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ABSTRACT

The increase in water-oil separation efficiency as a function of biosurfactant in a novel process of a
continuous induced pre-saturation tower (IPST) with stages was described. The pre-saturation of the
effluent in a new IPST prior to its entrance in each stage enabled enhancing the effect of the biosurfactant
on the flocculation of oil droplets due to the close contact with the air during the formation of
microbubbles inside a centrifuge pump. This change of a conventional dissolved-air flotation device
enabled each stage to serve as a final flocculation chamber and flotation separator. The initial flocculation
step occurred nearly entirely within the centrifugation pump adapted for the generation of microbubbles.
Experimental tests in a bench-scale prototype of an IPST enabled drafting two operation diagrams based
on the absence and presence of the biosurfactant produced by the bacterium Pseudomonas cepacia CCT
6659. We used an effluent composed of water and semi-synthetic motor oil at 500 + 13 mg L. The oil
removal efficiency was estimated with the aid of Damkdhler numbers applied under the analogy of
considering the IPST to be a set of perfect-mixture tanks in series. To quantify the increase in efficiency
achieved with the addition of the biosurfactant, we identified the kinetic laws corresponding to the
addition and non-addition of the biosurfactant. The addition of the biosurfactant led to an increase in the
oil removal rate in the IPST from 92.5 % to 97.0 %.
© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to its operating simplicity, dissolved-air flotation (DAF) has
received particular attention from researchers in the field of oily

Oils and fats are common industrial pollutants, the removal of
which is normally achieved through gravitational separation, such
as decantation, centrifugation, flotation, etc. Complex processes
requiring high investments have been adopted and minimizing the
costs of classic processes seems to be a challenge for many
researchers. Therefore, important contributions have been made to
technologies aimed at improving classic processes, such as
flotation [1].
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water treatment. A preferential coalescence-adsorption process
was recently developed using a cyclonic flotation column in a
single structure for the separation of oil from water [2]. This
flotation column is fed from the top. A flow of air microbubbles and
coal particles adsorb to the oil droplets in the upper portion of the
column. Although a relative increase is the oil removal rate is
achieved by the combination of the two processes, the additional
component of coal particles may give rise to an effluent that
requires new separation methods.

Researchers have dedicated efforts toward the implementation
of more efficient flotation equipment, such as column flotation
cells. However, such equipment does not seem to meet the
expectations of enhancing separation efficiency in relation to the
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physical space occupied. The increase in contact time due to the
increase in column length does not mean greater efficiency [3].
Turning to the aid of special collectors has also been a common
practice in the quest for better performance for DAF devices.
However, this strategy requires a large physical structure for the
required mixing conditions and contact time. In other words,
obedience to a given kinetic law should allow analogies that
transform a simple column into a set of separating chambers.
Based on this premise and the physical arrangement used in
distillation columns, such physical conditions were reproduced in
the present study as a way to adjust separation conditions in
flotation equipment.

Biosurfactants are compounds obtained from microorganisms
that are capable of altering the surface and interfacial properties of
liquids. These natural products are biodegradable biodetergents
with numerous industrial applications, especially in processes that
involve petroleum products, such as the treatment of oil-
contaminated soil, the treatment of oily water as well as the
cleaning of heavy oil from pipes and storage tanks [4].

To investigate the use of a biosurfactant in the field, it is
necessary to perform tests in laboratory prototypes with similar
operational characteristics as those used on a pilot scale [5]. Such
prototypes must ensure the adequate prediction of the effect
caused by the addition of these alternative collectors in situations
that simulate difficulties found on a larger scale.

In this work, the action of a biosurfactant was tested in a bench-
scale of a new induced pre-saturation (IPST) with different stages.
While an IPST performs better than conventional flotation devices,
the prototype was used with the biosurfactant to investigate a
possible further increase in the removal of oil from water.

2. Materials and methods
2.1. Experimental design

An induced saturation tower with different stages has the same
function as DAF column equipment but with modifications and
adjustments to the steps of the process. Such modifications enable
a reduction in the physical space occupied by the flotation
chambers in comparison to conventional DAF [6]. The arrangement
in different stages, as occurs in a distillation column, gives an IPST
the format shown in the schematic displayed in Fig. 1. The pre-
saturation of the effluent with atmospheric air microbubbles is
achieved with the aid of a centrifuge pump adapted to generate
microbubbles without the aid of a compressor or saturation tank
[7].

In an IPST, the saturation stages of the water-oil mixture and the
onset of floc formation with or without the addition of an auxiliary
collector, such as a biosurfactant, are performed simultaneously
during the passage of this mixture through the microbubble pump.
Air and the effluent to be treated enter the aspiration line of the
centrifuge pump, completing pre-saturation within the discharge
line of the microbubble generation pump [8].

The chambers of the IPST are cylindrical and have a conical base.
In each stage, the affluent flow containing the liquid saturated with
air microbubbles is fed through the top and dispersed at half the
height from the base. Within the stage or flocculation-separation
chamber, the oil droplets are submitted to flotation, creating an
oily foam that rises to the upper portion of the chamber. This foam
is removed through an upper outlet located on the side of the lid of
the chamber connected to a pipe. This occurs simultaneously in all
stages. The outlet was strategically designed to serve as a
convergent-divergent diffusor through the shape of the lid of
the chamber to facilitate the removal of the oily foam [9].
Moreover, a hydraulic seal maintains the level of the liquid
constant in the interior of the stage, enabling the removal of
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Fig. 1. Schematic of main components of bench-scale prototype of induced pre-
saturation tower with different stages. 1 - Feed tank of upper stage; 2 - return valve
of Pump 1; 3 - discharge line for Pump 1; 4 - microbubble flow control valve of
Pump 1; 5 - flow valve for oily foam suction tube; 6 - oily foam collection pipe; 7 -
flotation chamber of upper stage; 8 - hydraulic seal of upper stage; 9 - sample
collection valve of upper stage; 10 - discharge valve of upper stage; 11 - flotation
chamber of intermediate stage; 12 - hydraulic seal of intermediate stage; 13 -
sample collection valve of intermediate stage; 14 - discharge valve of intermediate
stage; 15 - microbubble flow control valve of Pump 2; 16 - lower flotation chamber;
17 - hydraulic seal of lower flotation chamber; 18 - sample collection valve of lower
flotation chamber; 19 - valve of return pipe of Pump 2; 20 - feed tank of lower stage.

samples from the lower outlet of the stage and the feeding of the
following stage. The degree of saturation of this effluent in each
stage can be recomposed with an additional saturation before the
liquid is sent to the next stage.

The treated water that exits each stage of the IPST has a level of
residual oil that depends on the number of stages through which it
has already gone (the spatial time to which it was submitted) [10].
The second type of effluent of each stage is an oily foam formed on
the surface of the separation-flocculation chamber. The shape of
the lip causes a gradual reduction in the physical space for the
outflow of the oily foam, which should not accumulate at the top of
the chamber. Thus, the foam on the surface of the chamber is
aspirated toward the opening on the upper side of the lid. At the
base of the tower, water treated in the final stage is collected in a
treated-water tank.

2.2. Material for construction of induced saturation tower

When working with the experimental development of equip-
ment, it is advisable to develop prototypes on different scales,
which will undergo transformations as the functional character-
istics are defined [11]. Thus, one works with materials that are easy
to handle but difficult to adapt to certain practical situations, such
as high resistance to mechanical forces and high temperatures. For
instance, constructing prototypes with transparent materials
(glass, acrylic or polycarbonate) gives rise to physical models
denominated cold models [12,7,13,14]. Such materials enable
visualizing important fluid dynamics [15] but also have leakage
problems, cracks, low tolerance to high temperatures and other
limitations. However, cold models enable modifications within a
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short observation period, whereas metal models require long
periods of time for the implementation of the necessary
corrections.

The stages of the bench-scale TSPI prototype used in this study
were constructed in transparent acrylic, PVC, acrylonitrile butadi-
ene styrene (ABS) and aluminum, the latter of which was used as
the framework. The lids of the chambers had a more complex
shape that the other components and were made in ABS with the
aid of a 3D printer [16]. The pipes were made of PVC. The
microbubble pumps were centrifuge pumps equipped with
devices to eliminate the occurrence of cavitation during the
operation of the tower [17]. The pumps should have manometric
heights for the elevation of the water column a minimum of 50 m
to enable the operation of the tower under conditions greater than
those recommended by Han et al. [18] for the generation of
microbubbles.

2.3. Control of IPST

The automation and control system for the IPST continuous
prototype was designed based on simple strategies according to
Galdino et al. [19]. The microbubble generation system consisted of
a tank and duly adapted centrifuge pump. The flow of the saturated
affluent to the chamber was controlled by a valve to adjust the
pressure of the discharge line of the pump, which is necessary for
adequate microbubble flow.

The level of the liquid in the chambers was limited by a liquid
column that forms a hydraulic seal at a height near the upper side
outlet. This outlet only allows the exiting of the oily foam while
retaining the purely liquid phase. A second strategy for assisting in
the removal of the foam (also shown in Fig. 2) was the placement of
a tube with bleeding of the affluent to assist in drawing the oily
foam [20]. To avoid the formation of low-pressure zones and the
consequent disturbance of the flow through the flotation chamber,
the tubing had an additional piece serving as a vacuum breaker
[21].

Svnthetic effluent saturated
with air microbubbles
g
Batch flotation
chamber\
Sample collection 7|

point ~————ou-

11

-

Fig. 2. Experimental batch arrangement for determination of kinetic flotation laws
with and without addition of biosurfactant.
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2.4. Preparation of biosurfactant

2.4.1. Bacteria and culture

The biosurfactant used in the experiments was produced by the
bacterium Pseudomonas cepacia CCT 6659, which was acquired
from the culture bank of the André Tosello Research and
Technology Foundation (Campinas, SP, Brazil). Young cultures of
the bacteria were transferred to an Erlenmeyer flask containing
50 mL of brain heart infusion (BHI) and kept under stirring at
150rpm for 12h at 28°C to obtain an optical density of 0.7
(corresponding to an inoculum of 107 colony-forming units/mL) at
600 nm.

The culture medium specified by Soares da Silva et al. [22] was
used (gL™1): 0.5 of KH,PO4, 1.0 of K,HPO,, 0.5 of MgS04.7H,0, 0.1 of
KCl, 0.01 of FeS04.7H,0, supplemented with 2.0 % waste canola
frying oil and 3.0 % corn steep liquor. The initial pH was adjusted to
7.0. The culture was performed with an inoculum of 1.5 % with
stirring at 250 rpm for 60 h at 28 °C.

2.4.2. Determination of surface tension

The surface tension of the liquid was measured at 25 °C using
Sigma 700 tensiometer (KSV Instruments Ltd., Helsinki, Finland)
equipped with a du Noiiy ring [12]. The tension of the surfactant
solutions was calculated using the Langmuir method Langmuir
[23]: vo = ¥ (n/ng), in which vy, and vy are respectively the surface
tensions of the reference solvent (yo=73.49 dyn/cm? for water)
and surfactant solution and ngp and n are respectively the number of
drops of the reference solvent and surfactant solution.

2.4.3. Biosurfactant purification and isolation

For the isolation of the biosurfactant, the cells were removed
from the culture medium after fermentation by centrifugation at
5000 rpm for 30 min. The pH of the filtered supernatant was
adjusted to 2.0 with HC1 6.0 M and the addition of an equal volume
of CHCl3/CH30H (2:1, v/v). The mixture was shaken vigorously for
15 min and set to rest for the separation of the phases. The organic
phase was removed and the operation was repeated three times.
The organic phase was concentrated using a rotary evaporator. A
viscous yellowish product was obtained, dissolved in methanol
and concentrated again by evaporation of the solvent at 45 °C [24].
After extraction, the product was treated with a base and
crystallized for the maximal removal of impurities.

2.5. Kinetic models for oil removal

The synthetic effluent used in the experiments consisted of
water with motor oil (500 + 13) mg L. The motor oil was semi-
synthetic (Shell HELIX-HX6, 15W-40) for use in flex engines. The
homogenization of the oil in the effluent was achieved using the
procedures described by Rocha e Silva et al. [24]. The emulsion
containing the water and motor oil was stabilized with .05 %
sodium chlorite (NaCl) and 0.0025 % sodium lauryl sulfate (SLS).
The effluent with biosurfactant contained the same components
with the same concentrations plus the biosurfactant (0.25 %) from
Pseudomonas cepacia CCT 6659. Both synthetic effluents were
prepared using a vortex shaker at 2800 rpm for approximately ten
minutes.

The oil content in the samples was determined using a
spectrophotometer following the methods described by Cirne
et al. [25]. For such, a calibration curve was created for different
concentrations of oil in n-hexane. The oil in each sample was
extracted with n-hexane. An aliquot was placed in a cuvette and
the content was analyzed.

For the experimental studies of the flotation kinetics with the
pre-saturated affluent, the batch chamber shown in the schematic
in Fig. 2 can be used. The flotation kinetics can be monitored with
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the aid of measures of the reduction in the concentration of oil in
the oily load of the chamber as a function of time by collecting
samples from the base of the column and employing Eq. (1):

dCo '
—g2 =k 1)
in which:

Co = concentration of oil

k' = kinetic oil removal constant

n = kinetic order of removal

Fractional oil removal (R) in relation to the oil mass in the
affluent of the flotation chamber is given by:
R — Co, —Co —1_ Co (2)

Co,

inwhich Co, is the concentration of oil in the affluent of the batch-
fed flotation chamber. Working algebraically to Eq. (2),

Co=Co,(1-R) (3)
and introducing Eq. (3) into Eq. (1):

drR

E:kCgo(l —-R)" (4)

Assuming a constant k in place of the term k/C”O, we have a

kinetic model (Eq. (5)) for the flotation of the pre-saturated

effluent through the experimental determination of k and n:

dR n

= k(1 —R) (5)
Considering the similarity of an IPST to a battery of m mixture

tanks, for removal kinetics of the order n, we have first-order oil

removal kinetics (n=1):

o, ©)

Ch —— 0%
T Atk )"

in which:

Co,, = concentration of oil in chamber m, mgL™"

ki = Kkinetic oil removal constant for n=1 order, min~

7 = mean fluid retention time of IPST, min

The product ki t is identified as a dimensionless Damkdhler
number for first-order kinetics [7]. For second-order removal
kinetics (n = 2), the calculation of the concentration at the output of
chamber 2 gives:

Ciwﬂk(ﬁ_)
COZ: 2-k2-T (7)

1

in which:

Co, = concentration of output in chamber m=2, mgL™"

k, = kinetic oil removal constant for n=2 order, L mg " min!

In this case, the Damkohler number is represented by the
product tk;Co,.

For n >2, it is not possible to use a general analytical expression
and the concentration at the output of each stage has to be
estimated stage by stage [26]. Thus, if the spatial time, initial
concentration, number of stages and constant of the kinetic oil
removal law are known, it is possible to estimate removal
efficiency of a set of m floatation chambers operating with
induced pre-saturation.

2.6. Analysis of kinetic data

For the determination of the kinetic constant of the flotation,
batch experiments were performed using the installations of one
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of the stages of the bench-scale prototype (Fig. 3). For such, the
steady-state operating conditions of the tower were initiated and
interrupted with the simultaneous stopping of the microbubble
pump and closure of the discharge valves of the selected chamber.
Samples were removed every three minutes, giving rise to data for
the creation of an oil concentration curve as a function of time.

The method for the creation of the kinetic curve was the
adjustment of the variation in concentration over time (Cg) with
the aid of a third-degree polynomial, as follows:

Co=a+b-t+c-t?+d-t3 (8)

in which:

t=time, min

a, b, c and d = constants of model

With the coefficients from Eq. (8), we can derive the expression
and define the order of the kinetic law given by Eq. (9):

—dCo
dt
The kinetic constants of Eq. (9) can be estimated by adjusting

the model through regression using the Nonlinear Estimation tool
of Statistica (StatSoft®).

—k-C} (9)

2.7. Statistical treatment of data

Significant differences between the oil and grease contents at
the input and output of each stage of the tower were determined
using one-way analysis of variance (ANOVA) with the aid of
Statistica V.10 (StatSoft Inc., Tulsa, USA). Tukey’s HSD test (p < 0.05)
was used for comparisons when ANOVA revealed significant
differences between samples [27]. Regarding the goodness of fit of
the models that tested the first-order kinetic law for removal

Fig. 3. Bench-scale induced pre-saturation tower with different stages — Patent: BR
20 2017 016076 4.
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efficiency, the quasi-Newton method was used as the numerical
optimization in the regression of the data to find the most efficient
solution among all possible solutions.

3. Results

Phenomenological models involving dimensional analysis have
been developed to predict the efficiency of oil removal from water
[28]. The determination of the removal efficiency of oil droplets
dispersed in water in a DAF chamber is considered complex [29].
The kinetic behavior of a DAF chamber, which is also denominated
a flotation reactor, is treated phenomenologically in two steps [29].
In a first region, known as the contact zone, the liquid interacts
with air microbubbles, forming flocs. In a second region, known as
the separation zone or clarification zone, the flocs are sent to the
oily foam layer on the surface of the liquid in the chamber [30]. The
authors cited proposed two kinetic models for the different
behaviors of each region of the reactor. However, the strategy of
generating microbubbles with a feed pump using the effluent itself
transforms the floatation chamber into a means of oil droplet
removal with a much simpler mechanism [31,7].

3.1. Continuous IPST prototype

Fig. 3 is a photograph of the IPST continuous prototype installed
at the Prototype Lab of the Advanced Institute of Technology and
Innovation (IATI, Recife, PE Brazil). The individual volume of each
chamber was standardized at 3.4 L. After the installation of the
equipment, preliminary experimental tests were performed for the
definition of the operating characteristics of the IPST, using a
synthetic effluent with a volumetric flow ranging from 0 to 0.040
m>h~". The flow values for the pumps were adjusted with the aid
of valves on the return pipes to the tanks.

3.2. Kinetic analysis of oil removal

Experiments were performed with and without the biosurfac-
tant. Following the recommendations of Dhanarajan et al. [32],
preliminary tests were performed using doses ranging from
250mgL~! to 500 mg L~!, which determined that a content higher
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than 300 mg L~! was not promising either technically or economi-
cally. Thus, the data displayed in Fig. 4 shows the effects of the
addition and non-addition of the biosurfactant in the experimental
arrangement shown in Fig. 2. The removal rate in both tests
generated third-order polynomial models as a function of time.
Table 1 displays the parameters of the regressions of the
polynomials using the quasi-Newton numerical optimization
method [33] for the addition and non-addition of the biosurfactant
according to [8,17].

The R(t) polynomials were used to estimate the dR/dt values
and the quasi-Newton numeric method was again used for the
estimates of k and n in Eq. (6). Table 2 presents the kinetic
constants found for Eq. (6) applied to the conditions of the addition
and non-addition of the biosurfactant during the batch tests.

3.3. IPST operation diagrams

Two operation diagrams were obtained for the IPST by plotting
dispersion graphs (Figs. 5 and 6), with the flow of the synthetic
effluent (Lh~1!) as the abscissa and microbubble flow (NLh~!) and
oil removal (%) as the ordinate. The IPST continuous prototype
operated with three stages with and without the addition of the
biosurfactant. The manometric height of the pumps was set at
6 bar according to Dassey and Theegala [34].

The two diagrams show the variation in oil removal under the
operational conditions without (Fig. 5) and with (Fig. 6) the
addition of the biosurfactant. The theoretical model for a battery of
perfect-mixture reactors based on the kinetic analogy proposed by
Walas [35] fit the experimental data, explaining more than 98 % of
the variance. The behavior of the pre-saturation tower confirmed
the increase in removal efficiency with the reduction in the flow
and consequent increase in fluid retention time, that is, it was
similar to the behavior of the oil-water separation flotation
columns developed by Wang et al. [36] Xu et al. [37] and Gu and
Chiang [38]. The highest removal efficiency values (97.0 % and 92.5
% for use and non-use of the biosurfactant, respectively) were
achieved at approximately 10.2 min per stage according to Wang
etal. [36]. The value of the output concentration with biosurfactant
was of 22,5 mg L~ ! and without biosurfactant was of 15 mg L~ .. The
maximum amount of mineral oil tailings allowed by the Brazilian

® With addition of biosurfactant
m Without addition of biosurfactant
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Fig. 4. Oil removal efficiency in bench-scale batch-fed flotation chamber as function of time with and without addition of biosurfactant (P =1 atm, Temperature =28 °C,

Co, =300 mgL™).
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Table 1
Parameter estimates by polynomial fit (R=a+b-t+c-t> +d-t3) with aid of quasi-Newton numerical method.
Condition a b C d Variance explained (%)
With biosurfactant 0.011 0.210 -0.017 0.463e-3 99.5
Without biosurfactant 0.020 0.126 —-0.009 0.237e-3 99.0
Table 3

Table 2
Kinetic variables estimated with aid of nonlinear estimation using quasi-Newton

Experimental parameters with their ranges, intervals and uncertainties.

method. Parameter Operating range Interval Uncertainty
Conditi ) Vari lained (3 Pressure 300-600 100 +3.0%
ondition < n ariance explained (%) Input flow rates, Lh™" 15-55 10 +2.2%
With biosurfactant 0.022 min~! 1 95.6 Air input flow rate, NL™! 0-2.5 0.5 +2.5%
Without biosurfactant 0.131Lg ' min™’ 2 95.0 Co,» mgL™! 300-500 - +1.5%
0il removal efficiency, % 40-100 10 +1.5%
2.5 100
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Fig. 5. IPST operation diagram without addition of biosurfactant (P =1 atm, Temperature =28 °C, Co, =300 mgL™").
2.5 i 100

i : I“’ 90 °.

T 2 ¢ B $ 2

= ] =

Z B 80 .9

- 1 ﬁ Q

3 =

s o 0 2

2 1 3 =

g 3

= ® 60 =

- =

-] [9)

<05 50 —

)

0 40
15 25 35 45 55

Input flow rate, L/h

Fig. 6. IPST operation diagram with addition of biosurfactant (P=1 atm, Temperature =28 °C, Co, =300 mg L.

Environmental Legislation (CONAMA) is of 20mgL~". The bio-
surfactant produced by Pseudomonas cepacia CCT 6659 [8,17] was
capable of reducing the surface tension of the medium from
65mNm~! to 26 mNm™! to reduce the static Sauter diameters,
increasing the efficiency of microbubbles production [39].

Table 3 indicates the range of the parameters in this study with
their intervals and uncertainties. All the measurements were
repeated for five times. The propagation of errors method was used
to estimate the uncertainty of some parameters.

4. Conclusions

The induced pre-saturation tower with stages used for
separation of mixture of water and semi-synthetic motor oil at
500mgL~! have shown that the addition of the biosurfactant
produced by the bacterium Pseudomonas cepacia CCT 6659 led to
an increase the oil removal efficiency from 92.5 % to 97.0 %,
emphasizing that the oil removal efficiency was estimated with the
aid of Damkoéhler numbers applied under the analogy of
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considering the IPST to be a set of perfect-mixture tanks in series.
The biosurfactant dosage associated with the centrifugal pump
equipment for the generation of microbubbles in IPST Process
increase the interfacial surface area which creates an environment
for effective oil droplet-bubbles attachment. However, in this
study, the IPST efficiency is directly proportional to the micro-
bubble generation attributed to the centrifugal modified pump
(500 kPa), input flow rate of oily water (20 Lh™"), air-water ratio
(11.5 %) and hydraulic retention time (30.6 min). The value of the
output concentration of oily water without using biosurfactant
was of 22.5mg L' and with using biosurfactant was of 15mgL",
therefore, it is worth noting that the maximum amount of mineral
oil tailings allowed by the Brazilian Environmental Legislation [40]
is currently of 20 mg L. The IPST Process for its innovation and
efficiency can become a promising potential candidate in the
treatment of oil-contaminated waters.
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