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Abstract Fuel and lubricating oil leaks produce an

oily wastewater that creates an environmental problem

for industries. Dissolved air flotation (DAF) has been

successfully employed for the separation of oily

contaminants. Collectors constitute an auxiliary tool

in the DAF process that enhances the separation

efficiency by facilitating the adhesion of the contam-

inant particles. The use of biosurfactants as collectors

is a promising technology in flotation processes, as

these biomolecules are biodegradable and non-toxic.

In the present study, a biosurfactant was produced

from the bacteria Pseudomonas aeruginosaUCP 0992

cultivated in 0.5% corn steep liquor and 4.0%

vegetable oil residue in a bioreactor at 225 rpm for

120 h, resulting in a surface tension of 26.5 mN/m and

a yield of 26 g/L. The biosurfactant demonstrated

stability when exposed to different temperatures,

heating times, pH values and salt and was charac-

terised as a glycolipid with a critical micelle concen-

tration of 600 mg/L. A central composite

rotatable design was used to evaluate the effect of

the crude biosurfactant added to a laboratory DAF

prototype on the removal efficiency of motor oil. The

isolated and formulated forms of the biosurfactant

were also tested in the prototype after the optimisation

of the operational conditions. The results demon-

strated that all forms of the biosurfactant increased the

oil separation efficiency of the DAF process by 65 to

95%. In conclusion, the use of biosurfactants is a

promising alternative as an auxiliary tool in flotation

processes for the treatment of oily waters generated by

industrial activities.
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Introduction

Drilling and petroleum extraction processes in the oil

industry generates oily water, the disposal or reuse of

which is only permitted after the removal of the oil and

suspended solids to acceptable levels (Almeida et al.

2016). The reuse of effluents from industrial processes

has become increasingly commonplace due to the

economic and environmental appeal of this practice in

the form of reduced production costs and aggregated

value to the company in terms of sustainability (Yu

and Han 2013; Rocha e Silva et al. 2015, 2018).

Gravitational separation is one of the main treat-

ment methods for oily water and is performed by

sedimenters, centrifuges, hydrocyclones, etc. How-

ever, oil removal levels only reach around 200 mg/L

due mainly to the presence of emulsions, which are

difficult to remove by simple gravitational methods

and require auxiliary techniques, such as the addition

of coagulants and surfactants (Rubio and Smith 2002;

Yu and Han 2013). In this context, the flotation

process has proven to be quite efficient, with the

capability of removing a larger amount of oil in

comparison to other methods (Albuquerque et al.

2012).

Flotation is a particle separation process based on

adhesion to bubbles. The oil particle-bubble union has

less density than the aqueous medium and floats to the

surface of the flotation chamber, where the oil

particles are removed (Bahadori et al. 2013; Rocha e

Silva et al. 2018). Flotation was first used in mineral

processing and has long been employed in solid/liquid

separation processes that involve the use of

stable foams to recover mineral particles (Peng et al.

2009). With the development of the industrial sector,

the application of the flotation process was improved,

leading to the emergence of dissolved air flotation

(DAF), which involves the removal of a solute through

adsorption, co-precipitation or occlusion in a floc

transporter and subsequent release by the addition of

an adequate tensioactive agent (Beneventi et al. 2009).

With DAF, the water is saturated with pressurised

(greater than 3 atm) air through a nozzle, forming

bubbles that that reach the flotation chamber, which is

at atmospheric pressure. The air becomes supersatu-

rated and precipitates from the solution in the form of

small bubbles (Babaahmadi 2010; Rocha e Silva et al.

2015).

The use of flotation as a separation method has been

criticised due to the probable toxicity of the synthetic

surfactants used as collectors in this process (Menezes

et al. 2011; Rocha e Silva et al. 2018). Surfactants are

compounds composed of amphipathic molecules with

a hydrophilic portion and a hydrophobic portion that

partition at the oil/water or air/water interface. The

apolar portion is often a hydrocarbon chain, whereas

the polar portion may be ionic (cationic or anionic),

non-ionic or amphoteric. These characteristics enable

surfactants to reduce surface and interfacial tension

and form microemulsions, in which hydrocarbons can

be solubilised in water or vice versa (Almeida et al.

2016). The development of completely biodegradable

surfactants could alleviate concerns with regard to

toxicity and increase the acceptance of this separation

technology (Rocha e Silva et al. 2015). Thus, surfac-

tants of a biological origin (biosurfactants) could be a

viable option for increasing the use of flotation

processes.

Recent studies show that microbial surfactants,

which are metabolites produced by bacteria, yeasts

and fungi, have the ability to solubilise and effectively

mobilise adsorbed organic and inorganic compounds

in contaminated soil and water (Santos et al. 2016).

Biosurfactants offer excellent advantages, such as low

toxicity, high solubility in the presence of organic and

inorganic substances as well as stability at high

temperatures, in a wide pH range, and in the presence

of salt.

Biosurfactants have diverse chemical structures

and are mainly classified as glycolipids and lipopep-

tides. These natural compounds can be produced from

different substrates, especially renewable resources,

such as vegetable oils and agricultural waste products

(Santos et al. 2016; Soares da Silva et al. 2014). The

selection of low-cost substrates is important to the

overall economy of the process, as substrates account

for 10 to 30% of the final cost of the product (Almeida

et al. 2016). According to the literature, P. aeruginosa

is one of the most widely studied microorganisms for

biosurfactant production. Most biosurfactants pro-

duced by this bacterium have demonstrated the ability

to reduce surface tension to around 28 mN/m. These

compounds have also been applied in the remediation

of water and soil contaminated with hydrocarbons due

to their potential as environmental decontamination

agents (Wittgens et al. 2017).

123

336 Biodegradation (2019) 30:335–350



Considering the challenges described above and the

need to improve currently known effluent treatment

methods, the aim of the present study was to propose

clean, efficient solutions for the treatment and control

of oily water generated by industrial activities. For

such, flotation with the use of a biosurfactant as a

biodegradable collector was tested in a laboratory-

scale DAF prototype.

Materials and methods

Materials

All reagents were of the highest purity available.

Soybean oil waste was obtained from a restaurant in

the city of Recife, Brazil, stored following the

supplier’s recommendations, and used without any

further processing. Corn steep liquor was obtained

from Ingredion Brasil in the city of Cabo de Santo

Agostinho, Brazil. A synthetic effluent was formulated

with motor oil at a concentration of 15 g/L. The motor

oil is commercially available for use in flex engines

(gasoline, VNG and alcohol), type SAE 20W-50, with

a synthetic guard (PETROBRAS) [paraffin-based

lubricating oil (complex mixture of hydrocarbons)

with performance enhancing additives].

Bacterial strain and preparation of seed culture

Pseudomonas aeruginosa UCP0992 was obtained

from the culture collection of the Centre for Research

in Environmental Sciences of the Catholic University

of Pernambuco, Brazil, which is registered with the

World Federation of Culture Collections. Cultures

were maintained in nutrient agar slants at 4 �C. The
strain from a 24-h culture was transferred to 50 ml of

nutrient broth and the seed culture was prepared at a

temperature of 28 �C, stirring at 150 rpm, and incu-

bation for 10–14 h.

Fermentation media and conditions

Liquid fermentation was performed with a 3% cell

suspension (optical density: 0.7) at 600 nm, corre-

sponding to an inoculum of 107 colony-forming units/

mL inoculated in a 2-L bioreactor (Tec-Bio-Plus,

Tecnal Ltda., Brazil) with a working volume of 1.2 L,

operating in a batch mode with controlled pH (6.8) and

temperature (28 �C). The culture medium was com-

posed of distilled water containing 4% soybean frying

oil and 0.5% corn steep liquor as substrates. Fermen-

tation was conducted at 225 rpm with aeration

(1 vvm) for 120 h. Samples were collected at the

end of the fermentation period to determine surface

tension and the concentration of the surfactant.

Biosurfactant formulation

The broth was fermented and cells were removed

through centrifugation (5000 g for 30 min). Following

the addition of 0.2% potassium sorbate, the cell-free

broth was stored at room temperature (28 �C) for

120 days (Freitas et al. 2016).

Surface tension and critical micelle concentration

Surface tension was determined in the cell-free broth

obtained by centrifuging cultures at 50009g for

20 min, using the ring method with a Sigma 700

Tensiometer (KSV Instruments LTD, Finland) at

room temperature. The surface tension of the dilutions

of isolated biosurfactant in distilled water was mea-

sured until reaching to a constant value (standard

deviation less than 0.4 mN/m during ten successive

measurements), which was considered the critical

micelle concentration (CMC). The CMCwas obtained

by plotting surface tension against surfactant concen-

tration and expressed as g/L of biosurfactant.

Isolation of biosurfactant

Cells were removed through centrifugation (50009g)

for 30 min and the biosurfactant was then extracted

from the culture media. PH of the supernatant was

adjusted to 2.0 using HCl (6.0 M) with the addition of

an equal volume of CHCl3/CH3OH (2:1). The mixture

was shaken vigorously for 15 min and allowed to set.

After separation into phases, the organic phase was

removed and the operation was repeated two more

times. A rotary evaporator was used to concentrate the

biosurfactant from pooled organic phases. A yellowish

viscous product was obtained, dissolved in methanol

and further concentrated by evaporation of the solvent

at 45 �C (Silva et al. 2010).
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Emulsifying activity with different hydrophobic

compounds

The method described by Cooper and Goldenberg

(1987) was used for the determination of the emulsi-

fication index (EI). An aliquot (2 mL) of a liquid

hydrophobic compound (soybean oil, cotton seed oil

and motor oil) was added to 2 mL of the cell-free broth

in a test tube and vortexed at high speed for 2 min. The

stability of the emulsion was determined after 24 h.

The EI was calculated as the height of the emulsion

layer divided by the total height of the mixture

multiplied by 100.

Biosurfactant stability

The stability of the biosurfactant was investigated in

different experiments using the cell-free broth. NaCl

was added at concentrations of 2, 5 and 8% (w/v) and

surface tension and emulsification activity were

determined as described above. Surface tension and

emulsification activity were also measured using the

broth after being submitted to different temperatures

(5, 70 and 120 �C) for 60 min. The effect of heating

time on biosurfactant activity was investigated by

maintaining the broth at 90 �C for 20, 40 and 60 min.

The effect of pH (4, 8 and 10) on surface tension and

emulsification was investigated by adjusting the broth

with 6.0 M of either NaOH or HCl.

Characterisation of biosurfactant

Following re-dissolution of the extracted biosurfactant

in deuterated chloroform (CDCl3), the respective 1H

NMR spectra were recorded at 25 �C using an Agilent

300 Mz spectrometer operating at 300.13 MHz.

Chemical shifts (d) were given on the ppm scale

relative to tetramethylsilane (TMS). Fourier transform

infrared spectroscopy (FTIR) was also used to char-

acterise the biosurfactant extract recovered from the

supernatant of the P. aeruginosa UCP 0992 isolate.

The FTIR spectrum (400 Perkin Elmer) with a

resolution of 4 cm-1 was recorded from 400 to 4000

wavenumbers (cm-1). The hydrophobic portion was

analysed using gas chromatography-mass spectrome-

try (Thermo Scientific Trace 1300—ISQ Single

Quadrupole) in a TGMS-5 column (30 m 9

0.25 mm; film thickness: 0.25 um). The column tem-

perature was 60 �C for 3 min, ramped at 10 �C/min to

300 �C and held for 15 min. A 1-lL sample was

injected. Helium was the carrier gas. The injector

temperature was 300 �C and the detector temperature

was 280 �C.

Dissolved air flotation system

Three flotation tests were performed in an acrylic 15-L

laboratory-scale DAF unit (Fig. 1). 50 g of motor oil

were mixed in 10 L of water with the aid of a pump (1)

in the storage tank (2) for 1 h with the aim of obtaining

good oil in water saturation. An aquarium (3) was

filled with 15 L of clean distilled water. After

recirculation in the storage tank, the oily effluent

was fed into the aquarium with the aid of the same

pump (1), entering through a valve (4) [flow rate was

monitored using an Arduino sensor (5)] and contam-

inating the clean water. The contaminated water came

into contact with microbubbles formed by the injec-

tion of a controlled amount of air in the aspiration line

of the pump (6). The interaction between the

microbubbles and oil droplets dispersed at the base

of the DAF gave rise to flocs composed of oil and air,

which floated due to the lower density in comparison

to the water, forming a layer of oily foam, which was

collected in the collection section (7). To enhance the

efficiency of the process, quantities of biosurfactant

were dosed using a burette (8). A return pump (9)

connected to the treated water section (10) promoted

recirculation, returning the treated effluent to the

storage tank, from which it could be collected (11) for

subsequent analysis without coming into contact with

the initial oily effluent contained in the storage tank.

Each run of the DAF system lasted 5 min.

Experimental factorial design and response surface

methodology

The effect of the biosurfactant on the separation

efficiency of the DAF system was evaluated in

experiments conducted following a central composite

rotatable design (CCRD) and response surface

methodology (RSM). A 24 CCRD was used to define

the operating conditions of the prototype. The inde-

pendent variables were the oily water flow rate, flow

rate of water microbubbles, aqueous biosurfactant

solution flow rate and biosurfactant concentration. The

response variable was oil separation efficiency. The

independent variables were coded on five levels. The
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complete design consisted of 28 experimental points,

with four replications of the central points. Table 1

lists the coded levels of the independent variables used

in the RSM design.

Separation efficiency was calculated according to

Eq. (1)

g ¼ CI � CO

CI

� 100% ð1Þ

in which g is the percentage of separation efficiency,

while CI and CO are the oil concentrations in the inlet

and outlet flow, respectively.

The experimental design was applied to the crude

biosurfactant (cell-free broth obtained through cen-

trifugation). After the determination of the optimum

operating conditions, solutions of the isolated biosur-

factant at concentrations established based on the

CMC and solutions of the formulated biosurfactant

were also tested to compare the efficiency of the

different forms of the biosurfactant. Fifty-ml samples

were collected from the flotation system and placed in

glass flasks for the measurement of residual oil.

Control experiments without the biosurfactant were

conducted for the purposes of comparison.

Statistical analysis involved ANOVA, the determi-

nation of regression coefficients and the construction

of graphs using the Statistica� program, version 8.0

(Statsoft Inc., USA).

Quantification of hydrophobic contaminant

Residual oil was extracted from the samples of

synthetic oily effluent using the same volume of

hexane (1:1, v/v). The mixture was shaken for 15 min

and left at rest for the separation of the phases. The

organic phase was removed and the operation was

repeated two more times. The product contained in

this phase was submitted to analysis in a spectropho-

tometer. The oil extracted from the water was analysed

for its concentration after direct sampling by measur-

ing absorbance at a wavelength of 330 nm using

quartz cuvettes with a 10-mm path length in an UV–

Fig. 1 Bench DAF prototype used for treating oily aqueous phase

Table 1 Experimental

range and levels of

independent variables for

separation efficiency in

DAF system

Variables Range and levels

- 2.0 - 1.0 0.0 ?1.0 ?2.0

Oily water flow rate (L/min), X1 2.5 5.0 7.5 10.0 12.5

Water ? microbubbles flow rate (L/min), X2 5.0 5.5 6.0 6.5 7

Biosurfactant solution flow rate (L/min), X3 0.5 1.0 1.5 2.0 2.5

Biosurfactant concentration (g/L), X4 0.05 0.15 0.25 0.35 0.45
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Vis spectrophotometer (SP-22- BIOSPECTRO). For

the determination of the calibration curve, a standard

solution of residual motor oil (5000 mg/L) was

prepared in a 100-mL volumetric balloon. The solu-

tions were diluted in n-hexane at concentrations

ranging from 1 to 1000 mg/L obtained from the initial

standard solution. N-hexane was used as the blank to

calibrate the device. The solvent was analytical grade

and adequate for the spectrophotometric equipment

(Emmandi et al. 2014). All experiments were per-

formed in triplicate at room temperature (27 �C) and
mean values are reported.

Results and discussion

Biosurfactant production

Considering the potential of Pseudomonas aeruginosa

as a biosurfactant producer when cultivated in soluble

and/or insoluble substrates, the bacterium was initially

cultivated in a bioreactor containing a medium

formulated with 4% soybean oil residue and 0.5%

corn steep liquor as the carbon and nitrogen sources,

respectively. The biosurfactant produced was able to

reduce the surface tension of water from 70 mN/m to

around 26.5 mN/m and the yield was 26 g/L.

Silva et al. (2010) produced a biosurfactant from P.

aeruginosa cultivated in a medium containing 3%

glycerol that lowered surface tension to 27.6 mN/m

and a yielded 6.5 g/L. In subsequent studies, Silva

et al. (2013) found that P. cepacia cultivated in a

medium with 2% waste frying oil and 3% corn steep

liquor produced a biosurfactant that lowered surface

tension to 26 mN/m and yielded 8 g/L. Aparna et al.

(2012) produced a biosurfactant from Pseudomonas

sp. 2B cultivated in a medium containing 1%molasses

and found a surface tension of 30.14 mN/m and a yield

of 4.97 g/L. Oliveira et al. (2009) produced a

biopolymer from P. alcaligenes PCL cultivated in a

medium supplemented with mineral salts and palm oil,

which lowered surface tension to 28 mN/m and

yielded 2.3 g/L. Monteiro et al. (2007) produced a

biosurfactant from P. aeruginosa DAUPE 614 culti-

vated in a medium with glycerol and ammonium

nitrate that lowered surface tension to 27.3 mN/m and

yielded 3.9 g/L. Deepika et al. (2015) report the

production of a biosurfactant in a salt medium

supplemented with molasses that lowered surface

tension to 33.03 mN/m and had a yield of 5.26 g/L. In

another study, Deepika et al. (2016) produced a

rhamnolipid from P. aeruginosa KVD-HR42 culti-

vated in a medium containing karanja oil and sodium

nitrate that lowered surface tension to 30.14 mN/m,

with a yield of 5.9 g/L. Nicolò et al. (2017) report a

biosurfactant produced by P. aeruginosa L05 culti-

vated in a medium supplemented with mineral salts

and 0.4% B. carinata oil that had a yield of 5.0 g/L. In

comparison to these studies, the yield in the present

investigation was substantially greater, demonstrating

that the biopolymer obtained under the conditions

specified herein is a promising agent for use on an

industrial scale.

Biosurfactant stability

The use of biosurfactants as coadjutants in the

treatment of oily waters requires products that remain

stable under the necessary operational and environ-

mental conditions (Almeida et al. 2016). Moreover,

due to economic considerations in the oil industry,

most biosurfactants require either whole-cell culture

broths or crude preparations (Almeida et al. 2016).

Therefore, the application of the biosurfactant from P.

aeruginosa UCP0992 in its crude form without costly

extraction and purification steps was investigated in

stability studies as well as the subsequent flotation

experiments. Table 2 displays the results of the

stability tests using the cell-free broth containing the

crude biosurfactant produced from P. aeruginosa

when exposed to variations in temperature, pH,

salinity and heating time.

Satisfactory surface tension values were found

independently of the pH, temperature or salinity to

which the biosurfactant was submitted. Lower surface

tension values were found under alkaline conditions,

with a slight increase in tension when the biosurfactant

was submitted to acidic conditions. Similarly, emul-

sification indices were higher in alkaline media.

Glycolipids exhibit optimum aqueous solubility at

neutral to alkaline pH, which is attributed to their

acidic nature (pKa = 5.6). The single free carboxylic

acid group corresponding to the b-hydroxy fatty acid

moiety makes glycolipids anionic. When the pH is

increased from 5 to 8, the negative charge of the polar

head increases, which is reflected greater aqueous

solubility. If high concentrations of surface-active

molecules are found, an increase of pH can change the
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morphology of the micelle structure formed above the

CMC from lamellar to vesicular and finally to micelles

(Abdel-Mawgoud et al. 2009).

Despite the relationship between surface tension

and the emulsification index, the ability of a molecule

to form a stable emulsion is not always associated with

surface tension activity. Thus, a good biosurfactant is

not necessarily a good emulsifier (Santos et al. 2016).

Among the different oils tested, the best emulsification

results were achieved with motor oil.

Emulsification indices ranged from 50 to 60% in the

temperature and heating time tests, with a slight

reduction in emulsifying capacity at higher tempera-

tures and with a longer heating time. Lower temper-

atures and a shorter heating time also favored the

reduction in surface tension.

With regard to the salt concentration, the biosur-

factant maintained its surface tension reducing capac-

ity in media with up to 8% NaCl, with a tendency

toward a reduction in surface tension with the increase

in salt concentration, whereas emulsification capacity

decreased in the presence of salt. According to Helvac

et al. (2004), electrolytes have a direct effect on

carboxylate groups in glycolipids. The solution/air

interface is negatively charged due to the ionised

carboxylic acid groups in an alkaline medium, with

strong repulsive forces between the molecules of the

glycolipid. This negative charge is shielded by Na?

ions, leading to the formation of a close-packed

monolayer and consequent reduction in surface

tension.

The emulsification results are promising with

regard to the application of the biosurfactant from P.

aeruginosa in the treatment of oily waters, as lubri-

cating oil is normally present in the composition of the

industrial effluents to be treated.

Critical micelle concentration of biosurfactant

The CMC is defined the minimum concentration of

biosurfactant required for the maximum reduction in

surface tension and the formation of micelles. Thus, a

low CMC indicates an efficient biosurfactant (Campos

et al. 2013). In the present study, an increase in

biosurfactant concentration led to a reduction in the

surface tension of water from 70 to 26 mN/m, which

was achieved at a concentration of 600 mg/l, with no

further reduction occurring thereafter. This CMC

differs from that reported for other glycolipids

produced by P aeruginosa (Santos et al. 2016).

Different CMC values may be due to differences in

the purity and composition of the glycolipid as well as

differences with regard to the bacterial strain, medium

and cultivation conditions (Silva et al. 2014).

Table 2 Influence of salt

concentration, temperature,

pH and heating time at

90 �C on surface tension

reducing activity and

emulsifying activity of cell-

free broth containing

biosurfactant from P.

aeruginosa UCP0992

(results expressed as

mean ± standard deviation)

aEmulsification index of

motor oil
bEmulsification index of

corn oil
cEmulsification index of

soybean oil

Surface tension (mN/m) EI (%)a EI (%)b EI (%)c

pH

4 33.4 ± 0.2 80.5 ± 4.0 20.5 ± 2.0 20.0 ± 3.0

8 24.0 ± 0.5 90.3 ± 4.0 55.5 ± 3.9 58.2 ± 2.0

10 26.5 ± 0.5 90.0 ± 5.1 40.1 ± 1.9 35.3 ± 4.3

Temperature (�C)
5 20.0 ± 0.4 60.0 ± 5.0 40.3 ± 3.5 42.2 ± 3.

70 28.0 ± 0.3 55.2 ± 3.0 40.0 ± 2.3 40.4 ± 3.9

120 29.0 ± 0.5 50.1 ± 4.0 38.1 ± 4.0 45.2 ± 2.4

Heating time (min)

20 22.0 ± 0.4 50.0 ± 3.9 40.0 ± 3.2 43.0 ± 2.7

40 26.6 ± 0.2 45.1 ± 4.0 39.0 ± 2.7 45.0 ± 3.2

60 26.5 ± 0.3 48.0 ± 3.0 40.1 ± 1.3 43.0 ± 2.0

Salt (%)

2.0 26.3 ± 0.2 75.0 ± 3.3 70.1 ± 1.8 95.0 ± 2.8

5.0 25.3 ± 1.1 80.1 ± 2.8 35.0 ± 2.0 40.0 ± 2.1

8.0 20.6 ± 1.0 45.0 ± 3.0 15.0 ± 3.0 20.3 ± 3.2
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Characterisation of biosurfactant

Figure 2 displays the FTIR spectrum of the biosur-

factant isolated from P. aeruginosa UCP 0992. The

vibration extending from 3300 to 3500 cm-1 is

characteristic of O–H stretching. The peak at 3000 to

2800 cm-1 is characteristic of aliphatic chains. The

C=O group is evidenced around 1710 cm-1. The

peaks at 1550 to 1400 cm-1 may be due to a C double

bond and the peak at * 1260 cm -1 corresponds to

the ketone group.

Figure 3 displays the 1H NMR spectrum. The

signals of the biosurfactant from P. aeruginosa UCP

0992 between d 0.60 and 1.6 ppm suggest aliphatic

and methyl groups. The signals between d 2.0 and

2.2 ppm indicate the aldehyde group. The signals at d
3.5 ppm and between d 4.6 and 4.8 ppm are attributed

to hydroxyl groups and those between d 5.0 and

5.4 ppm correspond to double bounds.

The GC–MS analysis of the biosurfactant was

compared to data from the library. The chromatogram

(Fig. 4) displays two evident peaks. The first (45.53%)

indicates a structure related to the carbonyl group and

the second (28.21%) indicates to a structure containing

a hydroxyl group. The molar mass of the structure was

between 150 and 200 (m/z).

The literature describes the characterisation of

biosurfactants produced by species of Pseudomonas

sp. using 1H NMR, FTIR spectroscopy and GC–MS

analysis (Charles Oluwaseun et al. 2017; Varjani and

Upasani 2017; Moussa et al. 2014). Soares da Silva

et al. (2017) obtained similar results to those of the

present study in the characterisation of a biosurfactant

obtained from P. cepacia, with peaks in the 1H NMR

spectrum between d0.75 and 2.5 ppm indicating

aliphatic and methyl groups and peaks between d2.0
and 4.8 indicating carbonyl and hydroxyl groups,

respectively. In the FTIR spectrum, the same authors

report absorption bands between 2966 and 2863 cm-1

for aliphatic groups and a band at 1700 cm-1for C=O

groups. In the present study, the 1H NMR, FTIR

spectroscopy and GC–MS analyses of the biosurfac-

tant produced by P. aeruginosa UCP 0992 indicate a

glycolipid.

Use of biosurfactant in DAF system for treatment

of oily water

Collectors/coagulants are normally used to enhance

separation efficiency in flotation systems. These

collectors may be surfactants. Tensioactive agents

are added to the pressurised water in DAF to reduce

the air/water surface tension in the saturator, which

enhances the separation process (Menezes et al. 2011).

Some microbial biosurfactants have been successfully

used in the removal of heavy metals from an acidic

mine effluent using flotation columns. Biosurfactants

from species of Candida were able to remove more

than 90% of metallic cations (Albuquerque et al. 2012;

Menezes et al. 2011; Sarubbo et al. 2015). Another

Fig. 2 FTIR spectrum of

biosurfactant extract

produced by P. aeruginosa

UCP0992 cultivated in

mineral medium

supplemented with 4%

soybean frying oil and 0.5%

corn steep liquor
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study demonstrated the potential of a biosurfactant

produced from Candida sp in the removal of oil in a

semi-industrial scale DAF prototype, which increased

the separation efficiency from 80 to 98% (Rocha e

Silva et al. 2015). Based on these promising results,

the present study tested a new bacterial biosurfactant

Fig. 3 1H NMR spectrum (CD3OD, 300 MHz) of biosurfactant isolated from P. aeruginosa UCP0992 cultivated in mineral medium

supplemented with 4% soybean frying oil and 0.5% corn steep liquor

Fig. 4 Chromatogram of biosurfactant produced by P. aeruginosa UCP0992 showing peaks for structures containing carbonyl and

hydroxyl groups
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as a replacement for synthetic surfactants in a

laboratory-scale DAF system using a factorial design.

Table 3 displays the removal rates achieved with

the application of the CCRD matrix using the crude

biosurfactant from P. aeruginosa UCP 0992 as a

collector. Removal efficiency ranged from 82 to 95%.

Multiple regression analysis using RSM was per-

formed to adjust the response function to the exper-

imental data and investigate the simultaneous

influence of the four variables studied. The following

quadratic polynomial equation best fit the data:

Y %ð Þ ¼ 89:6925� 2:64X1 þ 1:65X2
1 þ 2:35X2

� 2:86X2
2 þ 2:10X3 � 0:65X2

3 þ 4:14X4

� 1:27X2
4 þ 0:56X1X2 � 0:79X1X3

þ 0:16X1X4 þ 0:66X2X3 þ 0:75X2X4

� 0:19X3X4

ð2Þ

in which Y is separation efficiency (%) and X1, X2, X3

and X4 are coded values for oily water flow rate (mL/

min), water ? microbubble flow rate (mL/min), bio-

surfactant solution flow rate (L/min) and biosurfactant

concentration (g/L), respectively. The optimal values

Table 3 Central composite design matrix and experimental values of factors according to separation efficiency in DAF system with

use of biosurfactant

Runs Oily water flow rate

(L/min), X1

Water ? microbubbles

flow rate (L/min), X2

Biosurfactant solution flow

rate (L/min), X3

Biosurfactant

concentration (g/L), X4

Separation

efficiency (%), Y

1 - 1.0 - 1.0 - 1.0 - 1.0 87.38

2 - 1.0 - 1.0 - 1.0 1.0 88.34

3 - 1.0 - 1.0 1.0 - 1.0 89.37

4 - 1.0 - 1.0 1.0 1.0 90.22

5 - 1.0 1.0 - 1.0 - 1.0 87.45

6 - 1.0 1.0 - 1.0 1.0 92.05

7 - 1.0 1.0 1.0 - 1.0 91.32

8 - 1.0 1.0 1.0 1.0 94.88

9 1.0 - 1.0 - 1.0 - 1.0 83.24

10 1.0 - 1.0 - 1.0 1.0 85.92

11 1.0 - 1.0 1.0 - 1.0 84.32

12 1.0 - 1.0 1.0 1.0 86.43

13 1.0 1.0 - 1.0 - 1.0 86.98

14 1.0 1.0 - 1.0 1.0 89.42

15 1.0 1.0 1.0 - 1.0 88.79

16 1.0 1.0 1.0 1.0 90.52

17 - 2.0 0.0 0.0 0.0 93.56

18 2.0 0.0 0.0 0.0 90.12

19 0.0 - 2.0 0.0 0.0 82.34

20 0.0 2.0 0.0 0.0 84.31

21 0.0 0.0 - 2.0 0.0 84.76

22 0.0 0.0 2.0 0.0 90.11

23 0.0 0.0 0.0 - 2.0 78.79

24 0.0 0.0 0.0 2.0 94.23

25 0.0 0.0 0.0 0.0 88.35

26 0.0 0.0 0.0 0.0 89.44

27 0.0 0.0 0.0 0.0 89.93

28 0.0 0.0 0.0 0.0 90.05
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from the CCRD were obtained by solving the regres-

sion equation and analysing the response surface

contour plots. An oily water flow rate of 5.00 L/min,

water ? microbubble flow rate of 6.50 L/min, bio-

surfactant solution flow rate of 2.00 L/min and

biosurfactant concentration of 0.35 g/L were the most

favourable for the oil removal process using the

biosurfactant, achieving a 94.88% separation rate

(Run 8) (Table 3).

ANOVA was performed to test the significance and

acceptability of the quadratic model (Table 4). The

p-values and F-values (with 95% confidence interval)

indicate that all terms were statistically significant

(p\ 0.05; F[ 4) with the exception of the interac-

tions between the variables oily water flow rate (X1)

and biosurfactant concentration (X4) and between

biosurfactant solution flow rate (X3) and biosurfactant

concentration (X4). The low pure error (0.36) indicates

good reproducibility of the experimental data.

The explained variance (R2 = 0.99595) ensured

adequate fit (R = 0.9916) and the predicted versus

actual values for separation efficiency determined by

the model were very close to the straight line (Fig. 5),

which indicates that the model is suitable for predict-

ing separation efficiency under the experimental

conditions.

The effects and statistical significance of the

forecasting model variables were graphically illus-

trated using Pareto charts (Fig. 6). The linear term of

factor X4 contributed significantly, i.e., an increase in

biosurfactant concentration implies an increase in

separation efficiency. The linear term of factor X2 also

contributed positively to separation efficiency. How-

ever, the quadratic term of X2 led to a reduction in

efficiency. The linear term of factor X1 contributed

negatively to separation efficiency, but the quadratic

term of factor X1 contributed positively to separation

efficiency. Both linear and quadratic terms of X3

contributed positively to the increase in separation

efficiency.

Figure 7 displays the fitted response surface plot for

separation efficiency obtained by the model of Eq. (2).

Graphic representation enables the visualisation of the

relationship between the response and experimental

Table 4 Analysis of variance (ANOVA) for separation efficiency in pilot scale DAF system with use of biosurfactant

Factor Sum of squares Degrees of freedom Mean square F-ratio p-valuea

X1 (L) 41.6593 1 41.6593 342.14783 0.0003448

X1 (Q) 16.2855 1 16.2855 133.75296 0.0013882

X2 (L) 33.2291 1 33.2291 272.91 0.0004828

X2 (Q) 49.0776 1 49.0776 403.07385 0.0002701

X3 (L) 26.5020 1 26.5020 217.6608 0.0006756

X3 (Q) 2.5741 1 2.5741 21.141469 0.0193353

X4 (L) 102.7548 1 102.7548 843.9243 8.957E-05

X4 (Q) 9.6393 1 9.6393 79.167785 0.0029939

X1 (L) 9 X2 (L) 1.2656 1 1.2656 10.394566 0.0484342

X1 (L) 9 X3 (L) 2.4964 1 2.4964 20.502909 0.0201512

X1 (L) 9 X4 (L) 0.0992 1 0.0992 0.814934 0.4332052

X2 (L) 9 X3 (L) 1.7161 1 1.7161 14.094313 0.0330201

X2 (L) 9 X4 (L) 2.2650 1 2.2650 18.602628 0.0229539

X3 (L) 9 X4 (L) 0.1369 1 0.1369 1.1243584 0.3667898

Lack of fit 0.8710 10 0.0871 0.715372 0.7000357

Pure error 0.3653 3 0.1218

Total square sum 305.5641 27

L linear effect, Q quadratic effect

R2 = 0.99595; adjusted R2 = 0.9916
ap B 0.05—significant at 5% level
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levels of each variable and type of interactions

between test variables in order to deduce the optimum

conditions. Better separation efficiency was found

when the oily water flow rate was maintained at its

minimum level and interacted with the water ? mi-

crobubble flow rate (Fig. 7a), biosurfactant solution

flow rate (Fig. 7b), and biosurfactant concentration

(Fig. 7c). However, these interactions were weak and

did not produce well-defined regions in the graphs.

The elliptic curve of the graph in Fig. 7d indicates a

high degree of interaction between water ? mi-

crobubble flow rate and biosurfactant flow rate, with

greater separation efficiency at the level just above the

central region of the response surface. The combina-

tion of greater microbubble flow and greater biosur-

factant concentration led to maximum separation

efficiency (Fig. 7e) and the parallelism found in the

graph of the interaction demonstrates that it is possible

to predict separation efficiency by varying only one of

these variables. Figure 7f shows that high separation

Fig. 5 Plot of predicted

versus actual separation

efficiency achieved using

biosurfactant produced by P.

aeruginosa UCP 0992

Fig. 6 Pareto

chart showing effects of

observed factors and

combined impact on

separation efficiency in

DAF system with use of

biosurfactant
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Fig. 7 Response surface plots and contour plots for maximum

separation efficiency generated using data in Table 4; Inputs =

28 experimental runs carried out under conditions established

by CCRD; separation efficiency as function of a oily water flow
rate and microbubble water flow rate; b biosurfactant solution

flow rate and oily water flow rate; c biosurfactant concentration
and oily water flow rate; d microbubble water flow rate and

biosurfactant solution flow rate; e biosurfactant concentration

and microbubble water flow rate; f biosurfactant concentration
and biosurfactant solution flow rate
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efficiency was also achieved when both biosurfactant

solution flow and biosurfactant concentration were

maintained at their maximum levels.

Flotation experiments following optimisation

of operational conditions

After the optimisation of the operational conditions,

new experiments were conducted replacing the crude

biosurfactant with the isolated and formulated forms

to determine the influence of the extraction process

and addition of the chemical conservative potassium

sorbate on the efficiency of the biomolecule. The

results demonstrate that the isolated and formulated

biosurfactants were capable of removing 95.89% and

94.75% of the oil, respectively. Control experiments

(without the biosurfactant) conducted with the opti-

mised operational conditions resulted in an oil

removal rate of about 75% using the microbubble

process alone, demonstrating the importance of adding

the biosurfactant from P. aeruginosa UCP 0992 as a

collector in the separation process.

Considering the 94.88% removal rate with the

crude biosurfactant, the formulated product (addition

of the conservative) could be advantageous, as this

form of the biosurfactant maintains stable tensioactive

properties when stored for a period of 120 days, which

demonstrates its potential for commercial use. On the

other hand, isolated biosurfactant may be more

interesting in terms of demand and logistics, when it

is not possible to store large volumes of formulated

biosurfactant. In this case, the isolated biosurfactant

becomes more attractive, although it represents an

additional cost, as the final price of the biosurfactant

will be higher due to the inclusion of an extraction

step.

Figure 8 shows the difference in the quality of the

emulsion formed with and without the biosurfactant,

demonstrating that the emulsification and consequent

removal of the oil is substantially improved in the

presence of the biosurfactant (Fig. 8b).

The efficiency of the flotation-biosurfactant system

is also evidenced when a concentration of oil of 15 g/L

is used, which is much higher than the maximum limit

permitted by Brazilian law (20 ppm) (CONAMA

2011). This suggests that the DAF-biosurfactant

combination will ensure adequate treatment of efflu-

ents under actual conditions of the treatment of

industrial oily effluents and enable the reuse of the

clean water. In a study conducted by Watcharasing

et al. (2009), a 60% oil removal rate was found in a

flotation system using synthetic surfactants. Thus, the

biosurfactant tested herein achieved greater separation

efficiency.

It is important to stress that the biosurfactant from

P. aeruginosa UCP 0992, besides being used in its

crude form, was produced in a culture medium

prepared only with industrial waste products, which

Fig. 8 Separation of oily

water. a DAF system

functioning without

biosurfactant; b DAF

system functioning with

biosurfactant from P.

aeruginosa UCP 0992. Note

formation of floated

complex resulting action of

microbubbles combined

with biosurfactant studied

(right)
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further reduces the costs. As substrates used in the

production of biosurfactants account for 20 to 30% of

the production cost, the final price of the biosurfactant

from P. aeruginosa was calculated based on the price

of pure biosurfactants available on the market, with a

final price estimated to be around 0.6 to 1.5 €/kg
(Hazra et al. 2012).

The low cost of the proposed DAF process is

evident by the small amount of biosurfactant

(350 ppm) required to achieve maximum efficiency

(run number 8 in Table 3). Moreover, the DAF system

is highly efficient, simple to operate and requires a low

investment, as the implantation cost is approximately

tenfold lower that that required for other methods,

such as separation by continuous centrifugation. As

many industries generate huge amounts of oily waters

that require adequate treatment before being discarded

or reused, the benefits of treating oily waters with the

system developed herein demonstrates its consider-

able market potential.

Conclusion

The results obtained in the present study indicate that

the efficiency of the DAF process for the treatment of

oily water can be enhanced with the use of the

biosurfactant produced by P. aeruginosa, as demon-

strated by the significant increase in the oil removal

rate. Thus, the system presented herein is a favourable

strategy for decontaminating oily industrial effluents.

Besides increasing the separation efficiency of the

DAF system, the use of biosurfactants is a sustainable

practice from the environmental standpoint, as it

enables the use of industrial waste products, which are

sometimes available from a single industrial complex.

Moreover, the bench-scale prototype enables an

analysis of characteristics that are fundamental to the

establishment of parameter levels (set points) and

equipment control strategies.
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