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a b s t r a c t

The present work investigates the conjugation of flotation and photo-Fenton techniques on oil removal
performance from oilfield produced water. The experiments were conducted in a column flotation and
annular lamp reactor for induced air flotation and photodegradation steps, respectively. A nonionic
surfactant was used as a flotation agent. The flotation experimental data were analyzed in terms of a
first-order kinetic rate model. Two experimental designs were employed to evaluate the oil removal
efficiency: fractional experimental design and central composite rotational design (CCRD). Overall oil
removal of 99% was reached in the optimum experimental condition after 10 min of flotation followed by
45 min of photo-Fenton. The results of the conjugation of induced air flotation and photo-Fenton pro-
cesses allowed meeting the wastewater limits established by the legislations for disposal.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Throughout the productive life of an oil field, the simultaneous
production of gas, oil and water generally occurs. However, the
economic interest is focused on the production of hydrocarbons (oil
and gas), thus requiring the separation of these three fluids. The
treatment of produced water (aqueous stream) aims to recover the
dispersed oil and frame the final effluent for the purpose of reuse or
disposal. In Brazil (CONAMA) and USA (USEPA), the maximum
concentration of the total of oils and grease (TOG) in effluent
disposal in the seabed is 29 ppm.

Several methods are applied to TOG reduction in aqueous ef-
fluents, such as liquideliquid extraction (Moraes et al., 2011),
hydrocyclones (Amini et al., 2012), flotation (Santo et al., 2012) and
biological treatment (Lu et al., 2009). Among these methods,
flotation is widely used because of its high rate of separation in
short residence times and low operating cost (Watcharasing et al.,
2008; Rattanapan et al., 2011; Le et al., 2013). This unit operation
is based on differences in hydrophobicity among substances to be
separated (Ding, 2010) and consists of the following steps (El-Kayar
et al., 1993): (1) generation of bubbles, (2) contact between
x: þ55 55 3220 8030.
generated bubble and dispersed droplet, (3) formation of an
aggregate bubble-droplet, (4) aggregate transportation.

The probability of flotation is defined as the product of the
collision probabilities, adhesion and transport (Yoon, 2000). Eq. (1)
shows that the probability of collision between the oil droplet and
the air bubble is lower for small drops of oil.

PCa
�
Dg

Db

�2
(1)

where Dg and Db are the diameters of the droplet and the bubble,
respectively. This limitation is important in the treatment of pro-
duced water, where the oil could be present in four phases: free oil
(droplets of oil >150 mm), dispersed oil (droplets of oil >50 mm),
emulsified oil (droplets of oil <50 mm) and dissolved oil (Santander
et al., 2011). Moreover, degradation of organic compounds present
in effluents by Advanced Oxidation Processes (AOPs) has shown
high efficiency even when they are present at low concentrations
(Philippopoulos and Poulopoulos, 2003; Masomboon et al., 2010;
Paz et al., 2013). Among AOPs, photo-Fenton is one of the most
widely used techniques (Moraes et al., 2004a, 2004b; Nogueira
et al., 2008; Sakkas et al., 2010; Nagarnaik and Boulanger, 2011).
This process can be divided into three major steps (Krutzler and
Bauer, 1999) (Eqs. (2)e(5)): (1) generation of hydroxyl radicals
(�OH); (2) regeneration of ferrous ions by the action of light, (3)
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Table 1
Physicalechemical properties of crude oil.

Physicalechemical property Value

Density at 25 �C (g mL�1) 0.88
API gravity (�API)a 27
Viscosity (cP) 65.00
Superficial tension (mN m�1) 29.95
Interfacial tension (water/oil) (mN m�1) 10.98

a Calculated according to the relation
�
API ¼

�
141:5
d60 ºF

�
� 131;5, where d is the

relative density.
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oxidation of the organic matter by hydroxyl radicals present in the
reaction medium.

Fe2þ þ H2O2/Fe3þ þHO� (2)

½Fe ðOHÞ�2þ!hnFe2þ þHO� (3)

½Fe ðCOOCRÞ�2þ!hnFe2þ þ CO2 þ R� (4)

HO� þ RH/oxidation products/CO2 þ H2O (5)

Thus, a photodegradation step subsequent to the flotation pro-
cess can improve oil removal efficiency in the effluent. Recently,
some researchers have suggested the application of integrated
processes as being the most appropriate solution for the treatment
of various industrial effluents (Zak, 2009; Sena et al., 2009; Silva
et al., 2012). Induced air flotation and photo-Fenton processes
were integrated to the treatment of residual waters contaminated
with xylene, resulting 100% of organic load removal in 20min (Silva
et al., 2012). Significant removal levels of chemical oxygen demand
(COD) in treatment of oilfield wastewater containing polymers
were obtained using the combination of the advanced oxidation by
zerovalent iron/EDTA/air system followed by biodegradation pro-
cess (Lu andWei, 2011). Treatment of tannery industrial effluent by
integrating the photo-Fenton and electrocoagulation processes
resulted in an appreciable improvement in the results of COD
removal when compared with the conventional process using
a combination of filtration, chemical coagulation and sedimenta-
tion (M�odenes et al., 2012). The integration of photocatalytic
methods with a reverse osmosis unit can lead to complete decol-
orization of synthetic dye stuff effluent, as well as to a more than
95% reduction of the initial organic content (Berberidou et al.,
2009). Oilfield wastewater treatment by combined microfiltration
and biological processes may also result in a significant improve-
ment in the effluent quality (Campos et al., 2002). Therefore,
different combinations of processes can be applied for removing
the several types of contaminants. Herein, the treatment of
wastewater containing a real crude oil sample from Potiguar Basin
(Natal, Brazil) was investigated with a conjugation of flotation and
photochemical processes.

In this context, the aim of this study was to evaluate the inte-
gration of induced air flotation (IAF) and photo-Fenton processes
for reducing the oil from oilfield produced water. From this inte-
gration, the aim was to recover the maximum amount of oil by
flotation, and then degrade the remaining oil fraction in the
aqueous phase by the photo-Fenton process.

2. Materials and experimental methodology

2.1. Crude oil

This study used a real crude oil sample from Potiguar Basin
(Natal, Brazil). The oil was free of dissolved gas and water and its
properties are summarized in Table 1.

2.2. Materials

A surfactant ethoxylated derived from fatty alcohol used as
a flotation agent was supplied by Oxiteno®. Hydrophile-lipophile
balance (HLB) and molecular mass of surfactant are 6.3 and
274 gmol�1, respectively. The other used reagents were supplied by
VETEC: sodium nitrate (NaNO3), sodium chloride (NaCl), sodium
sulfate (Na2SO4), potassium chloride (KCl), aluminum chloride
(AlCl3), magnesium chloride (MgCl2) and calcium chloride (CaCl2),
ferrous sulfate heptahydrate (FeSO4.7H2O), hydrogen peroxide
(H2O2, 30%) e chloroform (CHCl3).

Experiments were carried out using effluent prepared carefully
from the dispersion of real crude oil in a saline aqueous solution
containing: 17 ppm (NaNO3), 4229 ppm (NaCl), 204 ppm (Na2SO4),
1497 ppm (KCl), 2.35 ppm (AlCl3), 1506 ppm (MgCl2) and
4875 ppm (CaCl2). The selection and concentration of these salts
was established from the average values found in the literature for
oilfield produced water (USEPA, 2000; Campos et al., 2002;
Ahmadun et al., 2009; Dong et al., 2011; Yeung et al., 2011; You
and Wang, 2011). This effluent was stirred for 25 min at
33,000 rpm and then kept at rest for 50 min to allow free oil
separation. Initial oil concentration in the effluent was 300 ppm
and 35 ppm for the stages of flotation and photo-Fenton, respec-
tively. These initial values of oil concentration were established on
the basis of the average TOG of the effluents in the primary pro-
cessing units of Potiguar basin, Brazil.

The determination of the TOG in aqueous samples was per-
formed by liquideliquid extraction, using chloroform as a solvent,
followed by the measurement of the extract in molecular absorp-
tion spectrum, at l ¼ 262 nm (Varian, Cary 50) (Lima et al., 2008).
The efficiency of each individual step (h) was expressed in terms of
TOG removal (Eq. (6)), where TOGo and TOGt are the initial con-
centrations of oil and grease at t ¼ 0 and time t, respectively. The
measurements of oil/water interfacial tension were carried out by
the drop method (tensiometer, 100 DAS).

h
�
%
� ¼

�
1� TOGt

TOGo
� 100

�
(6)

2.3. Experimental procedure of induced air flotation (IAF)

Flotation experiments were carried out in the flotation column
using induced air aeration as a system for generating bubbles.
Schematic diagram of column is shown in a previous work (Silva
et al., 2012). Diffused air aeration was used, where the com-
pressed air stream passed through a porous plate filter (16e40 mm)
to form bubbles. The column with a capacity of 0.9 L has the
following dimensions: 0.80 m (height), 0.040 m (inner diameter)
and 0.042 m (external diameter). The initial pH (7.0) and the air
flow (3.209 cm3 m in�1) values were kept constant for all the ex-
periments. The addition of surfactant to the effluent was performed
immediately before the beginning of the flotation step. At pre-
determined times (practically at each 2 min), samples were
collected from the center of the column in order to determine the
TOG value.

2.4. Photo-Fenton experimental procedure

The experiments were carried out in an annular reactor with a
capacity of 0.6 L. A mercury vapor lamp was used as source of ra-
diation (high pressure 400 W, FLZ) and located on the longitudinal



Fig. 1. Efficiency of oil removal by IAF using different surfactant concentrations: curve
1: absence of surfactant; curve 2: 4.06$10�3 mM; curve 3: 9.43$10�3 mM; curve 4:
2.86$10�2 mM; curve 5: 6.82$10�2 mM; curve 6: 1.21$10�1 mM.
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axis of the reactor, inside a quartz jacketed well with refrigerated
water circulation. A schematic diagram of reactor is shown in a
previous study (Silva et al., 2012). It is also noteworthy that the use
of borosilicate glass or quartz for the reactor well will not affect the
results of degradation using photo-Fenton process (Moraes et al.,
2004a). The reactor is provided with an outer jacket to prevent
overheating and to stabilize the temperature of the reaction me-
dium. The system temperature was kept constant at 20 �C. The
dosing of hydrogen peroxide was carried out continuously using a
peristaltic pump. The effluent pH was adjusted to 3.0 with H2SO4.
Iron sulfate (FeSO4.7H2O) and hydrogen peroxide (H2O2, 30%) were
used as Fenton's reagents. The reaction mixture was provided by a
magnetic stirrer. Samples were retrievedwith the aid of a syringe in
the bulk of the reaction medium. Practically one sample was
withdrawn at each 5 min in order to determine the TOG
concentration.

A full factorial designwas conducted to evaluate the influence of
the concentration of Fenton's reagents in reducing TOG. To carry
out an experimental designwith two independent variables (n¼ 2),
seven experiments are needed in total, with four factorial points
and three repetitions at the central point. Table 2 shows the coded
levels of the studied variables. The experiments were carried out in
order to obtain conditions for the maximum efficiency of miner-
alization. The order of the experiments was randomized to avoid
any interference in the results.
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3. Results and discussion

3.1. Reduction of TOG by flotation

Fig. 1 shows the curves of flotation efficiency for separation of
the oil-water (O/W) system, where it can be seen that the presence
of the surfactant contributes to the increase in the oil removal rate.
For all concentrations tested, a high rate of separation was found in
the first 4 min followed by a stabilization trend. The observed data
were correlated with a first order kinetic model (Eq. (7)). Fig. 2
shows the linearization for oil removal for all concentrations of
the surfactant employed. The fit quality was measured through
determination coefficient (R2). High values of the determination
coefficient (R2 > 0.96) demonstrated that the first order model was
satisfactory to represent the reduction of TOG by flotation. This is in
accordance with other research studies on the application of
flotation to O/W systems (Kelebek and Nanthakumar, 2007;
Uçurum, 2009; Silva et al., 2012).

ln
�
C0
C

�
¼ kt (7)

where C0 and C are the initial oil concentrations (t¼ 0) and at time t
(mg L�1), respectively; k is the kinetic constant (min�1) and t is the
flotation time (min).

First order kinetic considers that the bubble-particle collision
rate is first order with respect to the number of particles and that
bubble concentration remains constant over time (Eq. (7)) (Polat
and Chander, 2000). Kinetic separation can also be correlated
with the interfacial tension O/W (Fig. 3). It is possible to observe
that the addition of a small amount of surfactant contributes to a
Table 2
Experimental design applied to TOG removal by photo-Fenton.

Variable xi �1 0 þ1

[Fe(II)] mM x1 0.10 0.27 0.44
[H2O2] mM x2 10 27 44
significant increase in the kinetic constant. However, an excess of
surfactant may provoke a reduction in the separation rate. The
interfacial tension (O/W) decreases as the surfactant concentration
increases to a constant value. The surfactant tends to position itself
at the interface, thereby reducing interfacial tension. For flotation of
hydrophobic substances, which is the case of oils, this phenomenon
is not desirable because it stabilizes the interface of the droplets,
thus hindering coalescence. In the case of a surfactant with low
hydrophilic characteristic, i.e., low BHL value (Griffin, 1949), such
migration occurs into the oil droplet, due to high solubility in the oil
phase, which promotes the breakdown of the oil droplet/air
interfacial film before saturating the interface. Thus, flotation is
favored when the surfactant is present at a low concentration.
However, when an excess of this surfactant is used, the monomers
migrate to the interface, saturating the oil droplet and, thus,
becoming hydrophilic. The probability of adherence includes the
time, thickness and rupture of the liquid film during the contact
time. Oliveira et al. (1999) found that the induction time required
0 1 2 3 4
0.0

Time (min)

Fig. 2. Kinetic curves of oil removal by IAF using different surfactant concentrations at
4 min of flotation: curve 1: absence of surfactant; curve 2: 4.06$10�3 mM; curve 3:
9.43$10�3 mM; curve 4: 2.86$10�2 mM; curve 5: 6.82$10�2 mM; curve 6:
1.21$10�1 mM. (Inset: kinetic constant values).



Fig. 3. Kinetic constant and interfacial tension (O/W) as a function of surfactant
concentration at 4 min of flotation.

Table 3
Observed and predicted oil removal as a function of Fenton reagent (coded value)
at 45 min.

Run x1 x2 Observed removal (%) Predicted removal (%)

01 �1 þ1 50 49
02 �1 �1 78 77
03 þ1 �1 84 83
04 þ1 þ1 71 70
05 0 0 69 70
06 0 0 67 70
07 0 0 69 70
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for bubble-droplet adhesion and spreading of the oil droplet in the
bubble surface is determined by the affinity of the surfactant in
relation to the phase in which it is dissolved. The results demon-
strated that the increase of the surfactant concentration causes a
reduction of induction time and an increase of the stabilization
time. These researchers attributed this fact to the increase in the
transfer of surfactant molecules across the interface, causing the
rupture of the film to the contact point. This favors the adhesion
and spreading of the oil droplet on the bubble.
3.2. Reduction of TOG by photo-Fenton

Previous work has demonstrated that gasoline degradation
under conditions of photolysis (light UV only) was under than 6%
(Moraes et al., 2004a). In addition, Fenton reaction (H2O2/Fe2þ), in
the absence of UV irradiation, resulted in gasoline removal of
approximately 20%. It is known that crude oil is more resistant than
gasoline and thereby lower degradation values for these processes
are expected. Therefore, a higher TOG removal for crude oil may be
achieved with photo-Fenton reaction (UV/H2O2/Fe2þ).
Fig. 4. The kinetic of TOG reduction by photo-Fenton according to the experimental
design carried out: curve 1: 0.10 mM [Fe(II)] and 44 mM [H2O2]; curve 2: 0.10 mM
[Fe(II)] and 10 mM [H2O2]; curve 3: 0.44 mM [Fe(II)] and 10 mM [H2O2]; curve 4:
0.44 mM [Fe(II)] and 44 mM [H2O2]; curves 5, 6 and 7: 0.27 mM [Fe(II)] and 27 mM
[H2O2].
The degradation kinetics of the photo-Fenton step was
expressed in terms TOG removal (Eq. (6)). Fig. 4 shows kinetic
curves of TOG removal by photo-Fenton following the conditions
established in the experimental design (Table 2). Curve 3 (0.44 mM
Fe(II) and 10mMH2O2) showed the best efficiency with 84% of TOG
reduction at 45 min of reaction, while curve 1 (0.10 mM Fe(II) and
44 mM H2O2) showed a lower efficiency.

The mathematical model that describes the response function
(y) as a function of the dependent variables (xi) is described by Eq.
(8), where yi is the answer in the condition i, xi are the encoded
levels for the independent variables, b0, bi, and bij are the parame-
ters of the regression model and ε is the random error associated at
this measure (Trinh and Kang, 2011). In this case, the estimated
coefficients by the polynomial model were performed by the least
squares method.

yi ¼ b0 þ
Xn
i¼1

bixi þ
Xn
i< j

bijxixj þ ε (8)

The response function (y) is expressed in terms of TOG reduction
efficiency. The coefficients of the response function for the
dependent variables were determined by correlating the experi-
mental data with the response function using the software Statis-
tica 7.0 (Eq. (9)).

y ¼ 69:71þ 6:80x1 � 10:21x2 þ 3:7x1x2 (9)

Table 3 shows a comparison between the observed and the
predicted values of oil degradation after 45 min of reaction. From
the Pareto graph (Fig. 5), it is observed that all variables (x1, x2 and
x1x2) of the model are statistically significant. The positive sign of
the variable x1 in the Pareto graph (Fig. 5) means that the increase
Fig. 5. Pareto graph for TOG removal by photo-Fenton as a function of ferrous ions (x1)
and hydrogen peroxide (x2) concentrations.



Table 4
Analysis of variance (ANOVA) of TOG removal by photo-Fenton at 45 min.

Source Sum of squares Degrees of
freedom

Mean square F-value Fcalculated

Model 657.41 3 219.14 51.15 9.28
Residual 12.85 3 4.28 e e

Lack of fit 9.44 1 9.44 5.53 18.51
Pure error 3.41 2 1.71 e e

Total 670.26 6
R2 ¼ 0.9808
R2adj ¼ 0.9616
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Fig. 6. Response surface of TOG removal efficiency by photo-Fenton as a function of
ferrous ions (x1) and hydrogen peroxide (x2) concentrations.
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in iron concentration favors oil degradation. This is due to greater
availability of ferrous ions in the reaction medium to react with
hydrogen peroxide and, thus, form hydroxyl radicals. Hydrogen
peroxide concentration presented negative coefficient in the Pareto
graph (Fig. 5) and, therefore, the increase of this variable disfavors
oil removal. This effect may be attributed to the excess of hydrogen
peroxide which leads to attack of the hydroxyl radical to hydrogen
peroxide itself, resulting in the radical hydroperoxyl (E

� ¼ 1.8 V)
that has lower oxidation potential than the hydroxyl radical
(E

� ¼ 2.8 V) (Eq. (10)) (Dionysiou et al., 2000; Chu andWong, 2004).

H2O2 þ HO$/HO$
2 (10)

Table 4 shows the Analysis of Variance (ANOVA) of the
experimental results. From Fisher's distribution test, it was
possible to verify that the proposed model is significant and
predictive. The contour surface (Fig. 6) describes the experi-
mental domain assessed and allows identifying the combination
of levels of the variables x1 and x2 which leads to a greater effi-
ciency. It can be seen that the variation of the ferrous ions con-
centration (x1) of �1 level to þ1 favors TOG reduction efficiency
for both levels of variable x2. On the other hand, the same vari-
ation in hydrogen peroxide concentration (x2) leads to a reduc-
tion of up to 24% in removal efficiency. The synergetic effect
Table 5
Efficiency of flotation and photo-Fenton combined to TOG removal (TOG0 ¼ 300 ppm).

Run Flotation time
(min)

Flotation
efficiency (%)

TOG after flotation
(ppm)

Photo-Fenton time
(min)

1 2 74 78 45
2 4 84 49 45
3 6 86 39 45
4 10 90 30 45
among the variables, shown as significant in Pareto graph (Fig. 5),
is evidenced in the contour surface (Fig. 6). From the contour
surface, it can also be observed that the effect obtained by
varying the level �1 to þ1 of a variable, is dependent on the level
of the other variable.
3.3. Reduction of TOG by integration of flotation and photo-Fenton

The integration process resulted in greater TOG reduction ef-
ficiency for each individual stage. In the flotation stage, the sur-
factant concentration was equal to 4.06$10�3 mM, and for the
photodegradation step, 0.44 mM Fe(II) and 10 mM H2O2 were
used. The effluent was initially subjected to flotation and the
treated liquid was collected from the bottom of the column and
fed to the photochemical reactor. The flotation time ranged be-
tween 2 and 10 min and photodegradation was kept at 45 min for
all experimental conditions (Table 5). The overall process effi-
ciency was calculated according to Eq. (11), where TOGa,PF is the
TOG value after the photo-Fenton step. The integration process
time was determined by Eq. (12), where tF and tPF are the times of
flotation and photo-Fenton steps, respectively.

hglobal
�
%
� ¼

�
1� TOG0 � TOGa;PF

TOG0

�
$100 (11)

tintegrated process ¼ tF þ tPF (12)

Table 5 shows that the longer the flotation, the greater is the
efficiency of the combined processes. For 10 min of flotation time,
the overall integrated process efficiency was 99%, which represents
a final disposal corresponding to 5 ppm of TOG. For 2 min of
flotation time, the efficiency of this step was 74%, which implies a
high concentration of oil which remains in the pretreated effluent
(19 ppm), leading to a slower kinetics of the photochemical step.
For the other conditions, such as 4 and 6 min, the overall efficiency
was 95%, corresponding to 15 and 14 ppm of TOG, respectively.
Although the difference between the overall efficiencies of the
conditions corresponding to runs 1 and 4 was small in percentage
terms, the flotation step is useful to recover the dispersed oil that
can be sent for refining without loss of value and lower operating
costs. Increasing the flotation time from 2 to 10 min represents an
increase of 48 ppm in oil recovery (Table 5). Considering the huge
amount of produced water generated in an oil production field, this
amount of recovered oil can bring economic and environmental
gains. On the other hand, the photochemical step is a chemical
conversion step which converts oil to products such as CO2 and
H2O, i.e., decomposing the oil and allowing the reuse of the treated
water. Furthermore, flotation is limited by the diameter of the
droplets, or flotation is hampered for very small droplets (dissolved
oil fraction). Thus, the use of the photochemical step is justified in
the integrated process because it removes the remainder TOG of
the flotation stage. In this context, the photochemical step is pro-
posed as a polishing step in the treatment of produced water. With
the use of photo-Fenton, it was possible to reduce TOG to the level
Photo-Fenton
efficiency (%)

Process time (min) Final TOG (ppm) Integrated process
efficiency (%)

76 47 19 94
69 49 15 95
62 51 14 95
85 55 5 99



Fig. 7. Effect of dissolved oxygen (O2) concentration in effluent on TOG removal by the
photo-Fenton step.
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established by the Brazilian (CONAMA) and American (USEPA)
environmental legislations.

Photodegradation experiments were carried out to verify the
influence of the concentration of dissolved oxygen and the results
are reported in Fig. 7. In all cases, the initial TOG was kept constant
at 30 ppm, iron concentration at 0.44 mM and hydrogen peroxide
concentration at 10 mM. Dissolved oxygen concentrations were
2.46, 6.46 and 9.55 ppm and refer to the average values deter-
mined in the produced water, in the synthetic effluent (Millero
et al., 2002) and after the flotation stage, respectively.

In Fig. 7, it can be observed that the increase of dissolved
oxygen concentration promotes the photochemical step in the
TOG reduction. Some researches (Sun and Pignatello, 1993; Kim
et al., 1997; Utset et al., 2000; Du et al., 2007) indicated that
the oxygen plays a positive role in the degradation of organic
contaminants in Fenton and photo-Fenton processes. Thus, the
integrated process that previously applies induced air flotation
(IAF) contributes with the posterior step of photodegradation.
This is also another synergetic effect of the proposed process for
removing TOG in the produced water. Depending on the struc-
ture of the organic contaminant, the reactions with hydroxyl
radicals can be triggered by different pathways: (i) abstraction of
hydrogen atom, (ii) electrophilic addition to compounds con-
taining unsaturated bonds and aromatic rings, and (iii) electron
transfer and radicaleradical reactions (Legrini et al., 1993). The
reaction by hydrogen abstraction usually occurs with aliphatic
hydrocarbons, where hydroxyl radicals oxidize organic com-
pounds by hydrogen abstraction, generating organic radicals (Eq.
(5)). Subsequently, addition of molecular oxygen produce per-
oxyl radicals (Eq. (13)), which initiate thermal reactions of
degradation resulting into carbon dioxide, water and inorganic
salts (Legrini et al., 1993).

R$ þ O2/RO$
2 (13)
4. Conclusions

The experimental results of oil removal by flotation were
described by a first-order kinetic model. For the evaluated surfac-
tant concentrations, the highest removal rate (k ¼ 0.772 min�1)
was obtained at 4.06.10�3 mM and represents 86% of TOG reduc-
tion after 4 min of flotation. With respect to the photo-Fenton step,
the highest oil removal achieved was 84% after 45 min of reaction,
using 0.44 mM and 10 mM of ferrous ions and hydrogen peroxide,
respectively. The best experimental condition found for the inte-
grated processes was 10 min of flotation followed by 45 min of
photo-Fenton with overall TOG reduction of 99%, which resulted in
only 5 ppm of TOG in the treated effluent. The integration of the
flotation and photo-Fenton processes proved to be very effective in
reducing TOG in oilfield produced water. The following aspects
have been evidenced in the integrated process studied: wastewater
nature, i.e., dispersed and dissolved oil in the produced water; the
addition of the surfactant agent at a limited concentration, and the
use of air in the flotation stage, which promotes the photochemical
degradation as a polishing role.
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