-
tion and carbohydrate 
consumption
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wastewater. This increase was attributed to the hydrolysis
of the sucrose and starch present in the medium.

An increase in the amount of foam collected was associ-
ated with a greater production of biosurfactant, which
occurs basically in the log phase and at the beginning of the
stationary phase [9, 22, 23, 49]. This production was made
evident in the Wrst 12 h by the accentuated fall in surface
tension from 52 to 33 mN/m (Fig. 3). However, the contin-
uous pull of the tensoactive compounds maintained the
concentration stable and did not allow any great variation in
the surface tension between 12 and 24 h. After this period,
the population reached the stationary phase and, conse-
quently, the production of tensoactive compounds was
reduced, and at the same time the continuous withdrawal of
the surfactant made its concentration in the medium fall,
resulting in an increase in tension at the end of the process.
This information corroborated the data of RazaWndralambo
et al. [41] and Davis et al. [11] referring to the eYciency of
foam production as a form of primary recovery of the bio-
surfactant. During the process, the pH value varied posi-
tively from 5.40 to 7.63. However, the majority of this
variation was veriWed between 0 and 36 h, after which it
was not signiWcant. Thus, this behavior could be associated
with the exponential growth as described by Kim et al. [22]
and, consequently, with the synthesis of compounds of
interest, since its value became practically steady at the
same time as the viable cell count reached the stationary
phase and the surface tension increased. When the viable
cell count was evaluated, it was possible to identify the
exponential growth phase, reaching the maximum count of
2.3 £ 109 CFU/mL, after 24 h. A slight reduction in the
count was veriWed in the interval between 24 and 36 h, after
which it remained stable. The reduction in the viable cell

count during the stationary period seems to be related to the
continuous removal of cells into the foam, a phenomenon
that occurs when the primary recovery process is via foam
production [53]. The slight reduction in the number of via-
ble cells in the last 24 h of the process was directly based
on the reduction in the volume of foam recovered, as can be
seen in Figs. 2 and 4.

When the foam recovery process was evaluated (Fig. 4),
an increasing speed in foam production was observed in the
Wrst 36 h. The maximum volume produced was observed in
the period between 24 and 36 h, having produced a total of
9.1 L (approximately 0.76 L/h) in this period. The volume
then fell to values of about 1.5 L for each 12 h interval. At
the end of the fermentation period, approximately 60 h after
the start of the process, foam production had already ceased.

The concentration of biosurfactant in the foam was not
constant throughout the process. As shown in Fig. 4, the semi-
puriWed biosurfactant concentration in the foam oscillated in
the range from 2.5 to 3.0 g/L of foam collected up to 36 h.
This concentration then fell to values between 1.5 and 2.0 g/L
of foam at the end of the fermentation period, and this reduc-
tion can be related to the reduction in the biosurfactant pro-
duction associated with the recovery process. The joint
concentration data corroborated the assumption made from
the kinetics of production versus recovery. In studies carried
out with cassava wastewater and the same culture (LB5a),
Nitschke et al. [35] also found variable concentrations
throughout the process, showing similar kinetic proWles.

With respect to fermentation productivity, an average
foam volume of 10.6 L was obtained and an average pro-
duction of 25.7 g of semi puriWed biosurfactant per batch,
giving an average of 2.42 g/L in the foam collected. Con-
sidering the initial volume of cassava wastewater, this gives

Fig. 3 Surface tension of the 
medium and collapsed foam 
recovered throughout the 
process
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a yield of 0.64 g of biosurfactant per liter of substrate. A
comparison between the values for surface tension of the
medium and those of the foam (Fig. 4) demonstrated the
eYciency of the process of primary recovery by foam col-
lection, since at all times the foam presented values close to
27 mN/m, while the surface tension of the medium was
always above 33 mN/m. When these values for surface ten-
sion were compared with the values found in the series of
dilutions used to determine the CMC of the culture
medium, a signiWcant diVerence in the amount of surfactant
was observed. With about 0.25 g/L of semi-puriWed surfac-
tant, the surface tension was reduced to 27.5 mN/m,
whereas as little as 0.012 g/L was enough to result in a
value for surface tension of 32 mN/m.

The CMC of the semi-puriWed biosurfactant was 11 mg/
L. This value is close to those found by, Nitschke [35]
11 mg/L, Sheppard and Mulligan [45] 14 mg/L, Deleu et al.
[14] 10 mg/L and described by Peypoux et al. [40] <20 mg/
L; and better than those found by Kim et al. [22] 40 mg/L,
and Cooper et al. [9] 25 mg/L, characterizing it as a power-
ful surface active agent. The diVerences amongst the results
are probably due to the medium composition, culture condi-
tions and strain considered. These values are signiWcant,
since, in principle, the lower the value of the CMC, the more
eYcient the compound will be as a surfactant, and therefore
the greater its potential for industrial application [5].

Conclusions

Cassava wastewater can be considered to show good poten-
tial as a substrate for the production of biosurfactants by
B. subtilis, due to its contents of nutrients such as carbohy-

drates, metallic ions, nitrogen sources and others, that make
nutritional supplementation unnecessary. The biosurfac-
tants produced in this medium presented high surface activ-
ity and low CMC values, characterizing them as good
surfactants. For the Wrst time the production of these com-
pounds using agro industrial residues on a pilot scale was
demonstrated to be a viable process. The average foam pro-
duction in each batch was 10.6 L (26.5% of the original
volume). After puriWcation, an average of 25.7 g of surfac-
tant was recovered per batch (0.68 g of surfactant/L cassava
wastewater). The primary recovery from the foam collected
proved to be eYcient, as shown by the diVerence between
the surface tension (and concentration of the biosurfactant)
of the collapsed foam (»27 mN/m) and that of the culture
medium at the end of the process (»50 mN/m). All of these
data demonstrate the potential of the process.
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